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Abstract 
 Articular cartilage is a flexible connective tissue that enables the frictionless and 

painless articulation of bones in synovial joints throughout the body. Given its avascular 

nature, articular cartilage tissue inherently exhibits a compromised endogenous 

capacity for regeneration when damaged. Defects caused by disease or trauma often 

result chronic pain and osteoarthritis, as current clinical treatments are still unable to 

achieve long-term repair. Hence, tissue engineers are developing innovative 

technologies to provide strategies for successful cartilage regeneration. This thesis 

focuses on the development and evaluation of cell-based osteochondral tissue 

engineering solutions based on injectable and biodegradable polymer biomaterials for 

bone and cartilage repair. First, we developed and characterized oligo(poly(ethylene 

glycol) fumarate) (OPF)-based hydrogels for osteochondral tissue engineering 

applications. We investigated the main effects of five main hydrogel fabrication 

parameters (the poly(ethylene glycol) molecular weight (PEG MW), the crosslinker-to-

OPF carbon-carbon double bond ratio (DBR), the crosslinker type, the crosslinking 

density of encapsulated gelatin microparticles, and the incubation medium composition) 

as well as their interaction effects on the swelling behavior and degradation of OPF 

hydrogel composites. We found that increasing the PEG MW increased the mean 

swelling ratio and decreased the mean mass remaining %, while changing the 

crosslinker type from methylene bisacrylamide (MB) to PEG diacrylate yielded the 

opposite effect. Additionally, we found that the swelling of hydrogels fabricated with 

higher PEG MW or with MB were more sensitive to increases in DBR. From these 

results, we showed that the swelling and degradation properties of OPF-based 
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hydrogels can be precisely tuned through the modulation of these five fabrication 

parameters. The second part of this thesis investigated the potential of bilayered OPF 

hydrogel composites encapsulating chondrogenically and osteogenically pre-

differentiated MSCs in a spatially controlled fashion for osteochondral tissue repair. We 

demonstrated that MSCs that underwent 7 days (CG7), but not 14 days (CG14), of 

chondrogenic pre-differentiation most closely resembled the phenotype of native hyaline 

cartilage when combined with osteogenically pre-differentiated (OS) cells in a bilayered 

OPF hydrogel. We found that the respective chondrogenic and osteogenic phenotypes 

of encapsulated MSCs were maintained for up to 28 days in vitro without the need for 

external growth factors. When taken in vivo, the delivery of CG7 cells, as opposed to 

CG14 cells, in combination with OS cells via a bilayered OPF hydrogel composite 

stimulated morphologically superior cartilage repair. Indeed, the present work showed 

that cartilage regeneration in osteochondral defects can be enhanced by MSCs that are 

chondrogenically and osteogenically pre-differentiated prior to implantation. Longer 

chondrogenic pre-differentiation periods, however, resulted in diminished cartilage 

repair. The final section of this thesis investigated the use of poly(L-lysine) (PLL), 

previously shown to up-regulate condensation during cartilage development in vitro, as 

an early chondrogenic stimulant of MSCs encapsulated in OPF hydrogels. We showed 

that PLL incorporation resulted in early enhancements of type II collagen and aggrecan 

gene expression as well as increased type II/type I collagen expression ratios when 

compared to blank controls. We also demonstrated that PLL enhanced N-cadherin gene 

expression of encapsulated MSCs under certain conditions, suggesting that PLL also 

likely induced pre-cartilaginous condensation. 
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Chapter 1. Objectives 
Specific Aims 

Overview 

This goal of this research project is to leverage the versatility of a bilayered 

hydrogel system based on oligo(poly(ethylene glycol) fumarate) (OPF) to investigate the 

effects of lineage-specific pre-differentiation and developmental processes in order to 

maximize the capacity of cell-laden bilayered OPF hydrogel scaffolds for osteochondral 

tissue regeneration in vivo. The work in this thesis is divided into three specific aims. 

Specific Aims 

1. To investigate the main effects of hydrogel fabrication parameters as well as their 

interaction effects on the swelling behavior and degradation of OPF hydrogel 

composites. The five hydrogel fabrication parameters investigated were the 

poly(ethylene glycol) molecular weight, the crosslinker-to-OPF carbon-carbon 

double bond ratio, the crosslinker type, the crosslinking density of encapsulated 

gelatin microparticles, and the incubation medium composition. We hypothesized 

that the swelling and degradation characteristics of OPF composite hydrogels 

can be precisely controlled through individually or collectively modulating the 

levels of these five construction parameters.  

2. (A) To develop osteochondral tissue constructs encapsulating MSCs with varying 

chondrogenic maturities and osteogenically pre-differentiated MSCs within their 

respective layers of a bilayered hydrogel in vitro and (B) to measure their 

capacity to facilitate osteochondral tissue regeneration in vivo. We hypothesized 

that the combinatorial approach of encapsulating cell populations of both 
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chondrogenic and osteogenic lineages in a spatially controlled manner would 

enable these cells to maintain their respective phenotypes via the exchange of 

biochemical factors without the influence of external growth factors. Furthermore, 

we hypothesized that the delivery of chondrogenically and osteogenically pre-

differentiated MSCs in a spatially controlled manner would elicit improved 

histological tissue repair when compared to constructs containing only 

undifferentiated MSCs. 

3. To evaluate the effects of poly(L-Lysine) presentation after hydrogel 

incorporation on the early chondrogenesis of MSCs encapsulated in OPF 

composite hydrogels in vitro toward the implementation of a developmental 

approach for cartilage tissue engineering and regeneration. We hypothesized 

that the incorporation of poly(L-Lysine) into MSC-laden OPF composite 

hydrogels will stimulate the chondrogenic differentiation of encapsulated MSCs. 
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Chapter 2. Background 
Motivation 

Articular cartilage is a flexible connective tissue that functions to lubricate the 

articulation of bone in major synovial joints. Due to the low cellular content and the 

avascular nature of cartilage, the tissue itself possesses a diminished endogenous 

capacity for regeneration. Hence in the absence of surgical intervention, damage to the 

tissue often leads to pain and premature arthritis. Currently, 6% of people over the age 

of 30 in the United States suffer from cartilage-related diseases [1]. Having already 

accrued $128 billion in healthcare costs, such debilitating conditions are projected to 

affect approximately 67 million people by 2030 [1]. At present, there are no surgical 

procedures or clinical practices that can consistently treat cartilage and associated 

osteochondral tissue defects. However, tissue-engineering strategies, which are 

founded on the controlled combination of cells, biochemical factors, and bioactive 

scaffolds, present promising alternatives that may hold the key to solving this problem. 

To that end, our laboratory has contributed a number of studies investigating the 

capacity of a novel bilayered, cell-laden hydrogel composite to regenerate 

osteochondral tissues. Based on oligo(poly(ethylene glycol) fumarate) (OPF) polymers 

developed in our laboratory [2, 3], these hydrogels comprise two biochemically distinct 

layers: a layer mimetic of articular cartilage and another that represents the underlying 

subchondral bone. Although current systems can successfully induce the chondrogenic 

differentiation and osteogenic differentiation of encapsulated progenitor cells in vitro [4-

6], much remains to be optimized for the consistent regeneration of cartilage tissues in 

vivo [7-9]. In particular, the ideal combination of as well as the strategy for using cell 
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types, biochemical factors, and bioactive scaffolding for osteochondral tissue 

regeneration has yet to be discovered. As a result, there is a pressing need to better 

utilize these engineering components in order to adequately and consistently induce the 

appropriate healing of osteochondral defects. Hence, this project aims to leverage the 

versatility of OPF hydrogel systems to investigate the optimal combination of cell types, 

scaffolding parameters, and biochemical factor release kinetics to maximize 

osteochondral tissue regeneration in vivo. 

Articular Cartilage and the Underlying Subchondral Bone  

Structural anatomy and Functional Physiology 

Like all tissue types, articular cartilage comprises a complex extracellular milieu 

in which specialized cells reside. The cellular constituents of articular cartilage, 

otherwise known as chondrocytes, work constantly to maintain and remodel the 

extracellular matrix that provides the characteristic bulk physical properties to the 

connective tissue. The matrix that forms the structure of articular cartilage consists 

primarily of collagens and proteoglycans. Specifically, the articular cartilage matrix is 

characterized as a complex weave of collagen type II and aggrecan macromolecules, 

which together functions to bear and effectively transfer physiological loads to 

underlying skeletal structures.  

 In healthy articular cartilage, the collagenous network based on collagen type II is 

generally present with well-defined architecture. Particularly, collagen fibers are 

intricately woven into sheets that form fiber-reinforced networks with neighboring 

proteoglycans. This foundational macromolecular network provides the general tensile 

stiffness and shear stiffness of articular cartilage [10]. The ability of cartilage to 



  Lam 21 

effectively bear compression stems from the many aggrecan and hyaluronan molecules 

that are immobilized within the collagen type II network. These proteoglycans consist of 

core proteins and numerous accompanying glycosaminoglycan chains, the latter of 

which contain charged sulfate and carboxyl groups. Such negatively charged groups 

are responsible for the swelling pressure of cartilage and therefore are influential in 

determining the hydration and viscoelastic deformational properties of the tissue [10].  

 Despite the relatively low density of chondrocytes residing within articular 

cartilage, these cells are responsible for the synthesis of new cartilaginous matrix during 

development and the maintenance of healthy cartilaginous matrix during adult life. It is 

interesting to note that chondrocytes are also responsible for the degradation of 

cartilaginous matrix during symptomatic osteoarthritis [10]. During their normal function, 

chondrocytes respond to a number of environmental stimuli, such as soluble 

biochemical factors and mechanical loading, that affect their deposition of relevant 

matrix components for the maintenance of biomechanically stable cartilage. Together 

with the surrounding extracellular matrix, chondrocytes within articular cartilage are 

organized into a hierarchical structure that typically comprises four distinct layers.  

 These pseudo-stratified zones are classified mainly based on the depth-

dependent orientation of collagen fibrils and the morphological organization of 

chondrocytes, which reflect the functional requirements of each individual zone [11, 12]. 

Specifically, the zones can be characterized with the following descriptions: 

• Superficial layer: The lamina splendens, which is the portion of the 

superficial zone nearest the joint cavity, is a thin and acellular collagen sheet that 

covers the entire joint surface where the collagen fibers that make up this layer 
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are aligned parallel with the articulating surface. Proteoglycans are generally not 

present in this layer. The layer immediately beneath the lamina splendens is 

composed of flattened chondrocytes and collagen fibers that are predominantly 

aligned in a direction that is also parallel with the articulating surface. The 

amount of fibronectin and water contribute heavily to the composition of this 

structure and its ability to resist shear and transfer physiological loads to the 

other cartilage zones [13]. In its sum, the superficial layer makes up 5-10% of the 

total cartilage matrix volume.  

• Middle layer: The middle zone of articular cartilage is composed of 

randomly oriented collagen fibrils and randomly dispersed spherical 

chondrocytes. The collagen fibrils in this zone are typically larger in diameter; 

additionally, the chondrocytes are more spheroidal and display much higher 

synthetic activity (for the deposition of extracellular matrix components) [13]. 

Proteoglycans contribute more significantly to the structure of the middle and 

transitional deep zones as they make up more of the regional extracellular 

matrix. These include hyaluronic acid aggregates associated with large 

aggrecans that are glycosylated with negatively charged chondroitin sulfate and 

keratan sulfate glycosaminoglycan chains. The middle layer occupies 

approximately 45% of the matrix volume. 

• Deep layer: The deep zone of articular cartilage is composed of 

collagen fibers that are aligned perpendicular to the articulating surface (radially) 

and chondrocytes that associate with each other in vertical columns that are also 

aligned radially, thereby giving rise to the columnar structure often seen in 
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histological sections of healthy articular cartilage. Additionally, this layer is 

characterized with the highest proteoglycan content [14] and occupies up to 45% 

of the total matrix volume.  

• Calcified layer: A basophilic line (as can be seen in histological 

sections), known as the tidemark, marks the beginning of the calcified layer. This 

layer encompasses the osteochondral interface between hyaline cartilage and 

the underlying subchondral bone, which is characterized by inter-digitations that 

aide in transforming articulating shear stresses into tensile and compressive 

forces as they are transferred to the skeletal system [15]; as a result, the calcified 

layer can experience significant shear stresses during physiological load bearing. 

Chondrocytes populating this particular zone of articular cartilage are of little to 

no metabolic activity and lack endoplasmic reticulum [13, 16]. The calcified zone 

occupies 5-10% of the total matrix volume. 

Together, the superficial, middle, deep, and calcified layers intricately form the 

architecture of articular cartilage that was first described by Benninghoff (1925) and is 

now widely corroborated in the literature. For a more thorough review on the importance 

and characterization of collagen fibril arrangement in articular cartilage tissues, the 

reader is referred to an excellent review written by Becerra and colleagues [16].  

 Beneath the articular cartilage lays the periarticular bone, which can be 

separated into the subchondral bone plate and the subchondral trabecular bone [17]. 

The superior bone plate, which is separated from the articular cartilage layer by the 

calcified cartilage layer, primarily comprises nonporous and poorly vascularized cortical 

bone. The underlying trabecular bone is more porous, innervated, and vascularized. In 
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its sum, the subchondral bone facilitates the transfer of physiological compressive 

forces from joint surfaces to the skeletal system. The subchondral bone is implicated to 

be a key player in the development as well as the repair of many osteochondral injuries 

[18], a broad survey of which will be provided in the following section.  

Injury and Disease 

Given the avascular, alymphatic, and aneural nature of articular cartilage, 

significant traumatic injuries to the tissue almost always lead to premature arthritis. 

Such mechanical injuries often arise from sudden joint impact, joint instability, or 

prolonged repetitive joint overloading. These joint surface defects can be categorized 

into three types, which include cellular and matrix microdamage, visible chondral 

fractures (disruption of the articular cartilage layer only), and visible osteochondral 

fractures (focal lesions that penetrate the underlying subchondral bone) [10].  

Microdamage of chondrocytes and the surrounding cartilage matrix, although not 

typically visible to the naked eye, is characterized by decreases in proteoglycan content, 

increases in the amount of tissue hydration, and an alteration in collagen fibril 

organization [10, 19]. Additionally, the synthetic and metabolic activity of chondrocytes 

becomes significantly altered when they are subjected to trauma [10]. For example, 

Ding and colleagues showed that an up-regulation of p38 and ERK mitogen activated 

kinases by chondrocytes is induced by the mechanical impaction of these cells and 

suggest that these proteins are implicated in cartilage degenerative processes [20]. 

Overtime, decreased proteoglycan content and increases in tissue hydration can have 

major influence on the material properties of articular cartilage. Such increases in water 

permeability normally lead to decreases in overall cartilage stiffness, which hinder the 
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ability of damaged cartilage to bear normal physiological loading [10, 19]. Although 

chondrocyte and matrix microdamage can predispose those who are affected to further 

osteoarthritic damage, chondrocytes alone do carry some capacity for cartilage repair. If 

this ability of chondrocytes to synthesize new matrix when responding to tissue damage 

is outpaced by the rate of repetitive overloading, however, the irreversible degeneration 

of articular cartilage usually occurs.  

 Chondral fissures and flaps limited to the cartilage zone of osteochondral tissues 

that contribute significantly to the etiology of joint effusion and joint destabilization 

belong to a class of joint surface defects known as chondral fractures. Following such 

injuries, progressive degeneration of cartilage lining the joint surface inevitably occurs 

due to a lack of vascularity and an insufficient repair response mounted by resident 

chondrocytes. Additionally, the lack of innervation usually allows such damages to go 

unnoticed until the whole joint surface is affected.  

 Acute joint injuries that extend beyond the chondral layer and into the underlying 

subchondral bone are classified as osteochondral fractures. Unlike chondral fractures, 

osteochondral fractures typically cause bleeding and inflammation through the formation 

of fibrin clots.  The following recruitment of inflammatory cytokines and growth factors 

subsequently alters the biochemical characteristics of the synovial fluid immediately 

surrounding the damage site, which may work in concert to stimulate the repair of such 

osteochondral defects. Mechanistically, undifferentiated cells migrate from adjacent 

vasculature that has been accessed by the injury and differentiate into chondrocyte-like 

cells within the cartilage region of the defect. These cells assume chondrocyte-like 

morphology and secrete high amounts of relevant matrix components during the repair 
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process. Concurrently, undifferentiated cells populating the subchondral bone region of 

the defect eventually form immature bone that is eventually replaced by mature bone. 

Although such repair tissue may appear to be of the correct composition histologically, 

its durability generally cannot be sustained in the long term [21].  

 Aside from the previously described mechanical injuries, articular cartilage is also 

susceptible to a number of degenerative diseases. Clinically, degenerative osteoarthritis 

(OA) is the most common pathological disorder of cartilage and is mainly responsible for 

disability in the Western world today due to the amount of symptomatic pain felt by 

those who are afflicted [1]. Although OA is generally referred to as a single condition, it 

encompasses a wide variety of primary and secondary pathological mechanisms. 

Primary OA is often a result of biomechanical imbalance between applied loads and the 

ability of cartilage to resist such loads, which leads to ultimate failure of the functional 

cartilage extracellular matrix over time [22, 23].  On the other hand, secondary OA is 

usually caused by endocrine disorders, metabolic disorders, or trauma. Despite the 

origin, changes to the cartilage matrix, resident chondrocytes, and the underlying 

subchondral bone during symptomatic OA share similar processes.  

 With regard to the cartilage extracellular matrix, gross morphological changes 

often begin with surface roughening followed by intense matrix fibrillation and 

degradation that could easily be detected histologically [19]. Abundant matrix loss 

precedes destabilization of the tightly woven collagen network, which is subsequently 

followed by destruction of the matrix on the molecular and macromolecular levels. 

Together, such microscopic and macroscopic changes lead to the irreversible loss of 

functional capacity.  Despite efforts by chondrocytes to overturn such changes to the 
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cartilage matrix during OA, such compensatory mechanisms are not large enough in 

scale to reverse the pathological destruction of cartilage. Additionally, the reactions of 

chondrocytes to pathological changes during OA do not follow typical patterns. For 

instance, chondrocytes will undergo apoptosis or proliferation and will either activate or 

deactivate their anabolic processes during OA [22]. In many cases of OA, the formation 

of anabolically inactive chondrocyte clusters can lead to the formation of destabilizing 

holes in the degenerating cartilage matrix.  

 During OA, the entire joint organ is affected by degenerative changes and as a 

result, the subchondral bone is also afflicted. As the disease progresses from an early 

stage to an advanced stage, the subchondral bone undergoes significant thickening and 

remodeling in areas that have undergone the most articular cartilage destruction. 

Access of these regions to the surrounding synovial fluid can induce extensive fibrocytic 

and fibrocartilage formation. Such changes in the subchondral bone have been noted to 

be responsible for causing the characteristic joint pain felt by sufferers of OA [18].  

 Given the range of mechanical injuries and pathological changes that can 

potentially destroy osteochondral tissues and compromise quality of life, a number of 

non-operative and operative procedures have been developed for addressing the 

debilitating symptoms of such processes. Non-operative procedures usually entail the 

weight loss, physical therapy, and the oral administration of joint supplements. The 

following section will discuss a number of operative procedures for the treatment of joint 

surface defects.  
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Current Treatments and Clinical Prognosis 

Articular cartilage degeneration as a symptom of osteoarthritic disease or 

traumatic injury is the most common cause of joint pain, physical debilitation, and 

disability in middle-aged and older people [1]. Although a strong correlation exists 

between senescence and the onset of premature arthritis that spurs the osteoarthritic 

transformation of chondrocytes, the mechanism behind articular cartilage degeneration 

extends beyond simple aging and mechanical wear [19].  In the case of traumatic injury 

as a result of high-impact torsional damage, abnormal joint anatomy, or joint instability, 

a number of surgical techniques can be employed to alleviate symptoms.  

While poorly understood, much orthopedic research suggests that osteoarthritic 

conditions are preceded by alterations in the biochemical niche that houses 

osteochondral tissues [24]. Hence, surgical techniques mainly designed to replace the 

articular surface such as joint arthroplasty may not be sufficient for full osteochondral 

repair. To address this, several current options combine graft or cell transplantation with 

biomimetic materials to fill osteochondral defects. In this section, a selection of such 

procedures will be critically reviewed. Additionally, a chronological overview of the 

progression of the field will also be given from a tissue engineering perspective.  

Microfracture 

As mentioned previously, there are a number of surgical techniques that can 

mitigate painful symptoms by replacing the damaged articular surface with cartilage 

substitutes. Among these, microfracturing remains the most popular. This technique 

typically entails debridement of the cartilage damage site followed by deliberate 

micropenetration through the subchondral bone to cause bleeding; blood from the bone 
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marrow will fill the defect with progenitor cells and clotting factors, thereby allowing the 

initiation of a wound healing cascade to eventually replace the defect with new cartilage 

tissue. In essence, the technique of microfracturing provides a rudimentary form of 

autologous cell transplantation for the treatment of articular cartilage defects. However, 

the procedure itself is plagued with inconsistency. Although the healed cartilage 

restores the articular surface, the tissue degenerates over time because its apparent 

composition is not compatible with the mechanical conditions of synovial joints [25]. This 

could potentially be due to inadequate cartilage repair volume, lack of integration with 

the peripheral tissue, or subchondral bone overgrowth into the cartilage tissue [26]. 

Macroscopic assessment of the healed tissues from microfracture using magnetic 

resonance imaging (MRI) revealed that the resulting fibrocartilage is thinner than the 

native cartilage tissue [26].  

Additionally, it has been shown that the amount and quality of articular cartilage 

recovery after microfracturing is dependent on the time between the injury and the 

procedure; the smaller the timespan, the better the recovery [26-29]. This suggests that 

the cartilage defect filling is sensitive to the biochemical conditions of synovial joints. 

Histological analysis of the filled defect reveals that the regenerated tissue is actually a 

combination of hyaline cartilage and fibrocartilage [25]. Typical articular cartilage is 

composed of hyaline cartilage that is founded on a type II collagen microfibrillar network 

and abundant high molecular weight aggrecan. The strong type II collagen network 

provides the native tissue with great compressive strength to resist high-impact loads; 

glycosaminoglycans, chondroitin sulfate, and keratan sulfate on the proteoglycan 

aggrecan provide bulk negative charges and tissue hydration to reinforce this 
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biomechanical characteristic. On the other hand, fibrocartilage is comprised largely of 

unorganized type I collagen fibers, hyaluronan, and low molecular weight aggrecan. It is 

interesting to note although more hyaluronan is present in fibrocartilage, the mechanical 

support that it provides is substandard in comparison to normal hyaline cartilage. This 

could be due to the fact that the fibrocartilage deposited by chondrocytes in response to 

injury may be randomly dispersed and without the proper organization suitable for 

compressive load bearing. Additionally, it could be possible that the mesenchymal blood 

clot that fills the defect following microfracture may be lacking native chondrogenic 

factors, such as chondromodulin I, that are required to maintain the hyaline cartilage 

phenotype [30]. Despite these possibilities, the full mechanism behind chondropenia 

and the associated chondrocyte activity during injury remains unclear. 

Autologous Chondrocyte Transplantation 

Another popular technique for articular cartilage repair relies on the 

transplantation of cells for defect healing.  Introduced in 1994, Carticel reached the 

clinic as a Food and Drug Administration approved procedure for the treatment of 

articular cartilage lesions. Briefly, the technology relies on the ex vivo expansion of 

autologous chondrocytes harvested from regions of the joint that are typically subjected 

to limited weight bearing [21]. Once an adequate number of chondrocytes have been 

achieved, they are collected from cultivation via treatment with trypsin and are injected 

into the osteochondral defect cavity; the cell suspension is kept in place by a periosteal 

flap sutured over the treated wound. Although invasive, autologous chondrocyte 

implantation technologies have met general clinical success since their introduction 

almost two decades ago. Accordingly, Brittberg and colleagues reported that 14 out of 
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16 patients treated with autologous chondrocyte implantation for articular cartilage 

defects in the femoral condyle demonstrated good to excellent osteochondral tissue 

regeneration 2 years after surgery [21]. With regard to long-term functional outcome, the 

osteochondral defects of 92 patients treated with the procedure were evaluated at two 

to nine years post-operation. In this group, 92% of the patients treated for femoral 

condyle defects exhibited good clinical outcomes up to nine years after the operation 

[31]. Combined with the general lack of procedures that can consistently repair cartilage 

defects, the general success of cell-based cartilage repair techniques like Carticel has 

allowed such procedures to become a clinical standard [32]. It should be noted, 

however, that such reports of success typically describe the clinical outcomes of 

younger patients [33]. This points to the fact that the biochemical and biomechanical 

environments of synovial joints are important to the proper recovery of osteochondral 

tissues, factors that were not heavily addressed in first generation microfracture and 

autologous chondrocyte implantation techniques.  

Second Generation Surgical Techniques 

Recently, the advent of second-generation surgical procedures for the repair of 

articular cartilage defects has seen the combination of tissue engineering technologies 

with traditional microfracture and autologous cell transplantation techniques. Founded 

on years of research, such technologies permit the generation of biocompatible 

scaffolds that are suitable for the dynamic biomechanical environment of native articular 

cartilage and are able to preserve the chondrogenic phenotype of transplanted cells. 

Although many such tissue engineering strategies are still undergoing investigations in 

animal models, a number have already been translated into the clinic. 



  Lam 32 

Second-generation microfracture procedures now utilize three-dimensional (3D) 

scaffolds to stabilize mesenchymal clots and to improve lamination of regenerated 

osteochondral tissues with the native cartilage. Currently, a number of different 3D 

scaffolds have been developed and investigated for this specific purpose. For instance, 

BST-CarGel is a technology that combines the polysaccharide polymer chitosan-

glycerol phosphate with blood from the bone marrow to allow in situ solidification to form 

a stabilized mesenchymal blood clot. The polymeric makeup was designed to provide a 

thrombogenic mixture in order to properly direct the chondrogenic differentiation of 

progenitor cells present in the mesenchmyal clot. Although this synthetic substrate does 

not accurately mimic the mechanical properties (weaker) and the collagen type II 

architecture of native articular cartilage matrix, it locks in and stabilizes blood-clotting 

factors to induce progenitor cell recruitment. Subsequent exposure to orthotopic 

mechanical conditions is speculated to encourage chondrogenic differentiation. So far, 

the preclinical safety of this procedure as well as its ability to improve clinical symptoms 

has been shown in 33 patients [34]. Another example of such technologies is Cartilex, 

which utilizes chondroitin sulfate polymers functionalized with methacrylate and 

aldehyde groups on the glycosaminoglycan backbone to provide crosslinkable sites for 

tight lamination [35]. The chondroitin sulfate used here is derived from bovine trachea 

and processed as a sodium salt without any core proteins; these disaccharide polymers 

have sulfated hydroxyls at the 4th position of the amino sugar components. Since 

chondroitin sulfate in native articular cartilage functions to sequester chondrogenic 

growth factors and to provide compressive resistance via negatively charged sulfate 

groups, delivery matrices founded on this material will be imbued with such 
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chondrogenic effects. Additionally, the use of a natural polymer that is present in the 

native articular cartilage tissue can significantly reduce rehabilitation time as it facilitates 

the formation of proper scaffolding to guide chondrocyte proliferation and extracellular 

matrix deposition. Preliminary clinical studies with Cartilex have revealed the formation 

of thicker repair cartilage tissue using MRI at 6 months post-operation [26]. Building on 

the use of 3D scaffolds characteristic of second generation techniques, the most 

promising current clinical options seem to be those that combine 3D scaffolds and cell 

delivery, which are discussed below. 

With regard to cell-based cartilage repair techniques, procedures such as 

autologous chondrocyte transplantation suffer from a number of drawbacks. In 

particular, disadvantages include invasiveness, prolonged rehabilitation times, and 

possible graft delamination due to periosteal hypertrophy [26]. The invasiveness of such 

procedures originates from their need for chondrocyte cultivation and expansion; the 

prolonged rehabilitation times can be attributed to the time required for the generation of 

extracellular matrix to provide a scaffold for the transplanted cells. To address these 

issues, new developments in cell-based techniques have taken several different 

approaches. One such approach focuses on the improvement of ex vivo chondrocyte 

cultivation.  

Traditionally, harvested chondrocytes for autologous transplantation are cultured 

on two-dimensional polystyrene culture flasks. Although monolayer cultures are 

relatively cost effective and easy to implement for the expansion of chondrocyte 

number, they often lead to chondrocyte dedifferentiation [36]. The mechanism behind 

chondrocyte dedifferentiation, while not fully elucidated, involves the chondrocyte 
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response to the ectopic monolayer environment. Interestingly, such behavior in 

chondrocytes is not solely due to biochemical cues. Indeed, Brodkin and colleagues 

revealed that chondrocytes continued to display fibroblastic phenotype when cultured 

on different protein monolayer substrates including fibronectin, collagen type I, and 

collagen type II [36]. These results strongly suggest that the matrix modulation of 

rounded cell morphology is vital to chondrocyte function. To maintain the phenotype of 

harvested chondrocytes, matrix-associated chondrocyte implantation techniques utilize 

biodegradable scaffolds to provide cells with a temporary matrix for the preservation of 

rounded morphology. Currently, clinical results have been gleaned from trials 

investigating the use of scaffolds based on carbohydrates, proteins, and artificial 

polymers [26]. While most artificial and protein polymer-based matrices function to 

sustain the round shape of chondrocytes, some carbohydrate scaffolds leverage 

additional bioactivities for chondrogenic induction. For example, Hyalograft-C is a 

hyaluronic acid-based matrix that can be seeded with autologous chondrocytes for 

matrix-associated chondrocyte implantation applications [37]. Since hyaluronic acid 

plays such an extensive role in native articular cartilage, its use in Hyalograft-C can 

affect seeded chondrocytes in various ways. Specifically, hyaluronic acid can protect 

chondrocytes from CD44 and I-CAM1 mediated apoptosis [38]; it can act as a sink for 

free radicals as well as sequester reactive oxygen species that arise from interleukin-1 

signaling [39]; it can inhibit the production of various matrix metalloproteinases [40]; and 

it can undergo fragmentation near the subchondral bone to induce angiogenesis for 

better cartilage integration at the cartilage-bone interface [41, 42].  
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Considering the clinical treatments currently available for treating osteochondral 

defects, it becomes apparent that they are not ideal for consistent cartilage regeneration 

and repair on the long-term. To address these shortcomings, extensive research is 

underway to develop enhanced therapies founded on the principles of tissue 

engineering to implement components of stem cells, scaffolds, and bioactive factors in 

order to direct stem cell differentiation towards chondrogenic lineages for the formation 

of cartilage tissue. 
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Chapter 3. Strategies for the controlled delivery of 
biologics for cartilage repair1 

 
Abstract 

The delivery of biologics is an important component in the treatment of osteoarthritis 

and the functional restoration of articular cartilage. Numerous factors have been 

implicated in the cartilage repair process, but the uncontrolled delivery of these factors 

may not only reduce their full reparative potential but can also cause unwanted 

morphological effects. It is therefore imperative to consider the type of biologic to be 

delivered, the method of delivery, and the temporal as well as spatial presentation of the 

biologic to achieve the desired effect in cartilage repair. Additionally, the delivery of a 

single factor may not be sufficient in guiding neo-tissue formation, motivating recent 

research toward the delivery of multiple factors. This review will discuss the roles of 

various biologics involved in cartilage repair and the different methods of delivery for 

appropriate healing responses. A number of spatiotemporal strategies will then be 

emphasized for the controlled delivery of single and multiple bioactive factors in both in 

vitro and in vivo cartilage tissue engineering applications.  

 

 

 

                                                        
1 This chapter was published as J. Lam*, S. Lu*, F.K. Kasper, and A.G. Mikos, 
“Strategies for controlled delivery of biologics for cartilage repair”, Adv Drug Deliv Rev., 
84, 123-134 (2014). * indicates equal contribution. 
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Introduction 

The avascular and relatively acellular nature of articular cartilage complicates its 

natural capacity for regeneration upon damage. While numerous clinical therapies, such 

as microfracture, autologous chondrocyte implantation, and osteochondral grafts, have 

been developed for the treatment of cartilage injuries, they have been hampered by 

inferior cartilage repair and significant donor site morbidity [43]. Indeed, given the 

extensive literature presently highlighting the shortcomings of current clinical techniques 

for the management of chondral and osteochondral injuries, it is clear that the field of 

cartilage repair remains an area in critical need of innovative alternative therapies [44-

46]. In light of the disadvantages hindering the efficacy of currently available cartilage 

treatment options, the discipline of tissue engineering provides promising alternatives. 

Particularly, the area of osteochondral tissue engineering leverages the controlled 

combination of carefully engineered scaffolds, progenitor cells, and biochemical cues for 

replacing or restoring lost articular cartilage and subchondral bone function. While the 

selection of an optimal cell type and appropriate scaffold is necessary to reconstruct 

specific tissues with a particular configuration and function, successful regeneration is 

greatly influenced by the cellular microenvironment in which cells and tissues grow [47]. 

Inspired by physiological events that occur during fetal development and long bone 

formation [48-50], the concept of growing articular cartilage has led to the integration of 

a wide variety of soluble cues in an effort to mimic natural signaling cascades in the 

wound healing environment.  

In cartilage tissue repair, the goal of eliciting the desired phenotypic responses from 

host and/or co-delivered progenitor cells remains. Yet, techniques for the delivery of 
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soluble cues and other biologics for the treatment of cartilage and osteochondral 

defects have evolved over the years from simple bolus injections into the defect to more 

sophisticated and controlled multi-functional delivery systems. These engineered 

strategies, which permit localized drug delivery with controlled release kinetics, utilize 

delivery platforms that typically leverage at least one of several main delivery schemes 

developed for controlled release. The simplest approach involves the direct intra-

articular injection of growth factors or palliative agents into the synovial space. While 

such injections represent an attractive and relevant option due to the lack of surgery, 

the frequencies of injections required and the supra-physiological dosages employed 

often complicate therapeutic efficacy. Additionally, the recapitulation of natural signaling 

cascades for proper healing and regeneration of damaged tissues would be near 

impossible with single injections [46, 50-53]. Nevertheless, the motivation to recapture 

the complexity of endogenous healing cascades into simplified and controlled forms has 

driven the evolution of materials-based delivery systems towards a range of modalities 

involving drug release from microspheres, bulk scaffolds, or a combination of both. 

Although the type of modality employed for drug delivery can determine the mechanism 

of release, the method of agent incorporation also offers a significant form of modulation 

for controlled release. Conventional strategies for the incorporation of signaling 

molecules into engineered delivery systems typically involve either the physical 

entrapment or the chemical immobilization of factors into or onto a polymer matrix. 

Recent reviews by Mehta et al. and Santo et al. provide excellent summaries of modern 

controlled release strategies utilizing such means for bone and orthopedic therapies [54, 

55]. By carefully combining the physical entrapment of bioactive agents with the 
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chemical conjugation of other bioactive factors, innovative and smart delivery systems 

can be engineered to sustain the release of single or multiple biologics in a 

spatiotemporally controlled fashion for effective cartilage therapy.  

This review begins with an overview of the different bioactive factors that have been 

utilized in delivery and controlled release strategies for cartilage repair. The aim is to 

first briefly enable an understanding of the different biological approaches available for 

both in vitro and in vivo cartilage repair applications. The following sections will discuss 

the methods of delivery and assess the current state of recent controlled release 

strategies developed for cartilage tissue engineering and cartilage repair. Special 

emphasis will be placed on combining materials-driven and biologically-driven strategies 

for cartilage repair in order to provide an outlook for future developments that are aware 

of the needs for both. 

 

Cartilage Regenerative Factors 

The homeostasis and repair of articular cartilage is regulated by a number of growth 

factors, differentiation factors, systemic factors, and other biologics. The ultimate 

response from a specific biologic depends on its identity, and so a critical component in 

designing a controlled delivery system is the selection of an appropriate factor.  

 

Growth Factors 

Growth factors are a group of soluble signaling molecules that can stimulate cellular 

division, growth, and differentiation through specific binding of transmembrane 

receptors on target cells [56]. Among the biologics involved in cartilage repair, growth 
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factors remain the most extensively studied due to their powerful proliferative, 

proanabolic, and/or anticatabolic properties [57]. These include select members of the 

transforming growth factor-β (TGF-β) superfamily, fibroblast growth factor (FGF) family, 

and insulin-like growth factor-1 (IGF-1). Another major growth factor, platelet-derived 

growth factor (PDGF), plays a role in the wound healing of cartilage defects, but the 

direct effect of PDGF delivered to a cartilage defect has yet to be investigated [58]. It is 

most often used within platelet-rich plasma (PRP), which will be discussed in a later 

section.  

 

Transforming Growth Factor-β Superfamily 

The TGF-β superfamily includes over 30 structurally related members and serves an 

important role in regulating embryogenesis as well as adult homeostasis [59]. Among 

the TGF-β superfamily, the most heavily investigated growth factors for cartilage repair 

include prototypic members TGF-β1, 2, and 3 and bone morphogenetic proteins (BMP) 

2, 4, and 7. Growth differentiation factors (GDFs), particularly GDF-5, have shown 

chondrogenic potential in vitro, but their ability to promote in vivo cartilage repair has yet 

to be evaluated [60-63].   

 

Transforming Growth Factor-βs 

TGF-β1, 2, and 3 are considered to be potent stimulators of chondrogenesis, 

inducing Sox9 expression and increasing cartilaginous extracellular matrix (ECM) 

production in bone marrow-derived mesenchymal stem cells (MSCs) as well as 

stimulating synthetic activity in chondrocytes [50, 57, 64]. In animal models, TGF-βs are 
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highly expressed during MSC condensation in the growth plate of long bones [50] and 

are also implicated in the early stages of cartilage repair [48]. As a result, TGF-β 

isoforms, particularly TGF-β1 and 3 have been used in a number of promising in vivo 

studies exploring the ability of TGF-βs to promote the repair of cartilage defects [65]. In 

a rabbit full-thickness cartilage defect model, poly(lactic-co-glycolic acid) (PLGA)/fibrin 

gel scaffolds loaded with MSCs and TGF-β1 resulted in better cartilage restoration than 

PLGA/fibrin gel scaffolds loaded with MSCs alone [66]. Additionally, TGF-β1 in calcium 

alginate beads improved osteochondral tissue repair after 12 weeks compared to 

alginate scaffolds alone [67]. However, the effects of TGF-β1 on cartilage repair in vivo 

are not always consistent [9]. Guo et al. demonstrated that blank oligo(poly(ethylene 

glycol) fumarate) (OPF)-based scaffolds in a rabbit osteochondral defect model resulted 

in cartilage repair that was equal to or improved relative to OPF scaffolds with MSCs or 

OPF scaffolds with MSCs and TGF-β1 [7]. Intra-articular injections of TGF-β have also 

caused synovial fibrosis and endochondral ossification [68, 69]. Several reasons for the 

observed negative effects of TGF-β delivery have been suggested, including the supra-

physiological levels of growth factor employed as well as the relatively non-specific 

effects of TGF-β on MSC differentiation [7]. As a result, it is important to consider the 

dosage and presentation of TGF-βs when delivered in vivo, understanding that TGF-βs 

are multifunctional and induce gene responses in different cell types for proliferation and 

ECM synthesis [70]. 

 

Bone Morphogenetic Proteins 



  Lam 42 

Similar chondrogenic effects of TGF-β have also been observed for several BMP 

molecules, likely due to the extensive crosstalk between TGF-β and BMP signaling 

pathways [71]. Different BMPs, particularly BMP-2, 4, 6, 7, and 9, have been shown to 

stimulate chondrogenic differentiation of MSCs and/or adipose-derived stem cells 

(ASCs) either individually or with a TGF-β prototypic member [72]. In a comparison 

between TGF-β1 and BMP-2 delivery from PLGA microspheres in alginate gel, both 

groups resulted in greater histological scores for osteochondral repair compared to 

blank scaffolds at 12 and 24 weeks in a rabbit patellar groove defect [73]. BMPs also 

play a role throughout the MSC chondrogenic differentiation process, from MSC 

condensation to proliferation, differentiation, maturation, and calcification. In particular, 

BMP-2 is expressed throughout the entire chondrogenic process, from proliferation to 

calcification [50], and hence, a long-term delivery of BMP-2 can be beneficial and has 

been shown to result in a higher quality repair of cartilage as opposed to short-term 

delivery [74]. Different BMPs also have different effects on osteochondral repair. In a 

study delivering BMP-2 or BMP-4 in alginate gels to a rabbit femoral condyle defect, 

delivering BMP-2 alone resulted in better subchondral bone restoration while BMP-4 

alone gave better cartilage tissue repair [75]. BMP-7 has also shown efficacy in vivo: 

BMP-7 delivered from a collagen sponge in conjunction with microfracture led to thicker 

repair cartilage, superior matrix and superior cell distribution compared to a collagen 

sponge plus microfracture alone in a rabbit chondral defect [76]. With the ability to 

induce both cartilage and bone formation, BMPs, particularly BMP-2, are attractive 

growth factors for the regeneration of the osteochondral tissue unit.  
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IGF-1 

Within articular cartilage, IGF-1 is the main anabolic growth factor and plays a key 

role in cartilage homeostasis, balancing proteoglycan synthesis and breakdown by 

chondrocytes [58]. IGF-1 can decrease catabolic responses as well as increase 

proliferation and cartilaginous ECM production in MSCs and chondrocytes in vitro [57, 

77]. In vivo, IGF-1 has demonstrated the ability to improve filling of chondral defects 

[78], improve quality of cartilage repair [79, 80], and decrease the postoperative 

inflammatory response [81]. IGF-1 has also demonstrated an additive effect when 

combined with other growth factors such as TGF-β1, BMP-2, and BMP-7 [77, 82, 83]. 

However, achieving similar synergistic results when delivering IGF-1 with other growth 

factors in vivo is an area of much interest. IGF-1 delivered from gelatin microparticles 

(MPs) in an OPF-based scaffold resulted in higher quality cartilage repair compared to 

OPF composites alone in a rabbit medial femoral condyle defect at 12 weeks. But the 

benefits of IGF-1 were not maintained when co-delivered with TGF-β1 [9]. Similarly, the 

single delivery of IGF-1 from OPF composites showed an improvement in cartilage 

morphology over blank scaffolds alone, but the dual delivery of IGF-1 with TGF-β3 did 

not have a synergistic effect [84]. Further study on combining IGF-1 with other growth 

factors as well as the appropriate presentation of IGF-1 in a multiple growth factor 

delivery strategy in vivo is needed. 

 

FGF-2 

Like IGF-1, the FGF family also plays an important role in the homeostasis of 

cartilage. In particular, FGF-2, or basic FGF (bFGF), has a potent mitogenic effect on 
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MSCs and chondrocytes [85]. In addition, treatment with FGF-2 increased both the 

proliferative and chondrogenic potential of MSCs in vitro [77, 86, 87]. In vivo, the 

delivery of FGF-2 has been shown to improve both cartilage repair as well as the 

underlying subchondral bone [88, 89]. However, FGF-2 may have contraindications: 

FGF-2 induced chondrocyte proliferation in a cartilage explant, but resulted in 

chondrocyte clonal cluster formation, which is a histopathological feature of 

osteoarthritis (OA) [90]. Additionally, evidence suggests that FGF-2 may antagonize 

proteoglycan synthesis and upregulate matrix metalloproteinases (MMPs) [57]. Proper 

delivery and presentation of FGF-2 may help mitigate potential contraindicatory effects 

on cartilage repair. 

 

Anti-Angiogenic Factors 

Full-thickness lesions that perforate the subchondral bone and bone-marrow spaces 

may trigger the onset of angiogenic and osteogenic processes in the cartilage layer, 

leading to conditions unfavorable for chondrogenesis. As a result, there has been 

interest in introducing anti-angiogenic factors to inhibit blood vessel growth and restore 

cartilage tissue to its natural state of avascularity [91]. This class of factors includes 

endostatin [92-94], suramin [95, 96], Flt-1 [97, 98], and bevacizumab [99]. While these 

factors demonstrate the ability to block vascularization and inhibit the activity of vascular 

endothelial growth factors (VEGFs), a clear benefit of this approach in a cartilage defect 

model remains to be seen.  

 

Systemic Factors and Notable Pharmaceuticals 
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The therapeutic role of anti-inflammatory cytokines, chemokines, hormones, and 

other drugs have also been considered in the repair of cartilage. These biologics do not 

serve the primary role as a mitogenic or anabolic factor, but mediate the wound healing 

response through other mechanisms. Stromal cell-derived factor-1 (SDF-1) is a key 

chemokine in cell trafficking and homing of CD34+ stem cells, particularly MSCs [100], 

and has the potential to enhance cartilage repair through increased MSC migration to 

the site of a cartilage defect without the need for additional cell transplantation [101, 

102]. In the parathyroid hormone (PTH) family, peptide segments of PTH have been 

shown to inhibit the progression of OA and advance the repair of shallow chondral 

defects [103, 104]; and PTH-related proteins (PTHrP) are synthesized by chondrocytes 

and can suppress induction of hypertrophy [105, 106]. However, the timing of PTH or 

PTHrP administration to cartilage defects remains an important parameter in affecting 

treatment outcome. Inhibitory factors on necrosis, apoptosis, MMPs, and aggrecanases 

have also shown potential in the treatment of cartilage defects [107-110]. Other notable 

systemic factors and pharmaceuticals are listed in Table 3.1. 

 

Biologic Delivery Methods 

Almost as important as the selection of an appropriate biologic is choosing a suitable 

delivery mechanism to enable an appropriately controlled release and elicit the intended 

response. The proper delivery of the biologic can affect the dosage as well as the 

release rate and ultimately determine whether or not a therapeutically effective 

pharmacokinetic release profile was achieved. 
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Injection Delivery 

The delivery of a biologic through an intra-articular injection or systemic injection is 

perhaps the simplest method for minimally invasive administration. The ability to treat 

not only the articulating cartilage but also the entire joint is a relevant delivery strategy, 

particularly for the management of pain and degenerative processes in OA. Intra-

articular injection of a chondroprotective agent, high-molecular-weight crosslinked 

hyaluronic acid (HA), was seen to improve joint lubrication and retard the progression of 

OA in a rabbit anterior cruciate ligament transection model over lower molecular weight 

HA or a saline solution [111]. The benefit and potential of intra-articular modalities for 

the presentation of chondroprotective agents has also been demonstrated in other 

studies [111-116]. In addition to palliative treatments, anti-inflammatory agents have 

also been delivered through intra-articular means to treat OA inflammation [117-119]. 

By treating the synovial fluid and lining in addition to articular cartilage, the expression 

of major pro-inflammatory cytokines such as interleukin (IL)-1 and tumor necrosis factor-

α (TNF-α) can be addressed and reduced [120-126]. However, the delivery of 

chondrogenic growth factors such as TGF-β and IGF-1 in an injection manner can effect 

unwanted changes in the host tissue due to uncontrolled presentation of these bioactive 

factors [58, 127-130]. Growth factors have a short half-life in vivo and can result in rapid 

clearance when delivered systemically, hindering their potent mitogenic and/or anabolic 

effects [131-133]. Additionally, a bolus injection of growth factors gives supra-

physiological doses, potentially resulting in pathological and non-specific effects, and an 

absence of a physiologically effective release profile.  
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Bulk Phase Delivery 

Although the direct injection of bioactive agents has been used with some success 

for the treatment of OA, the rapid clearance of such drugs from the synovial capsule 

generally hinders therapeutic efficacy. Incorporation of biologics within a biomaterial 

carrier can address this issue by delivering the biologic in a concentrated and controlled 

fashion. Three-dimensional matrices and porous scaffolds are the most common 

delivery vehicles, particularly for growth factors. By using a drug-delivering scaffold, 

focal chondral or osteochondral defects can be treated by releasing the factors to the 

surrounding tissue or promoting cell infiltration into scaffold. Many different techniques 

have been developed to regulate the release kinetics of soluble factors as well as retain 

the molecular bioactivity.  

One of the most common approaches for bulk phase delivery is a simple dispersion 

of the biologic within the matrix. The release of the bioactive factor is then dependent on 

the interaction between the factor and the matrix, either mediated by encapsulation [66, 

75, 88], electrostatic interactions [76, 79, 89, 134-136], immobilization/tethering [65, 

137, 138], or ECM affinity [139-141]. Biologics encapsulated or entrapped within bulk 

matrices often have a large burst release, which can be tuned by scaffold crosslinking 

density and pore size. However, particular natural materials have innate physical 

properties that can control the release of growth factors. Yang et al. delivered BMP-2 

from fibrin gels and heparin-conjugated fibrin gels in a full-thickness trochlear groove 

defect in rabbits combined with microfracture [74]. An electrostatic interaction with 

heparin resulted in a sustained release of BMP-2 (82% over 13 days) compared to a 

burst release of BMP-2 from normal fibrin gels (88% in first 3 days). This long-term 
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delivery of BMP-2 resulted in greater filling of cartilage as well as a higher quality of 

cartilage repair as opposed to short-term delivery [74].  

While many growth factors can adsorb onto scaffolds made of natural polymers 

through electrostatic interactions, hydrogen bonding, and/or van der Waals forces, non-

covalent binding methods may not enable a long-term sustained delivery. Fan and 

colleagues achieved stable localization of growth factors by crosslinking TGF-β3 onto 

PLGA/gelatin/chondroitin sulfate/HA scaffolds through a condensation reaction between 

the carboxyl group of the hybrid scaffold and amine group of TGF-β3 [65]. Results 

indicated that the cumulative release of TGF-β3 was reduced to 29.5% over 28 days 

and that TGF-β3-immobilized scaffolds could induce similar levels of chondrogenic 

differentiation of seeded MSCs and in vivo cartilage repair compared to non-

immobilized scaffolds cultured in medium with TGF-β3. However, caution should be 

taken when tethering factors to monolithic scaffolds. Kopesky and colleagues 

demonstrated that adsorption of TGF-β1 onto self-assembling peptide hydrogels 

stimulated chondrogenesis of seeded MSCs in vitro whereas biotin-streptavidin tethered 

TGF-β1 hydrogels did not [137]. The authors suggested that the biotin-streptavidin 

affinity may exceed the strength of some covalent bonds and that tethering TGF-β1 may 

have prevented internalization of the receptor-ligand complex [137, 138]. 

The release of growth factors can also be controlled through their innate affinity to 

certain ECM epitopes [139]. The use of an alginate-sulfate scaffold enhanced TGF-β1 

attachment to the scaffold via heparin-like affinity interactions and resulted in a more 

sustained release of TGF-β1 over 7 days as opposed to a >90% burst release from 

regular alginate scaffolds after 1 day [140]. Implantation of similar scaffolds with affinity 
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bound TGF-β1 and BMP-4 demonstrated the ability to induce endogenous regeneration 

of the osteochondral unit [141].  

 

Microparticle and Nanoparticle Delivery 

Another method of delivery is releasing the selected biologic from micro- or nano-

sized carriers. MPs and nanoparticles (NPs) are attractive drug delivery vehicles due to 

their small dimension, high surface area to volume ratio, high drug loading efficiency, 

and the ability to quickly respond to environmental stimuli such as temperature, pH, 

magnetic fields, or ultrasounds [50, 142, 143]. While MPs have been investigated for 

several decades, NPs as delivery vehicles for cartilage repair have been gaining 

interest [144-148]. NPs can be endocytosed by cells, allowing for the accumulation of 

NP-encapsulated drugs, and their exceptionally high surface area to volume ratio 

enhances their affinity to therapeutic drugs and external stimuli [149]. However, a high 

surface area to volume ratio may also reduce the stability of the nano-sized delivery 

vehicle, and the tendency for certain NPs  to aggregate into microscale particles may 

mitigate the advantages of a NP system [149].  

MPs have traditionally been used as a delivery vehicle, either by dispersing the MPs 

in a continuous phase or using the MPs as building blocks without a surrounding matrix 

to form macroscopic scaffolds [50]. In particular, introducing MPs in a bulk scaffold, 

particularly hydrogels, adds a level of complexity and allows greater control over the 

growth factor release profile, spatial delivery, and leads to greater stability and 

bioactivity of encapsulated proteins [150, 151].  
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Similar to bulk phase delivery, biologics can also be incorporated in MPs and NPs 

through entrapment, ionic interactions, or a combination of both. Ultimately, the 

subsequent release depends on the composition of the carrier as well as the factor 

incorporation method. One popular material for the construction of MPs is synthetic 

PLGA due to its tunable degradation into lactic and glycolic acid [152], its ease of 

fabrication, and its established safety in other FDA-approved applications [153]. Several 

research groups have employed PLGA MPs for the delivery of anabolic growth factors 

to stimulate chondrogenesis/cartilage repair either in a hydrogel [73, 151, 154, 155] or 

as a building block to make PLGA MP plugs [156-158]. By dispersing growth factor-

delivering PLGA MPs in a hydrogel, near zero-order release kinetics of TGF-β1 and 

BMP-2 were observed in vivo [73, 154]. However, despite the appeal of PLGA 

microcarriers for controlled drug release, the use of such hydrophobic materials can 

adversely affect the bioactivity of encapsulated factors [144, 159]. Growth factor delivery 

particulates have also been fabricated with other synthetic polymers, including heparin-

poly(L-lysine) NPs loaded with TGF-β3 [146], Pluronic F68/heparin NPs for TGF-β2 

immobilization [160], and poly(N-isopropylacrylamide) NPs for TGF-β1 release [147]. 

Yet, different carrier matrices may be better suited for different biologics. Wang et al. 

demonstrated that PLGA MPs were better for releasing IGF-1 while silk MPs were more 

efficient in delivering BMP-2 [161]. 

Many natural polymers, notably gelatin [3, 9, 143, 162-169], alginate [170], HA [170-

173], chondroitin sulfate [145], and silk [161], have been used to create growth factor 

delivering MPs. Gelatin is a natural polymer derived from collagen, and by subjecting 

collagen precursors to either alkaline or acidic processing during the production of 
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gelatin, basic or acidic gelatin with different isoelectric points can be obtained [166, 

169]. Resultant gelatin carrier matrices can then achieve either a net negative or 

positive charge at physiological pH depending on the isoelectric point, allowing for the 

ionic complexation of various growth factors during drug loading. Acidic gelatin MPs, 

which can be complexed with positively charged growth factors, were previously used 

for the controlled delivery of TGF-β1 [163, 165], TGF-β3 [162], IGF-1 [164] , and BMP-2 

[166] for cartilage and bone tissue engineering applications. However, since natural 

materials like gelatin and alginate are not native to articular cartilage, new ventures are 

exploring the use of more chondromimetic carriers with the aim of leveraging potential 

synergistic effects between growth factors and orthotopically relevant materials.  

Ansboro and colleagues recently described a layer-by-layer approach for the 

fabrication of hollow HA microspheres as carriers of TGF-β3 [173]. In their work, the 

authors reported that the delivery of TGF-β3 from HA microspheres to human MSC 

pellets enhanced the expression of chondrogenic genes (type II collagen and aggrecan) 

while inhibiting the expression of hypertrophic markers (type X collagen) in vitro. Lim 

and colleagues reported the development of nanoscale and microscale particles using 

chondroitin sulfate, a negatively charged glycosaminoglycan (GAG) found in articular 

cartilage [145], where they were able to show the controlled release of TGF-β1 from 

these particles. An interesting study by Bajpayee and colleagues modeled the effect of 

NP charge and size on particle uptake and binding in articular cartilage [174]. Using 

Avidin, a highly glycosylated protein with a high positive charge and a diameter of ~7 

nm, as a model protein for the development of NPs as drug carriers, the authors 

demonstrated that while particles less than 10 nm in diameter were able to penetrate 
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through the full-thickness of bovine cartilage explants, particles that were 15 nm in 

diameter were confined only to the superficial cartilage layer. Of note, the presence of a 

positive fixed charge density facilitated the rapid uptake of Avidin via electrostatic 

partitioning within 24 hrs when compared to neutrally charged NeutrAvidin and 

enhanced Avidin retention time to over 15 days [174]. Such results indicate that charge 

properties can be leveraged in innovative nanoparticle designs for the rapid uptake and 

retention of nanocarriers throughout the entire cartilage layer. Within the context of anti-

inflammatory strategies for cartilage repair, the use MP carriers as the controlled 

delivery vehicles for small anti-inflammatory agents is also a subject of great interest 

[126, 144, 175-177]. 

  

Strategies for Controlling Delivery of Biologics 

The plethora of studies on single growth factor delivery to induce chondrogenesis 

and/or facilitate neo-cartilage growth have been indispensible in showing the complexity 

of the cartilage wound healing environment. The current research on biologics for 

cartilage repair sees a trend towards multiple growth factor delivery to mimic the 

numerous signaling cascades involved. Yet the lack of an overwhelming improvement 

for multiple growth factor delivery over single growth factor delivery exemplifies the 

need to modulate the temporal expression and spatial distribution of biologics for not 

only cartilage regeneration, but for the repair of the osteochondral unit as a whole. The 

following sections will discuss the recent progress in the delivery of multiple biologics 

and spatiotemporally controlled delivery strategies for cartilage repair applications, and 
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will highlight several advanced options for the design of biologic delivery platforms with 

potential for precise spatial and/or temporal control over the release of bioactive factors. 

 

Multiple Biologics Delivery 

Musculoskeletal development is an intricate process governed precisely by the 

activation and interplay of numerous biochemical cell-signaling pathways. In particular, 

the process of chondrogenesis alone involves the activation of chondrogenic adhesion 

molecules (integrins) and the up-regulation of chondrogenic growth factors (TGF-β 

superfamily) and their signal regulators, followed by the up-regulation of anabolic factors 

(bFGF, IGF-1, VEGF) during hypertrophy [178]. While technically simple, it is extremely 

unlikely that the delivery of a single factor can stimulate the recapitulation of these 

signaling pathways for cartilage regeneration. As a result, strides have been made 

towards the development of controlled release systems for the delivery of multiple 

growth factors for cartilage repair in the hopes of increasing therapeutic potency. Since 

the work of Richardson and colleagues [179], which successfully demonstrated the 

controlled dual release of both VEGF and PDGF for the rapid formation of a mature 

vascular network, the field of controlled release has seen the advent of many 

sophisticated delivery systems for multiple bioactive agents. Indeed, by regulating the 

delivery of several bioactive factors, the induction of various biological responses in a 

fashion that promotes optimal cartilage repair becomes theoretically possible.  

A common chondrogenic strategy involves the sequential release of TGF-β1 or TGF-

β3 to first chondrogenically stimulate a synthetic response by host/delivered progenitor 

cells, followed by the release of an anabolic or maturation factor like IGF-1 to encourage 
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cartilage matrix production. Our laboratory, as well as others, has previously established 

that the dual delivery of TGF-β1 and IGF-1 can be achieved with distinct release 

kinetics [164, 180], and that the released growth factors stimulate the chondrogenic 

gene expression of MSCs in vitro [167]. In the case of bulk hydrogel and NP/MP 

composite scaffolds, varying the phase of incorporation can modulate the release 

kinetics of multiple growth factors. By loading TGF-β1 directly into the bulk OPF 

hydrogel phase while loading IGF-1into highly crosslinked GMPs encapsulated within 

the OPF hydrogel, Holland and colleagues were able to attain a burst release of the 

former combined with the simultaneous but sustained release of the latter [164]. 

Another approach for the sequential delivery of TGF-β1 and IGF-1 involves the use of 

biodegradable PLGA MPs [181]. Jaklenec and colleagues fused IGF-1 containing and 

TGF-β1 containing PLGA microspheres using dichloromethane vapor in order to 

generate three-dimensional drug-eluting scaffolds [180]. Incorporating bovine serum 

albumin (BSA) into the organic phase during microsphere fabrication improved IGF-1 

internalization into the microspheres and hence, delayed the release of IGF-1. The 

release of TGF-β1 was controlled by either capping or uncapping PLGA with a 

carboxylic acid chain, where uncapped PLGA led to delayed release of the growth 

factor due to increased secondary interactions between the PLGA, TGF-β1, and BSA 

[180]. The development of such a modular design allowed for the combination of PLGA 

microspheres containing various growth factors or bioactive agents in order to generate 

custom dual or multiple biologic delivery systems. Indeed, a similar system utilizing 

PLGA microspheres of different co-polymer ratios and spherical sizes was able to 
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achieve multiple burst releases of encapsulated chondroitin sulfate for potential 

applications in treating OA [182]. 

A more recent system leveraged a NP-laden hydrogel composite for the dual 

delivery of BMP-7 and TGF-β2. TGF-β2-immobilized NPs were created by first mixing 

Pluronic F68 with heparin to permit hydrogen bonding between the two components 

[160]. TGF-β2 was subsequently immobilized via ionic complexation with the heparin 

component. Chitosan and polyvinyl alcohol were then added to promote the formation of 

individual TGF-β2 immobilized NPs, which were embedded into a BMP-7 immobilized 

alginate hydrogel bulk phase. The authors were able to show fast release of BMP-7 (up 

to 80% cumulative release) coupled with the sustained release of TGF-β2 (up to 30% 

cumulative release) over 21 days in vitro [160]. Interestingly, the delivery of both BMP-7 

and TGF-β2 from the hydrogel phase, as opposed to delivery from the encapsulated 

NPs, was slower due to the potential aggregation between growth factors during 

hydrogel fabrication, highlighting the need to examine the potential interplay between 

biologics in multiple growth factor delivery systems. Nevertheless, these systems 

coupling the delivery of BMPs with TGF-β are especially useful in applications involving 

MSCs derived from sources other than the bone marrow (i.e., adipose tissue), which 

require such growth factor combinations for chondrogenesis [183-186]. Despite our 

ability to tailor the release of multiple therapeutic agents in order to affect a desired 

cellular responses in vitro, one must consider the challenges of accurate preclinical 

translation in vivo. For instance, the dual delivery of TGF-β2 and BMP-7 to trochlear 

groove defects in rabbits, even with the co-implantation of adipose derived MSCs, failed 

to elicit any histological improvement in osteochondral tissue repair over controls [136]. 
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Analogously, the co-delivery of TGF-β1 and IGF-1 via OPF/gelatin MP hydrogel 

composites did not offer any additional benefits over the delivery of IGF-1 alone for 

osteochondral tissue regeneration in vivo [9]. Recently, it was investigated whether the 

lack of additive or synergistic effects could be due to differences in TGF-β release 

kinetics between the in vivo environment and what was observed in vitro [84]. Using a 

similar OPF composite system, IGF-1 and TGF-β3 were co-delivered to an 

osteochondral defect site to evaluate tissue repair, where changing the loading phase of 

TGF-β3 varied its release kinetics. However, the results seemed to confirm a lack of 

synergy between these two growth factors in affecting a favorable healing response in 

vivo [84].  

Bian and colleagues recently described an alternative strategy with high potential for 

cartilage repair [170]. Their approach entailed the initial transient exposure of MSCs 

encapsulated in a HA hydrogel to TGF-β3 released from co-encapsulated alginate 

microspheres to induce chondrogenesis, followed by the exposure to PTHrP to prevent 

hypertrophy. While the release of TGF-β3 induced the chondrogenesis of MSCs in vivo 

(in a subcutaneous mouse model), the uncontrolled and rapid delivery of PTHrP was 

unable to inhibit hypertrophic calcification [170]. Another strategy described the 

combined use of anti-angiogenic agent suramin and TGF-β1 for the generation of 

hyaline cartilage from periosteal cells on an agarose hydrogel implanted within a 

subperiosteal space [96]. Together, these studies highlight the complexity of the native 

joint environment and indicate that caution must be taken when combining multiple 

growth factors with similar chondrogenic stimulatory effects for controlled delivery in 

vivo. Indeed, it may prove advantageous to instead combine factors with varying anti-
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inflammatory, anti-angiogenic, chondrogenic, or anabolic biological effects in order to 

simulate biomimetic cascades and processes for more effective cartilage repair in vivo. 

Within the context of multiple growth factor delivery, an emerging field of interest 

comprises the application of PRP. PRP is an enriched blend of growth factors that can 

be autologously derived through the centrifugation of patient blood. Several protocols 

exist for the isolation and preparation of PRP for specific applications [55, 187]. In 

contrast to the rising potential of PRP for cartilage repair, information regarding its 

composition and mechanisms of action remain relatively scarce. Additionally, it remains 

unclear how different processing techniques and donor-to-donor variability affect the 

composition and effectiveness of PRP. Using protein antibody membrane arrays, 

Krüger and colleagues recently profiled the growth factor composition of human PRP 

and revealed a plethora of chondrogenic and anabolic growth factors including various 

BMPs, FGFs, PDGFs, IGFs, TGF-βs and VEGFs [188]. Indeed, several studies of late 

have reported the positive effects of PRP on cartilage repair in both diseased and acute 

defect models [189].  

Sundman and coworkers treated osteoarthritic synovium and cartilage explants with 

PRP ex vivo and showed that PRP decreased the gene expression of inflammatory 

markers including TNF-α and MMP-13 while enhancing endogenous HA production 

[190]. Raeissadat and colleagues evaluated the effects of PRP injections on functional 

improvement and quality of life of OA patients in a clinical study and found that even the 

direct intra-articular administration of PRP ameliorated joint pain and knee stiffness, and 

improved patients’ quality of life in the studied time frame of 6 months [191], which 

corroborates the results from similar investigations [192-194]. However, the lack of 
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proper controls necessitates further investigations regarding the clinical use of PRP for 

OA. In an acute femoral defect model, the treatment of osteochondral grafts with PRP 

prior to implantation actually led to the improvement of graft-host integration when 

compared to grafts treated with saline solution [195], further indicating that PRP can 

decrease cartilage degeneration via the inhibition of inflammatory signals and the 

induction of neo-cartilage integration. Given the multifarious properties of PRP, future 

combinatory strategies can aim to leverage specific PRP effects through the co-delivery 

of synergistic or inhibitory factors. One potential strategy could explore the possibility of 

releasing the anti-angiogenic drug Avastin [196] following the delivery of PRP in order to 

promote a hypoxic environment, which has been shown to be vital for non-hypertrophic 

chondrogenesis [197] for articular cartilage repair.  

 

Spatially Controlled Delivery 

It is well known that the extracellular matrix structure of articular cartilage represents 

an intricate hierarchy of distinct layers that function together to meet the osmotic and 

viscoelastic demands of the tissue. While advances toward the utilization of multiple 

bioactive agents are beginning to address some of the complexities of cartilage 

regeneration in vivo, the presence of undefined and potentially negative cross-effects 

suggests that the method of growth factor presentation to defect sites still requires 

significant fine-tuning. Indeed, it is recognized that bioactive factors should ideally be 

delivered in a spatially and temporally controlled fashion in order to elicit maximum 

therapeutic efficacy. By first reviewing strategies for spatial control followed by 

strategies for temporal control, this section primarily highlights recent advances made 
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toward the development of technologies or platforms that can allow precise control over 

spatiotemporal release conditions for cartilage repair. 

For cartilage applications, spatial control over drug delivery can be mainly achieved 

via two distinct approaches: the conditional/permanent immobilization of chondrogenic 

growth factors to desired regions within a scaffold, or the directional release of 

chondrogenic growth factors from a reservoir. Within the context of osteochondral tissue 

repair, growth factor concentration gradients and multiphasic scaffolds are often 

applied. Out of the strategies available for spatial control, the physical entrapment or 

chemical conjugation of factors to a scaffold represents the most technically simple 

approach. Such methods for protein sequestration commonly offer several advantages 

including localized growth factor presentation, dosage control, and preservation of 

protein bioactivity. McCall and colleagues recently investigated a strategy for TGF-β1 

immobilization using clinically relevant materials [198]. TGF-β1 was first thiolated by a 

reaction with 2-iminothiolane (via primary amine groups on the N-terminus), and was 

subsequently functionalized into poly(ethylene glycol) (PEG)-diacrylate hydrogels using 

mixed-mode photopolymerization. By changing the initial concentration of thiolated 

TGF-β1 prior polymerization, it was shown that the growth factor dosage as well as 

bioactivity could be precisely controlled. Interestingly, co-encapsulated human MSCs, 

when exposed to the lower dosages of immobilized TGF-β1, actually exhibited equal or 

greater levels of chondrogenesis when compared to soluble TGF-β1 in culture medium 

[198].  

Implications for the utility of spatially tethered chondrogenic growth factors to act as 

chondrogenic stimulants or chemoattractants for host progenitor cells in cartilage 
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defects in vivo were further provided by Griffin and colleagues, who recently reported 

the synthesis of photodegradable macromers for the conjugation and release of 

biologics [199]. In their work, the authors synthesized a class of photosensitive ortho-

nitrobenzyl (o-NB) macromers that could be functionalized with different reactive groups 

at the benzylic position. These reactive groups, which included alcohols, alkyl halides, 

amines, carboxylic acids, N-hydroxysuccinyl ester, and biotin, permitted the conjugation 

of essentially any type of therapeutic agent for cartilage repair. The mechanistic release 

of such therapeutics could then be externally controlled by light exposure. Additionally, it 

was previously reported by the same group that o-NB macromers could be designed 

with different photodegradation rates, hence yielding external control over the 

multistaged release of multiple bioactive factors [200]. As a proof of concept, Griffin and 

coworkers incorporated o-NB macromers that were conjugated with TGF-β1 into PEG 

hydrogels and demonstrated that photoreleased TGF-β1 maintained high bioactivity and 

was able to effectively induce the chondrogenic differentiation of human MSCs in vitro. 

The development of such platforms confers researchers with not only options for the 

precise external control over the spatial presentation of bioactive factors in potential 

strategies for cartilage repair, but also the temporal patterning of bioactive factor 

delivery. 

While many systems have been designed for the spatially controlled delivery of 

growth factors to cartilage tissues as a whole, few studies if any have employed spatial 

gradients with high enough resolution to target the subtle inhomogeneity of the 

hierarchical articular cartilage makeup. However, as aforementioned, recent innovations 

using Avidin as a model protein for articular cartilage drug uptake [174] indicate that the 
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particle diameter and fixed charge density of drug-loaded NP systems could be finely 

tuned to affect NP uptake depth and retention time in order to target distinct zones 

within the cartilage layer. Currently, spatial concentration gradients usually consist of 

lower resolution biphasic or multiphasic systems built to stimulate the simultaneous 

repair of cartilage and subchondral bone in osteochondral composite tissues. In such 

cases, bilayered composites can easily be used to bias the local delivery of 

chondrogenic factors to the cartilage layer and osteogenic factors to the subchondral 

layer in osteochondral defects. As discussed earlier in the section describing the 

delivery of multiple biologics for cartilage repair, our laboratory has previously evaluated 

the utility of bilayered OPF composite systems for the spatially controlled delivery of 

chondrogenic factors IGF-1 and TGF-β1 or TGF-β3 only to the chondral regions of an 

osteochondral defect [9, 84].  

In line with the need for high spatial resolution scaffolds and interfacial 

considerations between the cartilage and bone layers of osteochondral composite 

tissues, Wang and colleagues developed a BMP-2 and IGF-1 gradient biopolymer 

system with the ability to elicit the corresponding osteogenic and chondrogenic 

response of MSCs [161]. Using an aqueous-derived silk porous scaffold, silk 

microspheres loaded with BMP-2 or IGF-1 were differentially mixed together via a 

gradient maker to generate either single BMP-2/IGF-1 gradients or dual reverse 

gradients of both growth factors in a single scaffold. However, it was found that only silk 

scaffolds delivering BMP-2 gradients (i.e., single BMP-2 gradients or reverse BMP-

2/IGF-1 gradients) were effective at promoting a gradient response [161], indicating that 

bioactive agents must be compatible with the delivery platform. More recently, Dormer 
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and coworkers described the creation of a PLGA microsphere-based bioactive plug with 

a continuous gradient transition between chondrogenic TGF-β1 and osteogenic BMP-2 

for osteochondral tissue repair in vivo [156]. When implanted into medial femoral 

defects in rabbits, it was shown that the presence of a reverse continuous gradient of 

chondrogenic and osteogenic growth factors led to improved histological repair over 

blank controls. While results highlight the potential of growth factor gradient design for 

osteochondral tissue regeneration, the lack of controls that test specifically the effect of 

the gradient on tissue repair necessitates future studies evaluating such an effect. 

In contrast to growth factor gradient designs, Li and coworkers developed a unique 

spatial control strategy based on inhomogeneous bilayered collagen scaffolds that could 

bias the direction of growth factor release [201]. The described construct comprised a 

dense collagen layer and a loose collagen layer sandwiching a reservoir of chitosan-

heparin NPs loaded with growth factors for the directional release of the anabolic factor 

bFGF [201]. bFGF was preferentially released through the loose collagen layer, thereby 

making the loose layer a better cell-adhesive and proliferative substrate with potential 

for tissue repair in vivo. The same release of bFGF was not observed for the dense 

layer. When this bFGF release platform was utilized for articular cartilage repair in 

osteochondral defects in vivo, the authors showed that the directional release of bFGF 

toward the subchondral bone (i.e., loose layer facing subchondral bone) stimulated the 

early up-regulation of endogenous TGF-βs, BMPs, and VEGFs as detected in the 

synovial fluid [202]. Additionally, the controlled and directional release of bFGF toward 

the subchondral bone in an osteochondral defect improved histological scores for 

cartilage repair. Furthermore, such a spatially oriented approach limits the release of 
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growth factors into the synovial space and hence, preserves the supply and longevity of 

growth factors for optimal therapeutic efficacy.  

 

Temporally Controlled Delivery 

Most, if not all, controlled release strategies enabling spatial control over the delivery 

of biologics also confer some degree of temporal control. Hence, the following will 

highlight several recent advances specifically emphasizing precise temporal control for 

the release of bioactive agents in the context of cartilage-related applications. 

Accordingly, one class of biomaterials that can offer improved temporal control over 

traditional delivery systems is self-assembling peptides. Kopesky and coworkers 

recently reported the slow and sustained release of TGF-β1 from acellular self-

assembled peptide formed from AcN-(KLDL)3-CNH2 custom peptide sequences [137]. 

Such KLD peptides were able to efficiently uptake growth factors, which could be 

loaded into the equilibrium peptide solution before or after self-assembly, with five times 

greater uptake before self-assembly. This provided the ability to precisely modulate the 

dosage of growth factors to be released. It was shown that by day 3, only 18% percent 

of the total TGF-β1 loaded was released, indicating the avoidance of a burst release 

[137]. By day 21, only 44% of cumulative TGF-β1 was achieved, suggesting the utility of 

KLD hydrogels for long-term controlled growth factor release and for avoiding the 

dosage limitations of other single growth factor delivery systems. Furthermore, KLD 

hydrogels could theoretically maintain growth factors in their bioactive macromolecular 

form efficiently through designed electrostatic interactions during peptide sequencing. 

Despite the advantages of such long-term release strategies, the efficacy of delivered 
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peptides and proteins commonly face issues related to short half-lives. To address this 

problem, Ashley and colleagues developed a generic drug delivery platform based on a 

tetra-PEG porous hydrogel incorporating β-eliminative linkers that could undergo β-

eliminative cleavage in the presence of an electron withdrawing modulator for the 

release of covalently tethered drugs [203]. The β-eliminative linkers, which were not 

prone to enzymatic degradation, could be designed to have highly predictable half-lives 

and could be used to simultaneously conjugate bioactive factors and crosslink PEG 

hydrogels. The covalent fixation of therapeutics to and their subsequent release from 

the β-eliminative linkers could then be directly controlled by the half-life of the linker, 

which can be designed to range from a few hours to over a year [203]. Hence, by 

combining β-eliminative linkers with short half-lives for drug tethering and those with 

longer half-lives for hydrogel crosslinking, one can ensure the complete release of 

growth factors prior to hydrogel degradation. Such a strategy for osteochondral defect 

repair would allow one to take full biomechanical advantage of having hydrogel 

structural support while mitigating any form of release kinetics limitations associated 

with bulk material degradation. Additionally, the ability to fine-tune the temporal release 

of biologics and to potentially decouple spatial and temporal modulation should inspire 

future innovations toward the design of growth factor delivery patterns that mimic the 

cartilage signaling cascades during fetal development in order to stimulate robust 

cartilage regeneration. Table 3.2 lists various strategies that have leveraged the use of 

spatial and/or temporal control for the delivery of biologics for cartilage repair 

applications. 
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Other approaches toward achieving temporal control over growth factor presentation 

typically involve more indirect means via the use of gene therapy. Indeed, many 

pharmacotherapy strategies that currently exist in the literature describe the use of gene 

therapy, or the viral/non-viral conditioning of cells into endogenous growth factor depots, 

for cartilage and osteochondral repair. However, it is not clearly known how the 

effectiveness of such strategies compares with those that rely on the controlled delivery 

of exogenous factors. Using bovine articular chondrocytes, Shi and coworkers 

compared the effectiveness of exogenously and endogenously delivered IGF-1 and 

TGF-β1 for in vitro chondrogenesis [204]. The authors showed no difference between 

exogenously or endogenously delivered IGF-1, but found that exogenously delivered 

TGF-β1 elicited greater chondrogenic gene expression when compared to 

endogenously delivered TGF-β1. This was confirmed to be due to the non-covalent 

complexation of a latency-associated peptide with TGF-β1 during endogenous 

production to form a small latent complex, which was then bound by latent TGF-β1 

binding protein to form a large latent complex [204]. While this preserved growth factor 

bioactivity, the complex was shielded from TGF-β1 receptors on the chondrocyte 

surfaces. These results suggests that while the endogenous delivery of certain bioactive 

factors via gene therapy may prove beneficial for cartilage repair, not all factors are 

suitable with this form of delivery. The current state of gene therapy as a means for 

temporally controlled chondrogenic growth factor delivery is aptly reflected by the work 

of Lu and colleagues, who recently reported the utility of a chitosan-based gene-

activated matrix encapsulating chitosan/HA NPs carrying plasmids for the prolonged 

delivery of plasmid genes for transfection [205]. In their application, the authors 
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leveraged a hybrid NP system for the delivery of plasmids encoding TGF-β1, where the 

presence of HA theoretically improved the transfection efficiency and also provided a 

substrate with which cells could interact. It was shown that the release of plasmids was 

sustained for over 120 days in vitro, and that the released plasmids stimulated the 

proliferation of seeded chondrocytes. These results demonstrate that the main 

advantage of sustained gene therapy when compared to conventional exogenous 

delivery is the ability to control the timely administration of growth factors in an 

endogenously relevant fashion, therefore highlighting the potential of such strategies for 

effective cartilage repair. 

 

Conclusion 

Despite its perceived simplicity, the consistent repair of articular cartilage still 

remains a significant clinical challenge. However, the advent of innovative tissue 

engineering technologies is beginning to address many of the major shortcomings of 

current clinical approaches. Specifically, tissue engineering approaches leveraging the 

use of release platforms that offer spatiotemporal control over the delivery of bioactive 

factors are eliciting favorable outcomes in vitro and in vivo. In a relatively short time 

span, release systems for the delivery of biologics have evolved from simple intra-

articular modalities into complex multifunctional and modular delivery platforms. While 

such systems have generally employed the benefits of chondrogenic growth factors in 

cartilage repair applications, new approaches are now finding utility in the use of 

biologics with primary effects on progenitor cells other than chondrogenic or anabolic 

stimulation. As highlighted, therapeutic treatment of cartilage repair could also be 
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garnered from the delivery of various anti-inflammatory, anti-angiogenic, or 

chondroprotective agents. The delivery of multiple factors simultaneously or in a 

spatiotemporally designed fashion for cartilage repair applications, as evidenced by the 

use of biphasic delivery scaffolds or growth factor gradients, is also becoming a popular 

area of research. Yet, as new findings show, the delivery of more factors may not 

necessarily elicit additive or synergistic effects in cartilage regeneration. Additionally, 

studies are now beginning to show that certain bioactive factors may only be compatible 

with certain delivery platforms. Hence, future efforts should aim to identify these key 

biologic-to-biologic and biologic-to-platform interactions as such information will be 

critical to the success of future strategies leveraging the delivery of various biologics for 

cartilage repair. 
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Table 3.1. Biologics delivered for in vitro and in vivo cartilage repair applications 
Biologics Biological Effect Biologic Type In vitro/In 

vivo Model Comments Referen
ces 

PTHrP Anti-Hypertrophy Growth 
Factor 

In vitro 
cultures; In 
vivo OC 
defect 
model 

Inhibited hypertrophy 
of chondrocytes and 
MSCs during 
differentiation in vitro; 
Reduced, but did not 
prevent, calcification 
in vivo  

[170] 

S-(+)-
ibuprofen 

Anti-inflammatory Small 
Molecule 

Ex vivo OA 
model 

Reduced 
prostaglandins 
synthesis at 50 µM.  
When released from 
PLGA-PEG 
microspheres, 
reduced cartilage 
degradation at 1 mM 
ex vivo 

[122, 
175] 

Sulforapha
ne 

Anti-inflammatory Small 
Molecule 

In vitro 
cultures; In 
vivo OA 
model 

Inhibited inflammatory 
markers including 
COX-2, ADAMTS-5, 
and MMP-2 in vitro; 
Delayed progression 
of OA in vivo  

[126] 

IL-1Ra Anti-inflammatory Antigen In vitro 
cultures; In 
vivo OA 
model 

Bound to IL-1 surface 
receptors of 
synoviocytes in vitro; 
Retained in joint 
without inducing 
degenerative changes 
in vivo; Specific 
chondroprotective 
effects need to be 
evaluated 

[144] 

3,4,6-O-
Bu3GlcNAc 

Anti-
inflammatory/Chondropr
otective 

Small 
Molecule 

In vitro 
cultures 

Decreased the 
expression of IL-1β-
stimulated NFkB 
target genes and 
increased GAG 
production and 
chondrogenic gene 
expression of IL-1β 
challenged 
chondrocytes 

[206] 

SDF-1 Cell Homing Chemokine In vitro 
cultures; In 
vivo OC 
model and 
intraperiton
eal cell 

Did not influence 
proliferation/chondrog
enesis of MSCs in OC 
defect but resulted in 
ectopic cartilage 
formation when 

[101, 
207] 
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migration 
model 

delivered with TGF-β1 
at 4 weeks in vivo 

PRP Chondrogenic/Anabolic/
Anti-inflammatory 

Growth 
Factor 
Cocktail 

In vitro and 
ex vivo 
cultures; In 
vivo OA 
and OC 
defect 
models 

Decreased the 
expression of 
inflammatory markers 
including TNF-α and 
MMP-13 and 
enhanced 
endogenous HA 
production ex vivo; 
OC graft pre-
treatment with PRP 
enhanced graft-host 
integration in vivo 

[190, 
195] 

HA Chondroprotective Viscosupple
ment 

In vitro 
cultures; In 
vivo OA 
models 

High molecular weight 
HA resulted in 
improved histological 
scores and lower 
cartilage friction 
coefficients when 
compared to low 
molecular weight HA 
in vivo 

[111] 

Proteoglyc
an 4 

Chondroprotective Viscosupple
ment 

In vitro 
cultures 

Supplementation of 
OA synovial fluid with 
proteoglycan 4 
restored lubricating 
ability by reducing 
friction coefficient in 
cartilage-on-cartilage 
tests 

[208] 

Prostaglan
dins E2 

Inflammatory/Anabolic Small 
Molecule 

In vitro 
cultures 

Low concentrations 
(10-9 M to 10-6 M) 
stimulated increased 
chondrogenic gene 
expression of articular 
chondrocytes in 3D 

[123] 
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Table 3.2. Selected spatiotemporally controlled delivery strategies for in vitro and in vivo 
cartilage repair applications 

 
Biologics 
Delivered Delivery Platform In vitro/In vivo 

Model Spatial Strategy Temporal Strategy Reference 

TGF-β1, IGF-
1 

Gelatin 
microparticles 
encapsulated in 
bilayered OPF 
hydrogels 

Rabbit 
femoral 
medial 
condyle 
osteochondral 
defect 

Growth factors  
delivered from 
the chondral 
layer of 
bilayered OPF 
construct 

Burst release of 
TGF-β1 with 
sustained release 
of IGF-1 

[9] 

TGF-β3, IGF-
1 

Gelatin 
microparticles 
encapsulated in 
bilayered OPF 
hydrogels 

Rabbit 
femoral 
medial 
condyle 
osteochondral 
defect 

Growth factors 
delivered from 
chondral layer of 
bilayered OPF 
construct 

Burst release or 
sustained release 
of TGF-β3 with 
sustained release 
of IGF-1 

[84] 

TGF-β1, IGF-
1 

PLGA 
microsphere-
fused 3D scaffold 

In vitro N.A. Burst or sustained 
release of TGF-β1; 
Burst or sustained 
release of IGF-1 

[180] 

BMP-7, TGF-
β2 

Pluronic F68-
heparin-chitosan 
nanoparticles 
encapsulated in 
alginate hydrogel 

Rabbit 
trochlear 
groove 
osteochondral 
defect 

N.A. Burst release of 
BMP-2 with 
sustained release 
of TGF-β2 

[160] 

TGF-β3, 
PTHrP 

Alginate 
microspheres 
encapsulated in 
HA hydrogel 

Mouse 
subcutaneous 
model 

N.A. Burst release of 
TGF-β3 with 
simultaneous 
release of PTHrP 

[170] 

BMP-2, IGF-1 Silk microspheres 
incorporated into 
aqueous-derived 
silk porous 
scaffold 

In vitro Single BMP-2 
gradient; Single 
IGF-1 gradient; 
Continuous 
BMP-2/IGF-1 
transitional 
reverse gradient 

N.A. [161] 

BMP-2, TGF-
β1 

PLGA 
microsphere-
based bioactive 
plug 

Rabbit 
femoral 
condyle 
osteochondral 
defect model 

Continuous 
BMP-2/TGF-β1 
transitional 
reverse gradient 

N.A. [156] 

bFGF Chitosan-heparin 
nanoparticles in 
loose/dense 
bilayered collagen 
scaffold 

Rabbit 
trochlear 
groove 
osteochondral 
defect model 

Directional 
bFGF release 
via the loose 
collagen layer - 
Compared 
release toward 
or away from 
subchondral 
bone  

Burst release 
followed by 
sustained release 
of bFGF 

[201, 202] 

BMP-2, 
microfracture 

Heparin-
conjugated fibrin 
(long-term 
delivery) or fibrin 

Rabbit 
trochlear 
groove 
osteochondral 

N.A. Burst or sustained 
release of BMP-2 
with bone marrow 
exposure 

[74] 
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(short-term 
delivery) 

defect model 

TGF-β1, 
BMP-4 

Affinity binding 
bilayered alginate 
sulfate 

Rabbit 
trochlear 
groove 
osteochondral 
defect model 

TGF-β1 affinity-
bound into 
chondral layer; 
BMP-4 affinity-
bound into 
subchondral 
layer 

N.A. [140] 

BMP-2 or 
TGF-β1 

PLGA 
microspheres 
encapsulated in 
alginate matrix 
overlaid on porous 
PLGA cylinder 

Rabbit 
trochlear 
groove 
osteochondral 
defect model 

TGF-β1, low 
dose (2.5 µg) 
BMP-2, or high 
dose (5 µg) 
BMP-2 delivered 
from PLGA in 
chondral layer 

Burst release 
followed by 
sustained release 
of TGF-β1 or 
BMP-2  

[73] 
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Chapter 4. Fumarate-based hydrogels in regenerative 
medicine applications2 

 
Summary 

The past several years have seen the development of novel fumarate-based hydrogels 

for tissue engineering applications.  These biocompatible and biodegradable hydrogels 

include poly(propylene fumarate-co-ethylene glycol), oligo(poly(ethylene glycol) 

fumarate), and poly(lactide-co-ethylene oxide-co-fumarate).  They have the capacity to 

be injectable and crosslinked in situ, and each hydrogel has its own unique set of 

physical properties that can be tailored to meet the requirements of a specific function.  

Such versatile functionality situates fumarate-based hydrogels as excellent scaffolds for 

numerous regenerative medicine applications. 

 

 

 

 

 

 

 

 

 

                                                        
2 This chapter was published as S. Lu, K. Kim, J. Lam, F.K. Kasper, and A.G. Mikos, 
“Fumarate-based Hydrogel in Tissue Engineering Application”, Biomaterials and 
Regenerative Medicine, Cambridge University Press, New York, 2014, pp. 279-294. JL 
contributed the section on P(PF-co-EG) and provided critical revisions. 
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Introduction 

Hydrogels are an excellent scaffold structure for numerous applications in tissue 

engineering and regenerative medicine. In particular, they can be used as cell and drug 

carriers to deliver such therapeutic components directly and locally [209].  Hydrogels 

can be injectable and crosslinked in situ, reducing the need for risky invasive surgeries 

[165].  In addition, hydrogels can mimic the natural extracellular matrix (ECM) 

environment and allow for control of cellular and tissue functions as well as the transport 

of nutrients and bioactive molecules [210, 211].  

Fumarate-based hydrogels are synthetic polymers, allowing for flexible control of 

physical, mechanical, and degradative properties for a desired application [211].  

Fumaric acid, the fundamental component of these hydrogel scaffolds, is an 

unsaturated organic acid commonly found in the human body and can be metabolized 

through the Krebs cycle [2, 212, 213].  Polymer chains that contain fumarate units 

crosslink easily via the unsaturated double bonds and degrade through hydrolysis of the 

ester bonds in the fumarate group [2, 213-215].  Furthermore, the biodegradable nature 

of these hydrogels allows for neotissue ingrowth and eliminates the need for another 

surgery to remove the implanted scaffold [212, 216].  

Current research on fumarate-based hydrogels as tissue engineering scaffolds 

for regenerative medicine applications include poly(propylene fumarate-co-ethylene 

glycol) (P(PF-co-EG)), oligo(poly(ethylene glycol) fumarate) (OPF), and poly(lactide-co-

ethylene oxide-co-fumarate) (PLEOF). These hydrogel scaffolds have been well 

characterized with a number of in vitro and/or in vivo studies proving them to be non-

cytotoxic and biocompatible to surrounding tissues [217-220].  In addition, the ease in 
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crosslinking modulation of fumarate-based hydrogels is a testament to their versatility. 

As biodegradable and biocompatible materials, each hydrogel has its unique physical 

and mechanical properties that can be tailored to meet the needs of specific 

regenerative medicine applications including drug delivery and regeneration of bone, 

cartilage, and nerve tissue.  This chapter will illustrate the chemistry and 

characterization behind these fumarate-based hydrogels in addition to their applications 

in regenerative medicine.   

 

Poly(propylene fumarate-co-ethylene glycol) hydrogel 

Macroporous hydrogels based on poly(propylene fumarate-co-ethylene glycol) (P(PF-

co-EG)) have been investigated over the past decade as an injectable, biodegradable 

scaffolding material for the modulation of cellular behavior [221-224]. 

Chemistry 

P(PF-co-EG) is a block copolymer of poly(propylene fumarate) (PPF) and poly(ethylene 

glycol) (PEG). It is formed via a multistep reaction that begins with the synthesis of PPF, 

a biodegradable polyester previously characterized and investigated for applications in 

orthopaedic and craniofacial tissue engineering [225-228]. First, diethyl fumarate and 

propylene glycol are reacted in the presence of catalytic zinc chloride to create bis(2-

hydroxypropyl) fumarate, a diester intermediate. The intermediate can then be 

transesterified under vacuum to yield a linear unsaturated form of PPF [229]. Once PPF 

is obtained, it can be reacted with PEG or methoxy-PEG to form the P(PF-co-EG) 

copolymer via a transesterification reaction as seen in Figure 4.1 [214, 222]. The use of 
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methoxy-PEG allows for a more controlled synthesis of P(PF-co-EG) and ensures that 

at most two PEG block attach to the linear PPF chain [214].  

Due to the presence of fumarate double bonds in the PPF blocks, P(PF-co-EG) 

is a highly unsaturated copolymer. As a result of this intrinsic property, the raw 

copolymer material can undergo crosslinking to produce amphiphilic hydrogels [217]. 

The amphiphilic nature of P(PF-co-EG) also permits the copolymer to undergo 

reversible thermal gelation via changes in intermolecular behavior upon fluctuations in 

temperature [214]. The thermal initiation system for crosslinking can leverage a 

crosslinker, such as poly(ethylene glycol) diacrylate (PEG-DA), in combination with a 

radical initiator (e.g., the redox radical initiators ammonium persulfate (APS) and 

ascorbic acid (AA)) [230]. Sodium bicarbonate can be added to the reaction to interact 

with AA to generate carbon dioxide gas. The generated gas allows the production of 

macroporous hydrogel materials [231, 232].  

Characterization 

Swelling and degradation 

P(PF-co-EG) consists of alternating hydrophobic PPF and hydrophilic PEG polymer 

blocks. Due to the hydrophilic nature of the PEG component, P(PF-co-EG) materials 

can retain water to form amphiphilic hydrogels after crosslinking. By altering the 

amounts of the hydrophilic and hydrophobic components, the swelling properties of 

P(PF-co-EG) hydrogels can be tuned [223]. Indeed, previous swelling studies have 

demonstrated that equilibrium swelling ratios of P(PF-co-EG) hydrogels are increased 

with higher PEG amounts and decreased with higher PPF amounts [223]. Additionally, 

physical properties such as compressive and tensile moduli can be modulated by 
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adjusting the PPF:PEG ratio [223]. Because PPF retains the bulk structural integrity, 

higher PPF amounts are correlated with materials of greater mechanical strength. For 

example, hydrogels prepared with a 1:2 weight ratio of PPF to PEG had a tensile 

modulus of 1.90 ± 0.67 MPa while the same hydrogels prepared with a 2:1 weight ratio 

of PPF to PEG had a significantly higher tensile modulus of 20.66 ± 2.42 MPa [16]. 

With regard to the degradation characteristics of P(PF-co-EG) hydrogels, several 

studies have observed the mechanism by which these amphiphilic hydrogels degrade 

[217, 232]. Due to the presence of hydrolytically cleavable ester bonds in PPF, P(PF-co-

EG) hydrogels are expected to undergo bulk degradation following the absorption of 

water. Typically, bulk degrading materials maintain their shape and volume but lose 

mechanical strength as their internal polymeric networks undergo hydrolysis. However, 

this may not apply to hydrogels that undergo bulk degradation, as increased water 

penetration will affect the shape and volume of these materials over time. The gradual 

loss of mechanical strength over time was observed in both in vitro and in vivo 

conditions as measured by decreases in complex dynamic flexural and tensile moduli 

[217, 232].  

Like the swelling properties, the degradation rate of P(PF-co-EG) can be altered 

as well. For instance, greater amounts of mass loss are observed in hydrogels with 

higher PPF content [217]. Although PPF is responsible for a majority of the mechanical 

strength attributed to P(PF-co-EG) hydrogels, the ester linkages make it most 

susceptible to hydrolytic cleavage [232]. As a result, increasing weight percentages of 

PPF initially increase tensile strength of the hydrogel but ultimately increase the rate of 

bulk degradation. Since the current system uses PEG-DA as the crosslinker, the 
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crosslinking density can be modified by changing the P(PF-co-EG):PEG-DA ratio to also 

affect the degradation of P(PF-co-EG) hydrogels. Purportedly, smaller P(PF-co-

EG):PEG-DA ratios, or higher crosslinking densities, result in slower degradation [232]. 

This is because more ester linkages need to be cleaved in hydrogels with greater 

crosslinking densities, ultimately leading to a slower degradation rate. Unlike other 

polyester scaffolds, however, the degradation of P(PF-co-EG) hydrogels is not heavily 

influenced by porosity [232]. While hydrophobic scaffolds may not swell in aqueous 

environments, P(PF-co-EG) hydrogels are already swollen with water and as a result, 

the rate of hydrolytic degradation for these materials is not influenced by an increase in 

surface area due to porosity.  

 

Cytocompatibility and biocompatibility 

Investigations of the in vitro cytotoxicity and in vivo biocompatibility of P(PF-co-EG) 

hydrogels revealed favorable biological responses. Specifically, cytotoxicity was 

evaluated by exposing monolayer endothelial cell cultures to leachable materials from 

P(PF-co-EG) hydrogel films and then measuring their levels of viability and proliferation 

[233]. As determined by an MTT assay, the viability of exposed monolayers to gel 

compositions with high PEG amounts was not significantly different from that of 

negative controls [233]. Since P(PF-co-EG) based hydrogels are intended for injectable, 

biodegradable applications within the body, in vivo biocompatibility is also crucial. A 

cage implant system was employed as the in vivo model to assess biocompatibility 

[233]. Briefly, dehydrated gel films were placed inside sterilized small cylindrical cages 

and implanted subcutaneously into Sprague Dawley rats [233]. Biochemical and 
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histological analyses of exudates and extracted copolymer films revealed that the 

biocompatibility of P(PF-co-EG) hydrogels is dependent on the copolymer composition. 

In particular, increasing amounts of uncrosslinked PPF elicited more toxic responses in 

vivo [233]. Hence, cytotoxicity and inflammation can be attenuated with higher weight 

percentages or molecular weights (MWs) of the PEG component. Overall, P(PF-co-EG) 

hydrogels exhibited excellent biocompatibility upon implantation, demonstrating their 

suitability as effective tissue engineering scaffolds.   

 

Modification with biomimetic peptides 

With regard to biocompatibility, P(PF-co-EG) hydrogels were able to accommodate 

varying levels of cell adhesion. Copolymer modifications via changing the PEG amount 

can influence the physicochemical properties of hydrogels and thus cell adhesion. 

Tanahashi et al. reported that the adhesion of smooth muscle cells and human 

endothelial cells was dependent on the hydrophilicity of the hydrogels; less hydrophilic 

P(PF-co-EG) hydrogels elicited smaller amounts of cell adhesion [221]. However, cells 

bound to macroporous P(PF-co-EG) hydrogels alone do not display any morphological 

signs of activity [221]. In order to affect changes in cellular behavior, ECM adhesion 

peptides such as the arginine-glycine-aspartic acid (RGD) sequence have been 

incorporated into the bulk macroporous hydrogel, imparting properties that are 

biomimetic of the natural ECM [224]. Behravesh et al. incorporated RGD adhesion 

peptides into P(PF-co-EG) hydrogels by crosslinking P(PF-co-EG) with acryloyl-PEG-

GRGDS, which was synthesized by reacting the oligopeptide GRGDS with acryloyl-

poly(ethylene glycol) N-hydroxysuccinimide (Ac-PEG-NHS) [15]. Adhesion and 
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migration assays studying the behavior of bone marrow stromal cells, also referred to as 

mesenchymal stem cells (MSCs), on macroporous P(PF-co-EG) hydrogels 

demonstrated that cell specific binding can be achieved and that the cells bound are 

biologically active [224]. For instance, marrow-derived osteoblasts have been shown to 

bind, spread, and migrate on RGD-functionalized P(PF-co-EG) hydrogels, revealing the 

ability of these scaffolds to activate anchorage-dependent behaviors in this particular 

cell type [224]. By incorporating RGD peptide sequences into P(PF-co-EG) copolymers 

using PEG spacers and PEG blocks of specific MWs, only cell types with receptors for 

the RGD sequence are selected for binding. Additionally, biomimetic P(PF-co-EG) 

hydrogels can sustain the differentiation of progenitor cells [224]. Utilizing RGD-

functionalized P(PF-co-EG) hydrogels as three-dimensional scaffolds for culture of bone 

marrow-derived MSCs, the biomimetic hydrogel was used as a vehicle for osteoblastic 

differentiation [234]. One can imagine the utility of such technologies for the ex vivo 

modulation of bone marrow-derived MSCs to develop cell-inspired therapeutics for 

orthopedic tissue engineering applications.  

Another way P(PF-co-EG) hydrogels were modified involved the tethering of 

positively charged  agmatine to the PEG copolymer blocks [235]. Agmatine is a 

compound naturally synthesized from the amino acid arginine and is naturally 

metabolized by the body to form putrecine and urea [235]. Its cationic properties can be 

used to enhance the adhesion of vascular smooth muscle cells via the adsorption of 

anionic ECM molecules. To incorporate agmatine into P(PF-co-EG) hydrogels, 

Tanahashi et al. first generated PEG-tethered fumarate (PEGF) groups by reacting PEG 

with diethyl fumarate in the presence of catalysts [29]. Next, PEGF was reacted with 
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succinic anhydride to generate succinylated PEGF, which was further reacted with N-

hydroxysuccinimide (NHS) to generate NHS-PEGF. The NHS group was then 

leveraged for the attachment of agmatine sulfate to PEGF via the NHS ester linkage to 

yield agmatine-PEGF. Finally, agmatine-PEGF was crosslinked with P(PF-co-EG) to 

fabricate agmatine modified P(PF-co-EG) hydrogels in the presence of ascorbic acid 

[29]. Interestingly, P(PF-co-EG) hydrogels modified in the bulk with agmatine possess 

the ability to accommodate cell binding while maintaining high levels of hydrophilicity 

[236]. This property, along with the ability for these cationic hydrogels to biodegrade, 

makes agmatine modified P(PF-co-EG) hydrogels very suitable for cell carrier 

applications in tissue engineering.  

 

Thermoreversibility 

Hydrogels based on certain compositions of P(PF-co-EG) copolymers possess 

thermoreversible properties. Such thermoreversible behavior, as indicated by the 

presence of a lower critical solution temperature (LCST), arises from the amphiphilic 

nature of the P(PF-co-EG) copolymers. Behravesh et al. reported the appearance of 

LCSTs for P(PF-co-EG) copolymer solutions that were synthesized using PEG of low 

MWs [214]. Indeed, the block length of the PEG components in the copolymer played a 

crucial role in determining the LCST and sol-gel transition temperatures. Copolymers 

comprising PEG with high MWs may not exhibit any thermoreversible properties due to 

their high hydrophilicity. P(PF-co-EG) hydrogels have been formulated to achieve 

LCSTs that increase from 25 °C (near room temperature) to 35 °C (near body 

temperature) by decreasing the salt concentration of aqueous sodium chloride solutions 
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in which the P(PF-co-EG) hydrogels are immersed [230, 231]. The presence of salts 

alters the hydrogen bonding between the hydrophobic PPF and hydrophilic PEG blocks 

to affect changes in LCST [8]. These properties make P(PF-co-EG) hydrogels 

advantageous for the minimally invasive delivery of cells or other therapeutics for tissue 

engineering applications. Furthermore, these hydrogels can be chemically crosslinked 

utilizing a water-soluble redox initiator system that incorporates a basic and an acidic 

initiator to form macroporous P(PF-co-EG) hydrogels [231].   

Regenerative medicine applications 

(1) Bone regeneration  

Using several in vitro models, P(PF-co-EG) based hydrogels have been investigated for 

potential applications in bone tissue engineering [221, 224, 234]. One such study 

seeded marrow-derived osteoblasts within biomimetic P(PF-co-EG) hydrogels and 

observed their subsequent adhesion and migration [224]. From the results, 

incorporating RGDS into P(PF-co-EG) hydrogels permitted the adhesion of up to 84% of 

the initial seeding density of marrow-derived osteoblasts [224]. Using a megacolony 

migration assay, Behravesh et al. detected increasing cell surface area coverage that 

occurred as a result of cell migration on RGD and not proliferation of cells [224]. By 

employing such behavior, it becomes feasible to apply biomimetic P(PF-co-EG) based 

hydrogels for the guided regeneration of orthopaedic or dental tissues.  Cells would 

mechanistically bind to implanted biomimetic scaffolds and migrate according to 

biological cues (like RGD peptides) engineered to therapeutically direct these cells to 

the defect site. It was also demonstrated that MSCs seeded in P(PF-co-EG) based 

hydrogels could undergo osteoblastic differentiation when treated with osteogenically 
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conditioned media [234]. Specifically, MSCs seeded in macroporous three-dimensional 

P(PF-co-EG) hydrogels exhibited substantial calcium deposition [234]. Using 

macroporous P(PF-co-EG) hydrogels that are biomimetic of the bone environment, 

marrow-derived progenitor cells may be harvested from patients with minimal donor site 

morbidity and expanded ex vivo for subsequent autologous cellular therapies.       

 

(2) Cartilage regeneration  

Injectable and thermoreversible P(PF-co-EG) based hydrogels have also been 

investigated for cartilage regeneration. Due to the hydrophilicity of the PEG blocks, 

synthetic scaffolds based on P(PF-co-EG) copolymers inherently retain water to yield 

water-laden materials. Such properties are biomimetic of natural cartilage tissues. In an 

effort to assess the potential of applying P(PF-co-EG) hydrogels for cartilage 

regeneration, Fisher et al. encapsulated bovine articular chondrocytes within 

thermoreversibly gelled P(PF-co-EG) hydrogels and examined their viability [237]. 

Accordingly, the chondrocytes maintained satisfactory levels of proteoglycan and 

collagen type II syntheses. The proliferation of these cells was also increased with the 

addition of bone morphogenetic protein-7 [237].  

 

Oligo(poly(ethylene glycol) fumarate) hydrogel 

While P(PF-co-EG) showed promise as a hydrogel scaffold for regenerative medicine 

applications, oligo(poly(ethylene glycol) fumarate) (OPF) macromers were developed 

for the fabrication of hydrogels with improved control over hydrogel parameters. P(PF-

co-EG) macromers contain multiple PPF blocks, with each PPF block comprising 
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several fumarate groups [223, 229, 230]. However, these multiple fumarate groups can 

result in varying MW between crosslinks and mesh sizes in fabricated hydrogel 

networks [230]. OPF macromers consist of fumarate groups separated by PEG chains 

of defined molecular weight. As a result, hydrogels with different mesh sizes can be 

easily fabricated by varying the molecular weight of the PEG employed in the synthesis 

of the macromer [215]. OPF hydrogels with tailored and controlled physical properties 

have great potential in a myriad of tissue engineering applications. 

Chemistry 

OPF macromers consist of alternating units of fumarate groups and PEG chains, with 

the macromers capped by end PEG chains [2, 3]. These macromers are synthesized in 

a one-pot reaction, as seen in Figure 4.2, through the addition of distilled fumaryl 

chloride (FuCl) and triethylamine (TEA) dropwise to distilled PEG in a molar ratio of 

1:0.9 PEG:FuCl. The molar ratio of FuCl to TEA is 1:2 in order to remove chlorine from 

the ends of FuCl. Upon completion of the reaction, the mixture is filtered, purified, and 

dried to obtain the macromer in powdered form [2]. 

OPF macromers have been crosslinked in a variety of ways to form hydrogels 

through its fumarate groups.  Crosslinking can occur by radical polymerization through 

photo-initiation or thermal initiation. Photo-crosslinking has been achieved with a 

commercialized photo-initiator such as Irgacure 2959 and N-vinylpyrrolidone (NVP) as a 

comonomer [238].  Thermal crosslinking has been implemented in the presence of 

either APS and AA or APS and N,N,N’,N’ –tetramethylethylenediamine (TEMED) as 

seen in Figure 4.3. While both initiator systems have previously been used, the 

APS/TEMED initiator mix remains near neutral pH whereas the APS/AA system is 
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acidic [219, 239]. Poly(ethylene glycol)-diacrylate and N,N’-methylene bisacrylamide 

(BISAM) have been used as crosslinkers in combination with the initiator systems just 

described to form OPF hydrogels [163, 215]. 

Characterization 

Swelling and degradation 

Numerous swelling and degradation studies have been performed to investigate 

changes in physical properties as the OPF macromer length is varied [165, 215, 218]. 

Since OPF macromers consist of alternating units of fumarate groups and PEG chains, 

it is expected that longer PEG chains incorporated into the macromers would increase 

the hydrophilicity of the hydrogels, and thus greater swelling would occur. As the PEG 

chain MW increased from 1K to 35K, equilibrium swelling of chemically crosslinked 

hydrogels increased [5, 215, 240]. In addition, molecular weight between crosslinks and 

mesh size also increased as the initial PEG MW in OPF macromers increased [215].  

For example, as the PEG MW increased from 1K to 10K, mesh size of the resulting 

hydrogel increased from 76 to 160 Å respectively [215].  

As previously mentioned, degradation of OPF hydrogels is induced by cleavage 

of ester bonds within the polymer network by hydrolysis. The degree of degradation is 

extrapolated through mass loss and swelling ratio data over time and has been shown 

to be a function of PEG chain length in OPF macromers as well as crosslinking density 

[218]. There is an inverse relationship between crosslinking density and mass loss with 

greater mass loss occurring over time with a lower crosslinking density [5, 218].  

 When OPF hydrogels were crosslinked through photo-initiation, increasing the 

concentration of the comonomer NVP decreased the swelling ratio [238]. Over a period 
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of 21 days, a significant increase in sol fraction for low NVP concentrations in 

comparison to high NVP concentrations was also seen [238].  

 Composite OPF hydrogels have also been fabricated that have their own distinct 

swelling and degradation characteristics. Composite hydrogels comprising OPF and 

gelatin microparticles (GMPs) have been investigated using GMPs as growth factor 

(GF) delivery vehicles and an enzymatically digestible porogen [163]. When comparing 

OPF hydrogels and OPF-GMP composite hydrogels, no significant difference in swelling 

ratio and mass loss was observed by day 28 in PBS [165]. However, a significant 

increase in swelling ratio of composite hydrogels over simple hydrogels was observed 

by day 28 in collagenase-PBS [165]. This increase in degradation highlights the 

potential enzymatic effects of an in vivo environment on OPF-GMP composite 

hydrogels. 

 Mixed-mode OPF hydrogels crosslinked with PEG-dithiol produced hydrogels 

with distinct degradation and swelling properties. Hydrogels containing 20 wt% PEG-

dithiol had increased swelling and decreased degradation time in comparison to 10 wt% 

PEG-dithiol and 0 wt % PEG-dithiol containing OPF hydrogels [241]. Due to the 

complex nature of these mixed-mode hydrogels involving chain and step 

polymerization, 20 wt% PEG-dithiol hydrogels may have a lower crosslinking density 

than 10 wt% or 0 wt % PEG-dithiol containing OPF hydrogels [241]. In addition, the 

presence of sulfide bonds located near the ester groups may promote faster ester 

hydrolysis [241, 242]. 

 

Cytocompatibility and biocompatibility 
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Before utilizing OPF hydrogels in tissue engineering, evaluation of its in vitro cytotoxicity 

and in vivo biocompatibility need to be investigated. Cytotoxicity of hydrogel 

constituents including the linear macromer, crosslinking agents, and initiators were 

examined. In addition, leachable substances from crosslinked hydrogels (i.e., sol 

fraction) were tested. Results showed that while OPF macromers were found to be non-

cytotoxic with no significant difference between high and low MW OPF macromers, 

shorter chain PEG-DA was more cytotoxic than longer chain PEG-DA [219]. Unreacted 

leachable components from crosslinked hydrogels were also found to be non-cytotoxic 

[219]. Also, the chemical initiators used to fabricate crosslinked hydrogels exhibited 

favorable cytocompatibility at concentrations relevant to hydrogel formation [219, 243].  

 Since the intended applications for OPF hydrogels include injectable scaffolds, 

studies investigating in vivo biocompatibility are essential. Research on the bone and 

soft tissue behavior of OPF hydrogels in rabbit models demonstrated positive results 

[218, 244]. Cranial and subcutaneous implants resulted in formation of a thin fibrous 

capsule regardless of varying hydrogel fabrication parameters [218]. Also, in vivo 

degradation products from hydrogels with 8K PEG MW elicited a minor inflammatory 

response, whereas hydrogels with 1K PEG MW had limited degradation [218]. Overall, 

minimal cytotoxicity and favorable biocompatibility establish OPF hydrogels as excellent 

synthetic scaffolds for tissue engineering applications. 

 

Modification with biomimetic peptides 

OPF hydrogels have been functionalized with biomimetic peptides with the intent to 

modulate cellular functions in guided tissue regeneration [245]. These peptides, 
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including RGD and osteopontin-derived peptide (ODP), were incorporated in OPF 

hydrogels through bulk modification: by coupling the peptides to an Ac-PEG-NHS 

spacer, the resulting acrylated peptides could be crosslinked within the OPF network 

[246, 247]. In a comparison between hydrogels modified with ODP and Gly-Arg-Gly-

Asp-Ser (GRGDS), osteoblasts migrated faster on ODP modified hydrogels [248]. Also, 

increased migration occurred with increasing peptide concentration. In addition, bone 

marrow-derived MSCs showed greater alkaline phosphatase (ALP) activity and greater 

OPN secretion on ODP-modified hydrogels in comparison to RGD-modified hydrogels 

[249]. These peptide modification techniques support the versatility of OPF hydrogels to 

enhance cellular functions and direct tissue-specific regeneration. 

Regenerative medicine applications 

(1) Bone regeneration 

In a number of experiments, OPF hydrogels have been used as biomaterial scaffolds to 

support osteogenic differentiation of bone marrow-derived MSCs. In particular, OPF 

hydrogels modified with RGD and ODP peptides exhibited greater OPN production and 

calcium deposition by seeded bone marrow-derived MSCs in comparison to unmodified 

hydrogels [247]. In addition, bone marrow-derived MSC adhesion, migration, and 

differentiation into osteoblasts are regulated by the concentration of incorporated 

adhesion peptides [248, 249].  Encapsulated bone marrow-derived MSCs also exhibit 

osteogenic differentiation when cultured in osteogenic media with greater OPN and 

calcium deposition in higher swelling hydrogels [209, 239]. Similarly, OPF gels with 

greater pore sizes enhanced osteogenic differentiation of bone marrow-derived MSCs 

[250].  
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(2) Cartilage regeneration 

Besides osteogenesis, OPF hydrogels have been used to mimic a native articular 

cartilage environment to support cartilage tissue formation. Several in vitro studies 

investigated chondrogenesis of encapsulated cells in hydrogels through a myriad of cell 

and GF combinations. By combining marrow-derived MSCs or chondrocytes with 

transforming growth factor-β1 (TGF-β1) released from GMPs, greater chondrogenesis 

was observed with the release of TGF-β1 in comparison to the absence of TGF-β1 [6, 

251]. An insulin-like growth factor-1 (IGF-1) and TGF-β1 dual growth factor release 

system was also investigated with encapsulated MSCs. Results showed upregulation of 

chondrocyte-specific genes for MSCs with TGF-β1 and promotion of cell aggregation 

with IGF-1 [167]. The physical properties of OPF hydrogels also affect chondrogenesis 

with a larger mesh size correlating to a larger PEG chain in OPF macromers increasing 

chondrogenesis of encapsulated MSCs [5].  In addition, a hydrogel co-culture system 

utilizing osteogenic cells in the bottom layer and MSCs in the top layer of bilyared OPF 

constructs suggests a synergistic effect between the two layers to promote 

chondrogenesis in the top layer [4, 162]. In vivo studies utilizing OPF hydrogels to repair 

a full-thickness osteochondral defect have also been carried out. In these experiments, 

successful regeneration of subchondral tissue was seen employing OPF hydrogel 

scaffolds [7-9]. In addition, OPF hydrogels comprising GFs, including IGF-1 and TGF-

β1, as well as MSCs show great potential for the repair of cartilage tissue.  

 

(3) Tendon/ligament regeneration 
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In a series of studies delivering fibroblasts for tendon/ligament regeneration, OPF based 

hydrogels were used as a template biomaterial to investigate cellular responses from 

mechanical stimuli [241, 252, 253]. Fibroblasts harvested from cruciate ligaments and 

patellar tendons of bovine knee joints have been encapsulated in OPF/PEG-DA/PEG-

dithiol mixed-mode hydrogels [241].  This research revealed that incorporation of 20 

wt% PEG-dithiol can promote cell clustering and aggregation within hydrogel 

environments.  Additionally, the differentiation of encapsulated human MSCs in OPF 

hydrogels into fibroblasts can be induced under cyclic tensile culture conditions [252].  

Upregulated expression levels of tenascin-C, collagen type I and collagen type III were 

exhibited over 21 days in the presence of mechanical stimuli.  Another study also 

investigated spatial controllability of photo-lithographically patterned OPF hydrogels with 

high spatial fidelity and thickness [253].  By utilizing serial steps of photocrosslinking 

and lamination in a simple, inexpensive microfluidic device, tissue-scale (1-2 mm in 

thickness) OPF hydrogels encapsulating multiple primary cell types could be patterned 

with high spatial control.   

 

(4) Lens regeneration 

One of the recent investigations of OPF hydrogels for tissue engineering applications is 

pigment epithelial cell encapsulation for lens regeneration [254].  Newt iris pigment 

epithelial cells were encapsulated in OPF hydrogels for implantation into lentectomized 

newts in vivo. Histological examination after 30 days indicated that encapsulated cells in 

hydrogel beads (1 mm in diameter) trans-differentiated into lens tissues. This was 
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confirmed by lens fiber tissue formation without adverse side effects by hydrogel 

degradation [254].   

 

(5) Nerve tissue regeneration 

Fumarate-based biomaterials have also been investigated for spinal cord and nerve 

regeneration in neural tissue engineering [255-258].  In order to overcome the 

drawbacks of autologous nerve grafts for the treatment of segmental peripheral nerve 

defects, such as malfunction in donor nerve site and size mismatch between a nerve 

graft and an implanted site, a variety of hydrogel systems have recently been 

investigated [255].  Among these degradable synthetic biomaterials, OPF hydrogels 

with the aid of electrically charged reagents have been developed for preliminary 

applications in neural tissue engineering [255, 257].  By copolymerization with [2-

(methacryloyloxy) ethyl]-trimethylammonium chloride (MAETAC), OPF hydrogels can be 

positively charged to support dorsal root ganglion neuron attachment and differentiation 

in a MAETAC monomer amount-dependent manner [255].  Another study investigated 

the incorporation of an electrically conductive polymer, polypyrrole (PPy) [257].  In order 

to achieve high conductivity in a nerve guidance conduit and to stabilize the positive 

charge, three anions were incorporated with the OPF-PPy hydrogel system; 

naphthalene sulfonic acid, docecyl benzene sulfonic acid, and dioctyl sulfosuccinate. 

This composite hydrogel system was not cytotoxic to PC12 cells over 7 days in vitro. 

More importantly, neurite extension analysis after 24 hrs indicated that OPF-PPy 

hydrogels with naphthalene sulfonic acid promoted PC12 cell attachment and neurite 

length extension [257]. These recent studies demonstrate the potential use of 
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electrically conductive fumarate-based hydrogel composites for nerve regeneration 

[256, 258].  

 

(6) Delivery of bioactive molecules 

The delivery of bioactive molecules from OPF hydrogel composites has been 

researched for medicinal and regenerative applications. Using an OPF hydrogel carrier 

composite, the delivery of a chemotherapeutic anti-cancer drug, doxorubicin (Dox), was 

investigated [259].  An ionic monomer, sodium methacrylate, was crosslinked with OPF 

to form negatively charged hydrogels which could then couple with positively charged 

Dox through electrostatic interactions. This research demonstrated that controlled 

release kinetics of Dox from OPF hydrogels depended on the charge density of the 

hydrogel as well as the ionic strength of the surrounding environment [259]. In addition, 

released Dox maintained its anti-cancer activity to MG63 cells.  Precise control in the 

concentration of incorporated drugs could be achieved by modulation of OPF hydrogel 

chemical composition, subsequent changes in polyelectrolyte properties, and 

interactions with the ionic strength and pH of the surrounding environment [259].  

With the aid of poly(lactic-co-glycolic acid) (PLGA) microparticles, therapeutic 

proteins and drugs can be delivered in vivo in a controlled manner using OPF hydrogel 

platforms [260]. One such therapeutic protein, dibutyryl cyclic adenosine 

monophosphate (dbcAMP), has been encapsulated in PLGA microparticles in OPF 

hydrogels for spinal cord transection studies [260]. This study demonstrated that 

sustained delivery of dbcAMP reduced capillary formation and the volume of cyst and 

scar formation in the presence of Schwann cells and MSCs. A functional recovery of 
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motor skills in an animal model was significantly improved when dbcAMP was delivered 

with only MSCs [260]. 

Therapeutic proteins have also been released from OPF hydrogels and OPF-

GMP composites. Due to innate charge differences, IGF-1 and TGF-β1 with isoelectric 

points (IEPs) of 7.5 and 9.5 respectively can bind to acidic GMPs with an IEP of 5.0 

through ionic complexion at physiologic pH [164]. By complexing TGF-β1 to GMPs, 

burst release of the GF was reduced in comparison to release from simple OPF 

hydrogels . Dual GF delivery systems have also been employed using OPF-GMP 

composites with no deleterious effects of one GF release on the other [164]. Such 

systems offer spatial and temporal control on GF release for regenerative medicine 

applications [5, 6, 162].  

Plasmid DNA can also be delivered using OPF hydrogels [261, 262] and OPF-

GMP composites [263-265]. The release of plasmid DNA from an OPF hydrogel can be 

controlled by the PEG chain MW and subsequent degradation profile of the hydrogel 

[262, 263]. A study involving co-encapsulation of plasmid DNA and cells in OPF 

hydrogels demonstrated that bone tumor cells in hydrogels could be transfected by 

plasmid DNA encoding green fluorescent protein (GFP) and the transfected cells 

continuously expressed GFP protein over 21 days [261]. In the same study, estrogen 

receptor (ER)-negative human fetal osteoblasts were transfected by plasmid DNA 

encoding ER, and increased ALP activity and estrogen-dependent luciferase activities 

with the estrogen treatment were seen [261]. When plasmid DNA-GMP complexes were 

encapsulated in OPF hydrogels, a sustained release of plasmid DNA over 42 days was 

observed in mice in vivo relative to a direct injection of DNA solution and the delivery of 
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non-embedded DNA [264]. Another study also investigated the potential of OPF 

composite hydrogels encapsulating plasmid DNA encoding human bone morphogenetic 

protein-2 (BMP-2) complexed to GMPs to enhance bone regeneration in a critical sized 

rat cranial defect model [265].  

 

Poly(lactide-co-ethylene oxide-co-fumarate) hydrogel 

In addition to OPF, another fumarate-based hydrogel has been developed with 

controlled physical properties as an alternative for specific regenerative medicine 

applications. Poly(lactide-co-ethylene oxide-co-fumarate) (PLEOF) comprises an 

ultralow molecular weight poly(ʟ-lactide) (PLA) block that offers greater tunability of the 

fabricated hydrogel water content and degradation rate [266]. Preliminary studies show 

PLEOF hydrogels have potential as a fumarate-based tissue engineered scaffold with 

such added modifications. 

Chemistry 

PLEOF is also a PEG-based terpolymer modified using a fumarate unit to control 

crosslinkability [213].  In situ crosslinkable PLEOF macromers can be synthesized with 

a co-polymer of PLA and diethylene glycol (produced by ring opening polymerization of 

ʟ-lactide with diethylene glycol as an initiator), PEG blocks, and FuCl by condensation 

polymerization as shown in Figure 4.4 [213, 266].  The degradation products of the 

terpolymer include lactic acid and fumaric acid that can be metabolized, as well as PEG 

which can be excreted by the body [213]. 

For the crosslinking reaction, BISAM was used as a crosslinker while an acidic 

initiator, APS, and basic radical catalyst, TEMED, were utilized for a neutral redox 
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initiation [213].  Crosslinking properties of PLEOF hydrogels are dependent on the 

concentrations of initiator/accelerator. As such, increasing APS/TEMED concentrations 

increased the rate of the crosslinking reaction, decreased gelation time, and increased 

the ultimate storage modulus of PLEOF hydrogels [213].  Increasing the concentration 

of BISAM also increased the ultimate modulus of the gels [213].  An increase in 

crosslinking density of PLEOF hydrogels was achieved by increasing the density of 

fumarate groups in PLEOF [213, 220].  In addition to chemical crosslinking, PLEOF can 

also be photo-crosslinked with the aid of NVP, a photo-initiator, and UV radiation [267]. 

Like P(PF-co-EG) and OPF macromers, PLEOF precursor chains can be crosslinked 

through the C=C double bond in the fumarate group. Crosslinking density and 

degradation of photo-crosslinked PLEOF hydrogels are dependent of the composition 

(e.g., NVP concentration, PLA to PEG ratio, and PLEOF concentration) as well as the 

time and intensity of UV radiation [267].  

In addition to chemically crosslinked hydrogels using BISAM, a peptide 

crosslinker was also investigated to develop both hydrolytically and enzymatically 

degradable PLEOF hydrogels [220].  In this study, matrix metalloproteinase (MMP)-13 

degradable peptide sequence QPQGLAK with acrylate end-groups functioned as the 

crosslinker polymerized with PLEOF macromers.  Peptide crosslinked PLEOF 

hydrogels showed higher water content and sol fraction compared to BISAM crosslinked 

hydrogels due to the relatively higher MW of the peptide crosslinker [220].  Using both 

peptide and BISAM crosslinkers, the degradation rate of PLEOF hydrogels were 

modulated by the ratio of the two crosslinkers, the amount of MMP-13 to cleave the 

peptide sequences, and the incubation time to expose to MMP-13 [220].  



  Lam 95 

Characterization 

A number of studies have been done to characterize the physical properties of this 

versatile terpolymer macromer.  The swelling ratio of PLEOF can be adjusted by varying 

the ratio of hydrophobic PLA blocks to hydrophilic PEG blocks as well as the PEG chain 

length [266, 268].  In addition, the degradation rate is controlled by the ratio of PLA to 

PEG blocks and the hydrogel mesh size is modified through the density of fumarate 

groups in the terpolymer [213].  In experiments with photo-crosslinked PLEOF 

hydrogels, hydrogels with greater PLA:PEG ratio exhibited decreased swelling and 

increased sol fraction.  Degradation experiments indicated that the PLA:PEG block 

ratio, and ultimately the ratio of lactide to fumarate units, affected the degradation rate 

of PLEOF hydrogels [266].  

The cytocompatibility of PLEOF hydrogels was also tested with MSCs. MSCs 

cultured in a medium containing BISAM crosslinker had a marked decrease in cell 

viability in comparison to those cultured in medium containing a peptide crosslinker 

[220].  The peptide crosslinked hydrogel network was shown to be cytocompatible with 

encapsulated MSCs (e.g., 90% viability), however, the sol fraction exhibited some 

adverse affects (e.g., 65% viability) [220].  

Regenerative medicine applications 

(1) Bone regeneration 

Peptide incorporation in PLEOF hydrogels can enhance their osteoconductivity [269].  

In order to conjugate various bioactive peptides in PLEOF hydrogels, acrylamide-

terminated RGD peptides were first crosslinked with fumarate groups in PLEOF 

macromers and PEGylated peptides derived from BMP-2 were grafted to the hydrogel 
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surface by specific click chemistry between the azide group of the peptides and the 

propargyl group of the hydrogels [269].  As osteoblastic differentiation of encapsulated 

MSCs was observed in peptide-modified PLEOF hydrogels [220], MSCs seeded onto 

hydrogels conjugated with both RGD and BMP-2 derived peptides exhibited increased 

ALP activity and mineralization over 21 days of in vitro culture compared to hydrogels 

with single incorporation of either RGD or BMP-derived peptides [269].  Specifically, 

calcium deposition on PLEOF hydrogels with both peptides was significantly higher than 

solely RGD or BMP-2 derived peptide grafted hydrogels.  

Hydroxyapatite (HA) nanoparticles have also been incorporated for the 

fabrication of PLEOF nanocomposite hydrogels [270-272].  Interaction between HA 

nanoparticles with uncrosslinked PLEOF macromer chains [271] or incorporated 

peptides [270] influenced the viscoelastic properties of PLEOF composite hydrogels.  

Moreover, PLEOF/HA hydrogels conjugated with RGD peptides were utilized to coat 

electrospun PLA fiber-meshes to form multilayered fiber-reinforced laminated composite 

hydrogels [272].  In this study, MSCs seeded onto laminated PLEOF hydrogels with HA 

incorporation and RGD peptide conjugation exhibited enhanced osteoblastic 

differentiation, as evidenced by the expression of OPN and osteocalcin marker genes, 

and mineralization over 21 days of in vitro culture.   

 

(2) Delivery of bioactive molecules 

Recently, the release kinetics of stromal derived factor-1α (SDF-1α) from PLEOF 

hydrogels and its effect on the migration of MSCs were investigated [268].  Increasing 

the PLA content in PLEOF macromers resulted in a decreased mesh size, increased 
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SDF-1α loading efficiency, and sustained release of SDF-1α [268]. In addition, the 

migration rate of MSCs was dependent on the release kinetics of SDF-1α from the 

PLEOF hydrogels.   

 

Conclusion 

The multitude of human tissues, each uniquely developed with specific function, calls 

upon versatile tissue engineered scaffolds with tailored and controlled properties. The 

synthetic hydrogels described here have been conceived to possess fumarate units. 

These fumarate units contain double bonds that allow the formation of a crosslinked 

network, and ester groups that potentiate these hydrogels to degrade hydrolytically into 

biocompatible elements. P(PF-co-EG), OPF, and PLEOF have been synthesized with 

their own distinct physical properties and the development of these fumarate-based 

biomaterials has led to hydrogels with further adaptability over their physicochemical 

properties for specific tissue type regeneration. Future developments can illustrate the 

robust potential of these fumarate-based hydrogels as injectable, biodegradable, and 

biocompatible tissue engineered scaffolds. 
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Figure 4.1. The transesterification reaction between PEG and PPF to form the 
copolymer P(PF-co-EG). 
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Figure 4.2. The synthesis of the OPF macromer from PEG and FuCl. 
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Figure 4.3. Chemical crosslinking of OPF with PEG-DA in the presence of initiators to 

form a hydrogel. 
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Figure 4.4. Synthesis of a PLEOF macromer between PEG, FuCl, and ultra-low-
molecular weight PLA. 
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Chapter 5. A factorial analysis of the combined effects 
of hydrogel fabrication parameters on the in vitro 
swelling and degradation of oligo(poly(ethylene 

glycol) fumarate) hydrogels3 
 
Abstract: 

In this study, a full factorial approach was employed to investigate the effects of 

poly(ethylene glycol) (PEG) molecular weight (10,000 vs. 35,000 nominal molecular 

weight), crosslinker-to-macromer carbon-carbon double bond ratio (40 vs. 60), 

crosslinker type (PEG-diacrylate (PEGDA) vs. N,N’–methylene bisacrylamide (MB)), 

crosslinking extent of incorporated gelatin microparticles (low vs. high), and incubation 

medium composition (with or without collagenase) on the swelling and degradation 

characteristics of oligo(poly(ethylene glycol) fumarate) (OPF) hydrogel composites as 

indicated by the swelling ratio and the % mass remaining, respectively. Each factor 

consisted of two levels, which were selected based on previous in vitro and in vivo 

studies utilizing these hydrogels for various tissue engineering applications. Fractional 

factorial analyses of the main effects indicated that the mean swelling ratio and the 

mean % mass remaining of OPF composite hydrogels were significantly affected by 

every factor. In particular, increasing the PEG chain MW of OPF macromers 

significantly increased the mean swelling ratio and decreased the mean % mass 

remaining by 5.7±0.3 and 17.2±0.6 %, respectively. However, changing the crosslinker 

                                                        
3 This chapter was published as J. Lam*, K. Kim*, S. Lu, Y. Tabata, D.W. Scott, A.G. 
Mikos, and F.K. Kasper, “A Factorial Analysis of the Combined Effects of Hydrogel 
Fabrication Parameters on the In Vitro Swelling and Degradation of Oligo(Poly(Ethylene 
Glycol) Fumarate) Hydrogels,” J. Biomed. Mater. Res. Part A, 102A, 3477-3487 (2014). 
* indicates equal contribution. 
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from MB to PEGDA reduced the mean swelling ratio and increased the mean % mass 

remaining of OPF composite hydrogels by 4.9±0.2 and 9.4±0.9 %, respectively. 

Additionally, it was found that the swelling characteristics of hydrogels fabricated with 

higher PEG chain MW or with MB were more sensitive to increases in DBR. 

Collectively, the main and cross effects observed between factors enables informed 

tuning of the swelling and degradation properties of OPF-based hydrogels for various 

tissue engineering applications.  
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INTRODUCTION  

Poly(ethylene glycol) (PEG)-based hydrogels are currently being investigated for 

a myriad of biomedical applications, including drug delivery, surface modifications, 

diagnostic devices, and tissue engineering due to their appeal as a hydrophilic and 

cytocompatible biomaterial as well as the range of physicochemical properties that can 

be achieved to meet the needs of the application [273]. These materials are of particular 

interest for tissue engineering applications because of their ability to mimic the 

extracellular matrix of tissues and direct the growth of neo-tissue within a three-

dimensional architecture [210, 211]. By varying parameters such as network 

morphology, crosslinking density, and polymer composition, PEG-based hydrogels can 

be easily tailored to meet the requirements for regeneration of a multitude of tissue 

types [1].  

Many tissue engineering strategies involving hydrogel scaffolds have taken 

advantage of their high water content to deliver a variety of bioactive molecules and 

encapsulated cells to promote tissue regeneration [210, 211]. The high equilibrium 

swelling allows increased diffusion of nutrients in and cellular waste and bioactive 

molecules out of the hydrogels. Additionally, the extent of hydrogel swelling has been 

shown to be a critical factor in directing cell behavior and tuning the release kinetics of 

bioactive molecules [167, 274, 275]. Also, just as important is the role of hydrogel 

degradation in affecting cell fate and facilitating neo-tissue formation [276-278]. Indeed, 

finding the appropriate balance among different parameters that can affect swelling and 

degradation of PEG-based hydrogels remains a challenge for targeted tissue 

regeneration.  
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The present study examines the use of oligo(poly(ethylene glycol) fumarate) 

(OPF)-based hydrogels that have shown great tunability for a variety of tissue 

engineering applications [2, 5, 7, 9, 163, 166, 215, 245, 279]. OPF is a water-soluble 

synthetic macromer with alternating PEG chains and fumarate groups that allow for 

crosslinking and degradation into products readily cleared by the body [218]. It has been 

previously shown that modulating the PEG chain length [5] and changing the 

crosslinker-to-OPF carbon-carbon double bond ratio (DBR) [245] can affect the 

hydrogel mesh size and crosslinking density of the hydrogel. In addition, gelatin 

microparticles (GMP) encapsulated within the gel can provide digestible porogens to 

expedite OPF hydrogel composite degradation [163, 164]. However, possible 

interactions between various factors and their combined effects on key hydrogel 

properties remain to be elucidated through a systematic investigation.  

Accordingly, the objective of this study is to investigate the effect of hydrogel 

construction parameters on the swelling ratio and degradation of OPF hydrogel 

composites and to evaluate the statistical interactions between various parameters in a 

full factorial design. Five hydrogel construction parameters are studied: PEG chain 

molecular weight (MW), DBR, type of crosslinker, crosslinking density of GMPs, and the 

incubation medium composition.  

 

MATERIALS AND METHODS 

Materials 

For the synthesis of OPF, PEG of 10,000 g/moL and 35,000 g/moL nominal MW, 

calcium hydride, ammonium persulfate (APS), ethyl acetate, triethylamine, and 
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N,N,N’,N’ –tetramethylethylenediamine (TEMED) were purchased from Sigma Aldrich 

(St. Louis, MO). Dichloromethane and ethyl ether were obtained from EMD Millipore 

Chemicals (Billerica, MA). Anhydrous methylene chloride was obtained by distillation 

after the reflux of dichloromethane for 2 hrs in the presence of calcium hydride. Fumaryl 

chloride was purchased from Fisher Scientific and distilled before use. Toluene was 

also purchased from Fisher Scientific (Pittsburgh, PA). All other solvents were of 

reagent grade and used as received.  

For the fabrication of gelatin microparticles (GMP), acidic gelatin with an 

isoelectric point of 5.0 was obtained from Nitta Gelatin INC (Osaka, Japan). Tween 80, 

glutaraldehyde, Span 80, and glycine were purchased from Sigma Aldrich. For the 

fabrication of OPF/GMP composite hydrogels, poly(ethylene glycol)-diacrylate (PEGDA) 

(nominal MW of 3,400) was purchased from Laysan (Arab, AL). N,N’–methylene 

bisacrylamide (MB) was purchased from Sigma Aldrich.  

OPF Synthesis and Characterization 

OPF of two different formulations was synthesized using PEG of two different 

nominal MW (10,000 g/moL and 35,000 g/moL) according to established procedures [2, 

3] and will be referred to as OPF 10K and OPF 35K, respectively. Briefly, PEG (~50 g) 

was first dried via azeotropic distillation in 200 mL of toluene and then dissolved in ~300 

mL of anhydrous methylene chloride for the synthesis reaction. After the dissolution of 

PEG, the reaction vessel was stirred in an ice bath and maintained under nitrogen, 

while distilled fumaryl chloride (0.9 mol fumaryl chloride/1 mol PEG) and triethylamine (2 

mol triethylamine/1 mol fumaryl chloride) were added dropwise. Upon completing the 

addition of the reagents, the reaction flask was removed from the ice bath and stirred for 
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an additional 48 hrs at room temperature (25 ºC). OPF was then purified by rotary 

evaporation for the removal of methylene chloride, dissolved in ethyl acetate, vacuum-

filtered to remove salt precipitates (from the reaction of chloride with triethylamine), and 

washed with ethyl ether. The PEG (PEG 10K: Mn of 8880±90 and Mw of 12110±40; PEG 

35K: Mn of 40650±1140 and Mw of 54830±1560) as well as the resulting OPF were 

characterized via gel permeation chromatography where PEG standards were used to 

construct a calibration curve (OPF 10K: Mn of 24880±1680 and Mw of 152490±5800; 

OPF 35K: Mn of 44880±840 and Mw of 92120±8860). The OPF was stored at -20 °C 

until use.  

Gelatin Microparticle Fabrication 

GMPs were fabricated using acidic gelatin with an isoelectric point of 5.0 

following previously established procedures [163]. Briefly, 5 g of gelatin was dissolved in 

45 mL of distilled, deionized water (ddH20) at 60 °C for ~20 minutes. The resulting 

aqueous gelatin solution was added dropwise to 250 mL of olive oil containing 0.5 wt.% 

Span 80 during mixing at 500 rpm for the formation of microspheres in the water/oil 

emulsion. The emulsion was then placed in an ice/water bath with continued stirring for 

30 minutes, after which 100 mL of chilled acetone was added. After 1 hr, gelatin 

microspheres were collected from the emulsion via filtration and washing with acetone 

for the removal of residual olive oil. Collected gelatin microspheres were then 

crosslinked in 0.1 wt.% solution of Tween 80 in ddH20 containing either 10 mM (10 mM 

GMP) or 40 mM glutaraldehyde (40 mM GMP) for 20 hrs in an ice/water bath with 

stirring at 500 rpm.  Glycine was then added to the reaction flask to a concentration of 

25 mM and incubated for 1 hr to terminate the crosslinking reaction by blocking the 
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residual aldehyde groups of unreacted glutaraldehyde. The crosslinked GMPs were 

vacuum-filtered, washed with ddH20, and lyophilized overnight. After lyophilization, 

GMPs with a diameter of 50-100 µm were selected by sieving and then stored at -20 °C 

until use.  

Experimental Design 

A full factorial design was utilized to investigate the effects of (1) PEG chain MW, 

(2) DBR, (3) crosslinker type, (4) crosslinking density of GMPs, and (5) incubation 

medium composition on the degradation characteristics and profiles of OPF composite 

hydrogels (Table 5.1). During fabrication of the OPF composite hydrogels, it was found 

that formulations containing OPF 35k and MB as a crosslinker could not be formed 

under similar conditions for other formulations. Thus, the full factorial design could not 

be completed as planned. Accordingly, two 24 fractional factorial studies were designed, 

as outlined in Table 5.2, to fully investigate the effects of all five aforementioned 

parameters. Each factor consisted of two levels, which were chosen based on previous 

in vitro and in vivo studies utilizing these hydrogels for various orthopedic applications 

[4, 6, 163, 209, 218]. 10k and 35k PEG chain MWs were seen to facilitate the greatest 

chondrogenic differentiation among mesenchymal stem cells encapsulated in OPF-

based hydrogels over smaller PEG chain MWs [5]. Additionally, the DBR level of 60 was 

based on OPF:PEGDA weight ratios previously used [4, 5, 7] and the DBR level of 40 

represents the threshold beyond which gels containing OPF 35k and PEGDA could not 

be formed. All formulations in Study 1 used PEGDA as the crosslinker and all 

formulations in Study 2 used 10k as the PEG MW for OPF hydrogel fabrication.  
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Composite Fabrication 

OPF composite hydrogels were fabricated by encapsulating either 10 mM or 40 

mM GMPs in OPF hydrogels according to previously established methods [84, 165]. 

Varying amounts of OPF macromer were combined with varying amounts of PEGDA or 

MB to give two different levels of DBR as seen in Supplementary Table 5.S1. DBR 

was defined as the ratio of the total number of carbon-carbon double bonds in the 

crosslinker (PEGDA or MB) over the total number of carbon-carbon double bonds in 

OPF. The number of carbon-carbon double bonds in OPF was estimated by the 

following formula: Mn of PEG × (x+1) + MW of a fumarate unit (i.e., 72 g/mol) × x = Mn of 

OPF, where x is the average number of carbon-carbon double bonds in an OPF 

macromer. To outline the general fabrication procedure, the prescribed amounts of OPF 

and either PEGDA or MB were dissolved in 468 µL of phosphate-buffered saline (PBS) 

and thoroughly mixed with 22 mg of GMPs that were previously swollen overnight with 

110 µL of PBS. Equal parts (48.6 µL) of the thermal radical initiators APS (0.3 M) and 

TEMED (0.3 M) were then added to initiate the crosslinking reaction. After mixing, the 

polymeric suspension was quickly injected into a cylindrical Teflon mold (6 mm in 

diameter and 2 mm in thickness) and further incubated at 37 °C for 10 minutes to 

achieve crosslinking.  

OPF Swelling and Degradation Study 

For the swelling and the degradation studies, OPF composite hydrogels were 

placed in either 3 mL of PBS or collagenase-conditioned PBS (Col-PBS; 400 ng 

collagenase 1A per mL PBS) in a 12-well plate and incubated at 37 °C for 28 days 

under shaking at 70 rpm. The culture medium was replaced every 3 days. At days 1, 4, 
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7, 14, 21, and 28, composite hydrogels (n=4) dedicated to each time point were 

retrieved to determine swelling ratio and % mass remaining using the following 

equations: swelling ratio = (Ws – Wd)/Wd and % mass remaining = Wd/Wi x 100 % where 

Wi, Ws, and Wd are the weight of the dried composite immediately after fabrication prior 

to swelling, the weight of the composite after swelling at each time point, and the weight 

of the dried composite after swelling at each time point, respectively.  

Statistical Analysis 

Data for the measured properties were reported as mean ± standard deviation for 

samples (n=4) at each time point. Differences in the degradation characteristics 

between the various formulations were determined via one-way ANOVA followed by 

Tukey’s HSD post hoc analysis (p<0.05). Main and interaction effects were analyzed 

using a linear regression analysis methodology via the SAS JMP Pro 10 software 

according to previously established methods [280, 281]. 

 

RESULTS 

Swelling of OPF Composite Hydrogels 

Equilibrium swelling ratios were first compared between groups with the same 

incubation medium composition as outlined in Tables 5.3 and 5.4. In standard PBS, all 

formulations containing 10 mM GMPs maintained generally constant swelling ratios 

within each respective group over 28 days (Supplementary Figure 5.S1a). Composites 

from formulations 35kDA40:10 and 10kMB40:10 both exhibited the highest swelling 

ratios up until day 28. Composites fabricated with OPF 10K macromers and PEGDA as 

the crosslinker (10kDA60:10 and 10kDA40:10) showed the lowest mean swelling ratios 
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over time. Among formulations containing 40 mM GMPs (Supplementary Figure 

5.S1b), 35kDA40:40 and 10kMB40:40 had the highest swelling ratios at the measured 

time points after day 1. Despite having similar mean swelling ratios, which refer to 

overall values over time, of 17.2±0.4 for 35kDA40:40 and 17.9±0.6 for 10kMB40:40, 

composites from 10kMB40:40 swelled more than those from 35kDA40:40 at each time 

point measured after day 14. The mean swelling ratios of formulations 35kDA60:40 

(13.6±0.3) and 10kMB60:40 (14.1±0.4), while lower than those of their lower DBR 

counterparts, were greater than the mean swelling ratios of 10kDA60:40 (5.6±0.2) and 

10kDA40:40 (6.0±0.2) as shown in Table 5.3.   

In Figure 5.1a, formulation 35kDA40:10, which maintained the highest mean 

swelling ratio of 26.7±1.5 in col-PBS over 28 days, exhibited greater increases in 

swelling following day 4 in the presence of collagenase as compared to in PBS alone. 

As outlined in Table 5.3, formulations 35kDA60:10 and 10kMB40:10 displayed the next 

highest swelling capacities with mean swelling ratios of 18.1±0.8 and 19.2±0.6, 

respectively. Indeed, formulations 10kDA60:10 and 10kDA40:10, both of which had 

similar respective mean swelling ratios of 6.4±0.2 and 6.9±0.2, displayed the lowest 

swelling ratios at all time points when compared to other formulations. For the 

formulations containing 40 mM GMPs (Figure 5.1b), the same differences observed 

between swelling profiles of the respective experimental groups in standard PBS were 

also observed in col-PBS. 

Degradation of OPF Composite Hydrogels 

In congruence with the hydrogel swelling ratios, the % mass remaining profiles of 

the various experimental groups were first compared within the same incubation 
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medium composition in order to evaluate differences between formulations. In standard 

PBS, formulations with OPF 35K (35kDA60:10 and 35kDA40:10) had the lowest mean 

% mass remaining, which refer to overall values over time, and thereby the greatest 

overall polymer loss over 28 days (Supplementary Figure 5.S1c). As shown in Table 

5,4, 10kDA60:10 (89.3±1.3 %) and 10kDA40:10 (82.8±1.4 %) maintained the highest 

mean % mass remaining amongst formulations containing 10 mM GMPs. For the 40 

mM GMP containing groups, similar differences in mean % mass remaining between 

corresponding formulations were also observed (Supplementary Figure 5.S1d). For 

example, all formulations with OPF 10K and PEGDA displayed the least polymer loss 

overall regardless of the GMP crosslinking extent (Table 5.4). In standard PBS, the 

amount of polymer loss for all formulations (containing 10 mM GMPs or 40 mM GMPs) 

stabilized after day 7. 

In col-PBS, the overall polymer loss amid the 10 mM GMP composite 

formulations was highest amongst formulations containing OPF 35K macromers. For 

instance, 35kDA60:10 and 35kDA40:10 had mean mass remaining percentages of 

43.1±2.3 % and 37.4±2.7 %, respectively, which were at least 12% lower than other 

formulations (Table 5.4). With the exception of the formulations 10kDA60:10 and 

10kDA40:10, which had the lowest amounts of overall polymer loss, all groups exhibited 

increasing polymer loss under enzymatic conditions until stabilization after day 14 

(Figure 5.1c). Although the differences in mean % mass remaining between 10 mM 

GMP containing formulations were also observed between the 40 mM GMP containing 

groups, the latter maintained higher mean mass remaining percentages than their 10 

mM GMP containing counterparts (Figure 5.1d).  
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In order to formally investigate the main effects of the construction parameters 

outlined in Table 5.1 and their various interactions on the swelling and degradation of 

OPF composite hydrogels, two 24 fractional factorial analyses were performed as 

detailed in Table 5.2. In Figures 5.2, 5.3, 5.4, and 5.5, the magnitude of the changes 

associated with the main effects and interactions are shown with standard error bars 

relative to the zero line, which is representative of the overall population mean at each 

effect. Main effects and interactions were considered significant (p<0.05) if their 

standard error did not cross the zero line.  

Fractional Factorial Analysis of Study 1 

Study 1 investigated four main factors: GMP crosslinking extent, PEG chain MW, 

incubation medium composition, and DBR, while keeping the crosslinker type (PEGDA) 

constant. Main effects analysis of the OPF composite formulations over 28 days 

indicated that all four factors had an effect on the swelling ratio (Figure 5.2a). When 

OPF composites were fabricated with GMPs of the higher crosslinking density (40 mM) 

and the higher DBR (60), the mean swelling ratio decreased by an average of 0.7±0.3 

and 1.5±0.3, respectively. Similarly, changing the incubation medium composition from 

col-PBS to standard PBS caused a decrease in the mean swelling ratio by an average 

of 1.2±0.3. An increase in the PEG chain MW from 10K to 35K resulted in a significant 

increase in the mean swelling ratio by an average of 5.7±0.3. Through the analysis of 

the main effects at each time point, it was observed that the OPF macromer MW and 

the DBR significantly affected the swelling ratio at all times (Supplementary Figure 

5.S2a). Although the incubation medium did not have an immediate effect on the 

swelling ratio, the presence of collagenase caused an increase in the swelling from day 
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4 onward. While increasing the GMP crosslinking extent (10 mM to 40 mM) also did not 

have an immediate effect on the swelling ratio, it significantly decreased the swelling 

ratio from day 4 until day 21.  

The mean % mass remaining was also affected by all four factors as indicated by 

main effects analysis (Fig 5.3b). Particularly, an increase in the GMP crosslinking 

extent and the DBR resulted in an increase in the mean % mass remaining by an 

average of 2.2±0.6 % and 2.0±0.6 %, respectively. Removal of the enzymatic incubation 

condition also caused an increase in the mean % mass remaining by an average of 

4.0±0.6 %. However, an increase in the PEG chain MW yielded a significant decrease 

in the mean % mass remaining by an average of 17.2±0.6 %. An analysis of the main 

effects at each time point showed that PEG chain MW and incubation medium 

composition had an effect on mean % mass remaining at all times (Supplementary 

Figure 5.S2b). GMP crosslinking extent and DBR also had an effect on the mean % 

mass remaining at all measured time points except for day 1. An evaluation of the 

interactions between factors on the mean swelling ratio revealed an interdependence of 

factors upon one another in the form of several 2-factor and 3-factor interactions. In 

particular, significant 2-factor interactions (where A*B denotes a cross effect between 

factor A and factor B) included GMP*MW, GMP*Medium, MW*Medium, MW*DBR, and 

Medium*DBR, while 3-factor interactions included GMP*MW*Medium and 

MW*Medium*DBR (data not shown). For the mean % mass remaining, significant 

interactions only included GMP*MW and GMP*DBR. The cross effects between PEG 

chain MW, DBR, and the incubation medium composition, which had the largest impact 

on swelling, are further illustrated in Figure 5.3.  
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Fractional Factorial Analysis of Study 2 

Main effects analysis of the formulations from Study 2 over 28 days, which 

corroborated the effects of incubation medium composition and DBR on swelling, also 

demonstrated that the crosslinker type significantly impacted the mean swelling ratio 

(Figure 5.4a). Employing PEGDA as the crosslinker instead of MB caused a significant 

decrease in the mean swelling ratio by an average of 4.9±0.2. Amongst formulations 

incorporating only OPF 10K macromers, increasing the DBR resulted in a decrease in 

the mean swelling ratio by an average of 1.2±0.2. However, GMP crosslinking extent 

was not a significant factor affecting the mean swelling ratio of these formulations. 

Changing the GMP crosslinking extent, the incubation medium composition, and the 

DBR from the respective level 1 to level 2 values raised the mean % mass remaining by 

an average of 1.0±0.9 %, 2.8±0.9 %, and 2.7±0.9 %, respectively (Figure 5.4b). Most 

notably, changing the crosslinker type from MB to PEGDA increased the mean % mass 

remaining by an average of 9.4±0.9 %. An analysis of the main effects on mean 

swelling ratio over time showed that the crosslinker type and the DBR had an effect at 

all times, while the GMP crosslinking extent and the incubation medium composition 

both had an effect at day 28 (Supplementary Figure 5.S3a). Similar to the main effects 

on the mean swelling ratio, the crosslinker type and DBR significantly affected the mean 

% mass remaining at all measured time points (Supplementary Figure 5.S3b). 

However, GMP crosslinking extent and the incubation medium composition only had 

effects on the mean % mass remaining at select time points and did not display any 

noticeable effects pattern. From the evaluation of the interactions present in Study 2, 

notable cross effects between factors included only three 2-factor interactions that 
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affected the mean swelling ratio: GMP*Crosslinker, Crosslinker*DBR, and Medium*DBR 

(data not shown). The interaction effects between crosslinker and DBR, which proved 

to have the greatest impact on swelling, are further described in Figure 5.5. 

 

DISCUSSION 

This study utilized a full factorial design with fractional factorial analyses to 

investigate the effects of PEG chain MW, DBR, crosslinker type, GMP crosslinking 

extent, and the incubation medium composition on the swelling and degradation 

characteristics of OPF composite hydrogels. With each factor comprising two-levels, it 

was hypothesized that the swelling and degradation characteristics of OPF composite 

hydrogels could be precisely controlled by individually or collectively modulating the 

levels of the aforementioned parameters. Furthermore, it was envisioned that the use of 

a factorial design would allow for the evaluation of how each individual factor and their 

various interactions with each other would affect the swelling and degradation of these 

composites. Indeed, the fractional factorial analyses of the main effects showed that the 

mean swelling ratio and the mean % mass remaining of OPF composite hydrogels were 

significantly impacted by every parameter investigated. Additionally, an analysis of the 

interactions between parameters yielded important insights to guide the tuning of the 

swelling and degradation properties of OPF-based hydrogels.  

 Previous studies have briefly evaluated the individual effects of PEG chain MW 

[5], GMP crosslinking extent [163], and DBR [218] on the degradation of OPF composite 

hydrogels. Additionally, previous research conducted by our laboratory has investigated 

the effect of PEG chain MW on the swelling and mechanical properties of OPF-based 
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hydrogels and found that with an increase in PEG molecular weight and hence, the 

hydrogel swelling, the tensile strength of the OPF-based hydrogels decreased [215]. 

However, the combined effects of these factors, along with the crosslinker type and the 

incubation medium composition, as well as their various interactions on swelling and 

degradation had not been investigated. While the mechanical properties of hydrogel 

scaffolds are important, particularly for dynamic tissues, the main focus of the current 

study is on how different hydrogel construction parameters affect swelling and 

degradation for applications in cell and drug delivery. Hence, a factorial experiment 

combining all of these factors was designed. Out of the composite formulations that 

were generated from this factorial design, all formulations containing OPF 35K 

macromers and the crosslinker MB failed to yield any viable hydrogels due to a low level 

of crosslinking. This could be attributed to the limited mobility of the second double bond 

of the MB crosslinking agent after the first one has reacted during the crosslinking 

reaction with the larger sized OPF 35K macromers. However, crosslinking with PEG-DA 

is possible because the mobility of the second double bond is greater due to the 

presence of a PEG spacer, which is not the case for MB. This could also be due to the 

reduced number of fumarate groups (which carry the unsaturated carbon-carbon double 

bonds) per OPF macromer for OPF 35K when compared to OPF 10K as a result of the 

steric hindrance of higher MW PEG molecules inhibiting the addition of fumarate groups 

to the ends of the PEG molecules during synthesis [3]. Accordingly, two 24 fractional 

factorial analyses were performed with the remaining composite formulations in order to 

fully evaluate the main and interaction effects of all construction parameters on swelling 

and degradation. 
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First, the mean swelling ratios between groups within the same incubation 

medium composition were compared. Although composites fabricated with OPF 35K 

macromers were expected to achieve the highest swelling ratios, this was not the case 

as formulations 35kDA40:10, 10kMB40:10, 35kDA40:40, and 10kMB40:40 exhibited 

similarly high mean swelling ratios over 28 days. Additionally, 10kMB60:10, 

10kMB60:40, 10kMB40:10, and 10kMB40:40 achieved swelling ratios similar to or 

greater than that of 35kDA60:10 or 35kDA60:40. From the swelling data alone, this 

result could be mainly due to the crosslinker type. Assuming that all OPF macromers 

were incorporated during crosslinking to form a polymer network, the theoretical 

swelling capacity of the resulting hydrogel would be directly related to the size of the 

PEG chain component, as larger PEG components equal greater swelling[239]. Indeed, 

35kDA60:10/35kDA60:40 and 35kDA40:10/35kDA40:40 exhibited greater swelling 

ratios than 10kDA60:10/10kDA60:40 and 10kDA40:10/10kDA40:40 at all measured 

times. However, a comparison of 10kDA60:10/10kDA60:40 and 

10kDA40:10/10kDA40:40 with 10kMB60:10/10kMB60:40 and 10kMB40:10/10kMB40:40 

indicated that formulations containing MB swelled more than the corresponding 

PEGDA-containing formulations despite MB being the smaller crosslinker (154.2 

nominal MW compared to 3,400 nominal MW for PEGDA). This phenomenon could 

potentially be explained by the relatively higher reactivity of acrylates (PEGDA) or 

amides (MB) when compared to the carbon-carbon double bonds of the fumarate 

groups along the OPF backbone [215, 246, 282]. As a result, the acrylates from the 

PEGDA crosslinkers may have more readily reacted with each other than with the 

fumarate double bonds, leading to the formation of regional PEGDA networks within the 
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overall OPF macromolecular structure. This would act to not only lower the swelling 

capacity of the OPF composites since the crosslinker PEGDA has a lower nominal MW 

compared to that of the OPF macromers, but also to generally result in higher mass 

remaining percentages. Indeed, main effects of increasing DBR on the swelling ratio 

and the % mass remaining as shown in Figure 5.2 for Study 1 further indicate that the 

crosslinking density of such hydrogels is directly correlated with the amount of acrylates 

present from the PEGDA crosslinker. Although similar reactions may have occurred 

amongst the amides of the MB crosslinkers, the smaller size of MB would have less of 

an effect on the overall OPF network[283] as suggested by the lack of differences in 

mean mass remaining percentages between 10kMB groups (incorporating GMPs of 

similar crosslinking extent) with changes in DBR (Tables 5.3 and 5.4).  

While the size difference between MB and PEGDA may act to confound their 

differences in reactivity as crosslinkers for OPF hydrogel systems, the selection of MB 

and PEGDA was informed by previous studies from our laboratory and others 

investigating the efficacy of materials utilizing these common crosslinkers for various in 

vitro and in vivo biomedical applications [4, 7, 9, 164, 209, 218]. In particular, our 

laboratory has previously implanted OPF hydrogels crosslinked with MB as controlled 

growth factor delivery vehicles for osteochondral tissue repair [9, 164]. Although such 

acellular composites conferred some therapeutic effects in vivo, the inclusion of stem 

cells to improve results may have been difficult given reports of potential cytotoxicity 

with using MB [284, 285]. Hence, PEGDA was employed as the crosslinker for the 

development of cell-laden OPF constructs. However, when these constructs were used 

to deliver cells to an osteochondral defect site, fragments of non-degraded hydrogel still 
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present within the defect after 12 weeks obstructed tissue repair [7]. Given that OPF 

hydrogels crosslinked with MB displayed near complete degradation in vivo by this time 

point [8], the presence of such non-degraded hydrogel fragments was attributed to the 

use of PEGDA (via the formation of regional PEGDA networks). As a result, both MB-

crosslinked and PEGDA-crosslinked OPF systems were compared in the present study 

in order to guide and optimize future strategies for combining growth factor and cell 

delivery for in vivo tissue regeneration. 

The absence of differences between corresponding formulations carrying either 

10 mM GMPs or 40 mM GMPs in standard PBS was expected given the lack of enzyme 

activity to degrade GMPs in composite hydrogels. In the presence of collagenase, which 

mimics the enzymatic conditions of an in vivo environment [165], various formulations 

including 35kDA60:10, 35kDA40:10, and 35kDA40:40 exhibited an increase in swelling 

capacity when compared to their non-enzymatically treated counterparts. Indeed, 

encapsulated GMPs swell and undergo enzymatic digestion over time, leading to the 

disruption of the OPF network and the introduction of large pores into the bulk hydrogel 

that together enhance hydrogel swelling [165]. Additionally, higher swelling ratios were 

observed in 10 mM GMP containing formulations in the collagenase medium condition 

when compared with corresponding 40 mM GMP containing formulations, since GMPs 

of a higher crosslinking extent can better resist enzymatic attack by collagenase. 

Previous results have shown that the presence of collagenase failed to elicit enhanced 

swelling of OPF composites fabricated with OPF 10K macromers that only contain 40 

mM GMPs [165]. However, in the current study, the mean swelling ratio of 35kDA40:40 

in col-PBS is significantly greater than its corresponding value in standard PBS, 
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suggesting an interaction between size of the OPF macromer, the GMP crosslinking 

extent, and the enzyme.  

Differences in the mass remaining percentages between formulations at day 1 

are reflective of the initial % sol fractions of each formulation. The % sol fraction, which 

is defined as 100 % minus the % mass remaining at day 1, reflects the amount of 

polymer that was not initially incorporated into the crosslinked network during composite 

fabrication. Although formulations containing OPF 10K macromers and MB achieved 

similar swelling ratios with formulations containing OPF 35K macromers and PEGDA, 

the latter displayed higher sol fractions and lower subsequent polymer % mass 

remaining when compared to the former. Indeed, given the increasing difficulty of 

attaching fumarate groups to the ends of larger PEG molecules during OPF synthesis 

[2, 3], hydrogels fabricated from OPF macromers with larger PEG chains would contain 

many unreacted PEG molecules entangled within the greater hydrogel network. Aside 

from the hydrolytic degradation of a less densely crosslinked network, the release of 

these PEG molecules during swelling of the hydrogel network and hydrolysis of 

degradable ester bonds could be the reason why formulations with OPF 35K 

macromers exhibited greater polymer loss when compared to their 10K counterparts.  

For Study 1, the most significant factor affecting the mean swelling ratio and % 

mass remaining was the PEG chain MW (Figure 5.2). Increasing the PEG chain MW 

caused a 2-to-3-fold increase in the swelling capacity of the composite hydrogels. This 

was expected, as larger PEG chains would allow for the formation of polymer networks 

with larger theoretical mesh sizes. While not as influential as PEG chain MW, the DBR, 

GMP crosslinking extent and the incubation medium composition also significantly 
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impacted the swelling properties of OPF composite hydrogels. Increasing the GMP 

crosslinking extent decreased the overall swelling capacity of OPF composite 

hydrogels, most likely due to the diminished swelling of more crosslinked GMPs [286]. 

An increase in the DBR, which correlates to an increased hydrogel crosslinking density, 

expectedly led to a decrease in hydrogel swelling as well.  

Interestingly, an analysis of the factor cross effects on swelling revealed that the 

effects of DBR were more prominent for hydrogels formed from OPF 35K macromers. In 

standard PBS, increasing the DBR from 40 to 60 decreased the mean swelling ratio of 

OPF 35K composites by an average of 5.3 while the same increase in DBR for OPF 

10K composites decreased the mean swelling ratio by 0.5 (Figure 5.3). The interaction 

between these two factors was even more apparent in enzymatic conditions.  This is 

likely a consequence of the difference in available fumarate groups for gelation between 

OPF 10K and OPF 35K macromers. Compared to OPF 35K macromers, OPF 10K 

macromers have more fumarate groups per macromer and thereby an increased 

probability of crosslinking during hydrogel formation. In addition, with less fumarate 

groups per macromer, gelation of OPF 35K hydrogels may be more dependent on the 

proportion of crosslinkers present in the reaction mixture [283], which aligns with the 

Flory-Stockmayer theory for gelation. The presence of collagenase predictably 

enhanced the interdependence of these two factors. Other interactions involving the 

enzyme could also be explained by this same reason.  

  The Flory-Stockmayer theory would also explain the effects of DBR on the mass 

loss. Increased branching during the gelation of OPF composites as a result of 

increased crosslinker present in the reaction mixture yielded more crosslinked networks 
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with decreased overall hydrogel swelling capacity. The decrease in mass loss with 

increasing DBR as seen in both fractional factorial studies further confirms this 

hypothesis. As mentioned previously, the main effect of the PEG chain MW on the 

mean % mass remaining could be explained by the faster degradation of OPF 35K 

composites (due to the hydrolysis of a more loosely crosslinked network) and/or the 

release of entangled unreacted PEG molecules during swelling. The effect of GMP 

crosslinking extent could be explained by two reasons. First, the decreased swelling of 

more crosslinked GMPs caused less hydrogel network disruption and as a result, 

slowed the degradation of the composites. Second, more crosslinked GMPs provided 

greater diffusional barriers against the release of OPF fragments during degradation, 

thereby slowing overall polymer loss. Despite their individual effects, the cross effects of 

PEG chain MW and DBR did not significantly influence the mean % mass remaining 

and, hence the polymer loss. While there were several interactions between factors, the 

cross effects on the mean % mass remaining were mainly peripheral.  

For Study 2, the fractional factorial design was employed to primarily evaluate 

the impact of crosslinker type and its interaction with other construction parameters on 

the swelling and degradation of OPF composite hydrogels. As a result, the experimental 

groups involved in this analysis only include composites fabricated using OPF 10K 

macromers. Among these formulations, the most significant factor affecting the mean 

swelling ratio and % mass remaining was the type of crosslinker used for gelation. 

Intriguingly, the utilization of the larger crosslinker, PEGDA, instead of the smaller 

crosslinker, MB, led to a 20% to 50% decrease in composite swelling capacity and a 

30% to 60% decrease in composite degradation. As mentioned previously, the use of 
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PEGDA as the crosslinker, which has a lower MW when compared to the OPF 

macromer, possibly resulted in the incorporation of regional PEGDA networks within the 

overall hydrogel network that act to decrease the overall hydrogel mesh size.  With a 

decreased average mesh size, OPF composites incorporating PEGDA would have 

decreased mean swelling ratios. Indeed, the cross effects between crosslinker type and 

the DBR corroborates this explanation.  The swelling properties of OPF composite 

hydrogels fabricated with PEGDA were less sensitive to changes in the DBR when 

compared to composites fabricated using MB. When coupled with the limited swelling 

extent of the former, these results suggest that regional PEGDA networks could 

potentially make up a portion of the overall polymer network of OPF composite 

hydrogels. With regard to the other factors, the observed effects of GMP crosslinking 

extent, DBR, and incubation medium composition on the swelling and degradation of 

composites in Study 2 mainly corroborated those observed in Study 1.  

The formulations evaluated in this study were based on various OPF systems 

that were previously utilized as implants for in vivo tissue repair [7-9, 84]. As previously 

mentioned, OPF systems incorporating MB were mainly used for growth factor delivery, 

while OPF systems incorporating PEGDA were employed for the development of cell-

laden constructs. In cases where the beneficial effects of both growth factors and stem 

cells need to be combined, the selection of the appropriate hydrogel formulation can be 

guided by the findings of the current study. For instance, several of the formulations 

incorporating PEGDA shared similar swelling and degradation properties with some 

formulations incorporating MB, which may allow for the development of cell/growth 

factor-laden hydrogel constructs that can swell and degrade as desired in vivo. Overall, 
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the present study demonstrated that the PEG chain MW and the crosslinker type had 

the greatest impact on the swelling and degradation of OPF hydrogels. Additionally, the 

significant interaction effects between these two factors and the DBR showcased the 

high tunability that can be achieved with such hydrogel systems, and have broad 

implications informing the design of similar PEG-based hydrogel systems for cell 

encapsulation and growth factor delivery applications. 

 

CONCLUSIONS 

In conclusion, the main and cross effects of (1) PEG chain MW, (2) DBR, (3) 

crosslinker type, (4) GMP crosslinking extent, and (5) incubation medium composition 

on the swelling and degradation characteristics of OPF composite hydrogels were 

investigated. While the mean swelling ratio and mean % mass remaining of these 

hydrogels were impacted by every factor, modifying the PEG chain MW and the 

crosslinker type produced the largest effects. In particular, increasing the PEG chain 

MW from 10K to 35K increased both swelling and polymer loss whereas using PEGDA 

instead of MB resulted in the opposite effect. Moreover, it was found that interactions 

involving the DBR had the greatest cross effects on swelling properties. The OPF 

hydrogels fabricated with PEGDA had lower increases in swelling when the DBR was 

reduced when compared to hydrogels fabricated with MB. Additionally, a cross effect 

was seen with 10mM GMP containing formulations in Col-PBS exhibiting greater 

swelling than 40mM GMP containing formulations in the same condition. Together, 

these results indicate that the swelling and degradation properties of OPF hydrogels 

can be readily controlled via the collective modulation of key construction parameters 
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and underscore the versatility of these hydrogels as well as other PEG-based hydrogels 

for drug and cell delivery in tissue engineering applications. 
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Table 5.1. Two Levels of Five Parameters Tested in a Two-Level Full Factorial Design 
Parameters Level 1 Level 2 

PEG chain MW 10K 35K 
DBR 40 60 

Crosslinker Type MB PEGDA 
GMP Crosslinking Extent 10 mM 40 mM 

Media condition 400 ng/mL collagenase in PBS PBS 
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Table 5.2. Levels for the Factors Tested in Studies 1 and 2 Following a Two-Level 
Fractional Factorial Design 

Study 1 GMP Media DBR PEG chain MW 
Level 1 10 mM Col-PBS 40 10,000 
Level 2 40 mM PBS 60 35,000 
Study 2 GMP Media DBR Crosslinker Type 
Level 1 10 mM Col-PBS 40 MB 
Level 2 40 mM PBS 60 PEGDA 
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Table 5.3. Mean Degradation Characteristics of Composite Formulations in Standard 
PBS Over 28 Days. 

Formulation PEG 
chain MW 

GMP 
Crosslinking 

Extent 
DBR Crosslinker 

Type 

Mean 
Swelling 

Ratio 

Mean Mass 
Remaining (%) 

35kDA60:10 35,000 10 mM 60 PEGDA 13.4±0.2b 55.9±1.0c 

35kDA40:10 35,000 10 mM 40 PEGDA 17.3±0.8a 47.5±2.4d 

10kDA60:10 10,000 10 mM 60 PEGDA 5.4±0.1c 89.3±1.3a 

10kDA40:10 10,000 10 mM 40 PEGDA 5.9±0.1c 82.8±1.4a 

10kMB60:10 10,000 10 mM 60 MB 13.2±0.4b 67.3±2.0b 

10kMB40:10 10,000 10 mM 40 MB 16.6±0.5a 67.6±2.3b 

35kDA60:40 35,000 40 mM 60 PEGDA 13.6±0.3b 55.7±1.5c, d 

35kDA40:40 35,000 40 mM 40 PEGDA 17.2±0.4a 56.2±1.6c 

10kDA60:40 10,000 40 mM 60 PEGDA 5.6±0.2c 89.6±1.3a 

10kDA40:40 10,000 40 mM 40 PEGDA 6.0±0.2c 86.2±1.5a 

10kMB60:40 10,000 40 mM 60 MB 14.1±0.4b 70.2±2.1b 

10kMB40:40 10,000 40 mM 40 MB 17.9±0.6a 63.6±2.3b, c 

For each property, values not connected by the same letters are significantly different.
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Table 5.4. Mean Degradation Characteristics of Composite Formulations in Col-PBS 
Over 28 Days. 

Formulation PEG 
chain MW 

GMP 
Crosslinking 

Extent 
DBR Crosslinker 

Type 

Mean 
Swelling 

Ratio 

Mean Mass 
Remaining (%) 

35kDA60:10 35,000 10 mM 60 PEGDA 18.1±0.8b 43.1±2.3f, g 

35kDA40:10 35,000 10 mM 40 PEGDA 26.7±1.5a 37.4±2.7g 

10kDA60:10 10,000 10 mM 60 PEGDA 6.4±0.2d 82.1±1.4a 

10kDA40:10 10,000 10 mM 40 PEGDA 6.9±0.2d 75.9±1.4a, b 

10kMB60:10 10,000 10 mM 60 MB 13.3±0.3c 64.5±2.1c, d 

10kMB40:10 10,000 10 mM 40 MB 19.2±0.6b 56.5±2.2d, e 

35kDA60:40 35,000 40 mM 60 PEGDA 13.9±0.7c 47.3±2.4f 

35kDA40:40 35,000 40 mM 40 PEGDA 19.6±0.5b 50.4±1.5e, f 

10kDA60:40 10,000 40 mM 60 PEGDA 5.9±0.2d 84.3±1.2a 

10kDA40:40 10,000 40 mM 40 PEGDA 6.6±0.3d 79.4±1.4a 

10kMB60:40 10,000 40 mM 60 MB 14.2±0.4c 68.2±1.9b, c 

10kMB40:40 10,000 40 mM 40 MB 18.6±0.7b 61.3±1.8c, d 

For each property, values not connected by the same letters are significantly different.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  Lam 131 

Supplementary Table 5.S1. Composition of the Various Composite Formulations 
Tested. 

 

Group 
35K 
OPF 
(mg) 

10K 
OPF 
(mg) 

DBR 
PEG-
DA 

(mg) 

MB 
(mg) 

10 mM 
GMP (mg 
in 110 µL 

PBS) 

40 mM 
GMP (mg 
in 110 µL 

PBS) 

APS 
(µL, 

0.3M) 

TEMED 
(µL, 

0.3M) 

35kDA60:10 101.4 0 60 48.6 0 22 0 46.8 46.8 

35kDA40:10 113.7 0 40 36.3 0 22 0 46.8 46.8 

35kMB60:10 147 0 60 0 3.2 22 0 46.8 46.8 

35kMB40:10 148 0 40 0 2.14 22 0 46.8 46.8 

10kDA60:10 0 26 60 124 0 22 0 46.8 46.8 

10kDA40:10 0 35.6 40 114.4 0 22 0 46.8 46.8 

10kMB60:10 0 123 60 0 27 22 0 46.8 46.8 

10kMB60:10 0 131 40 0 19 22 0 46.8 46.8 

35kDA60:40 101.4 0 60 48.6 0 0 22 46.8 46.8 

35kDA40:40 113.7 0 40 36.3 0 0 22 46.8 46.8 

35kMB60:40 147 0 60 0 3.2 0 22 46.8 46.8 

35kMB40:40 148 0 40 0 2.14 0 22 46.8 46.8 

10kDA60:40 0 26 60 124 0 0 22 46.8 46.8 

10kDA40:40 0 35.6 40 114.4 0 0 22 46.8 46.8 

10kMB60:40 0 123 60 0 27 0 22 46.8 46.8 

10kMB60:40 0 131 40 0 19 0 22 46.8 46.8 
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Figure 5.1. Swelling ratio profiles of (a) 10 mM GMP or (b) 40 mM GMP containing OPF 
composite hydrogels in Col-PBS over 28 days (n 5 4). The mass remaining (%) profiles 
of corresponding (c) 10 mM GMP or (d) 40 mM GMP formulations in Col-PBS over 28 

days are also shown (n=4). Error bars represent the standard deviation. 
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Figure 5.2. The main effects of PEG chain MW, GMP cross-linking extent, DBR, and 
incubation medium composition on the (a) swelling and (b) percentage of mass 
remaining of OPF composite hydrogels in Study 1. A positive value indicates an 

increasing effect caused by a change in the corresponding parameter from level 1 to 
level 2. Error bars represent the standard error. 
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Figure 5.3. Interaction effects between PEG chain MW, DBR, and the incubation 

medium composition on the mean swelling ratio of OPF composite hydrogels in Study 1. 
A negative slope line indicates that the swelling was decreased when the DBR was 

increased from 40 to 60. 
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Figure 5.4. The main effects of cross-linker type, GMP cross-linking extent, DBR, and 

the incubation medium composition on the (a) swelling and (b) percentage of mass 
remaining of OPF composite hydro- gels in Study 2. A positive value indicates an 

increasing effect caused by a change in the corresponding parameter from level 1 to 
level 2. Error bars represent the standard error. 
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Figure 5.5. Interaction effects between the cross-linker type and the DBR on the mean 

swelling ratio of OPF composite hydrogels in Study 2. 
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Supplementary Figure 5.S1: Swelling ratio profiles of (a) 10 mM GMP or (b) 40 mM 
GMP containing OPF composite hydrogels in standard PBS over 28 days (n=4). The 

mass remaining (%) profiles of corresponding (c) 10 mM GMP or (d) 40 mM GMP 
formulations in standard PBS over 28 days is also shown (n=4). Error bars represent 

the standard deviation. 
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Supplementary Figure 5.S2: The main effects of PEG chain MW, GMP crosslinking 
extent, DBR, and incubation medium composition on the (a) swelling and (b) % mass 

remaining of OPF composite hydrogels in Study 1 at each time point over 28 days. Error 
bars represent the standard error. 
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Supplementary Figure 5.S3: The main effects of crosslinker type, GMP crosslinking 
extent, DBR, and incubation medium composition on the (a) swelling and (b) % mass 

remaining of OPF composite hydrogels in Study 2 at each time point over 28 days. Error 
bars represent the standard error. 
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Chapter 6. Osteochondral tissue regeneration using a 
bilayered composite hydrogel with modulating dual 

growth factor release kinetics in a rabbit model4 
 
Abstract 

Biodegradable oligo(poly(ethylene glycol) fumarate) (OPF) composite hydrogels 

have been investigated for the delivery of growth factors (GFs) with the aid of gelatin 

microparticles (GMPs) and stem cell populations for osteochondral tissue regeneration. 

In this study, a bilayered OPF composite hydrogel that mimics the distinctive 

hierarchical structure of native osteochondral tissue was utilized to investigate the effect 

of transforming growth factor-β3 (TGF-β3) with varying release kinetics and/or insulin-

like growth factor-1 (IGF-1) on osteochondral tissue regeneration in a rabbit full-

thickness osteochondral defect model. The four groups investigated included (i) a blank 

control (no GFs), (ii) GMP-loaded IGF-1 alone, (iii) GMP-loaded IGF-1 and gel-loaded 

TGF-β3, and (iv) GMP-loaded IGF-1 and GMP-loaded TGF-β3 in OPF composite 

hydrogels. The results of an in vitro release study demonstrated that TGF-β3 release 

kinetics could be modulated by the GF incorporation method. At 12 weeks post-

implantation, the quality of tissue repair in both chondral and subchondral layers was 

analyzed based on quantitative histological scoring. All groups incorporating GFs 

resulted in a significant improvement in cartilage morphology compared to the control. 

Single delivery of IGF-1 showed higher scores in subchondral bone morphology as well 
                                                        
4 This chapter was published as K. Kim, J. Lam, S. Lu, P. Spicer, A. Lueckgen, Y. 
Tabata, M. Wong, J.A. Jansen, A.G. Mikos, and F.K. Kasper. “Osteochondral Tissue 
Regeneration using a Composite Hydrogel System with Modulating Dual Growth Factor 
Release Kinetics in a Rabbit Model”, J. Controlled Release, 168, 166-178 (2013). JL 
contributed to the design of study, the acquisition , analysis, and interpretation of the 
data, the drafting of some portions of the chapter, and to critical revisions. 
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as chondrocyte and glycosaminoglycan amount in adjacent cartilage tissue when 

compared to a dual delivery of IGF-1 and TGF-β3, independent of the TGF-β3 release 

kinetics. The results suggest that although the dual delivery of TGF-β3 and IGF-1 may 

not synergistically enhance the quality of engineered tissue, the delivery of IGF-1 alone 

from bilayered composite hydrogels positively affects osteochondral tissue repair and 

holds promise for osteochondral tissue engineering applications.  
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Introduction 

Articular cartilage is a flexible connective tissue that facilitates the articulation of 

bone in major synovial joints via the dissipation of friction and physiological compressive 

forces [10, 13, 17, 18, 287]. With a limited endogenous ability for self-repair, damaged 

cartilage as a result of disease or trauma oftentimes leads to premature arthritis. 

Although current clinical methods are insufficient for long-term treatment [288], tissue 

engineering strategies provide promising alternatives for cartilage repair. To date, many 

research groups have adapted a wide variety of natural or synthetic polymers for the 

fabrication of scaffolds for cartilage tissue engineering. In particular, hydrogel scaffolds 

derived from these materials can be used as a vehicle to deliver biochemical factors 

that stimulate the chondrogenic differentiation of host progenitor cells within a tissue 

defect site [1, 289]. Our laboratory has developed a novel class of water-soluble 

synthetic macromers based on oligo(poly(ethylene glycol) fumarate) (OPF) that can be 

chemically crosslinked to yield hydrolytically degradable hydrogels. Injectable and 

biodegradable hydrogels formed from OPF have been leveraged for the controlled 

delivery of chondrogenic growth factors (GFs) with the aid of gelatin microparticles 

(GMPs), which serve as GF delivery vehicles and enzymatically digestible porogens [4-

6, 162-164, 167, 251]. Previously, such composite hydrogel systems have been utilized 

to deliver chondrogenic GFs for the elicitation of osteochondral tissue repair within 

osteochondral defect sites in animal models [7-9]. However, the simultaneous delivery 

of multiple GFs and how these GFs interact in vivo to repair osteochondral tissue 

remains an area of investigation.  
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In the present work, OPF composite hydrogels are used to deliver transforming 

growth factor-β3 (TGF-β3) and/or insulin-like growth factor-1 (IGF-1) to an 

osteochondral defect to facilitate cartilage regeneration and subchondral tissue 

formation. TGF-β3 is a potent GF that can induce the chondrogenic differentiation of 

progenitor cell populations in vitro [290-293] as well as augment cartilage tissue 

formation in vivo [65, 146, 170, 294]. IGF-1 primarily acts as an anabolic maturation 

factor to stimulate the cellular synthesis of proteoglycans and type II collagen [57, 295]. 

Previously, OPF composite systems were employed to deliver TGF-β1, an isoform of 

TGF-β3 with similar chondrogenic effects, to the chondral space of an osteochondral 

defect [8]. Although the presence of TGF-β1 alone did confer some therapeutic 

advantage, such as the improvement of joint surface regularity over controls at 4 and 14 

weeks, the GF did not effect a different overall healing response when compared to 

controls [8]. To achieve an overall improvement in osteochondral regeneration and to 

study the effects of a dual GF delivery system in a wound healing environment, the 

delivery of TGF-β1 with IGF-1 on osteochondral tissue repair was evaluated [9]. This 

study was based on results in literature demonstrating the synergistic effects of TGF-β1 

with IGF-1 on increased chondrogenic gene expression and proteoglycan synthesis by 

articular chondrocytes [296, 297] and mesenchymal stem cells (MSCs)  in vitro [298]. 

The in vivo study however, showed that an initial burst release of TGF-β1 during early 

stages of cartilage healing followed by a sustained release of IGF-1 was not effective at 

regenerating osteochondral tissue under the conditions investigated [9]. Despite the 

lack of synergy between TGF-β1 and IGF-1, the controlled delivery of multiple GFs 

merits further investigation when one considers the complex interplay of GFs during 
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different stages chondrogenesis and cartilage regeneration [55, 299, 300]. Indeed, 

several in vitro studies have demonstrated that the anabolic effects of TGF-β isoforms 

on progenitor cells are dependent on the time of delivery [301, 302]. Recently, it was 

shown that the sequential exposure of umbilical cord-derived MSCs to TGF-β3 followed 

by IGF-1 enhanced their production of cartilage-like extracellular matrix (ECM) 

components in vitro [303]. Moreover, our laboratory has found that the TGF-β3 isoform 

was more effective than TGF-β1 at inducing the chondrogenic differentiation of rabbit 

MSCs encapsulated within bilayered OPF composite hydrogels [162]. Therefore, we 

hypothesize that the delivery of TGF-β3, when combined with the sustained release of 

IGF-1, may influence the differentiation of host progenitor cell populations and thereby 

affect the degree of osteochondral tissue repair. 

It has been demonstrated that release kinetics of GFs from OPF composite 

hydrogels can be modulated by hydrogel construction parameters, which include the 

degree of crosslinking of GMPs, the molecular weight of the poly(ethylene glycol) block 

in the OPF macromer, the resultant mesh size of such crosslinked OPF hydrogels, and 

the method of GF incorporation within the composite hydrogel [8, 9, 163, 164]. Such a 

level of tunability with OPF composite hydrogels may be leveraged for the timed 

delivery of multiple chondrogenic GFs to progenitor cell populations in the host tissues 

to repair an osteochondral defect. Indeed, the release kinetics of TGF-β3 when 

delivered together with IGF-1 from OPF composite hydrogels might be an important 

parameter to regulate for the induction of high quality cartilage tissue remodeling and 

regeneration in vivo. The present study investigates how different release kinetics of 
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TGF-β3, in the presence of IGF-1, from OPF composite hydrogels affect the tissue 

response in an osteochondral defect.  

The global hypothesis of this study is that the release of TGF-β3, when combined 

with the sustained release of IGF-1, from OPF composite hydrogels will synergistically 

facilitate osteochondral tissue regeneration in a rabbit osteochondral defect model 

relative to the delivery of IGF-1 alone. Furthermore, it is hypothesized that the release 

kinetics of TGF-β3, when delivered together with a sustained release of IGF-1, will 

influence the degree and quality of osteochondral tissue repair. To this end, the specific 

objectives of this study are: (1) to characterize the in vitro release kinetics of IGF-1 and 

TGF-β3 from composite hydrogels over 28 days, (2) to investigate the synergistic effect 

of a dual delivery of TGF-β3 with IGF-1 on osteochondral tissue regeneration, and (3) to 

evaluate the effect of modulated TGF-β3 release kinetics with sustained IGF-1 release 

on the quality of cartilage and subchondral bone tissue regeneration in a rabbit full-

thickness osteochondral defect model.  

 

Materials and Methods 

OPF synthesis 

According to a method developed in our laboratory [2, 3], poly(ethylene glycol) with a 

number average molecular weight (Mn) of 35,000 (Sigma-Aldrich, St. Louis, MO) was 

utilized to synthesize OPF. The resulting OPF with an Mn of 42,500 ± 180 and a weight 

average molecular weight (Mw) of 120,300 ± 6,500 was used throughout the study. Prior 

to hydrogel fabrication, OPF was sterilized by exposure to ethylene oxide (EO) for 12 

hrs according to established methods [6, 7, 167]. 



  Lam 146 

Gelatin microparticle fabrication  

Gelatin microparticles (GMPs) were fabricated using acidic gelatin with an isoelectric 

point of 5.0 (Nitta Gelatin INC., Osaka, Japan) and were crosslinked with 10 or 40 mM 

glutaraldehyde (Sigma-Aldrich, St. Louis, MO) according to previously established 

methods [164]. After lyophilization, GMPs with a diameter of 50 – 100 µm were selected 

by sieving and sterilized with EO prior to hydrogel fabrication. Sterile GMPs were 

swollen with phosphate buffered saline (PBS) or GF solutions at 4°C for 15 hrs, 

according to previously described methods [163]. For equilibrium swelling of GMPs, 55 

µL of PBS or GF solution was applied to 11 mg of dried GMPs. For the degradation 

study, blank GMPs were swollen with PBS alone. For the in vitro release study and in 

vivo implantation, 40 mM GMPs were loaded with an IGF-1 solution with a 

concentration of 24.42 µg of human recombinant IGF-1 (R&D Systems, Minneapolis, 

MN) per mL PBS to achieve a concentration of 2000 ng IGF-1 per mL crosslinked OPF 

composite hydrogel prior to equilibrium swelling. Similarly, 10 mM GMPs were loaded 

with a TGF-β3 solution with a concentration of 21.97 µg of human recombinant TGF-β3 

(R&D Systems) per mL PBS to achieve 1800 ng TGF-β3 per mL crosslinked OPF 

composite hydrogel prior to equilibrium swelling. 10 and 40 mM GMPs, which have 

different degradation rates, were selected to deliver dual GFs in a fashion that first 

induces chondrogenic differentiation of progenitor cells by TGF-β3, followed by IGF-1 

induced stimulation of the ECM production [9].  Furthermore, a 2.5 times higher 

concentration for both IGF-1 and TGF-β3 solutions was used in the preparation of 

additional groups for the in vitro release study. 
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Bilayered composite hydrogel fabrication 

Bilayered composite hydrogels to deliver GFs were fabricated via a two-step 

crosslinking procedure as previously described [4, 9, 162]. The subchondral layer was 

partially crosslinked first and the chondral layer was fabricated on top of the 

subchondral layer. Specifically, 100 mg of sterile OPF and 50 mg of sterile 

poly(ethylene glycol) diacrylate (PEG-DA, Glycosan, Alameda, CA) with a molecular 

weight of 3400 were dissolved in 468 µL PBS and mixed with 110 µL of blank GMPs 

swollen with PBS (GMP/PBS). Equal parts (46.8 µL) of the thermal radical initiators, 0.3 

M of ammonium persulfate (APS, Sigma-Aldrich) and 0.3 M of N,N,N’,N’-

tetramethylethylenediamine (TEMED, Sigma-Aldrich), were then mixed into the polymer 

solution. The polymeric mixture was quickly injected into a cylindrical Teflon mold (2.2 

mm in diameter and 2.2 mm in thickness) and partially crosslinked at 37°C for 4 min.  

Subsequently, the polymer-GMP mixture for the chondral layer was prepared. 100 mg 

of sterile OPF and 50 mg of sterile PEG-DA were dissolved in 468 µL PBS and mixed 

with 110 µL of blank GMP solution swollen with PBS for the control group, 55 µL of 

GMP/PBS and 55 µL of GMP solution swollen with IGF-1 (GMP/IGF-1) for Group 1, and 

55 µL of GMP/IGF-1 and 55 µL of GMP solution swollen with TGF-β3 (GMP/TGF-β3) for 

Group 3 (Table 6.1). For Group 2 (Gel phase loading), the same amount of OPF/PEG-

DA was dissolved in 413 µL PBS, mixed with 55 µL of TGF-β3 solution, and 

subsequently mixed with 46.8 µL of 0.3 M of APS and 46.8 µL of 0.3 M of TEMED. The 

mixture for the chondral layer was then injected onto the partially crosslinked 

subchondral layer, and crosslinked at 37°C for 8 min. 

Degradation  
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For the swelling and degradation studies, two different sizes of bilayered composite 

hydrogels containing only GMP/PBS for both chondral and subchondral layers were 

fabricated as described above. The composite hydrogels were placed in either 3 mL of 

PBS or collagenase-PBS (370 ng collagenase 1A per mL PBS) in a 12 well plate, and 

incubated at 37°C for 28 days on a shaker table (70 RPM). At days 1, 4, 7, 14, 21, and 

28, the swelling ratio, sol fraction, and mass remaining for OPF hydrogel composites 

were determined (n=4) using the following equations; swelling ratio = (Ws – Wd) / Wd, % 

sol fraction = (Wi – Wd) / Wi x 100 (%), and mass remaining = Wd / Wi x 100 (%), where 

Wi, Ws, and Wd represent the weight of dried hydrogel immediately after fabrication prior 

to swelling, the weight of wet hydrogel after swelling at each time point, and the weight 

of dried hydrogel after swelling at each time point, respectively. 

Quantification of in vitro release kinetics  

Release kinetics of the total amount of GFs from bilayered composite hydrogels was 

assessed by measuring the radioactivity of 125I-labeled GFs [8, 164]. Briefly, 125I-labeled 

IGF-1 and TGF-β3 (Perkin Elmer Life Sciences, Boston, MA) were incorporated with 

unlabeled GFs (Peprotech, Rocky Hill, NJ) for GMP swelling. 3% of the required GF 

solution volume for GMP swelling was replaced with 125I-labeled GF solution of the 

same concentration. Bilayered OPF composite hydrogels were fabricated as described 

above. For the IGF-1 release study, 40 mM GMPs were loaded with 125I-labeled IGF-1 

and unlabeled IGF-1 for the hydrogels in all groups, while unlabeled TGF-β3 was used 

for hydrogel samples in Group 2 (Gel phase loading) and Group 3 (GMP loading) (Table 

6.1). For the TGF-β3 release study, 10 mM GMPs were loaded with 125I-labeled TGF-β3 

and unlabeled TGF-β3 in the presence of unlabeled IGF-1 was used for the samples in 
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Group 2 (Gel phase loading) and Group 3 (GMP loading). In addition, a 2.5 times higher 

GF amount (i.e., 2.5 times higher concentration of GF solution with same volume for 

GMP swelling or gel phase loading) was loaded in hydrogels to investigate the effect of 

GF concentration on release kinetics. After fabrication, hydrogels were placed in 3 mL 

of PBS or collagenase-PBS in a 12 well plate, and incubated at 37°C for 28 days on a 

shaker table (70 RPM). At 2 hrs, 12 hrs, days 1, 2, 4, 7, 10, 14, 18, 21, 24, and 28, the 

supernatant of each hydrogel was collected and replaced with fresh buffer solution. The 

amount of released GF was determined by the correlation of measured radioactivity to a 

standard curve using a gamma counter (Cobra II Autogamma, Packard, Meridian, CT) 

(n=5).  

Bioactivity of released growth factors 

Release kinetics of biologically active GFs were assessed by cellular assays, as 

described in previous studies [180, 304]. Bilayered composite hydrogels 3 mm in 

diameter and 3 mm in thickness were utilized. For the IGF-1 activity assay, hydrogels in 

Group 1 were fabricated as described above. Hydrogels delivering both IGF-1 and TGF-

β3 were not examined with the cellular assays, as the presence of TGF-β3 may 

confound the results. Four hydrogels were placed in 1 mL of collagenase-PBS in a 12 

well plate, and incubated at 37°C for 28 days on a shaker table (70 RPM). At 2 hrs, 12 

hrs, days 1, 2, 4, 7, 10, 14, 18, 21, 24, and 28, the supernatant of each hydrogel was 

collected and replaced with fresh buffer solution. Collected supernatants were stored at 

- 80°C until the assay time. A MCF-7 cell line proliferation assay was used to measure 

the biologically active fraction of released IGF-1 from the composite hydrogels [180]. 

5,000 MCF-7 cells (HBT-22, ATCC, Manassas, VA) in serum-free DMEM:F12 medium 
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(Life Technologies, Grand Island, NY) were plated in a 96 well plate. 25 µL of collected 

supernatant or 25 µL of an IGF-1 standard (0.15 – 20 ng/mL range) were then added. 

The cells were cultured in an incubator (37°C, 5% CO2) for 72 hrs. Proliferative activity 

of plated cells was measured by a CellTiter Blue assay (Promega, Madison, WI) 

according to the manufacturer’s protocol. Fluorescence intensity was measured using a 

microplate reader (excitation 560 nm/emission 590 nm). A standard curve was 

generated by a 4 parameter fit and the active amount of released IGF-1 was calculated 

at each time point (n=4) [180]. The cumulative % active release was plotted based on 

the released amount of IGF-1 as measured with 125I-labeled GFs in the “Quantification 

of in vitro release kinetics” section. For the TGF-β3 activity assay, composite hydrogels 

in Group 2 and Group 3 were fabricated as described above. Similarly, IGF-1 was not 

included in these composite hydrogels as its presence may confound the results of the 

TGF-β3 activity assay. Three gels in each group were placed in 1 mL of collagenase-

PBS in a 12 well plate, and incubated at 37°C for 28 days on a shaker table (70 RPM). 

Sample collection and storage were the same as described above. A Mink lung 

epithelial cell line (CCL-64, ATCC, Manassas, VA) inhibition assay was used to 

measure the biologically active fraction of released TGF-β3 from OPF composites [304]. 

10,000 CCL-64 cells (HBT-22, ATCC, Manassas, VA) in DMEM media (Life 

Technologies, Grand Island, NY) were plated in a 96 well plate. 25 µL of collected 

supernatant or 25 µL of a TGF-β3 standard (0.005 – 5 ng/mL range) were then added. 

The cells were cultured in an incubator (37°C, 5% CO2) for 72 hrs. The level of 

inhibition, the active amount of released TGF-β3, and the cumulative % release of 

active TGF-β3 were analyzed as described above.  
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Animal surgery 

A total of 24 skeletally mature (i.e., 6 months old) male New Zealand white rabbits were 

utilized in this study based on a previously established full-thickness osteochondral 

defect model [7-9]. The number of defects and animals per each group were determined 

by power analysis and consideration of previous studies [7-9]. All surgical procedures 

were approved by the Institutional Animal Care and Use Committees of Rice University 

and University of Texas Health Science Center at Houston. Animal surgeries for 

implantation in bilateral defects were performed as previously described [7-9]. Prior to 

surgery, anesthesia was induced by subcutaneous injection of Ketamine (25-40 mg/kg) 

and Acepromazine (1-2 mg/kg). General anesthesia was then maintained through 

ventilator administration of a mixture of isoflurane and oxygen. Osteochondral defects (3 

mm in diameter and 3 mm in thickness) were created on the medial femoral condyles. 

Pre-fabricated bilayered composite hydrogels were swollen in sterile PBS for 30 

minutes and these swollen composite hydrogels with the same dimensions as the 

defect were press-fitted into the osteochondral defect. Then, the muscle and skin were 

closed. This procedure was repeated for the contralateral knee using a hydrogel of the 

same formulation. Therefore, each animal received two hydrogels (one per knee) and a 

total of 12 hydrogels (n=12) were implanted in 6 animals per experimental group. To 

minimize post-operative discomfort, Carprofen (4 mg/kg) was administrated for 2 days 

post-operatively.  

Tissue Processing 

Rabbits were euthanized by intravenous administration of Beuthanasia (0.22 mL/kg) at 

12 weeks post-surgery. The tissue surrounding the medial femoral condyle was 
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retrieved en bloc, fixed in 10% buffered formalin (pH 7.4) for 1 week, decalcified in 

EDTA solution for 6 weeks, dehydrated through a graded series of ethanol baths, and 

then embedded in paraffin. Longitudinal sections of 6 µm thickness were taken from the 

center (within the central 1 mm), lateral edge (within the lateral 1 mm), and medial edge 

(within the medial 1 mm) of each defect using a microtome. Two sections from each 

location were stained with hematoxylin and eosin (H&E), Safranin O/Fast Green, and 

van Gieson’s Picrofuchsin.  

Histological Scoring 

Histological sections were blindly and independently scored by three evaluators (J.L., 

P.P.S., and F.K.K.) using a previously established scoring system for osteochondral 

repair, as shown in Table 6.2 [7]. A total of 11 parameters to evaluate osteochondral 

repair were used to analyze the whole defect for both chondral (within the upper 1 mm 

of the defect) and subchondral (within the bottom 2 mm of the defect) regions.   

Statistical Analysis 

The data from the in vitro assays were analyzed by one-way analysis of variance 

(ANOVA) and Turkey’s multiple-comparison test. The means and the standard 

deviations were reported in each figure. For the histological analysis, ordered logistic 

regression of histological scores was performed to analyze the potential effect of 

experimental group, location within the defect, and knee joint [7-9]. p<0.05 was 

considered to indicate a significant difference. 
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Results 

Degradation of bilayered OPF composite hydrogels 

The swelling ratio of bilayered OPF composite hydrogels remained stable over 28 days 

in PBS, but started to increase after 7 days in collagenase-PBS (Fig 6.1A). The sol 

fraction of composite hydrogels in PBS was also stable (about 40%) over 28 days (Fig 

6.1B). However, the sol fraction in collagenase-PBS started to increase after 7 days of 

incubation and maintained a gradual increase until day 28. Similarly, the fraction of the 

initial mass remaining continuously decreased over time in collagenase-PBS (Fig 6.1C).  

In vitro IGF-1 release kinetics 

The % cumulative release profiles of IGF-1 (as measured by radiolabeled IGF-1) over 

28 days for Groups 1-3 are shown in Fig 6.2A – 6.2C, respectively, while the % 

cumulative release profile of the active amount of released IGF-1 for Group 1 (as 

measured by cellular assays) is shown in Fig 6.2D. The release kinetics of IGF-1 were 

similar between groups in both PBS and collagenase-PBS conditions as seen in Fig 

6.2A – 6.2C. Initial burst release of IGF-1 within the first 4 days in collagenase-PBS was 

43.9 ± 3.4 % in Group 1 (GMP-loaded IGF-1 only), 46.2 ± 1.7 % in Group 2 (GMP-

loaded IGF-1 and gel-loaded TGF-β3), and 40.8 ± 3.7 % in Group 3 (GMP-loaded IGF-1 

and GMP-loaded TGF-β3). 28-day % cumulative IGF-1 release in collagenase PBS was 

83.2 ± 1.4 % in Group 1, 85.0 ± 0.9 % in Group 2, and 85.2 ± 3.0 % in Group 3. In 

addition, the IGF-1 release rate (% release of IGF-1 per day) is shown in Table 6.3A. No 

statistical difference was observed between groups in collagenase-PBS during all 

phases. For all groups, approximately 30% of IGF-1 was released in phase 1 (up to 24 

hrs), while approximately 1% of IGF-1 was released each day in phase 4 (days 18 - 28) 
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(Table 6.3A). Biologically active IGF-1 released from the OPF composites (i.e., the 

released IGF-1 to actively enhance the proliferation of the MCF-7 cell line) was 

analyzed by using the same formulation in Group 1 in collagenase-PBS. Fig 6.2D 

showed that 36.6 ± 8.8 % of active IGF-1 was released within the first 4 days and that a 

total cumulative release of 66.6 ± 15.5 % was achieved by day 28. Release rate of 

active IGF-1 in collagenase-PBS (Table 6.3B) was similar to release rate determined by 

gamma counter (Table 6.3A) in all phases.  

In vitro TGF-β3 release kinetics 

The % cumulative release profile of TGF-β3 over 28 days is shown in Fig 6.3A and 6.3B, 

while the % cumulative release profile of the active amount of TGF-β3 is shown in Fig 

6.3C. When comparing Group 2 and Group 3, a significantly higher burst release of 

TGF-β3 is seen within the first 2 days in Group 2 in collagenase-PBS (Fig 6.3A). 

Specifically, the 2-day burst release of TGF-β3 is 26.4 ± 3.3 % in Group 2 (GMP-loaded 

IGF-1 and gel-loaded TGF-β3) and 19.5 ± 3.5 % in Group 3 (GMP-loaded IGF-1 and 

GMP-loaded TGF-β3), although the 4-day release for both groups has no statistical 

difference (32.2 ± 3.3 % in Group 2 and 36.5 ± 4.0 % in Group 3). From day 7 to day 28, 

the % cumulative release is higher in Group 3 than in Group 2 at each time point (Fig 

6.3A). The 28-day % cumulative TGF-β3 release in collagenase-PBS is 71.4 ± 9.2 % in 

Group 2 and 84.8 ± 2.6 % in Group 3. Similar release kinetics were found in the 

standard PBS condition (Fig 6.3B). The release rate of TGF-β3 (% release per day) in 

Table 6.4A also indicates the difference between Groups 2 and 3. The release rate in 

Group 2 is higher than that in Group 3 in phase 1, but the release rate in Group 3 is 

higher than that in Group 2 in phases 2 and 3 in collagenase-PBS. The release of a 
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higher (2.5 times) concentration of TGF-β3 in composite hydrogels featured similar % 

cumulative release profiles and the release rate (data not shown).  

Biologically active released TGF-β3 (i.e., the released TGF-β3 to actively inhibit 

the proliferation of the CCL-64 cell line) was analyzed by using the same formulations 

for Groups 2 and 3 (Fig 6.3C) in collagenase-PBS. Initial burst release of active TGF-β3 

as measured by a cell assay is similar within the first 2 days for both formulations. The 

28-day % cumulative release of active TGF-β3 is 58.4 ± 11.9 % in Group 2 and 69.0 ± 

18.6 % in Group 3. The release rate of active TGF-β3 in Group 3 is higher than that in 

Group 2 for phases 2 and 3 from days 1 to 18 (Table 6.4B). 

Histological observation and scoring 

Sections from three locations (lateral edge, medial edge, and center) per sample 

were obtained for histological evaluation. Representative images from each group are 

shown in Fig 6.4 – 6.7, respectively. Fig 6.8 shows the histological scores for the 11 

parameters listed in Table 6.2. 

In all groups, partially degraded OPF gels were observed in the subchondral 

layer (Fig 6.4 – 6.7). No significant difference was observed in both overall tissue filling 

and overall hydrogel degradation (Fig 6.8A). In all formulations, a mean score of about 2 

was recorded in overall filling  at the 12 week time point. This observation was closely 

related to a mean score of 2 in the percent degradation of the implant. Partially 

degraded gels in the subchondral layer in all formulations contributed to this score. In 

addition, statistical analysis revealed that location in the defect  (lateral/medial/center) 

was a significant factor in overall degradation. Specifically, degradation in the lateral 
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edge was greater than that in the center, which is correlated with the observation of 

remaining hydrogel in the center area. 

Although mean scores for overall hydrogel degradation in Fig 6.8A are similar in 

all groups, none of the samples in the control group (Fig 6.4), which lacked GF 

incorporation, showed complete degradation, while groups incorporating GF showed at 

least one sample with complete degradation (i.e., all three sections per sample with a 

score of 3; one sample in Group 1, one in Group 2, and two in Group 3). In particular, 

the size of partially degraded gels in the subchondral region in Group 1 was generally 

smaller than those found in the control (i.e., approximately less than 30% of 

subchondral area in all sections), as shown in Fig 6.5. Specimens in groups delivering 

both IGF-1 and TGF-β3 (Groups 2 and 3) showed similar subchondral characteristics to 

samples seen in the control group, such as the frequency of partially degraded gels, the 

presence of inflammatory cells, and the area covered with newly formed bone tissues in 

the defect site (Fig 6.6E and 6.7E). 

In the evaluations for subchondral bone regeneration including percent bone 

filling, bone morphology, and bonding between newly formed bone tissue and adjacent 

bone (Table 6.2), the mean score for bone filling was slightly above 2 (Fig 6.8B) in all 

groups. However, the frequency of complete bone filling in Group 1 is greater than the 

other groups (data not shown). Although inflammatory cells and surrounding fibrous 

tissue were also observed in samples from Group 1 (Fig 6.5E), the quality and 

frequency of trabecular bone formation was higher than the specimens in the control 

group. Location in the defect was also a significant factor in bone filling; scores for the 

lateral edge were significantly higher than those for the center.  
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In subchondral bone morphology, a mean score (1.67 ± 0.96) for Group 1 (GMP-loaded 

IGF-1 only) was higher than that (1.11 ± 0.62) for Group 3 (GMP-loaded IGF-1 and 

GMP-loaded TGF-β3). In the blank control, the morphological characteristics of newly 

formed subchondral tissue in the defect were generally a mixture of compact bone with 

fibrous tissues (Fig 6.4 and 6.9A).  As indicated by the score distribution in Fig 6.9A, 

sections in Group 1 showed higher levels of trabecular bone regeneration as well as 

less compact bone with fibrous tissue formation than other groups. However, the 

presence of partially degraded OPF gels that were surrounded by fibrous tissues 

maintained a mean score between 1 and 2 for each group. Despite this result, bone 

bonding between newly formed tissue and adjacent native bone within the subchondral 

region was found to be complete on both edges of the defect and received a score of 3 

for all sections in all experimental groups (Fig 6.8B).  

 Cartilage regeneration was evaluated in the categories of cartilage morphology, 

thickness of newly formed cartilage, surface regularity, chondrocyte clustering, 

chondrocyte and glycosaminoglycan (GAG) amount in newly formed cartilage, and 

chondrocyte and GAG amount in adjacent cartilage tissue (Table 6.2). Histological 

analysis of the cartilage region indicated that the formulation significantly affected the 

cartilage morphology as well as the cell and GAG content in adjacent cartilage tissue 

(Fig 6.8C). However, location (lateral/medial/center) within the defect was not a 

significant factor. For cartilage morphology, all GF groups (Group 1, 2, and 3) received 

statistically higher mean scores when compared to the blank control (without GF 

loading). The score distribution for cartilage morphology (Fig 6.9B) indicated that higher 

levels of hyaline cartilage regeneration as well as less fibrous tissue formation were 
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more frequent in Groups 1, 2, and 3 than the blank control. The cartilage layer in 

samples in the control group (Fig 6.4) was usually composed of thick fibrous tissue and 

fibrocartilage and the complete disruption of neo-cartilage surface or deep fissures in 

the cartilage layer was also observed in some samples. Neo-cartilage tissue in the 

chondral layer in GF groups (Fig 6.5-6.7) was usually fibrocartilage (Fig 6.9B). However, 

it should be noted that the frequency of hyaline cartilage accompanied with a smooth 

surface and zonal organization was higher in GF groups than the control (Fig 6.9C). 

Group 2 (GMP-loaded IGF-1 and gel-loaded TGF-β3) received the highest mean score 

(2.17 ± 0.61) (Fig 6.8C) and frequency of hyaline-like cartilage tissue formation (Fig 9B), 

which indicated the presence of a mixture of newly formed hyaline cartilage and 

fibrocartilage within the cartilage defect space. Samples with hyaline cartilage formation 

generally demonstrated intensive GAG staining and less chondrocyte clustering, as 

shown in Fig 6.6D. Overall cartilage morphology observed in Group 3 was similar to that 

in Group 2, except with less GAG staining (Fig 6.7B and 6.7D).  

Although no statistical differences were observed in cartilage thickness, surface 

regularity, and chondrocyte clustering (Fig 6.8C), all GF incorporating groups (Groups 1, 

2, and 3) received higher mean scores for these parameters than the blank control. 

Mean scores for surface regularity (between 1 and 2) and chondrocyte clustering 

(around 1) reflected that newly formed cartilage tissues in all formulations contained 

some fissures and clustered chondrocyte populations, respectively. Scores for cell and 

GAG amount in neo-cartilage did not show any statistical difference between groups 

(Fig 6.8C). In cell and GAG amount in adjacent cartilage tissue, normal chondrocyte 

cellularity and normal Safranin O staining (i.e., a mean score close to 3) were observed 
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for all formulations. Specifically, the mean score (3.00 ± 0.00) in Group 1 (GMP-loaded 

IGF-1 only) for this parameter was statistically higher than that (2.75 ± 0.50) in Group 2 

(GMP-loaded IGF-1 and gel-loaded TGF-β3). 

 

Discussion 

The main objective of this study was to determine the effect of dual GF delivery 

using IGF-1 and TGF-β3 in bilayered OPF composite hydrogels for osteochondral tissue 

regeneration. Specifically, we investigated (1) how the in vitro release kinetics of TGF-

β3 could be modulated by differing the incorporation method in OPF composite 

hydrogels, in the presence of IGF-1, (2) whether the delivery of TGF-β3 in the presence 

of IGF-1 would enhance the osteochondral tissue regeneration over delivery of IGF-1 

alone, and (3) whether varied release kinetics of TGF-β3 when delivered with IGF-1 

would affect the degree of osteochondral tissue regeneration in a rabbit defect model. 

While we have previously studied the effects of TGF-β1 delivery alone and the dual 

delivery of TGF-β1 and IGF-1 in a rabbit osteochondral model [8, 9], questions 

regarding how interactions between multiple GFs and how varying the release kinetics 

of these GFs affect osteochondral tissue regeneration in vivo remain to be investigated. 

An increase in GF release (Fig 6.2 and 6.3), especially in phase 3 (Day 4-18) was 

related to GMP degradation by collagenase and subsequent mass loss (Fig 6.1). The 

release profile demonstrated that the release kinetics of IGF-1 were not influenced by 

the incorporation of the other GF (i.e., TGF-β3) in the same layer of a bilayered 

hydrogel construct, while the release kinetics of TGF-β3 could be modulated by loading 

the GF in the GMP or OPF phase of the hydrogel composites (Fig 6.2, 6.3 and Tables 
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6.3, 6.4). In addition, the release kinetics of TGF-β3 were not influenced by the 

concentration of GF solution used to swell the GMPs. It was hypothesized that the ionic 

complexation of GFs with GMPs would reduce any loss of their activity [305]. Indeed, 

higher amounts of active TGF-β3 released were detected in Group 3 (GMP-loaded 

TGF-β3) compared to Group 2 (gel-loaded TGF-β3) using a Mink lung epithelial cell 

line, especially in phase 2 and 3 (Table 6.4).  

Histological data demonstrated that improved cartilage morphology in the defect 

by GF incorporation was observed when compared to the control (Fig 6.8C), indicating 

a beneficial effect of GF delivery (TGF-β3 and/or IGF-1) using OPF composite 

hydrogels. The released bioactive GFs may have contributed to the migration of host 

cell populations to the defect site, stimulated the chondrogenic differentiation of 

progenitor stem cells, and subsequently improved cartilage-like tissue regeneration. 

Histological data also demonstrated that TGF-β3 delivery in the presence of IGF-1 

(specifically, Group 2) resulted in a greater frequency of hyaline-like cartilage formation 

(Fig 6.8C and 6.9B). No major degenerative effect on surrounding host tissues was 

observed throughout the samples in the dual delivery groups (i.e., Group 2 and 3). 

Highly localized TGF-β3 delivery in the present study did not influence fibrous tissue 

formation in both chondral and subchondral layers when histological sections in Group 2 

and 3 were compared to those in the blank control. Although a higher frequency of 

hyaline cartilage formation (Fig 6.9B) was observed in Group 2, any synergistic effect of 

dual GF delivery of TGF-β3 with IGF-1 over a single delivery of IGF-1 was limited. Both 

dual GF delivery groups (i.e., Group 2 and 3) did not show higher levels of 

osteochondral tissue regeneration over delivery of IGF-1 alone (Fig 6.8C). The 
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significant differences between GF loading groups were found in bone morphology (Fig 

6.8B) and adjacent GAG (Fig 6.8C). Delivery of IGF-1 alone (Group 1) showed an 

improved subchondral bone morphology over Group 3 (GMP-loaded IGF-1 and GMP-

loaded TGF-β3) as well as a higher cell and GAG amount in adjacent cartilage tissue 

over Group 2 (GMP-loaded IGF-1 and gel-loaded TGF-β3).  

These results show that delivery of IGF-1 alone for osteochondral tissue repair 

improves the subchondral bone morphology and the interaction with the surrounding 

chondral tissue  over a dual GF delivery with IGF-1 and TGF-β3. Since TGF-β3 has 

been shown to have an inhibitory effect on the osteogenic differentiation of MSCs and 

osteoblastic cells in vitro [162, 306, 307], it is possible that the amount of TGF-β3 

released in this study suppressed subchondral bone formation. Indeed, greater amounts 

of active TGF-β3 were released in Group 3 as compared to Group 2, potentially 

resulting in the significantly lower bone morphology score observed in Group 3 than in 

Group 1. Further research could help elucidate the effects of TGF-β3 on in vivo 

subchondral bone repair. Additionally, other in vivo studies using the dual delivery of 

IGF-1 and TGF-β1 in a rabbit full-thickness defect model for osteochondral tissue 

regeneration also demonstrated a lack of synergy despite the fact that different hydrogel 

materials and different types and doses of GF were applied [9, 308]. One study using 

self-assembled peptide hydrogels demonstrated that the incorporation of chondrogenic 

factors including IGF-1 and TGF-β1 did not significantly improve cartilage regeneration 

over hydrogels without chondrogenic factors [308]. In a previous in vivo study from our 

laboratory [9], the single sustained delivery of IGF-1 using OPF composite hydrogels 

showed significantly improved cartilage regeneration over the single burst delivery of 
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TGF-β1 within an osteochondral defect. IGF-1 alone also resulted in a significantly 

higher score for chondrocyte clustering when compared to the dual delivery of IGF-1 

and gel-loaded TGF-β1 [9]. Furthermore, several in vivo studies showed a positive 

result of IGF-1 delivery in cartilage tissue regeneration using other animal models [58, 

78, 309]. Taken together, the delivery of TGF-β3 (at the varying release kinetics 

examined) with IGF-1 did not improve osteochondral tissue regeneration over the 

delivery of IGF-1 alone, suggesting a lack of synergy between these two growth factors. 

Further research investigating the dose-dependent effect of IGF-1 alone on 

osteochondral tissue regeneration is warranted. 

 A comparison between Group 2 and Group 3 reveals no statistical differences in 

histological scores for subchondral bone evaluation and cartilage regeneration. While in 

vitro results demonstrate distinct release kinetics between gel-loaded and GMP-loaded 

TGF-β3, in vivo release kinetics may have been different. Indeed, previous studies have 

shown differences between in vitro and in vivo release kinetics of GFs from composite 

scaffolds using microparticles as delivery vehicles  [310-312]. In one study, the release 

of BMP-2 from a poly(DL-lactic-co-glycolic acid)/calcium phosphate composite was 

found to be faster in vivo than from similar composites in vitro [312, 313]. This highlights 

the complexity of an in vivo environment and suggests that the release kinetics of TGF-

β3 in vivo in this study may not have been sufficiently different to elicit a change in 

osteochondral regeneration.  As a result, with the amount of TGF-β3 incorporated within 

the OPF composite hydrogels for Groups 2 and 3, differing release kinetics of TGF-β3 

together with the presence of IGF-1 did not significantly influence the quality of 

regenerated osteochondral tissue in a full-thickness defect model.  
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 Compared to a series of previous in vivo studies using OPF composite hydrogels 

[7-9], PEG with a higher molecular weight (Mn of 35,000) was utilized to synthesize OPF 

in the present study. As the molecular weight of the PEG chain between crosslinks 

increases, one would expect that the crosslinking density of the hydrogels would 

decrease, thus resulting in an increased level of hydrogel degradation [5, 246, 247]. In 

addition to the faster degradation, it has also been reported that larger network mesh 

sizes and better transport of nutrients/signaling molecules as modulated by higher 

molecular weight of PEG enhanced the chondrogenic differentiation of encapsulated 

MSCs in OPF composite hydrogels [5]. Furthermore, such modulation in hydrogel 

properties offers a mode of control over the diffusion of soluble components within 

hydrogel composites, which is a critical factor for determining the release kinetics of 

GFs that are incorporated in hydrogels. For instance, when compared to a previous 

study that used OPF synthesized from PEG with Mn of 25,000 and methylene 

bisacrylamide as a crosslinker [9], a higher cumulative release of IGF-1 on day 28 (Fig 

6.2) was observed in the present study with the same crosslinking density of GMPs 

(67.4 % vs 83-85%).  

 However, the in vivo degradation of implanted gels using OPF synthesized from 

PEG with a Mn of 35,000 and PEG-DA as a crosslinker in this study was not complete 

after 12 weeks. One possible factor to affect the degradation is the molar crosslinking 

ratio of OPF and PEG-DA. When compared to using a lower PEG block Mn at the same 

OPF:PEG-DA weight ratio and total polymer content for hydrogel fabrication [7], the 

current system had a higher molar crosslinking ratio of OPF and PEG-DA which 

explains the prolonged in vivo degradation. Although the newly formed subchondral 



  Lam 164 

bone tissue and neo-cartilage tissue at the site of implant edges were well integrated 

with the surrounding native tissues, partially degraded gels were often observed in the 

center of the subchondral region of the defect, regardless of GF loading formulation (Fig 

6.4, 6.5, 6.6,and 6.7). The observation suggests that bone infiltration begins from the 

defect margin toward the center of the implantation region in the subchondral layer, but 

bone remodeling in the core area is limited. In addition, the presence of inflammatory 

cells and fibrous tissue in the subchondral area resulted in low histological scores in 

bone morphology.  

 

Conclusions 

IGF-1 and TGF-β3 were independently released from bilayered OPF composite 

hydrogels and the release kinetics of TGF-β3 could be modulated by the incorporation 

method. Higher amounts of active TGF-β3 were released when it was incorporated with 

GMPs as compared to gel phase loading. Single delivery of IGF-1 and dual delivery of 

both IGF-1 and TGF-β3 significantly enhanced cartilage morphology over a blank 

hydrogel control in a full-thickness osteochondral defect model after 12 weeks. Although 

IGF-1 delivery alone contributed to enhanced cartilage repair compared to the dual 

delivery of IGF-1 and TGF-β3, there was no significant effect of the TGF-β3 release 

kinetics on osteochondral tissue repair. The lack of synergy between IGF-1 and TGF-

β3, regardless of TGF-β3 kinetics, demonstrates that the dual delivery of GFs does not 

necessarily confer an improved healing response over the single delivery of GFs in 

certain tissue engineering applications in vivo. 
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Table 6.1. Bilayered OPF composite design for four experimental groups tested in this 
study. Growth factor loading concentration is shown as ng of incorporated growth factor 

per mL of crosslinked OPF composite hydrogels before swelling. 
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Table 6.2. Histological scoring system for (A) overall tissue evaluation, (B) subchondral 
bone evaluation, and (C) cartilage evaluation in rabbit osteochondral defects. 

 Score 
(a) Overall defect evaluation (throughout the entire defect depth)  
1. Percent filling with newly formed tissue  

100% 3 
>50% 2 
<50% 1 
0% 0 

2. Percent degradation of the implant  
100% 3 
>50% 2 
<50% 1 
0% 
 

0 
 

(b) Subchondral bone evaluation (within the bottom 2 mm of defect)  
3. Percent filling with newly formed tissue  

100% 3 
>50% 2 
<50% 1 
0% 0 

4. Subchondral bone morphology  
Normal, trabecular bone 4 
Trabecular bone, with some compact bone 3 
Compact bone 2 
Compact bone and fibrous tissue 1 
Only fibrous tissue or no tissue 0 

5. Extent of new tissue bonding with adjacent bone  
Complete on both edges 3 
Complete on one edge 2 
Partial on both edges 1 
Without continuity on either edge 
 

0 
 

(C) Cartilage evaluation (within the upper 1 mm of defect)  
6. Morphology of newly formed surface tissue  

Exclusively articular cartilage 4 
Mainly hyaline cartilage 3 
Fibrocartilage (spherical morphology observed with ≥ 75% of cells) 2 
Only fibrous cartilage (spherical morphology observed with < 75% of cells) 1 
No tissue 0 

7.Thickness of newly formed cartilage  
Similar to the surrounding cartilage 3 
Greater than the surrounding cartilage 2 
Less than the surrounding cartilage 1 
No cartilage 0 

8. Joint surface regularity  
Smooth, intact surface 3 
Surface fissures (<25% of new surface thickness) 2 
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Deep fissures (≥25% of new surface thickness) 1 
Complete disruption of the new surface 0 

9. Chondrocyte clustering  
None at all 3 
<25% chondrocytes 2 
25-100% chondrocytes 1 
No chondrocytes present (no cartilage) 0 

10. Chondrocyte and GAG content of new cartilage  
Normal cellularity with normal Safranin O staining 3 
Normal cellularity with moderate Safranin O staining 2 
Clearly less cells with poor Safranin O staining 1 
Few cells with no or little Safranin O staining or no cartilage 0 

11. Chondrocyte and GAG content of adjacent cartilage  
Normal cellularity with normal Safranin O staining 3 
Normal cellularity with moderate Safranin O staining 2 
Clearly less cells with poor Safranin O staining 1 
Few cells with no or little Safranin O staining or no cartilage 0 
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Table 6.3. (A) Release kinetics (% release per day) of IGF-1 (n=5) and (B) release 
kinetics (% release per day) of active IGF-1 in Group 1 in collagenase-PBS (n=4) from 

OPF composite hydrogels in phase 1 (~ 24 hrs), phase 2 (1-4 days), phase 3 (4-8 
days), and phase 4 (18-28 days). (*) indicates a significant difference between groups in 

the same phase (p<0.05). 
 
(A) 

 
 
(B) 
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Table 6.4. (A) Release kinetics (% release per day) of TGF-β3 (n=5) and (B) release 
kinetics (% release per day) of active TGF-β3 (n=4) from OPF composite hydrogels in 
phase 1 (~ 24 hrs), phase 2 (1-4 days), phase 3 (4-8 days), and phase 4 (18-28 days). 
(*) indicates a significant difference between Group 2 (Gel loading) and Group 3 (GMP 

loading) in the same phase (p<0.05). 
 
(A) 

 
 
(B)  
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(A)      (B) 

 
 

(C) 

 
Fig. 6.1. Degradation profile of bilayered OPF composite hydrogels. Swelling ratio (A), 
sol fraction (B), and mass remaining (C) were measured over 28 days in collagenase 
containing PBS () and PBS () (n=4). Error bars correspond to standard deviation. 
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(A)      (B) 

 
 

(C)      (D) 

 
 

Fig. 6.2. % cumulative IGF-1 release from a bilayered OPF composite hydrogels in 
Group 1 (A), Group 2 (B), and Group 3 (C) over 28 days (n=5). Solid line indicates 

collagenase-PBS condition while dashed line indicates PBS condition.  % cumulative 
active IGF-1 release from a hydrogel in Group 1 (IGF-1 only) in collagenase-PBS is 

shown in (D) (n=4). Error bars correspond to standard deviation. (*) indicates a 
significant difference between groups (p<0.05). 
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(A)      (B) 

 
(C) 

 
 

Fig. 6.3. % cumulative TGF-β3 release from a bilayered OPF composite hydrogels in 
Group 2 (solid line) and Group 3 (dashed line) in collagenase-PBS (A) and PBS (B) 
over 28 days (n=5). % cumulative active TGF-β3 release from a hydrogel in Group 2 

(solid line) and Group 3 (dashed line) in collagenase-PBS is shown in (C) (n=4). Error 
bars correspond to standard deviation. (*) indicates a significant difference between 

groups (p<0.05). 
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Fig. 6.4. Representative histological sections of osteochondral tissue formation after 12 

weeks of implantation of OPF composite hydrogels in control (blank without GFs). 
Sections were stained with H&E (A), Safranin-O/Fast Green (B), and van Gieson’s 
Picrofuchsin (C) (Scale bar: 1000 µm). Images indicate a thick fibrous layer with a 

discontinuity in morphology compared to adjacent host cartilage tissue and incomplete 
degradation of hydrogels in the subchondral area along with inflammatory cell 

infiltration. Boxed regions are shown with a higher magnification (D, E) (Scale bar: 250 
µm). (*) indicates some partially degraded OPF composite hydrogels remaining in the 

defect site. 
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Fig. 6.5. Representative histological sections of osteochondral tissue formation after 12 

weeks of implantation of OPF composite hydrogels in Group 1 (IGF-1 only). Sections 
were stained with H&E (A), Safranin-O/Fast Green (B), and van Gieson’s Picrofuchsin 

(C) (Scale bar: 1000 µm). Images with higher magnification indicate hyaline-like 
cartilage morphology with a hierarchical aligning of chondrocytes in the cartilage region 
(D) and a small fraction of partially degraded OPF composite hydrogels (indicated by *) 

in the subchondral area (E) (Scale bar: 250 µm) 
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D E 
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Fig. 6.6. Representative histological sections of osteochondral tissue formation after 12 
weeks of implantation of OPF composite hydrogels in Group 2 (IGF-1 and gel-loaded 
TGF-β3). Sections were stained with H&E (A), Safranin-O/Fast Green (B), and van 
Gieson’s Picrofuchsin (C) (Scale bar: 1000 µm). Images with higher magnification 

indicate hyaline-like cartilage morphology with GAG staining in the cartilage region (D) 
and partially degraded OPF composite hydrogels (indicated by *) that are surrounded by 

regenerated bone tissue in the subchondral area (E) (Scale bar: 250 µm) 
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D E 
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Fig. 6.7. Representative histological sections of osteochondral tissue formation after 12 
weeks of implantation of OPF composite hydrogels in Group 3 (IGF-1 and GMP-loaded 

TGF-β3). Sections were stained with H&E (A), Safranin-O/Fast Green (B), and van 
Gieson’s Picrofuchsin (C) (Scale bar: 1000 µm). Images with higher magnification 

indicate fibrocartilage formation in the cartilage region (D) and a similar subchondral 
bone morphology with large volume of partially degraded OPF composite hydrogels 

(indicated by *) compared to the control specimen (E) (Scale bar: 250 µm) 
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(A)      (B) 

 
(C) 

 
 

Fig. 6.8. Histological scoring for overall defect (A), subchondral region (B), and cartilage 
region (C). Overall evaluation (A) includes overall tissue filling and overall implant 

degradation; subchondral evaluation (B) includes bone filling, bone morphology, and 
bonding to adjacent tissue; cartilage evaluation (C) includes cartilage morphology, 

cartilage thickness, surface regularity, chondrocyte clustering, chondrocyte and GAG 
amount in neocartilage, and chondrocyte and GAG amount in adjacent cartilage. Data 

are shown as average scores with error bars representing standard deviation. (*) 
indicates a significant difference between groups (p<0.05). 
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(A)      (B) 

 
 

Fig. 6.9. Histological score distribution for subchondral bone morphology (A) and 
cartilage morphology (B) for the four groups tested. 
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Chapter 7. Generation of osteochondral tissue 
constructs with chondrogenically and osteogenically 

predifferentiated mesenchymal stem cells 
encapsulated in bilayered hydrogels5 

 
Abstract 

This study investigated the capacity of chondrogenic and osteogenic pre-

differentiation of mesenchymal stem cells (MSCs) for the development of osteochondral 

tissue constructs using injectable bilayered oligo(poly(ethylene glycol) fumarate) (OPF) 

hydrogel composites. We hypothesized that the combinatorial approach of 

encapsulating cell populations of both chondrogenic and osteogenic lineages in a 

spatially controlled manner within bilayered constructs would enable these cells to 

maintain their respective phenotypes via the exchange of biochemical factors even 

without the influence of external growth factors. During monolayer expansion prior to 

hydrogel encapsulation, it was found that 7 (CG7) and 14 (CG14) days of MSC 

exposure to TGF-β3 allowed for the generation of distinct cell populations with 

corresponding chondrogenic maturities as indicated by increasing aggrecan and type II 

collagen expression. Chondrogenic and osteogenic cells were then encapsulated within 

their respective (chondral/subchondral) layers in bilayered hydrogel composites to 

include four experimental groups. Encapsulated CG7 cells within the chondral layer 

exhibited enhanced chondrogenic phenotype when compared to other cell populations 

                                                        
5 This chapter was published as J. Lam, S. Lu, Y. Tabata, A.G. Mikos, and F.K. Kasper, 
"Generation of Osteochondral Tissue Constructs with Chondrogenically and 
Osteogenically Pre-differentiated Mesenchymal Stem Cells Encapsulated in Bilayered 
Hydrogels," Acta Biomaterialia, 10, 1112-1123 (2014). 
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based on stronger type II collagen and aggrecan gene expression and higher 

glycosaminoglycans-to-hydroxyproline ratios. osteogenic cells that were co-cultured 

with chondrogenic cells (in the chondral layer) showed higher cellularity over time, 

suggesting that chondrogenic cells stimulated the proliferation of osteogenic cells. 

Groups with osteogenic cells displayed mineralization in the subchondral layer, 

confirming the effect of osteogenic pre-differentiation. In conclusion, MSCs that 

underwent 7 days, but not 14 days, of chondrogenic pre-differentiation most closely 

resembled the phenotype of native hyaline cartilage when combined with osteogenic 

cells in a bilayered OPF hydrogel composite, indicating that the duration of 

chondrogenic preconditioning is an important factor to control. Furthermore, the 

respective chondrogenic and osteogenic phenotypes were maintained for 28 days in 

vitro without the need for external growth factors, demonstrating the exciting potential of 

this novel strategy for the generation of osteochondral tissue constructs for cartilage 

engineering applications.  
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Introduction 

Articular cartilage, a flexible connective tissue that enables the articulation of 

bone in major synovial joints, characteristically maintains a limited endogenous capacity 

for self-regeneration. Hence in the absence of surgical intervention, damage to the 

tissue as a result of disease or trauma often leads to pain and premature arthritis. With 

over 60% of all patient knee arthroscopies revealing hyaline cartilage lesions [314, 315], 

the high incidence of cartilage injuries presents significant economic burden on society 

[1]. Over the years, reparative clinical procedures that have been developed to address 

this problem include microfracturing [316], osteochondral autograft transfer , and 

mosaicplasty [317, 318] among others. Despite some positive mid- to long-term results, 

issues involving the formation of fibrous tissue, high patient morbidity, and poor graft 

preservation complicate clinical outcomes and render results unpredictable [44]. In such 

cases where reparative strategies are less indicated, regenerative approaches at 

treating cartilage injuries are preferred. While modern cartilage regeneration techniques 

involving autologous chondrocyte transplantation (ACT) [21, 32] or matrix-assisted ACT 

[319] have met some clinical success, difficulties with joint arthrofibrosis and limited 

donor chondrocyte availability still present significant clinical hurdles. Indeed, current 

techniques are still unable to recapture the properties of healthy hyaline cartilage tissue. 

 Although chondrocytes, being the resident cell type in healthy articular cartilage, 

represent the logical choice for cell-based cartilage therapies, mesenchymal stem cells 

(MSCs) derived from the bone marrow are becoming increasingly coveted in new tissue 

engineering strategies for their ability to undergo chondrogenic and osteogenic 

differentiation under defined conditions [320]. This inherent multipotency, along with 
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their potentially limitless supply, make MSCs the ideal candidate for cell-based 

orthopedic tissue engineering applications. However, ideal conditions for the 

preparation and delivery of MSCs to osteochondral defect sites for tissue regeneration 

are not fully known [321]. Since the first reports of preclinical efficacy in animal models 

by Wakitani et al. [322] and Caplan et al. [323], treatment strategies involving MSCs 

have taken on many various forms. One particularly promising avenue of research 

leverages the use of chondrogenically pre-differentiated cells. Recent evidence 

suggests that chondrogenic pre-differentiation of MSCs in vitro can influence their 

efficacy during cartilage regeneration in vivo [324]. For instance, chondrogenically pre-

differentiated MSCs outperformed undifferentiated MSCs [325] and even autologous 

chondrocytes [326] when transplanted via type I collagen hydrogels into chronic 

osteochondral defects in an ovine model. Interestingly, chondrogenic pre-differentiation 

of human MSCs failed to elicit cartilage formation in biphasic agarose/decellularized-

bone constructs under perfusion culture [327]. Given such contradictory findings, it is 

clear that the optimal strategy for MSC pre-differentiation remains elusive.  

 Emerging treatment options for osteochondral defects have evolved to recognize 

the importance of three-dimensional (3D) scaffolds for successful neo-tissue formation 

during healing. In particular, in situ forming polymeric hydrogel materials have been 

gaining recent popularity in the field of osteochondral tissue regeneration [328, 329]. As 

part of this effort, our laboratory has developed a novel class of water soluble 

oligo(poly(ethylene glycol) fumarate) (OPF) macromers that can be chemically 

crosslinked to yield hydrolytically degradable and injectable hydrogels [2, 3]. Indeed, 

previous findings have demonstrated that OPF hydrogels supported the proliferation of 



  Lam 183 

encapsulated articular chondrocytes [251] as well as the chondrogenic differentiation of 

encapsulated MSCs in vitro [5, 6, 167]. Additionally, previous in vivo investigations have 

showcased the promise of OPF hydrogels as MSC delivery vehicles for osteochondral 

tissue regeneration [7, 279]. However, the conditions for MSC delivery remain to be 

optimized. 

Since successful osteochondral tissue repair remains a significant clinical 

challenge, the present study investigated the capacity of chondrogenic and osteogenic 

pre-differentiation of MSCs for the development of osteochondral tissue constructs 

using biodegradable OPF bilayered hydrogel constructs. This combinatorial approach of 

encapsulating cell populations of both chondrogenic and osteogenic lineages in a 

spatially controlled manner within respective chondral and subchondral layers of a 

single bilayered construct enables hierarchical segmentation of the local biochemical 

microenvironment as mediated by the cells for the generation of osteochondral 

constructs. We hypothesized that MSCs pre-differentiated prior to encapsulation would 

maintain their chondrogenic and osteogenic phenotypes following encapsulation within 

their respective parts of a bilayered hydrogel construct even without the influence of 

external growth factors. Specific objectives of this study were to investigate (1) whether 

osteogenically pre-differentiated MSCs within the subchondral layer affect the 

chondrogenic differentiation of cells in the chondral layer; (2) whether chondrogenically 

and osteogenically pre-differentiated MSCs can maintain their differentiation states after 

encapsulation within their respective layers of a bilayered hydrogel without external 

growth factor influence; (3) whether different chondrogenic pre-differentiation periods 

influenced the chondrogenic and osteogenic differentiation of MSCs after encapsulation. 
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Materials and Methods 

Experimental Design 

The overall experimental design is shown in Figure 7.1. In this study, MSCs that 

had undergone chondrogenic pre-differentiation to varying extents were encapsulated 

with osteogenically pre-differentiated MSCs within respective chondral and subchondral 

hydrogel layers that together make up the bilayered hydrogel system that was used. 

Prior to hydrogel encapsulation, MSCs were first expanded and then subjected to 3 

days, 7 days, and 14 days in chondrogenic media supplemented with transforming 

growth factor-ß3 (TGF-ß3) in vitro to obtain differentiating MSC populations of 

increasing chondrogenic maturity. From these MSC populations, MSCs of distinct 

chondrogenic phenotype as determined by gene expression were then co-encapsulated 

with osteogenically pre-differentiated MSCs (OS cells) in bilayered hydrogel composites 

to yield four different experimental formulations as outlined in Figure 7.1. Specifically, 

the four formulations were as follows: Group 1 comprised undifferentiated MSCs 

encapsulated in both layers (MSC/MSC), Group 2 comprised undifferentiated MSCs in 

the chondral layer and OS cells in the subchondral layer (MSC/OS), Group 3 comprised 

CG7 cells in the chondral layer and OS cells in the subchondral layer (CG7/OS), Group 

4 comprised CG14 cells in the chondral layer and OS cells in the subchondral layer 

(CG14/OS). Bilayered hydrogel composites encapsulating undifferentiated MSCs in 

both the chondral and subchondral layers were fabricated as negative controls.  

OPF Synthesis and Characterization 

OPF was synthesized using poly(ethylene glycol) (PEG) of a nominal molecular 

weight of 35,000 g/mol according to previously established procedures [2, 3]. Briefly, 
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PEG was first dried via azeotropic distillation in toluene and then dissolved in anhydrous 

methylene chloride. Triethylamine and fumaryl chloride were added to initiate the 

synthesis reaction, which was allowed to proceed for 2 days. The resulting product was 

then purified via the removal of methylene chloride and salt precipitates, washing with 

ethyl ether, and subsequent drying of the OPF. The synthesized OPF was characterized 

via gel permeation chromatography and sterilized prior to use by ethylene oxide (EO) 

exposure for 12 hrs following established methods [6]. 

Gelatin Microparticle Fabrication 

Gelatin microparticles (GMPs) were fabricated using acidic gelatin with an 

isoelectric point of 5.0 (Nitta Gelatin INC., Osaka, Japan) following previously 

established methods [163]. Briefly, a 10% w/v gelatin solution was prepared by 

dissolving 5 g of gelatin in 45 mL of distilled, deionized water (ddH2O) at 60 ºC for ~20 

min. This solution was added dropwise to 250 mL of olive oil containing 0.5 wt.% Span 

80 during mixing at 500 rpm and then chilled in an ice/water bath for 30 min under 

continued stirring. 100 mL of chilled acetone was then added to the emulsion. After an 

additional 30 min, gelatin microspheres were collected via filtration and washing with 

acetone. The collected gelatin microspheres were then crosslinked in 10 mM 

glutaraldehyde for 20 hrs at 15 ºC, after which glycine was added to a concentration of 

25 mM to terminate the crosslinking reaction by blocking residual aldehyde groups of 

unreacted glutaraldehyde. Crosslinked microparticles were vacuum-filtered, washed 

with ddH2O, and lyophilized overnight. Dried GMPs of 50–100 µm in diameter were 

selected by sieving and sterilized by EO exposure for 12 hrs before use. Prior to 

encapsulation in hydrogels, sterile GMPs were swollen with phosphate buffered saline 
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(PBS) at 4 ºC overnight according to previously established procedures [163]. To 

achieve equilibrium swelling, 55 µL of PBS was applied to every 11 mg of dried GMPs. 

When encapsulated within OPF, GMPs can act as moieties for cell interaction as well as 

digestible porogens that aid hydrogel degradation [165]. 

Rabbit Marrow MSC Isolation and Culture 

Rabbit marrow-derived MSCs were isolated from the tibiae of 6-month old New 

Zealand white rabbits as previously described [330].  Briefly, after anesthesia, bone 

marrow was collected into 10 mL syringes containing 5000 U of heparin. The bone 

marrow was then cultured in general medium (GM) containing low glucose Dulbecco’s 

modified Eagle’s medium (DMEM-LG), 10% v/v fetal bovine serum (FBS), and 1% v/v 

penicillin/streptomycin/fungizone (PSF) for 2 weeks. Afterward, the rabbit marrow-

derived MSCs were then pooled (from a total of six rabbits) to minimize interanimal 

variation and then cryopreserved in freezing medium containing 20% v/v FBS and 10% 

v/v dimethyl sulfoxide until use as previously described.  

Monolayer Pre-differentiation of MSCs 

Prior to hydrogel encapsulation, cryopreserved cells were thawed at 37 ºC and 

cultured at a density of 3,500 cells per cm2 in T-225 flasks containing GM for at least 1 

week before pre-differentiation (Figure 7.1). To generate cell populations at varying 

stages of chondrogenic pre-differentiation, MSCs were first expanded for a fixed 

duration and then subjected to 3 (CG3), 7 (CG7), or 14 (CG14) days of pre-

differentiation in serum-free chondrogenic media containing DMEM-LG, ITS + Premix 

(6.25 µg/mL insulin, 6.25 µg/mL transferrin, 6.25 µg/mL selenous acid, 5.35 µg/mL 

linoleic acid, and 1.25 µg/mL bovine serum albumin) (BD Biosciences, San Jose, CA), 



  Lam 187 

50 mg/L ascorbic acid, 10-7 M dexamethasone, 10 ng/mL TGF-ß3 (PeproTech, Rocky 

Hill, NJ), and 1% v/v PSF. To obtain osteogenically (OS) pre-differentiated cells, MSCs 

were cultured in complete osteogenic medium containing high glucose DMEM, 10% w/v 

FBS, 50 mg/L ascorbic acid, 10 mM ß-glycerophosphate, 10-8 M dexamethasone, and 

1% v/v PSF. OS cells were exposed to osteogenic media 6 days immediately prior to 

hydrogel encapsulation as previously described [4]. Chondrogenic cells were subjected 

to biochemical (n=4) and gene expression analysis (n=3) before use in order to identify 

phenotypically distinct chondrogenic populations for hydrogel encapsulation.  

Fabrication of Bilayered Hydrogel Composites and MSC Encapsulation 

Bilayered hydrogel composites, which comprised separate subchondral and 

chondral layers, were fabricated via a two-step crosslinking procedure following 

previously established protocols [4, 84]. To briefly outline the fabrication process, the 

subchondral layer was first prepared by partially crosslinking the subchondral precursor 

solution within a Teflon mold, followed by the crosslinking of the chondral precursor 

solution on top of the subchondral layer to permit hydrogel lamination. Specifically, 100 

mg of sterile OPF and 50 mg of sterile poly(ethylene glycol) diacrylate (PEG-DA, 

Laysan, Arab, AL) with a molecular weight of 3,400 g/mol were dissolved in 468 µL of 

PBS and combined with 110 µL of the swollen GMP solution. Equal parts (46.8 µL) of 

the thermal radical initiator solutions, 0.3 M of ammonium persulfate (APS, Sigma 

Aldrich) and 0.3 M of N,N,N’,N’–tetramethylethylenediamine (TEMED, Sigma Aldrich), 

were then added into the polymer solution. A proper cell suspension (6.7 million cells in 

168 µL of PBS) of MSCs or OS cells was subsequently mixed into the precursor 

solution to obtain a final concentration of 10 million cells/mL. After gentle mixing, the 
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precursor solution for the subchondral layer was quickly injected into the bottom 2 mm 

of cylindrical Teflon molds (6 mm in diameter, 3 mm in thickness) and incubated for 5 

min to allow for partial crosslinking. Meanwhile, the precursor solution for the chondral 

layer was prepared. 100 mg of sterile OPF and 50 mg of sterile PEG-DA were dissolved 

in 468 µL of PBS, combined with 110 µL of the swollen GMP solution, and mixed with 

46.8 µL of 0.3 M APS and 46.8 µL of 0.3 M TEMED. A proper cell suspension (6.7 

million cells in 168 µL of PBS) of MSCs or CG cells was then mixed into the precursor 

solution to achieve a final concentration of 10 million cells/mL. The mixture for the 

chondral layer was then quickly injected onto the partially crosslinked subchondral layer 

within the Teflon mold. The resulting bilayered constructs were then crosslinked at 37 

ºC for 10 min to allow for lamination. 

After fabrication, each bilayered hydrogel construct was transferred to individual 

wells of a 12-well tissue culture plate and cultured in 3 mL of serum-free chondrogenic 

medium supplemented with 10 mM ß-glycerophosphate for up to 28 days. The medium 

was changed every 2 days for the first week and every 3 days thereafter. At the 

prescribed time points of 0, 7, 14, and 28 days, samples were retrieved from culture and 

collected for quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) 

(n=4) and for biochemical assays (n=4). Bilayered samples were bisected with a blade 

to separate the chondral and subchondral layers and stored for analysis.  

Real Time PCR 

The chondral layers of bilayered hydrogel constructs were subjected to RT-PCR 

analysis for the quantification of MSC chondrogenesis as indicated by several 

chondrogenic genetic markers as previously described [6]. Prior to RT-PCR, total RNA 
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from samples were isolated at specified time points using the RNeasy Mini Kit (Qiagen, 

Valencia, CA) and following established protocols [6]. Isolated RNA samples were then 

reverse-transcribed to cDNA using superscript III transcriptase (Invitrogen) and Oligo dT 

primers (Promega). Final cDNA transcripts were analyzed with RT-PCR (7300 Real-

Time PCR System, Applied Biosystems, Foster City, CA) to determine the gene 

expression for type II collagen, type I collagen, and aggrecan. Gene expression data 

were analyzed using the 2–∆∆Ct method as previously described [331]. All gene 

expression data were normalized to the expression of a house-keeping gene, 

glyceraldehyde-3-phosphatase dehydrogenase (GAPDH), and expressed as the fold 

ratio as compared with the baseline expression of a control group at day 0. In this study, 

the control group comprised bilayered hydrogel constructs containing undifferentiated 

MSCs in both the chondral and subchondral layers. These samples were analyzed 

immediately after encapsulation. The primer sequences for GAPDH, type II collagen, 

type I collagen, and aggrecan were as given: GAPDH, 5´-

TCACCATCTTCCAGGAGCGA-3´, 5´-CACAATGCCGAAGTGGTCGT-3´; type II 

collagen, 5´-CTGCAGCACGGTATAGGTGA-3´, 5´-AACACTGCCAACGTCCAGAT-3´; 

type I collagen, 5´-AGCAGACGCATGAAGGCAAG-3´, 5´-

CCCAGAATGGAGCAGTGGTTA-3´; aggrecan, 5´-CGTAAAAGACCTCACCCTCCA-3´, 

5´-GCTACGGAGACAAGGATGAGT-3´.  

Biochemical Assays 

The chondral and subchondral layers of the bilayered hydrogel constructs 

retrieved as described and stored in –20 ºC until used for biochemical analysis. 

Chondral layer samples were thawed, homogenized with a needle syringe, and digested 
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in 1 mL of proteinase K solution (1 mg/mL proteinase K, 0.01 mg/mL pepstatin A, and 

0.185 mg/mL iodoacetamide dissolved in 50 mM tris(hydroxymethyl aminomethane) – 1 

mM ethylenediaminetetraacetic acid buffer, pH 7.6, adjusted by HCl) at 56 ºC for 16 hrs. 

Subchondral layer samples were thawed in 1 mL of ddH2O in order to preserve alkaline 

phosphatase (ALP) activity and homogenized with a needle syringe. After the collection 

and digestion of samples, specimens were subjected to three freeze–thaw cycles 

followed by probe sonication. 

DNA content from both the chondral and subchondral layers was quantified using 

the Quant-iT PicoGreen dsDNA Assay Kit (Molecular Probes, Eugene, OR) according to 

the manufacturer’s instructions. Briefly, the cell lysates were combined with assay buffer 

and dye solution in an opaque 96-well plate, and incubated for 10 min at room 

temperature. The fluorescence was then measured using excitation and emission 

wavelengths of 485 nm and 528 nm (FL x800 Fluorescence Microplate Reader; BioTek 

Instruments, Winooski, VT), respectively. DNA concentrations were determined relative 

to a lambda DNA standard curve.  

Glycosaminoglycan (GAG) content from the chondral layers was determined with 

the dimethylmethylene blue colorimetric assay as previously described [332]. Briefly, 

cell lysate was combined with color reagent in a clear 96-well plate and measured for 

absorbance at 520 nm (PowerWave x340 Microplate Reader; BioTek Instruments). 

GAG concentrations were determined relative to a chondroitin sulfate standard curve. In 

order to determine GAG synthetic activity, resulting total GAG amounts from each 

sample were normalized to the amount of DNA from that sample. 
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Hydroxyproline (HYP) content, which is an indicator of total collagen amount, 

from the chondral layers was determined using a colorimetric assay as previously 

described [333]. Briefly, an aliquot of cell lysate was combined with enough NaOH for a 

final basic concentration of 2 N and hydrolyzed by autoclaving for 15 min at 121 ºC (~50 

min of processing time). The resulting solution was neutralized with HCl and acetic acid 

to pH6.5–7.0 and divided into duplicate reactions. Chloramine-T and p-

dimethylaminobenzaldehyde solutions were then added sequentially and the 

absorbance at 570 nm measured with a plate reader. HYP concentrations were 

determined relative to a trans-4-hydroxy-L-proline standard curve. For extracellular 

matrix (ECM) composition, measured HYP amounts were normalized to the amount of 

GAG for each sample. 

ALP enzyme activity from the cell lysates of the subchondral layers was 

measured using phosphatase substrate tablets and alkaline buffer solution (Sigma 

Aldrich). Briefly, cell lysate was combined with the buffer and tablet solutions in clear 

96-well plates and incubated for 1 hr at 37 ºC. After 1 hr, the absorbance at 405 nm was 

quantified using a plate reader. The resulting ALP activity was determined relative to a 

p-nitrophenol standard curve.  

After determination of ALP activity, acetic acid was added to the cell lysates to 

achieve a final acidic concentration of 0.5 M and the samples were allowed to incubate 

at room temperature overnight to release calcium from the homogenized constructs. 

The calcium (Ca2+) content of the subchondral layers was then measured using a 

colorimetric assay. Briefly, treated lysates were combined with calcium arsenazo III 

reagent (Genzyme, Cambridge, MA) and the absorbance at 650 nm was quantified 
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using a plate reader. Ca2+ concentrations were then determined relative to a CaCl2 

standard curve. 

Statistical Analysis 

All results are presented as means ± standard deviations. Statistical analysis was 

performed with the SAS JMP Pro 10 software package. For the biochemical assay and 

RT-PCR data, one-way ANOVA and Tukey’s HSD multiple comparison tests were 

performed to determine possible significant differences (p<0.05) between groups at 

each time point.  

 

Results 

Monolayer pre-differentiation screening for encapsulation 

DNA content, an indicator of cellularity, between CG3 cells, CG7 cells, and CG14 

cells were not different from each other despite differing durations in monolayer 

expansion (Figure 7.2a). Comparatively, a comparison of the synthetic activity of each 

CG cell population showed similar levels of activity between each group (Figure 7.2b). 

However, differences between cell populations were discerned in the gene expression 

of several chondrogenic markers as shown in Figure 7.3. Specifically, type II collagen 

gene expression by CG14 cells were at least an order of magnitude larger than other 

cellular groups (Figure 7.3a). Aggrecan expression by CG7 and CG14 cells, while 

similar to each other, were markedly greater than that by CG3 cell or undifferentiated 

MSCs (Figure 7.3b). With regard to type I collagen, CG3 and CG7 cells displayed 

higher gene expression when compared to undifferentiated MSCs and CG14 cells 

(Figure 7.3c). Given this data, undifferentiated MSCs, CG7 cells, and CG14 cells, 
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which represented three phenotypically distinct cell populations, were selected for 

encapsulation within the chondral layers of bilayered hydrogel constructs. 

Cellularity in both the chondral and subchondral layers 

The DNA content of cells after hydrogel encapsulation is shown for both the 

chondral layer and the subchondral layer in Figures 7.4a and 7.4b, respectively. 

Hydrogel cellularity from the chondral layer (Figure 7.4a), while similar amongst all 

composite formulations at Day 7, decreased from Day 7 to Day 14 for Groups 1 and 2. 

Groups 3 and 4 maintained similar DNA content over all time points within each 

respective group. While cellularity stabilized for all experimental groups after Day 14, 

undifferentiated MSCs displayed greater cellularities when compared to CG cells. 

Specifically, Groups 1 and 2 maintained the highest cellularity while Group 3 exhibited 

the lowest cellularity at Day 14. By Day 28, all groups showed similar cellularities.  

For the subchondral layer, DNA content decreased after Day 7 and Day 14 for 

Groups 1 and 4, respectively (Figure 7.4b). While a comparison of cellularity between 

groups at Day 7 showed that subchondral layers with OS cells generally maintained 

higher cellularities over those with undifferentiated MSCs, it also showed that OS cells 

that were co-cultured with CG cells in the chondral layer displayed greater DNA 

amounts than OS cells co-cultured with undifferentiated MSCs. At Day 14, Group 4 

upheld the highest cellularity, followed by Group 3 and then Group 2. Although Group 4 

exhibited similar levels of DNA to Group 3 by Day 28, the former still maintained the 

highest cellularity overall. 
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Synthetic activity of cells in the chondral layer 

The synthetic activity of cells encapsulated in the chondral layer was assessed 

via the examination of the deposition of GAG content. During early cultures, GAG 

deposition by all groups did not differ from each other (Figure 7.5a). However, only CG 

cells from Group 3 exhibited increases in synthetic activity over time. Particularly, GAG 

synthesis in Group 3 increased significantly from Day 7 to Day 14 but returned to Day 7 

levels by Day 28. A comparison of GAG synthetic activity between groups indicated that 

only chondrogenic pre-differentiation of MSCs for 7 days affected the highest GAG 

production amongst all groups at Day 14. Additionally, by Day 28, the GAG production 

by CG14 cells was only greater than that by undifferentiated MSCs. 

The composition of synthesized ECM by experimental groups (chondral layer) 

was also assessed. In particular, the ratio of synthesized GAGs to total collagen 

production (as indicated by HYP amounts) was analyzed. For Group 1, the GAG/HYP 

ratio remained constant over the measured time points (Figure 7.5b). However, MSCs 

from Group 2 showed decreased GAG/HYP ratios after Day 7, indicating an increase in 

total collagen production. Conversely, CG7 cells from Group 3 initially displayed notable 

increases in GAG/HYP ratio after Day 7 followed by a decrease after Day 14. While no 

differences in GAG/HYP ratios were observed for CG14 cells over time, it should be 

noted that the GAG/HYP showed an increasing trend from Day 7 to Day 14 followed by 

a decreasing trend until Day 28 (p<0.1048). A comparison of ECM composition between 

groups showed that while chondrogenic pre-differentiation affected higher GAG/HYP 

ratios at Day 7, 7 days of chondrogenic pre-differentiation resulted in the highest 

GAG/HYP ratio. By Day 28, CG7 cells from Group 3 still maintained maximal GAG/HYP 
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ratios when compared to other groups. Additionally, CG14 cells from Group 4 displayed 

greater GAG/HYP ratios when compared to undifferentiated MSCs. 

Chondrogenic gene expression in the chondral layer  

 The chondrogenic phenotype of cells encapsulated within the chondral layer of  

Bilayered OPF composite hydrogels was also evaluated via the gene expression 

analysis of chondrogenic markers, type II collagen and aggrecan, and the fibroblastic 

marker, type I collagen. With regard to type II collagen, undifferentiated MSCs from 

Group 1 showed the weakest gene expression overall (Figure 7.6a). Despite relatively 

low gene expression levels, type II collagen expression by MSCs from Group 1 was 

significantly down-regulated from a 40.8 ± 1.1-fold change at Day 7 to a 31.8 ± 5.5-fold 

change at Day 28. However, co-culturing undifferentiated MSCs in the chondral layer 

with OS cells in the subchondral layer resulted in increasing up-regulation of type II 

collagen expression from Day 7 (29.5 ± 17.1-fold change) until Day 28 (142.8 ± 22.9-

fold change). At Day 14, CG7 cells maintained a 333.0 ± 114.6-fold change in type II 

collagen expression, which was greater than the gene expressions measured for the 

undifferentiated MSCs of Groups 1 and 2. By Day 28, both CG7 and CG14 cells 

displayed the highest levels of type II collagen expression with fold increases of 207.7 ± 

39.0 and 199.9 ± 17.1, respectively. 

 Aggrecan gene expression patterns generally mirrored those of type II collagen. 

Specifically, undifferentiated MSCs from Groups 1 and 2 maintained the lowest fold 

changes in aggrecan expression at early and intermediate time points (Figure 7.6b). 

While CG7 cells from Group 3 exhibited a greater level of aggrecan expression when 

compared to Groups 1 and 2 at Day 7, the measured fold change of 15.5 ± 2.8 was less 



  Lam 196 

than the measured fold change of 21.0 ± 2.0 for CG14 cells from Group 4. By Day 14, 

the aggrecan expression of both CG7 and CG14 cells reached similarly high levels. 

Intriguingly, the presence of OS cells in the subchondral layer up-regulated the 

aggrecan expression of undifferentiated MSCs after Day 14 from a 4.9 ± 2.0-fold 

change to a 20.1 ± 9.9-fold change at Day 28. Indeed, all groups containing OS cells in 

the subchondral layer displayed similar levels of aggrecan expression by Day 28. 

 The measured gene expression levels for type I collagen for all groups were 

relatively low when compared to the fold changes in gene expression for type II collagen 

and aggrecan. Differences between groups were only discerned at Day 14, where 

MSCs from Group 1 was found to have the highest type I collagen expression while CG 

cells produced the lowest (Figure 7.6c). Within Group 1, type I collagen expression 

levels dropped significantly at Day 28 when compared to Day 7. Despite already low 

levels, CG14 cells from Group 4 also exhibited down-regulation of type I collagen 

expression at Day 28 when compared to expression levels at Day 7. 

ALP activity and calcium mineralization in the subchondral layer 

ALP activity and calcium mineralization in the subchondral layer for all groups 

were measured in order to evaluate the extent of osteogenic differentiation of 

encapsulated cells. Amongst all groups during early cultures, MSCs from Group 1 

produced the highest levels of ALP activity (Figure 7.7), which decreased significantly 

by Day 28. Ca2+ mineralization of the subchondral layer was quantified for all groups in 

Figure 7.8. As expected, the amount of Ca2+ deposition was significantly higher for all 

groups containing OS cells at all time points when compared to Group 1 (containing 

undifferentiated MSCs).  
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Discussion 

 MSCs are being increasingly recognized as powerful tools capable of inspiring 

dynamic and effective therapies for osteochondral tissue regeneration. However, 

discovering how to fully unlock their clinical potential remains a subject of extensive 

investigation. Accordingly, the objective of the present study was to investigate the 

effects of pre-differentiation on the chondrogenic and osteogenic differentiation of MSCs 

encapsulated within their respective layers of a bilayered OPF composite hydrogel. 

Specifically, we evaluated (1) how osteogenic pre-differentiation affected the 

chondrogenic differentiation of cells encapsulated in the chondral layer; (2) whether 

chondrogenically and osteogenically pre-differentiated cells maintained their 

differentiation states after encapsulation without growth factors; (3) how varying 

durations of chondrogenic pre-differentiation affected the chondrogenic and osteogenic 

differentiation of cells after encapsulation. 

 Previously, studies from our laboratory have documented that OPF hydrogel 

constructs can successfully support the chondrogenic differentiation of encapsulated 

MSCs [4-6, 162, 167]. For example, it was shown that the release of transforming 

growth factor-ß1 (TGF-ß1) from co-encapsulated GMPs induced the chondrogenic 

differentiation MSCs in a dose-dependent manner in vitro [6]. Additionally, enhanced 

chondrogenic gene expression was achieved when TGF-ß1 was replaced by TGF-ß3 

[162]. However, the co-delivery of MSC and TGF-ß1 via OPF hydrogels to a rabbit 

osteochondral defect did not elicit improved tissue repair when compared to blank 

hydrogel controls [7]. Instead, the inclusion of MSCs appeared to have had a 

detrimental effect on the cartilage healing response. It was suggested that these 
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surprising results arose from the relatively non-specific effects of TGF-ß1 on MSC 

differentiation in vivo. Indeed, previous findings have shown that members of the TGF-ß 

family do in fact steer the osteogenic differentiation of MSCs in vitro [334, 335] and 

participate in in vivo bone formation [336-338]. Additionally, combining these growth 

factors with undifferentiated MSCs could potentially complicate osteochondral tissue 

repair through the formation of heterotopic tissues and myofibroblastic scars [339, 340]. 

Hence, directing the differentiation of transplanted stem cells for composite tissue 

regeneration becomes critical. 

 A previous analysis of molecular markers during the in vitro chondrogenesis of 

MSCs delineated several distinct stages of differentiation along the chondrogenic 

process toward chondrocyte commitment [178]. In order to achieve cell populations at 

increasing stages of chondrogenic maturity for hydrogel encapsulation, MSCs from the 

present study were subjected to increasing durations of chondrogenic pre-differentiation 

in TGF-ß3 conditioned chondrogenic media. Namely, MSCs were chondrogenically pre-

differentiated for 3 days, 7 days, and 14 days, after which the cellularity, synthetic 

activity, and chondrogenic gene expression were compared. Although growth factors 

belonging to the TGF-ß superfamily all play crucial roles during the embryonic 

development of cartilage tissues, numerous reports have suggested that TGF-ß3 may 

better stimulate the synthesis of cartilage-specific ECM by MSCs [290]. Moreover, 

MSCs embedded within alginate beads retained their chondrogenic phenotype after 

TGF-ß3 treatment and exhibited resistance to osteogenic transdifferentiation when 

subsequently subjected to osteogenic conditions [341]. Our results indicated that while 

the prescribed chondrogenic pre-differentiation scheme did not affect any changes in 
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cellularity and synthetic activity during monolayer expansion, longer periods of TGF-ß3 

exposure resulted in higher type II collagen and aggrecan gene expression and reduced 

type I collagen gene expression. Synthesis of soluble ECM components by these cell 

populations during monolayer expansion and the subsequent removal of these 

components during media changes could explain the lack of growth factor influence on 

synthetic activity. Nonetheless, such changes in gene expression indicated that MSCs 

were differentiating into chondrocytes while avoiding fibroblastic transformation. Of the 

three differentiation exposure durations tested, 14 days resulted in the greatest type II 

collagen expression as demonstrated by CG14 cells. Despite the lack of significant 

difference in type II collagen expression, CG7 cells exhibited increased aggrecan 

expression when compared to CG3 cells or MSCs. Aside from increased type I collagen 

expression, CG3 cells were not different from undifferentiated MSCs. 3 days of 

chondrogenic pre-differentiation in monolayer may not have been sufficient for the 

generation of a chondrogenically distinct cell population. Indeed, it was previously 

reported that alginate embedded MSCs that were treated with TGF-ß3 for 3 days 

displayed similar levels of osteogenicity when compared with untreated MSCs, 

suggesting a lack of commitment to the chondrogenic lineage [341]. Furthermore, it was 

demonstrated that MSC pellets subjected to TGF-ß3-conditioned medium at a 

concentration of 10 ng/mL for more than 14 days displayed hypertrophic features [342].  

Since CG3 cells were not sufficiently different from MSCs as determined from the gene 

expression, CG7 and CG14 cells were selected after chondrogenic pre-differentiation 

and combined with OS cells or MSCs within their respective layers in bilayered OPF 

composites hydrogels. Specifically, the following four formulations were tested where 
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the cell seeding density was 10 million cells per mL of the hydrogel volume (Figure 7.1): 

undifferentiated MSCs encapsulated in both layers (Group 1, MSC/MSC), 

undifferentiated MSCs in the chondral layer and OS cells in the subchondral layer 

(Group 2, MSC/OS), CG7 cells in the chondral layer and OS cells in the subchondral 

layer (Group 3, CG7/OS), CG14 cells in the chondral layer and OS cells in the 

subchondral layer (Group 4, CG14/OS).  

The DNA content of both hydrogel layers, which represents an indirect 

measurement of cellularity, was assessed over time as shown in Figure 7.4. For the 

chondral layer, only Groups 1 and 2 showed a decrease in cellularity from Day 7 to Day 

14, after which DNA content was stabilized. These results suggested that cells 

remained viable within the hydrogel for up to 28 days after encapsulation and 

corroborated similar trends in cellularity from previous studies employing comparable 

OPF hydrogel constructs [4, 6, 162]. Cell viability within OPF hydrogel constructs was 

also proven previously via LIVE/DEAD imaging [5, 162]. It was previously shown in a 

similar bilayered co-culture system utilizing the same base material that osteogenically 

precultured cells affected a significant increase in the cellularity of uncommitted MSCs 

[162]. However, a comparison of DNA levels between Groups 1 and 2 indicated that the 

presence of OS cells within the subchondral layer did not influence MSC cellularity 

within the chondral layer. This could potentially be explained by the use of OPF of a 

higher molecular weight in the current study for the fabrication of bilayered hydrogel 

constructs. This diminished paracrine effect of OS cells within constructs of higher 

swelling capacity [5] could perhaps be due to the dilution of secreted factors signaling 

MSC proliferation during in vitro culture.  
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Unlike the OS cells, the effect of chondrogenic pre-differentiation on cellularity in 

the chondral layer became apparent at Day 14. Generally, chondrogenic preculture 

resulted in decreased cellularity at intermediate culture times. However, the influence of 

chondrogenic pre-differentiation on the cellularity of co-cultured OS cells in the 

subchondral proved to be quite the inverse. Particularly, observed differences in the 

DNA content of between groups showed that CG cells affected an increase in the 

cellularity, and therefore, induced the proliferation of OS cells. In addition, higher DNA 

content at Day 14 for OS cells co-cultured with CG14 cells as compared to those co-

cultured with CG7 cells suggested that committed MSCs of greater chondrogenic 

maturity conferred a stronger effect on the proliferation of OS cells perhaps via the 

exchange of paracrine factors. These results align with a previous study demonstrating 

the stimulatory effects of chondrogenic cells on the proliferation of osteoblasts in 

transwell co-cultures [343]. Additionally, it is very likely that the composition of paracrine 

secretions from the more mature CG14 cells reflected that of mature chondrocytes, 

which typically contain potent biochemical signals like TGF-ß, insulin-like growth factors 

(IGF), and bone morphogenetic proteins (BMP) [344]. 

Analyses of the synthetic activity and the composition of the synthesized ECM 

were also performed in order to characterize the chondrogenic differentiation of cells 

encapsulated within the chondral layers of bilayered OPF hydrogels. Previous reports of 

GAG production in OPF hydrogel systems documented levels similar to those initially 

observed in the present study [5, 162]. Indeed, bilayered hydrogel constructs that were 

fabricated using OPF macromers with higher molecular weight PEG units in the current 

study supported GAG production that exceeded previous levels for the pre-differentiated 
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groups (Figure 7.5a). Marked differences in synthetic activity between groups became 

discernible during intermediate culture times. Specifically, constructs containing CG7 

cells displayed the highest level of GAG production at Day 14 when compared to other 

groups, suggesting that MSCs subjected to shorter durations of chondrogenic pre-

differentiation remained the most chondrogenic after 3D cell encapsulation. Of the four 

groups tested, only groups containing CG cells displayed increases in GAG production 

over time. Interestingly, measured GAG production levels decreased significantly after 

Day 14 for Group 3 (Figure 7.5a). Given the observation of some hydrogel degradation, 

the removal of degraded hydrogel fragments containing accumulated GAGs during 

routine media change could potentially explain this result.  

While total GAG deposition is commonly accepted as an indirect biochemical 

marker of chondrogenesis [345, 346], the composition of the deposited ECM is also 

important. In particular, the GAG/HYP ratio relays information concerning the respective 

amounts of GAG and collagen that have accumulated within engineered constructs. 

During fetal-to-skeletal maturation, compositional changes to the structural matrix of 

articular cartilage mainly involve increases in collagen content with little-to-no change in 

accumulated GAG content [347]. This increased deposition of collagen content during 

development eventually contributes the mechanical integrity and tensile stability that are 

characteristic of adult articular cartilage. By complete maturation, hyaline articular 

cartilage typically comprises GAG and collagen at a ratio of approximately 2-to-1 with 

GAG being the major component. Hence, the GAG/HYP ratio can be employed as both 

an indicator of chondrogenic differentiation and chondrogenic maturity. Generally, tissue 

engineered cartilage constructs cultured in vitro results in net GAG amounts that exceed 
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those of collagen [348], which is an observation confirmed by our results. As shown in 

Figure 7.5b, GAG/HYP ratios between formulations vary significantly. GAG/HYP ratios 

for hydrogels containing CG7 cells, while already high at Day 7, increased further by 

later time points. While this finding resulted mainly from increases in GAG production, it 

was also accompanied by negligible changes in HYP amounts (data not shown). When 

compared to the similar levels of GAG production but lower GAG/HYP ratios (due to 

increased collagen content) in CG14 cells, this suggests that CG7 cells remained 

chondrogenically immature in comparison to CG14 cells even after 3D encapsulation.  

Although CG cells displayed differing levels of chondrogenic maturities in 

bilayered hydrogels, both CG7 and CG14 cells maintained their differentiated state after 

encapsulation within the chondral layers of bilayered OPF hydrogels when cultured in 

serum-free chondrogenic media without TGF-ß3. This was confirmed by the up-

regulation of both type II collagen and aggrecan gene expression and down-regulation 

of type I collagen gene expression, where such changes in the gene expression profile 

have been previously utilized to indicate chondrogenic differentiation [7, 167]. 

Additionally, significant increases in the type II collagen and aggrecan expression of 

Group 2 MSCs in the chondral layer over time as compared to Group 1 MSCs verified 

the chondrogenic effects of OS cells that were previously reported by our laboratory [4, 

162]. Indeed, previous studies in our laboratory have shown that the paracrine secretion 

profile of osteogenically precultured rat marrow-derived MSCs consisted of various 

factors including TGF-ß1, BMP-2, IGF-1, and fibroblastic growth factor-2 that have 

proven effects on MSC chondrogenesis in vitro [349, 350]. While the present study 

demonstrated the ability to obtain bilayered constructs encapsulating cells of varying 
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chondrogenic maturities in vitro, the effect of varying chondrogenic maturity on 

osteochondral tissue regeneration in vivo remains poorly understood and warrants 

future investigation. 

With regard to the continued osteogenic differentiation of cells encapsulated 

within the subchondral layer, ALP enzyme activity and Ca2+ mineralization were 

analyzed. In the literature, ALP activity is commonly regarded as an early biomarker of 

osteogenic differentiation [209], where peaks in activity typically align with cellular 

proliferation and precede Ca2+ mineralization [306]. In the current study, the ALP activity 

of undifferentiated MSCs from Group 1 was significantly higher than most groups early 

on (with the exception of Group 3 at Day 14). The decreased level of ALP activity in 

groups containing OS cells in the subchondral layer could be explained by the 

possibility that OS cells already achieved peaks in ALP activity because of the 

additional 2D osteogenic preculture. An increased level of Ca2+ mineralization, which 

indicates late-stage osteogenic differentiation [351], for groups containing OS cells (as 

seen in Figure 7.8) further corroborates this explanation. Intriguingly, previous findings 

using similar bilayered osteochondral constructs showed that the inclusion of 

undifferentiated MSCs and TGF-ß3 in the chondral layer actually delayed the 

osteogenic differentiation of precultured MSCs [162]. However, the absence of any 

significant difference in Ca2+ deposition between Group 2, Group 3, and Group 4 

suggests a lack of an effect of chondrogenic pre-differentiation on the osteoblastic 

maturation of OS cells. 
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Conclusion 

In the current work, osteochondral constructs were generated by encapsulating 

chondrogenically and osteogenically pre-differentiated MSCs within the respective 

chondral and subchondral layers of a bilayered hydrogel composite in a spatially 

controlled manner. Before cell encapsulation, chondrogenic pre-differentiation periods 

of 7 and 14 days allowed for the generation of distinct chondrogenic cell populations 

according to their unique gene expression profiles. Once encapsulated into bilayered 

hydrogel composites, the respective phenotypes of both chondrogenically and 

osteogenically pre-differentiated cells were maintained for 28 days in vitro without the 

need for additional growth factor treatment. Furthermore, the continued chondrogenic 

differentiation of cells in the chondral layer reflected different chondrogenic maturities 

and stimulated the proliferation of OS cells in the subchondral layer as determined by 

the duration of chondrogenic pre-differentiation prior to encapsulation. Collectively, the 

results outline the exciting potential of cell-laden hydrogel constructs for the in situ 

generation of osteochondral tissue constructs. 
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Figure 7.1. Schematic representation of the overall experimental design. According to 
the outlined chondrogenic pre-differentiation scheme, MSCs were subjected to 3, 7, or 
14 days of exposure to TGF-ß3 at a concentration of 10 ng/mL after a fixed period of 

general expansion. For osteogenic pre-differentiation, MSCs were subjected to 6 days 
of exposure to complete osteogenic medium immediately before cell encapsulation. 
Suitable cell populations were then encapsulated at Day 0 to yield the following four 

bilayered formulations: MSC/MSC, MSC/OS, CG7/OS, and CG14/OS. Bilayered 
hydrogel constructs were cultured for 28 days in serum-free chondrogenic medium 

without any additional growth factors. 
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Figure 7.2. (A) DNA content and (B) synthetic activity of MSCs after various durations 

of chondrogenic pre-differentiation immediately before encapsulation. Error bars 
represent the standard deviation for n = 4 samples. 
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Figure 7.3. Quantitative gene expression of (A) type II collagen, (B) aggrecan, (C) type I 

collagen, and the (D) type II collagen/type I collagen expression ratio of MSCs after 
various durations of chondrogenic pre-differentiation immediately before encapsulation. 
Groups that are not marked by the same letter are significantly different (p<0.05). Error 

bars represent the standard deviation for n = 3 samples. 
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Figure 7.4. DNA content of cells in the (A) chondral layer and the (B) subchondral layer 

of bilayered hydrogel constructs at various time points. The dashed line indicates the 
average starting levels of DNA measured at Day 0 immediately after encapsulation. At 

each individual time point, groups not connected by the same letter are significantly 
different (p<0.05); comparing time points within each group, groups not connected by 
the same symbol are significantly different (p<0.05). Error bars represent the standard 

deviation for n = 4 samples. 
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Figure 7.5. (A) Normalized GAG content and (B) GAG/HYP ratios of the chondral layers 

of bilayered hydrogel constructs at various time points. The dashed line indicates 
average starting levels measured at Day 0 immediately after encapsulation. At each 

individual time point, groups not connected by the same letter are significantly different 
(p<0.05); comparing time points within each group, groups not connected by the same 
symbol are significantly different (p<0.05). Error bars represent the standard deviation 

for n = 4 samples. 
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Figure 7.6. Representative histological section of the chondral layer of cell-laden OPF 

hydrogel composites stained with Safranin-O at Day 28. The higher magnification image 
depicts the spherical morphology of encapsulated cells, where the scale bar represents 

20 µm. Arrows indicate gelatin microparticles, now partially degraded, that were also 
encapsulated within the construct. This section was taken from Group 2 (MSC/OS), 

which is representative of histology from all groups examined. 
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Figure 7.7. Quantitative gene expression for (A) type II collagen, (B) aggrecan, (C) type 
I collagen, and the (D) type II collagen/type I collagen expression ratio of cells within the 

chondral layers of bilayered hydrogel constructs at various time points. The type II 
collagen/type I collagen expression ratio is presented using a logarithmic scale for the y-
axis. The dashed line indicates average starting values measured at Day 0 immediately 

after encapsulation. At each individual time point, groups not connected by the same 
letter are significantly different (p<0.05); comparing time points within each group, 

groups not connected by the same symbol are significantly different (p<0.05). Error bars 
represent the standard deviation for n = 4 samples. 
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Figure 7.8. ALP enzyme activity of cells within the subchondral layers of bilayered 
hydrogel constructs at various time points. At each individual time point, groups not 

connected by the same letter are significantly different (p<0.05); comparing time points 
within each group, groups not connected by the same symbol are significantly different 

(p<0.05). Error bars represent the standard deviation for n = 4 samples. 
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Figure 7.9. Ca2+ content for the subchondral layers of bilayered hydrogel constructs at 
various time points. At each individual time point, groups not connected by the same 

letter are significantly different (p<0.05). Error bars represent the standard deviation for 
n = 4 samples. 
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Chapter 8. Osteochondral defect repair using 
bilayered hydrogels encapsulating both 

chondrogenically and osteogenically pre-
differentiated mesenchymal stem cells in a rabbit 

model6 
 
Abstract 

Objective: To investigate the ability of cell-laden bilayered hydrogels encapsulating 

chondrogenically and osteogenically (OS) pre-differentiated mesenchymal stem cells 

(MSCs) to effect osteochondral defect repair in a rabbit model. By varying the period of 

chondrogenic pre-differentiation from 7 (CG7) to 14 days (CG14), the effect of 

chondrogenic differentiation stage on osteochondral tissue repair was also investigated. 

Methods: Rabbit MSCs were subjected to either chondrogenic or osteogenic pre-

differentiation, encapsulated within respective chondral/subchondral layers of a 

bilayered hydrogel construct, and then implanted into femoral condyle osteochondral 

defects. Rabbits were randomized into one of four groups (MSC/MSC, MSC/OS, 

CG7/OS, and CG14/OS; chondral/subchondral) and received two similar constructs 

bilaterally. Defects were evaluated after 12 weeks. 

Results: All groups exhibited similar overall neo-tissue filling. The delivery of OS cells 

when compared to undifferentiated MSCs in the subchondral construct layer resulted in 

improvements in neo-cartilage thickness and regularity. However, the addition of CG 
                                                        
6 This chapter is published as J. Lam, S. Lu, E.J. Lee, J.E. Trachtenberg, V.V. Meretoja, 
R.L. Dahlin, J.J.J.P. van den Beucken, Y. Tabata, M.E. Wong, J.A. Jansen, A.G. Mikos, 
and F.K. Kasper, “Osteochondral Defect Repair Using Bilayered Hydrogels 
Encapsulating Both Chondrogenically and Osteogenically Pre-Differentiated 
Mesenchymal Stem Cells in a Rabbit Model,” Osteoarthritis Cartilage, 22, 1291-1300 
(2014). 
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cells in the chondral layer, with OS cells in the subchondral layer, did not augment 

tissue repair as influenced by the latter when compared to the control. Instead, CG7/OS 

implants resulted in more irregular neo-tissue surfaces when compared to MSC/OS 

implants. Notably, the delivery of CG7 cells, when compared to CG14 cells, with OS 

cells stimulated morphologically superior cartilage repair. However, neither osteogenic 

nor chondrogenic pre-differentiation affected detectable changes in subchondral tissue 

repair. 

Conclusions: Cartilage regeneration in osteochondral defects can be enhanced by 

MSCs that are chondrogenically and osteogenically pre-differentiated prior to 

implantation. Longer chondrogenic pre-differentiation periods, however, lead to 

diminished cartilage repair. 
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Introduction 

 Articular cartilage is a well-studied flexible connective tissue that facilitates the 

tribological interaction of bones in major diarthrodial joints throughout the body. Despite 

its seemingly simple structure, the avascular nature of cartilage compromises its 

endogenous capacity for repair, leading to a high incidence of unresolved cartilage-

related injuries [315, 352]. Given the lack of a surgical cure, such cartilage-related 

injuries still present a substantial economic burden on society [353]. However, 

significant research advances over the years have allowed for the sophistication of 

conventional reparative clinical procedures such as marrow stimulation techniques, 

leading to measurable improvement in patient outcomes [45, 76, 354, 355]. Yet, these 

techniques are contraindicated for larger critical sized lesions, where cell-based 

regenerative procedures including autologous chondrocyte transplantation (ACT) or 

matrix-assisted ACT often prove more effective [353, 356]. Nevertheless, modern 

generation ACT techniques are still unable to obviate significant clinical hurdles 

involving joint arthrofibrosis, limited donor chondrocyte availability and donor site 

morbidity. 

 Articular chondrocytes, being the constituent cell type of native articular cartilage, 

still represent the standard cell source considered for cell-based cartilage therapies. 

However, given limited donor supply, mesenchymal stem cells (MSCs) are becoming 

increasingly coveted as an alternative cell source. Their phenotypic plasticity and 

renewability make MSCs ideal candidates for the development of new therapies for 

osteochondral tissue repair. Indeed, the delivery of undifferentiated MSCs to 

osteochondral defect sites generally confers some therapeutic value [184, 322, 357-
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362]. However, inconsistencies in efficacy challenge such undirected approaches as 

viable clinical treatment options [7, 363-365], and suggest that ideal conditions for 

unlocking the full healing potential of MSCs still remain largely unknown. 

 Emerging cell-based strategies for osteochondral tissue regeneration are 

increasingly recognizing the importance of cellular differentiation state and its influence 

on treatment outcomes. In particular, it was recently shown that MSCs chondrogenically 

pre-differentiated with transforming growth factor–ß3 (TGF-ß3) for 14 days 

outperformed undifferentiated MSCs and even articular chondrocytes when implanted 

with a collagen scaffold into an ovine chronic defect model [325]. However, other efforts 

aiming to leverage the curative properties of chondrogenically pre-differentiated MSCs 

failed to elicit improved cartilage tissue repair over undifferentiated MSCs [327, 366], 

indicating that the strategy for pre-differentiation still requires extensive optimization. 

Toward this effort, our laboratory recently evaluated the chondrogenic and osteogenic 

capacity of bilayered cell-laden constructs developed using MSCs that have undergone 

various degrees of pre-differentiation [367]. It was found that MSCs subjected to shorter 

chondrogenic pre-differentiation periods, when co-cultured with osteogenically pre-

differentiated cells, exhibited greater chondrogenic potential as indicated by higher 

glycosaminoglycan-to-collagen synthetic ratios in vitro [367]. 

Using a similar oligo(poly(ethylene glycol) fumarate) (OPF)-based hydrogel 

system [3, 368], the present study investigates the ability of these cell-laden constructs 

to effect osteochondral tissue regeneration in vivo. Accordingly, we hypothesized that 

the delivery of osteogenically pre-differentiated cells in a spatially controlled manner 

within the subchondral layer of a single bilayered construct would elicit improved 
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histological tissue repair when compared to scaffolds containing only undifferentiated 

MSCs. It is also hypothesized that the prior chondrogenic pre-differentiation of MSCs 

encapsulated within the chondral layer with OS cells in the subchondral layer would 

further enhance osteochondral repair depending on the degree of chondrogenic pre-

differentiation. Specifically, the objectives of the study were i.) to measure the effect of 

osteogenic pre-differentiation of cells in the subchondral layer, ii.) to evaluate the 

additional effects of chondrogenic pre-differentiation of cells in the chondral layer, and 

iii.) to assess the influence of chondrogenic pre-differentiation duration of the cells in the 

chondral layer on key histological markers of osteochondral tissue repair in vivo using a 

rabbit defect model. 

 

Materials and Methods 

Experimental Design 

As outlined in Table 8.1, four experimental groups were designed to address the 

objectives of this study. Briefly, undifferentiated MSCs or MSCs chondrogenically pre-

differentiated for 7 (CG7) or 14 days (CG14) were encapsulated with osteogenically pre-

differentiated MSCs (OS cells) within respective chondral and subchondral hydrogel 

layers of the bilayered hydrogel system. The MSC/MSC group was utilized as the 

experimental control.  

OPF Synthesis and Characterization 

 OPF macromers were synthesized using poly(ethylene glycol) (PEG) with a 

nominal molecular weight of 35,000 g/mol (Sigma-Aldrich, St. Louis, MO) following 
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previously established methods [3]. The synthesized OPF was characterized using gel 

permeation chromatography and stored at -20º C under N2(g) until use. Prior to use, the 

polymer was sterilized by ethylene oxide (EO) exposure for 12 hrs following established 

procedures [84]. 

Gelatin Microparticle Fabrication 

 Gelatin microparticles (GMPs) were fabricated using acidic gelatin of a 5.0 

isoelectric point (Nitta Gelatin INC., Osaka, Japan) following well-established methods 

[163]. Prior to hydrogel encapsulation, sterilized GMPs of 50-100 µm in diameter were 

swollen in phosphate buffered saline (PBS) (55 µL of PBS per 11 mg of dried GMPs) to 

achieve swelling according to previously established procedures [165]. GMPs were 

incorporated into hydrogels to provide moieties for cell-material interactions and to aid 

hydrogel degradation [162]. 

Rabbit Marrow MSC Isolation and Culture 

 All experimental and surgical protocols for this study were reviewed and 

approved by the Rice University and The University of Texas Health Science Center 

Institutional Animal Care and Use Committees (IACUC), and performed according to the 

National Institutes of Health animal care and use guidelines. Rabbit bone marrow-

derived MSCs were harvested from the tibiae of six 6-month old New Zealand white 

rabbits as previously described [5, 162]. The isolated bone marrow was cultured in 

general medium (GM) containing low glucose Dulbecco’s modified Eagle’s medium (LG-

DMEM), 10% v/v fetal bovine serum (FBS), and 1% v/v 

penicillin/streptomycin/fungizone (PSF) for 2 weeks. The rabbit marrow-derived MSCs 
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were then pooled to minimize interanimal variation and cryopreserved until use as 

previously described [367]. 

Pre-differentiation of MSCs 

 Cryopreserved cells were thawed and expanded in monolayer (3,500 cells/cm2) 

in GM before pre-differentiation. The various cell populations used in this study were 

derived according to a recent study from our laboratory [367]. Accordingly, in order to 

generate cell populations at varying stages of chondrogenic pre-differentiation, MSCs 

were first expanded for two weeks and then subjected to either 7 (CG7) or 14 (CG14) 

days of pre-differentiation in serum-free chondrogenic media containing LG-DMEM, ITS 

+ Premix (6.25 µg/mL insulin, 6.25 µg/mL transferrin, 6.25 µg/mL selenious acid, 5.35 

µg/mL linoleic acid, 1.25 µg/mL bovine serum albumin) (BD Biosciences, San Jose, 

CA), 50 mg/L ascorbic acid, 10-7 M dexamethasone, 10 ng/mL TGF-ß3 (PeproTech, 

Rocky Hill, NJ), and 1% v/v PSF. It was shown previously that 7 and 14 days of 

chondrogenic pre-differentiation using this method led to the production of two 

phenotypically distinct chondrogenic cell populations [367]. To generate OS cells, MSC 

cultures were switched after 1 week to complete osteogenic media containing high 

glucose DMEM, 10% v/v FBS, 50 mg/L ascorbic acid, 10 mM ß-glycerophosphate, 10-8 

M dexamethasone, and 1% v/v PSF 6 days immediately prior to hydrogel encapsulation 

[4]. 

Bilayered Hydrogel Composite Fabrication and MSC Encapsulation 

 Bilayered hydrogel composites comprising separate subchondral and chondral 

layers were fabricated from sterile reagents using a two-step crosslinking method [9, 

84]. The subchondral layer was first prepared by partially crosslinking the subchondral 
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precursor mixture within a mold, followed by the complete crosslinking of the chondral 

precursor mixture on top to permit lamination of the two hydrogel layers. Specifically, 

100 mg of OPF and 50 mg of poly(ethylene glycol) diacrylate (PEG-DA, Mn 3,400 g/mol; 

Laysan, Arab, AL) were both dissolved in 300 µL of PBS and combined with 110 µL of 

swollen GMP solution. Equal parts (46.8 µL) of the thermal radical initiator solutions, 0.3 

M of ammonium persulfate (Sigma Aldrich) and 0.3 M of N,N,N’,N’ –

tetramethylethylenediamine (Sigma Aldrich) were then added to the polymer solution to 

initiate crosslinking. The respective cell suspension (6.7 million cells in 168 µL of PBS) 

of either MSCs or OS cells was then added in order to obtain a final concentration of 10 

million cells per mL. After gentle mixing, the subchondral precursor solution was quickly 

injected to fill the bottom two-thirds of a cylindrical Teflon mold (2.0 mm in diameter and 

2.0 mm in thickness) and incubated at 37º C for 5 min to permit partial crosslinking. 

Meanwhile, similar precursor solution for the chondral layer was prepared with MSCs or 

CG cells. The chondral precursor solution was then quickly added on top of the partially 

crosslinked subchondral hydrogel. The resulting bilayered hydrogel constructs were 

incubated at 37º C for 10 min to complete the crosslinking reaction. For each animal, 

bilayered hydrogels were aseptically transferred in serum-free GM and implanted into 

osteochondral defects within 2 hrs after fabrication. The final dimensions of the cell-

laden hydrogel implants after swelling were 3 mm in diameter and 3 mm in height, 

which match the dimensions of osteochondral defects that were created. 

Animal Surgery 

 A total of twenty-four skeletally mature, male 6-month old New Zealand White 

rabbits were utilized in the creation of a full-thickness, bilateral osteochondral defect 
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model based on well-established studies from our laboratory and others [7, 9, 84, 363]. 

The number of defects, and hence animals used, was determined by power analysis 

and in consideration of previous in vivo studies applying the same model [9, 84]. 

Anesthesia was induced before surgery by the subcutaneous injection of Ketamine (25-

40 mg/kg) and Acepromazine (1-2 mg/kg) and then general anesthesia was maintained 

via the ventilator administration of a mixture of isoflurane and oxygen. 

Critical-sized osteochondral defects (3 mm in diameter and 3 mm in depth) were 

created in the medial femoral condyles under irrigation using a dental drill. Prefabricated 

hydrogel implants were then press-fitted into the defect site. Subsequently, the patella 

was repositioned and the skin and joint capsule were closed. This procedure was 

repeated for both knees for each animal, with each knee receiving an implant of the 

same formulation to control for potentially confounding systemic effects.  Each animal 

received two hydrogel implants for a total of 12 repetitions (n=12) for each experimental 

group. 

 To minimize discomfort, Carprofen (4 mg/kg) was administered for 3 days 

postoperatively. All animals were returned to their cages where they were allowed 

unrestricted weight-bearing activity and were observed for signs of pain, infection, and 

proper activity. 

Tissue Processing 

 After 12 weeks, rabbits were euthanized by intravenous administration of 

Beuthanasia (0.22 mL/kg). Afterward, the tissue surrounding the medial femoral condyle 

was retrieved en bloc. After gross examination, the retrieved specimens were then fixed 

in 10% neutral buffered formalin for no more than 72 hrs, decalcified in 
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ethylenediaminetetraacetic acid solution for up to 6 weeks, dehydrated through a series 

of ethanol baths, and embedded in paraffin. 6 µm thick longitudinal sections were taken 

from the center (within the central 1 mm), lateral (within the lateral 1 mm), and medial 

(within the medial 1 mm) edges of each defect using a microtome as previously 

described [84]. Sections from each defect region were stained with hematoxylin and 

eosin (H&E), Safranin-O/Fast Green, and van Gieson’s Picrofuchsin. 

Histomorphometric Evaluation of Explants 

 Histological sections from each location of each joint were scored blindly and 

independently by three evaluators (S.L., V.V.M., and F.K.K.) using a well-established 

scoring algorithm for osteochondral tissue repair as described previously [84]. 11 total 

parameters were used to analyze tissue repair for the overall defect as a whole as well 

as the individual chondral and subchondral regions (Supplemental Table 8.S1). The 

overall defect repair was evaluated for the percent filling with newly formed tissue and 

percent degradation of the implant. The chondral defect region was evaluated for repair 

tissue morphology, thickness, regularity, chondrocyte clustering, and 

cell/glycosaminoglycan (GAG) content. The cell/GAG content of the cartilage tissue 

immediately adjacent to the defect was also scored to evaluate any possible 

degenerative effects from the implant. The subchondral defect region was examined for 

quality in new tissue filling, integration, and bone morphology. 

Statistical Analysis 

 The histological scores (mean±SD) were analyzed using the Wilcoxon Ranked 

Sum Test with clustering of the data to account for similar bilateral treatments for each 

animal [369] using SAS JMP Pro v10.0. The effect of implant formulation was also 
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assessed for each knee joint individually between animals using the same statistical 

analyses. A confidence interval of 95% was utilized and differences were considered 

significant when p<0.05.  

 

Results 

Macroscopic Observations and Gross Tissue Response 

 All rabbits underwent osteochondral surgery and recovered well. Postoperatively, 

all twenty-four animals regained mobility within 1 week and resumed normal movement 

and behavior during the 12-week incubation period. Upon tissue retrieval, no gross 

signs of swelling, inflammation, or infection were detected on the joint surface for all 

experimental groups (Supplemental Figure 8.S1a-d). 

Histological Observation 

 While the morphology of the respective neo-formed bone and cartilage appeared 

to vary considerably between experimental groups, most samples retained moderate to 

trace amounts of remaining hydrogel particulates that had not yet fully degraded by 12 

weeks (Supplemental Figure 8.S1e). 

 The newly formed cartilaginous tissue filling the chondral space of osteochondral 

defects for the MSC/MSC control group was typically thinner than the neighboring 

native cartilage and retained poor Safranin O staining in half of the observed cases 

(Figure 8.1a-c). The newly formed cartilage mainly comprised fibrocartilage at the joint 

surface and hypertrophic cartilage in the subchondral region (Figure 8.1d). One of the 

12 joints from this group displayed cortical bone formation in the chondral layer, where a 

close inspection of the H&E section revealed the presence of osteocytes (Figure 8.1e). 
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 Neo-cartilage tissue from the MSC/OS group was typically thicker when 

compared to the adjacent healthy cartilage (Figure 8.2a-c) and comprised a 

combination of fibrocartilage and hyaline cartilage with areas of chondrocyte 

condensation near the osteochondral interface (Figure 8.2d). Samples from 2 of the 12 

MSC/OS joints exhibited high quality articular cartilage regeneration. Many samples 

also displayed regions of hypertrophy as indicated by both enlarged chondrocytes and 

differential matrix staining in the chondral defect region (Figure 8.2e). 

 The neo-surface tissue morphology of CG14/OS samples ranged considerably 

from fibrotic to hyaline (Figure 8.3a-d), with one joint displaying high quality articular 

cartilage regeneration. At least 10% of samples from the CG14/OS group also resulted 

in complete disruption of the chondral layer (Figure 8.3e). In contrast, the neo-surface 

tissue morphology of CG7/OS samples generally ranged from faintly stained 

fibrocartilage to more intensely stained hyaline cartilage. Moreover, samples from 2 of 

the 12 joint defects achieved well-integrated articular cartilage regeneration (Figure 

8.4a-c) with zonal chondrocytic arrangement similar to that of the native tissue (Figure 

8.4d) and displayed no instances of complete surface disruption. New compact and 

trabecular bone formation can also be seen in the subchondral defect regions of more 

than 50% of the CG7/OS samples (Figure 8.4e). 

Histomorphometric Evaluation 

 The extent of new tissue filling in the overall osteochondral defect and the 

subchondral region was not different when observed from the center, lateral, or medial 

locations within the defect (Supplemental Table 8.S2). However, the lateral edge 

displayed greater neo-cartilage thickness when compared to both the center and medial 



  Lam 227 

edge. For joint surface regularity, the medial edge revealed smoother surfaces with 

fewer fissures when compared to the center and the lateral edge. Lastly, fewer 

chondrocyte clusters were observed at the medial edge as opposed to the center. 

 Osteochondral defects from all groups achieved greater than 50% filling with 

newly formed repair tissue (Table 8.2). Similar degrees of implant degradation were 

achieved for all groups, where implants were more than 50% degraded for all samples.  

For subchondral tissue repair, changing the cellular constituents of implants did 

not effect any statistical differences between groups (Table 8.2). Mean scores for 

subchondral neo-tissue filling indicated that greater than 50% but less than 100% of the 

subchondral space was filled with newly formed tissue. The bone morphology score 

distribution for each group revealed that at least 80% of samples received a score of 1, 

primarily indicating the presence of fibrous tissue in conjunction with bone (Figure 

8.5a). Despite low morphology scores, the subchondral neo-tissue integrated 

completely with the surrounding trabecular bone for all formulations as indicated by the 

mean scores of 3.00 ± 0.00 (Table 8.2). 

 For cartilage regeneration, the CG7/OS group resulted in improved neo-cartilage 

morphology over the CG14/OS group (Table 8.2). The MSC/OS, CG7/OS, and 

CG14/OS groups achieved thicker neo-cartilage repair tissue when compared to the 

control. Comparing new joint surface regularity, the MSC/OS and CG14/OS groups 

resulted in neo-cartilage with fewer and smaller fissures when compared to the 

MSC/MSC group, with MSC/OS samples also scoring higher than CG7/OS samples. 

For chondrocyte clustering, CG14/OS samples displayed less cluster formation than 

CG7/OS and MSC/OS samples. Neo-cartilage and adjacent cartilage cell/GAG content 
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remained unaffected. A breakdown of the cartilage histological scores to comparisons 

between groups within the peripheral edges of each individual knee (left or right), which 

were more responsive to treatment then the center location (Supplemental Table 

8.S3), revealed that the differential responses in neo-cartilage morphology and surface 

regularity mainly stemmed from the right knee and left knee, respectively (Table 8.3). 

Both knees confirmed the differences observed between groups for neo-cartilage 

thickness. The score distribution for cartilage morphology revealed that only groups 

containing OS cells in the subchondral layer resulted in articular cartilage regeneration 

(Figure 8.5b). Furthermore, CG7/OS implants resulted in the highest percentage of 

samples exhibiting articular/hyaline cartilage regeneration at 45.7% when compared to 

other groups. 

 

Discussion 

 The present study demonstrated that the delivery of OS cells via the subchondral 

layer of the bilayered implants to osteochondral defects led to improvements in neo-

cartilage thickness and surface regularity over the control. While addition of CG cells in 

the chondral layer of the construct did not further influence the degree of cartilage 

repair, it stimulated a more consistent healing response, where CG7/OS constructs 

effected the highest percentage of samples with articular or hyaline cartilage 

regeneration. Remarkably, we found that CG7 cells, when co-delivered with OS cells, 

stimulated morphologically superior cartilage repair when compared to CG14 cells. 

However, neither osteogenic nor chondrogenic pre-differentiation affected detectable 

changes in subchondral tissue repair for this study. 
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 From previous findings, we confirmed that OS cells, when cultured with 

undifferentiated MSCs in a bilayered hydrogel construct, stimulated the chondrogenic 

differentiation of the latter likely via paracrine effects [162, 178, 367, 370, 371]. In a 

parallel study, CG cells, when co-cultured with OS cells, displayed enhanced 

chondrogenic gene expression for type II collagen and aggrecan as well as increased 

GAG production in vitro [367]. Specifically, CG7 cells displayed synthetic profiles with 

higher GAG-to-collagen ratios when compared to that of CG14 cells in parallel 

constructs [367] and were more reflective of an immature chondrogenic phenotype 

[347]. Hence, we hypothesized that chondrogenic and osteogenic pre-differentiation of 

MSCs prior to their encapsulation within respective chondral and subchondral layers of 

a bilayered hydrogel construct would improve osteochondral tissue repair upon 

implantation due to their enhanced but nascent phenotypes. 

 In the current study, MSC/MSC samples exhibited generally poor cartilage tissue 

healing, where thin fibrocartilage repair tissues and missing osteochondral interfaces 

were often observed. Weak Safranin-O staining of newly formed fibrocartilage indicated 

that undifferentiated MSCs might have stimulated an insufficient healing response by 12 

weeks post-implantation. Although research has shown that implanted MSCs can act as 

powerful trophic mediators of the host healing response [372] and can augment the 

chondrogenic matrix production of mature chondrocytes [373], changes to the synovial 

fluid during injury can alter the cellular transcription of paracrine signaling molecules of 

MSCs, specifically the up-regulation of pro-inflammatory and angiogenic factors that 

may complicate healing [374]. This plausibly explains the diminished tissue healing 

observed from the MSC/MSC group when compared to others.  
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MSC/OS and CG7/OS samples displaying mainly hyaline or articular cartilage 

regeneration also commonly displayed regions of chondrogenic foci, or condensations 

of chondrocytes, near areas involving the repaired osteochondral junction. Such 

chondrogenic foci formation often indicated growth cartilage that could encourage 

articular cartilage regeneration and could be modulated by treatment [375, 376]. It is 

also suggested that chondrogenic foci formation and an aligned osteochondral junction 

can enable the proper advancement of the subchondral plate during osteochondral 

tissue repair [376, 377]. Unlike the MSC/MSC samples, CG7/OS and CG14/OS 

samples did not display instances of bone-like tissue formation in the chondral defect 

region, suggesting that the implantation of CG and OS cells via a bilayered hydrogel 

construct allowed the cells to maintain segmentation of the local biochemical 

environment that is inhibitive toward non-specific phenotypic changes and conducive to 

composite tissue regeneration. However, increasing the chondrogenic pre-differentiation 

duration of MSCs from 7 to 14 days prior to their co-delivery with OS cells resulted in an 

adverse effect on cartilage morphology in vivo. While hypertrophy of the CG14 cells was 

expected to be the cause, CG14 cells from parallel constructs did not actually display 

any up-regulation of type X collagen gene expression nor adopt hypertrophic changes 

over 28 days in vitro [367]. In a similar study investigating the effect of osteogenic pre-

differentiation time on the efficacy of MSCs for bone repair using a rat cranial defect 

model, it was found that MSCs pre-differentiated for 4 days resulted in the greatest 

amount of bone formation when compared to 10 and 16 days of pre-differentiation [351]. 

This effect was attributed to the high proliferation potential of early osteogenic cells and 

the subsequent increase in synthetic activity of these cells during maturation. The 
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prevalence of less-intensely stained fibrocartilage, resorbing chondrogenic foci [376], 

and irregular osteochondral junctions observed for the CG14/OS group suggest that the 

more mature synthetic profile of a lower GAG-to-collagen ratio [178, 367] of CG14 cells 

may have caused the diminished cartilage repair. Indeed, such results indicate that the 

degree of successful cartilage repair elicited in vivo may not necessarily be directly 

proportional to the chondrogenic maturation state of the implanted cell-laden cartilage 

constructs [378].  

 With regard to subchondral neo-tissue morphology, the range permitted to each 

score indicated that a score of 1 be given to new tissue comprising any amount of 

fibrous tissue, including the fibrous encapsulation of remaining hydrogel particulates 

commonly observed in all groups. Given the relatively short-term in vivo implantation 

period of 12 weeks, the low bone morphology scores may be more an indication of the 

repair process rather than of chronic tissue scarring. Hence, samples that displayed 

fibrous encapsulation consistent with a normal healing response, which eventually 

remodels into trabecular bone [8], were also included in this score. The presence of 

particulates only in the subchondral region, in addition to the improved cartilage scores 

at the peripheral edges as compared to the center, suggest that repair began from the 

periphery and migrated inward [379]. Moreover, increased shear and compressive 

forces during ambulation may have caused faster degradation of the implant near the 

joint surface, allowing the growth of peripheral repair tissue closing the defect surface to 

push the remaining implant material downwards into the slower growing subchondral 

defect region. 
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While the current scoring algorithm allows for assessment of the individual 

chondral and subchondral tissues as well as the whole defect [9, 380], it may overlook 

smaller but potentially significant changes in extracellular matrix structure and tissue 

response. Indeed, the impact of the present study would be greatly improved with the 

inclusion of more refined microscopic methodologies including in vivo biochemical and 

gene expression analyses, immunohistochemistry for specific extracellular matrix 

markers, quantitative polarized light microscopy [381] for assessment of cartilage 

structure and micro-computed tomography [382] for assessment of bone mineralization. 

However, such techniques are still experimental and do not yet represent standard 

assessment tools for in vivo osteochondral defect repair. Another weakness of the study 

was the lack of cell tracking in order to elucidate cell fate after implantation. Cell tracking 

was not employed in the present study given its unclear effects on the nature of the 

cellular pre-differentiation scheme used. Lastly, a larger animal model and a longer 

implantation period would be necessary in order to fully assess robust tissue repair.  

 In summary, we show that the therapeutic efficacy of MSCs on cartilage 

regeneration in osteochondral tissue defects can be enhanced by chondrogenic and 

osteogenic pre-differentiation prior to implantation. Additionally, differences in 

morphological outcomes as affected by changes to the chondrogenic pre-differentiation 

duration reveal that cell phenotype could be optimized in order to achieve ideal tissue 

repair. Furthermore, we present a unique method for the delivery of multiple cell types in 

order to achieve local biochemical environments conducive to tissue regeneration while 

mitigating the non-specific and dosage limitations of growth factor therapies. 
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Table 8.1. Cell-laden bilayered hydrogel design for the four formulations evaluated in 
this study. For each group, 6 animals were used. 

 

 

 

 

 

 

 Experimental Groups MSC/MSC 
(12 implants) 

MSC/OS  
 (12 implants) 

CG7/OS  
(12 implants) 

CG14/OS 
(12 implants) 

 OPF Hydrogel Precursor 
Solution     

Cartilage 
Layer  

(Top 1 mm) 

10 mM 
GMPs 

mg per 100 mg 
OPF 22 22 22 22 

Cell 
Suspension 

Cell Population MSC MSC CG7 CG14 
CG Pre-

differentiation 
Duration (Before 
Encapsulation) 

0 Days 0 Days 7 Days 14 Days 

Encapsulation 
Density  

(million per mL 
precursor) 

10 10 10 10 

Subchondral 
Layer  

(Bottom 2 
mm) 

10 mM 
GMPs 

mg per 100 mg 
OPF 22 22 22 22 

Cell 
Suspension 

Cell Population MSC OS OS OS 
OS Pre-

differentiation 
Duration (Before 
Encapsulation) 

0 Days 6 Days 6 Days 6 Days 

Encapsulation 
Density  

(million per mL 
precursor) 

10 10 10 10 

       

Description     
Black Circles: GMPs 

White: Undifferentiated MSCs 
Pink: Osteogenic Cells 

Light Green: Chondrogenic Cells (7 days) 
Dark Green: Chondrogenic Cells (14 days) 
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Table 8.2. Mean histological scores for all hydrogel formulations at the center, lateral 
edge, and medial edge of the defect 12 weeks postsurgery. 

 
 
 
 
 

Values are shown as the mean ± the standard deviation. Each group comprised 12 
implants in bilateral knee joints from 6 animals (2 each). The letters a, b, c and d 
indicate a significant difference from the MSC/MSC, MSC/OS, CG7/OS and CS14/OS 
groups, respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Histological Parameter 
Mean Overall Scores 

MSC/MSC 
(12 knees) MSC/OS (12 knees) CG7/OS 

(12 knees) 
CG14/OS 
(12 knees) 

Overall defect evaluation     
1. Percent filling with newly 

formed tissue 2.2±0.4 2.2±0.4 2.1±0.5 2.1±0.3 

2. Percent degradation of the 
implant 2.2±0.4 2.2±0.4 2.2±0.5 2.1±0.3 

Subchondral bone evaluation     
3. Percent filling with newly 

formed tissue 2.2±0.5 2.1±0.5 2.1±0.6 2.0±0.3 

4.  Subchondral bone morphology 1.3±0.8 1.3±0.9 1.5±1.0 1.1±0.6 
5. Extent of new tissue bonding 

with adjacent bone 3.0±0.0 3.0±0.0 3.0±0.0 3.0±0.0 

Cartilage evaluation     
6. Morphology of newly formed 

surface tissue 2.3±0.6 2.4±0.6 2.5±0.6d 2.2±0.5c 

7. Thickness of newly formed 
cartilage 1.5±0.7b,c,d 2.1±0.6a 1.9±0.8a 1.9±0.6a 

8.   Joint surface regularity 1.9±0.9b,d 2.4±0.8a,c 2.2±0.6b 2.3±1.0a 
9.   Chondrocyte clustering 2.1±0.5 2.0±0.3d 2.1±0.4d 2.3±0.5b,c 

10. Chondrocyte and GAG content 
of neocartilage 1.8±0.8 1.9±0.7 1.9±0.7 1.8±0.7 

11. Chondrocyte and GAG content 
of  adjacent cartilage 2.8±0.4 2.6±0.6 2.8±0.5 2.6±0.6 
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Table 8.3. Mean histological scores for cell-laden hydrogel formulations at randomly 
chosen peripheral edges (medial or lateral) of the defects 12 weeks postsurgery. 

 

Values are shown as the mean ± the standard deviation. Comparisons were made 
between groups for the same knee, where each group comprised 6 unilateral implants 
from 6 animals. The letters a, b, c and d indicate a significant difference from the 
MSC/MSC, MSC/OS, CG7/OS and CG14/OS groups, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Histological 
Parameter 

Left Knee Scores (24 knees total)  Right Knee Scores (24 knees total) 

MSC/MSC  
(6 knees) 

MSC/OS 
(6 

knees) 

CG7/OS 
(6 

knees) 

CG14/OS 
(6 knees) 

 MSC/MSC 
(6 knees) 

MSC/OS 
(6 

knees) 

CG7/OS 
(6 

knees) 

CG14/OS 
(6 knees)  

Overall 
evaluation 

         

1.  2.2±0.4 2.5±0.6 2.2±0.4 2.0±0.0  2.0±0.0 2.2±0.4 2.3±0.5 2.2±0.4 
2.  2.3±0.5 2.5±0.6 2.2±0.4 2.0±0.0  2.2±0.4 2.2±0.4 2.3±0.5 2.2±0.4 

Bone 
evaluation          

3.  2.2±0.8 2.5±0.6 2.0±0.6 2.0±0.0  2.2±0.4 2.0±0.6 2.2±0.8 2.0±0.6 
4.  1.7±1.0 1.8±1.3 1.3±0.8 1.0±0.0  0.8±0.4 1.5±1.2 2.0±1.6 1.0±0.0 
5.  3.0±0.0 3.0±0.0 3.0±0.0 3.0±0.0  3.0±0.0 3.0±0.0 3.0±0.0 3.0±0.0 

Cartilage 
evaluation          

6.  2.5±0.6 2.7±0.8 2.7±0.5 2.3±0.5  2.0±0.6 2.8±0.6d 3.0±0.9d 2.0±0.0b,c 
7.  1.3±0.5b 2.2±0.4a 1.8±0.8 1.8±0.8  1.5±0.6b 2.7±0.8a 2.2±1.0 1.8±0.8 
8. 2.2±0.8b 3.0±0.0a, 

c 1.8±0.8b 1.8±1.5  1.7±0.8 2.3±0.5 2.5±0.6 2.5±0.6 

9. 2.2±0.8 2.0±0.0 1.8±0.4 2.5±0.6  2.0±0.6 2.0±0.6 2.5±0.6 2.3±0.5 
10. 1.7±0.8 1.8±0.8 2.0±0.6 1.8±0.8  1.7±0.8 1.8±0.8 2.0±0.9 1.5±0.6 
11. 2.8±0.4 2.8±0.4 2.8±0.4 2.8±0.4  2.8±0.4 2.7±0.5 2.7±0.5 2.7±0.5 
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Supplemental Table 8.S1. Histological scoring system for the evaluation of (a) overall 
tissue, (b) subchondral bone, and (c) cartilage in rabbit osteochondral defects. 

 
 Score 

(a) Overall defect evaluation (throughout the entire defect depth)  
1. Percent filling with newly formed tissue  

100% 3 
>50% 2 
<50% 1 
0% 0 

2. Percent degradation of the implant  
100% 3 
>50% 2 
<50% 1 
0% 
 

0 
 

(b) Subchondral bone evaluation (within the bottom 2 mm of defect)  
3. Percent filling with newly formed tissue  

100% 3 
>50% 2 
<50% 1 
0% 0 

4. Subchondral bone morphology  
Normal, trabecular bone 4 
Trabecular bone, with some compact bone 3 
Compact bone 2 
Compact bone and fibrous tissue 1 
Only fibrous tissue or no tissue 0 

5. Extent of new tissue bonding with adjacent bone  
Complete on both edges 3 
Complete on one edge 2 
Partial on both edges 1 
Without continuity on either edge 
 

0 
 

(c) Cartilage evaluation (within the upper 1 mm of defect)  
6. Morphology of newly formed surface tissue  

Exclusively articular cartilage 4 
Mainly hyaline cartilage 3 
Fibrocartilage (spherical morphology observed with ≥ 75% of cells) 2 
Only fibrous cartilage (spherical morphology observed with < 75% of 

cells) 1 

No tissue 0 
7. Thickness of newly formed cartilage  

Similar to the surrounding cartilage 3 
Greater than the surrounding cartilage 2 
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Less than the surrounding cartilage 1 
No cartilage 0 

8. Joint surface regularity  
Smooth, intact surface 3 
Surface fissures (<25% of new surface thickness) 2 
Deep fissures (≥25% of new surface thickness) 1 
Complete disruption of the new surface 0 

9. Chondrocyte clustering  
None at all 3 
<25% chondrocytes 2 
25-100% chondrocytes 1 
No chondrocytes present (no cartilage) 0 

10. Chondrocyte and GAG content of new cartilage  
Normal cellularity with normal Safranin O staining 3 
Normal cellularity with moderate Safranin O staining 2 
Clearly less cells with poor Safranin O staining 1 
Few cells with no or little Safranin O staining or no cartilage 0 

11. Chondrocyte and GAG content of adjacent cartilage  
Normal cellularity with normal Safranin O staining 3 
Normal cellularity with moderate Safranin O staining 2 
Clearly less cells with poor Safranin O staining 1 
Few cells with no or little Safranin O staining or no cartilage 0 
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Supplemental Table 8.S2. Mean histological scores for all hydrogel formulations at the 
center, lateral edge, and medial edge of the defect 12 weeks postsurgery. 

 
Values are shown as the mean ± the standard deviation. Each group comprised 48 
implants in bilateral knee joints from 24 animals (2 each). The letters M, L and C 
indicate a significant difference from the medial edge, lateral edge and center location, 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Histological Parameter 

Mean Overall Scores at Each Location 
Center 

(48 knees) 
Lateral Edge 
(48 knees) 

Medial Edge 
(48 knees) 

Overall defect evaluation    
1.   Percent filling with newly formed 

tissue 2.1±0.4 2.1±0.3 2.2±0.5 

2.   Percent degradation of the implant 2.1±0.3 2.2±0.4 2.2±0.5 
Subchondral bone evaluation    

3.   Percent filling with newly formed 
tissue 2.1±0.4 2.1±0.5 2.2±0.6 

4.   Subchondral bone morphology 1.2±0.7 1.4±0.9 1.4±0.9 
5.   Extent of new tissue bonding with 

adjacent bone 3.0±0.0 3.0±0.0 3.0±0.0 

Cartilage evaluation    
6.   Morphology of newly formed surface 

tissue 2.3±0.6 2.5±0.6 2.4±0.6 

7.   Thickness of newly formed cartilage 1.8±0.6L 2.1±0.7C,M 1.8±0.7L 
8.   Joint surface regularity 2.2±0.8M 2.0±0.9M 2.5±0.6L,C 
9.   Chondrocyte clustering 2.1±0.4 2.1±0.5 2.2±0.4 

10. Chondrocyte and GAG content of 
neocartilage 1.9±0.7M 1.9±0.7M 1.7±0.7L,C 

11. Chondrocyte and GAG content of 
adjacent cartilage 2.7±0.5 2.7±0.5 2.7±0.6 
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Supplemental Table 8.S3. Mean histological scores for cell-laden hydrogel 
formulations at the center locations of the defects 12 weeks postsurgery. 

Values are shown as the mean ± the standard deviation. Comparisons were made 
between groups for the same knee, where each group comprised 6 unilateral implants 
from 6 animals. The letters a, b, c and d indicate a significant difference from the 
MSC/MSC, MSC/OS, CG7/OS and CG14/OS groups, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Histological 
Parameter 

Left Knee Scores (24 knees total)  Right Knee Scores (24 knees total) 

MSC/MSC 
(6 knees) 

MSC/OS 
(6 

knees) 

CG7/OS 
(6 

knees) 

CG14/OS 
(6 knees) 

 MSC/MSC 
(6 knees) 

MSC/OS 
(6 

knees) 

CG7/OS 
(6 

knees) 

CG14/OS 
(6 knees) 

Overall 
evaluation 

         

1.  2.2±0.4 2.2±0.4 1.8±0.4 2.0±0.0  2.2±0.4 2.0±0.0 2.3±0.5 2.2±0.4 
2.  2.2±0.4 2.2±0.4 2.0±0.0 2.0±0.0  2.2±0.4 2.0±0.0 2.3±0.5 2.2±0.4 

Bone 
evaluation          

3.  2.2±0.4 2.2±0.4 1.8±0.4 2.0±0.0  2.2±0.4 1.8±0.4 2.2±0.8 2.2±0.4 
4.  1.0±0.0 1.0±0.0 1.0±0.0 1.0±0.0  1.0±0.0 1.0±0.0 1.8±1.3 1.5±1.2 
5.  3.0±0.0 3.0±0.0 3.0±0.0 3.0±0.0  3.0±0.0 3.0±0.0 3.0±0.0 3.0±0.0 

Cartilage 
evaluation          

6.  2.3±0.5 2.3±0.5 2.2±0.4 2.3±0.5  2.2±0.8 2.5±0.6 2.7±0.5 2.0±0.6 
7.  1.5±0.6 2.2±0.4 1.8±0.8 1.8±0.4  1.3±0.8 1.7±0.5 1.8±0.8 1.8±0.8 
8. 1.8±1.0 2.7±0.5 2.3±0.5 2.0±1.3  1.8±1.0 2.3±0.8 1.7±0.5d 2.7±0.5c 
9. 2.2±0.4 2.0±0.0 1.8±0.4 2.2±0.4  2.2±0.4 2.0±0.0 2.2±0.4 2.0±0.6 
10. 1.7±0.8 2.0±0.6 1.8±0.8 2.3±0.5  1.8±1.0 2.2±0.8 2.0±0.6 1.7±0.5 
11. 2.8±0.4 2.7±0.5 2.8±0.4 2.8±0.4  2.8±0.4 2.5±0.6 2.7±0.8 2.3±0.5 
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Supplemental Figure 8.S1: Representative gross morphology of the osteochondral 
defects after 12 weeks from the (a) MSC/MSC group, (b) the MSC/OS group, (c) the 

CG7/OS group, and (d) the CG14/OS group. Defects are indicated with a white circle. It 
should be noted that the white circles are only indicative and do not reflect the actual 
dimensions of the defect. (e) H&E section showing the partially degraded hydrogel 
particulates encapsulated in fibrous tissue, as indicated by arrows, typically found 

remaining in the subchondral defect region of samples. This particular sample is from 
the MSC/MSC group. 
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Figure 8.1: Histological sections showing representative osteochondral tissue repair at 
12 weeks postoperatively for the MSC/MSC group. Sections were stained with (a) 

Safranin O/Fast Green, (b) H&E, and (c) van Gieson’s Picrofuchsin (scale bars: 1000 
µm). Images from this sample (a-c), which received a score of 2 for cartilage 

morphology, showed thin fibrocartilage formation filling the chondral defect space and 
ossifying chondrocytes in the subchondral defect space. (d) The newly formed cartilage 

in the osteochondral defect mostly comprised fibrocartilage at the joint surface and 
hypertrophic cartilage in the subchondral region (scale bar: 500 µm). (e) One other joint 
from the MSC/MSC group displayed bone-like tissue formation in the chondral defect 
region, as can be seen by the presence of osteocytes in the H&E section (scale bar: 

500 µm). 
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Figure 8.2: Histological sections showing representative osteochondral tissue repair at 

12 weeks postoperatively for the MSC/OS group. Sections were stained with (a) 
Safranin O/Fast Green, (b) H&E, and (c) van Gieson’s Picrofuchsin (scale bars: 1000 
µm). (d) This sample, which received a score of 2 for cartilage morphology, displayed 

thicker cartilage formation, which mainly comprised a mixture of fibro- and hyaline 
cartilage (scale bar: 500 µm). This sample also showed the development of a relatively 

discernable osteochondral interface. (e) An example of regional hypertrophy in the 
chondral portion of the defect from another sample displayed enlarged chondrocytes 

and differential matrix staining when compared to the surrounding cartilage (scale bar: 
500 µm). 
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Figure 8.3: Histological sections showing representative osteochondral tissue repair at 

12 weeks postoperatively for the CG14/OS group. Sections were stained with (a) 
Safranin O/Fast Green, (b and d) H&E, and (c) van Gieson’s Picrofuchsin (scale bars: 

1000 µm). (d) This sample , which received a score of 2 for cartilage morphology, 
showed primarily fibrocartilage tissue repair with some fibrous tissue formation at the 

joint surface (scale bar: 500 µm). (e) One example of joint surface disruption in another 
sample is shown in the H&E section (scale bar: 500 µm). 
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Figure 8.4: Histological sections showing representative osteochondral tissue repair at 

12 weeks postoperatively for the CG7/OS group. Sections were stained with (a) 
Safranin O/Fast Green, (b) H&E, and (c) van Gieson’s Picrofuchsin (scale bars: 1000 
µm). (d) This sample, which received a score of 4 for cartilage morphology, displayed 
high quality articular cartilage with columnar arrangement of chondrocytes (scale bars: 

1000 µm). (e) This sample also displayed compact and trabecular bone formation in the 
subchondral defect regions of the osteochondral defects (scale bars: 1000 µm). 
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B 

 
 
Figure 8.5: Histological score distribution for the new (a) subchondral bone morphology 

and the new (b) cartilage tissue morphology. 
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Chapter 9. Evaluation of Polyelectrolyte Hydrogels 
Incorporating Poly(L-Lysine) as a Stimulant of 

Chondrogenic Differentiation for Cartilage Tissue 
Engineering7 

 
Abstract 

 
To address the lack of reliable long-term solutions for cartilage injuries, strategies in 

tissue engineering are beginning to leverage developmental processes to spur tissue 

regeneration. This study focuses on the use of poly(L-lysine) (PLL), previously shown to 

up-regulate mesenchymal condensation during developmental skeletogenesis in vitro, 

as an early chondrogenic stimulant of mesenchymal stem cells (MSCs). We 

characterized the effect of PLL incorporation on the swelling and degradation of 

oligo(poly(ethylene) glycol) fumarate) (OPF)-based hydrogels as functions of PLL 

molecular weight and dosage. Furthermore, we investigated the effect of PLL 

incorporation on the chondrogenesis of hydrogel-encapsulated MSCs. The 

incorporation of PLL resulted in early enhancements of type II collagen and aggrecan 

gene expression and type II/type I collagen expression ratios when compared to blank 

controls. The presentation of PLL to MSCs encapsulated in OPF hydrogels also 

enhanced N-cadherin gene expression under certain culture conditions, suggesting that 

PLL induces chondrogenesis likely via the process of condensation. In summary, PLL 

can function as an inductive factor that primes the cellular microenvironment for early 

                                                        
7 This chapter was submitted as J. Lam, E.C. Clark, E.J. Lee, E.L.S. Fong, S. Lu, Y. 
Tabata, and A.G. Mikos, “Evaluation of Polyelectrolyte Hydrogels Incorporating Poly(L-
Lysine) as a Stimulant of Chondogenic Differentiation for Cartilage Tissue Engineering,” 
Submitted (2015). 
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chondrogenic differentiation but may require additional biochemical factors for the 

generation of fully functional chondrocytes.  
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Introduction 

Articular cartilage is the specialized connective tissue lining the ends of bones 

that enables their frictionless articulation within synovial joints in the body. Its elegantly 

organized extracellular matrix comprises specialized collagens and proteoglycans 

decorated with negatively charged glycosaminoglycans that together contribute to the 

favorable viscoelastic and swelling properties of the tissue. Unlike bone and a majority 

of other musculoskeletal tissues, articular cartilage is typically devoid of any vascularity, 

lymphatics, and nerves [383]. Due to this avascularity and the low mitotic activity of its 

resident chondrocytes, articular cartilage inherently exhibits a limited endogenous 

capacity for regeneration. Hence, cartilage lesions due to trauma or disease, which 

resulted in over 27 million adult cases of osteoarthritis in the United States in 2005, are 

projected to afflict 67 million American adults by 2030 [384]. In the absence of available 

long-lasting clinical solutions, such cartilage-related injuries continue to impose a 

significant economic burden on society [353] and remain a leading cause of global 

disability [385, 386]. To address these shortcomings in the management of cartilage 

defects, current efforts are focused on the use of tissue engineering principles to 

develop better solutions. 

Traditionally, cartilage engineering strategies have relied on the rational 

combination of stem cell populations and biochemical cues with biomaterial scaffolds in 

the development of substitute tissue constructs to replace or restore lost tissue function. 

While many different types of materials have been investigated for applications in 

cartilage repair, hydrogels in particular have garnered significant attention due to their 

highly favorable material properties [1, 387]. By definition, hydrogels are three-
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dimensional (3D) polymer networks that consist of various hydrophilic components 

crosslinked to form water-insoluble matrices [387]. These water-absorbent constructs 

can be fabricated from a wide variety of synthetic (e.g. poly(ethylene glycol) (PEG) [275, 

388] and poly(vinyl alcohol) [389, 390]) or natural (e.g. collagen [391, 392], fibrin [393], 

chitosan [394], hyaluronic acid [172, 395], and alginate [67]) materials for the 

encapsulation of cells and to provide in vivo-like conditions reminiscent of native cellular 

microenvironments. Similarly, extensive investigations have been made in developing 

cell-based approaches to cartilage regeneration. Due to the limited availability of host 

chondrocytes as well as the high morbidity associated with their harvest, mesenchymal 

stem cells (MSCs) are highly popular alternative cell sources for cartilage repair 

applications. Indeed, strategies aimed at maximizing their reparative capacity through 

the optimization of in vitro chondrogenic induction protocols have proven relatively 

successful [367, 378, 396, 397]. However, the ability to induce complete healing of 

damaged cartilage reliably [363] has not been achieved, likely because the formation of 

articular cartilage and its homeostasis is tightly regulated by a myriad of intricate 

signaling pathways that current technologies are unable to recapitulate. 

Shifting toward more targeted approaches, recent strategies in cartilage tissue 

engineering are beginning to mimic specific stages in skeletogenesis with the goal of 

generating functional articular cartilage tissues [398-400]. Pre-cartilaginous 

condensation, a developmental process characterized by dense cellular aggregation 

and significantly increased cell-cell contacts, is believed to be critical in the governance 

of natural cartilage formation in embryo [401]. During condensation, the rapid onset of 

cell-cell interactions is largely mediated by a small number of key cell adhesion 
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molecules, of which N-cadherin plays a special role [402-405]. Interestingly, previous 

research has demonstrated that the cationic polypeptide poly(L-Lysine) (PLL) 

possesses chondrostimulatory properties and can stimulate the chondrogenesis of 

mesenchymal micromass cells in developing chick limbs [406, 407]. Several 

mechanisms for the physiological effects of PLL on chondrogenic differentiation have 

been proposed, including alteration of glycosaminoglycan biosynthesis and distribution, 

crosslinking of proteoglycans and cells, changing of cell morphology, and interaction 

with other biochemical cues [403]. Despite these promising reports, the potential of 

using PLL to induce embryonic signaling processes during chondrogenesis in cartilage 

tissue engineering applications remains heavily unexplored, especially within the 

context of 3D culture systems. 

In this study, we hypothesized that the physical incorporation of PLL within 

hydrogels can stimulate the chondrogenic differentiation of encapsulated MSCs. To test 

this hypothesis, we utilized oligo(poly(ethylene glycol) fumarate) (OPF), a PEG-based 

macromer that can be crosslinked to yield hydrolytically degradable hydrogels of highly 

tunable mechanical and swelling properties [3, 368], as a synthetic platform to isolate 

the effects of PLL. Considering the cationic nature of PLL and the presence of negative 

charges from the OPF macromers comprising the hydrogel backbone, it is anticipated 

that both moieties will form strong electrostatic interactions, leading to the bulk retention 

of PLL. Further, it is expected that the incorporation of PLL will affect the swelling and 

degradation of these hydrogel constructs. In order to evaluate these hypotheses, a 

number of specific objectives were established as follows: (i) to determine the amount of 

PLL retained or released from OPF hydrogels when incorporated at various 
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concentrations; (ii) to characterize the swelling and degradation of PLL-laden OPF 

hydrogels as functions of PLL molecular weight (MW) and PLL loading amount; (iii) to 

assess the effects of PLL incorporation on encapsulated MSC chondrogenic 

differentiation as functions of PLL MW and PLL dosage; and (iv) to evaluate potential 

additive or synergistic effects between PLL presentation and OPF MW on MSC 

chondrogenic differentiation and condensation.  

 

Materials and Methods 

Experimental Design 

The specific objectives of this overall investigation were completed via a series of 

individual studies, which were designed as follows. In order to determine the amount of 

PLL retained or released from OPF hydrogels, two experiments were designed as 

outlined in Table 9.1. For a third experiment, fluorescein isothiocyanate (FITC) 

conjugated PLL (PLL-FITC, 50 kDa) was loaded into OPF hydrogels at increasing 

concentrations (500 ng/construct, 5 µg/construct, or 20 µg/construct) according to Table 

9.2. 

A full factorial study was designed to characterize the effects of PLL MW and 

PLL loading on the swelling and degradation of synthetic OPF hydrogels. Specifically, 

the factors of (A) PLL MW, (B) PLL loading per construct, and (C) OPF MW were 

investigated as outlined in Table 9.3 in order to identify main and combinatory effects 

on OPF swelling and degradation. The PLL MWs of 50 and 225 kDa were determined 

based on previously reported values used in the chondrogenic stimulation of chick limb 

mesechymal cells in micromass culture in vitro [406]. The PLL loading concentrations 
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were chosen to yield a sufficiently wide range in order to elucidate the effects of PLL on 

bulk hydrogel swelling, where the low concentration levels reflect those used for the 

chondrogenic stimulation of cells in monolayer [408].  

The effects of PLL presentation on cells encapsulated in such composite 

hydrogels were also investigated. As shown in Table 9.4, the effects of PLL MW and 

PLL dosage on MSCs encapsulated in OPF hydrogel composites were first investigated 

using a factorial design, where the MW factor comprised two levels (50 or 225 kDa) and 

the dosage factor consisted of three levels (250, 500, or 1000 ng/construct). Cell-laden 

hydrogels without any PLL incorporation were used as negative controls. The PLL MW 

(225 kDa) and amount (500 ng/construct) yielding the highest chondrogenic gene 

expression in encapsulated MSCs were chosen in the follow-up experiment, which 

investigated any potential additive or synergistic effects of PLL presentation in 

combination with OPF MW on MSC chondrogenic differentiation as shown in Table 9.5. 

These OPF MWs were chosen based on a previous study from our laboratory, which 

demonstrated that an increase in swelling ratio (due to an increase in nominal OPF MW 

from 10K to 35K) resulted in enhanced type II collagen gene expression [5].  

OPF Synthesis and Characterization 

OPF was synthesized using poly(ethylene glycol) (PEG) of nominal MWs of 

either 10,000 g/mol or 35,000 g/mol, according to previously described methods [3]. In 

brief, PEG was first dried via azeotropic distillation in toluene and dissolved in 

anhydrous dichloromethane. Triethylamine and fumaryl chloride were then added drop-

wise to initiate the synthesis reaction, which was allowed to proceed for 2 days. The 

resultant product was purified by removing dichloromethane using rotoevaporation, 
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separating salt precipitates with ethyl acetate, washing with ethyl ether, and subsequent 

drying. The synthesized polymers were characterized via gel permeation 

chromatography and sterilized prior to use by exposure to ethylene oxide gas for 12 h 

following established protocols [6]. 

Fabrication of PLL-laden Hydrogels 

Acellular OPF hydrogels were fabricated following previously established 

procedures [84]. Briefly, a base formula of 100 mg OPF and 50 mg PEG diacrylate 

(PEG-DA, Mn 3,400 g/mol; Laysan, Arab, AL) dissolved in 410 µL of PBS was used to 

prepare the hydrogel precursor solution. For PLL-laden hydrogels, PLL (Sigma Aldrich) 

of two different average MWs (either 50 kDa or 225 kDa) was dissolved in the polymer 

precursor solution at various concentrations prior to crosslinking in order to achieve the 

desired incorporation amounts per construct (250, 500, or 1000 ng/construct). For the 

OPF-Post samples of the PLL retention study, a PLL solution was used to rehydrate 

crosslinked hydrogels that were dried immediately following the removal of sol fraction 

in PBS for 2 h in order to achieve the desired loading concentration. The two different 

average MWs of PLL were chosen in accordance to previous studies demonstrating the 

effect of PLL size on cartilage nodule formation in micromass cultures of chick 

mesenchyme limb bud cells, where larger PLL size generally increased tissue formation 

[406]. These concentrations were chosen to reflect similar PLL concentrations that have 

been previously used for the chondrogenic stimulation of mesenchymal derived cells in 

monolayer [406, 408]. Equal parts (46.8 µL) of the thermal radical initiators, 0.3 M of 

ammonium persulfate (APS, Sigma Aldrich) and 0.3 M of N,N,N’,N’ – 

tetramethylethylenediamine (TEMED, Sigma Aldrich) were then added to the precursor 
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solution to initiate the crosslinking reaction. After gentle mixing, the precursor solution 

was quickly injected into cylindrical Teflon molds (3 mm diameter and 1 mm thickness) 

and allowed to crosslink for 8 min at 37ºC. The resultant hydrogels were transferred to 

PBS (pH 7.4), incubated at room temperature or 37ºC for 28 days, and collected at 

various time points over 28 days for characterization. 

Swelling and Degradation of OPF-PLL Hydrogels 

Fabricated hydrogels for the swelling and degradation study (n=4) were placed in 

2 mL of PBS (pH 7.4) in a 24 well plate and incubated at 37ºC and under agitation 

(shaker table at 90-100 RPM) for 28 days. At days 1, 7, 14, and 28, the swelling ratio 

and mass loss of the hydrogels were determined using the following equations: swelling 

ratio = (Ws – Wd)/Wd and % mass loss = (Wi – Wd)/Wi x 100 (%), where Wi, Ws, and Wd 

represent the weight of dried hydrogel immediately following fabrication before swelling, 

the weight of wet hydrogel after swelling at each time point, and the weight of dried 

hydrogel after swelling at each time point, respectively.  

Measurement of PLL Retention in OPF-PLL Hydrogels 

Briefly, blank OPF hydrogels, OPF hydrogels with PLL loaded prior to hydrogel 

crosslinking (OPF-Pre), and OPF hydrogels with PLL loaded after hydrogel fabrication 

(OPF-Post) were incubated after the removal of sol fraction in either phosphate buffered 

saline (PBS, pH 7.4) or a KCl/NaOH basic buffer (pH 13) for 24 h at 37ºC. At 2 h and 24 

h, the supernatant is collected from each sample (n=3) and subjected to biochemical 

analysis. In order to characterize PLL retention within OPF hydrogels over longer 

periods of time in vitro, blank OPF and OPF-Pre samples were incubated in PBS over 

28 days at 37ºC. At 2 h, 24 h, 7 days, 14 days, and 21 days, samples (n=3) were 
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switched to basic buffer and incubated for 24 h before collection, where the resultant 

supernatant was then analyzed for PLL.  

The amount of PLL retained was biochemically analyzed using the ortho-

pthalaldehyde (OPA) assay according to previously established procedures [409, 410]. 

The OPA working reagent was freshly prepared at each time point following a base 

formula by mixing 1 mL of OPA (Sigma Aldrich) dissolved in ethanol (40 mg/mL), 25 mL 

borate buffer (0.4 M borate, pH 9.5), 12.5 mL 20 w/w% sodium dodecyl sulfate (Sigma 

Aldrich) in deionized water, 0.1 mL 2-mercaptoethanol, and enough water to fill up to 50 

mL in a beaker. The supernatants were combined with the OPA working reagent within 

individual wells of an opaque 96-well plate at a 1:1 reagent-to-analyte solution ratio and 

incubated at room temperature for 5 min. The fluorescence was measured using a plate 

reader (FL x800 Fluorescence Microplate Reader; BioTek Instruments, Winooski, VT) 

with excitation and emission wavelengths of 360 nm and 455 nm, respectively. PLL of 

the same MW was used to generate a standard curve. 

PLL-FITC laden constructs (n=3) were incubated in PBS over 28 days at room 

temperature. The supernatant was collected at .08 (2 h), 1, 4, 7, 11, 14, 18, 21, 25, and 

28 days and analyzed using a spectrofluorometric plate reader with respective 

excitation and emission wavelengths of 485 nm and 528 nm to determine the release of 

PLL.  

Gelatin Microparticle Fabrication 

Gelatin microparticles (GMPs) were fabricated using acidic gelatin with an 

isoelectric point of 5.0 (Nitta Gelatin Inc., Osaka, Japan) according to previously 

established protocols [163]. Briefly, a 10% w/v aqueous solution of gelatin was first 
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prepared by dissolving 5 g of gelatin in 45 mL of distilled, deionized water (ddH2O) at 

60ºC, added dropwise to 250 mL of olive oil (Sigma Aldrich) containing 0.5 wt.% Span 

80 under mixing at 500 RPM, and chilled in an ice/water bath for 30 min with continued 

mixing. 100 mL of chilled acetone was then added to the emulsion, which was allowed 

to stir for an additional 30 min. After this step, the formed GMPs were collected by 

filtration and washed with acetone. The collected GMPs were crosslinked in an aqueous 

solution containing 10 mM glutaraldehyde for 20 h at 15ºC, where glycine was added to 

a concentration of 25 mM afterward in order to quench any unreacted glutaraldehyde. 

Following crosslinking, the GMPs were vacuum-filtered, washed with ddH2O, and 

freeze-dried overnight. Dried GMPs of 50-100 µm in diameter were selected by sieving 

and sterilized via exposure to ethylene oxide gas for 12 h before use. Prior to 

encapsulation into hydrogels, sterilized GMPs were first swollen with PBS (55 µL of 

PBS per 11 mg of dried GMPs) to achieve swelling according to previously established 

methods [163]. GMPs were incorporated into hydrogels in order to provide moieties for 

cell-material interactions and to facilitate hydrogel degradation [4, 162]. 

Rabbit marrow-derived MSC Isolation and Culture 

All of the experimental protocols including the use of cells for this study were 

reviewed and approved by the Rice University Institutional Animal Care and Use 

Committee, and conducted in accordance with the National Institutes of Health animal 

care and use guidelines. Rabbit marrow-derived MSCs were harvested from the tibiae 

of skeletally mature 6-month-old New Zealand White rabbits following previously 

described protocols [367]. The bone marrow was plated for the isolation of adherent 

cells and cultured in general medium (GM) containing low glucose Dulbecco’s modified 
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Eagle’s medium (LG-DMEM), 10% v/v fetal bovine serum (FBS), and 1% v/v 

penicillin/streptomycin/fungizone (PSF) for 2 weeks. The rabbit marrow-derived MSCs 

were then harvested, pooled to minimize interanimal variation, and cryopreserved until 

use as previously described [4, 162, 367]. For MSC expansion, cryopreserved cells were 

thawed at 37 ºC and cultured at a density of 3,500 cells per cm2 in T-225 tissue culture 

flasks in GM up to passage three, at which a cell suspension is prepared for hydrogel 

encapsulation.  

Fabrication of Cell-laden Hydrogel Composites 

The procedures for the fabrication of acellular OPF hydrogels were generally 

followed for the fabrication of cell-laden hydrogel composites with a few exceptions. 

Specifically, 100 mg OPF and 50 mg PEG-DA were both dissolved in 300 µL of PBS 

and combined with 110 µL of swollen GMPs to generate the polymer precursor solution. 

Equal parts of thermal radical initiator solutions APS and TEMED were then added as 

previously described. After mixing of the precursor solution to initiate the crosslinking 

reaction for 2-3 min, a cell suspension (6.7 million cells in 168 µL of PBS) of MSCs is 

then added in order to obtain a final concentration of 10 million cells per mL and gently 

mixed. The solution was then quickly injected into cylindrical Teflon molds (6.0 mm 

diameter and 1.0 mm thickness) and incubated at 37ºC for 8 min to complete 

crosslinking.  

Real-Time Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 

Cell-laden hydrogel composites were processed for RT-PCR in order to quantify 

the expression of selected genes as indicators of chondrogenic differentiation. Total 

RNA from collected samples were isolated at various time points using the RNeasy Mini 
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Kit (Qiagen, Valencia, CA) following established protocols [367]. The isolated RNA from 

samples were reverse-transcribed into cDNA using SuperScript III transcriptase 

(Invitrogen) and Oligo dT primers (Promega), and the final cDNA transcripts were used 

for RT-PCR (7300 Real-Time PCR System, Applied Biosystems, Foster City, CA) to 

evaluate the gene expression for type II collagen (Col II), type I collagen (Col I), 

aggrecan (Agg), versican (VSN), sex-determining region Y-box 9 (Sox9), N-cadherin 

(CDH2), type X collagen (Col X), and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). The gene expression data were analyzed using the 2-∆∆Ct method as 

described [331, 411]. All gene expression data were normalized to that of the housing 

keeping gene, GAPDH, and are expressed as the fold ratio as compared to the baseline 

expression of the control group at day 0. For the experiments described in this study, 

the control group comprised the cell-laden 10K OPF samples without any PLL 

incorporation, which were analyzed immediately following cell encapsulation. The 

primer sequences used are listed in Table 9.6.  

Biochemical Assays 

At each time point, cell-laden hydrogel samples were collected and frozen in -

20ºC until use for biochemical analysis. Samples were thawed, homogenized via needle 

and syringe, and digested in 500 µL of proteinase K solution (1 mg/mL proteinase K, 

0.01 mg/mL pepstatin A and 0.185 mg/mL iodoacetamide dissolved in 50 mM 

tris(hydroxymethyl aminomethane)/1 mM ethylenediaminetetraacetic acid buffer, pH 7.6 

adjusted by HCl) at 56ºC for ~16 h. After the digestion of samples, specimens were then 

subjected to three freeze-thaw cycles followed by probe sonication.  
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DNA content, which was used as an indicator of construct cellularity, was 

quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Molecular Probes, Eugene, 

OR) following the manufacturer’s instructions. Cell lysates were combined with assay 

buffer and the PicoGreen dye solution within wells of an opaque 96-well assay plate and 

allowed to incubate for 10 min at room temperature. The fluorescence was quantified 

using excitation and emission wavelengths of 485 nm and 528 nm (FL x800 

Fluorescence Microplate Reader; BioTek Instruments, Winooski, VT), respectively. 

Lambda DNA provided by the manufacturer was used to generate a standard curve. 

Cell viability was determined and verified at 24 h and 7 days after encapsulation using 

the Live/Dead staining assay (Life Technologies) following the manufacturer’s 

instructions. Images were obtained using fluorescence microscopy (Nikon). 

Glycosaminoglycan (GAG) content, which was used to indicate extracellular 

matrix deposition and synthetic activity, was measured using the dimethylmethylene 

blue (DMMB) colorimetric assay as previously described [332]. Cell lysates were 

combined with DMMB color reagent within wells of a clear 96-well assay plate and 

quantified for absorbance at 520 nm (PowerWave x340 Microplate Reader; BioTek 

Instruments). GAG concentrations were determined relative to a chondroitin sulfate 

standard curve. To determine the synthetic activity of cells within the hydrogel 

constructs, the resulting total GAG amounts from each sample were normalized to the 

total DNA amount from that sample.  

Hydroxyproline (HYP) content, which was used to indicate total collagen amount 

and synthetic activity, was determined using a colorimetric assay following previously 

established protocols [367]. Briefly, cell lysates were combined with an equal volume of 
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4 N NaOH and hydrolyzed via autoclave for 15 min at 121ºC (~50 min processing time). 

The resultant solutions were neutralized with HCl and acetic acid to pH 6.5-7.0 and 

divided into duplicate reactions. Chloramine-T, followed by p-

dimethylaminobenzaldehyde solutions, was subsequently added and the absorbance at 

570 nm was measured with a plate reader. The HYP concentrations were measured 

relative a standard curve generated using trans-4-hydroxy-L-proline. To determine the 

collagen synthetic activity of cells within the hydrogel constructs, the resulting total HYP 

amounts from each sample were divided by the total DNA amount from that sample. 

Due to the presence of GMPs in cell-laden hydrogels, which comprise denatured 

collagen, HYP/DNA values for each group were also normalized to day 0 HYP/DNA 

values for that same group in order to evaluate changes in collagen synthetic activity. 

To measure the calcium content, acetic acid was added to cell lysates to achieve 

a final acidic concentration of 0.5 M for all samples, which were then allowed to 

incubate at room temperature overnight. This releases calcium from the homogenized 

cell-laden hydrogel composites. The calcium content was then quantified using a 

colorimetric assay. In brief, treated samples were combined with calcium arsenazo III 

reagent (Sekisui Diagnostics, Lexington, MA) and the absorbance was measured at 650 

nm using a plate reader. The calcium concentrations were determined relative to a 

calcium chloride standard curve. Calcium concentrations were then normalized to the 

day 0 values within each group in order to characterize mineralization capacity over 

time. 



  Lam 261 

Histology 

Cell-laden OPF hydrogel composites were fixed for histology in 10% neutral 

buffered formalin (Fisher Scientific, Pittsburg, PA), soaked in a solution of phosphate-

buffered saline with 15% sucrose to prevent rapid water crystal formation, and then 

embedded overnight in HistoPrep freezing medium (Fisher Scientific). After freezing, 

blocks were sectioned into 10-15 µm thick slices using a cryostat (Leica CM 1850 UW; 

Leica Biosystems Nussloch GmbH, Germany) and mounted onto glass slides. Sections 

were stained using Alcian Blue and Fast Green in order to visualize the extracellular 

matrix deposition and cell distribution, respectively. Bright-field images were obtained 

using a light microscope equipped with a digital camera attachment for image capture 

(Axio Imager.Z2 with AxioCam MRc5; Carl Zeiss MicroImaging GmbH, Germany).  

Statistical Analysis 

All results are presented as means ± standard deviations. Statistical analysis of 

all data was performed using the SAS JMP Pro 11 software package. For the PLL 

release data, the swelling and degradation data, and the biochemical assay data, one-

way ANOVA and Tukey’s HSD multiple comparison tests were performed to determine 

significant differences between groups. The RT-PCR data were analyzed using the 

Kruskal-Wallis test following by the Mann-Whitney U test to determine significant 

differences between groups [412, 413]. A confidence interval of 95% was utilized and 

differences were considered significant when p<0.05. 
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Results 

Retention and Release of PLL from PLL-laden OPF Hydrogels 

We hypothesized that cationic PLL would undergo strong ionic interactions with 

the electronegative carboxyl moieties on the OPF backbone when incorporated into 

OPF hydrogels. However, the addition of PLL during the hydrogel crosslinking process 

could also potentially result in addition reactions between the pendant amines on PLL 

and the unsaturated carbon-carbon double bonds on the fumarate blocks of OPF. To 

determine the mechanism of the interactions between PLL and OPF, the first retention 

experiment compared blank OPF hydrogels (OPF) to OPF hydrogels with PLL loaded 

during crosslinking (OPF-Pre) and to OPF hydrogels with PLL loaded after crosslinking 

(OPF-Post), where the OPF-Post hydrogels were generated by swelling dried hydrogels 

in a PLL-containing solution. In analyzing the supernatant from each group in PBS (pH 

7.4) after 24 h using the detection of primary amines as an indirect measure of PLL, we 

found that PLL was detected only in the OPF-Post group (Figure 9.1a). Notably, when 

the supernatants were analyzed from parallel experimental groups incubated in basic 

buffer (pH 13) after 24 h, PLL was detected for both OPF-Pre and OPF-Post groups. 

Additionally, significantly more PLL was detected in the supernatant of the OPF-Pre 

group in basic conditions when compared to the OPF-Pre supernatants at neutral pH 

(Figure 9.1b). 

Next, to evaluate the retention of PLL within OPF hydrogels over longer 

durations, OPF and OPF-Pre hydrogels were incubated at neutral pH in PBS over 21 

days. Comparing the sol fractions after 2 h, higher levels of primary amines were 

detected in the OPF control group, likely due to the presence of amine groups from the 
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thermal radical initiators (APS and TEMED) used for chemical crosslinking (Figure 

9.1c). Subsequently, at 7, 14, and 21 days, no PLL was detected in the supernatant of 

the OPF-Pre group. Following the collection of the supernatant at each time point, 

hydrogel samples were transferred to basic buffer and incubated for an additional 24 h 

in order to release any retained PLL into the supernatant. Higher levels of primary 

amines were detected in the supernatant of the OPF-Pre group as compared to the 

OPF group at days 1, 7, and 21, suggesting that PLL was indeed retained within the 

hydrogels and subsequently released in basic conditions (Figure 9.1d).  

The release of PLL from PLL-laden hydrogels as influenced by the initial PLL 

loading concentration was further characterized using FITC conjugated PLL (PLL-FITC). 

The cumulative release profiles of PLL-FITC from OPF-500ng, OPF-5µg, and OPF-

20µg hydrogels are shown in Figures 9.2a and 9.2b. Each PLL-laden group exhibited 

an initial burst release at 2 h ranging from 1% to 7% of the initial loading amount, where 

higher amounts of PLL-FITC loaded initially resulted in a greater burst release. 

Following the burst release, the amount of PLL-FITC released from all PLL-laden 

groups stabilized by day 28 to approximately 14% of the initial loading amount for the 

10K hydrogels and up to 25% for the 35K hydrogels. Specifically, the amount of PLL-

FITC released translates into an 84.1%, 86.0%, and 83.9% retention of the loaded PLL-

FITC for OPF-500ng, OPF-5µg, and OPF-20µg 10K hydrogels, respectively. 75.0%, 

81.8%, and 76.5% of the loaded PLL-FITC was retained for OPF-500ng, OPF-5µg, and 

OPF-20µg 35K hydrogels, respectively. To visualize the incorporation of PLL-FITC 

within the hydrogels, hydrogel samples were collected at 7 and 28 days and imaged 

using fluorescence microscopy. Higher fluorescent intensities were observed for groups 



  Lam 264 

incorporating higher amounts of PLL-FITC (Figure 9.2c and 9.2d). Decreased 

fluorescence from the incorporated PLL-FITC at later time points were likely a result of 

the degradation of the FITC signal. Indeed, the PLL-FITC stock used to generate the 

standard curve for the analysis of released PLL exhibited decreased fluorescent signals 

over time at ambient temperature. 

Characterization of the Swelling Behavior and Degradation of OPF Hydrogels 

Incorporating PLL of Varying Size and Loading Amount 

Swelling of PLL-laden OPF Hydrogels 

Given that the PLL was largely retained within OPF hydrogels over the timeframe 

evaluated, the influence of PLL on the swelling behavior and degradation of OPF 

hydrogels was also investigated using the formulations outlined in Table 9.3. The mean 

equilibrium swelling ratios, as affected by PLL MW, PLL incorporation, and PLL dosage, 

were first compared between 10K OPF hydrogels (Figure 9.3a and Supplemental 

Table 9.1a). At day 1, both formulations incorporating high MW PLL, 10K225Hi and 

10K225Lo, and the formulation containing a high amount of low MW PLL, 10K50Hi, 

exhibited greater swelling ratios when compared to the control group. At day 7, 

10K225Lo hydrogels had higher swelling ratios when compared to 10K225Hi hydrogels 

and blank 10K controls. By day 28, however, the blank 10K control hydrogels and 

10K50Lo hydrogels maintained the highest equilibrium swelling ratios, where the former 

was greater than the 10K50Hi formulations and the latter was greater when compared 

to both the 10K50Hi and 10K225Lo formulations. 

A comparison of the equilibrium swelling ratios between 35K OPF hydrogels 

(Figure 9.3b and Supplemental Table 9.1b) revealed similar differences between 
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groups as those observed for their 10K counterparts. Specifically, 35K225Hi, 35K225Lo, 

and 35K50Hi hydrogels initially exhibited greater equilibrium swelling ratios when 

compared to 35K control hydrogels at day 1; both 35K225 formulations also maintained 

higher swelling ratios when compared to 35K50Lo hydrogels at this time point. Unlike 

their 10K hydrogel counterparts, 35K225Hi, 35K225Lo, and 35K50Lo had lower swelling 

ratios when compared to 35K50Hi and blank 35K control hydrogels as early as day 7. At 

day 14, 35K225Hi hydrogels retained the lowest swelling ratios when compared to 

35K50Hi, 35K225Lo, and blank 35K hydrogels. By day 28, blank 35K hydrogels 

retained the highest equilibrium swelling ratios when compared to all PLL-laden 

formulations with the exception of 35K225Lo hydrogels, which swelled more than those 

from 35K225Hi and 35K50Lo formulations.  

 

Degradation of PLL-laden OPF Hydrogels 

Differences in mass loss manifested between 10K formulations only at the early 

time points of days 1 and 7 (Figure 9.3c and Supplemental Table 9.2a). At day 1, 

10K50Lo hydrogels maintained the lowest initial mass loss when compared to all other 

groups except for 10K225Lo hydrogels. At day 7, both 10K50Lo and 10K225Hi 

hydrogels had the least mass loss when compared to all other groups. The only 

differences in mass loss observed between 35K hydrogel formulations occurred at day 

7, where 35K225Hi and blank 35K control hydrogels had more mass loss than 35K50Hi 

hydrogels (Figure 9.3d and Supplemental Table 9.2b).  

 

Factorial Analysis  
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A main effects analysis was performed, as permitted by the factorial design, in 

order to formally elucidate the main effects of PLL MW and PLL loading amount on 

hydrogel swelling and degradation from the complex dataset over time. As outlined in 

Table 9.7, the swelling behavior of PLL-laden hydrogels was primarily influenced by 

changes in the MW of the incorporated PLL, where increases in average PLL MW from 

50 to 225 kDa resulted in increased swelling ratios at days 1 and 28. Increases in 

hydrogel swelling as a result of changing OPF MW from low to high were expected and 

previously characterized [5, 368]. In addition to these main effects, several cross effects 

between the factors of PLL MW, PLL loading, and OPF MW were also elucidated at 

various time points. Namely, the swelling behavior of hydrogels laden with PLL with an 

average MW of 225 kDa was more sensitive to changes in PLL loading amount and 

OPF MW. Indeed, changing the PLL loading amount from a low to a high level (AB 

interaction) and changing the OPF MW from a high to a low level (AC interaction) for 

hydrogels incorporating 225 kDa PLL both resulted in greater decreases in equilibrium 

swelling ratios when compared to formulations comprising 50 kDa PLL. Despite their 

influence on the swelling behavior of PLL-laden hydrogels, the factors of PLL MW and 

PLL loading amount nominally affected hydrogel degradation in general with the 

exception of several cross effects at day 7.  

 

Effects of PLL Loading, PLL MW, and PLL Dosage on the Chondrogenic 

Differentiation of Encapsulated MSCs  

MSCs were encapsulated in OPF hydrogels using the formulations outlined in 

Table 9.4, where hydrogels without any PLL incorporated served as the negative 
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control. These cell-laden hydrogels from the first cell study were cultured in defined 

chondrogenic media supplemented with β-glycerophosphate in order to investigate their 

chondrogenic as well as mineralization potential. First, assessment of cell viability at 24 

h and 7 days following hydrogel encapsulation indicated that cells remained viable and 

that the incorporation of PLL did not negatively affect cell viability (Supplemental 

Figure 9.S1). We have also previously shown that MSCs encapsulated in OPF hydrogel 

composites remained viable over 28 days of culture in vitro [162]. 

The influence of PLL MW and dosage on the chondrogenic differentiation of 

encapsulated MSCs were then evaluated at an early (day 7) and late (day 28) time 

point. With the exception of the type II/type I collagen fold ratio, the effects of PLL on 

chondrogenic differentiation were largely observed at day 7. Specifically, the 

incorporation of 225 kDa PLL resulted in increased type II collagen gene expression at 

both loading dosages when compared to the control (Figure 9.4a). This effect was not 

observed for 50 kDa PLL. Interestingly, the incorporation of 50 kDa PLL at 250 ng per 

construct led to a decrease in type II collagen expression at day 7 when compared to 

the control group. By day 28, all groups exhibited similar type II collagen expression 

levels, which were expected from MSCs encapsulated in synthetic hydrogel systems. In 

considering the fold ratio of type II to type I collagen, only 225 kDa PLL incorporated at 

500 ng per construct elicited increases in chondrogenic differentiation that was 

sustained over 28 days when compared to all other groups (Figure 9.4b). Notably, 50 

kDa PLL at both loading concentrations (250 and 500 ng per construct) resulted in initial 

decreases in type II/type I collagen fold ratio at day 7 when compared to the control. 

This is likely the result of both decreased type II collagen expression and increased type 
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I collagen expression. By day 28, however, type II/type I collagen fold ratios were similar 

for all groups with the exception of the group incorporating 225 kDa PLL at 500 ng per 

construct.  

In addition to size dependent effects of PLL on the type II collagen gene 

expression and type II/type I collagen fold ratio, dosage dependent effects were 

observed particularly in formulations containing PLL of higher MW (225 kDa). 

Specifically, the incorporation of PLL at 500 ng per construct resulted in the highest 

aggrecan expression as compared to the 250 ng per construct and the control groups 

(Figure 9.4c). Lastly, the mineralization of these cell-laden hydrogels as influenced by 

the incorporation of PLL was also investigated. The amounts of calcium were 

normalized to day 0 values within each group in order to reflect the mineralization 

capacity of hydrogels from each of the formulations tested, and hence, do not 

necessarily depict total calcium amounts. The incorporation of PLL, regardless of size or 

loading amount, inhibited increases in mineralization over time (Figure 9.4b). Indeed, 

only hydrogels from the control group showed increased normalized calcium when 

compared to all other PLL-laden hydrogels at both days 7 and 28. 

Effects of PLL Presentation in Combination With OPF MW on the Chondrogenic 

Differentiation and Condensation Signaling of Encapsulated MSCs 

From the study above, we determined that the incorporation of 225 kDa PLL 

within cell-laden OPF hydrogels at a loading concentration of 500 ng per construct 

produced the greatest effect on chondrogenic differentiation without enhancing 

mineralizing potential. Based on our previous observation that hydrogels fabricated from 

OPF of higher MW can enhance the chondrogenic gene expression of encapsulated 



  Lam 269 

cells [5], we sought to evaluate the effect of PLL incorporation (using the optimized 

parameters above) in combination with varying OPF MW (10 or 35K) on the cellularity, 

synthetic activity, and chondrogenic differentiation of encapsulated MSCs (Table 9.5). 

These hydrogels were cultured in serum-free and defined chondrogenic medium without 

β-glycerophosphate nor external growth factors over 28 days in vitro in order to isolate 

the effects of PLL presentation on MSC chondrogenic differentiation in synthetic 

hydrogels. 

As shown in Figure 9.5a, using DNA content as an indicator of cellularity, a 

decrease in DNA content after day 0 was initially observed for all groups, which is 

typically expected from the encapsulation of cells in synthetic hydrogel systems [4, 162]. 

DNA levels were then stabilized within each group for most formulations following day 7 

with the exception of 35K PLL-laden hydrogels, which experienced a slight increase in 

cellularity following day 14. By day 28, 10K PLL-laden hydrogels maintained the lowest 

DNA content when compared to all other groups. 

In evaluating GAG synthetic activity, we found that the incorporation of PLL led to 

increased GAG deposition in cell-laden 10K OPF but not 35K OPF hydrogel composites 

at day 14. Indeed, 10K OPF hydrogels loaded with PLL were the only experimental 

group that displayed increases in GAG synthetic activity from encapsulation until day 

14, after which their normalized GAG values decreased (Figure 9.5b). For the analysis 

of the collagen synthetic activity, HYP/DNA values were normalized to the day 0 values 

within each group in order to elucidate increases in collagen synthetic activity over time 

as well as factor out the collagen content associated with the encapsulated GMPs. 

Similarly for collagen synthetic activity, differences between groups were again only 
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observed at day 14, where both the 10K and 35K OPF groups containing PLL displayed 

increased collagen deposition when compared to their respective non-PLL loaded 

counterparts (Figure 9.5c). Furthermore, PLL-laden hydrogels fabricated with 10K OPF 

macromers exhibited enhanced activity when compared to those fabricated with 35K 

OPF macromers. Such an effect was not observed between the two non-PLL containing 

groups. Histological sections for GAG and collagen showed slight increases in staining 

for the 10K or both the 10K and 35K PLL-laden groups, respectively (Figure 9.6). 

In addition to the biochemical analyses, the type II collagen and aggrecan gene 

expression, and the type II/type I collagen expression ratio were evaluated as indicators 

of chondrogenic differentiation. Within defined culture conditions, changes in OPF MW 

(as opposed to PLL loading) appeared to dominate trends in type II collagen gene 

expression. PLL-laden 35K OPF hydrogels displayed enhanced type II collagen 

expression when compared to their corresponding 10K OPF counterparts at both early 

and late time points (Figure 9.7a). Some transient changes in type II collagen 

expression were observed at day 14 as a result of both increasing OPF MW and PLL 

incorporation. For aggrecan, while the inclusion of PLL into 10K OPF hydrogels 

enhanced expression levels at day 7, this was not observed for the 35K hydrogels 

(Figure 9.7b). Notably, aggrecan expression levels were similarly increased for both 

35K OPF groups when compared to the 10K OPF controls. Similar to the trends 

observed for type II collagen, the aggrecan gene expression fluctuated after day 7 with 

the 10K OPF control group expressing the highest levels of aggrecan at day 14. By day 

28, all groups exhibited comparable aggrecan gene expression, highlighting an early 

effect of PLL on chondrogenic gene expression. Lastly, the type II/type I collagen fold 
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ratio was also evaluated as an indicator of hyaline-like or fibrocartilage-like 

differentiation. While there appeared to be no additive or synergistic effects between the 

factors of PLL incorporation or OPF MW on MSC chondrogenic differentiation within 

culture conditions free of external stimuli including growth factors and β-

glycerophosphate, the inclusion of PLL stimulated increases in type II/type I fold ratios 

at day 7 for 35K OPF hydrogels and at day 28 for 10K OPF hydrogels (Figure 9.7c). 

In addition to the standard chondrogenic markers described above, we also 

analyzed the gene expression levels of Sox9, VSN, type X collagen, and CDH2. 

Although there were no differences in gene expression levels observed between groups 

for both Sox9 and VSN at early or late time points, the addition of PLL into OPF 

hydrogels appeared to affect some changes at day 14 (Figures 9.8a and 9.8b). 

Interestingly, the inclusion of PLL within 10K OPF hydrogels actually resulted in a 

decrease in both Sox9 and VSN gene expression at intermediate times. However, 

differences in Sox9 and VSN expression were no longer present by day 28. For type X 

collagen gene expression, the expression levels for all groups were generally below the 

detection threshold from day 7 forward. To evaluate any possible effects of PLL on the 

condensation signaling of encapsulated MSCs, CDH2 gene expression was also 

assessed. Similar to type II collagen expression, changes in CDH2 expression were 

primarily influenced by the factor of OPF MW. MSCs encapsulated in 35K OPF hydrogel 

composites without PLL displayed lower CDH2 expression after day 7 when compared 

to both 10K OPF formulations (Figure 9.8c). While initially lower when compared to the 

10K OPF groups at day 7, the CDH2 expression levels of PLL-laden 35K OPF 

hydrogels increased over time and exhibited similar values by day 28. Importantly, the 
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incorporation of PLL effected an increase in CDH2, and hence N-cadherin, expression, 

which was observed between the 35K OPF groups at day 28 (Figure 9.8c). 

 

Discussion 

To address the limited regenerative potential of current cartilage engineering 

strategies, it is theorized that the induction of developmental processes can instruct host 

or transplanted cells to adopt native morphogenetic programs for robust tissue 

regeneration [414, 415]. During condensation, increased cell-cell interactions mediated 

by cell-cell adhesion molecules (such as N-cadherin) [416, 417] permit the exchange of 

chondrogenic signals between cells [403, 418-420]. Indeed, it has been previously 

shown that the functionalization of hydrogels with N-cadherin mimetic peptides was 

sufficient to stimulate the chondrogenic differentiation of encapsulated MSCs [421]. 

However, constitutive presentation of N-cadherin to differentiating stem cells may not 

necessarily prove to be the most effective strategy given the temporal patterns of N-

cadherin expression in vivo [421]. In fact, functional N-cadherin expression decreases 

dramatically within condensed limb mesenchymal cells as they undergo chondrogenesis 

[404]. In a different approach, the use of PLL to stimulate condensation has been 

investigated. Based on early studies demonstrating that the treatment of chick 

mesenchymal micromasses with soluble PLL elicited a size- and dose- dependent 

response on cartilage nodule formation [406], subsequent studies have shown that PLL 

promotes chondrogenesis via the upregulation of functional N-cadherin expression 

[407]. However, whether PLL can exert chondro-stimulatory effects in a three-

dimensional context still remains to be investigated. By successfully leveraging these 
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properties of PLL, especially given its ubiquity in biomedical technologies, one can 

potentially provide a clinically relevant way of implementing an effective developmental 

approach for cartilage tissue regeneration.  

In the present study, we hypothesized that the incorporation of PLL polypeptides 

into synthetic OPF hydrogel systems, in addition to influencing hydrogel swelling and 

degradation properties, will stimulate the chondrogenic differentiation of encapsulated 

MSCs. We found that PLL remained largely retained within OPF hydrogels when 

incorporated during hydrogel fabrication despite differences in the initial loading 

concentration. Due to its cationic nature, the incorporation of PLL into PEG-based OPF 

hydrogels effected dynamic changes in hydrogel swelling behavior and degradation 

when compared to controls. Importantly, we demonstrated that the presentation of PLL 

to encapsulated MSCs stimulated their chondrogenic differentiation in a size- and dose- 

dependent manner in a 3D environment. Under certain conditions, PLL also up-

regulated expression of the condensation signal N-cadherin in hydrogel-encapsulated 

MSCs. 

The retention of PLL is likely due to the formation of a tight interpenetrating 

network held together via electrostatic interactions between the cationic polypeptide and 

electronegative groups with partial negative charges (i.e. carbonyl groups) on the OPF 

polymer backbone. We tested this hypothesis by comparing the release of PLL from 

OPF hydrogels as effected by the PLL loading method. PLL loaded into hydrogels 

during OPF crosslinking was not released in PBS but was released in basic incubation 

conditions under accelerated hydrogel degradation conditions. However, similar 

amounts of released PLL in the incubation medium were detected in both neutral and 
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basic conditions for OPF hydrogels loaded with PLL after crosslinking, indicating that 

the size of PLL likely prevented its diffusion into the crosslinked OPF network. In 

addition to strong electrostatic interactions, it is also possible that the amines present on 

PLL may have chemically reacted with unsaturated carbon-carbon double bonds [422, 

423] in the fumarate blocks or unconverted PEG hydroxyls [424] of the OPF macromers 

during crosslinking.  

Incorporation and retention of cationic PLL within hydrogels resulted in ionization 

of the resultant constructs, which affected their swelling behavior and degradation. 

Characterization of hydrogel swelling at early time points generally showed that PLL-

laden constructs initially exhibited greater swelling ratios when compared to blank 

controls. Typically, swelling of a neutral biopolymer hydrogel network is largely 

governed by the thermodynamic compatibility of the solute (i.e. the polymer chains) with 

the aqueous solvent and the rubber elasticity of the polymer chains as described by the 

Flory-Rehner theory [425]. When the polymer chains are ionized, however, the 

presence of polymer-polymer charge interactions can also significantly influence 

hydrogel swelling behavior, where like charges support swelling while opposite charges 

hinder swelling [426-428]. The incorporation of cationic PLL polypeptides into OPF 

hydrogels initially introduced a surplus of positively charged moieties that led to a 

repulsion of similarly charged polymer chains in the interpenetrating network. This 

resulted in the initial increased swelling of PLL-laden hydrogels when compared to their 

PLL-free counterparts. Over time, hydrolytic degradation of the OPF polymer chains 

yielded negatively charged moieties in the form of carboxylic acids and oligomerized 

fumaric acids [3, 429] that possess an electrostatic affinity for cationic groups. 
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Subsequent affinity between the interpenetrating PLL and OPF chains opposes 

hydrogel swelling, which was observed at later time points in the swelling study where 

PLL-laden groups generally swelled less in comparison to controls. Interestingly, a 

formal main effects analysis of the factorial swelling study revealed that the factor of 

PLL MW as opposed to the initial PLL loading dosage played a more significant role in 

influencing changes in the swelling of PLL-laden OPF hydrogels. This is likely attributed 

to the greater expansion of the interpenetrating network permitted by the dynamic 

electrostatic interactions between the OPF macromers and longer PLL chains. In 

investigating the effect of PLL incorporation on hydrogel degradation, it was anticipated 

that the electrostatic interactions between the sol fraction and incorporated PLL would 

lead to a reduction in initial mass loss. While the differentiating trends in mass loss 

amongst the varying hydrogel formulations were generally minor, blank OPF hydrogels 

of both 10K and 35K OPF MW both did display greater mass loss than some PLL-laden 

groups at early time points up until day 7. Such changes in hydrogel swelling behavior 

and degradation suggest that PLL can be leveraged for the generation of hydrogel 

constructs with desirable dynamic swelling properties for cartilage engineering 

applications. 

To evaluate the potential of PLL for use in cartilage tissue engineering, we 

evaluated the chondrogenic differentiation of encapsulated MSCs as effected by PLL 

size and loading dosage. From our results, we showed that PLL primarily stimulated the 

expression of chondrogenic gene markers at early time points, where dose-dependent 

effects were mainly discerned for aggrecan expression and size-dependent effects were 

mainly detected for type II collagen expression. The induction of hyaline-like MSC 
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chondrogenic differentiation as a result of PLL presentation was most evident in the 

type II/type I collagen expression ratio. PLL of 225 kDa average MW, when loaded at a 

concentration of 500 ng per construct, induced the greatest chondrogenic differentiation, 

as indicated by gene expression, of MSCs encapsulated within OPF hydrogels. 

Previously, it was only shown that PLL promoted increases in chondrogenic gene 

expression of MSCs in monolayer [408]. Here, we show that PLL can also induce the 

chondrogenic differentiation of MSCs encapsulated within hydrogels. Interestingly, all 

PLL-laden groups exhibited decreased calcium accumulation over time when compared 

to the negative control. This could possibly be attributed to the cationic forces of the 

incorporated PLL inhibiting the nucleation of positively charged calcium within these 

cell-laden constructs via electrostatic repulsion.  

In seeking to translate and further investigate the chondro-stimulatory properties 

of PLL within the context of a well-established hydrogel system, we hypothesized (in our 

second cell encapsulation study) that the effects of PLL would work synergistically with 

increases in OPF MW toward enhancing the chondrogenic synthetic activity and gene 

expression of encapsulated MSCs. However, we did not observe any combinatory 

effects of PLL and OPF MW on chondrogenic differentiation under the conditions 

investigated. For the biochemical characterization, overall construct cellularity 

decreased after encapsulation and stabilized for the duration of culture as expected [4, 

6, 162, 367]. PLL incorporation significantly heightened both the GAG and collagen 

synthetic activity of encapsulated cells, especially at intermediate time points. However, 

the buildup of detectable extracellular matrix diminished following day 14, likely as a 

result of overall construct degradation. While several mechanisms have been proposed 
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to describe the stimulatory effects of PLL on chondrogenesis [403], the one receiving 

the most attention involves the alteration of cellular GAG biosynthesis and distribution 

as a result of PLL treatment [430]. In previous experiments, Tuan and colleagues were 

able to demonstrate by using competitive binding assays that the endogenous PLL 

binding substrates are likely cell membrane-associated and soluble sulfated GAGs 

[430]. PLL was further shown to significantly inhibit the release of sulfated GAGs into 

the culture medium via micromass cultures and enhance their sulfate incorporation 

during GAG biosynthesis. Although the exact mechanism still remains to be determined, 

it was established that PLL promoted the pericellular retention of proteoglycans as well 

as other anionic extracellular matrix components, allowing for cumulative extracellular 

matrix assembly and subsequent cartilage nodule formation [430]. Given that a 

composite hydrogel system comprising a synthetic backbone was employed for our 

studies to isolate the effects of PLL, we did not expect to observe significant 

extracellular matrix deposition over time since other stimulatory factors (such as 

adhesion and enzymatically degradable peptides or growth factors) were not 

incorporated. This outcome was indicated in the histology, which also suggests PLL’s 

early effects on chondrogenic differentiation. 

In elucidating the effect of OPF MW and PLL incorporation on chondrogenic 

gene expression, we found that alterations in OPF MW dominated trends in type II 

collagen where increasing OPF MW generally enhanced gene expression, which 

corroborates previous results from our laboratory [5]. While both PLL-laden and PLL-

free 35K OPF composites also exhibited heightened aggrecan expression when 

compared to 10K OPF controls early on, we found that the incorporation of PLL to the 
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latter also enhanced their early aggrecan expression. Further, an analysis of the type 

II/type I collagen expression ratio confirmed that incorporation of PLL into OPF hydrogel 

composites indeed enhanced the hyaline-like chondrogenic differentiation of 

encapsulated MSCs. Although no direct assessments were made in the present study, 

comparison of the gene expression data from the two cell encapsulation experiments 

suggests that β-glycerophosphate played a role in facilitating the stimulatory effects of 

PLL on chondrogenesis. Indeed, larger fold changes in MSC chondrogenic gene 

expression as effected by PLL, especially for the type II/type I collagen expression ratio, 

were detected in the first cell encapsulation study when compared to the second cell 

encapsulation study, where the former included β-glycerophosphate as a media 

supplement. Since β-glycerophosphate is known to stimulate the osteogenic 

differentiation of MSCs via increasing alkaline phosphatase activity and altering local 

phosphate ion concentrations [431, 432], there may exist some interplay between β-

glycerophosphate and PLL that influences both bone and cartilage development, since 

both processes are preceded by condensation in embryo [401]. This particular 

phenomenon, although not researched in the current study, warrants further 

investigation.       

In order to gain a more in depth understanding of the phenotypic changes in 

encapsulated MSCs as induced by PLL, versican, sox9, type X collagen, and N-

cadherin gene expressions were also analyzed in addition to the standard chondrogenic 

markers (i.e. type II collagen, type I collagen, and aggrecan). As a proteoglycan that 

shares common features with aggrecan, versican is thought to play a prevalent role in 

the regulation of extracellular matrix assembly during pre-cartilaginous condensation 
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[433, 434]. Additionally, sox9 is understood to be essential for cartilage formation [435] 

and is often considered an early chondrogenic marker. Cells encapsulated within these 

hydrogels did not undergo hypertrophy as indicated by the inability to detect (below 

detection threshold) any type X collagen gene expression. Furthermore, the absence of 

any discernable trends in versican and sox9 gene expression as a result of PLL 

incorporation highly suggests that PLL likely stimulated chondrogenesis via an indirect 

mechanism through N-cadherin. Notably, we detected an increase in N-cadherin 

expression for 35K OPF hydrogel composites at day 28 as a result of PLL incorporation 

when compared to the PLL-free 35K control. This observed effect of PLL on N-cadherin 

expression corroborates previously reported data; Woodward and Tuan found that PLL 

stimulates the chondrogenic differentiation of mesenchymal micromass cultures by 

upregulating functional N-cadherin expression as well as the inhibition of β-catenin 

phosphorylation, both of which are essential for promoting pre-cartilaginous 

condensation [407]. However, differences in temporal N-cadherin expression patterns 

when compared to 2D cultures indicate that the incorporation parameters of PLL in 3D 

hydrogels, such as size and dosage, may require further optimization in order to 

accurately recapitulate proper conditions for condensation. While PLL does not exist 

naturally in vivo [403], its ability to interact with cells intracellularly as well as though 

their extracellular matrix [407] suggest the existence of biological counterparts to PLL. 

PLL has indeed been thought to mimic the chondrogenesis-promoting actions of 

procollagen and fibronectin, both of which contain cationic regions similar to PLL [403, 

430, 436-438]. Whether or not PLL adopts similar mechanisms in promoting 

chondrogenic differentiation in 3D hydrogel systems requires further study. Interestingly, 
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decreasing OPF MW also appeared to increase N-cadherin expression in MSCs 

encapsulated in OPF hydrogel systems. This phenomenon could be attributed to 

increases in hydrogel osmotic pressure due to decreases in MW between crosslinked 

chains as described by the Flory-Rehner theory [387, 425, 439-441], which would likely 

simulate the physical cues present as a result of dense cell-cell interactions during pre-

cartilaginous condensation [442, 443]. 

 

Conclusion 

In summary, we developed a 3D hydrogel platform incorporating PLL as an 

inductive factor for stimulating the chondrogenesis of encapsulated MSCs. Upon 

loading into synthetic hydrogels, PLL remains largely retained where it is capable of 

exerting size- and dose- dependent changes on the swelling behavior and degradation 

of the resultant composite constructs. We demonstrate that the incorporation of PLL into 

synthetic OPF hydrogels dynamically influences their swelling behavior, which may be 

leveraged for the development of constructs with desirable dynamic swelling properties 

for cartilage tissue engineering applications. Within these hydrogel composites, PLL 

also stimulated early chondrogenesis of MSCs, in which higher MW and loading 

amounts resulted in greater chondrogenic gene expression. Additionally, the 

incorporation of PLL also promoted an increase in N-cadherin expression under certain 

conditions. Together, our results demonstrate that PLL can function as an inductive 

factor that primes the cellular microenvironment for early chondrogenic differentiation 

but may require additional stimulatory factors for the generation of fully functional 

chondrocytes. By leveraging these chondro-stimulatory properties of PLL, notably given 
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its ubiquity in biomedical technologies, we provide herein a clinically relevant and 

developmental-inspired strategy for cartilage tissue regeneration. 
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Figure 9.1: An indirect measure of PLL retention through the detection of released PLL 
is shown in (A) PBS (pH 7.4) or in (B) basic buffer (pH 13) after 24 h between OPF 

controls, OPF hydrogels loaded with PLL during fabrication (pre), and OPF hydrogels 
loaded with PLL after fabrication (post). Within each incubation condition, groups not 

connected by the same letters are significantly different (p < 0.05). Within each group, * 
indicates a difference between incubation conditions. Released PLL is shown in (C) 

PBS and in (D) basic buffer over 21 days between OPF-PLL and blank controls. At each 
time point for (C) and (D), the * indicates a significant difference between groups 

(p<0.05). Error bars represent the standard deviation (n=3). 
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Figure 9.2: Cumulative PLL-FITC release from (A) 10K OPF hydrogels and (B) 35K 
OPF hydrogels loaded with PLL at 500 ng/hydrogel, 5 µg/hydrogel, or 20 µg/hydrogel 
over 28 days is shown. The dashed line indicates the initial amount of PLL loaded into 
the constructs for each respective concentration. Visualization of uniformly distributed 
PLL-FITC loaded into hydrogel constructs at each concentration, which is shown at 
days 7 and 28 after incorporation for (C) 10K hydrogels and (D) 35K hydrogels. Scale 
bar = 200 µm. 
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Figure 9.3: Swelling ratio profiles are shown for (A) 10K OPF or (B) 35K OPF hydrogel 

formulations over 28 days. The mass loss profiles are shown for (C) 10K OPF or (D) 
35K OPF hydrogel formulations over 28 days. The * indicates a difference between the 
10K OPF or 35K OPF blank control group and at least one of the corresponding PLL-

laden groups at that time point. Error bars represent the standard deviation (n=4). 
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Figure 9.4: Quantitative gene expression is shown for (A) type II collagen, (B) 
aggrecan, and the (C) type II/type I collagen expression ratio at days 7 and 28 for the 

first cell encapsulation study. The type II/type I collagen expression ratio is shown using 
a logarithmic scale for the y-axis. (D) The normalized calcium content at various time 

points. At each individual time point, groups not connected by the same letter are 
significantly different (p<0.05). Comparing time points within each individual group, time 

points connected by a bar are significantly different (p<0.05). The * indicates a 
significant difference when compared to the day 0 value of that corresponding group 

(p<0.05). Error bars represent the standard deviation (n=4). 
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Figure 9.5: (A) DNA content, (B) GAG synthetic activity, and (C) HYP synthetic activity 
of cell-laden composite hydrogels are shown at various time points. At each individual 
time point, groups not connected by the same letter are significantly different (p<0.05). 
Within each group at each individual time point, time points not connected by the same 
symbol are significantly different (p<0.05). Error bars represent the standard deviation 

(n=4). 
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Figure 9.6: Histological evaluation of GAG production using (A) Alcian Blue, where 
increasing shades of blue indicate greater sulfated GAG deposition, and collagen 

production using (B) Picrosirius Red, where increasing shades of red/orange indicate 
greater collagen deposition, are shown at day 14. GMPs and encapsulated MSCs are 

indicated with black arrows and orange arrowheads, respectively. Scale bar represents 
200 µm for all images. 
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Figure 9.7: Quantitative gene expression is shown for (A) type II collagen, (B) 
aggrecan, and the (C) type II/type I collagen expression ratio at various time points for 

the second cell encapsulation study. At each individual time point, groups not connected 
by the same letter are significantly different (p<0.05). Comparing time points within each 

individual group, time points connected by a bar are significantly different (p<0.05). 
Error bars represent the standard deviation (n=4). 
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Figure 9.8: Quantitative gene expression is shown for (A) Versican, (B) Sox9, and (C) 
CDH2 at various time points for the second cell encapsulation study. At each individual 
time point, groups not connected by the same letter are significantly different (p<0.05). 
Comparing time points within each individual group, time points connected by a bar are 

significantly different (p<0.05). Error bars represent the standard deviation (n=4). 
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Supplemental Figure 9.S1: Viability staining of cells using LIVE/DEAD is shown for (A) 
non-PLL-laden controls and (B) PLL-laden hydrogels (500 ng/hydrogel) at 24 hr and for 
(C) PLLladen hydrogels (500 ng/hydrogel) at 7 days after cell encapsulation. Green: live 

cells, red: dead cells; scale bar = 200 μm. 
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Table 9.1. Experimental Design for the Determination of PLL Retention 

 
 
 
 
 
 
 
 

 
 

i.) Samples were incubated at both pH conditions in parallel and supernatants were 
collected at 2 and 24 h after fabrication and analyzed. ii.) Supernatants were collected 

at 2 h, 1, 7, 14, and 21 days for analysis. Samples were then transferred to pH 13 
incubation conditions to be incubated for 24 h before collection and analysis. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

i. Group (n=3) Incubation  
Condition 

PLL Loading  
Method 

PLL Dosage  
(µg/hydrogel) 

 OPF pH 7.4, 13 -- -- 
 OPF-Pre pH 7.4, 13 During Fabrication 20 
 OPF-Post pH 7.4, 13 After Fabrication 20 

ii. Group (n=3) Incubation  
Condition 

PLL Loading  
Method 

PLL Dosage  
(µg/hydrogel) 

 OPF pH 7.4 -- -- 
 OPF-Pre pH 7.4 During Fabrication 20 
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Table 9.2. Experimental Design for the Determination of PLL-FITC Release 
 

Group (n=3) OPF MW  
(g/mol) 

PLL MW  
(kDa) 

PLL Dosage  
(per hydrogel) 

OPF 10K, 35K 50 -- 
OPF-500ng 10K, 35K 50 500 ng 
OPF-5µg 10K, 35K 50 5 µg 

OPF-20µg 10K, 35K 50 20 µg 
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Table 9.3. Full Factorial Study to Characterize Swelling Behavior and Degradation of 
PLL-laden Hydrogels 

 

Levels (n=4) (A) PLL MW  
(kDa) 

(B) PLL Dosage  
(per hydrogel) 

(C) OPF MW  
(g/mol) 

Hi 225 20 µg 35K 
Lo 50 500 ng 10K 

PLL-free 10K and 35K OPF hydrogels were utilized as negative controls. 
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Table 9.4. Cell Encapsulation Study to Characterize the Effects of PLL MW and Dosage 
on Chondrogenic Differentiation 

 

Group (n=4) PLL MW (kDa) PLL Dosage  
(ng per hydrogel) 

OPF -- -- 
PLL50-250 50 250 

PLL225-250 225 250 
PLL50-500 50 500 

PLL225-500 225 500 
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Table 9.5. Cell Encapsulation Study to Characterize the Effects of OPF MW and PLL 
Presentation on Chondrogenic Differentiation and Condensation 

 
Group (n=4) PLL MW and Dosage OPF MW (g/mol) 

10K OPF -- 10K 
35K OPF -- 35K 

10K 500ng 225 kDa; 500 ng/hydrogel 10K 
35K 500ng 225 kDa; 500 ng/hydrogel 35K 
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Table 9.6. Primer Sequences Used for Quantitative RT-PCR 
 

Gene Primer Sequence 

Type II Collagen 5'-CTGCAGCACGGTATAGGTGA-3' 
5'-AACACTGCCAACGTCC AGAT-3' 

Type I Collagen 5'-AGCAGACGCATGAAGGCAAG-3' 
5'-CCCAGAATGGAGCAGTGGTTA-3' 

Aggrecan 5'-CGTAAAAGACCTCACCCTCCA-3' 
5'-GCTACGGAGACAAGGATGAGT-3' 

Versican (VSN) 5'-GCTACACCCTTCCCATCAGT-3' 
5'-GAATTTGCTCTGAGGAAGCC-3' 

Sox9 5'-GAGCGAAGAGGACAAGTTCC-3' 
5'-GTCCAGTCGTAGCCCTTGAG-3' 

Type X Collagen 5'-ATGGAGTGTTCTACGCTGAG-3' 
5'-CCTCTCACTGGTATACCTTTACT-3' 

N-Cadherin (CDH2) 5'-CTGCTATTGATGCGGATGAC-3'  
5'-TGAACATGTTGGGAGAAGGA-3' 

GAPDH 5'-TCACCATC TTCCAGGAGCGA-3' 
5' -CACAATGCCGAAGTGGTCGT-3' 
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Table 9.7. Main and Cross Effects on the Swelling Behavior and Degradation of PLL-
laden Hydrogels 

 
Swelling Ratio 

Time A B C A x B B x C A x C A x B x C 

Day 1 0.917±0.366 0.324±0.366 1.010±0.366 -
0.164±0.366 

-
0.048±0.366 0.415±0.366 -

0.172±0.366 

Day 7 -
0.183±0.284 

-
0.051±0.284 0.550±0.284 -

0.633±0.284 0.518±0.284 -
0.386±0.284 0.051±0.284 

Day 
14 

-
0.352±0.474 0.009±0.474 3.139±0.474 0.034±0.474 -

0.351±0.474 
-

0.167±0.474 
-

0.698±0.474 
Day 
28 0.653±0.565 -

0.430±0.565 2.003±0.565 -
0.583±0.565 0.104±0.565 0.889±0.565 -

1.514±0.565 
 

        

Mass Loss 
Time A B C A x B B x C A x C A x B x C 

Day 1 0.010±0.011 0.019±0.011 -
0.012±0.011 

-
0.015±0.011 

-
0.015±0.011 0.009±0.011 -

0.002±0.011 

Day 7 0.003±0.005 0.005±0.005 0.000±0.005 -
0.012±0.005 

-
0.003±0.005 0.012±0.005 0.033±0.005 

Day 
14 

-
0.011±0.010 0.019±0.010 0.052±0.010 0.008±0.010 -

0.003±0.010 0.010±0.010 0.007±0.010 

Day 
28 0.005±0.009 0.013±0.009 0.016±0.009 0.005±0.009 0.004±0.009 0.002±0.009 0.017±0.009 

 (A), (B), and (C) refer to the factors of PLL MW, PLL Dosage, and OPF MW as outlined 
in Table 9.3, respectively. Bold indicates significant main or cross effects (p<0.05). 
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Supplemental Table 9.S1: Mean Swelling Ratios of Composite Formulations 
a.) 

Formulation 
PLL 
MW 

(kDa) 
PLL Dosage 

(per hydrogel) 
OPF MW 
(g/mol) 

Mean Swelling Ratio 

Day 1 Day 7 Day 14 Day 28 

10K Control -- -- 10K 15.2±0.7b 17.3±0.6b 14.4±1.4 20.3±0.6a,b 
10K 50Hi 50 20 µg 10K 17.4±0.7a 17.8±0.4a,b 13.4±2.4 17.8±1.5c 
10K 50Lo 50 500 ng 10K 16.7±1.3a,b 17.6±0.8a,b 14.2±1.4 20.7±0.4a 
10K 225Hi 225 20µg 10K 18.5±0.7a 16.9±0.6b 14.5±0.2 19.2±0.8a,b,c 
10K 225Lo 225 500 ng 10K 17.7±0.9a 19.4±1.7a 12.4±1.8 18.4±1.2b,c 
Mean values for the swelling ratio were calculated by averaging the measured values 
for each formulation at each time point over 28 days. For each time point, values not 
connected by the same letters are significantly different (p<0.05). 
 
b.) 

Formulation 
PLL 
MW 

(kDa) 
PLL Dosage 

(per hydrogel) 
OPF MW 
(g/mol) 

Mean Swelling Ratio 

Day 1 Day 7 Day 14 Day 28 

35K Control -- -- 35K 16.3±0.6c 20.3±0.0a 20.3±0.2a 29.3±1.7a 
35K 50Hi 50 20 µg 35K 18.9±1.3a,b 20.6±0.6a 20.7±1.0a 23.2±0.6b,c 
35K 50Lo 50 500 ng 35K 17.7±1.7b,c 18.5±0.4b 20.1±0.6a,b 19.7±3.0c 
35K 225Hi 225 20µg 35K 20.9±0.2a 18.3±0.2b 18.4±0.6b 22.1±2.5c 
35K 225Lo 225 500 ng 35K 21.0±0.9a 18.6±0.6b 20.4±1.2a 27.0±0.7a,b 
Mean values for the swelling ratio were calculated by averaging the measured values 
for each formulation at each time point over 28 days. For each time point, values not 
connected by the same letters are significantly different (p<0.05). 
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Supplemental Table 9.S2: Mean Mass Loss (%) of Composite Formulations 
a.) 

Formulation PLL MW 
(kDa) 

PLL Dosage 
(per hydrogel) 

OPF MW 
(g/mol) 

Mean Mass Loss (%) 

Day 1 Day 7 Day 14 Day 28 

10K Control -- -- 10K 55.4±0.6a,b 59.0±1.8a 49.6±4.5 60.1±0.4 
10K 50Hi 50 20 µg 10K 55.9±3.9a 62.0±0.7a 52.4±4.8 62.3±7.9 
10K 50Lo 50 500 ng 10K 46.7±3.0c 51.4±2.7b 48.3±8.0 63.4±0.8 
10K 225Hi 225 20µg 10K 53.7±3.1a,b 51.2±2.3b 52.6±7.8 68.3±1.3 
10K 225Lo 225 500 ng 10K 49.4±2.4b,c 58.5±4.3a 47.7±2.6 60.3±3.7 
Mean values for the mass loss (%) were calculated by averaging the measured values 
for each formulation at each time point over 28 days. For each time point, values not 
connected by the same letters are significantly different (p<0.05). 
 
b.) 

Formulation PLL MW 
(kDa) 

PLL Dosage 
(per hydrogel) 

OPF MW 
(g/mol) 

Mean Mass Loss (%) 

Day 1 Day 7 Day 14 Day 28 

35K Control -- -- 35K 46.5±3.3 59.2±1.4a 65.1±1.5 71.7±1.7 
35K 50Hi 50 20 µg 35K 49.3±13.9 52.5±3.0b 63.0±5.9 68.5±1.9 
35K 50Lo 50 500 ng 35K 45.0±4.3 56.1±4.8a,b 62.7±0.7 64.3±5.3 
35K 225Hi 225 20µg 35K 49.6±2.8 59.7±1.3a 61.7±4.9 66.9±6.4 
35K 225Lo 225 500 ng 35K 52.1±6.4 55.0±2.4a,b 55.4±7.6 67.4±7.0 
Mean values for the mass loss (%) were calculated by averaging the measured values 
for each formulation at each time point over 28 days. For each time point, values not 
connected by the same letters are significantly different (p<0.05). 
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Chapter 10. Conclusions 
 

While the regeneration of articular cartilage still remains a substantial clinical 

challenge, significant strides have since been achieved toward the understanding and 

development of tissue engineering strategies for long-term cartilage repair. In this 

thesis, we developed an injectable and biodegradable polymeric material as a culture 

vehicle for MSCs in order to engineer therapeutic osteochondral tissue constructs 

capable of improving osteochondral defect healing. 

Focusing on the development of the injectable OPF-based biomaterial in Specific 

Aim 1, we investigated the main and cross effects of (1) PEG chain MW, (2) DBR, (3) 

crosslinker type, (4) GMP crosslinking extent, and (5) incubation medium composition 

on the swelling and degradation characteristics of OPF composite hydrogels. We 

showed that the mean swelling ratio and mean % mass remaining of these hydrogels 

were affected by every fabrication parameter, where modifying the PEG chain MW and 

the crosslinker type yielded the largest effects. We demonstrated that the swelling and 

degradation behavior of OPF composite hydrogels can be readily controlled through the 

collective modulation of key construction parameters, which highlights the versatility of 

these hydrogels (and other PEG-based hydrogels) for both drug and cell delivery 

applications for tissue engineering.  

Employing the OPF-based hydrogels characterized in Specific Aim 1, 

osteochondral constructs were generated by spatiotemporally controlling the 

encapsulation of chondrogenically and osteogenically pre-differentiated MSCs within the 

respective chondral and subchondral layers of a bilayered hydrogel composite in 
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Specific Aim 2. We hypothesized that chondrogenically and osteogenically pre-

differentiated MSCs would be able to maintain their respective phenotypes within OPF 

hydrogels without the need for additional soluble cues. When encapsulated into 

bilayered hydrogel composites, the respective phenotypes of both chondrogenically and 

osteogenically pre-differentiated cells were indeed maintained for 28 days in vitro 

without exogenous growth factor treatment. Additionally, the continued chondrogenic 

differentiation of cells in the chondral layer reflected different chondrogenic maturities 

and stimulated the proliferation of neighboring OS cells in the subchondral layer.   

Having outlined the exciting potential of such cell-laden hydrogel constructs for 

the in situ generation of osteochondral tissue constructs, we show in an orthotopic 

animal model that the therapeutic efficacy of MSCs on cartilage regeneration in 

osteochondral tissue defects can be enhanced by chondrogenic and osteogenic pre-

differentiation prior to implantation. Such differences in morphological outcomes in vivo 

as influenced by changes to the chondrogenic pre-differentiation duration demonstrate 

that cell phenotype is a factor that could be optimized in order to achieve ideal tissue 

repair. 

Although chondrogenic pre-differentiation represents a viable strategy for the 

generation of long-term cartilage repair solutions, the recapitulation of developmental 

processes, namely mesenchymal condensation, offers the potential to fully regenerate 

articular cartilage tissues.  In Specific Aim 3, we focus on the use of PLL, previously 

shown to up-regulate condensation of mesenchymal micromasses in vitro, as an early 

chondrogenic stimulant of MSCs. Specifically, we developed a 3D hydrogel platform 

incorporating PLL as an inductive factor for stimulating the chondrogenesis of 
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encapsulated MSCs. We demonstrated that PLL incorporation into synthetic OPF 

hydrogels dynamically affected their swelling behavior, which may be leveraged for the 

generation of constructs with desirable dynamic swelling properties for cartilage tissue 

engineering applications. We also showed that PLL stimulated early chondrogeneis of 

MSCs in a PLL size- and dose-dependent manner within these OPF hydrogel 

composites, and that PLL promoted an increase in N-cadherin expression under certain 

conditions as well. By taking advantage of the chondro-stimulatory properties of PLL, 

given its ubiquity in biomedical technologies, we provided a clinically relevant and 

developmental-inspired strategy for cartilage tissue regeneration. 

Despite its perceived simplicity, the regeneration of articular cartilage tissues still 

remains an elusive goal in tissue engineering. However, new innovative tissue 

engineering technologies are beginning to address many of the major shortcomings of 

current clinical approaches. In a relatively short time span, cell-based systems and 

release systems for the controlled delivery of biologics have evolved from simple intra-

articular modalities into complex multifunctional carrier platforms. While these systems 

have generally combined the delivery of undifferentiated MSCs with potent 

chondrogenic growth factors in cartilage repair applications, new approaches are now 

finding therapeutic utility in the use of phenotypically primed but not terminally 

differentiated progenitor cells. As highlighted in the present thesis, MSCs pre-

differentiated down the chondrogenic or osteogenic lineages inherit tremendous 

potential for targeted tissue repair due to their immature but committed phenotypic 

state. Indeed, it is also possible to utilize biochemical factors to stimulate biomimetic 

developmental processes in order to eventually induce complete articular cartilage 
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tissue regeneration from MSCs. Through the successful combination of effective MSC 

pre-differentiation with the recapitulation of developmental processes in future research 

endeavors, it is envisioned that true and robust articular regeneration can be finally 

achieved.  
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Abstract



Articular cartilage is a flexible connective tissue that enables the frictionless and painless articulation of bones in synovial joints throughout the body. Given its avascular nature, articular cartilage tissue inherently exhibits a compromised endogenous capacity for regeneration when damaged. Defects caused by disease or trauma often result chronic pain and osteoarthritis, as current clinical treatments are still unable to achieve long-term repair. Hence, tissue engineers are developing innovative technologies to provide strategies for successful cartilage regeneration. This thesis focuses on the development and evaluation of cell-based osteochondral tissue engineering solutions based on injectable and biodegradable polymer biomaterials for bone and cartilage repair. First, we developed and characterized oligo(poly(ethylene glycol) fumarate) (OPF)-based hydrogels for osteochondral tissue engineering applications. We investigated the main effects of five main hydrogel fabrication parameters (the poly(ethylene glycol) molecular weight (PEG MW), the crosslinker-to-OPF carbon-carbon double bond ratio (DBR), the crosslinker type, the crosslinking density of encapsulated gelatin microparticles, and the incubation medium composition) as well as their interaction effects on the swelling behavior and degradation of OPF hydrogel composites. We found that increasing the PEG MW increased the mean swelling ratio and decreased the mean mass remaining %, while changing the crosslinker type from methylene bisacrylamide (MB) to PEG diacrylate yielded the opposite effect. Additionally, we found that the swelling of hydrogels fabricated with higher PEG MW or with MB were more sensitive to increases in DBR. From these results, we showed that the swelling and degradation properties of OPF-based hydrogels can be precisely tuned through the modulation of these five fabrication parameters. The second part of this thesis investigated the potential of bilayered OPF hydrogel composites encapsulating chondrogenically and osteogenically pre-differentiated MSCs in a spatially controlled fashion for osteochondral tissue repair. We demonstrated that MSCs that underwent 7 days (CG7), but not 14 days (CG14), of chondrogenic pre-differentiation most closely resembled the phenotype of native hyaline cartilage when combined with osteogenically pre-differentiated (OS) cells in a bilayered OPF hydrogel. We found that the respective chondrogenic and osteogenic phenotypes of encapsulated MSCs were maintained for up to 28 days in vitro without the need for external growth factors. When taken in vivo, the delivery of CG7 cells, as opposed to CG14 cells, in combination with OS cells via a bilayered OPF hydrogel composite stimulated morphologically superior cartilage repair. Indeed, the present work showed that cartilage regeneration in osteochondral defects can be enhanced by MSCs that are chondrogenically and osteogenically pre-differentiated prior to implantation. Longer chondrogenic pre-differentiation periods, however, resulted in diminished cartilage repair. The final section of this thesis investigated the use of poly(L-lysine) (PLL), previously shown to up-regulate condensation during cartilage development in vitro, as an early chondrogenic stimulant of MSCs encapsulated in OPF hydrogels. We showed that PLL incorporation resulted in early enhancements of type II collagen and aggrecan gene expression as well as increased type II/type I collagen expression ratios when compared to blank controls. We also demonstrated that PLL enhanced N-cadherin gene expression of encapsulated MSCs under certain conditions, suggesting that PLL also likely induced pre-cartilaginous condensation.
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Figure 7.5. (A) Normalized GAG content and (B) GAG/HYP ratios of the chondral layers of bilayered hydrogel constructs at various time points. The dashed line indicates average starting levels measured at Day 0 immediately after encapsulation. At each individual time point, groups not connected by the same letter are significantly different (p<0.05); comparing time points within each group, groups not connected by the same symbol are significantly different (p<0.05). Error bars represent the standard deviation for n = 4 samples.
211

Figure 7.6. Representative histological section of the chondral layer of cell-laden OPF hydrogel composites stained with Safranin-O at Day 28. The higher magnification image depicts the spherical morphology of encapsulated cells, where the scale bar represents 20 µm. Arrows indicate gelatin microparticles, now partially degraded, that were also encapsulated within the construct. This section was taken from Group 2 (MSC/OS), which is representative of histology from all groups examined.
212

Figure 7.7. Quantitative gene expression for (A) type II collagen, (B) aggrecan, (C) type I collagen, and the (D) type II collagen/type I collagen expression ratio of cells within the chondral layers of bilayered hydrogel constructs at various time points. The type II collagen/type I collagen expression ratio is presented using a logarithmic scale for the y-axis. The dashed line indicates average starting values measured at Day 0 immediately after encapsulation. At each individual time point, groups not connected by the same letter are significantly different (p<0.05); comparing time points within each group, groups not connected by the same symbol are significantly different (p<0.05). Error bars represent the standard deviation for n = 4 samples.
213

Figure 7.8. ALP enzyme activity of cells within the subchondral layers of bilayered hydrogel constructs at various time points. At each individual time point, groups not connected by the same letter are significantly different (p<0.05); comparing time points within each group, groups not connected by the same symbol are significantly different (p<0.05). Error bars represent the standard deviation for n = 4 samples.
214

Figure 7.9. Ca2+ content for the subchondral layers of bilayered hydrogel constructs at various time points. At each individual time point, groups not connected by the same letter are significantly different (p<0.05). Error bars represent the standard deviation for n = 4 samples.
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Supplemental Figure 8.S1: Representative gross morphology of the osteochondral defects after 12 weeks from the (a) MSC/MSC group, (b) the MSC/OS group, (c) the CG7/OS group, and (d) the CG14/OS group. Defects are indicated with a white circle. It should be noted that the white circles are only indicative and do not reflect the actual dimensions of the defect. (e) H&E section showing the partially degraded hydrogel particulates encapsulated in fibrous tissue, as indicated by arrows, typically found remaining in the subchondral defect region of samples. This particular sample is from the MSC/MSC group.
241

Figure 8.1: Histological sections showing representative osteochondral tissue repair at 12 weeks postoperatively for the MSC/MSC group. Sections were stained with (a) Safranin O/Fast Green, (b) H&E, and (c) van Gieson’s Picrofuchsin (scale bars: 1000 µm). Images from this sample (a-c), which received a score of 2 for cartilage morphology, showed thin fibrocartilage formation filling the chondral defect space and ossifying chondrocytes in the subchondral defect space. (d) The newly formed cartilage in the osteochondral defect mostly comprised fibrocartilage at the joint surface and hypertrophic cartilage in the subchondral region (scale bar: 500 µm). (e) One other joint from the MSC/MSC group displayed bone-like tissue formation in the chondral defect region, as can be seen by the presence of osteocytes in the H&E section (scale bar: 500 µm).
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Figure 8.2: Histological sections showing representative osteochondral tissue repair at 12 weeks postoperatively for the MSC/OS group. Sections were stained with (a) Safranin O/Fast Green, (b) H&E, and (c) van Gieson’s Picrofuchsin (scale bars: 1000 µm). (d) This sample, which received a score of 2 for cartilage morphology, displayed thicker cartilage formation, which mainly comprised a mixture of fibro- and hyaline cartilage (scale bar: 500 µm). This sample also showed the development of a relatively discernable osteochondral interface. (e) An example of regional hypertrophy in the chondral portion of the defect from another sample displayed enlarged chondrocytes and differential matrix staining when compared to the surrounding cartilage (scale bar: 500 µm).
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Figure 8.3: Histological sections showing representative osteochondral tissue repair at 12 weeks postoperatively for the CG14/OS group. Sections were stained with (a) Safranin O/Fast Green, (b and d) H&E, and (c) van Gieson’s Picrofuchsin (scale bars: 1000 µm). (d) This sample , which received a score of 2 for cartilage morphology, showed primarily fibrocartilage tissue repair with some fibrous tissue formation at the joint surface (scale bar: 500 µm). (e) One example of joint surface disruption in another sample is shown in the H&E section (scale bar: 500 µm).
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Figure 8.4: Histological sections showing representative osteochondral tissue repair at 12 weeks postoperatively for the CG7/OS group. Sections were stained with (a) Safranin O/Fast Green, (b) H&E, and (c) van Gieson’s Picrofuchsin (scale bars: 1000 µm). (d) This sample, which received a score of 4 for cartilage morphology, displayed high quality articular cartilage with columnar arrangement of chondrocytes (scale bars: 1000 µm). (e) This sample also displayed compact and trabecular bone formation in the subchondral defect regions of the osteochondral defects (scale bars: 1000 µm).
245

Figure 8.5: Histological score distribution for the new (a) subchondral bone morphology and the new (b) cartilage tissue morphology.
246

Figure 9.1: An indirect measure of PLL retention through the detection of released PLL is shown in (A) PBS (pH 7.4) or in (B) basic buffer (pH 13) after 24 h between OPF controls, OPF hydrogels loaded with PLL during fabrication (pre), and OPF hydrogels loaded with PLL after fabrication (post). Within each incubation condition, groups not connected by the same letters are significantly different (p < 0.05). Within each group, * indicates a difference between incubation conditions. Released PLL is shown in (C) PBS and in (D) basic buffer over 21 days between OPF-PLL and blank controls. At each time point for (C) and (D), the * indicates a significant difference between groups (p<0.05). Error bars represent the standard deviation (n=3).
283

Figure 9.2: Cumulative PLL-FITC release from (A) 10K OPF hydrogels and (B) 35K OPF hydrogels loaded with PLL at 500 ng/hydrogel, 5 µg/hydrogel, or 20 µg/hydrogel over 28 days is shown. The dashed line indicates the initial amount of PLL loaded into the constructs for each respective concentration. Visualization of uniformly distributed PLL-FITC loaded into hydrogel constructs at each concentration, which is shown at days 7 and 28 after incorporation for (C) 10K hydrogels and (D) 35K hydrogels. Scale bar = 200 µm.
284

Figure 9.4: Quantitative gene expression is shown for (A) type II collagen, (B) aggrecan, and the (C) type II/type I collagen expression ratio at days 7 and 28 for the first cell encapsulation study. The type II/type I collagen expression ratio is shown using a logarithmic scale for the y-axis. (D) The normalized calcium content at various time points. At each individual time point, groups not connected by the same letter are significantly different (p<0.05). Comparing time points within each individual group, time points connected by a bar are significantly different (p<0.05). The * indicates a significant difference when compared to the day 0 value of that corresponding group (p<0.05). Error bars represent the standard deviation (n=4).
286

Figure 9.5: (A) DNA content, (B) GAG synthetic activity, and (C) HYP synthetic activity of cell-laden composite hydrogels are shown at various time points. At each individual time point, groups not connected by the same letter are significantly different (p<0.05). Within each group at each individual time point, time points not connected by the same symbol are significantly different (p<0.05). Error bars represent the standard deviation (n=4).
287

Figure 9.6: Histological evaluation of GAG production using (A) Alcian Blue, where increasing shades of blue indicate greater sulfated GAG deposition, and collagen production using (B) Picrosirius Red, where increasing shades of red/orange indicate greater collagen deposition, are shown at day 14. GMPs and encapsulated MSCs are indicated with black arrows and orange arrowheads, respectively. Scale bar represents 200 µm for all images.
288

Figure 9.7: Quantitative gene expression is shown for (A) type II collagen, (B) aggrecan, and the (C) type II/type I collagen expression ratio at various time points for the second cell encapsulation study. At each individual time point, groups not connected by the same letter are significantly different (p<0.05). Comparing time points within each individual group, time points connected by a bar are significantly different (p<0.05). Error bars represent the standard deviation (n=4).
289

Figure 9.8: Quantitative gene expression is shown for (A) Versican, (B) Sox9, and (C) CDH2 at various time points for the second cell encapsulation study. At each individual time point, groups not connected by the same letter are significantly different (p<0.05). Comparing time points within each individual group, time points connected by a bar are significantly different (p<0.05). Error bars represent the standard deviation (n=4).
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Supplemental Figure 9.S1: Viability staining of cells using LIVE/DEAD is shown for (A) non-PLL-laden controls and (B) PLL-laden hydrogels (500 ng/hydrogel) at 24 hr and for (C) PLLladen hydrogels (500 ng/hydrogel) at 7 days after cell encapsulation. Green: live cells, red: dead cells; scale bar = 200 μm.
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Chapter 1. Objectives

Specific Aims

Overview


This goal of this research project is to leverage the versatility of a bilayered hydrogel system based on oligo(poly(ethylene glycol) fumarate) (OPF) to investigate the effects of lineage-specific pre-differentiation and developmental processes in order to maximize the capacity of cell-laden bilayered OPF hydrogel scaffolds for osteochondral tissue regeneration in vivo. The work in this thesis is divided into three specific aims.

Specific Aims


1. To investigate the main effects of hydrogel fabrication parameters as well as their interaction effects on the swelling behavior and degradation of OPF hydrogel composites. The five hydrogel fabrication parameters investigated were the poly(ethylene glycol) molecular weight, the crosslinker-to-OPF carbon-carbon double bond ratio, the crosslinker type, the crosslinking density of encapsulated gelatin microparticles, and the incubation medium composition. We hypothesized that the swelling and degradation characteristics of OPF composite hydrogels can be precisely controlled through individually or collectively modulating the levels of these five construction parameters. 

2. (A) To develop osteochondral tissue constructs encapsulating MSCs with varying chondrogenic maturities and osteogenically pre-differentiated MSCs within their respective layers of a bilayered hydrogel in vitro and (B) to measure their capacity to facilitate osteochondral tissue regeneration in vivo. We hypothesized that the combinatorial approach of encapsulating cell populations of both chondrogenic and osteogenic lineages in a spatially controlled manner would enable these cells to maintain their respective phenotypes via the exchange of biochemical factors without the influence of external growth factors. Furthermore, we hypothesized that the delivery of chondrogenically and osteogenically pre-differentiated MSCs in a spatially controlled manner would elicit improved histological tissue repair when compared to constructs containing only undifferentiated MSCs.

3. To evaluate the effects of poly(L-Lysine) presentation after hydrogel incorporation on the early chondrogenesis of MSCs encapsulated in OPF composite hydrogels in vitro toward the implementation of a developmental approach for cartilage tissue engineering and regeneration. We hypothesized that the incorporation of poly(L-Lysine) into MSC-laden OPF composite hydrogels will stimulate the chondrogenic differentiation of encapsulated MSCs.

Chapter 2. Background

Motivation


Articular cartilage is a flexible connective tissue that functions to lubricate the articulation of bone in major synovial joints. Due to the low cellular content and the avascular nature of cartilage, the tissue itself possesses a diminished endogenous capacity for regeneration. Hence in the absence of surgical intervention, damage to the tissue often leads to pain and premature arthritis. Currently, 6% of people over the age of 30 in the United States suffer from cartilage-related diseases 1[]
. Having already accrued $128 billion in healthcare costs, such debilitating conditions are projected to affect approximately 67 million people by 2030 1[]
. At present, there are no surgical procedures or clinical practices that can consistently treat cartilage and associated osteochondral tissue defects. However, tissue-engineering strategies, which are founded on the controlled combination of cells, biochemical factors, and bioactive scaffolds, present promising alternatives that may hold the key to solving this problem. To that end, our laboratory has contributed a number of studies investigating the capacity of a novel bilayered, cell-laden hydrogel composite to regenerate osteochondral tissues. Based on oligo(poly(ethylene glycol) fumarate) (OPF) polymers developed in our laboratory 
 ADDIN EN.CITE 
[2, 3]
, these hydrogels comprise two biochemically distinct layers: a layer mimetic of articular cartilage and another that represents the underlying subchondral bone. Although current systems can successfully induce the chondrogenic differentiation and osteogenic differentiation of encapsulated progenitor cells in vitro 
 ADDIN EN.CITE 
[4-6]
, much remains to be optimized for the consistent regeneration of cartilage tissues in vivo 
 ADDIN EN.CITE 
[7-9]
. In particular, the ideal combination of as well as the strategy for using cell types, biochemical factors, and bioactive scaffolding for osteochondral tissue regeneration has yet to be discovered. As a result, there is a pressing need to better utilize these engineering components in order to adequately and consistently induce the appropriate healing of osteochondral defects. Hence, this project aims to leverage the versatility of OPF hydrogel systems to investigate the optimal combination of cell types, scaffolding parameters, and biochemical factor release kinetics to maximize osteochondral tissue regeneration in vivo.


Articular Cartilage and the Underlying Subchondral Bone 


Structural anatomy and Functional Physiology


Like all tissue types, articular cartilage comprises a complex extracellular milieu in which specialized cells reside. The cellular constituents of articular cartilage, otherwise known as chondrocytes, work constantly to maintain and remodel the extracellular matrix that provides the characteristic bulk physical properties to the connective tissue. The matrix that forms the structure of articular cartilage consists primarily of collagens and proteoglycans. Specifically, the articular cartilage matrix is characterized as a complex weave of collagen type II and aggrecan macromolecules, which together functions to bear and effectively transfer physiological loads to underlying skeletal structures. 



In healthy articular cartilage, the collagenous network based on collagen type II is generally present with well-defined architecture. Particularly, collagen fibers are intricately woven into sheets that form fiber-reinforced networks with neighboring proteoglycans. This foundational macromolecular network provides the general tensile stiffness and shear stiffness of articular cartilage 10[]
. The ability of cartilage to effectively bear compression stems from the many aggrecan and hyaluronan molecules that are immobilized within the collagen type II network. These proteoglycans consist of core proteins and numerous accompanying glycosaminoglycan chains, the latter of which contain charged sulfate and carboxyl groups. Such negatively charged groups are responsible for the swelling pressure of cartilage and therefore are influential in determining the hydration and viscoelastic deformational properties of the tissue 10[]
. 



Despite the relatively low density of chondrocytes residing within articular cartilage, these cells are responsible for the synthesis of new cartilaginous matrix during development and the maintenance of healthy cartilaginous matrix during adult life. It is interesting to note that chondrocytes are also responsible for the degradation of cartilaginous matrix during symptomatic osteoarthritis 10[]
. During their normal function, chondrocytes respond to a number of environmental stimuli, such as soluble biochemical factors and mechanical loading, that affect their deposition of relevant matrix components for the maintenance of biomechanically stable cartilage. Together with the surrounding extracellular matrix, chondrocytes within articular cartilage are organized into a hierarchical structure that typically comprises four distinct layers. 



These pseudo-stratified zones are classified mainly based on the depth-dependent orientation of collagen fibrils and the morphological organization of chondrocytes, which reflect the functional requirements of each individual zone 
 ADDIN EN.CITE 
[11, 12]
. Specifically, the zones can be characterized with the following descriptions:


· Superficial layer: The lamina splendens, which is the portion of the superficial zone nearest the joint cavity, is a thin and acellular collagen sheet that covers the entire joint surface where the collagen fibers that make up this layer are aligned parallel with the articulating surface. Proteoglycans are generally not present in this layer. The layer immediately beneath the lamina splendens is composed of flattened chondrocytes and collagen fibers that are predominantly aligned in a direction that is also parallel with the articulating surface. The amount of fibronectin and water contribute heavily to the composition of this structure and its ability to resist shear and transfer physiological loads to the other cartilage zones 13[]
. In its sum, the superficial layer makes up 5-10% of the total cartilage matrix volume. 


· Middle layer: The middle zone of articular cartilage is composed of randomly oriented collagen fibrils and randomly dispersed spherical chondrocytes. The collagen fibrils in this zone are typically larger in diameter; additionally, the chondrocytes are more spheroidal and display much higher synthetic activity (for the deposition of extracellular matrix components) 13[]
. Proteoglycans contribute more significantly to the structure of the middle and transitional deep zones as they make up more of the regional extracellular matrix. These include hyaluronic acid aggregates associated with large aggrecans that are glycosylated with negatively charged chondroitin sulfate and keratan sulfate glycosaminoglycan chains. The middle layer occupies approximately 45% of the matrix volume.


· Deep layer: The deep zone of articular cartilage is composed of collagen fibers that are aligned perpendicular to the articulating surface (radially) and chondrocytes that associate with each other in vertical columns that are also aligned radially, thereby giving rise to the columnar structure often seen in histological sections of healthy articular cartilage. Additionally, this layer is characterized with the highest proteoglycan content 14[]
 and occupies up to 45% of the total matrix volume. 

· Calcified layer: A basophilic line (as can be seen in histological sections), known as the tidemark, marks the beginning of the calcified layer. This layer encompasses the osteochondral interface between hyaline cartilage and the underlying subchondral bone, which is characterized by inter-digitations that aide in transforming articulating shear stresses into tensile and compressive forces as they are transferred to the skeletal system 15[]
; as a result, the calcified layer can experience significant shear stresses during physiological load bearing. Chondrocytes populating this particular zone of articular cartilage are of little to no metabolic activity and lack endoplasmic reticulum 
 ADDIN EN.CITE 
[13, 16]
. The calcified zone occupies 5-10% of the total matrix volume.


Together, the superficial, middle, deep, and calcified layers intricately form the architecture of articular cartilage that was first described by Benninghoff (1925) and is now widely corroborated in the literature. For a more thorough review on the importance and characterization of collagen fibril arrangement in articular cartilage tissues, the reader is referred to an excellent review written by Becerra and colleagues 
 ADDIN EN.CITE 
[16]
. 



Beneath the articular cartilage lays the periarticular bone, which can be separated into the subchondral bone plate and the subchondral trabecular bone 
 ADDIN EN.CITE 
[17]
. The superior bone plate, which is separated from the articular cartilage layer by the calcified cartilage layer, primarily comprises nonporous and poorly vascularized cortical bone. The underlying trabecular bone is more porous, innervated, and vascularized. In its sum, the subchondral bone facilitates the transfer of physiological compressive forces from joint surfaces to the skeletal system. The subchondral bone is implicated to be a key player in the development as well as the repair of many osteochondral injuries 18[]
, a broad survey of which will be provided in the following section. 


Injury and Disease


Given the avascular, alymphatic, and aneural nature of articular cartilage, significant traumatic injuries to the tissue almost always lead to premature arthritis. Such mechanical injuries often arise from sudden joint impact, joint instability, or prolonged repetitive joint overloading. These joint surface defects can be categorized into three types, which include cellular and matrix microdamage, visible chondral fractures (disruption of the articular cartilage layer only), and visible osteochondral fractures (focal lesions that penetrate the underlying subchondral bone) 10[]
. 


Microdamage of chondrocytes and the surrounding cartilage matrix, although not typically visible to the naked eye, is characterized by decreases in proteoglycan content, increases in the amount of tissue hydration, and an alteration in collagen fibril organization 
 ADDIN EN.CITE 
[10, 19]
. Additionally, the synthetic and metabolic activity of chondrocytes becomes significantly altered when they are subjected to trauma 10[]
. For example, Ding and colleagues showed that an up-regulation of p38 and ERK mitogen activated kinases by chondrocytes is induced by the mechanical impaction of these cells and suggest that these proteins are implicated in cartilage degenerative processes 
 ADDIN EN.CITE 
[20]
. Overtime, decreased proteoglycan content and increases in tissue hydration can have major influence on the material properties of articular cartilage. Such increases in water permeability normally lead to decreases in overall cartilage stiffness, which hinder the ability of damaged cartilage to bear normal physiological loading 
 ADDIN EN.CITE 
[10, 19]
. Although chondrocyte and matrix microdamage can predispose those who are affected to further osteoarthritic damage, chondrocytes alone do carry some capacity for cartilage repair. If this ability of chondrocytes to synthesize new matrix when responding to tissue damage is outpaced by the rate of repetitive overloading, however, the irreversible degeneration of articular cartilage usually occurs. 



Chondral fissures and flaps limited to the cartilage zone of osteochondral tissues that contribute significantly to the etiology of joint effusion and joint destabilization belong to a class of joint surface defects known as chondral fractures. Following such injuries, progressive degeneration of cartilage lining the joint surface inevitably occurs due to a lack of vascularity and an insufficient repair response mounted by resident chondrocytes. Additionally, the lack of innervation usually allows such damages to go unnoticed until the whole joint surface is affected. 



Acute joint injuries that extend beyond the chondral layer and into the underlying subchondral bone are classified as osteochondral fractures. Unlike chondral fractures, osteochondral fractures typically cause bleeding and inflammation through the formation of fibrin clots.  The following recruitment of inflammatory cytokines and growth factors subsequently alters the biochemical characteristics of the synovial fluid immediately surrounding the damage site, which may work in concert to stimulate the repair of such osteochondral defects. Mechanistically, undifferentiated cells migrate from adjacent vasculature that has been accessed by the injury and differentiate into chondrocyte-like cells within the cartilage region of the defect. These cells assume chondrocyte-like morphology and secrete high amounts of relevant matrix components during the repair process. Concurrently, undifferentiated cells populating the subchondral bone region of the defect eventually form immature bone that is eventually replaced by mature bone. Although such repair tissue may appear to be of the correct composition histologically, its durability generally cannot be sustained in the long term 
 ADDIN EN.CITE 
[21]
. 



Aside from the previously described mechanical injuries, articular cartilage is also susceptible to a number of degenerative diseases. Clinically, degenerative osteoarthritis (OA) is the most common pathological disorder of cartilage and is mainly responsible for disability in the Western world today due to the amount of symptomatic pain felt by those who are afflicted 1[]
. Although OA is generally referred to as a single condition, it encompasses a wide variety of primary and secondary pathological mechanisms. Primary OA is often a result of biomechanical imbalance between applied loads and the ability of cartilage to resist such loads, which leads to ultimate failure of the functional cartilage extracellular matrix over time 22[, 23]
.  On the other hand, secondary OA is usually caused by endocrine disorders, metabolic disorders, or trauma. Despite the origin, changes to the cartilage matrix, resident chondrocytes, and the underlying subchondral bone during symptomatic OA share similar processes. 



With regard to the cartilage extracellular matrix, gross morphological changes often begin with surface roughening followed by intense matrix fibrillation and degradation that could easily be detected histologically 19[]
. Abundant matrix loss precedes destabilization of the tightly woven collagen network, which is subsequently followed by destruction of the matrix on the molecular and macromolecular levels. Together, such microscopic and macroscopic changes lead to the irreversible loss of functional capacity.  Despite efforts by chondrocytes to overturn such changes to the cartilage matrix during OA, such compensatory mechanisms are not large enough in scale to reverse the pathological destruction of cartilage. Additionally, the reactions of chondrocytes to pathological changes during OA do not follow typical patterns. For instance, chondrocytes will undergo apoptosis or proliferation and will either activate or deactivate their anabolic processes during OA 22[]
. In many cases of OA, the formation of anabolically inactive chondrocyte clusters can lead to the formation of destabilizing holes in the degenerating cartilage matrix. 



During OA, the entire joint organ is affected by degenerative changes and as a result, the subchondral bone is also afflicted. As the disease progresses from an early stage to an advanced stage, the subchondral bone undergoes significant thickening and remodeling in areas that have undergone the most articular cartilage destruction. Access of these regions to the surrounding synovial fluid can induce extensive fibrocytic and fibrocartilage formation. Such changes in the subchondral bone have been noted to be responsible for causing the characteristic joint pain felt by sufferers of OA 18[]
. 



Given the range of mechanical injuries and pathological changes that can potentially destroy osteochondral tissues and compromise quality of life, a number of non-operative and operative procedures have been developed for addressing the debilitating symptoms of such processes. Non-operative procedures usually entail the weight loss, physical therapy, and the oral administration of joint supplements. The following section will discuss a number of operative procedures for the treatment of joint surface defects. 


Current Treatments and Clinical Prognosis


Articular cartilage degeneration as a symptom of osteoarthritic disease or traumatic injury is the most common cause of joint pain, physical debilitation, and disability in middle-aged and older people 1[]
. Although a strong correlation exists between senescence and the onset of premature arthritis that spurs the osteoarthritic transformation of chondrocytes, the mechanism behind articular cartilage degeneration extends beyond simple aging and mechanical wear 19[]
.  In the case of traumatic injury as a result of high-impact torsional damage, abnormal joint anatomy, or joint instability, a number of surgical techniques can be employed to alleviate symptoms. 


While poorly understood, much orthopedic research suggests that osteoarthritic conditions are preceded by alterations in the biochemical niche that houses osteochondral tissues 24[]
. Hence, surgical techniques mainly designed to replace the articular surface such as joint arthroplasty may not be sufficient for full osteochondral repair. To address this, several current options combine graft or cell transplantation with biomimetic materials to fill osteochondral defects. In this section, a selection of such procedures will be critically reviewed. Additionally, a chronological overview of the progression of the field will also be given from a tissue engineering perspective. 


Microfracture


As mentioned previously, there are a number of surgical techniques that can mitigate painful symptoms by replacing the damaged articular surface with cartilage substitutes. Among these, microfracturing remains the most popular. This technique typically entails debridement of the cartilage damage site followed by deliberate micropenetration through the subchondral bone to cause bleeding; blood from the bone marrow will fill the defect with progenitor cells and clotting factors, thereby allowing the initiation of a wound healing cascade to eventually replace the defect with new cartilage tissue. In essence, the technique of microfracturing provides a rudimentary form of autologous cell transplantation for the treatment of articular cartilage defects. However, the procedure itself is plagued with inconsistency. Although the healed cartilage restores the articular surface, the tissue degenerates over time because its apparent composition is not compatible with the mechanical conditions of synovial joints 25[]
. This could potentially be due to inadequate cartilage repair volume, lack of integration with the peripheral tissue, or subchondral bone overgrowth into the cartilage tissue 26[]
. Macroscopic assessment of the healed tissues from microfracture using magnetic resonance imaging (MRI) revealed that the resulting fibrocartilage is thinner than the native cartilage tissue 26[]
. 


Additionally, it has been shown that the amount and quality of articular cartilage recovery after microfracturing is dependent on the time between the injury and the procedure; the smaller the timespan, the better the recovery 
 ADDIN EN.CITE 
[26-29]
. This suggests that the cartilage defect filling is sensitive to the biochemical conditions of synovial joints. Histological analysis of the filled defect reveals that the regenerated tissue is actually a combination of hyaline cartilage and fibrocartilage 25[]
. Typical articular cartilage is composed of hyaline cartilage that is founded on a type II collagen microfibrillar network and abundant high molecular weight aggrecan. The strong type II collagen network provides the native tissue with great compressive strength to resist high-impact loads; glycosaminoglycans, chondroitin sulfate, and keratan sulfate on the proteoglycan aggrecan provide bulk negative charges and tissue hydration to reinforce this biomechanical characteristic. On the other hand, fibrocartilage is comprised largely of unorganized type I collagen fibers, hyaluronan, and low molecular weight aggrecan. It is interesting to note although more hyaluronan is present in fibrocartilage, the mechanical support that it provides is substandard in comparison to normal hyaline cartilage. This could be due to the fact that the fibrocartilage deposited by chondrocytes in response to injury may be randomly dispersed and without the proper organization suitable for compressive load bearing. Additionally, it could be possible that the mesenchymal blood clot that fills the defect following microfracture may be lacking native chondrogenic factors, such as chondromodulin I, that are required to maintain the hyaline cartilage phenotype 
 ADDIN EN.CITE 
[30]
. Despite these possibilities, the full mechanism behind chondropenia and the associated chondrocyte activity during injury remains unclear.


Autologous Chondrocyte Transplantation


Another popular technique for articular cartilage repair relies on the transplantation of cells for defect healing.  Introduced in 1994, Carticel reached the clinic as a Food and Drug Administration approved procedure for the treatment of articular cartilage lesions. Briefly, the technology relies on the ex vivo expansion of autologous chondrocytes harvested from regions of the joint that are typically subjected to limited weight bearing 
 ADDIN EN.CITE 
[21]
. Once an adequate number of chondrocytes have been achieved, they are collected from cultivation via treatment with trypsin and are injected into the osteochondral defect cavity; the cell suspension is kept in place by a periosteal flap sutured over the treated wound. Although invasive, autologous chondrocyte implantation technologies have met general clinical success since their introduction almost two decades ago. Accordingly, Brittberg and colleagues reported that 14 out of 16 patients treated with autologous chondrocyte implantation for articular cartilage defects in the femoral condyle demonstrated good to excellent osteochondral tissue regeneration 2 years after surgery 
 ADDIN EN.CITE 
[21]
. With regard to long-term functional outcome, the osteochondral defects of 92 patients treated with the procedure were evaluated at two to nine years post-operation. In this group, 92% of the patients treated for femoral condyle defects exhibited good clinical outcomes up to nine years after the operation 31[]
. Combined with the general lack of procedures that can consistently repair cartilage defects, the general success of cell-based cartilage repair techniques like Carticel has allowed such procedures to become a clinical standard 32[]
. It should be noted, however, that such reports of success typically describe the clinical outcomes of younger patients 
 ADDIN EN.CITE 
[33]
. This points to the fact that the biochemical and biomechanical environments of synovial joints are important to the proper recovery of osteochondral tissues, factors that were not heavily addressed in first generation microfracture and autologous chondrocyte implantation techniques. 


Second Generation Surgical Techniques


Recently, the advent of second-generation surgical procedures for the repair of articular cartilage defects has seen the combination of tissue engineering technologies with traditional microfracture and autologous cell transplantation techniques. Founded on years of research, such technologies permit the generation of biocompatible scaffolds that are suitable for the dynamic biomechanical environment of native articular cartilage and are able to preserve the chondrogenic phenotype of transplanted cells. Although many such tissue engineering strategies are still undergoing investigations in animal models, a number have already been translated into the clinic.


Second-generation microfracture procedures now utilize three-dimensional (3D) scaffolds to stabilize mesenchymal clots and to improve lamination of regenerated osteochondral tissues with the native cartilage. Currently, a number of different 3D scaffolds have been developed and investigated for this specific purpose. For instance, BST-CarGel is a technology that combines the polysaccharide polymer chitosan-glycerol phosphate with blood from the bone marrow to allow in situ solidification to form a stabilized mesenchymal blood clot. The polymeric makeup was designed to provide a thrombogenic mixture in order to properly direct the chondrogenic differentiation of progenitor cells present in the mesenchmyal clot. Although this synthetic substrate does not accurately mimic the mechanical properties (weaker) and the collagen type II architecture of native articular cartilage matrix, it locks in and stabilizes blood-clotting factors to induce progenitor cell recruitment. Subsequent exposure to orthotopic mechanical conditions is speculated to encourage chondrogenic differentiation. So far, the preclinical safety of this procedure as well as its ability to improve clinical symptoms has been shown in 33 patients 
 ADDIN EN.CITE 
[34]
. Another example of such technologies is Cartilex, which utilizes chondroitin sulfate polymers functionalized with methacrylate and aldehyde groups on the glycosaminoglycan backbone to provide crosslinkable sites for tight lamination 35[]
. The chondroitin sulfate used here is derived from bovine trachea and processed as a sodium salt without any core proteins; these disaccharide polymers have sulfated hydroxyls at the 4th position of the amino sugar components. Since chondroitin sulfate in native articular cartilage functions to sequester chondrogenic growth factors and to provide compressive resistance via negatively charged sulfate groups, delivery matrices founded on this material will be imbued with such chondrogenic effects. Additionally, the use of a natural polymer that is present in the native articular cartilage tissue can significantly reduce rehabilitation time as it facilitates the formation of proper scaffolding to guide chondrocyte proliferation and extracellular matrix deposition. Preliminary clinical studies with Cartilex have revealed the formation of thicker repair cartilage tissue using MRI at 6 months post-operation 26[]
. Building on the use of 3D scaffolds characteristic of second generation techniques, the most promising current clinical options seem to be those that combine 3D scaffolds and cell delivery, which are discussed below.


With regard to cell-based cartilage repair techniques, procedures such as autologous chondrocyte transplantation suffer from a number of drawbacks. In particular, disadvantages include invasiveness, prolonged rehabilitation times, and possible graft delamination due to periosteal hypertrophy 26[]
. The invasiveness of such procedures originates from their need for chondrocyte cultivation and expansion; the prolonged rehabilitation times can be attributed to the time required for the generation of extracellular matrix to provide a scaffold for the transplanted cells. To address these issues, new developments in cell-based techniques have taken several different approaches. One such approach focuses on the improvement of ex vivo chondrocyte cultivation. 


Traditionally, harvested chondrocytes for autologous transplantation are cultured on two-dimensional polystyrene culture flasks. Although monolayer cultures are relatively cost effective and easy to implement for the expansion of chondrocyte number, they often lead to chondrocyte dedifferentiation 36[]
. The mechanism behind chondrocyte dedifferentiation, while not fully elucidated, involves the chondrocyte response to the ectopic monolayer environment. Interestingly, such behavior in chondrocytes is not solely due to biochemical cues. Indeed, Brodkin and colleagues revealed that chondrocytes continued to display fibroblastic phenotype when cultured on different protein monolayer substrates including fibronectin, collagen type I, and collagen type II 36[]
. These results strongly suggest that the matrix modulation of rounded cell morphology is vital to chondrocyte function. To maintain the phenotype of harvested chondrocytes, matrix-associated chondrocyte implantation techniques utilize biodegradable scaffolds to provide cells with a temporary matrix for the preservation of rounded morphology. Currently, clinical results have been gleaned from trials investigating the use of scaffolds based on carbohydrates, proteins, and artificial polymers 26[]
. While most artificial and protein polymer-based matrices function to sustain the round shape of chondrocytes, some carbohydrate scaffolds leverage additional bioactivities for chondrogenic induction. For example, Hyalograft-C is a hyaluronic acid-based matrix that can be seeded with autologous chondrocytes for matrix-associated chondrocyte implantation applications 
 ADDIN EN.CITE 
[37]
. Since hyaluronic acid plays such an extensive role in native articular cartilage, its use in Hyalograft-C can affect seeded chondrocytes in various ways. Specifically, hyaluronic acid can protect chondrocytes from CD44 and I-CAM1 mediated apoptosis 
 ADDIN EN.CITE 
[38]
; it can act as a sink for free radicals as well as sequester reactive oxygen species that arise from interleukin-1 signaling 
 ADDIN EN.CITE 
[39]
; it can inhibit the production of various matrix metalloproteinases 
 ADDIN EN.CITE 
[40]
; and it can undergo fragmentation near the subchondral bone to induce angiogenesis for better cartilage integration at the cartilage-bone interface 
 ADDIN EN.CITE 
[41, 42]
. 


Considering the clinical treatments currently available for treating osteochondral defects, it becomes apparent that they are not ideal for consistent cartilage regeneration and repair on the long-term. To address these shortcomings, extensive research is underway to develop enhanced therapies founded on the principles of tissue engineering to implement components of stem cells, scaffolds, and bioactive factors in order to direct stem cell differentiation towards chondrogenic lineages for the formation of cartilage tissue.


Chapter 3. Strategies for the controlled delivery of biologics for cartilage repair


Abstract

The delivery of biologics is an important component in the treatment of osteoarthritis and the functional restoration of articular cartilage. Numerous factors have been implicated in the cartilage repair process, but the uncontrolled delivery of these factors may not only reduce their full reparative potential but can also cause unwanted morphological effects. It is therefore imperative to consider the type of biologic to be delivered, the method of delivery, and the temporal as well as spatial presentation of the biologic to achieve the desired effect in cartilage repair. Additionally, the delivery of a single factor may not be sufficient in guiding neo-tissue formation, motivating recent research toward the delivery of multiple factors. This review will discuss the roles of various biologics involved in cartilage repair and the different methods of delivery for appropriate healing responses. A number of spatiotemporal strategies will then be emphasized for the controlled delivery of single and multiple bioactive factors in both in vitro and in vivo cartilage tissue engineering applications. 

Introduction

The avascular and relatively acellular nature of articular cartilage complicates its natural capacity for regeneration upon damage. While numerous clinical therapies, such as microfracture, autologous chondrocyte implantation, and osteochondral grafts, have been developed for the treatment of cartilage injuries, they have been hampered by inferior cartilage repair and significant donor site morbidity 43[]
. Indeed, given the extensive literature presently highlighting the shortcomings of current clinical techniques for the management of chondral and osteochondral injuries, it is clear that the field of cartilage repair remains an area in critical need of innovative alternative therapies 
 ADDIN EN.CITE 
[44-46]
. In light of the disadvantages hindering the efficacy of currently available cartilage treatment options, the discipline of tissue engineering provides promising alternatives. Particularly, the area of osteochondral tissue engineering leverages the controlled combination of carefully engineered scaffolds, progenitor cells, and biochemical cues for replacing or restoring lost articular cartilage and subchondral bone function. While the selection of an optimal cell type and appropriate scaffold is necessary to reconstruct specific tissues with a particular configuration and function, successful regeneration is greatly influenced by the cellular microenvironment in which cells and tissues grow 
 ADDIN EN.CITE 
[47]
. Inspired by physiological events that occur during fetal development and long bone formation 
 ADDIN EN.CITE 
[48-50]
, the concept of growing articular cartilage has led to the integration of a wide variety of soluble cues in an effort to mimic natural signaling cascades in the wound healing environment. 


In cartilage tissue repair, the goal of eliciting the desired phenotypic responses from host and/or co-delivered progenitor cells remains. Yet, techniques for the delivery of soluble cues and other biologics for the treatment of cartilage and osteochondral defects have evolved over the years from simple bolus injections into the defect to more sophisticated and controlled multi-functional delivery systems. These engineered strategies, which permit localized drug delivery with controlled release kinetics, utilize delivery platforms that typically leverage at least one of several main delivery schemes developed for controlled release. The simplest approach involves the direct intra-articular injection of growth factors or palliative agents into the synovial space. While such injections represent an attractive and relevant option due to the lack of surgery, the frequencies of injections required and the supra-physiological dosages employed often complicate therapeutic efficacy. Additionally, the recapitulation of natural signaling cascades for proper healing and regeneration of damaged tissues would be near impossible with single injections 
 ADDIN EN.CITE 
[46, 50-53]
. Nevertheless, the motivation to recapture the complexity of endogenous healing cascades into simplified and controlled forms has driven the evolution of materials-based delivery systems towards a range of modalities involving drug release from microspheres, bulk scaffolds, or a combination of both. Although the type of modality employed for drug delivery can determine the mechanism of release, the method of agent incorporation also offers a significant form of modulation for controlled release. Conventional strategies for the incorporation of signaling molecules into engineered delivery systems typically involve either the physical entrapment or the chemical immobilization of factors into or onto a polymer matrix. Recent reviews by Mehta et al. and Santo et al. provide excellent summaries of modern controlled release strategies utilizing such means for bone and orthopedic therapies 
 ADDIN EN.CITE 
[54, 55]
. By carefully combining the physical entrapment of bioactive agents with the chemical conjugation of other bioactive factors, innovative and smart delivery systems can be engineered to sustain the release of single or multiple biologics in a spatiotemporally controlled fashion for effective cartilage therapy. 


This review begins with an overview of the different bioactive factors that have been utilized in delivery and controlled release strategies for cartilage repair. The aim is to first briefly enable an understanding of the different biological approaches available for both in vitro and in vivo cartilage repair applications. The following sections will discuss the methods of delivery and assess the current state of recent controlled release strategies developed for cartilage tissue engineering and cartilage repair. Special emphasis will be placed on combining materials-driven and biologically-driven strategies for cartilage repair in order to provide an outlook for future developments that are aware of the needs for both.

Cartilage Regenerative Factors

The homeostasis and repair of articular cartilage is regulated by a number of growth factors, differentiation factors, systemic factors, and other biologics. The ultimate response from a specific biologic depends on its identity, and so a critical component in designing a controlled delivery system is the selection of an appropriate factor. 

Growth Factors

Growth factors are a group of soluble signaling molecules that can stimulate cellular division, growth, and differentiation through specific binding of transmembrane receptors on target cells 
 ADDIN EN.CITE 
[56]
. Among the biologics involved in cartilage repair, growth factors remain the most extensively studied due to their powerful proliferative, proanabolic, and/or anticatabolic properties 
 ADDIN EN.CITE 
[57]
. These include select members of the transforming growth factor-( (TGF-() superfamily, fibroblast growth factor (FGF) family, and insulin-like growth factor-1 (IGF-1). Another major growth factor, platelet-derived growth factor (PDGF), plays a role in the wound healing of cartilage defects, but the direct effect of PDGF delivered to a cartilage defect has yet to be investigated 
 ADDIN EN.CITE 
[58]
. It is most often used within platelet-rich plasma (PRP), which will be discussed in a later section. 

Transforming Growth Factor-( Superfamily

The TGF-( superfamily includes over 30 structurally related members and serves an important role in regulating embryogenesis as well as adult homeostasis 
 ADDIN EN.CITE 
[59]
. Among the TGF-( superfamily, the most heavily investigated growth factors for cartilage repair include prototypic members TGF-(1, 2, and 3 and bone morphogenetic proteins (BMP) 2, 4, and 7. Growth differentiation factors (GDFs), particularly GDF-5, have shown chondrogenic potential in vitro, but their ability to promote in vivo cartilage repair has yet to be evaluated 
 ADDIN EN.CITE 
[60-63]
.  

Transforming Growth Factor-(s


TGF-(1, 2, and 3 are considered to be potent stimulators of chondrogenesis, inducing Sox9 expression and increasing cartilaginous extracellular matrix (ECM) production in bone marrow-derived mesenchymal stem cells (MSCs) as well as stimulating synthetic activity in chondrocytes 
 ADDIN EN.CITE 
[50, 57, 64]
. In animal models, TGF-(s are highly expressed during MSC condensation in the growth plate of long bones 50[]
 and are also implicated in the early stages of cartilage repair 
 ADDIN EN.CITE 
[48]
. As a result, TGF-( isoforms, particularly TGF-(1 and 3 have been used in a number of promising in vivo studies exploring the ability of TGF-(s to promote the repair of cartilage defects 
 ADDIN EN.CITE 
[65]
. In a rabbit full-thickness cartilage defect model, poly(lactic-co-glycolic acid) (PLGA)/fibrin gel scaffolds loaded with MSCs and TGF-(1 resulted in better cartilage restoration than PLGA/fibrin gel scaffolds loaded with MSCs alone 
 ADDIN EN.CITE 
[66]
. Additionally, TGF-(1 in calcium alginate beads improved osteochondral tissue repair after 12 weeks compared to alginate scaffolds alone 
 ADDIN EN.CITE 
[67]
. However, the effects of TGF-(1 on cartilage repair in vivo are not always consistent 
 ADDIN EN.CITE 
[9]
. Guo et al. demonstrated that blank oligo(poly(ethylene glycol) fumarate) (OPF)-based scaffolds in a rabbit osteochondral defect model resulted in cartilage repair that was equal to or improved relative to OPF scaffolds with MSCs or OPF scaffolds with MSCs and TGF-(1 
 ADDIN EN.CITE 
[7]
. Intra-articular injections of TGF-( have also caused synovial fibrosis and endochondral ossification 
 ADDIN EN.CITE 
[68, 69]
. Several reasons for the observed negative effects of TGF-( delivery have been suggested, including the supra-physiological levels of growth factor employed as well as the relatively non-specific effects of TGF-( on MSC differentiation 
 ADDIN EN.CITE 
[7]
. As a result, it is important to consider the dosage and presentation of TGF-(s when delivered in vivo, understanding that TGF-(s are multifunctional and induce gene responses in different cell types for proliferation and ECM synthesis 
 ADDIN EN.CITE 
[70]
.

Bone Morphogenetic Proteins

Similar chondrogenic effects of TGF-( have also been observed for several BMP molecules, likely due to the extensive crosstalk between TGF-( and BMP signaling pathways 
 ADDIN EN.CITE 
[71]
. Different BMPs, particularly BMP-2, 4, 6, 7, and 9, have been shown to stimulate chondrogenic differentiation of MSCs and/or adipose-derived stem cells (ASCs) either individually or with a TGF-( prototypic member 72[]
. In a comparison between TGF-(1 and BMP-2 delivery from PLGA microspheres in alginate gel, both groups resulted in greater histological scores for osteochondral repair compared to blank scaffolds at 12 and 24 weeks in a rabbit patellar groove defect 73[]
. BMPs also play a role throughout the MSC chondrogenic differentiation process, from MSC condensation to proliferation, differentiation, maturation, and calcification. In particular, BMP-2 is expressed throughout the entire chondrogenic process, from proliferation to calcification 50[]
, and hence, a long-term delivery of BMP-2 can be beneficial and has been shown to result in a higher quality repair of cartilage as opposed to short-term delivery 
 ADDIN EN.CITE 
[74]
. Different BMPs also have different effects on osteochondral repair. In a study delivering BMP-2 or BMP-4 in alginate gels to a rabbit femoral condyle defect, delivering BMP-2 alone resulted in better subchondral bone restoration while BMP-4 alone gave better cartilage tissue repair 
 ADDIN EN.CITE 
[75]
. BMP-7 has also shown efficacy in vivo: BMP-7 delivered from a collagen sponge in conjunction with microfracture led to thicker repair cartilage, superior matrix and superior cell distribution compared to a collagen sponge plus microfracture alone in a rabbit chondral defect 
 ADDIN EN.CITE 
[76]
. With the ability to induce both cartilage and bone formation, BMPs, particularly BMP-2, are attractive growth factors for the regeneration of the osteochondral tissue unit. 

IGF-1

Within articular cartilage, IGF-1 is the main anabolic growth factor and plays a key role in cartilage homeostasis, balancing proteoglycan synthesis and breakdown by chondrocytes 
 ADDIN EN.CITE 
[58]
. IGF-1 can decrease catabolic responses as well as increase proliferation and cartilaginous ECM production in MSCs and chondrocytes in vitro 
 ADDIN EN.CITE 
[57, 77]
. In vivo, IGF-1 has demonstrated the ability to improve filling of chondral defects 78[]
, improve quality of cartilage repair 
 ADDIN EN.CITE 
[79, 80]
, and decrease the postoperative inflammatory response 81[]
. IGF-1 has also demonstrated an additive effect when combined with other growth factors such as TGF-(1, BMP-2, and BMP-7 
 ADDIN EN.CITE 
[77, 82, 83]
. However, achieving similar synergistic results when delivering IGF-1 with other growth factors in vivo is an area of much interest. IGF-1 delivered from gelatin microparticles (MPs) in an OPF-based scaffold resulted in higher quality cartilage repair compared to OPF composites alone in a rabbit medial femoral condyle defect at 12 weeks. But the benefits of IGF-1 were not maintained when co-delivered with TGF-(1 
 ADDIN EN.CITE 
[9]
. Similarly, the single delivery of IGF-1 from OPF composites showed an improvement in cartilage morphology over blank scaffolds alone, but the dual delivery of IGF-1 with TGF-(3 did not have a synergistic effect 
 ADDIN EN.CITE 
[84]
. Further study on combining IGF-1 with other growth factors as well as the appropriate presentation of IGF-1 in a multiple growth factor delivery strategy in vivo is needed.

FGF-2

Like IGF-1, the FGF family also plays an important role in the homeostasis of cartilage. In particular, FGF-2, or basic FGF (bFGF), has a potent mitogenic effect on MSCs and chondrocytes 85[]
. In addition, treatment with FGF-2 increased both the proliferative and chondrogenic potential of MSCs in vitro 
 ADDIN EN.CITE 
[77, 86, 87]
. In vivo, the delivery of FGF-2 has been shown to improve both cartilage repair as well as the underlying subchondral bone 
 ADDIN EN.CITE 
[88, 89]
. However, FGF-2 may have contraindications: FGF-2 induced chondrocyte proliferation in a cartilage explant, but resulted in chondrocyte clonal cluster formation, which is a histopathological feature of osteoarthritis (OA) 90[]
. Additionally, evidence suggests that FGF-2 may antagonize proteoglycan synthesis and upregulate matrix metalloproteinases (MMPs) 
 ADDIN EN.CITE 
[57]
. Proper delivery and presentation of FGF-2 may help mitigate potential contraindicatory effects on cartilage repair.

Anti-Angiogenic Factors


Full-thickness lesions that perforate the subchondral bone and bone-marrow spaces may trigger the onset of angiogenic and osteogenic processes in the cartilage layer, leading to conditions unfavorable for chondrogenesis. As a result, there has been interest in introducing anti-angiogenic factors to inhibit blood vessel growth and restore cartilage tissue to its natural state of avascularity 91[]
. This class of factors includes endostatin 
 ADDIN EN.CITE 
[92-94]
, suramin 
 ADDIN EN.CITE 
[95, 96]
, Flt-1 
 ADDIN EN.CITE 
[97, 98]
, and bevacizumab 99[]
. While these factors demonstrate the ability to block vascularization and inhibit the activity of vascular endothelial growth factors (VEGFs), a clear benefit of this approach in a cartilage defect model remains to be seen. 

Systemic Factors and Notable Pharmaceuticals


The therapeutic role of anti-inflammatory cytokines, chemokines, hormones, and other drugs have also been considered in the repair of cartilage. These biologics do not serve the primary role as a mitogenic or anabolic factor, but mediate the wound healing response through other mechanisms. Stromal cell-derived factor-1 (SDF-1) is a key chemokine in cell trafficking and homing of CD34+ stem cells, particularly MSCs 100[]
, and has the potential to enhance cartilage repair through increased MSC migration to the site of a cartilage defect without the need for additional cell transplantation 
 ADDIN EN.CITE 
[101, 102]
. In the parathyroid hormone (PTH) family, peptide segments of PTH have been shown to inhibit the progression of OA and advance the repair of shallow chondral defects 
 ADDIN EN.CITE 
[103, 104]
; and PTH-related proteins (PTHrP) are synthesized by chondrocytes and can suppress induction of hypertrophy 
 ADDIN EN.CITE 
[105, 106]
. However, the timing of PTH or PTHrP administration to cartilage defects remains an important parameter in affecting treatment outcome. Inhibitory factors on necrosis, apoptosis, MMPs, and aggrecanases have also shown potential in the treatment of cartilage defects 
 ADDIN EN.CITE 
[107-110]
. Other notable systemic factors and pharmaceuticals are listed in Table 3.1.


Biologic Delivery Methods

Almost as important as the selection of an appropriate biologic is choosing a suitable delivery mechanism to enable an appropriately controlled release and elicit the intended response. The proper delivery of the biologic can affect the dosage as well as the release rate and ultimately determine whether or not a therapeutically effective pharmacokinetic release profile was achieved.


Injection Delivery


The delivery of a biologic through an intra-articular injection or systemic injection is perhaps the simplest method for minimally invasive administration. The ability to treat not only the articulating cartilage but also the entire joint is a relevant delivery strategy, particularly for the management of pain and degenerative processes in OA. Intra-articular injection of a chondroprotective agent, high-molecular-weight crosslinked hyaluronic acid (HA), was seen to improve joint lubrication and retard the progression of OA in a rabbit anterior cruciate ligament transection model over lower molecular weight HA or a saline solution 
 ADDIN EN.CITE 
[111]
. The benefit and potential of intra-articular modalities for the presentation of chondroprotective agents has also been demonstrated in other studies 
 ADDIN EN.CITE 
[111-116]
. In addition to palliative treatments, anti-inflammatory agents have also been delivered through intra-articular means to treat OA inflammation 
 ADDIN EN.CITE 
[117-119]
. By treating the synovial fluid and lining in addition to articular cartilage, the expression of major pro-inflammatory cytokines such as interleukin (IL)-1 and tumor necrosis factor-( (TNF-() can be addressed and reduced 
 ADDIN EN.CITE 
[120-126]
. However, the delivery of chondrogenic growth factors such as TGF-( and IGF-1 in an injection manner can effect unwanted changes in the host tissue due to uncontrolled presentation of these bioactive factors 
 ADDIN EN.CITE 
[58, 127-130]
. Growth factors have a short half-life in vivo and can result in rapid clearance when delivered systemically, hindering their potent mitogenic and/or anabolic effects 
 ADDIN EN.CITE 
[131-133]
. Additionally, a bolus injection of growth factors gives supra-physiological doses, potentially resulting in pathological and non-specific effects, and an absence of a physiologically effective release profile. 


Bulk Phase Delivery

Although the direct injection of bioactive agents has been used with some success for the treatment of OA, the rapid clearance of such drugs from the synovial capsule generally hinders therapeutic efficacy. Incorporation of biologics within a biomaterial carrier can address this issue by delivering the biologic in a concentrated and controlled fashion. Three-dimensional matrices and porous scaffolds are the most common delivery vehicles, particularly for growth factors. By using a drug-delivering scaffold, focal chondral or osteochondral defects can be treated by releasing the factors to the surrounding tissue or promoting cell infiltration into scaffold. Many different techniques have been developed to regulate the release kinetics of soluble factors as well as retain the molecular bioactivity. 


One of the most common approaches for bulk phase delivery is a simple dispersion of the biologic within the matrix. The release of the bioactive factor is then dependent on the interaction between the factor and the matrix, either mediated by encapsulation 
 ADDIN EN.CITE 
[66, 75, 88]
, electrostatic interactions 
 ADDIN EN.CITE 
[76, 79, 89, 134-136]
, immobilization/tethering 
 ADDIN EN.CITE 
[65, 137, 138]
, or ECM affinity 
 ADDIN EN.CITE 
[139-141]
. Biologics encapsulated or entrapped within bulk matrices often have a large burst release, which can be tuned by scaffold crosslinking density and pore size. However, particular natural materials have innate physical properties that can control the release of growth factors. Yang et al. delivered BMP-2 from fibrin gels and heparin-conjugated fibrin gels in a full-thickness trochlear groove defect in rabbits combined with microfracture 
 ADDIN EN.CITE 
[74]
. An electrostatic interaction with heparin resulted in a sustained release of BMP-2 (82% over 13 days) compared to a burst release of BMP-2 from normal fibrin gels (88% in first 3 days). This long-term delivery of BMP-2 resulted in greater filling of cartilage as well as a higher quality of cartilage repair as opposed to short-term delivery 
 ADDIN EN.CITE 
[74]
. 


While many growth factors can adsorb onto scaffolds made of natural polymers through electrostatic interactions, hydrogen bonding, and/or van der Waals forces, non-covalent binding methods may not enable a long-term sustained delivery. Fan and colleagues achieved stable localization of growth factors by crosslinking TGF-(3 onto PLGA/gelatin/chondroitin sulfate/HA scaffolds through a condensation reaction between the carboxyl group of the hybrid scaffold and amine group of TGF-(3 
 ADDIN EN.CITE 
[65]
. Results indicated that the cumulative release of TGF-(3 was reduced to 29.5% over 28 days and that TGF-(3-immobilized scaffolds could induce similar levels of chondrogenic differentiation of seeded MSCs and in vivo cartilage repair compared to non-immobilized scaffolds cultured in medium with TGF-(3. However, caution should be taken when tethering factors to monolithic scaffolds. Kopesky and colleagues demonstrated that adsorption of TGF-(1 onto self-assembling peptide hydrogels stimulated chondrogenesis of seeded MSCs in vitro whereas biotin-streptavidin tethered TGF-(1 hydrogels did not 137[]
. The authors suggested that the biotin-streptavidin affinity may exceed the strength of some covalent bonds and that tethering TGF-(1 may have prevented internalization of the receptor-ligand complex 
 ADDIN EN.CITE 
[137, 138]
.


The release of growth factors can also be controlled through their innate affinity to certain ECM epitopes 
 ADDIN EN.CITE 
[139]
. The use of an alginate-sulfate scaffold enhanced TGF-(1 attachment to the scaffold via heparin-like affinity interactions and resulted in a more sustained release of TGF-(1 over 7 days as opposed to a >90% burst release from regular alginate scaffolds after 1 day 
 ADDIN EN.CITE 
[140]
. Implantation of similar scaffolds with affinity bound TGF-(1 and BMP-4 demonstrated the ability to induce endogenous regeneration of the osteochondral unit 
 ADDIN EN.CITE 
[141]
. 

Microparticle and Nanoparticle Delivery

Another method of delivery is releasing the selected biologic from micro- or nano-sized carriers. MPs and nanoparticles (NPs) are attractive drug delivery vehicles due to their small dimension, high surface area to volume ratio, high drug loading efficiency, and the ability to quickly respond to environmental stimuli such as temperature, pH, magnetic fields, or ultrasounds 
 ADDIN EN.CITE 
[50, 142, 143]
. While MPs have been investigated for several decades, NPs as delivery vehicles for cartilage repair have been gaining interest 
 ADDIN EN.CITE 
[144-148]
. NPs can be endocytosed by cells, allowing for the accumulation of NP-encapsulated drugs, and their exceptionally high surface area to volume ratio enhances their affinity to therapeutic drugs and external stimuli 
 ADDIN EN.CITE 
[149]
. However, a high surface area to volume ratio may also reduce the stability of the nano-sized delivery vehicle, and the tendency for certain NPs  to aggregate into microscale particles may mitigate the advantages of a NP system 
 ADDIN EN.CITE 
[149]
. 


MPs have traditionally been used as a delivery vehicle, either by dispersing the MPs in a continuous phase or using the MPs as building blocks without a surrounding matrix to form macroscopic scaffolds 50[]
. In particular, introducing MPs in a bulk scaffold, particularly hydrogels, adds a level of complexity and allows greater control over the growth factor release profile, spatial delivery, and leads to greater stability and bioactivity of encapsulated proteins 
 ADDIN EN.CITE 
[150, 151]
. 


Similar to bulk phase delivery, biologics can also be incorporated in MPs and NPs through entrapment, ionic interactions, or a combination of both. Ultimately, the subsequent release depends on the composition of the carrier as well as the factor incorporation method. One popular material for the construction of MPs is synthetic PLGA due to its tunable degradation into lactic and glycolic acid 
 ADDIN EN.CITE 
[152]
, its ease of fabrication, and its established safety in other FDA-approved applications 153[]
. Several research groups have employed PLGA MPs for the delivery of anabolic growth factors to stimulate chondrogenesis/cartilage repair either in a hydrogel 
 ADDIN EN.CITE 
[73, 151, 154, 155]
 or as a building block to make PLGA MP plugs 
 ADDIN EN.CITE 
[156-158]
. By dispersing growth factor-delivering PLGA MPs in a hydrogel, near zero-order release kinetics of TGF-(1 and BMP-2 were observed in vivo 
 ADDIN EN.CITE 
[73, 154]
. However, despite the appeal of PLGA microcarriers for controlled drug release, the use of such hydrophobic materials can adversely affect the bioactivity of encapsulated factors 
 ADDIN EN.CITE 
[144, 159]
. Growth factor delivery particulates have also been fabricated with other synthetic polymers, including heparin-poly(L-lysine) NPs loaded with TGF-(3 146[]
, Pluronic F68/heparin NPs for TGF-(2 immobilization 160[]
, and poly(N-isopropylacrylamide) NPs for TGF-(1 release 
 ADDIN EN.CITE 
[147]
. Yet, different carrier matrices may be better suited for different biologics. Wang et al. demonstrated that PLGA MPs were better for releasing IGF-1 while silk MPs were more efficient in delivering BMP-2 
 ADDIN EN.CITE 
[161]
.


Many natural polymers, notably gelatin 
 ADDIN EN.CITE 
[3, 9, 143, 162-169]
, alginate 
 ADDIN EN.CITE 
[170]
, HA 
 ADDIN EN.CITE 
[170-173]
, chondroitin sulfate 
 ADDIN EN.CITE 
[145]
, and silk 
 ADDIN EN.CITE 
[161]
, have been used to create growth factor delivering MPs. Gelatin is a natural polymer derived from collagen, and by subjecting collagen precursors to either alkaline or acidic processing during the production of gelatin, basic or acidic gelatin with different isoelectric points can be obtained 
 ADDIN EN.CITE 
[166, 169]
. Resultant gelatin carrier matrices can then achieve either a net negative or positive charge at physiological pH depending on the isoelectric point, allowing for the ionic complexation of various growth factors during drug loading. Acidic gelatin MPs, which can be complexed with positively charged growth factors, were previously used for the controlled delivery of TGF-(1 
 ADDIN EN.CITE 
[163, 165]
, TGF-(3 
 ADDIN EN.CITE 
[162]
, IGF-1 
 ADDIN EN.CITE 
[164]
 , and BMP-2 166[]
 for cartilage and bone tissue engineering applications. However, since natural materials like gelatin and alginate are not native to articular cartilage, new ventures are exploring the use of more chondromimetic carriers with the aim of leveraging potential synergistic effects between growth factors and orthotopically relevant materials. 


Ansboro and colleagues recently described a layer-by-layer approach for the fabrication of hollow HA microspheres as carriers of TGF-(3 
 ADDIN EN.CITE 
[173]
. In their work, the authors reported that the delivery of TGF-(3 from HA microspheres to human MSC pellets enhanced the expression of chondrogenic genes (type II collagen and aggrecan) while inhibiting the expression of hypertrophic markers (type X collagen) in vitro. Lim and colleagues reported the development of nanoscale and microscale particles using chondroitin sulfate, a negatively charged glycosaminoglycan (GAG) found in articular cartilage 
 ADDIN EN.CITE 
[145]
, where they were able to show the controlled release of TGF-(1 from these particles. An interesting study by Bajpayee and colleagues modeled the effect of NP charge and size on particle uptake and binding in articular cartilage 174[]
. Using Avidin, a highly glycosylated protein with a high positive charge and a diameter of ~7 nm, as a model protein for the development of NPs as drug carriers, the authors demonstrated that while particles less than 10 nm in diameter were able to penetrate through the full-thickness of bovine cartilage explants, particles that were 15 nm in diameter were confined only to the superficial cartilage layer. Of note, the presence of a positive fixed charge density facilitated the rapid uptake of Avidin via electrostatic partitioning within 24 hrs when compared to neutrally charged NeutrAvidin and enhanced Avidin retention time to over 15 days 174[]
. Such results indicate that charge properties can be leveraged in innovative nanoparticle designs for the rapid uptake and retention of nanocarriers throughout the entire cartilage layer. Within the context of anti-inflammatory strategies for cartilage repair, the use MP carriers as the controlled delivery vehicles for small anti-inflammatory agents is also a subject of great interest 
 ADDIN EN.CITE 
[126, 144, 175-177]
.


Strategies for Controlling Delivery of Biologics

The plethora of studies on single growth factor delivery to induce chondrogenesis and/or facilitate neo-cartilage growth have been indispensible in showing the complexity of the cartilage wound healing environment. The current research on biologics for cartilage repair sees a trend towards multiple growth factor delivery to mimic the numerous signaling cascades involved. Yet the lack of an overwhelming improvement for multiple growth factor delivery over single growth factor delivery exemplifies the need to modulate the temporal expression and spatial distribution of biologics for not only cartilage regeneration, but for the repair of the osteochondral unit as a whole. The following sections will discuss the recent progress in the delivery of multiple biologics and spatiotemporally controlled delivery strategies for cartilage repair applications, and will highlight several advanced options for the design of biologic delivery platforms with potential for precise spatial and/or temporal control over the release of bioactive factors.

Multiple Biologics Delivery

Musculoskeletal development is an intricate process governed precisely by the activation and interplay of numerous biochemical cell-signaling pathways. In particular, the process of chondrogenesis alone involves the activation of chondrogenic adhesion molecules (integrins) and the up-regulation of chondrogenic growth factors (TGF-( superfamily) and their signal regulators, followed by the up-regulation of anabolic factors (bFGF, IGF-1, VEGF) during hypertrophy 
 ADDIN EN.CITE 
[178]
. While technically simple, it is extremely unlikely that the delivery of a single factor can stimulate the recapitulation of these signaling pathways for cartilage regeneration. As a result, strides have been made towards the development of controlled release systems for the delivery of multiple growth factors for cartilage repair in the hopes of increasing therapeutic potency. Since the work of Richardson and colleagues 
 ADDIN EN.CITE 
[179]
, which successfully demonstrated the controlled dual release of both VEGF and PDGF for the rapid formation of a mature vascular network, the field of controlled release has seen the advent of many sophisticated delivery systems for multiple bioactive agents. Indeed, by regulating the delivery of several bioactive factors, the induction of various biological responses in a fashion that promotes optimal cartilage repair becomes theoretically possible. 


A common chondrogenic strategy involves the sequential release of TGF-(1 or TGF-(3 to first chondrogenically stimulate a synthetic response by host/delivered progenitor cells, followed by the release of an anabolic or maturation factor like IGF-1 to encourage cartilage matrix production. Our laboratory, as well as others, has previously established that the dual delivery of TGF-(1 and IGF-1 can be achieved with distinct release kinetics 
 ADDIN EN.CITE 
[164, 180]
, and that the released growth factors stimulate the chondrogenic gene expression of MSCs in vitro 
 ADDIN EN.CITE 
[167]
. In the case of bulk hydrogel and NP/MP composite scaffolds, varying the phase of incorporation can modulate the release kinetics of multiple growth factors. By loading TGF-(1 directly into the bulk OPF hydrogel phase while loading IGF-1into highly crosslinked GMPs encapsulated within the OPF hydrogel, Holland and colleagues were able to attain a burst release of the former combined with the simultaneous but sustained release of the latter 
 ADDIN EN.CITE 
[164]
. Another approach for the sequential delivery of TGF-(1 and IGF-1 involves the use of biodegradable PLGA MPs 181[]
. Jaklenec and colleagues fused IGF-1 containing and TGF-(1 containing PLGA microspheres using dichloromethane vapor in order to generate three-dimensional drug-eluting scaffolds 180[]
. Incorporating bovine serum albumin (BSA) into the organic phase during microsphere fabrication improved IGF-1 internalization into the microspheres and hence, delayed the release of IGF-1. The release of TGF-(1 was controlled by either capping or uncapping PLGA with a carboxylic acid chain, where uncapped PLGA led to delayed release of the growth factor due to increased secondary interactions between the PLGA, TGF-(1, and BSA 180[]
. The development of such a modular design allowed for the combination of PLGA microspheres containing various growth factors or bioactive agents in order to generate custom dual or multiple biologic delivery systems. Indeed, a similar system utilizing PLGA microspheres of different co-polymer ratios and spherical sizes was able to achieve multiple burst releases of encapsulated chondroitin sulfate for potential applications in treating OA 
 ADDIN EN.CITE 
[182]
.


A more recent system leveraged a NP-laden hydrogel composite for the dual delivery of BMP-7 and TGF-(2. TGF-(2-immobilized NPs were created by first mixing Pluronic F68 with heparin to permit hydrogen bonding between the two components 160[]
. TGF-(2 was subsequently immobilized via ionic complexation with the heparin component. Chitosan and polyvinyl alcohol were then added to promote the formation of individual TGF-(2 immobilized NPs, which were embedded into a BMP-7 immobilized alginate hydrogel bulk phase. The authors were able to show fast release of BMP-7 (up to 80% cumulative release) coupled with the sustained release of TGF-(2 (up to 30% cumulative release) over 21 days in vitro 160[]
. Interestingly, the delivery of both BMP-7 and TGF-(2 from the hydrogel phase, as opposed to delivery from the encapsulated NPs, was slower due to the potential aggregation between growth factors during hydrogel fabrication, highlighting the need to examine the potential interplay between biologics in multiple growth factor delivery systems. Nevertheless, these systems coupling the delivery of BMPs with TGF-( are especially useful in applications involving MSCs derived from sources other than the bone marrow (i.e., adipose tissue), which require such growth factor combinations for chondrogenesis 
 ADDIN EN.CITE 
[183-186]
. Despite our ability to tailor the release of multiple therapeutic agents in order to affect a desired cellular responses in vitro, one must consider the challenges of accurate preclinical translation in vivo. For instance, the dual delivery of TGF-(2 and BMP-7 to trochlear groove defects in rabbits, even with the co-implantation of adipose derived MSCs, failed to elicit any histological improvement in osteochondral tissue repair over controls 
 ADDIN EN.CITE 
[136]
. Analogously, the co-delivery of TGF-(1 and IGF-1 via OPF/gelatin MP hydrogel composites did not offer any additional benefits over the delivery of IGF-1 alone for osteochondral tissue regeneration in vivo 
 ADDIN EN.CITE 
[9]
. Recently, it was investigated whether the lack of additive or synergistic effects could be due to differences in TGF-( release kinetics between the in vivo environment and what was observed in vitro 
 ADDIN EN.CITE 
[84]
. Using a similar OPF composite system, IGF-1 and TGF-(3 were co-delivered to an osteochondral defect site to evaluate tissue repair, where changing the loading phase of TGF-(3 varied its release kinetics. However, the results seemed to confirm a lack of synergy between these two growth factors in affecting a favorable healing response in vivo 
 ADDIN EN.CITE 
[84]
. 


Bian and colleagues recently described an alternative strategy with high potential for cartilage repair 
 ADDIN EN.CITE 
[170]
. Their approach entailed the initial transient exposure of MSCs encapsulated in a HA hydrogel to TGF-(3 released from co-encapsulated alginate microspheres to induce chondrogenesis, followed by the exposure to PTHrP to prevent hypertrophy. While the release of TGF-(3 induced the chondrogenesis of MSCs in vivo (in a subcutaneous mouse model), the uncontrolled and rapid delivery of PTHrP was unable to inhibit hypertrophic calcification 
 ADDIN EN.CITE 
[170]
. Another strategy described the combined use of anti-angiogenic agent suramin and TGF-(1 for the generation of hyaline cartilage from periosteal cells on an agarose hydrogel implanted within a subperiosteal space 96[]
. Together, these studies highlight the complexity of the native joint environment and indicate that caution must be taken when combining multiple growth factors with similar chondrogenic stimulatory effects for controlled delivery in vivo. Indeed, it may prove advantageous to instead combine factors with varying anti-inflammatory, anti-angiogenic, chondrogenic, or anabolic biological effects in order to simulate biomimetic cascades and processes for more effective cartilage repair in vivo.


Within the context of multiple growth factor delivery, an emerging field of interest comprises the application of PRP. PRP is an enriched blend of growth factors that can be autologously derived through the centrifugation of patient blood. Several protocols exist for the isolation and preparation of PRP for specific applications 
 ADDIN EN.CITE 
[55, 187]
. In contrast to the rising potential of PRP for cartilage repair, information regarding its composition and mechanisms of action remain relatively scarce. Additionally, it remains unclear how different processing techniques and donor-to-donor variability affect the composition and effectiveness of PRP. Using protein antibody membrane arrays, Krüger and colleagues recently profiled the growth factor composition of human PRP and revealed a plethora of chondrogenic and anabolic growth factors including various BMPs, FGFs, PDGFs, IGFs, TGF-(s and VEGFs 
 ADDIN EN.CITE 
[188]
. Indeed, several studies of late have reported the positive effects of PRP on cartilage repair in both diseased and acute defect models 189[]
. 


Sundman and coworkers treated osteoarthritic synovium and cartilage explants with PRP ex vivo and showed that PRP decreased the gene expression of inflammatory markers including TNF-( and MMP-13 while enhancing endogenous HA production 190[]
. Raeissadat and colleagues evaluated the effects of PRP injections on functional improvement and quality of life of OA patients in a clinical study and found that even the direct intra-articular administration of PRP ameliorated joint pain and knee stiffness, and improved patients’ quality of life in the studied time frame of 6 months 191[]
, which corroborates the results from similar investigations 
 ADDIN EN.CITE 
[192-194]
. However, the lack of proper controls necessitates further investigations regarding the clinical use of PRP for OA. In an acute femoral defect model, the treatment of osteochondral grafts with PRP prior to implantation actually led to the improvement of graft-host integration when compared to grafts treated with saline solution 195[]
, further indicating that PRP can decrease cartilage degeneration via the inhibition of inflammatory signals and the induction of neo-cartilage integration. Given the multifarious properties of PRP, future combinatory strategies can aim to leverage specific PRP effects through the co-delivery of synergistic or inhibitory factors. One potential strategy could explore the possibility of releasing the anti-angiogenic drug Avastin 196[]
 following the delivery of PRP in order to promote a hypoxic environment, which has been shown to be vital for non-hypertrophic chondrogenesis 
 ADDIN EN.CITE 
[197]
 for articular cartilage repair. 

Spatially Controlled Delivery

It is well known that the extracellular matrix structure of articular cartilage represents an intricate hierarchy of distinct layers that function together to meet the osmotic and viscoelastic demands of the tissue. While advances toward the utilization of multiple bioactive agents are beginning to address some of the complexities of cartilage regeneration in vivo, the presence of undefined and potentially negative cross-effects suggests that the method of growth factor presentation to defect sites still requires significant fine-tuning. Indeed, it is recognized that bioactive factors should ideally be delivered in a spatially and temporally controlled fashion in order to elicit maximum therapeutic efficacy. By first reviewing strategies for spatial control followed by strategies for temporal control, this section primarily highlights recent advances made toward the development of technologies or platforms that can allow precise control over spatiotemporal release conditions for cartilage repair.


For cartilage applications, spatial control over drug delivery can be mainly achieved via two distinct approaches: the conditional/permanent immobilization of chondrogenic growth factors to desired regions within a scaffold, or the directional release of chondrogenic growth factors from a reservoir. Within the context of osteochondral tissue repair, growth factor concentration gradients and multiphasic scaffolds are often applied. Out of the strategies available for spatial control, the physical entrapment or chemical conjugation of factors to a scaffold represents the most technically simple approach. Such methods for protein sequestration commonly offer several advantages including localized growth factor presentation, dosage control, and preservation of protein bioactivity. McCall and colleagues recently investigated a strategy for TGF-(1 immobilization using clinically relevant materials 198[]
. TGF-(1 was first thiolated by a reaction with 2-iminothiolane (via primary amine groups on the N-terminus), and was subsequently functionalized into poly(ethylene glycol) (PEG)-diacrylate hydrogels using mixed-mode photopolymerization. By changing the initial concentration of thiolated TGF-(1 prior polymerization, it was shown that the growth factor dosage as well as bioactivity could be precisely controlled. Interestingly, co-encapsulated human MSCs, when exposed to the lower dosages of immobilized TGF-(1, actually exhibited equal or greater levels of chondrogenesis when compared to soluble TGF-(1 in culture medium 198[]
. 


Implications for the utility of spatially tethered chondrogenic growth factors to act as chondrogenic stimulants or chemoattractants for host progenitor cells in cartilage defects in vivo were further provided by Griffin and colleagues, who recently reported the synthesis of photodegradable macromers for the conjugation and release of biologics 
 ADDIN EN.CITE 
[199]
. In their work, the authors synthesized a class of photosensitive ortho-nitrobenzyl (o-NB) macromers that could be functionalized with different reactive groups at the benzylic position. These reactive groups, which included alcohols, alkyl halides, amines, carboxylic acids, N-hydroxysuccinyl ester, and biotin, permitted the conjugation of essentially any type of therapeutic agent for cartilage repair. The mechanistic release of such therapeutics could then be externally controlled by light exposure. Additionally, it was previously reported by the same group that o-NB macromers could be designed with different photodegradation rates, hence yielding external control over the multistaged release of multiple bioactive factors 200[]
. As a proof of concept, Griffin and coworkers incorporated o-NB macromers that were conjugated with TGF-(1 into PEG hydrogels and demonstrated that photoreleased TGF-(1 maintained high bioactivity and was able to effectively induce the chondrogenic differentiation of human MSCs in vitro. The development of such platforms confers researchers with not only options for the precise external control over the spatial presentation of bioactive factors in potential strategies for cartilage repair, but also the temporal patterning of bioactive factor delivery.


While many systems have been designed for the spatially controlled delivery of growth factors to cartilage tissues as a whole, few studies if any have employed spatial gradients with high enough resolution to target the subtle inhomogeneity of the hierarchical articular cartilage makeup. However, as aforementioned, recent innovations using Avidin as a model protein for articular cartilage drug uptake 174[]
 indicate that the particle diameter and fixed charge density of drug-loaded NP systems could be finely tuned to affect NP uptake depth and retention time in order to target distinct zones within the cartilage layer. Currently, spatial concentration gradients usually consist of lower resolution biphasic or multiphasic systems built to stimulate the simultaneous repair of cartilage and subchondral bone in osteochondral composite tissues. In such cases, bilayered composites can easily be used to bias the local delivery of chondrogenic factors to the cartilage layer and osteogenic factors to the subchondral layer in osteochondral defects. As discussed earlier in the section describing the delivery of multiple biologics for cartilage repair, our laboratory has previously evaluated the utility of bilayered OPF composite systems for the spatially controlled delivery of chondrogenic factors IGF-1 and TGF-(1 or TGF-(3 only to the chondral regions of an osteochondral defect 
 ADDIN EN.CITE 
[9, 84]
. 


In line with the need for high spatial resolution scaffolds and interfacial considerations between the cartilage and bone layers of osteochondral composite tissues, Wang and colleagues developed a BMP-2 and IGF-1 gradient biopolymer system with the ability to elicit the corresponding osteogenic and chondrogenic response of MSCs 
 ADDIN EN.CITE 
[161]
. Using an aqueous-derived silk porous scaffold, silk microspheres loaded with BMP-2 or IGF-1 were differentially mixed together via a gradient maker to generate either single BMP-2/IGF-1 gradients or dual reverse gradients of both growth factors in a single scaffold. However, it was found that only silk scaffolds delivering BMP-2 gradients (i.e., single BMP-2 gradients or reverse BMP-2/IGF-1 gradients) were effective at promoting a gradient response 
 ADDIN EN.CITE 
[161]
, indicating that bioactive agents must be compatible with the delivery platform. More recently, Dormer and coworkers described the creation of a PLGA microsphere-based bioactive plug with a continuous gradient transition between chondrogenic TGF-(1 and osteogenic BMP-2 for osteochondral tissue repair in vivo 
 ADDIN EN.CITE 
[156]
. When implanted into medial femoral defects in rabbits, it was shown that the presence of a reverse continuous gradient of chondrogenic and osteogenic growth factors led to improved histological repair over blank controls. While results highlight the potential of growth factor gradient design for osteochondral tissue regeneration, the lack of controls that test specifically the effect of the gradient on tissue repair necessitates future studies evaluating such an effect.


In contrast to growth factor gradient designs, Li and coworkers developed a unique spatial control strategy based on inhomogeneous bilayered collagen scaffolds that could bias the direction of growth factor release 201[]
. The described construct comprised a dense collagen layer and a loose collagen layer sandwiching a reservoir of chitosan-heparin NPs loaded with growth factors for the directional release of the anabolic factor bFGF 201[]
. bFGF was preferentially released through the loose collagen layer, thereby making the loose layer a better cell-adhesive and proliferative substrate with potential for tissue repair in vivo. The same release of bFGF was not observed for the dense layer. When this bFGF release platform was utilized for articular cartilage repair in osteochondral defects in vivo, the authors showed that the directional release of bFGF toward the subchondral bone (i.e., loose layer facing subchondral bone) stimulated the early up-regulation of endogenous TGF-(s, BMPs, and VEGFs as detected in the synovial fluid 202[]
. Additionally, the controlled and directional release of bFGF toward the subchondral bone in an osteochondral defect improved histological scores for cartilage repair. Furthermore, such a spatially oriented approach limits the release of growth factors into the synovial space and hence, preserves the supply and longevity of growth factors for optimal therapeutic efficacy. 

Temporally Controlled Delivery

Most, if not all, controlled release strategies enabling spatial control over the delivery of biologics also confer some degree of temporal control. Hence, the following will highlight several recent advances specifically emphasizing precise temporal control for the release of bioactive agents in the context of cartilage-related applications. Accordingly, one class of biomaterials that can offer improved temporal control over traditional delivery systems is self-assembling peptides. Kopesky and coworkers recently reported the slow and sustained release of TGF-(1 from acellular self-assembled peptide formed from AcN-(KLDL)3-CNH2 custom peptide sequences 137[]
. Such KLD peptides were able to efficiently uptake growth factors, which could be loaded into the equilibrium peptide solution before or after self-assembly, with five times greater uptake before self-assembly. This provided the ability to precisely modulate the dosage of growth factors to be released. It was shown that by day 3, only 18% percent of the total TGF-(1 loaded was released, indicating the avoidance of a burst release 137[]
. By day 21, only 44% of cumulative TGF-(1 was achieved, suggesting the utility of KLD hydrogels for long-term controlled growth factor release and for avoiding the dosage limitations of other single growth factor delivery systems. Furthermore, KLD hydrogels could theoretically maintain growth factors in their bioactive macromolecular form efficiently through designed electrostatic interactions during peptide sequencing. Despite the advantages of such long-term release strategies, the efficacy of delivered peptides and proteins commonly face issues related to short half-lives. To address this problem, Ashley and colleagues developed a generic drug delivery platform based on a tetra-PEG porous hydrogel incorporating (-eliminative linkers that could undergo (-eliminative cleavage in the presence of an electron withdrawing modulator for the release of covalently tethered drugs 
 ADDIN EN.CITE 
[203]
. The (-eliminative linkers, which were not prone to enzymatic degradation, could be designed to have highly predictable half-lives and could be used to simultaneously conjugate bioactive factors and crosslink PEG hydrogels. The covalent fixation of therapeutics to and their subsequent release from the (-eliminative linkers could then be directly controlled by the half-life of the linker, which can be designed to range from a few hours to over a year 
 ADDIN EN.CITE 
[203]
. Hence, by combining (-eliminative linkers with short half-lives for drug tethering and those with longer half-lives for hydrogel crosslinking, one can ensure the complete release of growth factors prior to hydrogel degradation. Such a strategy for osteochondral defect repair would allow one to take full biomechanical advantage of having hydrogel structural support while mitigating any form of release kinetics limitations associated with bulk material degradation. Additionally, the ability to fine-tune the temporal release of biologics and to potentially decouple spatial and temporal modulation should inspire future innovations toward the design of growth factor delivery patterns that mimic the cartilage signaling cascades during fetal development in order to stimulate robust cartilage regeneration. Table 3.2 lists various strategies that have leveraged the use of spatial and/or temporal control for the delivery of biologics for cartilage repair applications.


Other approaches toward achieving temporal control over growth factor presentation typically involve more indirect means via the use of gene therapy. Indeed, many pharmacotherapy strategies that currently exist in the literature describe the use of gene therapy, or the viral/non-viral conditioning of cells into endogenous growth factor depots, for cartilage and osteochondral repair. However, it is not clearly known how the effectiveness of such strategies compares with those that rely on the controlled delivery of exogenous factors. Using bovine articular chondrocytes, Shi and coworkers compared the effectiveness of exogenously and endogenously delivered IGF-1 and TGF-(1 for in vitro chondrogenesis 
 ADDIN EN.CITE 
[204]
. The authors showed no difference between exogenously or endogenously delivered IGF-1, but found that exogenously delivered TGF-(1 elicited greater chondrogenic gene expression when compared to endogenously delivered TGF-(1. This was confirmed to be due to the non-covalent complexation of a latency-associated peptide with TGF-(1 during endogenous production to form a small latent complex, which was then bound by latent TGF-(1 binding protein to form a large latent complex 
 ADDIN EN.CITE 
[204]
. While this preserved growth factor bioactivity, the complex was shielded from TGF-(1 receptors on the chondrocyte surfaces. These results suggests that while the endogenous delivery of certain bioactive factors via gene therapy may prove beneficial for cartilage repair, not all factors are suitable with this form of delivery. The current state of gene therapy as a means for temporally controlled chondrogenic growth factor delivery is aptly reflected by the work of Lu and colleagues, who recently reported the utility of a chitosan-based gene-activated matrix encapsulating chitosan/HA NPs carrying plasmids for the prolonged delivery of plasmid genes for transfection 205[]
. In their application, the authors leveraged a hybrid NP system for the delivery of plasmids encoding TGF-(1, where the presence of HA theoretically improved the transfection efficiency and also provided a substrate with which cells could interact. It was shown that the release of plasmids was sustained for over 120 days in vitro, and that the released plasmids stimulated the proliferation of seeded chondrocytes. These results demonstrate that the main advantage of sustained gene therapy when compared to conventional exogenous delivery is the ability to control the timely administration of growth factors in an endogenously relevant fashion, therefore highlighting the potential of such strategies for effective cartilage repair.

Conclusion

Despite its perceived simplicity, the consistent repair of articular cartilage still remains a significant clinical challenge. However, the advent of innovative tissue engineering technologies is beginning to address many of the major shortcomings of current clinical approaches. Specifically, tissue engineering approaches leveraging the use of release platforms that offer spatiotemporal control over the delivery of bioactive factors are eliciting favorable outcomes in vitro and in vivo. In a relatively short time span, release systems for the delivery of biologics have evolved from simple intra-articular modalities into complex multifunctional and modular delivery platforms. While such systems have generally employed the benefits of chondrogenic growth factors in cartilage repair applications, new approaches are now finding utility in the use of biologics with primary effects on progenitor cells other than chondrogenic or anabolic stimulation. As highlighted, therapeutic treatment of cartilage repair could also be garnered from the delivery of various anti-inflammatory, anti-angiogenic, or chondroprotective agents. The delivery of multiple factors simultaneously or in a spatiotemporally designed fashion for cartilage repair applications, as evidenced by the use of biphasic delivery scaffolds or growth factor gradients, is also becoming a popular area of research. Yet, as new findings show, the delivery of more factors may not necessarily elicit additive or synergistic effects in cartilage regeneration. Additionally, studies are now beginning to show that certain bioactive factors may only be compatible with certain delivery platforms. Hence, future efforts should aim to identify these key biologic-to-biologic and biologic-to-platform interactions as such information will be critical to the success of future strategies leveraging the delivery of various biologics for cartilage repair.


Table 3.1. Biologics delivered for in vitro and in vivo cartilage repair applications

		Biologics

		Biological Effect

		Biologic Type

		In vitro/In vivo Model

		Comments

		References



		PTHrP

		Anti-Hypertrophy

		Growth Factor

		In vitro cultures; In vivo OC defect model

		Inhibited hypertrophy of chondrocytes and MSCs during differentiation in vitro; Reduced, but did not prevent, calcification in vivo 

		
 ADDIN EN.CITE 
[170]




		S-(+)-ibuprofen

		Anti-inflammatory

		Small Molecule

		Ex vivo OA model

		Reduced prostaglandins synthesis at 50 µM.  When released from PLGA-PEG microspheres, reduced cartilage degradation at 1 mM ex vivo

		
 ADDIN EN.CITE 
[122, 175]




		Sulforaphane

		Anti-inflammatory

		Small Molecule

		In vitro cultures; In vivo OA model

		Inhibited inflammatory markers including COX-2, ADAMTS-5, and MMP-2 in vitro; Delayed progression of OA in vivo 

		
 ADDIN EN.CITE 
[126]




		IL-1Ra

		Anti-inflammatory

		Antigen

		In vitro cultures; In vivo OA model

		Bound to IL-1 surface receptors of synoviocytes in vitro; Retained in joint without inducing degenerative changes in vivo; Specific chondroprotective effects need to be evaluated

		
 ADDIN EN.CITE 
[144]




		3,4,6-O-Bu3GlcNAc

		Anti-inflammatory/Chondroprotective

		Small Molecule

		In vitro cultures

		Decreased the expression of IL-1(-stimulated NFkB target genes and increased GAG production and chondrogenic gene expression of IL-1( challenged chondrocytes

		206[]




		SDF-1

		Cell Homing

		Chemokine

		In vitro cultures; In vivo OC model and intraperitoneal cell migration model

		Did not influence proliferation/chondrogenesis of MSCs in OC defect but resulted in ectopic cartilage formation when delivered with TGF-(1 at 4 weeks in vivo

		
 ADDIN EN.CITE 
[101, 207]




		PRP

		Chondrogenic/Anabolic/Anti-inflammatory

		Growth Factor Cocktail

		In vitro and ex vivo cultures; In vivo OA and OC defect models

		Decreased the expression of inflammatory markers including TNF-( and MMP-13 and enhanced endogenous HA production ex vivo; OC graft pre-treatment with PRP enhanced graft-host integration in vivo
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[190, 195]




		HA

		Chondroprotective

		Viscosupplement

		In vitro cultures; In vivo OA models

		High molecular weight HA resulted in improved histological scores and lower cartilage friction coefficients when compared to low molecular weight HA in vivo
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[111]




		Proteoglycan 4

		Chondroprotective

		Viscosupplement

		In vitro cultures

		Supplementation of OA synovial fluid with proteoglycan 4 restored lubricating ability by reducing friction coefficient in cartilage-on-cartilage tests
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[208]




		Prostaglandins E2

		Inflammatory/Anabolic

		Small Molecule

		In vitro cultures

		Low concentrations (10-9 M to 10-6 M) stimulated increased chondrogenic gene expression of articular chondrocytes in 3D

		
 ADDIN EN.CITE 
[123]






Table 3.2. Selected spatiotemporally controlled delivery strategies for in vitro and in vivo cartilage repair applications

		Biologics Delivered

		Delivery Platform

		In vitro/In vivo Model

		Spatial Strategy

		Temporal Strategy

		Reference



		TGF-(1, IGF-1

		Gelatin microparticles encapsulated in bilayered OPF hydrogels

		Rabbit femoral medial condyle osteochondral defect

		Growth factors  delivered from the chondral layer of bilayered OPF construct

		Burst release of TGF-(1 with sustained release of IGF-1

		
 ADDIN EN.CITE 
[9]




		TGF-(3, IGF-1

		Gelatin microparticles encapsulated in bilayered OPF hydrogels

		Rabbit femoral medial condyle osteochondral defect

		Growth factors delivered from chondral layer of bilayered OPF construct

		Burst release or sustained release of TGF-(3 with sustained release of IGF-1
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[84]




		TGF-(1, IGF-1

		PLGA microsphere-fused 3D scaffold

		In vitro

		N.A.

		Burst or sustained release of TGF-(1; Burst or sustained release of IGF-1

		180[]




		BMP-7, TGF-(2

		Pluronic F68-heparin-chitosan nanoparticles encapsulated in alginate hydrogel

		Rabbit trochlear groove osteochondral defect

		N.A.

		Burst release of BMP-2 with sustained release of TGF-(2

		160[]




		TGF-(3, PTHrP

		Alginate microspheres encapsulated in HA hydrogel

		Mouse subcutaneous model

		N.A.

		Burst release of TGF-(3 with simultaneous release of PTHrP
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[170]




		BMP-2, IGF-1

		Silk microspheres incorporated into aqueous-derived silk porous scaffold

		In vitro

		Single BMP-2 gradient; Single IGF-1 gradient; Continuous BMP-2/IGF-1 transitional reverse gradient

		N.A.
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[161]




		BMP-2, TGF-(1

		PLGA microsphere-based bioactive plug

		Rabbit femoral condyle osteochondral defect model

		Continuous BMP-2/TGF-(1 transitional reverse gradient

		N.A.
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[156]




		bFGF

		Chitosan-heparin nanoparticles in loose/dense bilayered collagen scaffold

		Rabbit trochlear groove osteochondral defect model

		Directional bFGF release via the loose collagen layer - Compared release toward or away from subchondral bone 

		Burst release followed by sustained release of bFGF
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[201, 202]




		BMP-2, microfracture

		Heparin-conjugated fibrin (long-term delivery) or fibrin (short-term delivery)

		Rabbit trochlear groove osteochondral defect model

		N.A.

		Burst or sustained release of BMP-2 with bone marrow exposure
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[74]




		TGF-(1, BMP-4

		Affinity binding bilayered alginate sulfate

		Rabbit trochlear groove osteochondral defect model

		TGF-(1 affinity-bound into chondral layer; BMP-4 affinity-bound into subchondral layer

		N.A.
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[140]




		BMP-2 or TGF-(1

		PLGA microspheres encapsulated in alginate matrix overlaid on porous PLGA cylinder

		Rabbit trochlear groove osteochondral defect model

		TGF-(1, low dose (2.5 µg) BMP-2, or high dose (5 µg) BMP-2 delivered from PLGA in chondral layer

		Burst release followed by sustained release of TGF-(1 or BMP-2 

		73[]






Chapter 4. Fumarate-based hydrogels in regenerative medicine applications


Summary


The past several years have seen the development of novel fumarate-based hydrogels for tissue engineering applications.  These biocompatible and biodegradable hydrogels include poly(propylene fumarate-co-ethylene glycol), oligo(poly(ethylene glycol) fumarate), and poly(lactide-co-ethylene oxide-co-fumarate).  They have the capacity to be injectable and crosslinked in situ, and each hydrogel has its own unique set of physical properties that can be tailored to meet the requirements of a specific function.  Such versatile functionality situates fumarate-based hydrogels as excellent scaffolds for numerous regenerative medicine applications.

Introduction


Hydrogels are an excellent scaffold structure for numerous applications in tissue engineering and regenerative medicine. In particular, they can be used as cell and drug carriers to deliver such therapeutic components directly and locally 
 ADDIN EN.CITE 
[209]
.  Hydrogels can be injectable and crosslinked in situ, reducing the need for risky invasive surgeries 
 ADDIN EN.CITE 
[165]
.  In addition, hydrogels can mimic the natural extracellular matrix (ECM) environment and allow for control of cellular and tissue functions as well as the transport of nutrients and bioactive molecules 
 ADDIN EN.CITE 
[210, 211]
. 


Fumarate-based hydrogels are synthetic polymers, allowing for flexible control of physical, mechanical, and degradative properties for a desired application 211[]
.  Fumaric acid, the fundamental component of these hydrogel scaffolds, is an unsaturated organic acid commonly found in the human body and can be metabolized through the Krebs cycle 
 ADDIN EN.CITE 
[2, 212, 213]
.  Polymer chains that contain fumarate units crosslink easily via the unsaturated double bonds and degrade through hydrolysis of the ester bonds in the fumarate group 
 ADDIN EN.CITE 
[2, 213-215]
.  Furthermore, the biodegradable nature of these hydrogels allows for neotissue ingrowth and eliminates the need for another surgery to remove the implanted scaffold 
 ADDIN EN.CITE 
[212, 216]
. 


Current research on fumarate-based hydrogels as tissue engineering scaffolds for regenerative medicine applications include poly(propylene fumarate-co-ethylene glycol) (P(PF-co-EG)), oligo(poly(ethylene glycol) fumarate) (OPF), and poly(lactide-co-ethylene oxide-co-fumarate) (PLEOF). These hydrogel scaffolds have been well characterized with a number of in vitro and/or in vivo studies proving them to be non-cytotoxic and biocompatible to surrounding tissues 
 ADDIN EN.CITE 
[217-220]
.  In addition, the ease in crosslinking modulation of fumarate-based hydrogels is a testament to their versatility. As biodegradable and biocompatible materials, each hydrogel has its unique physical and mechanical properties that can be tailored to meet the needs of specific regenerative medicine applications including drug delivery and regeneration of bone, cartilage, and nerve tissue.  This chapter will illustrate the chemistry and characterization behind these fumarate-based hydrogels in addition to their applications in regenerative medicine.  


Poly(propylene fumarate-co-ethylene glycol) hydrogel


Macroporous hydrogels based on poly(propylene fumarate-co-ethylene glycol) (P(PF-co-EG)) have been investigated over the past decade as an injectable, biodegradable scaffolding material for the modulation of cellular behavior 
 ADDIN EN.CITE 
[221-224]
.

Chemistry


P(PF-co-EG) is a block copolymer of poly(propylene fumarate) (PPF) and poly(ethylene glycol) (PEG). It is formed via a multistep reaction that begins with the synthesis of PPF, a biodegradable polyester previously characterized and investigated for applications in orthopaedic and craniofacial tissue engineering 
 ADDIN EN.CITE 
[225-228]
. First, diethyl fumarate and propylene glycol are reacted in the presence of catalytic zinc chloride to create bis(2-hydroxypropyl) fumarate, a diester intermediate. The intermediate can then be transesterified under vacuum to yield a linear unsaturated form of PPF 229[]
. Once PPF is obtained, it can be reacted with PEG or methoxy-PEG to form the P(PF-co-EG) copolymer via a transesterification reaction as seen in Figure 4.1 
 ADDIN EN.CITE 
[214, 222]
. The use of methoxy-PEG allows for a more controlled synthesis of P(PF-co-EG) and ensures that at most two PEG block attach to the linear PPF chain 214[]
. 


Due to the presence of fumarate double bonds in the PPF blocks, P(PF-co-EG) is a highly unsaturated copolymer. As a result of this intrinsic property, the raw copolymer material can undergo crosslinking to produce amphiphilic hydrogels 217[]
. The amphiphilic nature of P(PF-co-EG) also permits the copolymer to undergo reversible thermal gelation via changes in intermolecular behavior upon fluctuations in temperature 214[]
. The thermal initiation system for crosslinking can leverage a crosslinker, such as poly(ethylene glycol) diacrylate (PEG-DA), in combination with a radical initiator (e.g., the redox radical initiators ammonium persulfate (APS) and ascorbic acid (AA)) 
 ADDIN EN.CITE 
[230]
. Sodium bicarbonate can be added to the reaction to interact with AA to generate carbon dioxide gas. The generated gas allows the production of macroporous hydrogel materials 
 ADDIN EN.CITE 
[231, 232]
. 

Characterization


Swelling and degradation


P(PF-co-EG) consists of alternating hydrophobic PPF and hydrophilic PEG polymer blocks. Due to the hydrophilic nature of the PEG component, P(PF-co-EG) materials can retain water to form amphiphilic hydrogels after crosslinking. By altering the amounts of the hydrophilic and hydrophobic components, the swelling properties of P(PF-co-EG) hydrogels can be tuned 223[]
. Indeed, previous swelling studies have demonstrated that equilibrium swelling ratios of P(PF-co-EG) hydrogels are increased with higher PEG amounts and decreased with higher PPF amounts 223[]
. Additionally, physical properties such as compressive and tensile moduli can be modulated by adjusting the PPF:PEG ratio 223[]
. Because PPF retains the bulk structural integrity, higher PPF amounts are correlated with materials of greater mechanical strength. For example, hydrogels prepared with a 1:2 weight ratio of PPF to PEG had a tensile modulus of 1.90 ± 0.67 MPa while the same hydrogels prepared with a 2:1 weight ratio of PPF to PEG had a significantly higher tensile modulus of 20.66 ± 2.42 MPa [16].


With regard to the degradation characteristics of P(PF-co-EG) hydrogels, several studies have observed the mechanism by which these amphiphilic hydrogels degrade 
 ADDIN EN.CITE 
[217, 232]
. Due to the presence of hydrolytically cleavable ester bonds in PPF, P(PF-co-EG) hydrogels are expected to undergo bulk degradation following the absorption of water. Typically, bulk degrading materials maintain their shape and volume but lose mechanical strength as their internal polymeric networks undergo hydrolysis. However, this may not apply to hydrogels that undergo bulk degradation, as increased water penetration will affect the shape and volume of these materials over time. The gradual loss of mechanical strength over time was observed in both in vitro and in vivo conditions as measured by decreases in complex dynamic flexural and tensile moduli 
 ADDIN EN.CITE 
[217, 232]
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Like the swelling properties, the degradation rate of P(PF-co-EG) can be altered as well. For instance, greater amounts of mass loss are observed in hydrogels with higher PPF content 217[]
. Although PPF is responsible for a majority of the mechanical strength attributed to P(PF-co-EG) hydrogels, the ester linkages make it most susceptible to hydrolytic cleavage 232[]
. As a result, increasing weight percentages of PPF initially increase tensile strength of the hydrogel but ultimately increase the rate of bulk degradation. Since the current system uses PEG-DA as the crosslinker, the crosslinking density can be modified by changing the P(PF-co-EG):PEG-DA ratio to also affect the degradation of P(PF-co-EG) hydrogels. Purportedly, smaller P(PF-co-EG):PEG-DA ratios, or higher crosslinking densities, result in slower degradation 232[]
. This is because more ester linkages need to be cleaved in hydrogels with greater crosslinking densities, ultimately leading to a slower degradation rate. Unlike other polyester scaffolds, however, the degradation of P(PF-co-EG) hydrogels is not heavily influenced by porosity 232[]
. While hydrophobic scaffolds may not swell in aqueous environments, P(PF-co-EG) hydrogels are already swollen with water and as a result, the rate of hydrolytic degradation for these materials is not influenced by an increase in surface area due to porosity. 


Cytocompatibility and biocompatibility


Investigations of the in vitro cytotoxicity and in vivo biocompatibility of P(PF-co-EG) hydrogels revealed favorable biological responses. Specifically, cytotoxicity was evaluated by exposing monolayer endothelial cell cultures to leachable materials from P(PF-co-EG) hydrogel films and then measuring their levels of viability and proliferation 
 ADDIN EN.CITE 
[233]
. As determined by an MTT assay, the viability of exposed monolayers to gel compositions with high PEG amounts was not significantly different from that of negative controls 
 ADDIN EN.CITE 
[233]
. Since P(PF-co-EG) based hydrogels are intended for injectable, biodegradable applications within the body, in vivo biocompatibility is also crucial. A cage implant system was employed as the in vivo model to assess biocompatibility 
 ADDIN EN.CITE 
[233]
. Briefly, dehydrated gel films were placed inside sterilized small cylindrical cages and implanted subcutaneously into Sprague Dawley rats 
 ADDIN EN.CITE 
[233]
. Biochemical and histological analyses of exudates and extracted copolymer films revealed that the biocompatibility of P(PF-co-EG) hydrogels is dependent on the copolymer composition. In particular, increasing amounts of uncrosslinked PPF elicited more toxic responses in vivo 
 ADDIN EN.CITE 
[233]
. Hence, cytotoxicity and inflammation can be attenuated with higher weight percentages or molecular weights (MWs) of the PEG component. Overall, P(PF-co-EG) hydrogels exhibited excellent biocompatibility upon implantation, demonstrating their suitability as effective tissue engineering scaffolds.  


Modification with biomimetic peptides


With regard to biocompatibility, P(PF-co-EG) hydrogels were able to accommodate varying levels of cell adhesion. Copolymer modifications via changing the PEG amount can influence the physicochemical properties of hydrogels and thus cell adhesion. Tanahashi et al. reported that the adhesion of smooth muscle cells and human endothelial cells was dependent on the hydrophilicity of the hydrogels; less hydrophilic P(PF-co-EG) hydrogels elicited smaller amounts of cell adhesion 221[]
. However, cells bound to macroporous P(PF-co-EG) hydrogels alone do not display any morphological signs of activity 221[]
. In order to affect changes in cellular behavior, ECM adhesion peptides such as the arginine-glycine-aspartic acid (RGD) sequence have been incorporated into the bulk macroporous hydrogel, imparting properties that are biomimetic of the natural ECM 
 ADDIN EN.CITE 
[224]
. Behravesh et al. incorporated RGD adhesion peptides into P(PF-co-EG) hydrogels by crosslinking P(PF-co-EG) with acryloyl-PEG-GRGDS, which was synthesized by reacting the oligopeptide GRGDS with acryloyl-poly(ethylene glycol) N-hydroxysuccinimide (Ac-PEG-NHS) [15]. Adhesion and migration assays studying the behavior of bone marrow stromal cells, also referred to as mesenchymal stem cells (MSCs), on macroporous P(PF-co-EG) hydrogels demonstrated that cell specific binding can be achieved and that the cells bound are biologically active 
 ADDIN EN.CITE 
[224]
. For instance, marrow-derived osteoblasts have been shown to bind, spread, and migrate on RGD-functionalized P(PF-co-EG) hydrogels, revealing the ability of these scaffolds to activate anchorage-dependent behaviors in this particular cell type 
 ADDIN EN.CITE 
[224]
. By incorporating RGD peptide sequences into P(PF-co-EG) copolymers using PEG spacers and PEG blocks of specific MWs, only cell types with receptors for the RGD sequence are selected for binding. Additionally, biomimetic P(PF-co-EG) hydrogels can sustain the differentiation of progenitor cells 
 ADDIN EN.CITE 
[224]
. Utilizing RGD-functionalized P(PF-co-EG) hydrogels as three-dimensional scaffolds for culture of bone marrow-derived MSCs, the biomimetic hydrogel was used as a vehicle for osteoblastic differentiation 
 ADDIN EN.CITE 
[234]
. One can imagine the utility of such technologies for the ex vivo modulation of bone marrow-derived MSCs to develop cell-inspired therapeutics for orthopedic tissue engineering applications. 


Another way P(PF-co-EG) hydrogels were modified involved the tethering of positively charged  agmatine to the PEG copolymer blocks 
 ADDIN EN.CITE 
[235]
. Agmatine is a compound naturally synthesized from the amino acid arginine and is naturally metabolized by the body to form putrecine and urea 
 ADDIN EN.CITE 
[235]
. Its cationic properties can be used to enhance the adhesion of vascular smooth muscle cells via the adsorption of anionic ECM molecules. To incorporate agmatine into P(PF-co-EG) hydrogels, Tanahashi et al. first generated PEG-tethered fumarate (PEGF) groups by reacting PEG with diethyl fumarate in the presence of catalysts [29]. Next, PEGF was reacted with succinic anhydride to generate succinylated PEGF, which was further reacted with N-hydroxysuccinimide (NHS) to generate NHS-PEGF. The NHS group was then leveraged for the attachment of agmatine sulfate to PEGF via the NHS ester linkage to yield agmatine-PEGF. Finally, agmatine-PEGF was crosslinked with P(PF-co-EG) to fabricate agmatine modified P(PF-co-EG) hydrogels in the presence of ascorbic acid [29]. Interestingly, P(PF-co-EG) hydrogels modified in the bulk with agmatine possess the ability to accommodate cell binding while maintaining high levels of hydrophilicity 236[]
. This property, along with the ability for these cationic hydrogels to biodegrade, makes agmatine modified P(PF-co-EG) hydrogels very suitable for cell carrier applications in tissue engineering. 


Thermoreversibility


Hydrogels based on certain compositions of P(PF-co-EG) copolymers possess thermoreversible properties. Such thermoreversible behavior, as indicated by the presence of a lower critical solution temperature (LCST), arises from the amphiphilic nature of the P(PF-co-EG) copolymers. Behravesh et al. reported the appearance of LCSTs for P(PF-co-EG) copolymer solutions that were synthesized using PEG of low MWs 214[]
. Indeed, the block length of the PEG components in the copolymer played a crucial role in determining the LCST and sol-gel transition temperatures. Copolymers comprising PEG with high MWs may not exhibit any thermoreversible properties due to their high hydrophilicity. P(PF-co-EG) hydrogels have been formulated to achieve LCSTs that increase from 25 °C (near room temperature) to 35 °C (near body temperature) by decreasing the salt concentration of aqueous sodium chloride solutions in which the P(PF-co-EG) hydrogels are immersed 
 ADDIN EN.CITE 
[230, 231]
. The presence of salts alters the hydrogen bonding between the hydrophobic PPF and hydrophilic PEG blocks to affect changes in LCST [8]. These properties make P(PF-co-EG) hydrogels advantageous for the minimally invasive delivery of cells or other therapeutics for tissue engineering applications. Furthermore, these hydrogels can be chemically crosslinked utilizing a water-soluble redox initiator system that incorporates a basic and an acidic initiator to form macroporous P(PF-co-EG) hydrogels 231[]
.  

Regenerative medicine applications


(1) Bone regeneration 


Using several in vitro models, P(PF-co-EG) based hydrogels have been investigated for potential applications in bone tissue engineering 
 ADDIN EN.CITE 
[221, 224, 234]
. One such study seeded marrow-derived osteoblasts within biomimetic P(PF-co-EG) hydrogels and observed their subsequent adhesion and migration 
 ADDIN EN.CITE 
[224]
. From the results, incorporating RGDS into P(PF-co-EG) hydrogels permitted the adhesion of up to 84% of the initial seeding density of marrow-derived osteoblasts 
 ADDIN EN.CITE 
[224]
. Using a megacolony migration assay, Behravesh et al. detected increasing cell surface area coverage that occurred as a result of cell migration on RGD and not proliferation of cells 
 ADDIN EN.CITE 
[224]
. By employing such behavior, it becomes feasible to apply biomimetic P(PF-co-EG) based hydrogels for the guided regeneration of orthopaedic or dental tissues.  Cells would mechanistically bind to implanted biomimetic scaffolds and migrate according to biological cues (like RGD peptides) engineered to therapeutically direct these cells to the defect site. It was also demonstrated that MSCs seeded in P(PF-co-EG) based hydrogels could undergo osteoblastic differentiation when treated with osteogenically conditioned media 
 ADDIN EN.CITE 
[234]
. Specifically, MSCs seeded in macroporous three-dimensional P(PF-co-EG) hydrogels exhibited substantial calcium deposition 
 ADDIN EN.CITE 
[234]
. Using macroporous P(PF-co-EG) hydrogels that are biomimetic of the bone environment, marrow-derived progenitor cells may be harvested from patients with minimal donor site morbidity and expanded ex vivo for subsequent autologous cellular therapies.      


(2) Cartilage regeneration 


Injectable and thermoreversible P(PF-co-EG) based hydrogels have also been investigated for cartilage regeneration. Due to the hydrophilicity of the PEG blocks, synthetic scaffolds based on P(PF-co-EG) copolymers inherently retain water to yield water-laden materials. Such properties are biomimetic of natural cartilage tissues. In an effort to assess the potential of applying P(PF-co-EG) hydrogels for cartilage regeneration, Fisher et al. encapsulated bovine articular chondrocytes within thermoreversibly gelled P(PF-co-EG) hydrogels and examined their viability 
 ADDIN EN.CITE 
[237]
. Accordingly, the chondrocytes maintained satisfactory levels of proteoglycan and collagen type II syntheses. The proliferation of these cells was also increased with the addition of bone morphogenetic protein-7 
 ADDIN EN.CITE 
[237]
. 


Oligo(poly(ethylene glycol) fumarate) hydrogel


While P(PF-co-EG) showed promise as a hydrogel scaffold for regenerative medicine applications, oligo(poly(ethylene glycol) fumarate) (OPF) macromers were developed for the fabrication of hydrogels with improved control over hydrogel parameters. P(PF-co-EG) macromers contain multiple PPF blocks, with each PPF block comprising several fumarate groups 
 ADDIN EN.CITE 
[223, 229, 230]
. However, these multiple fumarate groups can result in varying MW between crosslinks and mesh sizes in fabricated hydrogel networks 
 ADDIN EN.CITE 
[230]
. OPF macromers consist of fumarate groups separated by PEG chains of defined molecular weight. As a result, hydrogels with different mesh sizes can be easily fabricated by varying the molecular weight of the PEG employed in the synthesis of the macromer 215[]
. OPF hydrogels with tailored and controlled physical properties have great potential in a myriad of tissue engineering applications.

Chemistry


OPF macromers consist of alternating units of fumarate groups and PEG chains, with the macromers capped by end PEG chains 
 ADDIN EN.CITE 
[2, 3]
. These macromers are synthesized in a one-pot reaction, as seen in Figure 4.2, through the addition of distilled fumaryl chloride (FuCl) and triethylamine (TEA) dropwise to distilled PEG in a molar ratio of 1:0.9 PEG:FuCl. The molar ratio of FuCl to TEA is 1:2 in order to remove chlorine from the ends of FuCl. Upon completion of the reaction, the mixture is filtered, purified, and dried to obtain the macromer in powdered form 2[]
.


OPF macromers have been crosslinked in a variety of ways to form hydrogels through its fumarate groups.  Crosslinking can occur by radical polymerization through photo-initiation or thermal initiation. Photo-crosslinking has been achieved with a commercialized photo-initiator such as Irgacure 2959 and N-vinylpyrrolidone (NVP) as a comonomer 
 ADDIN EN.CITE 
[238]
.  Thermal crosslinking has been implemented in the presence of either APS and AA or APS and N,N,N’,N’ –tetramethylethylenediamine (TEMED) as seen in Figure 4.3. While both initiator systems have previously been used, the APS/TEMED initiator mix remains near neutral pH whereas the APS/AA system is acidic 
 ADDIN EN.CITE 
[219, 239]
. Poly(ethylene glycol)-diacrylate and N,N’-methylene bisacrylamide (BISAM) have been used as crosslinkers in combination with the initiator systems just described to form OPF hydrogels 
 ADDIN EN.CITE 
[163, 215]
.

Characterization


Swelling and degradation


Numerous swelling and degradation studies have been performed to investigate changes in physical properties as the OPF macromer length is varied 
 ADDIN EN.CITE 
[165, 215, 218]
. Since OPF macromers consist of alternating units of fumarate groups and PEG chains, it is expected that longer PEG chains incorporated into the macromers would increase the hydrophilicity of the hydrogels, and thus greater swelling would occur. As the PEG chain MW increased from 1K to 35K, equilibrium swelling of chemically crosslinked hydrogels increased 
 ADDIN EN.CITE 
[5, 215, 240]
. In addition, molecular weight between crosslinks and mesh size also increased as the initial PEG MW in OPF macromers increased 215[]
.  For example, as the PEG MW increased from 1K to 10K, mesh size of the resulting hydrogel increased from 76 to 160 Å respectively 215[]
. 


As previously mentioned, degradation of OPF hydrogels is induced by cleavage of ester bonds within the polymer network by hydrolysis. The degree of degradation is extrapolated through mass loss and swelling ratio data over time and has been shown to be a function of PEG chain length in OPF macromers as well as crosslinking density 
 ADDIN EN.CITE 
[218]
. There is an inverse relationship between crosslinking density and mass loss with greater mass loss occurring over time with a lower crosslinking density 
 ADDIN EN.CITE 
[5, 218]
. 



When OPF hydrogels were crosslinked through photo-initiation, increasing the concentration of the comonomer NVP decreased the swelling ratio 
 ADDIN EN.CITE 
[238]
. Over a period of 21 days, a significant increase in sol fraction for low NVP concentrations in comparison to high NVP concentrations was also seen 
 ADDIN EN.CITE 
[238]
. 



Composite OPF hydrogels have also been fabricated that have their own distinct swelling and degradation characteristics. Composite hydrogels comprising OPF and gelatin microparticles (GMPs) have been investigated using GMPs as growth factor (GF) delivery vehicles and an enzymatically digestible porogen 
 ADDIN EN.CITE 
[163]
. When comparing OPF hydrogels and OPF-GMP composite hydrogels, no significant difference in swelling ratio and mass loss was observed by day 28 in PBS 
 ADDIN EN.CITE 
[165]
. However, a significant increase in swelling ratio of composite hydrogels over simple hydrogels was observed by day 28 in collagenase-PBS 
 ADDIN EN.CITE 
[165]
. This increase in degradation highlights the potential enzymatic effects of an in vivo environment on OPF-GMP composite hydrogels.



Mixed-mode OPF hydrogels crosslinked with PEG-dithiol produced hydrogels with distinct degradation and swelling properties. Hydrogels containing 20 wt% PEG-dithiol had increased swelling and decreased degradation time in comparison to 10 wt% PEG-dithiol and 0 wt % PEG-dithiol containing OPF hydrogels 241[]
. Due to the complex nature of these mixed-mode hydrogels involving chain and step polymerization, 20 wt% PEG-dithiol hydrogels may have a lower crosslinking density than 10 wt% or 0 wt % PEG-dithiol containing OPF hydrogels 241[]
. In addition, the presence of sulfide bonds located near the ester groups may promote faster ester hydrolysis 
 ADDIN EN.CITE 
[241, 242]
.


Cytocompatibility and biocompatibility


Before utilizing OPF hydrogels in tissue engineering, evaluation of its in vitro cytotoxicity and in vivo biocompatibility need to be investigated. Cytotoxicity of hydrogel constituents including the linear macromer, crosslinking agents, and initiators were examined. In addition, leachable substances from crosslinked hydrogels (i.e., sol fraction) were tested. Results showed that while OPF macromers were found to be non-cytotoxic with no significant difference between high and low MW OPF macromers, shorter chain PEG-DA was more cytotoxic than longer chain PEG-DA 
 ADDIN EN.CITE 
[219]
. Unreacted leachable components from crosslinked hydrogels were also found to be non-cytotoxic 
 ADDIN EN.CITE 
[219]
. Also, the chemical initiators used to fabricate crosslinked hydrogels exhibited favorable cytocompatibility at concentrations relevant to hydrogel formation 
 ADDIN EN.CITE 
[219, 243]
. 



Since the intended applications for OPF hydrogels include injectable scaffolds, studies investigating in vivo biocompatibility are essential. Research on the bone and soft tissue behavior of OPF hydrogels in rabbit models demonstrated positive results 
 ADDIN EN.CITE 
[218, 244]
. Cranial and subcutaneous implants resulted in formation of a thin fibrous capsule regardless of varying hydrogel fabrication parameters 
 ADDIN EN.CITE 
[218]
. Also, in vivo degradation products from hydrogels with 8K PEG MW elicited a minor inflammatory response, whereas hydrogels with 1K PEG MW had limited degradation 
 ADDIN EN.CITE 
[218]
. Overall, minimal cytotoxicity and favorable biocompatibility establish OPF hydrogels as excellent synthetic scaffolds for tissue engineering applications.


Modification with biomimetic peptides


OPF hydrogels have been functionalized with biomimetic peptides with the intent to modulate cellular functions in guided tissue regeneration 245[]
. These peptides, including RGD and osteopontin-derived peptide (ODP), were incorporated in OPF hydrogels through bulk modification: by coupling the peptides to an Ac-PEG-NHS spacer, the resulting acrylated peptides could be crosslinked within the OPF network 
 ADDIN EN.CITE 
[246, 247]
. In a comparison between hydrogels modified with ODP and Gly-Arg-Gly-Asp-Ser (GRGDS), osteoblasts migrated faster on ODP modified hydrogels 
 ADDIN EN.CITE 
[248]
. Also, increased migration occurred with increasing peptide concentration. In addition, bone marrow-derived MSCs showed greater alkaline phosphatase (ALP) activity and greater OPN secretion on ODP-modified hydrogels in comparison to RGD-modified hydrogels 
 ADDIN EN.CITE 
[249]
. These peptide modification techniques support the versatility of OPF hydrogels to enhance cellular functions and direct tissue-specific regeneration.

Regenerative medicine applications


(1) Bone regeneration

In a number of experiments, OPF hydrogels have been used as biomaterial scaffolds to support osteogenic differentiation of bone marrow-derived MSCs. In particular, OPF hydrogels modified with RGD and ODP peptides exhibited greater OPN production and calcium deposition by seeded bone marrow-derived MSCs in comparison to unmodified hydrogels 
 ADDIN EN.CITE 
[247]
. In addition, bone marrow-derived MSC adhesion, migration, and differentiation into osteoblasts are regulated by the concentration of incorporated adhesion peptides 
 ADDIN EN.CITE 
[248, 249]
.  Encapsulated bone marrow-derived MSCs also exhibit osteogenic differentiation when cultured in osteogenic media with greater OPN and calcium deposition in higher swelling hydrogels 
 ADDIN EN.CITE 
[209, 239]
. Similarly, OPF gels with greater pore sizes enhanced osteogenic differentiation of bone marrow-derived MSCs 
 ADDIN EN.CITE 
[250]
. 

(2) Cartilage regeneration

Besides osteogenesis, OPF hydrogels have been used to mimic a native articular cartilage environment to support cartilage tissue formation. Several in vitro studies investigated chondrogenesis of encapsulated cells in hydrogels through a myriad of cell and GF combinations. By combining marrow-derived MSCs or chondrocytes with transforming growth factor-β1 (TGF-β1) released from GMPs, greater chondrogenesis was observed with the release of TGF-β1 in comparison to the absence of TGF-β1 
 ADDIN EN.CITE 
[6, 251]
. An insulin-like growth factor-1 (IGF-1) and TGF-β1 dual growth factor release system was also investigated with encapsulated MSCs. Results showed upregulation of chondrocyte-specific genes for MSCs with TGF-β1 and promotion of cell aggregation with IGF-1 
 ADDIN EN.CITE 
[167]
. The physical properties of OPF hydrogels also affect chondrogenesis with a larger mesh size correlating to a larger PEG chain in OPF macromers increasing chondrogenesis of encapsulated MSCs 
 ADDIN EN.CITE 
[5]
.  In addition, a hydrogel co-culture system utilizing osteogenic cells in the bottom layer and MSCs in the top layer of bilyared OPF constructs suggests a synergistic effect between the two layers to promote chondrogenesis in the top layer 
 ADDIN EN.CITE 
[4, 162]
. In vivo studies utilizing OPF hydrogels to repair a full-thickness osteochondral defect have also been carried out. In these experiments, successful regeneration of subchondral tissue was seen employing OPF hydrogel scaffolds 
 ADDIN EN.CITE 
[7-9]
. In addition, OPF hydrogels comprising GFs, including IGF-1 and TGF-β1, as well as MSCs show great potential for the repair of cartilage tissue
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(3) Tendon/ligament regeneration


In a series of studies delivering fibroblasts for tendon/ligament regeneration, OPF based hydrogels were used as a template biomaterial to investigate cellular responses from mechanical stimuli 
 ADDIN EN.CITE 
[241, 252, 253]
. Fibroblasts harvested from cruciate ligaments and patellar tendons of bovine knee joints have been encapsulated in OPF/PEG-DA/PEG-dithiol mixed-mode hydrogels 241[]
.  This research revealed that incorporation of 20 wt% PEG-dithiol can promote cell clustering and aggregation within hydrogel environments.  Additionally, the differentiation of encapsulated human MSCs in OPF hydrogels into fibroblasts can be induced under cyclic tensile culture conditions 
 ADDIN EN.CITE 
[252]
.  Upregulated expression levels of tenascin-C, collagen type I and collagen type III were exhibited over 21 days in the presence of mechanical stimuli.  Another study also investigated spatial controllability of photo-lithographically patterned OPF hydrogels with high spatial fidelity and thickness 
 ADDIN EN.CITE 
[253]
.  By utilizing serial steps of photocrosslinking and lamination in a simple, inexpensive microfluidic device, tissue-scale (1-2 mm in thickness) OPF hydrogels encapsulating multiple primary cell types could be patterned with high spatial control.  

(4) Lens regeneration


One of the recent investigations of OPF hydrogels for tissue engineering applications is pigment epithelial cell encapsulation for lens regeneration 
 ADDIN EN.CITE 
[254]
.  Newt iris pigment epithelial cells were encapsulated in OPF hydrogels for implantation into lentectomized newts in vivo. Histological examination after 30 days indicated that encapsulated cells in hydrogel beads (1 mm in diameter) trans-differentiated into lens tissues. This was confirmed by lens fiber tissue formation without adverse side effects by hydrogel degradation 
 ADDIN EN.CITE 
[254]
.  

(5) Nerve tissue regeneration


Fumarate-based biomaterials have also been investigated for spinal cord and nerve regeneration in neural tissue engineering 
 ADDIN EN.CITE 
[255-258]
.  In order to overcome the drawbacks of autologous nerve grafts for the treatment of segmental peripheral nerve defects, such as malfunction in donor nerve site and size mismatch between a nerve graft and an implanted site, a variety of hydrogel systems have recently been investigated 255[]
.  Among these degradable synthetic biomaterials, OPF hydrogels with the aid of electrically charged reagents have been developed for preliminary applications in neural tissue engineering 
 ADDIN EN.CITE 
[255, 257]
.  By copolymerization with [2-(methacryloyloxy) ethyl]-trimethylammonium chloride (MAETAC), OPF hydrogels can be positively charged to support dorsal root ganglion neuron attachment and differentiation in a MAETAC monomer amount-dependent manner 255[]
.  Another study investigated the incorporation of an electrically conductive polymer, polypyrrole (PPy) 257[]
.  In order to achieve high conductivity in a nerve guidance conduit and to stabilize the positive charge, three anions were incorporated with the OPF-PPy hydrogel system; naphthalene sulfonic acid, docecyl benzene sulfonic acid, and dioctyl sulfosuccinate. This composite hydrogel system was not cytotoxic to PC12 cells over 7 days in vitro. More importantly, neurite extension analysis after 24 hrs indicated that OPF-PPy hydrogels with naphthalene sulfonic acid promoted PC12 cell attachment and neurite length extension 257[]
. These recent studies demonstrate the potential use of electrically conductive fumarate-based hydrogel composites for nerve regeneration 
 ADDIN EN.CITE 
[256, 258]
. 

(6) Delivery of bioactive molecules


The delivery of bioactive molecules from OPF hydrogel composites has been researched for medicinal and regenerative applications. Using an OPF hydrogel carrier composite, the delivery of a chemotherapeutic anti-cancer drug, doxorubicin (Dox), was investigated 
 ADDIN EN.CITE 
[259]
.  An ionic monomer, sodium methacrylate, was crosslinked with OPF to form negatively charged hydrogels which could then couple with positively charged Dox through electrostatic interactions. This research demonstrated that controlled release kinetics of Dox from OPF hydrogels depended on the charge density of the hydrogel as well as the ionic strength of the surrounding environment 
 ADDIN EN.CITE 
[259]
. In addition, released Dox maintained its anti-cancer activity to MG63 cells.  Precise control in the concentration of incorporated drugs could be achieved by modulation of OPF hydrogel chemical composition, subsequent changes in polyelectrolyte properties, and interactions with the ionic strength and pH of the surrounding environment 
 ADDIN EN.CITE 
[259]
. 


With the aid of poly(lactic-co-glycolic acid) (PLGA) microparticles, therapeutic proteins and drugs can be delivered in vivo in a controlled manner using OPF hydrogel platforms 
 ADDIN EN.CITE 
[260]
. One such therapeutic protein, dibutyryl cyclic adenosine monophosphate (dbcAMP), has been encapsulated in PLGA microparticles in OPF hydrogels for spinal cord transection studies 
 ADDIN EN.CITE 
[260]
. This study demonstrated that sustained delivery of dbcAMP reduced capillary formation and the volume of cyst and scar formation in the presence of Schwann cells and MSCs. A functional recovery of motor skills in an animal model was significantly improved when dbcAMP was delivered with only MSCs 
 ADDIN EN.CITE 
[260]
.


Therapeutic proteins have also been released from OPF hydrogels and OPF-GMP composites. Due to innate charge differences, IGF-1 and TGF-β1 with isoelectric points (IEPs) of 7.5 and 9.5 respectively can bind to acidic GMPs with an IEP of 5.0 through ionic complexion at physiologic pH 
 ADDIN EN.CITE 
[164]
. By complexing TGF-β1 to GMPs, burst release of the GF was reduced in comparison to release from simple OPF hydrogels 

{Formatting Citation}
. Dual GF delivery systems have also been employed using OPF-GMP composites with no deleterious effects of one GF release on the other 
 ADDIN EN.CITE 
[164]
. Such systems offer spatial and temporal control on GF release for regenerative medicine applications 
 ADDIN EN.CITE 
[5, 6, 162]
. 


Plasmid DNA can also be delivered using OPF hydrogels 
 ADDIN EN.CITE 
[261, 262]
 and OPF-GMP composites 
 ADDIN EN.CITE 
[263-265]
. The release of plasmid DNA from an OPF hydrogel can be controlled by the PEG chain MW and subsequent degradation profile of the hydrogel 
 ADDIN EN.CITE 
[262, 263]
. A study involving co-encapsulation of plasmid DNA and cells in OPF hydrogels demonstrated that bone tumor cells in hydrogels could be transfected by plasmid DNA encoding green fluorescent protein (GFP) and the transfected cells continuously expressed GFP protein over 21 days 
 ADDIN EN.CITE 
[261]
. In the same study, estrogen receptor (ER)-negative human fetal osteoblasts were transfected by plasmid DNA encoding ER, and increased ALP activity and estrogen-dependent luciferase activities with the estrogen treatment were seen 
 ADDIN EN.CITE 
[261]
. When plasmid DNA-GMP complexes were encapsulated in OPF hydrogels, a sustained release of plasmid DNA over 42 days was observed in mice in vivo relative to a direct injection of DNA solution and the delivery of non-embedded DNA 
 ADDIN EN.CITE 
[264]
. Another study also investigated the potential of OPF composite hydrogels encapsulating plasmid DNA encoding human bone morphogenetic protein-2 (BMP-2) complexed to GMPs to enhance bone regeneration in a critical sized rat cranial defect model 
 ADDIN EN.CITE 
[265]
. 

Poly(lactide-co-ethylene oxide-co-fumarate) hydrogel


In addition to OPF, another fumarate-based hydrogel has been developed with controlled physical properties as an alternative for specific regenerative medicine applications. Poly(lactide-co-ethylene oxide-co-fumarate) (PLEOF) comprises an ultralow molecular weight poly(ʟ-lactide) (PLA) block that offers greater tunability of the fabricated hydrogel water content and degradation rate 266[]
. Preliminary studies show PLEOF hydrogels have potential as a fumarate-based tissue engineered scaffold with such added modifications.

Chemistry


PLEOF is also a PEG-based terpolymer modified using a fumarate unit to control crosslinkability 213[]
.  In situ crosslinkable PLEOF macromers can be synthesized with a co-polymer of PLA and diethylene glycol (produced by ring opening polymerization of ʟ-lactide with diethylene glycol as an initiator), PEG blocks, and FuCl by condensation polymerization as shown in Figure 4.4 
 ADDIN EN.CITE 
[213, 266]
.  The degradation products of the terpolymer include lactic acid and fumaric acid that can be metabolized, as well as PEG which can be excreted by the body 213[]
.


For the crosslinking reaction, BISAM was used as a crosslinker while an acidic initiator, APS, and basic radical catalyst, TEMED, were utilized for a neutral redox initiation 213[]
.  Crosslinking properties of PLEOF hydrogels are dependent on the concentrations of initiator/accelerator. As such, increasing APS/TEMED concentrations increased the rate of the crosslinking reaction, decreased gelation time, and increased the ultimate storage modulus of PLEOF hydrogels 213[]
.  Increasing the concentration of BISAM also increased the ultimate modulus of the gels 213[]
.  An increase in crosslinking density of PLEOF hydrogels was achieved by increasing the density of fumarate groups in PLEOF 
 ADDIN EN.CITE 
[213, 220]
.  In addition to chemical crosslinking, PLEOF can also be photo-crosslinked with the aid of NVP, a photo-initiator, and UV radiation 267[]
. Like P(PF-co-EG) and OPF macromers, PLEOF precursor chains can be crosslinked through the C=C double bond in the fumarate group. Crosslinking density and degradation of photo-crosslinked PLEOF hydrogels are dependent of the composition (e.g., NVP concentration, PLA to PEG ratio, and PLEOF concentration) as well as the time and intensity of UV radiation 267[]
. 


In addition to chemically crosslinked hydrogels using BISAM, a peptide crosslinker was also investigated to develop both hydrolytically and enzymatically degradable PLEOF hydrogels 
 ADDIN EN.CITE 
[220]
.  In this study, matrix metalloproteinase (MMP)-13 degradable peptide sequence QPQGLAK with acrylate end-groups functioned as the crosslinker polymerized with PLEOF macromers.  Peptide crosslinked PLEOF hydrogels showed higher water content and sol fraction compared to BISAM crosslinked hydrogels due to the relatively higher MW of the peptide crosslinker 
 ADDIN EN.CITE 
[220]
.  Using both peptide and BISAM crosslinkers, the degradation rate of PLEOF hydrogels were modulated by the ratio of the two crosslinkers, the amount of MMP-13 to cleave the peptide sequences, and the incubation time to expose to MMP-13 
 ADDIN EN.CITE 
[220]
. 

Characterization

A number of studies have been done to characterize the physical properties of this versatile terpolymer macromer.  The swelling ratio of PLEOF can be adjusted by varying the ratio of hydrophobic PLA blocks to hydrophilic PEG blocks as well as the PEG chain length 
 ADDIN EN.CITE 
[266, 268]
.  In addition, the degradation rate is controlled by the ratio of PLA to PEG blocks and the hydrogel mesh size is modified through the density of fumarate groups in the terpolymer 213[]
.  In experiments with photo-crosslinked PLEOF hydrogels, hydrogels with greater PLA:PEG ratio exhibited decreased swelling and increased sol fraction.  Degradation experiments indicated that the PLA:PEG block ratio, and ultimately the ratio of lactide to fumarate units, affected the degradation rate of PLEOF hydrogels 266[]
. 

The cytocompatibility of PLEOF hydrogels was also tested with MSCs. MSCs cultured in a medium containing BISAM crosslinker had a marked decrease in cell viability in comparison to those cultured in medium containing a peptide crosslinker 
 ADDIN EN.CITE 
[220]
.  The peptide crosslinked hydrogel network was shown to be cytocompatible with encapsulated MSCs (e.g., 90% viability), however, the sol fraction exhibited some adverse affects (e.g., 65% viability) 
 ADDIN EN.CITE 
[220]
. 

Regenerative medicine applications


(1) Bone regeneration


Peptide incorporation in PLEOF hydrogels can enhance their osteoconductivity 269[]
.  In order to conjugate various bioactive peptides in PLEOF hydrogels, acrylamide-terminated RGD peptides were first crosslinked with fumarate groups in PLEOF macromers and PEGylated peptides derived from BMP-2 were grafted to the hydrogel surface by specific click chemistry between the azide group of the peptides and the propargyl group of the hydrogels 269[]
.  As osteoblastic differentiation of encapsulated MSCs was observed in peptide-modified PLEOF hydrogels 
 ADDIN EN.CITE 
[220]
, MSCs seeded onto hydrogels conjugated with both RGD and BMP-2 derived peptides exhibited increased ALP activity and mineralization over 21 days of in vitro culture compared to hydrogels with single incorporation of either RGD or BMP-derived peptides 269[]
.  Specifically, calcium deposition on PLEOF hydrogels with both peptides was significantly higher than solely RGD or BMP-2 derived peptide grafted hydrogels. 


Hydroxyapatite (HA) nanoparticles have also been incorporated for the fabrication of PLEOF nanocomposite hydrogels 
 ADDIN EN.CITE 
[270-272]
.  Interaction between HA nanoparticles with uncrosslinked PLEOF macromer chains 
 ADDIN EN.CITE 
[271]
 or incorporated peptides 270[]
 influenced the viscoelastic properties of PLEOF composite hydrogels.  Moreover, PLEOF/HA hydrogels conjugated with RGD peptides were utilized to coat electrospun PLA fiber-meshes to form multilayered fiber-reinforced laminated composite hydrogels 
 ADDIN EN.CITE 
[272]
.  In this study, MSCs seeded onto laminated PLEOF hydrogels with HA incorporation and RGD peptide conjugation exhibited enhanced osteoblastic differentiation, as evidenced by the expression of OPN and osteocalcin marker genes, and mineralization over 21 days of in vitro culture.  

(2) Delivery of bioactive molecules


Recently, the release kinetics of stromal derived factor-1α (SDF-1α) from PLEOF hydrogels and its effect on the migration of MSCs were investigated 
 ADDIN EN.CITE 
[268]
.  Increasing the PLA content in PLEOF macromers resulted in a decreased mesh size, increased SDF-1α loading efficiency, and sustained release of SDF-1α 
 ADDIN EN.CITE 
[268]
. In addition, the migration rate of MSCs was dependent on the release kinetics of SDF-1α from the PLEOF hydrogels.  

Conclusion


The multitude of human tissues, each uniquely developed with specific function, calls upon versatile tissue engineered scaffolds with tailored and controlled properties. The synthetic hydrogels described here have been conceived to possess fumarate units. These fumarate units contain double bonds that allow the formation of a crosslinked network, and ester groups that potentiate these hydrogels to degrade hydrolytically into biocompatible elements. P(PF-co-EG), OPF, and PLEOF have been synthesized with their own distinct physical properties and the development of these fumarate-based biomaterials has led to hydrogels with further adaptability over their physicochemical properties for specific tissue type regeneration. Future developments can illustrate the robust potential of these fumarate-based hydrogels as injectable, biodegradable, and biocompatible tissue engineered scaffolds.



Figure 4.1. The transesterification reaction between PEG and PPF to form the copolymer P(PF-co-EG).



Figure 4.2. The synthesis of the OPF macromer from PEG and FuCl.



Figure 4.3. Chemical crosslinking of OPF with PEG-DA in the presence of initiators to form a hydrogel.
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enzymatically degradable PLEOF hydrogels [14]. In
this study, the matrix metalloproteinase (MMP)-13
degradable peptide sequence QPQGLAK with acrylate
end-groups functioned as the crosslinker polymerized
with PLEOF macromers. Peptide-crosslinked PLEOF
hydrogels had higher water content and sol fraction
than did BISAM-crosslinked hydrogels due to the rela-
tively higher MW of the peptide crosslinker [14]. Using
both peptide and BISAM crosslinkers, the degradation
rate of PLEOF hydrogels was modulated by the ratio of
the two crosslinkers, the amount of MMP-13 needed to
cleave the peptide sequences, and the incubation time
of exposure to MMP-13 [14].




16.4.2 Characterization




A number of studies have been done to characterize
the physical properties of this versatile terpolymer
macromer. The swelling ratio of PLEOF can be
adjusted by varying the ratio of hydrophobic PLA
blocks to hydrophilic PEG blocks as well as the PEG
chain length [69, 70]. In addition, the degradation rate
is controlled by the ratio of PLA to PEG blocks and the
hydrogel mesh size is modified through the density of
fumarate groups in the terpolymer [7]. In experiments
with photocrosslinked PLEOF hydrogels, hydrogels




with greater PLA:PEG ratios exhibited less swelling
and a greater sol fraction. Degradation experiments
indicated that the PLA:PEG block ratio, and ultimately
the ratio of lactide to fumarate units, affected the deg-
radation rate of PLEOF hydrogels [69].
The cytocompatibility of PLEOF hydrogels was also




tested with MSCs. MSCs cultured in a medium con-
taining BISAM crosslinker had markedly lower cell
viability than did those cultured in medium containing
a peptide crosslinker [14]. The peptide-crosslinked
hydrogel network was shown to be cytocompatible
with encapsulated MSCs (e.g. 90% viability), however,
the sol fraction exhibited some adverse affects (e.g.
65% viability) [14].




16.4.3 Regenerative medicine applications




16.4.3.1 Bone regeneration




Incorporation of peptides into PLEOF hydrogels can
enhance their osteoconductivity [71]. In order to con-
jugate various bioactive peptides in PLEOF hydrogels,
acrylamide-terminated RGD peptides were first cross-
linked with fumarate groups in PLEOF macromers and
PEGylated peptides derived from BMP-2 were grafted
to the hydrogel surface by specific click chemistry
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Figure 16.4 Synthesis of a PLEOF macromer between PEG, FuCl, and ultra-low-molecular-weight PLA.
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Figure 4.4. Synthesis of a PLEOF macromer between PEG, FuCl, and ultra-low-molecular weight PLA.

Chapter 5. A factorial analysis of the combined effects of hydrogel fabrication parameters on the in vitro swelling and degradation of oligo(poly(ethylene glycol) fumarate) hydrogels


Abstract:


In this study, a full factorial approach was employed to investigate the effects of poly(ethylene glycol) (PEG) molecular weight (10,000 vs. 35,000 nominal molecular weight), crosslinker-to-macromer carbon-carbon double bond ratio (40 vs. 60), crosslinker type (PEG-diacrylate (PEGDA) vs. N,N’–methylene bisacrylamide (MB)), crosslinking extent of incorporated gelatin microparticles (low vs. high), and incubation medium composition (with or without collagenase) on the swelling and degradation characteristics of oligo(poly(ethylene glycol) fumarate) (OPF) hydrogel composites as indicated by the swelling ratio and the % mass remaining, respectively. Each factor consisted of two levels, which were selected based on previous in vitro and in vivo studies utilizing these hydrogels for various tissue engineering applications. Fractional factorial analyses of the main effects indicated that the mean swelling ratio and the mean % mass remaining of OPF composite hydrogels were significantly affected by every factor. In particular, increasing the PEG chain MW of OPF macromers significantly increased the mean swelling ratio and decreased the mean % mass remaining by 5.7(0.3 and 17.2(0.6 %, respectively. However, changing the crosslinker from MB to PEGDA reduced the mean swelling ratio and increased the mean % mass remaining of OPF composite hydrogels by 4.9(0.2 and 9.4(0.9 %, respectively. Additionally, it was found that the swelling characteristics of hydrogels fabricated with higher PEG chain MW or with MB were more sensitive to increases in DBR. Collectively, the main and cross effects observed between factors enables informed tuning of the swelling and degradation properties of OPF-based hydrogels for various tissue engineering applications. 


INTRODUCTION 


Poly(ethylene glycol) (PEG)-based hydrogels are currently being investigated for a myriad of biomedical applications, including drug delivery, surface modifications, diagnostic devices, and tissue engineering due to their appeal as a hydrophilic and cytocompatible biomaterial as well as the range of physicochemical properties that can be achieved to meet the needs of the application 
 ADDIN EN.CITE 
[273]
. These materials are of particular interest for tissue engineering applications because of their ability to mimic the extracellular matrix of tissues and direct the growth of neo-tissue within a three-dimensional architecture 
 ADDIN EN.CITE 
[210, 211]
. By varying parameters such as network morphology, crosslinking density, and polymer composition, PEG-based hydrogels can be easily tailored to meet the requirements for regeneration of a multitude of tissue types 1[]
. 


Many tissue engineering strategies involving hydrogel scaffolds have taken advantage of their high water content to deliver a variety of bioactive molecules and encapsulated cells to promote tissue regeneration 
 ADDIN EN.CITE 
[210, 211]
. The high equilibrium swelling allows increased diffusion of nutrients in and cellular waste and bioactive molecules out of the hydrogels. Additionally, the extent of hydrogel swelling has been shown to be a critical factor in directing cell behavior and tuning the release kinetics of bioactive molecules 
 ADDIN EN.CITE 
[167, 274, 275]
. Also, just as important is the role of hydrogel degradation in affecting cell fate and facilitating neo-tissue formation 
 ADDIN EN.CITE 
[276-278]
. Indeed, finding the appropriate balance among different parameters that can affect swelling and degradation of PEG-based hydrogels remains a challenge for targeted tissue regeneration. 


The present study examines the use of oligo(poly(ethylene glycol) fumarate) (OPF)-based hydrogels that have shown great tunability for a variety of tissue engineering applications 
 ADDIN EN.CITE 
[2, 5, 7, 9, 163, 166, 215, 245, 279]
. OPF is a water-soluble synthetic macromer with alternating PEG chains and fumarate groups that allow for crosslinking and degradation into products readily cleared by the body 
 ADDIN EN.CITE 
[218]
. It has been previously shown that modulating the PEG chain length 
 ADDIN EN.CITE 
[5]
 and changing the crosslinker-to-OPF carbon-carbon double bond ratio (DBR) 245[]
 can affect the hydrogel mesh size and crosslinking density of the hydrogel. In addition, gelatin microparticles (GMP) encapsulated within the gel can provide digestible porogens to expedite OPF hydrogel composite degradation 
 ADDIN EN.CITE 
[163, 164]
. However, possible interactions between various factors and their combined effects on key hydrogel properties remain to be elucidated through a systematic investigation. 

Accordingly, the objective of this study is to investigate the effect of hydrogel construction parameters on the swelling ratio and degradation of OPF hydrogel composites and to evaluate the statistical interactions between various parameters in a full factorial design. Five hydrogel construction parameters are studied: PEG chain molecular weight (MW), DBR, type of crosslinker, crosslinking density of GMPs, and the incubation medium composition. 

MATERIALS AND METHODS


Materials


For the synthesis of OPF, PEG of 10,000 g/moL and 35,000 g/moL nominal MW, calcium hydride, ammonium persulfate (APS), ethyl acetate, triethylamine, and N,N,N’,N’ –tetramethylethylenediamine (TEMED) were purchased from Sigma Aldrich (St. Louis, MO). Dichloromethane and ethyl ether were obtained from EMD Millipore Chemicals (Billerica, MA). Anhydrous methylene chloride was obtained by distillation after the reflux of dichloromethane for 2 hrs in the presence of calcium hydride. Fumaryl chloride was purchased from Fisher Scientific and distilled before use. Toluene was also purchased from Fisher Scientific (Pittsburgh, PA). All other solvents were of reagent grade and used as received. 


For the fabrication of gelatin microparticles (GMP), acidic gelatin with an isoelectric point of 5.0 was obtained from Nitta Gelatin INC (Osaka, Japan). Tween 80, glutaraldehyde, Span 80, and glycine were purchased from Sigma Aldrich. For the fabrication of OPF/GMP composite hydrogels, poly(ethylene glycol)-diacrylate (PEGDA) (nominal MW of 3,400) was purchased from Laysan (Arab, AL). N,N’–methylene bisacrylamide (MB) was purchased from Sigma Aldrich. 

OPF Synthesis and Characterization


OPF of two different formulations was synthesized using PEG of two different nominal MW (10,000 g/moL and 35,000 g/moL) according to established procedures 
 ADDIN EN.CITE 
[2, 3]
 and will be referred to as OPF 10K and OPF 35K, respectively. Briefly, PEG (~50 g) was first dried via azeotropic distillation in 200 mL of toluene and then dissolved in ~300 mL of anhydrous methylene chloride for the synthesis reaction. After the dissolution of PEG, the reaction vessel was stirred in an ice bath and maintained under nitrogen, while distilled fumaryl chloride (0.9 mol fumaryl chloride/1 mol PEG) and triethylamine (2 mol triethylamine/1 mol fumaryl chloride) were added dropwise. Upon completing the addition of the reagents, the reaction flask was removed from the ice bath and stirred for an additional 48 hrs at room temperature (25 ºC). OPF was then purified by rotary evaporation for the removal of methylene chloride, dissolved in ethyl acetate, vacuum-filtered to remove salt precipitates (from the reaction of chloride with triethylamine), and washed with ethyl ether. The PEG (PEG 10K: Mn of 8880±90 and Mw of 12110±40; PEG 35K: Mn of 40650±1140 and Mw of 54830±1560) as well as the resulting OPF were characterized via gel permeation chromatography where PEG standards were used to construct a calibration curve (OPF 10K: Mn of 24880±1680 and Mw of 152490±5800; OPF 35K: Mn of 44880±840 and Mw of 92120±8860). The OPF was stored at -20 (C until use. 

Gelatin Microparticle Fabrication


GMPs were fabricated using acidic gelatin with an isoelectric point of 5.0 following previously established procedures 
 ADDIN EN.CITE 
[163]
. Briefly, 5 g of gelatin was dissolved in 45 mL of distilled, deionized water (ddH20) at 60 (C for ~20 minutes. The resulting aqueous gelatin solution was added dropwise to 250 mL of olive oil containing 0.5 wt.% Span 80 during mixing at 500 rpm for the formation of microspheres in the water/oil emulsion. The emulsion was then placed in an ice/water bath with continued stirring for 30 minutes, after which 100 mL of chilled acetone was added. After 1 hr, gelatin microspheres were collected from the emulsion via filtration and washing with acetone for the removal of residual olive oil. Collected gelatin microspheres were then crosslinked in 0.1 wt.% solution of Tween 80 in ddH20 containing either 10 mM (10 mM GMP) or 40 mM glutaraldehyde (40 mM GMP) for 20 hrs in an ice/water bath with stirring at 500 rpm.  Glycine was then added to the reaction flask to a concentration of 25 mM and incubated for 1 hr to terminate the crosslinking reaction by blocking the residual aldehyde groups of unreacted glutaraldehyde. The crosslinked GMPs were vacuum-filtered, washed with ddH20, and lyophilized overnight. After lyophilization, GMPs with a diameter of 50-100 µm were selected by sieving and then stored at -20 (C until use. 

Experimental Design


A full factorial design was utilized to investigate the effects of (1) PEG chain MW, (2) DBR, (3) crosslinker type, (4) crosslinking density of GMPs, and (5) incubation medium composition on the degradation characteristics and profiles of OPF composite hydrogels (Table 5.1). During fabrication of the OPF composite hydrogels, it was found that formulations containing OPF 35k and MB as a crosslinker could not be formed under similar conditions for other formulations. Thus, the full factorial design could not be completed as planned. Accordingly, two 24 fractional factorial studies were designed, as outlined in Table 5.2, to fully investigate the effects of all five aforementioned parameters. Each factor consisted of two levels, which were chosen based on previous in vitro and in vivo studies utilizing these hydrogels for various orthopedic applications 
 ADDIN EN.CITE 
[4, 6, 163, 209, 218]
. 10k and 35k PEG chain MWs were seen to facilitate the greatest chondrogenic differentiation among mesenchymal stem cells encapsulated in OPF-based hydrogels over smaller PEG chain MWs 
 ADDIN EN.CITE 
[5]
. Additionally, the DBR level of 60 was based on OPF:PEGDA weight ratios previously used 
 ADDIN EN.CITE 
[4, 5, 7]
 and the DBR level of 40 represents the threshold beyond which gels containing OPF 35k and PEGDA could not be formed. All formulations in Study 1 used PEGDA as the crosslinker and all formulations in Study 2 used 10k as the PEG MW for OPF hydrogel fabrication. 

Composite Fabrication


OPF composite hydrogels were fabricated by encapsulating either 10 mM or 40 mM GMPs in OPF hydrogels according to previously established methods 
 ADDIN EN.CITE 
[84, 165]
. Varying amounts of OPF macromer were combined with varying amounts of PEGDA or MB to give two different levels of DBR as seen in Supplementary Table 5.S1. DBR was defined as the ratio of the total number of carbon-carbon double bonds in the crosslinker (PEGDA or MB) over the total number of carbon-carbon double bonds in OPF. The number of carbon-carbon double bonds in OPF was estimated by the following formula: Mn of PEG × (x+1) + MW of a fumarate unit (i.e., 72 g/mol) × x = Mn of OPF, where x is the average number of carbon-carbon double bonds in an OPF macromer. To outline the general fabrication procedure, the prescribed amounts of OPF and either PEGDA or MB were dissolved in 468 µL of phosphate-buffered saline (PBS) and thoroughly mixed with 22 mg of GMPs that were previously swollen overnight with 110 µL of PBS. Equal parts (48.6 µL) of the thermal radical initiators APS (0.3 M) and TEMED (0.3 M) were then added to initiate the crosslinking reaction. After mixing, the polymeric suspension was quickly injected into a cylindrical Teflon mold (6 mm in diameter and 2 mm in thickness) and further incubated at 37 (C for 10 minutes to achieve crosslinking. 

OPF Swelling and Degradation Study


For the swelling and the degradation studies, OPF composite hydrogels were placed in either 3 mL of PBS or collagenase-conditioned PBS (Col-PBS; 400 ng collagenase 1A per mL PBS) in a 12-well plate and incubated at 37 (C for 28 days under shaking at 70 rpm. The culture medium was replaced every 3 days. At days 1, 4, 7, 14, 21, and 28, composite hydrogels (n=4) dedicated to each time point were retrieved to determine swelling ratio and % mass remaining using the following equations: swelling ratio = (Ws – Wd)/Wd and % mass remaining = Wd/Wi x 100 % where Wi, Ws, and Wd are the weight of the dried composite immediately after fabrication prior to swelling, the weight of the composite after swelling at each time point, and the weight of the dried composite after swelling at each time point, respectively. 

Statistical Analysis


Data for the measured properties were reported as mean ( standard deviation for samples (n=4) at each time point. Differences in the degradation characteristics between the various formulations were determined via one-way ANOVA followed by Tukey’s HSD post hoc analysis (p<0.05). Main and interaction effects were analyzed using a linear regression analysis methodology via the SAS JMP Pro 10 software according to previously established methods 
 ADDIN EN.CITE 
[280, 281]
.

RESULTS


Swelling of OPF Composite Hydrogels


Equilibrium swelling ratios were first compared between groups with the same incubation medium composition as outlined in Tables 5.3 and 5.4. In standard PBS, all formulations containing 10 mM GMPs maintained generally constant swelling ratios within each respective group over 28 days (Supplementary Figure 5.S1a). Composites from formulations 35kDA40:10 and 10kMB40:10 both exhibited the highest swelling ratios up until day 28. Composites fabricated with OPF 10K macromers and PEGDA as the crosslinker (10kDA60:10 and 10kDA40:10) showed the lowest mean swelling ratios over time. Among formulations containing 40 mM GMPs (Supplementary Figure 5.S1b), 35kDA40:40 and 10kMB40:40 had the highest swelling ratios at the measured time points after day 1. Despite having similar mean swelling ratios, which refer to overall values over time, of 17.2(0.4 for 35kDA40:40 and 17.9(0.6 for 10kMB40:40, composites from 10kMB40:40 swelled more than those from 35kDA40:40 at each time point measured after day 14. The mean swelling ratios of formulations 35kDA60:40 (13.6(0.3) and 10kMB60:40 (14.1(0.4), while lower than those of their lower DBR counterparts, were greater than the mean swelling ratios of 10kDA60:40 (5.6(0.2) and 10kDA40:40 (6.0(0.2) as shown in Table 5.3.  


In Figure 5.1a, formulation 35kDA40:10, which maintained the highest mean swelling ratio of 26.7(1.5 in col-PBS over 28 days, exhibited greater increases in swelling following day 4 in the presence of collagenase as compared to in PBS alone. As outlined in Table 5.3, formulations 35kDA60:10 and 10kMB40:10 displayed the next highest swelling capacities with mean swelling ratios of 18.1(0.8 and 19.2(0.6, respectively. Indeed, formulations 10kDA60:10 and 10kDA40:10, both of which had similar respective mean swelling ratios of 6.4(0.2 and 6.9(0.2, displayed the lowest swelling ratios at all time points when compared to other formulations. For the formulations containing 40 mM GMPs (Figure 5.1b), the same differences observed between swelling profiles of the respective experimental groups in standard PBS were also observed in col-PBS.

Degradation of OPF Composite Hydrogels


In congruence with the hydrogel swelling ratios, the % mass remaining profiles of the various experimental groups were first compared within the same incubation medium composition in order to evaluate differences between formulations. In standard PBS, formulations with OPF 35K (35kDA60:10 and 35kDA40:10) had the lowest mean % mass remaining, which refer to overall values over time, and thereby the greatest overall polymer loss over 28 days (Supplementary Figure 5.S1c). As shown in Table 5,4, 10kDA60:10 (89.3(1.3 %) and 10kDA40:10 (82.8(1.4 %) maintained the highest mean % mass remaining amongst formulations containing 10 mM GMPs. For the 40 mM GMP containing groups, similar differences in mean % mass remaining between corresponding formulations were also observed (Supplementary Figure 5.S1d). For example, all formulations with OPF 10K and PEGDA displayed the least polymer loss overall regardless of the GMP crosslinking extent (Table 5.4). In standard PBS, the amount of polymer loss for all formulations (containing 10 mM GMPs or 40 mM GMPs) stabilized after day 7.


In col-PBS, the overall polymer loss amid the 10 mM GMP composite formulations was highest amongst formulations containing OPF 35K macromers. For instance, 35kDA60:10 and 35kDA40:10 had mean mass remaining percentages of 43.1(2.3 % and 37.4(2.7 %, respectively, which were at least 12% lower than other formulations (Table 5.4). With the exception of the formulations 10kDA60:10 and 10kDA40:10, which had the lowest amounts of overall polymer loss, all groups exhibited increasing polymer loss under enzymatic conditions until stabilization after day 14 (Figure 5.1c). Although the differences in mean % mass remaining between 10 mM GMP containing formulations were also observed between the 40 mM GMP containing groups, the latter maintained higher mean mass remaining percentages than their 10 mM GMP containing counterparts (Figure 5.1d). 


In order to formally investigate the main effects of the construction parameters outlined in Table 5.1 and their various interactions on the swelling and degradation of OPF composite hydrogels, two 24 fractional factorial analyses were performed as detailed in Table 5.2. In Figures 5.2, 5.3, 5.4, and 5.5, the magnitude of the changes associated with the main effects and interactions are shown with standard error bars relative to the zero line, which is representative of the overall population mean at each effect. Main effects and interactions were considered significant (p<0.05) if their standard error did not cross the zero line. 

Fractional Factorial Analysis of Study 1


Study 1 investigated four main factors: GMP crosslinking extent, PEG chain MW, incubation medium composition, and DBR, while keeping the crosslinker type (PEGDA) constant. Main effects analysis of the OPF composite formulations over 28 days indicated that all four factors had an effect on the swelling ratio (Figure 5.2a). When OPF composites were fabricated with GMPs of the higher crosslinking density (40 mM) and the higher DBR (60), the mean swelling ratio decreased by an average of 0.7(0.3 and 1.5(0.3, respectively. Similarly, changing the incubation medium composition from col-PBS to standard PBS caused a decrease in the mean swelling ratio by an average of 1.2(0.3. An increase in the PEG chain MW from 10K to 35K resulted in a significant increase in the mean swelling ratio by an average of 5.7(0.3. Through the analysis of the main effects at each time point, it was observed that the OPF macromer MW and the DBR significantly affected the swelling ratio at all times (Supplementary Figure 5.S2a). Although the incubation medium did not have an immediate effect on the swelling ratio, the presence of collagenase caused an increase in the swelling from day 4 onward. While increasing the GMP crosslinking extent (10 mM to 40 mM) also did not have an immediate effect on the swelling ratio, it significantly decreased the swelling ratio from day 4 until day 21. 


The mean % mass remaining was also affected by all four factors as indicated by main effects analysis (Fig 5.3b). Particularly, an increase in the GMP crosslinking extent and the DBR resulted in an increase in the mean % mass remaining by an average of 2.2(0.6 % and 2.0(0.6 %, respectively. Removal of the enzymatic incubation condition also caused an increase in the mean % mass remaining by an average of 4.0(0.6 %. However, an increase in the PEG chain MW yielded a significant decrease in the mean % mass remaining by an average of 17.2(0.6 %. An analysis of the main effects at each time point showed that PEG chain MW and incubation medium composition had an effect on mean % mass remaining at all times (Supplementary Figure 5.S2b). GMP crosslinking extent and DBR also had an effect on the mean % mass remaining at all measured time points except for day 1. An evaluation of the interactions between factors on the mean swelling ratio revealed an interdependence of factors upon one another in the form of several 2-factor and 3-factor interactions. In particular, significant 2-factor interactions (where A*B denotes a cross effect between factor A and factor B) included GMP*MW, GMP*Medium, MW*Medium, MW*DBR, and Medium*DBR, while 3-factor interactions included GMP*MW*Medium and MW*Medium*DBR (data not shown). For the mean % mass remaining, significant interactions only included GMP*MW and GMP*DBR. The cross effects between PEG chain MW, DBR, and the incubation medium composition, which had the largest impact on swelling, are further illustrated in Figure 5.3. 

Fractional Factorial Analysis of Study 2


Main effects analysis of the formulations from Study 2 over 28 days, which corroborated the effects of incubation medium composition and DBR on swelling, also demonstrated that the crosslinker type significantly impacted the mean swelling ratio (Figure 5.4a). Employing PEGDA as the crosslinker instead of MB caused a significant decrease in the mean swelling ratio by an average of 4.9(0.2. Amongst formulations incorporating only OPF 10K macromers, increasing the DBR resulted in a decrease in the mean swelling ratio by an average of 1.2(0.2. However, GMP crosslinking extent was not a significant factor affecting the mean swelling ratio of these formulations. Changing the GMP crosslinking extent, the incubation medium composition, and the DBR from the respective level 1 to level 2 values raised the mean % mass remaining by an average of 1.0(0.9 %, 2.8(0.9 %, and 2.7(0.9 %, respectively (Figure 5.4b). Most notably, changing the crosslinker type from MB to PEGDA increased the mean % mass remaining by an average of 9.4(0.9 %. An analysis of the main effects on mean swelling ratio over time showed that the crosslinker type and the DBR had an effect at all times, while the GMP crosslinking extent and the incubation medium composition both had an effect at day 28 (Supplementary Figure 5.S3a). Similar to the main effects on the mean swelling ratio, the crosslinker type and DBR significantly affected the mean % mass remaining at all measured time points (Supplementary Figure 5.S3b). However, GMP crosslinking extent and the incubation medium composition only had effects on the mean % mass remaining at select time points and did not display any noticeable effects pattern. From the evaluation of the interactions present in Study 2, notable cross effects between factors included only three 2-factor interactions that affected the mean swelling ratio: GMP*Crosslinker, Crosslinker*DBR, and Medium*DBR (data not shown). The interaction effects between crosslinker and DBR, which proved to have the greatest impact on swelling, are further described in Figure 5.5.

DISCUSSION


This study utilized a full factorial design with fractional factorial analyses to investigate the effects of PEG chain MW, DBR, crosslinker type, GMP crosslinking extent, and the incubation medium composition on the swelling and degradation characteristics of OPF composite hydrogels. With each factor comprising two-levels, it was hypothesized that the swelling and degradation characteristics of OPF composite hydrogels could be precisely controlled by individually or collectively modulating the levels of the aforementioned parameters. Furthermore, it was envisioned that the use of a factorial design would allow for the evaluation of how each individual factor and their various interactions with each other would affect the swelling and degradation of these composites. Indeed, the fractional factorial analyses of the main effects showed that the mean swelling ratio and the mean % mass remaining of OPF composite hydrogels were significantly impacted by every parameter investigated. Additionally, an analysis of the interactions between parameters yielded important insights to guide the tuning of the swelling and degradation properties of OPF-based hydrogels. 



Previous studies have briefly evaluated the individual effects of PEG chain MW 
 ADDIN EN.CITE 
[5]
, GMP crosslinking extent 
 ADDIN EN.CITE 
[163]
, and DBR 
 ADDIN EN.CITE 
[218]
 on the degradation of OPF composite hydrogels. Additionally, previous research conducted by our laboratory has investigated the effect of PEG chain MW on the swelling and mechanical properties of OPF-based hydrogels and found that with an increase in PEG molecular weight and hence, the hydrogel swelling, the tensile strength of the OPF-based hydrogels decreased 215[]
. However, the combined effects of these factors, along with the crosslinker type and the incubation medium composition, as well as their various interactions on swelling and degradation had not been investigated. While the mechanical properties of hydrogel scaffolds are important, particularly for dynamic tissues, the main focus of the current study is on how different hydrogel construction parameters affect swelling and degradation for applications in cell and drug delivery. Hence, a factorial experiment combining all of these factors was designed. Out of the composite formulations that were generated from this factorial design, all formulations containing OPF 35K macromers and the crosslinker MB failed to yield any viable hydrogels due to a low level of crosslinking. This could be attributed to the limited mobility of the second double bond of the MB crosslinking agent after the first one has reacted during the crosslinking reaction with the larger sized OPF 35K macromers. However, crosslinking with PEG-DA is possible because the mobility of the second double bond is greater due to the presence of a PEG spacer, which is not the case for MB. This could also be due to the reduced number of fumarate groups (which carry the unsaturated carbon-carbon double bonds) per OPF macromer for OPF 35K when compared to OPF 10K as a result of the steric hindrance of higher MW PEG molecules inhibiting the addition of fumarate groups to the ends of the PEG molecules during synthesis 3[]
. Accordingly, two 24 fractional factorial analyses were performed with the remaining composite formulations in order to fully evaluate the main and interaction effects of all construction parameters on swelling and degradation.


First, the mean swelling ratios between groups within the same incubation medium composition were compared. Although composites fabricated with OPF 35K macromers were expected to achieve the highest swelling ratios, this was not the case as formulations 35kDA40:10, 10kMB40:10, 35kDA40:40, and 10kMB40:40 exhibited similarly high mean swelling ratios over 28 days. Additionally, 10kMB60:10, 10kMB60:40, 10kMB40:10, and 10kMB40:40 achieved swelling ratios similar to or greater than that of 35kDA60:10 or 35kDA60:40. From the swelling data alone, this result could be mainly due to the crosslinker type. Assuming that all OPF macromers were incorporated during crosslinking to form a polymer network, the theoretical swelling capacity of the resulting hydrogel would be directly related to the size of the PEG chain component, as larger PEG components equal greater swelling
 ADDIN EN.CITE 
[239]
. Indeed, 35kDA60:10/35kDA60:40 and 35kDA40:10/35kDA40:40 exhibited greater swelling ratios than 10kDA60:10/10kDA60:40 and 10kDA40:10/10kDA40:40 at all measured times. However, a comparison of 10kDA60:10/10kDA60:40 and 10kDA40:10/10kDA40:40 with 10kMB60:10/10kMB60:40 and 10kMB40:10/10kMB40:40 indicated that formulations containing MB swelled more than the corresponding PEGDA-containing formulations despite MB being the smaller crosslinker (154.2 nominal MW compared to 3,400 nominal MW for PEGDA). This phenomenon could potentially be explained by the relatively higher reactivity of acrylates (PEGDA) or amides (MB) when compared to the carbon-carbon double bonds of the fumarate groups along the OPF backbone 
 ADDIN EN.CITE 
[215, 246, 282]
. As a result, the acrylates from the PEGDA crosslinkers may have more readily reacted with each other than with the fumarate double bonds, leading to the formation of regional PEGDA networks within the overall OPF macromolecular structure. This would act to not only lower the swelling capacity of the OPF composites since the crosslinker PEGDA has a lower nominal MW compared to that of the OPF macromers, but also to generally result in higher mass remaining percentages. Indeed, main effects of increasing DBR on the swelling ratio and the % mass remaining as shown in Figure 5.2 for Study 1 further indicate that the crosslinking density of such hydrogels is directly correlated with the amount of acrylates present from the PEGDA crosslinker. Although similar reactions may have occurred amongst the amides of the MB crosslinkers, the smaller size of MB would have less of an effect on the overall OPF network283[]
 as suggested by the lack of differences in mean mass remaining percentages between 10kMB groups (incorporating GMPs of similar crosslinking extent) with changes in DBR (Tables 5.3 and 5.4). 


While the size difference between MB and PEGDA may act to confound their differences in reactivity as crosslinkers for OPF hydrogel systems, the selection of MB and PEGDA was informed by previous studies from our laboratory and others investigating the efficacy of materials utilizing these common crosslinkers for various in vitro and in vivo biomedical applications 
 ADDIN EN.CITE 
[4, 7, 9, 164, 209, 218]
. In particular, our laboratory has previously implanted OPF hydrogels crosslinked with MB as controlled growth factor delivery vehicles for osteochondral tissue repair 
 ADDIN EN.CITE 
[9, 164]
. Although such acellular composites conferred some therapeutic effects in vivo, the inclusion of stem cells to improve results may have been difficult given reports of potential cytotoxicity with using MB 
 ADDIN EN.CITE 
[284, 285]
. Hence, PEGDA was employed as the crosslinker for the development of cell-laden OPF constructs. However, when these constructs were used to deliver cells to an osteochondral defect site, fragments of non-degraded hydrogel still present within the defect after 12 weeks obstructed tissue repair 
 ADDIN EN.CITE 
[7]
. Given that OPF hydrogels crosslinked with MB displayed near complete degradation in vivo by this time point 
 ADDIN EN.CITE 
[8]
, the presence of such non-degraded hydrogel fragments was attributed to the use of PEGDA (via the formation of regional PEGDA networks). As a result, both MB-crosslinked and PEGDA-crosslinked OPF systems were compared in the present study in order to guide and optimize future strategies for combining growth factor and cell delivery for in vivo tissue regeneration.


The absence of differences between corresponding formulations carrying either 10 mM GMPs or 40 mM GMPs in standard PBS was expected given the lack of enzyme activity to degrade GMPs in composite hydrogels. In the presence of collagenase, which mimics the enzymatic conditions of an in vivo environment 
 ADDIN EN.CITE 
[165]
, various formulations including 35kDA60:10, 35kDA40:10, and 35kDA40:40 exhibited an increase in swelling capacity when compared to their non-enzymatically treated counterparts. Indeed, encapsulated GMPs swell and undergo enzymatic digestion over time, leading to the disruption of the OPF network and the introduction of large pores into the bulk hydrogel that together enhance hydrogel swelling 
 ADDIN EN.CITE 
[165]
. Additionally, higher swelling ratios were observed in 10 mM GMP containing formulations in the collagenase medium condition when compared with corresponding 40 mM GMP containing formulations, since GMPs of a higher crosslinking extent can better resist enzymatic attack by collagenase. Previous results have shown that the presence of collagenase failed to elicit enhanced swelling of OPF composites fabricated with OPF 10K macromers that only contain 40 mM GMPs 
 ADDIN EN.CITE 
[165]
. However, in the current study, the mean swelling ratio of 35kDA40:40 in col-PBS is significantly greater than its corresponding value in standard PBS, suggesting an interaction between size of the OPF macromer, the GMP crosslinking extent, and the enzyme. 


Differences in the mass remaining percentages between formulations at day 1 are reflective of the initial % sol fractions of each formulation. The % sol fraction, which is defined as 100 % minus the % mass remaining at day 1, reflects the amount of polymer that was not initially incorporated into the crosslinked network during composite fabrication. Although formulations containing OPF 10K macromers and MB achieved similar swelling ratios with formulations containing OPF 35K macromers and PEGDA, the latter displayed higher sol fractions and lower subsequent polymer % mass remaining when compared to the former. Indeed, given the increasing difficulty of attaching fumarate groups to the ends of larger PEG molecules during OPF synthesis 
 ADDIN EN.CITE 
[2, 3]
, hydrogels fabricated from OPF macromers with larger PEG chains would contain many unreacted PEG molecules entangled within the greater hydrogel network. Aside from the hydrolytic degradation of a less densely crosslinked network, the release of these PEG molecules during swelling of the hydrogel network and hydrolysis of degradable ester bonds could be the reason why formulations with OPF 35K macromers exhibited greater polymer loss when compared to their 10K counterparts. 


For Study 1, the most significant factor affecting the mean swelling ratio and % mass remaining was the PEG chain MW (Figure 5.2). Increasing the PEG chain MW caused a 2-to-3-fold increase in the swelling capacity of the composite hydrogels. This was expected, as larger PEG chains would allow for the formation of polymer networks with larger theoretical mesh sizes. While not as influential as PEG chain MW, the DBR, GMP crosslinking extent and the incubation medium composition also significantly impacted the swelling properties of OPF composite hydrogels. Increasing the GMP crosslinking extent decreased the overall swelling capacity of OPF composite hydrogels, most likely due to the diminished swelling of more crosslinked GMPs 286[]
. An increase in the DBR, which correlates to an increased hydrogel crosslinking density, expectedly led to a decrease in hydrogel swelling as well. 


Interestingly, an analysis of the factor cross effects on swelling revealed that the effects of DBR were more prominent for hydrogels formed from OPF 35K macromers. In standard PBS, increasing the DBR from 40 to 60 decreased the mean swelling ratio of OPF 35K composites by an average of 5.3 while the same increase in DBR for OPF 10K composites decreased the mean swelling ratio by 0.5 (Figure 5.3). The interaction between these two factors was even more apparent in enzymatic conditions.  This is likely a consequence of the difference in available fumarate groups for gelation between OPF 10K and OPF 35K macromers. Compared to OPF 35K macromers, OPF 10K macromers have more fumarate groups per macromer and thereby an increased probability of crosslinking during hydrogel formation. In addition, with less fumarate groups per macromer, gelation of OPF 35K hydrogels may be more dependent on the proportion of crosslinkers present in the reaction mixture 283[]
, which aligns with the Flory-Stockmayer theory for gelation. The presence of collagenase predictably enhanced the interdependence of these two factors. Other interactions involving the enzyme could also be explained by this same reason. 


 
The Flory-Stockmayer theory would also explain the effects of DBR on the mass loss. Increased branching during the gelation of OPF composites as a result of increased crosslinker present in the reaction mixture yielded more crosslinked networks with decreased overall hydrogel swelling capacity. The decrease in mass loss with increasing DBR as seen in both fractional factorial studies further confirms this hypothesis. As mentioned previously, the main effect of the PEG chain MW on the mean % mass remaining could be explained by the faster degradation of OPF 35K composites (due to the hydrolysis of a more loosely crosslinked network) and/or the release of entangled unreacted PEG molecules during swelling. The effect of GMP crosslinking extent could be explained by two reasons. First, the decreased swelling of more crosslinked GMPs caused less hydrogel network disruption and as a result, slowed the degradation of the composites. Second, more crosslinked GMPs provided greater diffusional barriers against the release of OPF fragments during degradation, thereby slowing overall polymer loss. Despite their individual effects, the cross effects of PEG chain MW and DBR did not significantly influence the mean % mass remaining and, hence the polymer loss. While there were several interactions between factors, the cross effects on the mean % mass remaining were mainly peripheral. 


For Study 2, the fractional factorial design was employed to primarily evaluate the impact of crosslinker type and its interaction with other construction parameters on the swelling and degradation of OPF composite hydrogels. As a result, the experimental groups involved in this analysis only include composites fabricated using OPF 10K macromers. Among these formulations, the most significant factor affecting the mean swelling ratio and % mass remaining was the type of crosslinker used for gelation. Intriguingly, the utilization of the larger crosslinker, PEGDA, instead of the smaller crosslinker, MB, led to a 20% to 50% decrease in composite swelling capacity and a 30% to 60% decrease in composite degradation. As mentioned previously, the use of PEGDA as the crosslinker, which has a lower MW when compared to the OPF macromer, possibly resulted in the incorporation of regional PEGDA networks within the overall hydrogel network that act to decrease the overall hydrogel mesh size.  With a decreased average mesh size, OPF composites incorporating PEGDA would have decreased mean swelling ratios. Indeed, the cross effects between crosslinker type and the DBR corroborates this explanation.  The swelling properties of OPF composite hydrogels fabricated with PEGDA were less sensitive to changes in the DBR when compared to composites fabricated using MB. When coupled with the limited swelling extent of the former, these results suggest that regional PEGDA networks could potentially make up a portion of the overall polymer network of OPF composite hydrogels. With regard to the other factors, the observed effects of GMP crosslinking extent, DBR, and incubation medium composition on the swelling and degradation of composites in Study 2 mainly corroborated those observed in Study 1. 


The formulations evaluated in this study were based on various OPF systems that were previously utilized as implants for in vivo tissue repair 
 ADDIN EN.CITE 
[7-9, 84]
. As previously mentioned, OPF systems incorporating MB were mainly used for growth factor delivery, while OPF systems incorporating PEGDA were employed for the development of cell-laden constructs. In cases where the beneficial effects of both growth factors and stem cells need to be combined, the selection of the appropriate hydrogel formulation can be guided by the findings of the current study. For instance, several of the formulations incorporating PEGDA shared similar swelling and degradation properties with some formulations incorporating MB, which may allow for the development of cell/growth factor-laden hydrogel constructs that can swell and degrade as desired in vivo. Overall, the present study demonstrated that the PEG chain MW and the crosslinker type had the greatest impact on the swelling and degradation of OPF hydrogels. Additionally, the significant interaction effects between these two factors and the DBR showcased the high tunability that can be achieved with such hydrogel systems, and have broad implications informing the design of similar PEG-based hydrogel systems for cell encapsulation and growth factor delivery applications.

CONCLUSIONS


In conclusion, the main and cross effects of (1) PEG chain MW, (2) DBR, (3) crosslinker type, (4) GMP crosslinking extent, and (5) incubation medium composition on the swelling and degradation characteristics of OPF composite hydrogels were investigated. While the mean swelling ratio and mean % mass remaining of these hydrogels were impacted by every factor, modifying the PEG chain MW and the crosslinker type produced the largest effects. In particular, increasing the PEG chain MW from 10K to 35K increased both swelling and polymer loss whereas using PEGDA instead of MB resulted in the opposite effect. Moreover, it was found that interactions involving the DBR had the greatest cross effects on swelling properties. The OPF hydrogels fabricated with PEGDA had lower increases in swelling when the DBR was reduced when compared to hydrogels fabricated with MB. Additionally, a cross effect was seen with 10mM GMP containing formulations in Col-PBS exhibiting greater swelling than 40mM GMP containing formulations in the same condition. Together, these results indicate that the swelling and degradation properties of OPF hydrogels can be readily controlled via the collective modulation of key construction parameters and underscore the versatility of these hydrogels as well as other PEG-based hydrogels for drug and cell delivery in tissue engineering applications.


Table 5.1. Two Levels of Five Parameters Tested in a Two-Level Full Factorial Design


		Parameters

		Level 1

		Level 2



		PEG chain MW

		10K

		35K



		DBR

		40

		60



		Crosslinker Type

		MB

		PEGDA



		GMP Crosslinking Extent

		10 mM

		40 mM



		Media condition

		400 ng/mL collagenase in PBS

		PBS





Table 5.2. Levels for the Factors Tested in Studies 1 and 2 Following a Two-Level Fractional Factorial Design


		Study 1

		GMP

		Media

		DBR

		PEG chain MW



		Level 1

		10 mM

		Col-PBS

		40

		10,000



		Level 2

		40 mM

		PBS

		60

		35,000



		Study 2

		GMP

		Media

		DBR

		Crosslinker Type



		Level 1

		10 mM

		Col-PBS

		40

		MB



		Level 2

		40 mM

		PBS

		60

		PEGDA





Table 5.3. Mean Degradation Characteristics of Composite Formulations in Standard PBS Over 28 Days.


		Formulation

		PEG chain MW

		GMP Crosslinking Extent

		DBR

		Crosslinker Type

		Mean Swelling Ratio

		Mean Mass Remaining (%)



		35kDA60:10

		35,000

		10 mM

		60

		PEGDA

		13.4(0.2b

		55.9(1.0c



		35kDA40:10

		35,000

		10 mM

		40

		PEGDA

		17.3(0.8a

		47.5(2.4d



		10kDA60:10

		10,000

		10 mM

		60

		PEGDA

		5.4(0.1c

		89.3(1.3a



		10kDA40:10

		10,000

		10 mM

		40

		PEGDA

		5.9(0.1c

		82.8(1.4a



		10kMB60:10

		10,000

		10 mM

		60

		MB

		13.2(0.4b

		67.3(2.0b



		10kMB40:10

		10,000

		10 mM

		40

		MB

		16.6(0.5a

		67.6(2.3b



		35kDA60:40

		35,000

		40 mM

		60

		PEGDA

		13.6(0.3b

		55.7(1.5c, d



		35kDA40:40

		35,000

		40 mM

		40

		PEGDA

		17.2(0.4a

		56.2(1.6c



		10kDA60:40

		10,000

		40 mM

		60

		PEGDA

		5.6(0.2c

		89.6(1.3a



		10kDA40:40

		10,000

		40 mM

		40

		PEGDA

		6.0(0.2c

		86.2(1.5a



		10kMB60:40

		10,000

		40 mM

		60

		MB

		14.1(0.4b

		70.2(2.1b



		10kMB40:40

		10,000

		40 mM

		40

		MB

		17.9(0.6a

		63.6(2.3b, c





For each property, values not connected by the same letters are significantly different.


Table 5.4. Mean Degradation Characteristics of Composite Formulations in Col-PBS Over 28 Days.

		Formulation

		PEG chain MW

		GMP Crosslinking Extent

		DBR

		Crosslinker Type

		Mean Swelling Ratio

		Mean Mass Remaining (%)



		35kDA60:10

		35,000

		10 mM

		60

		PEGDA

		18.1(0.8b

		43.1(2.3f, g



		35kDA40:10

		35,000

		10 mM

		40

		PEGDA

		26.7(1.5a

		37.4(2.7g



		10kDA60:10

		10,000

		10 mM

		60

		PEGDA

		6.4(0.2d

		82.1(1.4a



		10kDA40:10

		10,000

		10 mM

		40

		PEGDA

		6.9(0.2d

		75.9(1.4a, b



		10kMB60:10

		10,000

		10 mM

		60

		MB

		13.3(0.3c

		64.5(2.1c, d



		10kMB40:10

		10,000

		10 mM

		40

		MB

		19.2(0.6b

		56.5(2.2d, e



		35kDA60:40

		35,000

		40 mM

		60

		PEGDA

		13.9(0.7c

		47.3(2.4f



		35kDA40:40

		35,000

		40 mM

		40

		PEGDA

		19.6(0.5b

		50.4(1.5e, f



		10kDA60:40

		10,000

		40 mM

		60

		PEGDA

		5.9(0.2d

		84.3(1.2a



		10kDA40:40

		10,000

		40 mM

		40

		PEGDA

		6.6(0.3d

		79.4(1.4a



		10kMB60:40

		10,000

		40 mM

		60

		MB

		14.2(0.4c

		68.2(1.9b, c



		10kMB40:40

		10,000

		40 mM

		40

		MB

		18.6(0.7b

		61.3(1.8c, d





For each property, values not connected by the same letters are significantly different. 


Supplementary Table 5.S1. Composition of the Various Composite Formulations Tested.

		Group

		35K OPF (mg)

		10K OPF (mg)

		DBR

		PEG-DA (mg)

		MB (mg)

		10 mM GMP (mg in 110 µL PBS)

		40 mM GMP (mg in 110 µL PBS)

		APS (µL, 0.3M)

		TEMED (µL, 0.3M)



		35kDA60:10

		101.4

		0

		60

		48.6

		0

		22

		0

		46.8

		46.8



		35kDA40:10

		113.7

		0

		40

		36.3

		0

		22

		0

		46.8

		46.8



		35kMB60:10

		147

		0

		60

		0

		3.2

		22

		0

		46.8

		46.8



		35kMB40:10

		148

		0

		40

		0

		2.14

		22

		0

		46.8

		46.8



		10kDA60:10

		0

		26

		60

		124

		0

		22

		0

		46.8

		46.8



		10kDA40:10

		0

		35.6

		40

		114.4

		0

		22

		0

		46.8

		46.8



		10kMB60:10

		0

		123

		60

		0

		27

		22

		0

		46.8

		46.8



		10kMB60:10

		0

		131

		40

		0

		19

		22

		0

		46.8

		46.8



		35kDA60:40

		101.4

		0

		60

		48.6

		0

		0

		22

		46.8

		46.8



		35kDA40:40

		113.7

		0

		40

		36.3

		0

		0

		22

		46.8

		46.8



		35kMB60:40

		147

		0

		60

		0

		3.2

		0

		22

		46.8

		46.8



		35kMB40:40

		148

		0

		40

		0

		2.14

		0

		22

		46.8

		46.8



		10kDA60:40

		0

		26

		60

		124

		0

		0

		22

		46.8

		46.8



		10kDA40:40

		0

		35.6

		40

		114.4

		0

		0

		22

		46.8

		46.8



		10kMB60:40

		0

		123

		60

		0

		27

		0

		22

		46.8

		46.8



		10kMB60:40

		0

		131

		40

		0

		19

		0

		22

		46.8

		46.8







Figure 5.1. Swelling ratio profiles of (a) 10 mM GMP or (b) 40 mM GMP containing OPF composite hydrogels in Col-PBS over 28 days (n 5 4). The mass remaining (%) profiles of corresponding (c) 10 mM GMP or (d) 40 mM GMP formulations in Col-PBS over 28 days are also shown (n=4). Error bars represent the standard deviation.



Figure 5.2. The main effects of PEG chain MW, GMP cross-linking extent, DBR, and incubation medium composition on the (a) swelling and (b) percentage of mass remaining of OPF composite hydrogels in Study 1. A positive value indicates an increasing effect caused by a change in the corresponding parameter from level 1 to level 2. Error bars represent the standard error.



Figure 5.3. Interaction effects between PEG chain MW, DBR, and the incubation medium composition on the mean swelling ratio of OPF composite hydrogels in Study 1. A negative slope line indicates that the swelling was decreased when the DBR was increased from 40 to 60.




Figure 5.4. The main effects of cross-linker type, GMP cross-linking extent, DBR, and the incubation medium composition on the (a) swelling and (b) percentage of mass remaining of OPF composite hydro- gels in Study 2. A positive value indicates an increasing effect caused by a change in the corresponding parameter from level 1 to level 2. Error bars represent the standard error.



Figure 5.5. Interaction effects between the cross-linker type and the DBR on the mean swelling ratio of OPF composite hydrogels in Study 2.





Supplementary Figure 5.S1: Swelling ratio profiles of (a) 10 mM GMP or (b) 40 mM GMP containing OPF composite hydrogels in standard PBS over 28 days (n=4). The mass remaining (%) profiles of corresponding (c) 10 mM GMP or (d) 40 mM GMP formulations in standard PBS over 28 days is also shown (n=4). Error bars represent the standard deviation.




Supplementary Figure 5.S2: The main effects of PEG chain MW, GMP crosslinking extent, DBR, and incubation medium composition on the (a) swelling and (b) % mass remaining of OPF composite hydrogels in Study 1 at each time point over 28 days. Error bars represent the standard error.






Supplementary Figure 5.S3: The main effects of crosslinker type, GMP crosslinking extent, DBR, and incubation medium composition on the (a) swelling and (b) % mass remaining of OPF composite hydrogels in Study 2 at each time point over 28 days. Error bars represent the standard error.

Chapter 6. Osteochondral tissue regeneration using a bilayered composite hydrogel with modulating dual growth factor release kinetics in a rabbit model


Abstract


Biodegradable oligo(poly(ethylene glycol) fumarate) (OPF) composite hydrogels have been investigated for the delivery of growth factors (GFs) with the aid of gelatin microparticles (GMPs) and stem cell populations for osteochondral tissue regeneration. In this study, a bilayered OPF composite hydrogel that mimics the distinctive hierarchical structure of native osteochondral tissue was utilized to investigate the effect of transforming growth factor-β3 (TGF-β3) with varying release kinetics and/or insulin-like growth factor-1 (IGF-1) on osteochondral tissue regeneration in a rabbit full-thickness osteochondral defect model. The four groups investigated included (i) a blank control (no GFs), (ii) GMP-loaded IGF-1 alone, (iii) GMP-loaded IGF-1 and gel-loaded TGF-β3, and (iv) GMP-loaded IGF-1 and GMP-loaded TGF-β3 in OPF composite hydrogels. The results of an in vitro release study demonstrated that TGF-β3 release kinetics could be modulated by the GF incorporation method. At 12 weeks post-implantation, the quality of tissue repair in both chondral and subchondral layers was analyzed based on quantitative histological scoring. All groups incorporating GFs resulted in a significant improvement in cartilage morphology compared to the control. Single delivery of IGF-1 showed higher scores in subchondral bone morphology as well as chondrocyte and glycosaminoglycan amount in adjacent cartilage tissue when compared to a dual delivery of IGF-1 and TGF-β3, independent of the TGF-β3 release kinetics. The results suggest that although the dual delivery of TGF-β3 and IGF-1 may not synergistically enhance the quality of engineered tissue, the delivery of IGF-1 alone from bilayered composite hydrogels positively affects osteochondral tissue repair and holds promise for osteochondral tissue engineering applications. 


Introduction

Articular cartilage is a flexible connective tissue that facilitates the articulation of bone in major synovial joints via the dissipation of friction and physiological compressive forces 
 ADDIN EN.CITE 
[10, 13, 17, 18, 287]
. With a limited endogenous ability for self-repair, damaged cartilage as a result of disease or trauma oftentimes leads to premature arthritis. Although current clinical methods are insufficient for long-term treatment 288[]
, tissue engineering strategies provide promising alternatives for cartilage repair. To date, many research groups have adapted a wide variety of natural or synthetic polymers for the fabrication of scaffolds for cartilage tissue engineering. In particular, hydrogel scaffolds derived from these materials can be used as a vehicle to deliver biochemical factors that stimulate the chondrogenic differentiation of host progenitor cells within a tissue defect site 
 ADDIN EN.CITE 
[1, 289]
. Our laboratory has developed a novel class of water-soluble synthetic macromers based on oligo(poly(ethylene glycol) fumarate) (OPF) that can be chemically crosslinked to yield hydrolytically degradable hydrogels. Injectable and biodegradable hydrogels formed from OPF have been leveraged for the controlled delivery of chondrogenic growth factors (GFs) with the aid of gelatin microparticles (GMPs), which serve as GF delivery vehicles and enzymatically digestible porogens 
 ADDIN EN.CITE 
[4-6, 162-164, 167, 251]
. Previously, such composite hydrogel systems have been utilized to deliver chondrogenic GFs for the elicitation of osteochondral tissue repair within osteochondral defect sites in animal models 
 ADDIN EN.CITE 
[7-9]
. However, the simultaneous delivery of multiple GFs and how these GFs interact in vivo to repair osteochondral tissue remains an area of investigation. 


In the present work, OPF composite hydrogels are used to deliver transforming growth factor-β3 (TGF-β3) and/or insulin-like growth factor-1 (IGF-1) to an osteochondral defect to facilitate cartilage regeneration and subchondral tissue formation. TGF-β3 is a potent GF that can induce the chondrogenic differentiation of progenitor cell populations in vitro 
 ADDIN EN.CITE 
[290-293]
 as well as augment cartilage tissue formation in vivo 
 ADDIN EN.CITE 
[65, 146, 170, 294]
. IGF-1 primarily acts as an anabolic maturation factor to stimulate the cellular synthesis of proteoglycans and type II collagen 
 ADDIN EN.CITE 
[57, 295]
. Previously, OPF composite systems were employed to deliver TGF-β1, an isoform of TGF-β3 with similar chondrogenic effects, to the chondral space of an osteochondral defect 
 ADDIN EN.CITE 
[8]
. Although the presence of TGF-β1 alone did confer some therapeutic advantage, such as the improvement of joint surface regularity over controls at 4 and 14 weeks, the GF did not effect a different overall healing response when compared to controls 
 ADDIN EN.CITE 
[8]
. To achieve an overall improvement in osteochondral regeneration and to study the effects of a dual GF delivery system in a wound healing environment, the delivery of TGF-β1 with IGF-1 on osteochondral tissue repair was evaluated 
 ADDIN EN.CITE 
[9]
. This study was based on results in literature demonstrating the synergistic effects of TGF-β1 with IGF-1 on increased chondrogenic gene expression and proteoglycan synthesis by articular chondrocytes 
 ADDIN EN.CITE 
[296, 297]
 and mesenchymal stem cells (MSCs)  in vitro 
 ADDIN EN.CITE 
[298]
. The in vivo study however, showed that an initial burst release of TGF-β1 during early stages of cartilage healing followed by a sustained release of IGF-1 was not effective at regenerating osteochondral tissue under the conditions investigated 
 ADDIN EN.CITE 
[9]
. Despite the lack of synergy between TGF-β1 and IGF-1, the controlled delivery of multiple GFs merits further investigation when one considers the complex interplay of GFs during different stages chondrogenesis and cartilage regeneration 
 ADDIN EN.CITE 
[55, 299, 300]
. Indeed, several in vitro studies have demonstrated that the anabolic effects of TGF-β isoforms on progenitor cells are dependent on the time of delivery 
 ADDIN EN.CITE 
[301, 302]
. Recently, it was shown that the sequential exposure of umbilical cord-derived MSCs to TGF-β3 followed by IGF-1 enhanced their production of cartilage-like extracellular matrix (ECM) components in vitro 
 ADDIN EN.CITE 
[303]
. Moreover, our laboratory has found that the TGF-β3 isoform was more effective than TGF-β1 at inducing the chondrogenic differentiation of rabbit MSCs encapsulated within bilayered OPF composite hydrogels 
 ADDIN EN.CITE 
[162]
. Therefore, we hypothesize that the delivery of TGF-β3, when combined with the sustained release of IGF-1, may influence the differentiation of host progenitor cell populations and thereby affect the degree of osteochondral tissue repair.

It has been demonstrated that release kinetics of GFs from OPF composite hydrogels can be modulated by hydrogel construction parameters, which include the degree of crosslinking of GMPs, the molecular weight of the poly(ethylene glycol) block in the OPF macromer, the resultant mesh size of such crosslinked OPF hydrogels, and the method of GF incorporation within the composite hydrogel 
 ADDIN EN.CITE 
[8, 9, 163, 164]
. Such a level of tunability with OPF composite hydrogels may be leveraged for the timed delivery of multiple chondrogenic GFs to progenitor cell populations in the host tissues to repair an osteochondral defect. Indeed, the release kinetics of TGF-β3 when delivered together with IGF-1 from OPF composite hydrogels might be an important parameter to regulate for the induction of high quality cartilage tissue remodeling and regeneration in vivo. The present study investigates how different release kinetics of TGF-β3, in the presence of IGF-1, from OPF composite hydrogels affect the tissue response in an osteochondral defect. 

The global hypothesis of this study is that the release of TGF-β3, when combined with the sustained release of IGF-1, from OPF composite hydrogels will synergistically facilitate osteochondral tissue regeneration in a rabbit osteochondral defect model relative to the delivery of IGF-1 alone. Furthermore, it is hypothesized that the release kinetics of TGF-β3, when delivered together with a sustained release of IGF-1, will influence the degree and quality of osteochondral tissue repair. To this end, the specific objectives of this study are: (1) to characterize the in vitro release kinetics of IGF-1 and TGF-β3 from composite hydrogels over 28 days, (2) to investigate the synergistic effect of a dual delivery of TGF-β3 with IGF-1 on osteochondral tissue regeneration, and (3) to evaluate the effect of modulated TGF-β3 release kinetics with sustained IGF-1 release on the quality of cartilage and subchondral bone tissue regeneration in a rabbit full-thickness osteochondral defect model. 


Materials and Methods


OPF synthesis


According to a method developed in our laboratory 
 ADDIN EN.CITE 
[2, 3]
, poly(ethylene glycol) with a number average molecular weight (Mn) of 35,000 (Sigma-Aldrich, St. Louis, MO) was utilized to synthesize OPF. The resulting OPF with an Mn of 42,500 ± 180 and a weight average molecular weight (Mw) of 120,300 ± 6,500 was used throughout the study. Prior to hydrogel fabrication, OPF was sterilized by exposure to ethylene oxide (EO) for 12 hrs according to established methods 
 ADDIN EN.CITE 
[6, 7, 167]
.


Gelatin microparticle fabrication 


Gelatin microparticles (GMPs) were fabricated using acidic gelatin with an isoelectric point of 5.0 (Nitta Gelatin INC., Osaka, Japan) and were crosslinked with 10 or 40 mM glutaraldehyde (Sigma-Aldrich, St. Louis, MO) according to previously established methods 
 ADDIN EN.CITE 
[164]
. After lyophilization, GMPs with a diameter of 50 – 100 µm were selected by sieving and sterilized with EO prior to hydrogel fabrication. Sterile GMPs were swollen with phosphate buffered saline (PBS) or GF solutions at 4°C for 15 hrs, according to previously described methods 
 ADDIN EN.CITE 
[163]
. For equilibrium swelling of GMPs, 55 µL of PBS or GF solution was applied to 11 mg of dried GMPs. For the degradation study, blank GMPs were swollen with PBS alone. For the in vitro release study and in vivo implantation, 40 mM GMPs were loaded with an IGF-1 solution with a concentration of 24.42 µg of human recombinant IGF-1 (R&D Systems, Minneapolis, MN) per mL PBS to achieve a concentration of 2000 ng IGF-1 per mL crosslinked OPF composite hydrogel prior to equilibrium swelling. Similarly, 10 mM GMPs were loaded with a TGF-β3 solution with a concentration of 21.97 µg of human recombinant TGF-β3 (R&D Systems) per mL PBS to achieve 1800 ng TGF-β3 per mL crosslinked OPF composite hydrogel prior to equilibrium swelling. 10 and 40 mM GMPs, which have different degradation rates, were selected to deliver dual GFs in a fashion that first induces chondrogenic differentiation of progenitor cells by TGF-β3, followed by IGF-1 induced stimulation of the ECM production 
 ADDIN EN.CITE 
[9]
.  Furthermore, a 2.5 times higher concentration for both IGF-1 and TGF-β3 solutions was used in the preparation of additional groups for the in vitro release study.

Bilayered composite hydrogel fabrication


Bilayered composite hydrogels to deliver GFs were fabricated via a two-step crosslinking procedure as previously described 
 ADDIN EN.CITE 
[4, 9, 162]
. The subchondral layer was partially crosslinked first and the chondral layer was fabricated on top of the subchondral layer. Specifically, 100 mg of sterile OPF and 50 mg of sterile poly(ethylene glycol) diacrylate (PEG-DA, Glycosan, Alameda, CA) with a molecular weight of 3400 were dissolved in 468 µL PBS and mixed with 110 µL of blank GMPs swollen with PBS (GMP/PBS). Equal parts (46.8 µL) of the thermal radical initiators, 0.3 M of ammonium persulfate (APS, Sigma-Aldrich) and 0.3 M of N,N,N’,N’-tetramethylethylenediamine (TEMED, Sigma-Aldrich), were then mixed into the polymer solution. The polymeric mixture was quickly injected into a cylindrical Teflon mold (2.2 mm in diameter and 2.2 mm in thickness) and partially crosslinked at 37°C for 4 min.  Subsequently, the polymer-GMP mixture for the chondral layer was prepared. 100 mg of sterile OPF and 50 mg of sterile PEG-DA were dissolved in 468 µL PBS and mixed with 110 µL of blank GMP solution swollen with PBS for the control group, 55 µL of GMP/PBS and 55 µL of GMP solution swollen with IGF-1 (GMP/IGF-1) for Group 1, and 55 µL of GMP/IGF-1 and 55 µL of GMP solution swollen with TGF-β3 (GMP/TGF-β3) for Group 3 (Table 6.1). For Group 2 (Gel phase loading), the same amount of OPF/PEG-DA was dissolved in 413 µL PBS, mixed with 55 µL of TGF-β3 solution, and subsequently mixed with 46.8 µL of 0.3 M of APS and 46.8 µL of 0.3 M of TEMED. The mixture for the chondral layer was then injected onto the partially crosslinked subchondral layer, and crosslinked at 37°C for 8 min.


Degradation 


For the swelling and degradation studies, two different sizes of bilayered composite hydrogels containing only GMP/PBS for both chondral and subchondral layers were fabricated as described above. The composite hydrogels were placed in either 3 mL of PBS or collagenase-PBS (370 ng collagenase 1A per mL PBS) in a 12 well plate, and incubated at 37°C for 28 days on a shaker table (70 RPM). At days 1, 4, 7, 14, 21, and 28, the swelling ratio, sol fraction, and mass remaining for OPF hydrogel composites were determined (n=4) using the following equations; swelling ratio = (Ws – Wd) / Wd, % sol fraction = (Wi – Wd) / Wi x 100 (%), and mass remaining = Wd / Wi x 100 (%), where Wi, Ws, and Wd represent the weight of dried hydrogel immediately after fabrication prior to swelling, the weight of wet hydrogel after swelling at each time point, and the weight of dried hydrogel after swelling at each time point, respectively.

Quantification of in vitro release kinetics 

Release kinetics of the total amount of GFs from bilayered composite hydrogels was assessed by measuring the radioactivity of 125I-labeled GFs 
 ADDIN EN.CITE 
[8, 164]
. Briefly, 125I-labeled IGF-1 and TGF-β3 (Perkin Elmer Life Sciences, Boston, MA) were incorporated with unlabeled GFs (Peprotech, Rocky Hill, NJ) for GMP swelling. 3% of the required GF solution volume for GMP swelling was replaced with 125I-labeled GF solution of the same concentration. Bilayered OPF composite hydrogels were fabricated as described above. For the IGF-1 release study, 40 mM GMPs were loaded with 125I-labeled IGF-1 and unlabeled IGF-1 for the hydrogels in all groups, while unlabeled TGF-β3 was used for hydrogel samples in Group 2 (Gel phase loading) and Group 3 (GMP loading) (Table 6.1). For the TGF-β3 release study, 10 mM GMPs were loaded with 125I-labeled TGF-β3 and unlabeled TGF-β3 in the presence of unlabeled IGF-1 was used for the samples in Group 2 (Gel phase loading) and Group 3 (GMP loading). In addition, a 2.5 times higher GF amount (i.e., 2.5 times higher concentration of GF solution with same volume for GMP swelling or gel phase loading) was loaded in hydrogels to investigate the effect of GF concentration on release kinetics. After fabrication, hydrogels were placed in 3 mL of PBS or collagenase-PBS in a 12 well plate, and incubated at 37°C for 28 days on a shaker table (70 RPM). At 2 hrs, 12 hrs, days 1, 2, 4, 7, 10, 14, 18, 21, 24, and 28, the supernatant of each hydrogel was collected and replaced with fresh buffer solution. The amount of released GF was determined by the correlation of measured radioactivity to a standard curve using a gamma counter (Cobra II Autogamma, Packard, Meridian, CT) (n=5). 

Bioactivity of released growth factors


Release kinetics of biologically active GFs were assessed by cellular assays, as described in previous studies 
 ADDIN EN.CITE 
[180, 304]
. Bilayered composite hydrogels 3 mm in diameter and 3 mm in thickness were utilized. For the IGF-1 activity assay, hydrogels in Group 1 were fabricated as described above. Hydrogels delivering both IGF-1 and TGF-β3 were not examined with the cellular assays, as the presence of TGF-β3 may confound the results. Four hydrogels were placed in 1 mL of collagenase-PBS in a 12 well plate, and incubated at 37°C for 28 days on a shaker table (70 RPM). At 2 hrs, 12 hrs, days 1, 2, 4, 7, 10, 14, 18, 21, 24, and 28, the supernatant of each hydrogel was collected and replaced with fresh buffer solution. Collected supernatants were stored at - 80°C until the assay time. A MCF-7 cell line proliferation assay was used to measure the biologically active fraction of released IGF-1 from the composite hydrogels 180[]
. 5,000 MCF-7 cells (HBT-22, ATCC, Manassas, VA) in serum-free DMEM:F12 medium (Life Technologies, Grand Island, NY) were plated in a 96 well plate. 25 µL of collected supernatant or 25 µL of an IGF-1 standard (0.15 – 20 ng/mL range) were then added. The cells were cultured in an incubator (37°C, 5% CO2) for 72 hrs. Proliferative activity of plated cells was measured by a CellTiter Blue assay (Promega, Madison, WI) according to the manufacturer’s protocol. Fluorescence intensity was measured using a microplate reader (excitation 560 nm/emission 590 nm). A standard curve was generated by a 4 parameter fit and the active amount of released IGF-1 was calculated at each time point (n=4) 180[]
. The cumulative % active release was plotted based on the released amount of IGF-1 as measured with 125I-labeled GFs in the “Quantification of in vitro release kinetics” section. For the TGF-β3 activity assay, composite hydrogels in Group 2 and Group 3 were fabricated as described above. Similarly, IGF-1 was not included in these composite hydrogels as its presence may confound the results of the TGF-β3 activity assay. Three gels in each group were placed in 1 mL of collagenase-PBS in a 12 well plate, and incubated at 37°C for 28 days on a shaker table (70 RPM). Sample collection and storage were the same as described above. A Mink lung epithelial cell line (CCL-64, ATCC, Manassas, VA) inhibition assay was used to measure the biologically active fraction of released TGF-β3 from OPF composites 304[]
. 10,000 CCL-64 cells (HBT-22, ATCC, Manassas, VA) in DMEM media (Life Technologies, Grand Island, NY) were plated in a 96 well plate. 25 µL of collected supernatant or 25 µL of a TGF-β3 standard (0.005 – 5 ng/mL range) were then added. The cells were cultured in an incubator (37°C, 5% CO2) for 72 hrs. The level of inhibition, the active amount of released TGF-β3, and the cumulative % release of active TGF-β3 were analyzed as described above. 

Animal surgery


A total of 24 skeletally mature (i.e., 6 months old) male New Zealand white rabbits were utilized in this study based on a previously established full-thickness osteochondral defect model 
 ADDIN EN.CITE 
[7-9]
. The number of defects and animals per each group were determined by power analysis and consideration of previous studies 
 ADDIN EN.CITE 
[7-9]
. All surgical procedures were approved by the Institutional Animal Care and Use Committees of Rice University and University of Texas Health Science Center at Houston. Animal surgeries for implantation in bilateral defects were performed as previously described 
 ADDIN EN.CITE 
[7-9]
. Prior to surgery, anesthesia was induced by subcutaneous injection of Ketamine (25-40 mg/kg) and Acepromazine (1-2 mg/kg). General anesthesia was then maintained through ventilator administration of a mixture of isoflurane and oxygen. Osteochondral defects (3 mm in diameter and 3 mm in thickness) were created on the medial femoral condyles. Pre-fabricated bilayered composite hydrogels were swollen in sterile PBS for 30 minutes and these swollen composite hydrogels with the same dimensions as the defect were press-fitted into the osteochondral defect. Then, the muscle and skin were closed. This procedure was repeated for the contralateral knee using a hydrogel of the same formulation. Therefore, each animal received two hydrogels (one per knee) and a total of 12 hydrogels (n=12) were implanted in 6 animals per experimental group. To minimize post-operative discomfort, Carprofen (4 mg/kg) was administrated for 2 days post-operatively. 

Tissue Processing


Rabbits were euthanized by intravenous administration of Beuthanasia (0.22 mL/kg) at 12 weeks post-surgery. The tissue surrounding the medial femoral condyle was retrieved en bloc, fixed in 10% buffered formalin (pH 7.4) for 1 week, decalcified in EDTA solution for 6 weeks, dehydrated through a graded series of ethanol baths, and then embedded in paraffin. Longitudinal sections of 6 µm thickness were taken from the center (within the central 1 mm), lateral edge (within the lateral 1 mm), and medial edge (within the medial 1 mm) of each defect using a microtome. Two sections from each location were stained with hematoxylin and eosin (H&E), Safranin O/Fast Green, and van Gieson’s Picrofuchsin. 

Histological Scoring


Histological sections were blindly and independently scored by three evaluators (J.L., P.P.S., and F.K.K.) using a previously established scoring system for osteochondral repair, as shown in Table 6.2 
 ADDIN EN.CITE 
[7]
. A total of 11 parameters to evaluate osteochondral repair were used to analyze the whole defect for both chondral (within the upper 1 mm of the defect) and subchondral (within the bottom 2 mm of the defect) regions.  

Statistical Analysis


The data from the in vitro assays were analyzed by one-way analysis of variance (ANOVA) and Turkey’s multiple-comparison test. The means and the standard deviations were reported in each figure. For the histological analysis, ordered logistic regression of histological scores was performed to analyze the potential effect of experimental group, location within the defect, and knee joint 
 ADDIN EN.CITE 
[7-9]
. p<0.05 was considered to indicate a significant difference.

Results


Degradation of bilayered OPF composite hydrogels


The swelling ratio of bilayered OPF composite hydrogels remained stable over 28 days in PBS, but started to increase after 7 days in collagenase-PBS (Fig 6.1A). The sol fraction of composite hydrogels in PBS was also stable (about 40%) over 28 days (Fig 6.1B). However, the sol fraction in collagenase-PBS started to increase after 7 days of incubation and maintained a gradual increase until day 28. Similarly, the fraction of the initial mass remaining continuously decreased over time in collagenase-PBS (Fig 6.1C). 


In vitro IGF-1 release kinetics


The % cumulative release profiles of IGF-1 (as measured by radiolabeled IGF-1) over 28 days for Groups 1-3 are shown in Fig 6.2A – 6.2C, respectively, while the % cumulative release profile of the active amount of released IGF-1 for Group 1 (as measured by cellular assays) is shown in Fig 6.2D. The release kinetics of IGF-1 were similar between groups in both PBS and collagenase-PBS conditions as seen in Fig 6.2A – 6.2C. Initial burst release of IGF-1 within the first 4 days in collagenase-PBS was 43.9 ± 3.4 % in Group 1 (GMP-loaded IGF-1 only), 46.2 ± 1.7 % in Group 2 (GMP-loaded IGF-1 and gel-loaded TGF-β3), and 40.8 ± 3.7 % in Group 3 (GMP-loaded IGF-1 and GMP-loaded TGF-β3). 28-day % cumulative IGF-1 release in collagenase PBS was 83.2 ± 1.4 % in Group 1, 85.0 ± 0.9 % in Group 2, and 85.2 ± 3.0 % in Group 3. In addition, the IGF-1 release rate (% release of IGF-1 per day) is shown in Table 6.3A. No statistical difference was observed between groups in collagenase-PBS during all phases. For all groups, approximately 30% of IGF-1 was released in phase 1 (up to 24 hrs), while approximately 1% of IGF-1 was released each day in phase 4 (days 18 - 28) (Table 6.3A). Biologically active IGF-1 released from the OPF composites (i.e., the released IGF-1 to actively enhance the proliferation of the MCF-7 cell line) was analyzed by using the same formulation in Group 1 in collagenase-PBS. Fig 6.2D showed that 36.6 ± 8.8 % of active IGF-1 was released within the first 4 days and that a total cumulative release of 66.6 ± 15.5 % was achieved by day 28. Release rate of active IGF-1 in collagenase-PBS (Table 6.3B) was similar to release rate determined by gamma counter (Table 6.3A) in all phases. 


In vitro TGF-β3 release kinetics


The % cumulative release profile of TGF-β3 over 28 days is shown in Fig 6.3A and 6.3B, while the % cumulative release profile of the active amount of TGF-β3 is shown in Fig 6.3C. When comparing Group 2 and Group 3, a significantly higher burst release of TGF-β3 is seen within the first 2 days in Group 2 in collagenase-PBS (Fig 6.3A). Specifically, the 2-day burst release of TGF-β3 is 26.4 ± 3.3 % in Group 2 (GMP-loaded IGF-1 and gel-loaded TGF-β3) and 19.5 ± 3.5 % in Group 3 (GMP-loaded IGF-1 and GMP-loaded TGF-β3), although the 4-day release for both groups has no statistical difference (32.2 ± 3.3 % in Group 2 and 36.5 ± 4.0 % in Group 3). From day 7 to day 28, the % cumulative release is higher in Group 3 than in Group 2 at each time point (Fig 6.3A). The 28-day % cumulative TGF-β3 release in collagenase-PBS is 71.4 ± 9.2 % in Group 2 and 84.8 ± 2.6 % in Group 3. Similar release kinetics were found in the standard PBS condition (Fig 6.3B). The release rate of TGF-β3 (% release per day) in Table 6.4A also indicates the difference between Groups 2 and 3. The release rate in Group 2 is higher than that in Group 3 in phase 1, but the release rate in Group 3 is higher than that in Group 2 in phases 2 and 3 in collagenase-PBS. The release of a higher (2.5 times) concentration of TGF-β3 in composite hydrogels featured similar % cumulative release profiles and the release rate (data not shown). 

Biologically active released TGF-β3 (i.e., the released TGF-β3 to actively inhibit the proliferation of the CCL-64 cell line) was analyzed by using the same formulations for Groups 2 and 3 (Fig 6.3C) in collagenase-PBS. Initial burst release of active TGF-β3 as measured by a cell assay is similar within the first 2 days for both formulations. The 28-day % cumulative release of active TGF-β3 is 58.4 ± 11.9 % in Group 2 and 69.0 ± 18.6 % in Group 3. The release rate of active TGF-β3 in Group 3 is higher than that in Group 2 for phases 2 and 3 from days 1 to 18 (Table 6.4B).


Histological observation and scoring


Sections from three locations (lateral edge, medial edge, and center) per sample were obtained for histological evaluation. Representative images from each group are shown in Fig 6.4 – 6.7, respectively. Fig 6.8 shows the histological scores for the 11 parameters listed in Table 6.2.


In all groups, partially degraded OPF gels were observed in the subchondral layer (Fig 6.4 – 6.7). No significant difference was observed in both overall tissue filling and overall hydrogel degradation (Fig 6.8A). In all formulations, a mean score of about 2 was recorded in overall filling  at the 12 week time point. This observation was closely related to a mean score of 2 in the percent degradation of the implant. Partially degraded gels in the subchondral layer in all formulations contributed to this score. In addition, statistical analysis revealed that location in the defect  (lateral/medial/center) was a significant factor in overall degradation. Specifically, degradation in the lateral edge was greater than that in the center, which is correlated with the observation of remaining hydrogel in the center area.


Although mean scores for overall hydrogel degradation in Fig 6.8A are similar in all groups, none of the samples in the control group (Fig 6.4), which lacked GF incorporation, showed complete degradation, while groups incorporating GF showed at least one sample with complete degradation (i.e., all three sections per sample with a score of 3; one sample in Group 1, one in Group 2, and two in Group 3). In particular, the size of partially degraded gels in the subchondral region in Group 1 was generally smaller than those found in the control (i.e., approximately less than 30% of subchondral area in all sections), as shown in Fig 6.5. Specimens in groups delivering both IGF-1 and TGF-β3 (Groups 2 and 3) showed similar subchondral characteristics to samples seen in the control group, such as the frequency of partially degraded gels, the presence of inflammatory cells, and the area covered with newly formed bone tissues in the defect site (Fig 6.6E and 6.7E).

In the evaluations for subchondral bone regeneration including percent bone filling, bone morphology, and bonding between newly formed bone tissue and adjacent bone (Table 6.2), the mean score for bone filling was slightly above 2 (Fig 6.8B) in all groups. However, the frequency of complete bone filling in Group 1 is greater than the other groups (data not shown). Although inflammatory cells and surrounding fibrous tissue were also observed in samples from Group 1 (Fig 6.5E), the quality and frequency of trabecular bone formation was higher than the specimens in the control group. Location in the defect was also a significant factor in bone filling; scores for the lateral edge were significantly higher than those for the center. 


In subchondral bone morphology, a mean score (1.67 ± 0.96) for Group 1 (GMP-loaded IGF-1 only) was higher than that (1.11 ± 0.62) for Group 3 (GMP-loaded IGF-1 and GMP-loaded TGF-β3). In the blank control, the morphological characteristics of newly formed subchondral tissue in the defect were generally a mixture of compact bone with fibrous tissues (Fig 6.4 and 6.9A).  As indicated by the score distribution in Fig 6.9A, sections in Group 1 showed higher levels of trabecular bone regeneration as well as less compact bone with fibrous tissue formation than other groups. However, the presence of partially degraded OPF gels that were surrounded by fibrous tissues maintained a mean score between 1 and 2 for each group. Despite this result, bone bonding between newly formed tissue and adjacent native bone within the subchondral region was found to be complete on both edges of the defect and received a score of 3 for all sections in all experimental groups (Fig 6.8B). 



Cartilage regeneration was evaluated in the categories of cartilage morphology, thickness of newly formed cartilage, surface regularity, chondrocyte clustering, chondrocyte and glycosaminoglycan (GAG) amount in newly formed cartilage, and chondrocyte and GAG amount in adjacent cartilage tissue (Table 6.2). Histological analysis of the cartilage region indicated that the formulation significantly affected the cartilage morphology as well as the cell and GAG content in adjacent cartilage tissue (Fig 6.8C). However, location (lateral/medial/center) within the defect was not a significant factor. For cartilage morphology, all GF groups (Group 1, 2, and 3) received statistically higher mean scores when compared to the blank control (without GF loading). The score distribution for cartilage morphology (Fig 6.9B) indicated that higher levels of hyaline cartilage regeneration as well as less fibrous tissue formation were more frequent in Groups 1, 2, and 3 than the blank control. The cartilage layer in samples in the control group (Fig 6.4) was usually composed of thick fibrous tissue and fibrocartilage and the complete disruption of neo-cartilage surface or deep fissures in the cartilage layer was also observed in some samples. Neo-cartilage tissue in the chondral layer in GF groups (Fig 6.5-6.7) was usually fibrocartilage (Fig 6.9B). However, it should be noted that the frequency of hyaline cartilage accompanied with a smooth surface and zonal organization was higher in GF groups than the control (Fig 6.9C). Group 2 (GMP-loaded IGF-1 and gel-loaded TGF-β3) received the highest mean score (2.17 ± 0.61) (Fig 6.8C) and frequency of hyaline-like cartilage tissue formation (Fig 9B), which indicated the presence of a mixture of newly formed hyaline cartilage and fibrocartilage within the cartilage defect space. Samples with hyaline cartilage formation generally demonstrated intensive GAG staining and less chondrocyte clustering, as shown in Fig 6.6D. Overall cartilage morphology observed in Group 3 was similar to that in Group 2, except with less GAG staining (Fig 6.7B and 6.7D). 


Although no statistical differences were observed in cartilage thickness, surface regularity, and chondrocyte clustering (Fig 6.8C), all GF incorporating groups (Groups 1, 2, and 3) received higher mean scores for these parameters than the blank control. Mean scores for surface regularity (between 1 and 2) and chondrocyte clustering (around 1) reflected that newly formed cartilage tissues in all formulations contained some fissures and clustered chondrocyte populations, respectively. Scores for cell and GAG amount in neo-cartilage did not show any statistical difference between groups (Fig 6.8C). In cell and GAG amount in adjacent cartilage tissue, normal chondrocyte cellularity and normal Safranin O staining (i.e., a mean score close to 3) were observed for all formulations. Specifically, the mean score (3.00 ± 0.00) in Group 1 (GMP-loaded IGF-1 only) for this parameter was statistically higher than that (2.75 ± 0.50) in Group 2 (GMP-loaded IGF-1 and gel-loaded TGF-β3).

Discussion


The main objective of this study was to determine the effect of dual GF delivery using IGF-1 and TGF-β3 in bilayered OPF composite hydrogels for osteochondral tissue regeneration. Specifically, we investigated (1) how the in vitro release kinetics of TGF-β3 could be modulated by differing the incorporation method in OPF composite hydrogels, in the presence of IGF-1, (2) whether the delivery of TGF-β3 in the presence of IGF-1 would enhance the osteochondral tissue regeneration over delivery of IGF-1 alone, and (3) whether varied release kinetics of TGF-β3 when delivered with IGF-1 would affect the degree of osteochondral tissue regeneration in a rabbit defect model. While we have previously studied the effects of TGF-β1 delivery alone and the dual delivery of TGF-β1 and IGF-1 in a rabbit osteochondral model 
 ADDIN EN.CITE 
[8, 9]
, questions regarding how interactions between multiple GFs and how varying the release kinetics of these GFs affect osteochondral tissue regeneration in vivo remain to be investigated.


An increase in GF release (Fig 6.2 and 6.3), especially in phase 3 (Day 4-18) was related to GMP degradation by collagenase and subsequent mass loss (Fig 6.1). The release profile demonstrated that the release kinetics of IGF-1 were not influenced by the incorporation of the other GF (i.e., TGF-β3) in the same layer of a bilayered hydrogel construct, while the release kinetics of TGF-β3 could be modulated by loading the GF in the GMP or OPF phase of the hydrogel composites (Fig 6.2, 6.3 and Tables 6.3, 6.4). In addition, the release kinetics of TGF-β3 were not influenced by the concentration of GF solution used to swell the GMPs. It was hypothesized that the ionic complexation of GFs with GMPs would reduce any loss of their activity 
 ADDIN EN.CITE 
[305]
. Indeed, higher amounts of active TGF-β3 released were detected in Group 3 (GMP-loaded TGF-β3) compared to Group 2 (gel-loaded TGF-β3) using a Mink lung epithelial cell line, especially in phase 2 and 3 (Table 6.4). 


Histological data demonstrated that improved cartilage morphology in the defect by GF incorporation was observed when compared to the control (Fig 6.8C), indicating a beneficial effect of GF delivery (TGF-β3 and/or IGF-1) using OPF composite hydrogels. The released bioactive GFs may have contributed to the migration of host cell populations to the defect site, stimulated the chondrogenic differentiation of progenitor stem cells, and subsequently improved cartilage-like tissue regeneration. Histological data also demonstrated that TGF-β3 delivery in the presence of IGF-1 (specifically, Group 2) resulted in a greater frequency of hyaline-like cartilage formation (Fig 6.8C and 6.9B). No major degenerative effect on surrounding host tissues was observed throughout the samples in the dual delivery groups (i.e., Group 2 and 3). Highly localized TGF-β3 delivery in the present study did not influence fibrous tissue formation in both chondral and subchondral layers when histological sections in Group 2 and 3 were compared to those in the blank control. Although a higher frequency of hyaline cartilage formation (Fig 6.9B) was observed in Group 2, any synergistic effect of dual GF delivery of TGF-β3 with IGF-1 over a single delivery of IGF-1 was limited. Both dual GF delivery groups (i.e., Group 2 and 3) did not show higher levels of osteochondral tissue regeneration over delivery of IGF-1 alone (Fig 6.8C). The significant differences between GF loading groups were found in bone morphology (Fig 6.8B) and adjacent GAG (Fig 6.8C). Delivery of IGF-1 alone (Group 1) showed an improved subchondral bone morphology over Group 3 (GMP-loaded IGF-1 and GMP-loaded TGF-β3) as well as a higher cell and GAG amount in adjacent cartilage tissue over Group 2 (GMP-loaded IGF-1 and gel-loaded TGF-β3). 


These results show that delivery of IGF-1 alone for osteochondral tissue repair improves the subchondral bone morphology and the interaction with the surrounding chondral tissue  over a dual GF delivery with IGF-1 and TGF-β3. Since TGF-β3 has been shown to have an inhibitory effect on the osteogenic differentiation of MSCs and osteoblastic cells in vitro 
 ADDIN EN.CITE 
[162, 306, 307]
, it is possible that the amount of TGF-β3 released in this study suppressed subchondral bone formation. Indeed, greater amounts of active TGF-β3 were released in Group 3 as compared to Group 2, potentially resulting in the significantly lower bone morphology score observed in Group 3 than in Group 1. Further research could help elucidate the effects of TGF-β3 on in vivo subchondral bone repair. Additionally, other in vivo studies using the dual delivery of IGF-1 and TGF-β1 in a rabbit full-thickness defect model for osteochondral tissue regeneration also demonstrated a lack of synergy despite the fact that different hydrogel materials and different types and doses of GF were applied 
 ADDIN EN.CITE 
[9, 308]
. One study using self-assembled peptide hydrogels demonstrated that the incorporation of chondrogenic factors including IGF-1 and TGF-β1 did not significantly improve cartilage regeneration over hydrogels without chondrogenic factors 
 ADDIN EN.CITE 
[308]
. In a previous in vivo study from our laboratory 
 ADDIN EN.CITE 
[9]
, the single sustained delivery of IGF-1 using OPF composite hydrogels showed significantly improved cartilage regeneration over the single burst delivery of TGF-β1 within an osteochondral defect. IGF-1 alone also resulted in a significantly higher score for chondrocyte clustering when compared to the dual delivery of IGF-1 and gel-loaded TGF-β1 
 ADDIN EN.CITE 
[9]
. Furthermore, several in vivo studies showed a positive result of IGF-1 delivery in cartilage tissue regeneration using other animal models 
 ADDIN EN.CITE 
[58, 78, 309]
. Taken together, the delivery of TGF-β3 (at the varying release kinetics examined) with IGF-1 did not improve osteochondral tissue regeneration over the delivery of IGF-1 alone, suggesting a lack of synergy between these two growth factors. Further research investigating the dose-dependent effect of IGF-1 alone on osteochondral tissue regeneration is warranted.


A comparison between Group 2 and Group 3 reveals no statistical differences in histological scores for subchondral bone evaluation and cartilage regeneration. While in vitro results demonstrate distinct release kinetics between gel-loaded and GMP-loaded TGF-β3, in vivo release kinetics may have been different. Indeed, previous studies have shown differences between in vitro and in vivo release kinetics of GFs from composite scaffolds using microparticles as delivery vehicles  
 ADDIN EN.CITE 
[310-312]
. In one study, the release of BMP-2 from a poly(DL-lactic-co-glycolic acid)/calcium phosphate composite was found to be faster in vivo than from similar composites in vitro 
 ADDIN EN.CITE 
[312, 313]
. This highlights the complexity of an in vivo environment and suggests that the release kinetics of TGF-β3 in vivo in this study may not have been sufficiently different to elicit a change in osteochondral regeneration.  As a result, with the amount of TGF-β3 incorporated within the OPF composite hydrogels for Groups 2 and 3, differing release kinetics of TGF-β3 together with the presence of IGF-1 did not significantly influence the quality of regenerated osteochondral tissue in a full-thickness defect model. 


Compared to a series of previous in vivo studies using OPF composite hydrogels 
 ADDIN EN.CITE 
[7-9]
, PEG with a higher molecular weight (Mn of 35,000) was utilized to synthesize OPF in the present study. As the molecular weight of the PEG chain between crosslinks increases, one would expect that the crosslinking density of the hydrogels would decrease, thus resulting in an increased level of hydrogel degradation 
 ADDIN EN.CITE 
[5, 246, 247]
. In addition to the faster degradation, it has also been reported that larger network mesh sizes and better transport of nutrients/signaling molecules as modulated by higher molecular weight of PEG enhanced the chondrogenic differentiation of encapsulated MSCs in OPF composite hydrogels 
 ADDIN EN.CITE 
[5]
. Furthermore, such modulation in hydrogel properties offers a mode of control over the diffusion of soluble components within hydrogel composites, which is a critical factor for determining the release kinetics of GFs that are incorporated in hydrogels. For instance, when compared to a previous study that used OPF synthesized from PEG with Mn of 25,000 and methylene bisacrylamide as a crosslinker 
 ADDIN EN.CITE 
[9]
, a higher cumulative release of IGF-1 on day 28 (Fig 6.2) was observed in the present study with the same crosslinking density of GMPs (67.4 % vs 83-85%). 


However, the in vivo degradation of implanted gels using OPF synthesized from PEG with a Mn of 35,000 and PEG-DA as a crosslinker in this study was not complete after 12 weeks. One possible factor to affect the degradation is the molar crosslinking ratio of OPF and PEG-DA. When compared to using a lower PEG block Mn at the same OPF:PEG-DA weight ratio and total polymer content for hydrogel fabrication 
 ADDIN EN.CITE 
[7]
, the current system had a higher molar crosslinking ratio of OPF and PEG-DA which explains the prolonged in vivo degradation. Although the newly formed subchondral bone tissue and neo-cartilage tissue at the site of implant edges were well integrated with the surrounding native tissues, partially degraded gels were often observed in the center of the subchondral region of the defect, regardless of GF loading formulation (Fig 6.4, 6.5, 6.6,and 6.7). The observation suggests that bone infiltration begins from the defect margin toward the center of the implantation region in the subchondral layer, but bone remodeling in the core area is limited. In addition, the presence of inflammatory cells and fibrous tissue in the subchondral area resulted in low histological scores in bone morphology. 

Conclusions

IGF-1 and TGF-β3 were independently released from bilayered OPF composite hydrogels and the release kinetics of TGF-β3 could be modulated by the incorporation method. Higher amounts of active TGF-β3 were released when it was incorporated with GMPs as compared to gel phase loading. Single delivery of IGF-1 and dual delivery of both IGF-1 and TGF-β3 significantly enhanced cartilage morphology over a blank hydrogel control in a full-thickness osteochondral defect model after 12 weeks. Although IGF-1 delivery alone contributed to enhanced cartilage repair compared to the dual delivery of IGF-1 and TGF-β3, there was no significant effect of the TGF-β3 release kinetics on osteochondral tissue repair. The lack of synergy between IGF-1 and TGF-β3, regardless of TGF-β3 kinetics, demonstrates that the dual delivery of GFs does not necessarily confer an improved healing response over the single delivery of GFs in certain tissue engineering applications in vivo.

Table 6.1. Bilayered OPF composite design for four experimental groups tested in this study. Growth factor loading concentration is shown as ng of incorporated growth factor per mL of crosslinked OPF composite hydrogels before swelling.




Table 6.2. Histological scoring system for (A) overall tissue evaluation, (B) subchondral bone evaluation, and (C) cartilage evaluation in rabbit osteochondral defects.


		

		Score



		(a) Overall defect evaluation (throughout the entire defect depth)

		



		1. Percent filling with newly formed tissue

		



		100%

		3



		>50%

		2



		<50%

		1



		0%

		0



		2. Percent degradation of the implant

		



		100%

		3



		>50%

		2



		<50%

		1



		0%




		0






		(b) Subchondral bone evaluation (within the bottom 2 mm of defect)

		



		3. Percent filling with newly formed tissue

		



		100%

		3



		>50%

		2



		<50%

		1



		0%

		0



		4. Subchondral bone morphology

		



		Normal, trabecular bone

		4



		Trabecular bone, with some compact bone

		3



		Compact bone

		2



		Compact bone and fibrous tissue

		1



		Only fibrous tissue or no tissue

		0



		5. Extent of new tissue bonding with adjacent bone

		



		Complete on both edges

		3



		Complete on one edge

		2



		Partial on both edges

		1



		Without continuity on either edge




		0






		(C) Cartilage evaluation (within the upper 1 mm of defect)

		



		6. Morphology of newly formed surface tissue

		



		Exclusively articular cartilage

		4



		Mainly hyaline cartilage

		3



		Fibrocartilage (spherical morphology observed with ≥ 75% of cells)

		2



		Only fibrous cartilage (spherical morphology observed with < 75% of cells)

		1



		No tissue

		0



		7.Thickness of newly formed cartilage

		



		Similar to the surrounding cartilage

		3



		Greater than the surrounding cartilage

		2



		Less than the surrounding cartilage

		1



		No cartilage

		0



		8. Joint surface regularity

		



		Smooth, intact surface

		3



		Surface fissures (<25% of new surface thickness)

		2



		Deep fissures (≥25% of new surface thickness)

		1



		Complete disruption of the new surface

		0



		9. Chondrocyte clustering

		



		None at all

		3



		<25% chondrocytes

		2



		25-100% chondrocytes

		1



		No chondrocytes present (no cartilage)

		0



		10. Chondrocyte and GAG content of new cartilage

		



		Normal cellularity with normal Safranin O staining

		3



		Normal cellularity with moderate Safranin O staining

		2



		Clearly less cells with poor Safranin O staining

		1



		Few cells with no or little Safranin O staining or no cartilage

		0



		11. Chondrocyte and GAG content of adjacent cartilage

		



		Normal cellularity with normal Safranin O staining

		3



		Normal cellularity with moderate Safranin O staining

		2



		Clearly less cells with poor Safranin O staining

		1



		Few cells with no or little Safranin O staining or no cartilage

		0





Table 6.3. (A) Release kinetics (% release per day) of IGF-1 (n=5) and (B) release kinetics (% release per day) of active IGF-1 in Group 1 in collagenase-PBS (n=4) from OPF composite hydrogels in phase 1 (~ 24 hrs), phase 2 (1-4 days), phase 3 (4-8 days), and phase 4 (18-28 days). (*) indicates a significant difference between groups in the same phase (p<0.05).


(A)




(B)




Table 6.4. (A) Release kinetics (% release per day) of TGF-β3 (n=5) and (B) release kinetics (% release per day) of active TGF-β3 (n=4) from OPF composite hydrogels in phase 1 (~ 24 hrs), phase 2 (1-4 days), phase 3 (4-8 days), and phase 4 (18-28 days). (*) indicates a significant difference between Group 2 (Gel loading) and Group 3 (GMP loading) in the same phase (p<0.05).
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Fig. 6.1. Degradation profile of bilayered OPF composite hydrogels. Swelling ratio (A), sol fraction (B), and mass remaining (C) were measured over 28 days in collagenase containing PBS () and PBS () (n=4). Error bars correspond to standard deviation.
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Fig. 6.2. % cumulative IGF-1 release from a bilayered OPF composite hydrogels in Group 1 (A), Group 2 (B), and Group 3 (C) over 28 days (n=5). Solid line indicates collagenase-PBS condition while dashed line indicates PBS condition.  % cumulative active IGF-1 release from a hydrogel in Group 1 (IGF-1 only) in collagenase-PBS is shown in (D) (n=4). Error bars correspond to standard deviation. (*) indicates a significant difference between groups (p<0.05).
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Fig. 6.3. % cumulative TGF-β3 release from a bilayered OPF composite hydrogels in Group 2 (solid line) and Group 3 (dashed line) in collagenase-PBS (A) and PBS (B) over 28 days (n=5). % cumulative active TGF-β3 release from a hydrogel in Group 2 (solid line) and Group 3 (dashed line) in collagenase-PBS is shown in (C) (n=4). Error bars correspond to standard deviation. (*) indicates a significant difference between groups (p<0.05).




Fig. 6.4. Representative histological sections of osteochondral tissue formation after 12 weeks of implantation of OPF composite hydrogels in control (blank without GFs). Sections were stained with H&E (A), Safranin-O/Fast Green (B), and van Gieson’s Picrofuchsin (C) (Scale bar: 1000 µm). Images indicate a thick fibrous layer with a discontinuity in morphology compared to adjacent host cartilage tissue and incomplete degradation of hydrogels in the subchondral area along with inflammatory cell infiltration. Boxed regions are shown with a higher magnification (D, E) (Scale bar: 250 µm). (*) indicates some partially degraded OPF composite hydrogels remaining in the defect site.


 


Fig. 6.5. Representative histological sections of osteochondral tissue formation after 12 weeks of implantation of OPF composite hydrogels in Group 1 (IGF-1 only). Sections were stained with H&E (A), Safranin-O/Fast Green (B), and van Gieson’s Picrofuchsin (C) (Scale bar: 1000 µm). Images with higher magnification indicate hyaline-like cartilage morphology with a hierarchical aligning of chondrocytes in the cartilage region (D) and a small fraction of partially degraded OPF composite hydrogels (indicated by *) in the subchondral area (E) (Scale bar: 250 µm)

 


Fig. 6.6. Representative histological sections of osteochondral tissue formation after 12 weeks of implantation of OPF composite hydrogels in Group 2 (IGF-1 and gel-loaded TGF-β3). Sections were stained with H&E (A), Safranin-O/Fast Green (B), and van Gieson’s Picrofuchsin (C) (Scale bar: 1000 µm). Images with higher magnification indicate hyaline-like cartilage morphology with GAG staining in the cartilage region (D) and partially degraded OPF composite hydrogels (indicated by *) that are surrounded by regenerated bone tissue in the subchondral area (E) (Scale bar: 250 µm)

 


Fig. 6.7. Representative histological sections of osteochondral tissue formation after 12 weeks of implantation of OPF composite hydrogels in Group 3 (IGF-1 and GMP-loaded TGF-β3). Sections were stained with H&E (A), Safranin-O/Fast Green (B), and van Gieson’s Picrofuchsin (C) (Scale bar: 1000 µm). Images with higher magnification indicate fibrocartilage formation in the cartilage region (D) and a similar subchondral bone morphology with large volume of partially degraded OPF composite hydrogels (indicated by *) compared to the control specimen (E) (Scale bar: 250 µm)
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Fig. 6.8. Histological scoring for overall defect (A), subchondral region (B), and cartilage region (C). Overall evaluation (A) includes overall tissue filling and overall implant degradation; subchondral evaluation (B) includes bone filling, bone morphology, and bonding to adjacent tissue; cartilage evaluation (C) includes cartilage morphology, cartilage thickness, surface regularity, chondrocyte clustering, chondrocyte and GAG amount in neocartilage, and chondrocyte and GAG amount in adjacent cartilage. Data are shown as average scores with error bars representing standard deviation. (*) indicates a significant difference between groups (p<0.05).
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Fig. 6.9. Histological score distribution for subchondral bone morphology (A) and cartilage morphology (B) for the four groups tested.


Chapter 7. Generation of osteochondral tissue constructs with chondrogenically and osteogenically predifferentiated mesenchymal stem cells encapsulated in bilayered hydrogels


Abstract


This study investigated the capacity of chondrogenic and osteogenic pre-differentiation of mesenchymal stem cells (MSCs) for the development of osteochondral tissue constructs using injectable bilayered oligo(poly(ethylene glycol) fumarate) (OPF) hydrogel composites. We hypothesized that the combinatorial approach of encapsulating cell populations of both chondrogenic and osteogenic lineages in a spatially controlled manner within bilayered constructs would enable these cells to maintain their respective phenotypes via the exchange of biochemical factors even without the influence of external growth factors. During monolayer expansion prior to hydrogel encapsulation, it was found that 7 (CG7) and 14 (CG14) days of MSC exposure to TGF-β3 allowed for the generation of distinct cell populations with corresponding chondrogenic maturities as indicated by increasing aggrecan and type II collagen expression. Chondrogenic and osteogenic cells were then encapsulated within their respective (chondral/subchondral) layers in bilayered hydrogel composites to include four experimental groups. Encapsulated CG7 cells within the chondral layer exhibited enhanced chondrogenic phenotype when compared to other cell populations based on stronger type II collagen and aggrecan gene expression and higher glycosaminoglycans-to-hydroxyproline ratios. osteogenic cells that were co-cultured with chondrogenic cells (in the chondral layer) showed higher cellularity over time, suggesting that chondrogenic cells stimulated the proliferation of osteogenic cells. Groups with osteogenic cells displayed mineralization in the subchondral layer, confirming the effect of osteogenic pre-differentiation. In conclusion, MSCs that underwent 7 days, but not 14 days, of chondrogenic pre-differentiation most closely resembled the phenotype of native hyaline cartilage when combined with osteogenic cells in a bilayered OPF hydrogel composite, indicating that the duration of chondrogenic preconditioning is an important factor to control. Furthermore, the respective chondrogenic and osteogenic phenotypes were maintained for 28 days in vitro without the need for external growth factors, demonstrating the exciting potential of this novel strategy for the generation of osteochondral tissue constructs for cartilage engineering applications. 


Introduction


Articular cartilage, a flexible connective tissue that enables the articulation of bone in major synovial joints, characteristically maintains a limited endogenous capacity for self-regeneration. Hence in the absence of surgical intervention, damage to the tissue as a result of disease or trauma often leads to pain and premature arthritis. With over 60% of all patient knee arthroscopies revealing hyaline cartilage lesions 
 ADDIN EN.CITE 
[314, 315]
, the high incidence of cartilage injuries presents significant economic burden on society 1[]
. Over the years, reparative clinical procedures that have been developed to address this problem include microfracturing 316[]
, osteochondral autograft transfer , and mosaicplasty 
 ADDIN EN.CITE 
[317, 318]
 among others. Despite some positive mid- to long-term results, issues involving the formation of fibrous tissue, high patient morbidity, and poor graft preservation complicate clinical outcomes and render results unpredictable 44[]
. In such cases where reparative strategies are less indicated, regenerative approaches at treating cartilage injuries are preferred. While modern cartilage regeneration techniques involving autologous chondrocyte transplantation (ACT) 
 ADDIN EN.CITE 
[21, 32]
 or matrix-assisted ACT 319[]
 have met some clinical success, difficulties with joint arthrofibrosis and limited donor chondrocyte availability still present significant clinical hurdles. Indeed, current techniques are still unable to recapture the properties of healthy hyaline cartilage tissue.



Although chondrocytes, being the resident cell type in healthy articular cartilage, represent the logical choice for cell-based cartilage therapies, mesenchymal stem cells (MSCs) derived from the bone marrow are becoming increasingly coveted in new tissue engineering strategies for their ability to undergo chondrogenic and osteogenic differentiation under defined conditions 320[]
. This inherent multipotency, along with their potentially limitless supply, make MSCs the ideal candidate for cell-based orthopedic tissue engineering applications. However, ideal conditions for the preparation and delivery of MSCs to osteochondral defect sites for tissue regeneration are not fully known 321[]
. Since the first reports of preclinical efficacy in animal models by Wakitani et al. 322[]
 and Caplan et al. 323[]
, treatment strategies involving MSCs have taken on many various forms. One particularly promising avenue of research leverages the use of chondrogenically pre-differentiated cells. Recent evidence suggests that chondrogenic pre-differentiation of MSCs in vitro can influence their efficacy during cartilage regeneration in vivo 324[]
. For instance, chondrogenically pre-differentiated MSCs outperformed undifferentiated MSCs 
 ADDIN EN.CITE 
[325]
 and even autologous chondrocytes 
 ADDIN EN.CITE 
[326]
 when transplanted via type I collagen hydrogels into chronic osteochondral defects in an ovine model. Interestingly, chondrogenic pre-differentiation of human MSCs failed to elicit cartilage formation in biphasic agarose/decellularized-bone constructs under perfusion culture 
 ADDIN EN.CITE 
[327]
. Given such contradictory findings, it is clear that the optimal strategy for MSC pre-differentiation remains elusive. 



Emerging treatment options for osteochondral defects have evolved to recognize the importance of three-dimensional (3D) scaffolds for successful neo-tissue formation during healing. In particular, in situ forming polymeric hydrogel materials have been gaining recent popularity in the field of osteochondral tissue regeneration 
 ADDIN EN.CITE 
[328, 329]
. As part of this effort, our laboratory has developed a novel class of water soluble oligo(poly(ethylene glycol) fumarate) (OPF) macromers that can be chemically crosslinked to yield hydrolytically degradable and injectable hydrogels 
 ADDIN EN.CITE 
[2, 3]
. Indeed, previous findings have demonstrated that OPF hydrogels supported the proliferation of encapsulated articular chondrocytes 
 ADDIN EN.CITE 
[251]
 as well as the chondrogenic differentiation of encapsulated MSCs in vitro 
 ADDIN EN.CITE 
[5, 6, 167]
. Additionally, previous in vivo investigations have showcased the promise of OPF hydrogels as MSC delivery vehicles for osteochondral tissue regeneration 
 ADDIN EN.CITE 
[7, 279]
. However, the conditions for MSC delivery remain to be optimized.


Since successful osteochondral tissue repair remains a significant clinical challenge, the present study investigated the capacity of chondrogenic and osteogenic pre-differentiation of MSCs for the development of osteochondral tissue constructs using biodegradable OPF bilayered hydrogel constructs. This combinatorial approach of encapsulating cell populations of both chondrogenic and osteogenic lineages in a spatially controlled manner within respective chondral and subchondral layers of a single bilayered construct enables hierarchical segmentation of the local biochemical microenvironment as mediated by the cells for the generation of osteochondral constructs. We hypothesized that MSCs pre-differentiated prior to encapsulation would maintain their chondrogenic and osteogenic phenotypes following encapsulation within their respective parts of a bilayered hydrogel construct even without the influence of external growth factors. Specific objectives of this study were to investigate (1) whether osteogenically pre-differentiated MSCs within the subchondral layer affect the chondrogenic differentiation of cells in the chondral layer; (2) whether chondrogenically and osteogenically pre-differentiated MSCs can maintain their differentiation states after encapsulation within their respective layers of a bilayered hydrogel without external growth factor influence; (3) whether different chondrogenic pre-differentiation periods influenced the chondrogenic and osteogenic differentiation of MSCs after encapsulation.


Materials and Methods


Experimental Design


The overall experimental design is shown in Figure 7.1. In this study, MSCs that had undergone chondrogenic pre-differentiation to varying extents were encapsulated with osteogenically pre-differentiated MSCs within respective chondral and subchondral hydrogel layers that together make up the bilayered hydrogel system that was used. Prior to hydrogel encapsulation, MSCs were first expanded and then subjected to 3 days, 7 days, and 14 days in chondrogenic media supplemented with transforming growth factor-ß3 (TGF-ß3) in vitro to obtain differentiating MSC populations of increasing chondrogenic maturity. From these MSC populations, MSCs of distinct chondrogenic phenotype as determined by gene expression were then co-encapsulated with osteogenically pre-differentiated MSCs (OS cells) in bilayered hydrogel composites to yield four different experimental formulations as outlined in Figure 7.1. Specifically, the four formulations were as follows: Group 1 comprised undifferentiated MSCs encapsulated in both layers (MSC/MSC), Group 2 comprised undifferentiated MSCs in the chondral layer and OS cells in the subchondral layer (MSC/OS), Group 3 comprised CG7 cells in the chondral layer and OS cells in the subchondral layer (CG7/OS), Group 4 comprised CG14 cells in the chondral layer and OS cells in the subchondral layer (CG14/OS). Bilayered hydrogel composites encapsulating undifferentiated MSCs in both the chondral and subchondral layers were fabricated as negative controls. 


OPF Synthesis and Characterization


OPF was synthesized using poly(ethylene glycol) (PEG) of a nominal molecular weight of 35,000 g/mol according to previously established procedures 
 ADDIN EN.CITE 
[2, 3]
. Briefly, PEG was first dried via azeotropic distillation in toluene and then dissolved in anhydrous methylene chloride. Triethylamine and fumaryl chloride were added to initiate the synthesis reaction, which was allowed to proceed for 2 days. The resulting product was then purified via the removal of methylene chloride and salt precipitates, washing with ethyl ether, and subsequent drying of the OPF. The synthesized OPF was characterized via gel permeation chromatography and sterilized prior to use by ethylene oxide (EO) exposure for 12 hrs following established methods 
 ADDIN EN.CITE 
[6]
.

Gelatin Microparticle Fabrication


Gelatin microparticles (GMPs) were fabricated using acidic gelatin with an isoelectric point of 5.0 (Nitta Gelatin INC., Osaka, Japan) following previously established methods 
 ADDIN EN.CITE 
[163]
. Briefly, a 10% w/v gelatin solution was prepared by dissolving 5 g of gelatin in 45 mL of distilled, deionized water (ddH2O) at 60 ºC for ~20 min. This solution was added dropwise to 250 mL of olive oil containing 0.5 wt.% Span 80 during mixing at 500 rpm and then chilled in an ice/water bath for 30 min under continued stirring. 100 mL of chilled acetone was then added to the emulsion. After an additional 30 min, gelatin microspheres were collected via filtration and washing with acetone. The collected gelatin microspheres were then crosslinked in 10 mM glutaraldehyde for 20 hrs at 15 ºC, after which glycine was added to a concentration of 25 mM to terminate the crosslinking reaction by blocking residual aldehyde groups of unreacted glutaraldehyde. Crosslinked microparticles were vacuum-filtered, washed with ddH2O, and lyophilized overnight. Dried GMPs of 50–100 µm in diameter were selected by sieving and sterilized by EO exposure for 12 hrs before use. Prior to encapsulation in hydrogels, sterile GMPs were swollen with phosphate buffered saline (PBS) at 4 ºC overnight according to previously established procedures 
 ADDIN EN.CITE 
[163]
. To achieve equilibrium swelling, 55 µL of PBS was applied to every 11 mg of dried GMPs. When encapsulated within OPF, GMPs can act as moieties for cell interaction as well as digestible porogens that aid hydrogel degradation 
 ADDIN EN.CITE 
[165]
.

Rabbit Marrow MSC Isolation and Culture


Rabbit marrow-derived MSCs were isolated from the tibiae of 6-month old New Zealand white rabbits as previously described 330[]
.  Briefly, after anesthesia, bone marrow was collected into 10 mL syringes containing 5000 U of heparin. The bone marrow was then cultured in general medium (GM) containing low glucose Dulbecco’s modified Eagle’s medium (DMEM-LG), 10% v/v fetal bovine serum (FBS), and 1% v/v penicillin/streptomycin/fungizone (PSF) for 2 weeks. Afterward, the rabbit marrow-derived MSCs were then pooled (from a total of six rabbits) to minimize interanimal variation and then cryopreserved in freezing medium containing 20% v/v FBS and 10% v/v dimethyl sulfoxide until use as previously described. 

Monolayer Pre-differentiation of MSCs

Prior to hydrogel encapsulation, cryopreserved cells were thawed at 37 ºC and cultured at a density of 3,500 cells per cm2 in T-225 flasks containing GM for at least 1 week before pre-differentiation (Figure 7.1). To generate cell populations at varying stages of chondrogenic pre-differentiation, MSCs were first expanded for a fixed duration and then subjected to 3 (CG3), 7 (CG7), or 14 (CG14) days of pre-differentiation in serum-free chondrogenic media containing DMEM-LG, ITS + Premix (6.25 µg/mL insulin, 6.25 µg/mL transferrin, 6.25 µg/mL selenous acid, 5.35 µg/mL linoleic acid, and 1.25 µg/mL bovine serum albumin) (BD Biosciences, San Jose, CA), 50 mg/L ascorbic acid, 10-7 M dexamethasone, 10 ng/mL TGF-ß3 (PeproTech, Rocky Hill, NJ), and 1% v/v PSF. To obtain osteogenically (OS) pre-differentiated cells, MSCs were cultured in complete osteogenic medium containing high glucose DMEM, 10% w/v FBS, 50 mg/L ascorbic acid, 10 mM ß-glycerophosphate, 10-8 M dexamethasone, and 1% v/v PSF. OS cells were exposed to osteogenic media 6 days immediately prior to hydrogel encapsulation as previously described 
 ADDIN EN.CITE 
[4]
. Chondrogenic cells were subjected to biochemical (n=4) and gene expression analysis (n=3) before use in order to identify phenotypically distinct chondrogenic populations for hydrogel encapsulation. 

Fabrication of Bilayered Hydrogel Composites and MSC Encapsulation


Bilayered hydrogel composites, which comprised separate subchondral and chondral layers, were fabricated via a two-step crosslinking procedure following previously established protocols 
 ADDIN EN.CITE 
[4, 84]
. To briefly outline the fabrication process, the subchondral layer was first prepared by partially crosslinking the subchondral precursor solution within a Teflon mold, followed by the crosslinking of the chondral precursor solution on top of the subchondral layer to permit hydrogel lamination. Specifically, 100 mg of sterile OPF and 50 mg of sterile poly(ethylene glycol) diacrylate (PEG-DA, Laysan, Arab, AL) with a molecular weight of 3,400 g/mol were dissolved in 468 µL of PBS and combined with 110 µL of the swollen GMP solution. Equal parts (46.8 µL) of the thermal radical initiator solutions, 0.3 M of ammonium persulfate (APS, Sigma Aldrich) and 0.3 M of N,N,N’,N’–tetramethylethylenediamine (TEMED, Sigma Aldrich), were then added into the polymer solution. A proper cell suspension (6.7 million cells in 168 µL of PBS) of MSCs or OS cells was subsequently mixed into the precursor solution to obtain a final concentration of 10 million cells/mL. After gentle mixing, the precursor solution for the subchondral layer was quickly injected into the bottom 2 mm of cylindrical Teflon molds (6 mm in diameter, 3 mm in thickness) and incubated for 5 min to allow for partial crosslinking. Meanwhile, the precursor solution for the chondral layer was prepared. 100 mg of sterile OPF and 50 mg of sterile PEG-DA were dissolved in 468 µL of PBS, combined with 110 µL of the swollen GMP solution, and mixed with 46.8 µL of 0.3 M APS and 46.8 µL of 0.3 M TEMED. A proper cell suspension (6.7 million cells in 168 µL of PBS) of MSCs or CG cells was then mixed into the precursor solution to achieve a final concentration of 10 million cells/mL. The mixture for the chondral layer was then quickly injected onto the partially crosslinked subchondral layer within the Teflon mold. The resulting bilayered constructs were then crosslinked at 37 ºC for 10 min to allow for lamination.


After fabrication, each bilayered hydrogel construct was transferred to individual wells of a 12-well tissue culture plate and cultured in 3 mL of serum-free chondrogenic medium supplemented with 10 mM ß-glycerophosphate for up to 28 days. The medium was changed every 2 days for the first week and every 3 days thereafter. At the prescribed time points of 0, 7, 14, and 28 days, samples were retrieved from culture and collected for quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) (n=4) and for biochemical assays (n=4). Bilayered samples were bisected with a blade to separate the chondral and subchondral layers and stored for analysis. 

Real Time PCR


The chondral layers of bilayered hydrogel constructs were subjected to RT-PCR analysis for the quantification of MSC chondrogenesis as indicated by several chondrogenic genetic markers as previously described 
 ADDIN EN.CITE 
[6]
. Prior to RT-PCR, total RNA from samples were isolated at specified time points using the RNeasy Mini Kit (Qiagen, Valencia, CA) and following established protocols 
 ADDIN EN.CITE 
[6]
. Isolated RNA samples were then reverse-transcribed to cDNA using superscript III transcriptase (Invitrogen) and Oligo dT primers (Promega). Final cDNA transcripts were analyzed with RT-PCR (7300 Real-Time PCR System, Applied Biosystems, Foster City, CA) to determine the gene expression for type II collagen, type I collagen, and aggrecan. Gene expression data were analyzed using the 2–∆∆Ct method as previously described 
 ADDIN EN.CITE 
[331]
. All gene expression data were normalized to the expression of a house-keeping gene, glyceraldehyde-3-phosphatase dehydrogenase (GAPDH), and expressed as the fold ratio as compared with the baseline expression of a control group at day 0. In this study, the control group comprised bilayered hydrogel constructs containing undifferentiated MSCs in both the chondral and subchondral layers. These samples were analyzed immediately after encapsulation. The primer sequences for GAPDH, type II collagen, type I collagen, and aggrecan were as given: GAPDH, 5´-TCACCATCTTCCAGGAGCGA-3´, 5´-CACAATGCCGAAGTGGTCGT-3´; type II collagen, 5´-CTGCAGCACGGTATAGGTGA-3´, 5´-AACACTGCCAACGTCCAGAT-3´; type I collagen, 5´-AGCAGACGCATGAAGGCAAG-3´, 5´-CCCAGAATGGAGCAGTGGTTA-3´; aggrecan, 5´-CGTAAAAGACCTCACCCTCCA-3´, 5´-GCTACGGAGACAAGGATGAGT-3´. 

Biochemical Assays

The chondral and subchondral layers of the bilayered hydrogel constructs retrieved as described and stored in –20 ºC until used for biochemical analysis. Chondral layer samples were thawed, homogenized with a needle syringe, and digested in 1 mL of proteinase K solution (1 mg/mL proteinase K, 0.01 mg/mL pepstatin A, and 0.185 mg/mL iodoacetamide dissolved in 50 mM tris(hydroxymethyl aminomethane) – 1 mM ethylenediaminetetraacetic acid buffer, pH 7.6, adjusted by HCl) at 56 ºC for 16 hrs. Subchondral layer samples were thawed in 1 mL of ddH2O in order to preserve alkaline phosphatase (ALP) activity and homogenized with a needle syringe. After the collection and digestion of samples, specimens were subjected to three freeze–thaw cycles followed by probe sonication.


DNA content from both the chondral and subchondral layers was quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Molecular Probes, Eugene, OR) according to the manufacturer’s instructions. Briefly, the cell lysates were combined with assay buffer and dye solution in an opaque 96-well plate, and incubated for 10 min at room temperature. The fluorescence was then measured using excitation and emission wavelengths of 485 nm and 528 nm (FL x800 Fluorescence Microplate Reader; BioTek Instruments, Winooski, VT), respectively. DNA concentrations were determined relative to a lambda DNA standard curve. 


Glycosaminoglycan (GAG) content from the chondral layers was determined with the dimethylmethylene blue colorimetric assay as previously described 332[]
. Briefly, cell lysate was combined with color reagent in a clear 96-well plate and measured for absorbance at 520 nm (PowerWave x340 Microplate Reader; BioTek Instruments). GAG concentrations were determined relative to a chondroitin sulfate standard curve. In order to determine GAG synthetic activity, resulting total GAG amounts from each sample were normalized to the amount of DNA from that sample.


Hydroxyproline (HYP) content, which is an indicator of total collagen amount, from the chondral layers was determined using a colorimetric assay as previously described 333[]
. Briefly, an aliquot of cell lysate was combined with enough NaOH for a final basic concentration of 2 N and hydrolyzed by autoclaving for 15 min at 121 ºC (~50 min of processing time). The resulting solution was neutralized with HCl and acetic acid to pH6.5–7.0 and divided into duplicate reactions. Chloramine-T and p-dimethylaminobenzaldehyde solutions were then added sequentially and the absorbance at 570 nm measured with a plate reader. HYP concentrations were determined relative to a trans-4-hydroxy-L-proline standard curve. For extracellular matrix (ECM) composition, measured HYP amounts were normalized to the amount of GAG for each sample.


ALP enzyme activity from the cell lysates of the subchondral layers was measured using phosphatase substrate tablets and alkaline buffer solution (Sigma Aldrich). Briefly, cell lysate was combined with the buffer and tablet solutions in clear 96-well plates and incubated for 1 hr at 37 ºC. After 1 hr, the absorbance at 405 nm was quantified using a plate reader. The resulting ALP activity was determined relative to a p-nitrophenol standard curve. 


After determination of ALP activity, acetic acid was added to the cell lysates to achieve a final acidic concentration of 0.5 M and the samples were allowed to incubate at room temperature overnight to release calcium from the homogenized constructs. The calcium (Ca2+) content of the subchondral layers was then measured using a colorimetric assay. Briefly, treated lysates were combined with calcium arsenazo III reagent (Genzyme, Cambridge, MA) and the absorbance at 650 nm was quantified using a plate reader. Ca2+ concentrations were then determined relative to a CaCl2 standard curve.

Statistical Analysis

All results are presented as means ( standard deviations. Statistical analysis was performed with the SAS JMP Pro 10 software package. For the biochemical assay and RT-PCR data, one-way ANOVA and Tukey’s HSD multiple comparison tests were performed to determine possible significant differences (p<0.05) between groups at each time point. 


Results


Monolayer pre-differentiation screening for encapsulation


DNA content, an indicator of cellularity, between CG3 cells, CG7 cells, and CG14 cells were not different from each other despite differing durations in monolayer expansion (Figure 7.2a). Comparatively, a comparison of the synthetic activity of each CG cell population showed similar levels of activity between each group (Figure 7.2b). However, differences between cell populations were discerned in the gene expression of several chondrogenic markers as shown in Figure 7.3. Specifically, type II collagen gene expression by CG14 cells were at least an order of magnitude larger than other cellular groups (Figure 7.3a). Aggrecan expression by CG7 and CG14 cells, while similar to each other, were markedly greater than that by CG3 cell or undifferentiated MSCs (Figure 7.3b). With regard to type I collagen, CG3 and CG7 cells displayed higher gene expression when compared to undifferentiated MSCs and CG14 cells (Figure 7.3c). Given this data, undifferentiated MSCs, CG7 cells, and CG14 cells, which represented three phenotypically distinct cell populations, were selected for encapsulation within the chondral layers of bilayered hydrogel constructs.

Cellularity in both the chondral and subchondral layers

The DNA content of cells after hydrogel encapsulation is shown for both the chondral layer and the subchondral layer in Figures 7.4a and 7.4b, respectively. Hydrogel cellularity from the chondral layer (Figure 7.4a), while similar amongst all composite formulations at Day 7, decreased from Day 7 to Day 14 for Groups 1 and 2. Groups 3 and 4 maintained similar DNA content over all time points within each respective group. While cellularity stabilized for all experimental groups after Day 14, undifferentiated MSCs displayed greater cellularities when compared to CG cells. Specifically, Groups 1 and 2 maintained the highest cellularity while Group 3 exhibited the lowest cellularity at Day 14. By Day 28, all groups showed similar cellularities. 


For the subchondral layer, DNA content decreased after Day 7 and Day 14 for Groups 1 and 4, respectively (Figure 7.4b). While a comparison of cellularity between groups at Day 7 showed that subchondral layers with OS cells generally maintained higher cellularities over those with undifferentiated MSCs, it also showed that OS cells that were co-cultured with CG cells in the chondral layer displayed greater DNA amounts than OS cells co-cultured with undifferentiated MSCs. At Day 14, Group 4 upheld the highest cellularity, followed by Group 3 and then Group 2. Although Group 4 exhibited similar levels of DNA to Group 3 by Day 28, the former still maintained the highest cellularity overall.


Synthetic activity of cells in the chondral layer


The synthetic activity of cells encapsulated in the chondral layer was assessed via the examination of the deposition of GAG content. During early cultures, GAG deposition by all groups did not differ from each other (Figure 7.5a). However, only CG cells from Group 3 exhibited increases in synthetic activity over time. Particularly, GAG synthesis in Group 3 increased significantly from Day 7 to Day 14 but returned to Day 7 levels by Day 28. A comparison of GAG synthetic activity between groups indicated that only chondrogenic pre-differentiation of MSCs for 7 days affected the highest GAG production amongst all groups at Day 14. Additionally, by Day 28, the GAG production by CG14 cells was only greater than that by undifferentiated MSCs.


The composition of synthesized ECM by experimental groups (chondral layer) was also assessed. In particular, the ratio of synthesized GAGs to total collagen production (as indicated by HYP amounts) was analyzed. For Group 1, the GAG/HYP ratio remained constant over the measured time points (Figure 7.5b). However, MSCs from Group 2 showed decreased GAG/HYP ratios after Day 7, indicating an increase in total collagen production. Conversely, CG7 cells from Group 3 initially displayed notable increases in GAG/HYP ratio after Day 7 followed by a decrease after Day 14. While no differences in GAG/HYP ratios were observed for CG14 cells over time, it should be noted that the GAG/HYP showed an increasing trend from Day 7 to Day 14 followed by a decreasing trend until Day 28 (p<0.1048). A comparison of ECM composition between groups showed that while chondrogenic pre-differentiation affected higher GAG/HYP ratios at Day 7, 7 days of chondrogenic pre-differentiation resulted in the highest GAG/HYP ratio. By Day 28, CG7 cells from Group 3 still maintained maximal GAG/HYP ratios when compared to other groups. Additionally, CG14 cells from Group 4 displayed greater GAG/HYP ratios when compared to undifferentiated MSCs.

Chondrogenic gene expression in the chondral layer 



The chondrogenic phenotype of cells encapsulated within the chondral layer of 

Bilayered OPF composite hydrogels was also evaluated via the gene expression analysis of chondrogenic markers, type II collagen and aggrecan, and the fibroblastic marker, type I collagen. With regard to type II collagen, undifferentiated MSCs from Group 1 showed the weakest gene expression overall (Figure 7.6a). Despite relatively low gene expression levels, type II collagen expression by MSCs from Group 1 was significantly down-regulated from a 40.8 ( 1.1-fold change at Day 7 to a 31.8 ( 5.5-fold change at Day 28. However, co-culturing undifferentiated MSCs in the chondral layer with OS cells in the subchondral layer resulted in increasing up-regulation of type II collagen expression from Day 7 (29.5 ( 17.1-fold change) until Day 28 (142.8 ( 22.9-fold change). At Day 14, CG7 cells maintained a 333.0 ( 114.6-fold change in type II collagen expression, which was greater than the gene expressions measured for the undifferentiated MSCs of Groups 1 and 2. By Day 28, both CG7 and CG14 cells displayed the highest levels of type II collagen expression with fold increases of 207.7 ( 39.0 and 199.9 ( 17.1, respectively.


Aggrecan gene expression patterns generally mirrored those of type II collagen. Specifically, undifferentiated MSCs from Groups 1 and 2 maintained the lowest fold changes in aggrecan expression at early and intermediate time points (Figure 7.6b). While CG7 cells from Group 3 exhibited a greater level of aggrecan expression when compared to Groups 1 and 2 at Day 7, the measured fold change of 15.5 ( 2.8 was less than the measured fold change of 21.0 ( 2.0 for CG14 cells from Group 4. By Day 14, the aggrecan expression of both CG7 and CG14 cells reached similarly high levels. Intriguingly, the presence of OS cells in the subchondral layer up-regulated the aggrecan expression of undifferentiated MSCs after Day 14 from a 4.9 ( 2.0-fold change to a 20.1 ( 9.9-fold change at Day 28. Indeed, all groups containing OS cells in the subchondral layer displayed similar levels of aggrecan expression by Day 28.


The measured gene expression levels for type I collagen for all groups were relatively low when compared to the fold changes in gene expression for type II collagen and aggrecan. Differences between groups were only discerned at Day 14, where MSCs from Group 1 was found to have the highest type I collagen expression while CG cells produced the lowest (Figure 7.6c). Within Group 1, type I collagen expression levels dropped significantly at Day 28 when compared to Day 7. Despite already low levels, CG14 cells from Group 4 also exhibited down-regulation of type I collagen expression at Day 28 when compared to expression levels at Day 7.

ALP activity and calcium mineralization in the subchondral layer

ALP activity and calcium mineralization in the subchondral layer for all groups were measured in order to evaluate the extent of osteogenic differentiation of encapsulated cells. Amongst all groups during early cultures, MSCs from Group 1 produced the highest levels of ALP activity (Figure 7.7), which decreased significantly by Day 28. Ca2+ mineralization of the subchondral layer was quantified for all groups in Figure 7.8. As expected, the amount of Ca2+ deposition was significantly higher for all groups containing OS cells at all time points when compared to Group 1 (containing undifferentiated MSCs). 

Discussion


MSCs are being increasingly recognized as powerful tools capable of inspiring dynamic and effective therapies for osteochondral tissue regeneration. However, discovering how to fully unlock their clinical potential remains a subject of extensive investigation. Accordingly, the objective of the present study was to investigate the effects of pre-differentiation on the chondrogenic and osteogenic differentiation of MSCs encapsulated within their respective layers of a bilayered OPF composite hydrogel. Specifically, we evaluated (1) how osteogenic pre-differentiation affected the chondrogenic differentiation of cells encapsulated in the chondral layer; (2) whether chondrogenically and osteogenically pre-differentiated cells maintained their differentiation states after encapsulation without growth factors; (3) how varying durations of chondrogenic pre-differentiation affected the chondrogenic and osteogenic differentiation of cells after encapsulation.


Previously, studies from our laboratory have documented that OPF hydrogel constructs can successfully support the chondrogenic differentiation of encapsulated MSCs 
 ADDIN EN.CITE 
[4-6, 162, 167]
. For example, it was shown that the release of transforming growth factor-ß1 (TGF-ß1) from co-encapsulated GMPs induced the chondrogenic differentiation MSCs in a dose-dependent manner in vitro 
 ADDIN EN.CITE 
[6]
. Additionally, enhanced chondrogenic gene expression was achieved when TGF-ß1 was replaced by TGF-ß3 
 ADDIN EN.CITE 
[162]
. However, the co-delivery of MSC and TGF-ß1 via OPF hydrogels to a rabbit osteochondral defect did not elicit improved tissue repair when compared to blank hydrogel controls 
 ADDIN EN.CITE 
[7]
. Instead, the inclusion of MSCs appeared to have had a detrimental effect on the cartilage healing response. It was suggested that these surprising results arose from the relatively non-specific effects of TGF-ß1 on MSC differentiation in vivo. Indeed, previous findings have shown that members of the TGF-ß family do in fact steer the osteogenic differentiation of MSCs in vitro 
 ADDIN EN.CITE 
[334, 335]
 and participate in in vivo bone formation 
 ADDIN EN.CITE 
[336-338]
. Additionally, combining these growth factors with undifferentiated MSCs could potentially complicate osteochondral tissue repair through the formation of heterotopic tissues and myofibroblastic scars 
 ADDIN EN.CITE 
[339, 340]
. Hence, directing the differentiation of transplanted stem cells for composite tissue regeneration becomes critical.


A previous analysis of molecular markers during the in vitro chondrogenesis of MSCs delineated several distinct stages of differentiation along the chondrogenic process toward chondrocyte commitment 
 ADDIN EN.CITE 
[178]
. In order to achieve cell populations at increasing stages of chondrogenic maturity for hydrogel encapsulation, MSCs from the present study were subjected to increasing durations of chondrogenic pre-differentiation in TGF-ß3 conditioned chondrogenic media. Namely, MSCs were chondrogenically pre-differentiated for 3 days, 7 days, and 14 days, after which the cellularity, synthetic activity, and chondrogenic gene expression were compared. Although growth factors belonging to the TGF-ß superfamily all play crucial roles during the embryonic development of cartilage tissues, numerous reports have suggested that TGF-ß3 may better stimulate the synthesis of cartilage-specific ECM by MSCs 
 ADDIN EN.CITE 
[290]
. Moreover, MSCs embedded within alginate beads retained their chondrogenic phenotype after TGF-ß3 treatment and exhibited resistance to osteogenic transdifferentiation when subsequently subjected to osteogenic conditions 341[]
. Our results indicated that while the prescribed chondrogenic pre-differentiation scheme did not affect any changes in cellularity and synthetic activity during monolayer expansion, longer periods of TGF-ß3 exposure resulted in higher type II collagen and aggrecan gene expression and reduced type I collagen gene expression. Synthesis of soluble ECM components by these cell populations during monolayer expansion and the subsequent removal of these components during media changes could explain the lack of growth factor influence on synthetic activity. Nonetheless, such changes in gene expression indicated that MSCs were differentiating into chondrocytes while avoiding fibroblastic transformation. Of the three differentiation exposure durations tested, 14 days resulted in the greatest type II collagen expression as demonstrated by CG14 cells. Despite the lack of significant difference in type II collagen expression, CG7 cells exhibited increased aggrecan expression when compared to CG3 cells or MSCs. Aside from increased type I collagen expression, CG3 cells were not different from undifferentiated MSCs. 3 days of chondrogenic pre-differentiation in monolayer may not have been sufficient for the generation of a chondrogenically distinct cell population. Indeed, it was previously reported that alginate embedded MSCs that were treated with TGF-ß3 for 3 days displayed similar levels of osteogenicity when compared with untreated MSCs, suggesting a lack of commitment to the chondrogenic lineage 341[]
. Furthermore, it was demonstrated that MSC pellets subjected to TGF-ß3-conditioned medium at a concentration of 10 ng/mL for more than 14 days displayed hypertrophic features 
 ADDIN EN.CITE 
[342]
. 



Since CG3 cells were not sufficiently different from MSCs as determined from the gene expression, CG7 and CG14 cells were selected after chondrogenic pre-differentiation and combined with OS cells or MSCs within their respective layers in bilayered OPF composites hydrogels. Specifically, the following four formulations were tested where the cell seeding density was 10 million cells per mL of the hydrogel volume (Figure 7.1): undifferentiated MSCs encapsulated in both layers (Group 1, MSC/MSC), undifferentiated MSCs in the chondral layer and OS cells in the subchondral layer (Group 2, MSC/OS), CG7 cells in the chondral layer and OS cells in the subchondral layer (Group 3, CG7/OS), CG14 cells in the chondral layer and OS cells in the subchondral layer (Group 4, CG14/OS). 


The DNA content of both hydrogel layers, which represents an indirect measurement of cellularity, was assessed over time as shown in Figure 7.4. For the chondral layer, only Groups 1 and 2 showed a decrease in cellularity from Day 7 to Day 14, after which DNA content was stabilized. These results suggested that cells remained viable within the hydrogel for up to 28 days after encapsulation and corroborated similar trends in cellularity from previous studies employing comparable OPF hydrogel constructs 
 ADDIN EN.CITE 
[4, 6, 162]
. Cell viability within OPF hydrogel constructs was also proven previously via LIVE/DEAD imaging 
 ADDIN EN.CITE 
[5, 162]
. It was previously shown in a similar bilayered co-culture system utilizing the same base material that osteogenically precultured cells affected a significant increase in the cellularity of uncommitted MSCs 
 ADDIN EN.CITE 
[162]
. However, a comparison of DNA levels between Groups 1 and 2 indicated that the presence of OS cells within the subchondral layer did not influence MSC cellularity within the chondral layer. This could potentially be explained by the use of OPF of a higher molecular weight in the current study for the fabrication of bilayered hydrogel constructs. This diminished paracrine effect of OS cells within constructs of higher swelling capacity 
 ADDIN EN.CITE 
[5]
 could perhaps be due to the dilution of secreted factors signaling MSC proliferation during in vitro culture. 


Unlike the OS cells, the effect of chondrogenic pre-differentiation on cellularity in the chondral layer became apparent at Day 14. Generally, chondrogenic preculture resulted in decreased cellularity at intermediate culture times. However, the influence of chondrogenic pre-differentiation on the cellularity of co-cultured OS cells in the subchondral proved to be quite the inverse. Particularly, observed differences in the DNA content of between groups showed that CG cells affected an increase in the cellularity, and therefore, induced the proliferation of OS cells. In addition, higher DNA content at Day 14 for OS cells co-cultured with CG14 cells as compared to those co-cultured with CG7 cells suggested that committed MSCs of greater chondrogenic maturity conferred a stronger effect on the proliferation of OS cells perhaps via the exchange of paracrine factors. These results align with a previous study demonstrating the stimulatory effects of chondrogenic cells on the proliferation of osteoblasts in transwell co-cultures 343[]
. Additionally, it is very likely that the composition of paracrine secretions from the more mature CG14 cells reflected that of mature chondrocytes, which typically contain potent biochemical signals like TGF-ß, insulin-like growth factors (IGF), and bone morphogenetic proteins (BMP) 
 ADDIN EN.CITE 
[344]
.


Analyses of the synthetic activity and the composition of the synthesized ECM were also performed in order to characterize the chondrogenic differentiation of cells encapsulated within the chondral layers of bilayered OPF hydrogels. Previous reports of GAG production in OPF hydrogel systems documented levels similar to those initially observed in the present study 
 ADDIN EN.CITE 
[5, 162]
. Indeed, bilayered hydrogel constructs that were fabricated using OPF macromers with higher molecular weight PEG units in the current study supported GAG production that exceeded previous levels for the pre-differentiated groups (Figure 7.5a). Marked differences in synthetic activity between groups became discernible during intermediate culture times. Specifically, constructs containing CG7 cells displayed the highest level of GAG production at Day 14 when compared to other groups, suggesting that MSCs subjected to shorter durations of chondrogenic pre-differentiation remained the most chondrogenic after 3D cell encapsulation. Of the four groups tested, only groups containing CG cells displayed increases in GAG production over time. Interestingly, measured GAG production levels decreased significantly after Day 14 for Group 3 (Figure 7.5a). Given the observation of some hydrogel degradation, the removal of degraded hydrogel fragments containing accumulated GAGs during routine media change could potentially explain this result. 

While total GAG deposition is commonly accepted as an indirect biochemical marker of chondrogenesis 
 ADDIN EN.CITE 
[345, 346]
, the composition of the deposited ECM is also important. In particular, the GAG/HYP ratio relays information concerning the respective amounts of GAG and collagen that have accumulated within engineered constructs. During fetal-to-skeletal maturation, compositional changes to the structural matrix of articular cartilage mainly involve increases in collagen content with little-to-no change in accumulated GAG content 347[]
. This increased deposition of collagen content during development eventually contributes the mechanical integrity and tensile stability that are characteristic of adult articular cartilage. By complete maturation, hyaline articular cartilage typically comprises GAG and collagen at a ratio of approximately 2-to-1 with GAG being the major component. Hence, the GAG/HYP ratio can be employed as both an indicator of chondrogenic differentiation and chondrogenic maturity. Generally, tissue engineered cartilage constructs cultured in vitro results in net GAG amounts that exceed those of collagen 348[]
, which is an observation confirmed by our results. As shown in Figure 7.5b, GAG/HYP ratios between formulations vary significantly. GAG/HYP ratios for hydrogels containing CG7 cells, while already high at Day 7, increased further by later time points. While this finding resulted mainly from increases in GAG production, it was also accompanied by negligible changes in HYP amounts (data not shown). When compared to the similar levels of GAG production but lower GAG/HYP ratios (due to increased collagen content) in CG14 cells, this suggests that CG7 cells remained chondrogenically immature in comparison to CG14 cells even after 3D encapsulation. 


Although CG cells displayed differing levels of chondrogenic maturities in bilayered hydrogels, both CG7 and CG14 cells maintained their differentiated state after encapsulation within the chondral layers of bilayered OPF hydrogels when cultured in serum-free chondrogenic media without TGF-ß3. This was confirmed by the up-regulation of both type II collagen and aggrecan gene expression and down-regulation of type I collagen gene expression, where such changes in the gene expression profile have been previously utilized to indicate chondrogenic differentiation 
 ADDIN EN.CITE 
[7, 167]
. Additionally, significant increases in the type II collagen and aggrecan expression of Group 2 MSCs in the chondral layer over time as compared to Group 1 MSCs verified the chondrogenic effects of OS cells that were previously reported by our laboratory 
 ADDIN EN.CITE 
[4, 162]
. Indeed, previous studies in our laboratory have shown that the paracrine secretion profile of osteogenically precultured rat marrow-derived MSCs consisted of various factors including TGF-ß1, BMP-2, IGF-1, and fibroblastic growth factor-2 that have proven effects on MSC chondrogenesis in vitro 
 ADDIN EN.CITE 
[349, 350]
. While the present study demonstrated the ability to obtain bilayered constructs encapsulating cells of varying chondrogenic maturities in vitro, the effect of varying chondrogenic maturity on osteochondral tissue regeneration in vivo remains poorly understood and warrants future investigation.

With regard to the continued osteogenic differentiation of cells encapsulated within the subchondral layer, ALP enzyme activity and Ca2+ mineralization were analyzed. In the literature, ALP activity is commonly regarded as an early biomarker of osteogenic differentiation 
 ADDIN EN.CITE 
[209]
, where peaks in activity typically align with cellular proliferation and precede Ca2+ mineralization 306[]
. In the current study, the ALP activity of undifferentiated MSCs from Group 1 was significantly higher than most groups early on (with the exception of Group 3 at Day 14). The decreased level of ALP activity in groups containing OS cells in the subchondral layer could be explained by the possibility that OS cells already achieved peaks in ALP activity because of the additional 2D osteogenic preculture. An increased level of Ca2+ mineralization, which indicates late-stage osteogenic differentiation 
 ADDIN EN.CITE 
[351]
, for groups containing OS cells (as seen in Figure 7.8) further corroborates this explanation. Intriguingly, previous findings using similar bilayered osteochondral constructs showed that the inclusion of undifferentiated MSCs and TGF-ß3 in the chondral layer actually delayed the osteogenic differentiation of precultured MSCs 
 ADDIN EN.CITE 
[162]
. However, the absence of any significant difference in Ca2+ deposition between Group 2, Group 3, and Group 4 suggests a lack of an effect of chondrogenic pre-differentiation on the osteoblastic maturation of OS cells.


Conclusion


In the current work, osteochondral constructs were generated by encapsulating chondrogenically and osteogenically pre-differentiated MSCs within the respective chondral and subchondral layers of a bilayered hydrogel composite in a spatially controlled manner. Before cell encapsulation, chondrogenic pre-differentiation periods of 7 and 14 days allowed for the generation of distinct chondrogenic cell populations according to their unique gene expression profiles. Once encapsulated into bilayered hydrogel composites, the respective phenotypes of both chondrogenically and osteogenically pre-differentiated cells were maintained for 28 days in vitro without the need for additional growth factor treatment. Furthermore, the continued chondrogenic differentiation of cells in the chondral layer reflected different chondrogenic maturities and stimulated the proliferation of OS cells in the subchondral layer as determined by the duration of chondrogenic pre-differentiation prior to encapsulation. Collectively, the results outline the exciting potential of cell-laden hydrogel constructs for the in situ generation of osteochondral tissue constructs.




Figure 7.1. Schematic representation of the overall experimental design. According to the outlined chondrogenic pre-differentiation scheme, MSCs were subjected to 3, 7, or 14 days of exposure to TGF-ß3 at a concentration of 10 ng/mL after a fixed period of general expansion. For osteogenic pre-differentiation, MSCs were subjected to 6 days of exposure to complete osteogenic medium immediately before cell encapsulation. Suitable cell populations were then encapsulated at Day 0 to yield the following four bilayered formulations: MSC/MSC, MSC/OS, CG7/OS, and CG14/OS. Bilayered hydrogel constructs were cultured for 28 days in serum-free chondrogenic medium without any additional growth factors.
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Figure 7.2. (A) DNA content and (B) synthetic activity of MSCs after various durations of chondrogenic pre-differentiation immediately before encapsulation. Error bars represent the standard deviation for n = 4 samples.



Figure 7.3. Quantitative gene expression of (A) type II collagen, (B) aggrecan, (C) type I collagen, and the (D) type II collagen/type I collagen expression ratio of MSCs after various durations of chondrogenic pre-differentiation immediately before encapsulation. Groups that are not marked by the same letter are significantly different (p<0.05). Error bars represent the standard deviation for n = 3 samples.
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Figure 7.4. DNA content of cells in the (A) chondral layer and the (B) subchondral layer of bilayered hydrogel constructs at various time points. The dashed line indicates the average starting levels of DNA measured at Day 0 immediately after encapsulation. At each individual time point, groups not connected by the same letter are significantly different (p<0.05); comparing time points within each group, groups not connected by the same symbol are significantly different (p<0.05). Error bars represent the standard deviation for n = 4 samples.
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Figure 7.5. (A) Normalized GAG content and (B) GAG/HYP ratios of the chondral layers of bilayered hydrogel constructs at various time points. The dashed line indicates average starting levels measured at Day 0 immediately after encapsulation. At each individual time point, groups not connected by the same letter are significantly different (p<0.05); comparing time points within each group, groups not connected by the same symbol are significantly different (p<0.05). Error bars represent the standard deviation for n = 4 samples.



Figure 7.6. Representative histological section of the chondral layer of cell-laden OPF hydrogel composites stained with Safranin-O at Day 28. The higher magnification image depicts the spherical morphology of encapsulated cells, where the scale bar represents 20 µm. Arrows indicate gelatin microparticles, now partially degraded, that were also encapsulated within the construct. This section was taken from Group 2 (MSC/OS), which is representative of histology from all groups examined.



Figure 7.7. Quantitative gene expression for (A) type II collagen, (B) aggrecan, (C) type I collagen, and the (D) type II collagen/type I collagen expression ratio of cells within the chondral layers of bilayered hydrogel constructs at various time points. The type II collagen/type I collagen expression ratio is presented using a logarithmic scale for the y-axis. The dashed line indicates average starting values measured at Day 0 immediately after encapsulation. At each individual time point, groups not connected by the same letter are significantly different (p<0.05); comparing time points within each group, groups not connected by the same symbol are significantly different (p<0.05). Error bars represent the standard deviation for n = 4 samples.



Figure 7.8. ALP enzyme activity of cells within the subchondral layers of bilayered hydrogel constructs at various time points. At each individual time point, groups not connected by the same letter are significantly different (p<0.05); comparing time points within each group, groups not connected by the same symbol are significantly different (p<0.05). Error bars represent the standard deviation for n = 4 samples.



Figure 7.9. Ca2+ content for the subchondral layers of bilayered hydrogel constructs at various time points. At each individual time point, groups not connected by the same letter are significantly different (p<0.05). Error bars represent the standard deviation for n = 4 samples.

Chapter 8. Osteochondral defect repair using bilayered hydrogels encapsulating both chondrogenically and osteogenically pre-differentiated mesenchymal stem cells in a rabbit model


Abstract


Objective: To investigate the ability of cell-laden bilayered hydrogels encapsulating chondrogenically and osteogenically (OS) pre-differentiated mesenchymal stem cells (MSCs) to effect osteochondral defect repair in a rabbit model. By varying the period of chondrogenic pre-differentiation from 7 (CG7) to 14 days (CG14), the effect of chondrogenic differentiation stage on osteochondral tissue repair was also investigated.


Methods: Rabbit MSCs were subjected to either chondrogenic or osteogenic pre-differentiation, encapsulated within respective chondral/subchondral layers of a bilayered hydrogel construct, and then implanted into femoral condyle osteochondral defects. Rabbits were randomized into one of four groups (MSC/MSC, MSC/OS, CG7/OS, and CG14/OS; chondral/subchondral) and received two similar constructs bilaterally. Defects were evaluated after 12 weeks.


Results: All groups exhibited similar overall neo-tissue filling. The delivery of OS cells when compared to undifferentiated MSCs in the subchondral construct layer resulted in improvements in neo-cartilage thickness and regularity. However, the addition of CG cells in the chondral layer, with OS cells in the subchondral layer, did not augment tissue repair as influenced by the latter when compared to the control. Instead, CG7/OS implants resulted in more irregular neo-tissue surfaces when compared to MSC/OS implants. Notably, the delivery of CG7 cells, when compared to CG14 cells, with OS cells stimulated morphologically superior cartilage repair. However, neither osteogenic nor chondrogenic pre-differentiation affected detectable changes in subchondral tissue repair.


Conclusions: Cartilage regeneration in osteochondral defects can be enhanced by MSCs that are chondrogenically and osteogenically pre-differentiated prior to implantation. Longer chondrogenic pre-differentiation periods, however, lead to diminished cartilage repair.


Introduction



Articular cartilage is a well-studied flexible connective tissue that facilitates the tribological interaction of bones in major diarthrodial joints throughout the body. Despite its seemingly simple structure, the avascular nature of cartilage compromises its endogenous capacity for repair, leading to a high incidence of unresolved cartilage-related injuries 
 ADDIN EN.CITE 
[315, 352]
. Given the lack of a surgical cure, such cartilage-related injuries still present a substantial economic burden on society 
 ADDIN EN.CITE 
[353]
. However, significant research advances over the years have allowed for the sophistication of conventional reparative clinical procedures such as marrow stimulation techniques, leading to measurable improvement in patient outcomes 
 ADDIN EN.CITE 
[45, 76, 354, 355]
. Yet, these techniques are contraindicated for larger critical sized lesions, where cell-based regenerative procedures including autologous chondrocyte transplantation (ACT) or matrix-assisted ACT often prove more effective 
 ADDIN EN.CITE 
[353, 356]
. Nevertheless, modern generation ACT techniques are still unable to obviate significant clinical hurdles involving joint arthrofibrosis, limited donor chondrocyte availability and donor site morbidity.



Articular chondrocytes, being the constituent cell type of native articular cartilage, still represent the standard cell source considered for cell-based cartilage therapies. However, given limited donor supply, mesenchymal stem cells (MSCs) are becoming increasingly coveted as an alternative cell source. Their phenotypic plasticity and renewability make MSCs ideal candidates for the development of new therapies for osteochondral tissue repair. Indeed, the delivery of undifferentiated MSCs to osteochondral defect sites generally confers some therapeutic value 
 ADDIN EN.CITE 
[184, 322, 357-362]
. However, inconsistencies in efficacy challenge such undirected approaches as viable clinical treatment options 
 ADDIN EN.CITE 
[7, 363-365]
, and suggest that ideal conditions for unlocking the full healing potential of MSCs still remain largely unknown.



Emerging cell-based strategies for osteochondral tissue regeneration are increasingly recognizing the importance of cellular differentiation state and its influence on treatment outcomes. In particular, it was recently shown that MSCs chondrogenically pre-differentiated with transforming growth factor–ß3 (TGF-ß3) for 14 days outperformed undifferentiated MSCs and even articular chondrocytes when implanted with a collagen scaffold into an ovine chronic defect model 
 ADDIN EN.CITE 
[325]
. However, other efforts aiming to leverage the curative properties of chondrogenically pre-differentiated MSCs failed to elicit improved cartilage tissue repair over undifferentiated MSCs 
 ADDIN EN.CITE 
[327, 366]
, indicating that the strategy for pre-differentiation still requires extensive optimization. Toward this effort, our laboratory recently evaluated the chondrogenic and osteogenic capacity of bilayered cell-laden constructs developed using MSCs that have undergone various degrees of pre-differentiation 
 ADDIN EN.CITE 
[367]
. It was found that MSCs subjected to shorter chondrogenic pre-differentiation periods, when co-cultured with osteogenically pre-differentiated cells, exhibited greater chondrogenic potential as indicated by higher glycosaminoglycan-to-collagen synthetic ratios in vitro 
 ADDIN EN.CITE 
[367]
.


Using a similar oligo(poly(ethylene glycol) fumarate) (OPF)-based hydrogel system 
 ADDIN EN.CITE 
[3, 368]
, the present study investigates the ability of these cell-laden constructs to effect osteochondral tissue regeneration in vivo. Accordingly, we hypothesized that the delivery of osteogenically pre-differentiated cells in a spatially controlled manner within the subchondral layer of a single bilayered construct would elicit improved histological tissue repair when compared to scaffolds containing only undifferentiated MSCs. It is also hypothesized that the prior chondrogenic pre-differentiation of MSCs encapsulated within the chondral layer with OS cells in the subchondral layer would further enhance osteochondral repair depending on the degree of chondrogenic pre-differentiation. Specifically, the objectives of the study were i.) to measure the effect of osteogenic pre-differentiation of cells in the subchondral layer, ii.) to evaluate the additional effects of chondrogenic pre-differentiation of cells in the chondral layer, and iii.) to assess the influence of chondrogenic pre-differentiation duration of the cells in the chondral layer on key histological markers of osteochondral tissue repair in vivo using a rabbit defect model.


Materials and Methods

Experimental Design


As outlined in Table 8.1, four experimental groups were designed to address the objectives of this study. Briefly, undifferentiated MSCs or MSCs chondrogenically pre-differentiated for 7 (CG7) or 14 days (CG14) were encapsulated with osteogenically pre-differentiated MSCs (OS cells) within respective chondral and subchondral hydrogel layers of the bilayered hydrogel system. The MSC/MSC group was utilized as the experimental control. 

OPF Synthesis and Characterization



OPF macromers were synthesized using poly(ethylene glycol) (PEG) with a nominal molecular weight of 35,000 g/mol (Sigma-Aldrich, St. Louis, MO) following previously established methods 3[]
. The synthesized OPF was characterized using gel permeation chromatography and stored at -20º C under N2(g) until use. Prior to use, the polymer was sterilized by ethylene oxide (EO) exposure for 12 hrs following established procedures 
 ADDIN EN.CITE 
[84]
.

Gelatin Microparticle Fabrication



Gelatin microparticles (GMPs) were fabricated using acidic gelatin of a 5.0 isoelectric point (Nitta Gelatin INC., Osaka, Japan) following well-established methods 
 ADDIN EN.CITE 
[163]
. Prior to hydrogel encapsulation, sterilized GMPs of 50-100 µm in diameter were swollen in phosphate buffered saline (PBS) (55 µL of PBS per 11 mg of dried GMPs) to achieve swelling according to previously established procedures 
 ADDIN EN.CITE 
[165]
. GMPs were incorporated into hydrogels to provide moieties for cell-material interactions and to aid hydrogel degradation 
 ADDIN EN.CITE 
[162]
.


Rabbit Marrow MSC Isolation and Culture



All experimental and surgical protocols for this study were reviewed and approved by the Rice University and The University of Texas Health Science Center Institutional Animal Care and Use Committees (IACUC), and performed according to the National Institutes of Health animal care and use guidelines. Rabbit bone marrow-derived MSCs were harvested from the tibiae of six 6-month old New Zealand white rabbits as previously described 
 ADDIN EN.CITE 
[5, 162]
. The isolated bone marrow was cultured in general medium (GM) containing low glucose Dulbecco’s modified Eagle’s medium (LG-DMEM), 10% v/v fetal bovine serum (FBS), and 1% v/v penicillin/streptomycin/fungizone (PSF) for 2 weeks. The rabbit marrow-derived MSCs were then pooled to minimize interanimal variation and cryopreserved until use as previously described 
 ADDIN EN.CITE 
[367]
.

Pre-differentiation of MSCs



Cryopreserved cells were thawed and expanded in monolayer (3,500 cells/cm2) in GM before pre-differentiation. The various cell populations used in this study were derived according to a recent study from our laboratory 
 ADDIN EN.CITE 
[367]
. Accordingly, in order to generate cell populations at varying stages of chondrogenic pre-differentiation, MSCs were first expanded for two weeks and then subjected to either 7 (CG7) or 14 (CG14) days of pre-differentiation in serum-free chondrogenic media containing LG-DMEM, ITS + Premix (6.25 µg/mL insulin, 6.25 µg/mL transferrin, 6.25 µg/mL selenious acid, 5.35 µg/mL linoleic acid, 1.25 µg/mL bovine serum albumin) (BD Biosciences, San Jose, CA), 50 mg/L ascorbic acid, 10-7 M dexamethasone, 10 ng/mL TGF-ß3 (PeproTech, Rocky Hill, NJ), and 1% v/v PSF. It was shown previously that 7 and 14 days of chondrogenic pre-differentiation using this method led to the production of two phenotypically distinct chondrogenic cell populations 
 ADDIN EN.CITE 
[367]
. To generate OS cells, MSC cultures were switched after 1 week to complete osteogenic media containing high glucose DMEM, 10% v/v FBS, 50 mg/L ascorbic acid, 10 mM ß-glycerophosphate, 10-8 M dexamethasone, and 1% v/v PSF 6 days immediately prior to hydrogel encapsulation 
 ADDIN EN.CITE 
[4]
.

Bilayered Hydrogel Composite Fabrication and MSC Encapsulation



Bilayered hydrogel composites comprising separate subchondral and chondral layers were fabricated from sterile reagents using a two-step crosslinking method 
 ADDIN EN.CITE 
[9, 84]
. The subchondral layer was first prepared by partially crosslinking the subchondral precursor mixture within a mold, followed by the complete crosslinking of the chondral precursor mixture on top to permit lamination of the two hydrogel layers. Specifically, 100 mg of OPF and 50 mg of poly(ethylene glycol) diacrylate (PEG-DA, Mn 3,400 g/mol; Laysan, Arab, AL) were both dissolved in 300 µL of PBS and combined with 110 µL of swollen GMP solution. Equal parts (46.8 µL) of the thermal radical initiator solutions, 0.3 M of ammonium persulfate (Sigma Aldrich) and 0.3 M of N,N,N’,N’ –tetramethylethylenediamine (Sigma Aldrich) were then added to the polymer solution to initiate crosslinking. The respective cell suspension (6.7 million cells in 168 µL of PBS) of either MSCs or OS cells was then added in order to obtain a final concentration of 10 million cells per mL. After gentle mixing, the subchondral precursor solution was quickly injected to fill the bottom two-thirds of a cylindrical Teflon mold (2.0 mm in diameter and 2.0 mm in thickness) and incubated at 37º C for 5 min to permit partial crosslinking. Meanwhile, similar precursor solution for the chondral layer was prepared with MSCs or CG cells. The chondral precursor solution was then quickly added on top of the partially crosslinked subchondral hydrogel. The resulting bilayered hydrogel constructs were incubated at 37º C for 10 min to complete the crosslinking reaction. For each animal, bilayered hydrogels were aseptically transferred in serum-free GM and implanted into osteochondral defects within 2 hrs after fabrication. The final dimensions of the cell-laden hydrogel implants after swelling were 3 mm in diameter and 3 mm in height, which match the dimensions of osteochondral defects that were created.

Animal Surgery



A total of twenty-four skeletally mature, male 6-month old New Zealand White rabbits were utilized in the creation of a full-thickness, bilateral osteochondral defect model based on well-established studies from our laboratory and others 
 ADDIN EN.CITE 
[7, 9, 84, 363]
. The number of defects, and hence animals used, was determined by power analysis and in consideration of previous in vivo studies applying the same model 
 ADDIN EN.CITE 
[9, 84]
. Anesthesia was induced before surgery by the subcutaneous injection of Ketamine (25-40 mg/kg) and Acepromazine (1-2 mg/kg) and then general anesthesia was maintained via the ventilator administration of a mixture of isoflurane and oxygen.


Critical-sized osteochondral defects (3 mm in diameter and 3 mm in depth) were created in the medial femoral condyles under irrigation using a dental drill. Prefabricated hydrogel implants were then press-fitted into the defect site. Subsequently, the patella was repositioned and the skin and joint capsule were closed. This procedure was repeated for both knees for each animal, with each knee receiving an implant of the same formulation to control for potentially confounding systemic effects.  Each animal received two hydrogel implants for a total of 12 repetitions (n=12) for each experimental group.



To minimize discomfort, Carprofen (4 mg/kg) was administered for 3 days postoperatively. All animals were returned to their cages where they were allowed unrestricted weight-bearing activity and were observed for signs of pain, infection, and proper activity.

Tissue Processing



After 12 weeks, rabbits were euthanized by intravenous administration of Beuthanasia (0.22 mL/kg). Afterward, the tissue surrounding the medial femoral condyle was retrieved en bloc. After gross examination, the retrieved specimens were then fixed in 10% neutral buffered formalin for no more than 72 hrs, decalcified in ethylenediaminetetraacetic acid solution for up to 6 weeks, dehydrated through a series of ethanol baths, and embedded in paraffin. 6 µm thick longitudinal sections were taken from the center (within the central 1 mm), lateral (within the lateral 1 mm), and medial (within the medial 1 mm) edges of each defect using a microtome as previously described 
 ADDIN EN.CITE 
[84]
. Sections from each defect region were stained with hematoxylin and eosin (H&E), Safranin-O/Fast Green, and van Gieson’s Picrofuchsin.

Histomorphometric Evaluation of Explants



Histological sections from each location of each joint were scored blindly and independently by three evaluators (S.L., V.V.M., and F.K.K.) using a well-established scoring algorithm for osteochondral tissue repair as described previously 
 ADDIN EN.CITE 
[84]
. 11 total parameters were used to analyze tissue repair for the overall defect as a whole as well as the individual chondral and subchondral regions (Supplemental Table 8.S1). The overall defect repair was evaluated for the percent filling with newly formed tissue and percent degradation of the implant. The chondral defect region was evaluated for repair tissue morphology, thickness, regularity, chondrocyte clustering, and cell/glycosaminoglycan (GAG) content. The cell/GAG content of the cartilage tissue immediately adjacent to the defect was also scored to evaluate any possible degenerative effects from the implant. The subchondral defect region was examined for quality in new tissue filling, integration, and bone morphology.

Statistical Analysis



The histological scores (mean(SD) were analyzed using the Wilcoxon Ranked Sum Test with clustering of the data to account for similar bilateral treatments for each animal 369[]
 using SAS JMP Pro v10.0. The effect of implant formulation was also assessed for each knee joint individually between animals using the same statistical analyses. A confidence interval of 95% was utilized and differences were considered significant when p<0.05. 

Results


Macroscopic Observations and Gross Tissue Response



All rabbits underwent osteochondral surgery and recovered well. Postoperatively, all twenty-four animals regained mobility within 1 week and resumed normal movement and behavior during the 12-week incubation period. Upon tissue retrieval, no gross signs of swelling, inflammation, or infection were detected on the joint surface for all experimental groups (Supplemental Figure 8.S1a-d).

Histological Observation



While the morphology of the respective neo-formed bone and cartilage appeared to vary considerably between experimental groups, most samples retained moderate to trace amounts of remaining hydrogel particulates that had not yet fully degraded by 12 weeks (Supplemental Figure 8.S1e).



The newly formed cartilaginous tissue filling the chondral space of osteochondral defects for the MSC/MSC control group was typically thinner than the neighboring native cartilage and retained poor Safranin O staining in half of the observed cases (Figure 8.1a-c). The newly formed cartilage mainly comprised fibrocartilage at the joint surface and hypertrophic cartilage in the subchondral region (Figure 8.1d). One of the 12 joints from this group displayed cortical bone formation in the chondral layer, where a close inspection of the H&E section revealed the presence of osteocytes (Figure 8.1e).



Neo-cartilage tissue from the MSC/OS group was typically thicker when compared to the adjacent healthy cartilage (Figure 8.2a-c) and comprised a combination of fibrocartilage and hyaline cartilage with areas of chondrocyte condensation near the osteochondral interface (Figure 8.2d). Samples from 2 of the 12 MSC/OS joints exhibited high quality articular cartilage regeneration. Many samples also displayed regions of hypertrophy as indicated by both enlarged chondrocytes and differential matrix staining in the chondral defect region (Figure 8.2e).



The neo-surface tissue morphology of CG14/OS samples ranged considerably from fibrotic to hyaline (Figure 8.3a-d), with one joint displaying high quality articular cartilage regeneration. At least 10% of samples from the CG14/OS group also resulted in complete disruption of the chondral layer (Figure 8.3e). In contrast, the neo-surface tissue morphology of CG7/OS samples generally ranged from faintly stained fibrocartilage to more intensely stained hyaline cartilage. Moreover, samples from 2 of the 12 joint defects achieved well-integrated articular cartilage regeneration (Figure 8.4a-c) with zonal chondrocytic arrangement similar to that of the native tissue (Figure 8.4d) and displayed no instances of complete surface disruption. New compact and trabecular bone formation can also be seen in the subchondral defect regions of more than 50% of the CG7/OS samples (Figure 8.4e).

Histomorphometric Evaluation



The extent of new tissue filling in the overall osteochondral defect and the subchondral region was not different when observed from the center, lateral, or medial locations within the defect (Supplemental Table 8.S2). However, the lateral edge displayed greater neo-cartilage thickness when compared to both the center and medial edge. For joint surface regularity, the medial edge revealed smoother surfaces with fewer fissures when compared to the center and the lateral edge. Lastly, fewer chondrocyte clusters were observed at the medial edge as opposed to the center.



Osteochondral defects from all groups achieved greater than 50% filling with newly formed repair tissue (Table 8.2). Similar degrees of implant degradation were achieved for all groups, where implants were more than 50% degraded for all samples. 


For subchondral tissue repair, changing the cellular constituents of implants did not effect any statistical differences between groups (Table 8.2). Mean scores for subchondral neo-tissue filling indicated that greater than 50% but less than 100% of the subchondral space was filled with newly formed tissue. The bone morphology score distribution for each group revealed that at least 80% of samples received a score of 1, primarily indicating the presence of fibrous tissue in conjunction with bone (Figure 8.5a). Despite low morphology scores, the subchondral neo-tissue integrated completely with the surrounding trabecular bone for all formulations as indicated by the mean scores of 3.00 ± 0.00 (Table 8.2).



For cartilage regeneration, the CG7/OS group resulted in improved neo-cartilage morphology over the CG14/OS group (Table 8.2). The MSC/OS, CG7/OS, and CG14/OS groups achieved thicker neo-cartilage repair tissue when compared to the control. Comparing new joint surface regularity, the MSC/OS and CG14/OS groups resulted in neo-cartilage with fewer and smaller fissures when compared to the MSC/MSC group, with MSC/OS samples also scoring higher than CG7/OS samples. For chondrocyte clustering, CG14/OS samples displayed less cluster formation than CG7/OS and MSC/OS samples. Neo-cartilage and adjacent cartilage cell/GAG content remained unaffected. A breakdown of the cartilage histological scores to comparisons between groups within the peripheral edges of each individual knee (left or right), which were more responsive to treatment then the center location (Supplemental Table 8.S3), revealed that the differential responses in neo-cartilage morphology and surface regularity mainly stemmed from the right knee and left knee, respectively (Table 8.3). Both knees confirmed the differences observed between groups for neo-cartilage thickness. The score distribution for cartilage morphology revealed that only groups containing OS cells in the subchondral layer resulted in articular cartilage regeneration (Figure 8.5b). Furthermore, CG7/OS implants resulted in the highest percentage of samples exhibiting articular/hyaline cartilage regeneration at 45.7% when compared to other groups.


Discussion



The present study demonstrated that the delivery of OS cells via the subchondral layer of the bilayered implants to osteochondral defects led to improvements in neo-cartilage thickness and surface regularity over the control. While addition of CG cells in the chondral layer of the construct did not further influence the degree of cartilage repair, it stimulated a more consistent healing response, where CG7/OS constructs effected the highest percentage of samples with articular or hyaline cartilage regeneration. Remarkably, we found that CG7 cells, when co-delivered with OS cells, stimulated morphologically superior cartilage repair when compared to CG14 cells. However, neither osteogenic nor chondrogenic pre-differentiation affected detectable changes in subchondral tissue repair for this study.



From previous findings, we confirmed that OS cells, when cultured with undifferentiated MSCs in a bilayered hydrogel construct, stimulated the chondrogenic differentiation of the latter likely via paracrine effects 
 ADDIN EN.CITE 
[162, 178, 367, 370, 371]
. In a parallel study, CG cells, when co-cultured with OS cells, displayed enhanced chondrogenic gene expression for type II collagen and aggrecan as well as increased GAG production in vitro 
 ADDIN EN.CITE 
[367]
. Specifically, CG7 cells displayed synthetic profiles with higher GAG-to-collagen ratios when compared to that of CG14 cells in parallel constructs 
 ADDIN EN.CITE 
[367]
 and were more reflective of an immature chondrogenic phenotype 347[]
. Hence, we hypothesized that chondrogenic and osteogenic pre-differentiation of MSCs prior to their encapsulation within respective chondral and subchondral layers of a bilayered hydrogel construct would improve osteochondral tissue repair upon implantation due to their enhanced but nascent phenotypes.



In the current study, MSC/MSC samples exhibited generally poor cartilage tissue healing, where thin fibrocartilage repair tissues and missing osteochondral interfaces were often observed. Weak Safranin-O staining of newly formed fibrocartilage indicated that undifferentiated MSCs might have stimulated an insufficient healing response by 12 weeks post-implantation. Although research has shown that implanted MSCs can act as powerful trophic mediators of the host healing response 372[]
 and can augment the chondrogenic matrix production of mature chondrocytes 
 ADDIN EN.CITE 
[373]
, changes to the synovial fluid during injury can alter the cellular transcription of paracrine signaling molecules of MSCs, specifically the up-regulation of pro-inflammatory and angiogenic factors that may complicate healing 374[]
. This plausibly explains the diminished tissue healing observed from the MSC/MSC group when compared to others. 


MSC/OS and CG7/OS samples displaying mainly hyaline or articular cartilage regeneration also commonly displayed regions of chondrogenic foci, or condensations of chondrocytes, near areas involving the repaired osteochondral junction. Such chondrogenic foci formation often indicated growth cartilage that could encourage articular cartilage regeneration and could be modulated by treatment 
 ADDIN EN.CITE 
[375, 376]
. It is also suggested that chondrogenic foci formation and an aligned osteochondral junction can enable the proper advancement of the subchondral plate during osteochondral tissue repair 
 ADDIN EN.CITE 
[376, 377]
. Unlike the MSC/MSC samples, CG7/OS and CG14/OS samples did not display instances of bone-like tissue formation in the chondral defect region, suggesting that the implantation of CG and OS cells via a bilayered hydrogel construct allowed the cells to maintain segmentation of the local biochemical environment that is inhibitive toward non-specific phenotypic changes and conducive to composite tissue regeneration. However, increasing the chondrogenic pre-differentiation duration of MSCs from 7 to 14 days prior to their co-delivery with OS cells resulted in an adverse effect on cartilage morphology in vivo. While hypertrophy of the CG14 cells was expected to be the cause, CG14 cells from parallel constructs did not actually display any up-regulation of type X collagen gene expression nor adopt hypertrophic changes over 28 days in vitro 
 ADDIN EN.CITE 
[367]
. In a similar study investigating the effect of osteogenic pre-differentiation time on the efficacy of MSCs for bone repair using a rat cranial defect model, it was found that MSCs pre-differentiated for 4 days resulted in the greatest amount of bone formation when compared to 10 and 16 days of pre-differentiation 
 ADDIN EN.CITE 
[351]
. This effect was attributed to the high proliferation potential of early osteogenic cells and the subsequent increase in synthetic activity of these cells during maturation. The prevalence of less-intensely stained fibrocartilage, resorbing chondrogenic foci 
 ADDIN EN.CITE 
[376]
, and irregular osteochondral junctions observed for the CG14/OS group suggest that the more mature synthetic profile of a lower GAG-to-collagen ratio 
 ADDIN EN.CITE 
[178, 367]
 of CG14 cells may have caused the diminished cartilage repair. Indeed, such results indicate that the degree of successful cartilage repair elicited in vivo may not necessarily be directly proportional to the chondrogenic maturation state of the implanted cell-laden cartilage constructs 
 ADDIN EN.CITE 
[378]
. 



With regard to subchondral neo-tissue morphology, the range permitted to each score indicated that a score of 1 be given to new tissue comprising any amount of fibrous tissue, including the fibrous encapsulation of remaining hydrogel particulates commonly observed in all groups. Given the relatively short-term in vivo implantation period of 12 weeks, the low bone morphology scores may be more an indication of the repair process rather than of chronic tissue scarring. Hence, samples that displayed fibrous encapsulation consistent with a normal healing response, which eventually remodels into trabecular bone 
 ADDIN EN.CITE 
[8]
, were also included in this score. The presence of particulates only in the subchondral region, in addition to the improved cartilage scores at the peripheral edges as compared to the center, suggest that repair began from the periphery and migrated inward 
 ADDIN EN.CITE 
[379]
. Moreover, increased shear and compressive forces during ambulation may have caused faster degradation of the implant near the joint surface, allowing the growth of peripheral repair tissue closing the defect surface to push the remaining implant material downwards into the slower growing subchondral defect region.


While the current scoring algorithm allows for assessment of the individual chondral and subchondral tissues as well as the whole defect 
 ADDIN EN.CITE 
[9, 380]
, it may overlook smaller but potentially significant changes in extracellular matrix structure and tissue response. Indeed, the impact of the present study would be greatly improved with the inclusion of more refined microscopic methodologies including in vivo biochemical and gene expression analyses, immunohistochemistry for specific extracellular matrix markers, quantitative polarized light microscopy 381[]
 for assessment of cartilage structure and micro-computed tomography 
 ADDIN EN.CITE 
[382]
 for assessment of bone mineralization. However, such techniques are still experimental and do not yet represent standard assessment tools for in vivo osteochondral defect repair. Another weakness of the study was the lack of cell tracking in order to elucidate cell fate after implantation. Cell tracking was not employed in the present study given its unclear effects on the nature of the cellular pre-differentiation scheme used. Lastly, a larger animal model and a longer implantation period would be necessary in order to fully assess robust tissue repair. 



In summary, we show that the therapeutic efficacy of MSCs on cartilage regeneration in osteochondral tissue defects can be enhanced by chondrogenic and osteogenic pre-differentiation prior to implantation. Additionally, differences in morphological outcomes as affected by changes to the chondrogenic pre-differentiation duration reveal that cell phenotype could be optimized in order to achieve ideal tissue repair. Furthermore, we present a unique method for the delivery of multiple cell types in order to achieve local biochemical environments conducive to tissue regeneration while mitigating the non-specific and dosage limitations of growth factor therapies.


Table 8.1. Cell-laden bilayered hydrogel design for the four formulations evaluated in this study. For each group, 6 animals were used.


		

		Experimental Groups

		MSC/MSC


(12 implants)

		MSC/OS 


 (12 implants)

		CG7/OS 


(12 implants)

		CG14/OS


(12 implants)



		

		OPF Hydrogel Precursor Solution

		

		

		

		



		Cartilage Layer 


(Top 1 mm)

		10 mM GMPs

		mg per 100 mg OPF

		22

		22

		22

		22



		

		Cell Suspension

		Cell Population

		MSC

		MSC

		CG7

		CG14



		

		

		CG Pre-differentiation Duration (Before Encapsulation)

		0 Days

		0 Days

		7 Days

		14 Days



		

		

		Encapsulation Density 


(million per mL precursor)

		10

		10

		10

		10



		Subchondral Layer 


(Bottom 2 mm)

		10 mM GMPs

		mg per 100 mg OPF

		22

		22

		22

		22



		

		Cell Suspension

		Cell Population

		MSC

		OS

		OS

		OS



		

		

		OS Pre-differentiation Duration (Before Encapsulation)

		0 Days

		6 Days

		6 Days

		6 Days



		

		

		Encapsulation Density 


(million per mL precursor)

		10

		10

		10

		10



		

		

		

		

		

		

		



		Description

		


		


		


		




		

		Black Circles: GMPs


White: Undifferentiated MSCs


Pink: Osteogenic Cells


Light Green: Chondrogenic Cells (7 days)


Dark Green: Chondrogenic Cells (14 days)





Table 8.2. Mean histological scores for all hydrogel formulations at the center, lateral edge, and medial edge of the defect 12 weeks postsurgery.


		Histological Parameter

		Mean Overall Scores



		

		MSC/MSC


(12 knees)

		MSC/OS (12 knees)

		CG7/OS


(12 knees)

		CG14/OS


(12 knees)



		Overall defect evaluation

		

		

		

		



		1. Percent filling with newly


formed tissue

		2.2±0.4

		2.2±0.4

		2.1±0.5

		2.1±0.3



		2. Percent degradation of the


implant

		2.2±0.4

		2.2±0.4

		2.2±0.5

		2.1±0.3



		Subchondral bone evaluation

		

		

		

		



		3. Percent filling with newly


formed tissue

		2.2±0.5

		2.1±0.5

		2.1±0.6

		2.0±0.3



		4.  Subchondral bone morphology

		1.3±0.8

		1.3±0.9

		1.5±1.0

		1.1±0.6



		5. Extent of new tissue bonding


with adjacent bone

		3.0±0.0

		3.0±0.0

		3.0±0.0

		3.0±0.0



		Cartilage evaluation

		

		

		

		



		6. Morphology of newly formed


surface tissue

		2.3±0.6

		2.4±0.6

		2.5±0.6d

		2.2±0.5c



		7. Thickness of newly formed


cartilage

		1.5±0.7b,c,d

		2.1±0.6a

		1.9±0.8a

		1.9±0.6a



		8.   Joint surface regularity

		1.9±0.9b,d

		2.4±0.8a,c

		2.2±0.6b

		2.3±1.0a



		9.   Chondrocyte clustering

		2.1±0.5

		2.0±0.3d

		2.1±0.4d

		2.3±0.5b,c



		10. Chondrocyte and GAG content


of neocartilage

		1.8±0.8

		1.9±0.7

		1.9±0.7

		1.8±0.7



		11. Chondrocyte and GAG content


of  adjacent cartilage

		2.8±0.4

		2.6±0.6

		2.8±0.5

		2.6±0.6





Values are shown as the mean ± the standard deviation. Each group comprised 12 implants in bilateral knee joints from 6 animals (2 each). The letters a, b, c and d indicate a significant difference from the MSC/MSC, MSC/OS, CG7/OS and CS14/OS groups, respectively. 


Table 8.3. Mean histological scores for cell-laden hydrogel formulations at randomly chosen peripheral edges (medial or lateral) of the defects 12 weeks postsurgery.

		Histological Parameter

		Left Knee Scores (24 knees total)

		

		Right Knee Scores (24 knees total)



		

		MSC/MSC 


(6 knees)

		MSC/OS


(6 knees)

		CG7/OS


(6 knees)

		CG14/OS


(6 knees)

		

		MSC/MSC


(6 knees)

		MSC/OS


(6 knees)

		CG7/OS


(6 knees)

		CG14/OS


(6 knees) 



		Overall evaluation

		

		

		

		

		

		

		

		

		



		1. 

		2.2±0.4

		2.5±0.6

		2.2±0.4

		2.0±0.0

		

		2.0±0.0

		2.2±0.4

		2.3±0.5

		2.2±0.4



		2. 

		2.3±0.5

		2.5±0.6

		2.2±0.4

		2.0±0.0

		

		2.2±0.4

		2.2±0.4

		2.3±0.5

		2.2±0.4



		Bone evaluation

		

		

		

		

		

		

		

		

		



		3. 

		2.2±0.8

		2.5±0.6

		2.0±0.6

		2.0±0.0

		

		2.2±0.4

		2.0±0.6

		2.2±0.8

		2.0±0.6



		4. 

		1.7±1.0

		1.8±1.3

		1.3±0.8

		1.0±0.0

		

		0.8±0.4

		1.5±1.2

		2.0±1.6

		1.0±0.0



		5. 

		3.0±0.0

		3.0±0.0

		3.0±0.0

		3.0±0.0

		

		3.0±0.0

		3.0±0.0

		3.0±0.0

		3.0±0.0



		Cartilage evaluation

		

		

		

		

		

		

		

		

		



		6. 

		2.5±0.6

		2.7±0.8

		2.7±0.5

		2.3±0.5

		

		2.0±0.6

		2.8±0.6d

		3.0±0.9d

		2.0±0.0b,c



		7. 

		1.3±0.5b

		2.2±0.4a

		1.8±0.8

		1.8±0.8

		

		1.5±0.6b

		2.7±0.8a

		2.2±1.0

		1.8±0.8



		8.

		2.2±0.8b

		3.0±0.0a, c

		1.8±0.8b

		1.8±1.5

		

		1.7±0.8

		2.3±0.5

		2.5±0.6

		2.5±0.6



		9.

		2.2±0.8

		2.0±0.0

		1.8±0.4

		2.5±0.6

		

		2.0±0.6

		2.0±0.6

		2.5±0.6

		2.3±0.5



		10.

		1.7±0.8

		1.8±0.8

		2.0±0.6

		1.8±0.8

		

		1.7±0.8

		1.8±0.8

		2.0±0.9

		1.5±0.6



		11.

		2.8±0.4

		2.8±0.4

		2.8±0.4

		2.8±0.4

		

		2.8±0.4

		2.7±0.5

		2.7±0.5

		2.7±0.5





Values are shown as the mean ± the standard deviation. Comparisons were made between groups for the same knee, where each group comprised 6 unilateral implants from 6 animals. The letters a, b, c and d indicate a significant difference from the MSC/MSC, MSC/OS, CG7/OS and CG14/OS groups, respectively.


Supplemental Table 8.S1. Histological scoring system for the evaluation of (a) overall tissue, (b) subchondral bone, and (c) cartilage in rabbit osteochondral defects.

		

		Score



		(a) Overall defect evaluation (throughout the entire defect depth)

		



		1. Percent filling with newly formed tissue

		



		100%

		3



		>50%

		2



		<50%

		1



		0%

		0



		2. Percent degradation of the implant

		



		100%

		3



		>50%

		2



		<50%

		1



		0%




		0






		(b) Subchondral bone evaluation (within the bottom 2 mm of defect)

		



		3. Percent filling with newly formed tissue

		



		100%

		3



		>50%

		2



		<50%

		1



		0%

		0



		4. Subchondral bone morphology

		



		Normal, trabecular bone

		4



		Trabecular bone, with some compact bone

		3



		Compact bone

		2



		Compact bone and fibrous tissue

		1



		Only fibrous tissue or no tissue

		0



		5. Extent of new tissue bonding with adjacent bone

		



		Complete on both edges

		3



		Complete on one edge

		2



		Partial on both edges

		1



		Without continuity on either edge




		0






		(c) Cartilage evaluation (within the upper 1 mm of defect)

		



		6. Morphology of newly formed surface tissue

		



		Exclusively articular cartilage

		4



		Mainly hyaline cartilage

		3



		Fibrocartilage (spherical morphology observed with ≥ 75% of cells)

		2



		Only fibrous cartilage (spherical morphology observed with < 75% of cells)

		1



		No tissue

		0



		7. Thickness of newly formed cartilage

		



		Similar to the surrounding cartilage

		3



		Greater than the surrounding cartilage

		2



		Less than the surrounding cartilage

		1



		No cartilage

		0



		8. Joint surface regularity

		



		Smooth, intact surface

		3



		Surface fissures (<25% of new surface thickness)

		2



		Deep fissures (≥25% of new surface thickness)

		1



		Complete disruption of the new surface

		0



		9. Chondrocyte clustering

		



		None at all

		3



		<25% chondrocytes

		2



		25-100% chondrocytes

		1



		No chondrocytes present (no cartilage)

		0



		10. Chondrocyte and GAG content of new cartilage

		



		Normal cellularity with normal Safranin O staining

		3



		Normal cellularity with moderate Safranin O staining

		2



		Clearly less cells with poor Safranin O staining

		1



		Few cells with no or little Safranin O staining or no cartilage

		0



		11. Chondrocyte and GAG content of adjacent cartilage

		



		Normal cellularity with normal Safranin O staining

		3



		Normal cellularity with moderate Safranin O staining

		2



		Clearly less cells with poor Safranin O staining

		1



		Few cells with no or little Safranin O staining or no cartilage

		0





Supplemental Table 8.S2. Mean histological scores for all hydrogel formulations at the center, lateral edge, and medial edge of the defect 12 weeks postsurgery.

		Histological Parameter

		Mean Overall Scores at Each Location



		

		Center


(48 knees)

		Lateral Edge (48 knees)

		Medial Edge (48 knees)



		Overall defect evaluation

		

		

		



		1.   Percent filling with newly formed tissue

		2.1±0.4

		2.1±0.3

		2.2±0.5



		2.   Percent degradation of the implant

		2.1±0.3

		2.2±0.4

		2.2±0.5



		Subchondral bone evaluation

		

		

		



		3.   Percent filling with newly formed tissue

		2.1±0.4

		2.1±0.5

		2.2±0.6



		4.   Subchondral bone morphology

		1.2±0.7

		1.4±0.9

		1.4±0.9



		5.   Extent of new tissue bonding with


adjacent bone

		3.0±0.0

		3.0±0.0

		3.0±0.0



		Cartilage evaluation

		

		

		



		6.   Morphology of newly formed surface


tissue

		2.3±0.6

		2.5±0.6

		2.4±0.6



		7.   Thickness of newly formed cartilage

		1.8±0.6L

		2.1±0.7C,M

		1.8±0.7L



		8.   Joint surface regularity

		2.2±0.8M

		2.0±0.9M

		2.5±0.6L,C



		9.   Chondrocyte clustering

		2.1±0.4

		2.1±0.5

		2.2±0.4



		10. Chondrocyte and GAG content of


neocartilage

		1.9±0.7M

		1.9±0.7M

		1.7±0.7L,C



		11. Chondrocyte and GAG content of


adjacent cartilage

		2.7±0.5

		2.7±0.5

		2.7±0.6





Values are shown as the mean ± the standard deviation. Each group comprised 48 implants in bilateral knee joints from 24 animals (2 each). The letters M, L and C indicate a significant difference from the medial edge, lateral edge and center location, respectively.


Supplemental Table 8.S3. Mean histological scores for cell-laden hydrogel formulations at the center locations of the defects 12 weeks postsurgery.

		Histological Parameter

		Left Knee Scores (24 knees total)

		

		Right Knee Scores (24 knees total)



		

		MSC/MSC


(6 knees)

		MSC/OS


(6 knees)

		CG7/OS


(6 knees)

		CG14/OS


(6 knees)

		

		MSC/MSC


(6 knees)

		MSC/OS


(6 knees)

		CG7/OS


(6 knees)

		CG14/OS


(6 knees)



		Overall evaluation

		

		

		

		

		

		

		

		

		



		1. 

		2.2±0.4

		2.2±0.4

		1.8±0.4

		2.0±0.0

		

		2.2±0.4

		2.0±0.0

		2.3±0.5

		2.2±0.4



		2. 

		2.2±0.4

		2.2±0.4

		2.0±0.0

		2.0±0.0

		

		2.2±0.4

		2.0±0.0

		2.3±0.5

		2.2±0.4



		Bone evaluation

		

		

		

		

		

		

		

		

		



		3. 

		2.2±0.4

		2.2±0.4

		1.8±0.4

		2.0±0.0

		

		2.2±0.4

		1.8±0.4

		2.2±0.8

		2.2±0.4



		4. 

		1.0±0.0

		1.0±0.0

		1.0±0.0

		1.0±0.0

		

		1.0±0.0

		1.0±0.0

		1.8±1.3

		1.5±1.2



		5. 

		3.0±0.0

		3.0±0.0

		3.0±0.0

		3.0±0.0

		

		3.0±0.0

		3.0±0.0

		3.0±0.0

		3.0±0.0



		Cartilage evaluation

		

		

		

		

		

		

		

		

		



		6. 

		2.3±0.5

		2.3±0.5

		2.2±0.4

		2.3±0.5

		

		2.2±0.8

		2.5±0.6

		2.7±0.5

		2.0±0.6



		7. 

		1.5±0.6

		2.2±0.4

		1.8±0.8

		1.8±0.4

		

		1.3±0.8

		1.7±0.5

		1.8±0.8

		1.8±0.8



		8.

		1.8±1.0

		2.7±0.5

		2.3±0.5

		2.0±1.3

		

		1.8±1.0

		2.3±0.8

		1.7±0.5d

		2.7±0.5c



		9.

		2.2±0.4

		2.0±0.0

		1.8±0.4

		2.2±0.4

		

		2.2±0.4

		2.0±0.0

		2.2±0.4

		2.0±0.6



		10.

		1.7±0.8

		2.0±0.6

		1.8±0.8

		2.3±0.5

		

		1.8±1.0

		2.2±0.8

		2.0±0.6

		1.7±0.5



		11.

		2.8±0.4

		2.7±0.5

		2.8±0.4

		2.8±0.4

		

		2.8±0.4

		2.5±0.6

		2.7±0.8

		2.3±0.5





Values are shown as the mean ± the standard deviation. Comparisons were made between groups for the same knee, where each group comprised 6 unilateral implants from 6 animals. The letters a, b, c and d indicate a significant difference from the MSC/MSC, MSC/OS, CG7/OS and CG14/OS groups, respectively.




Supplemental Figure 8.S1: Representative gross morphology of the osteochondral defects after 12 weeks from the (a) MSC/MSC group, (b) the MSC/OS group, (c) the CG7/OS group, and (d) the CG14/OS group. Defects are indicated with a white circle. It should be noted that the white circles are only indicative and do not reflect the actual dimensions of the defect. (e) H&E section showing the partially degraded hydrogel particulates encapsulated in fibrous tissue, as indicated by arrows, typically found remaining in the subchondral defect region of samples. This particular sample is from the MSC/MSC group.



Figure 8.1: Histological sections showing representative osteochondral tissue repair at 12 weeks postoperatively for the MSC/MSC group. Sections were stained with (a) Safranin O/Fast Green, (b) H&E, and (c) van Gieson’s Picrofuchsin (scale bars: 1000 µm). Images from this sample (a-c), which received a score of 2 for cartilage morphology, showed thin fibrocartilage formation filling the chondral defect space and ossifying chondrocytes in the subchondral defect space. (d) The newly formed cartilage in the osteochondral defect mostly comprised fibrocartilage at the joint surface and hypertrophic cartilage in the subchondral region (scale bar: 500 µm). (e) One other joint from the MSC/MSC group displayed bone-like tissue formation in the chondral defect region, as can be seen by the presence of osteocytes in the H&E section (scale bar: 500 µm).



Figure 8.2: Histological sections showing representative osteochondral tissue repair at 12 weeks postoperatively for the MSC/OS group. Sections were stained with (a) Safranin O/Fast Green, (b) H&E, and (c) van Gieson’s Picrofuchsin (scale bars: 1000 µm). (d) This sample, which received a score of 2 for cartilage morphology, displayed thicker cartilage formation, which mainly comprised a mixture of fibro- and hyaline cartilage (scale bar: 500 µm). This sample also showed the development of a relatively discernable osteochondral interface. (e) An example of regional hypertrophy in the chondral portion of the defect from another sample displayed enlarged chondrocytes and differential matrix staining when compared to the surrounding cartilage (scale bar: 500 µm).




Figure 8.3: Histological sections showing representative osteochondral tissue repair at 12 weeks postoperatively for the CG14/OS group. Sections were stained with (a) Safranin O/Fast Green, (b and d) H&E, and (c) van Gieson’s Picrofuchsin (scale bars: 1000 µm). (d) This sample , which received a score of 2 for cartilage morphology, showed primarily fibrocartilage tissue repair with some fibrous tissue formation at the joint surface (scale bar: 500 µm). (e) One example of joint surface disruption in another sample is shown in the H&E section (scale bar: 500 µm).



Figure 8.4: Histological sections showing representative osteochondral tissue repair at 12 weeks postoperatively for the CG7/OS group. Sections were stained with (a) Safranin O/Fast Green, (b) H&E, and (c) van Gieson’s Picrofuchsin (scale bars: 1000 µm). (d) This sample, which received a score of 4 for cartilage morphology, displayed high quality articular cartilage with columnar arrangement of chondrocytes (scale bars: 1000 µm). (e) This sample also displayed compact and trabecular bone formation in the subchondral defect regions of the osteochondral defects (scale bars: 1000 µm).

A



B



Figure 8.5: Histological score distribution for the new (a) subchondral bone morphology and the new (b) cartilage tissue morphology.


Chapter 9. Evaluation of Polyelectrolyte Hydrogels Incorporating Poly(L-Lysine) as a Stimulant of Chondrogenic Differentiation for Cartilage Tissue Engineering


Abstract

To address the lack of reliable long-term solutions for cartilage injuries, strategies in tissue engineering are beginning to leverage developmental processes to spur tissue regeneration. This study focuses on the use of poly(L-lysine) (PLL), previously shown to up-regulate mesenchymal condensation during developmental skeletogenesis in vitro, as an early chondrogenic stimulant of mesenchymal stem cells (MSCs). We characterized the effect of PLL incorporation on the swelling and degradation of oligo(poly(ethylene) glycol) fumarate) (OPF)-based hydrogels as functions of PLL molecular weight and dosage. Furthermore, we investigated the effect of PLL incorporation on the chondrogenesis of hydrogel-encapsulated MSCs. The incorporation of PLL resulted in early enhancements of type II collagen and aggrecan gene expression and type II/type I collagen expression ratios when compared to blank controls. The presentation of PLL to MSCs encapsulated in OPF hydrogels also enhanced N-cadherin gene expression under certain culture conditions, suggesting that PLL induces chondrogenesis likely via the process of condensation. In summary, PLL can function as an inductive factor that primes the cellular microenvironment for early chondrogenic differentiation but may require additional biochemical factors for the generation of fully functional chondrocytes. 

Introduction

Articular cartilage is the specialized connective tissue lining the ends of bones that enables their frictionless articulation within synovial joints in the body. Its elegantly organized extracellular matrix comprises specialized collagens and proteoglycans decorated with negatively charged glycosaminoglycans that together contribute to the favorable viscoelastic and swelling properties of the tissue. Unlike bone and a majority of other musculoskeletal tissues, articular cartilage is typically devoid of any vascularity, lymphatics, and nerves 383[]
. Due to this avascularity and the low mitotic activity of its resident chondrocytes, articular cartilage inherently exhibits a limited endogenous capacity for regeneration. Hence, cartilage lesions due to trauma or disease, which resulted in over 27 million adult cases of osteoarthritis in the United States in 2005, are projected to afflict 67 million American adults by 2030 384[]
. In the absence of available long-lasting clinical solutions, such cartilage-related injuries continue to impose a significant economic burden on society 
 ADDIN EN.CITE 
[353]
 and remain a leading cause of global disability 
 ADDIN EN.CITE 
[385, 386]
. To address these shortcomings in the management of cartilage defects, current efforts are focused on the use of tissue engineering principles to develop better solutions.


Traditionally, cartilage engineering strategies have relied on the rational combination of stem cell populations and biochemical cues with biomaterial scaffolds in the development of substitute tissue constructs to replace or restore lost tissue function. While many different types of materials have been investigated for applications in cartilage repair, hydrogels in particular have garnered significant attention due to their highly favorable material properties 
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[1, 387]
. By definition, hydrogels are three-dimensional (3D) polymer networks that consist of various hydrophilic components crosslinked to form water-insoluble matrices 
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[387]
. These water-absorbent constructs can be fabricated from a wide variety of synthetic (e.g. poly(ethylene glycol) (PEG) 
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[275, 388]
 and poly(vinyl alcohol) 
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[389, 390]
) or natural (e.g. collagen 
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[391, 392]
, fibrin 393[]
, chitosan 394[]
, hyaluronic acid 
 ADDIN EN.CITE 
[172, 395]
, and alginate 
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[67]
) materials for the encapsulation of cells and to provide in vivo-like conditions reminiscent of native cellular microenvironments. Similarly, extensive investigations have been made in developing cell-based approaches to cartilage regeneration. Due to the limited availability of host chondrocytes as well as the high morbidity associated with their harvest, mesenchymal stem cells (MSCs) are highly popular alternative cell sources for cartilage repair applications. Indeed, strategies aimed at maximizing their reparative capacity through the optimization of in vitro chondrogenic induction protocols have proven relatively successful 
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[367, 378, 396, 397]
. However, the ability to induce complete healing of damaged cartilage reliably 363[]
 has not been achieved, likely because the formation of articular cartilage and its homeostasis is tightly regulated by a myriad of intricate signaling pathways that current technologies are unable to recapitulate.


Shifting toward more targeted approaches, recent strategies in cartilage tissue engineering are beginning to mimic specific stages in skeletogenesis with the goal of generating functional articular cartilage tissues 
 ADDIN EN.CITE 
[398-400]
. Pre-cartilaginous condensation, a developmental process characterized by dense cellular aggregation and significantly increased cell-cell contacts, is believed to be critical in the governance of natural cartilage formation in embryo 401[]
. During condensation, the rapid onset of cell-cell interactions is largely mediated by a small number of key cell adhesion molecules, of which N-cadherin plays a special role 
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. Interestingly, previous research has demonstrated that the cationic polypeptide poly(L-Lysine) (PLL) possesses chondrostimulatory properties and can stimulate the chondrogenesis of mesenchymal micromass cells in developing chick limbs 
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[406, 407]
. Several mechanisms for the physiological effects of PLL on chondrogenic differentiation have been proposed, including alteration of glycosaminoglycan biosynthesis and distribution, crosslinking of proteoglycans and cells, changing of cell morphology, and interaction with other biochemical cues 403[]
. Despite these promising reports, the potential of using PLL to induce embryonic signaling processes during chondrogenesis in cartilage tissue engineering applications remains heavily unexplored, especially within the context of 3D culture systems.


In this study, we hypothesized that the physical incorporation of PLL within hydrogels can stimulate the chondrogenic differentiation of encapsulated MSCs. To test this hypothesis, we utilized oligo(poly(ethylene glycol) fumarate) (OPF), a PEG-based macromer that can be crosslinked to yield hydrolytically degradable hydrogels of highly tunable mechanical and swelling properties 
 ADDIN EN.CITE 
[3, 368]
, as a synthetic platform to isolate the effects of PLL. Considering the cationic nature of PLL and the presence of negative charges from the OPF macromers comprising the hydrogel backbone, it is anticipated that both moieties will form strong electrostatic interactions, leading to the bulk retention of PLL. Further, it is expected that the incorporation of PLL will affect the swelling and degradation of these hydrogel constructs. In order to evaluate these hypotheses, a number of specific objectives were established as follows: (i) to determine the amount of PLL retained or released from OPF hydrogels when incorporated at various concentrations; (ii) to characterize the swelling and degradation of PLL-laden OPF hydrogels as functions of PLL molecular weight (MW) and PLL loading amount; (iii) to assess the effects of PLL incorporation on encapsulated MSC chondrogenic differentiation as functions of PLL MW and PLL dosage; and (iv) to evaluate potential additive or synergistic effects between PLL presentation and OPF MW on MSC chondrogenic differentiation and condensation. 

Materials and Methods

Experimental Design

The specific objectives of this overall investigation were completed via a series of individual studies, which were designed as follows. In order to determine the amount of PLL retained or released from OPF hydrogels, two experiments were designed as outlined in Table 9.1. For a third experiment, fluorescein isothiocyanate (FITC) conjugated PLL (PLL-FITC, 50 kDa) was loaded into OPF hydrogels at increasing concentrations (500 ng/construct, 5 µg/construct, or 20 µg/construct) according to Table 9.2.


A full factorial study was designed to characterize the effects of PLL MW and PLL loading on the swelling and degradation of synthetic OPF hydrogels. Specifically, the factors of (A) PLL MW, (B) PLL loading per construct, and (C) OPF MW were investigated as outlined in Table 9.3 in order to identify main and combinatory effects on OPF swelling and degradation. The PLL MWs of 50 and 225 kDa were determined based on previously reported values used in the chondrogenic stimulation of chick limb mesechymal cells in micromass culture in vitro 406[]
. The PLL loading concentrations were chosen to yield a sufficiently wide range in order to elucidate the effects of PLL on bulk hydrogel swelling, where the low concentration levels reflect those used for the chondrogenic stimulation of cells in monolayer 
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[408]
. 

The effects of PLL presentation on cells encapsulated in such composite hydrogels were also investigated. As shown in Table 9.4, the effects of PLL MW and PLL dosage on MSCs encapsulated in OPF hydrogel composites were first investigated using a factorial design, where the MW factor comprised two levels (50 or 225 kDa) and the dosage factor consisted of three levels (250, 500, or 1000 ng/construct). Cell-laden hydrogels without any PLL incorporation were used as negative controls. The PLL MW (225 kDa) and amount (500 ng/construct) yielding the highest chondrogenic gene expression in encapsulated MSCs were chosen in the follow-up experiment, which investigated any potential additive or synergistic effects of PLL presentation in combination with OPF MW on MSC chondrogenic differentiation as shown in Table 9.5. These OPF MWs were chosen based on a previous study from our laboratory, which demonstrated that an increase in swelling ratio (due to an increase in nominal OPF MW from 10K to 35K) resulted in enhanced type II collagen gene expression 
 ADDIN EN.CITE 
[5]
. 

OPF Synthesis and Characterization

OPF was synthesized using poly(ethylene glycol) (PEG) of nominal MWs of either 10,000 g/mol or 35,000 g/mol, according to previously described methods 3[]
. In brief, PEG was first dried via azeotropic distillation in toluene and dissolved in anhydrous dichloromethane. Triethylamine and fumaryl chloride were then added drop-wise to initiate the synthesis reaction, which was allowed to proceed for 2 days. The resultant product was purified by removing dichloromethane using rotoevaporation, separating salt precipitates with ethyl acetate, washing with ethyl ether, and subsequent drying. The synthesized polymers were characterized via gel permeation chromatography and sterilized prior to use by exposure to ethylene oxide gas for 12 h following established protocols 
 ADDIN EN.CITE 
[6]
.

Fabrication of PLL-laden Hydrogels

Acellular OPF hydrogels were fabricated following previously established procedures 
 ADDIN EN.CITE 
[84]
. Briefly, a base formula of 100 mg OPF and 50 mg PEG diacrylate (PEG-DA, Mn 3,400 g/mol; Laysan, Arab, AL) dissolved in 410 µL of PBS was used to prepare the hydrogel precursor solution. For PLL-laden hydrogels, PLL (Sigma Aldrich) of two different average MWs (either 50 kDa or 225 kDa) was dissolved in the polymer precursor solution at various concentrations prior to crosslinking in order to achieve the desired incorporation amounts per construct (250, 500, or 1000 ng/construct). For the OPF-Post samples of the PLL retention study, a PLL solution was used to rehydrate crosslinked hydrogels that were dried immediately following the removal of sol fraction in PBS for 2 h in order to achieve the desired loading concentration. The two different average MWs of PLL were chosen in accordance to previous studies demonstrating the effect of PLL size on cartilage nodule formation in micromass cultures of chick mesenchyme limb bud cells, where larger PLL size generally increased tissue formation 406[]
. These concentrations were chosen to reflect similar PLL concentrations that have been previously used for the chondrogenic stimulation of mesenchymal derived cells in monolayer 
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. Equal parts (46.8 µL) of the thermal radical initiators, 0.3 M of ammonium persulfate (APS, Sigma Aldrich) and 0.3 M of N,N,N’,N’ – tetramethylethylenediamine (TEMED, Sigma Aldrich) were then added to the precursor solution to initiate the crosslinking reaction. After gentle mixing, the precursor solution was quickly injected into cylindrical Teflon molds (3 mm diameter and 1 mm thickness) and allowed to crosslink for 8 min at 37ºC. The resultant hydrogels were transferred to PBS (pH 7.4), incubated at room temperature or 37ºC for 28 days, and collected at various time points over 28 days for characterization.

Swelling and Degradation of OPF-PLL Hydrogels

Fabricated hydrogels for the swelling and degradation study (n=4) were placed in 2 mL of PBS (pH 7.4) in a 24 well plate and incubated at 37ºC and under agitation (shaker table at 90-100 RPM) for 28 days. At days 1, 7, 14, and 28, the swelling ratio and mass loss of the hydrogels were determined using the following equations: swelling ratio = (Ws – Wd)/Wd and % mass loss = (Wi – Wd)/Wi x 100 (%), where Wi, Ws, and Wd represent the weight of dried hydrogel immediately following fabrication before swelling, the weight of wet hydrogel after swelling at each time point, and the weight of dried hydrogel after swelling at each time point, respectively. 

Measurement of PLL Retention in OPF-PLL Hydrogels

Briefly, blank OPF hydrogels, OPF hydrogels with PLL loaded prior to hydrogel crosslinking (OPF-Pre), and OPF hydrogels with PLL loaded after hydrogel fabrication (OPF-Post) were incubated after the removal of sol fraction in either phosphate buffered saline (PBS, pH 7.4) or a KCl/NaOH basic buffer (pH 13) for 24 h at 37ºC. At 2 h and 24 h, the supernatant is collected from each sample (n=3) and subjected to biochemical analysis. In order to characterize PLL retention within OPF hydrogels over longer periods of time in vitro, blank OPF and OPF-Pre samples were incubated in PBS over 28 days at 37ºC. At 2 h, 24 h, 7 days, 14 days, and 21 days, samples (n=3) were switched to basic buffer and incubated for 24 h before collection, where the resultant supernatant was then analyzed for PLL. 


The amount of PLL retained was biochemically analyzed using the ortho-pthalaldehyde (OPA) assay according to previously established procedures 
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[409, 410]
. The OPA working reagent was freshly prepared at each time point following a base formula by mixing 1 mL of OPA (Sigma Aldrich) dissolved in ethanol (40 mg/mL), 25 mL borate buffer (0.4 M borate, pH 9.5), 12.5 mL 20 w/w% sodium dodecyl sulfate (Sigma Aldrich) in deionized water, 0.1 mL 2-mercaptoethanol, and enough water to fill up to 50 mL in a beaker. The supernatants were combined with the OPA working reagent within individual wells of an opaque 96-well plate at a 1:1 reagent-to-analyte solution ratio and incubated at room temperature for 5 min. The fluorescence was measured using a plate reader (FL x800 Fluorescence Microplate Reader; BioTek Instruments, Winooski, VT) with excitation and emission wavelengths of 360 nm and 455 nm, respectively. PLL of the same MW was used to generate a standard curve.


PLL-FITC laden constructs (n=3) were incubated in PBS over 28 days at room temperature. The supernatant was collected at .08 (2 h), 1, 4, 7, 11, 14, 18, 21, 25, and 28 days and analyzed using a spectrofluorometric plate reader with respective excitation and emission wavelengths of 485 nm and 528 nm to determine the release of PLL. 

Gelatin Microparticle Fabrication

Gelatin microparticles (GMPs) were fabricated using acidic gelatin with an isoelectric point of 5.0 (Nitta Gelatin Inc., Osaka, Japan) according to previously established protocols 
 ADDIN EN.CITE 
[163]
. Briefly, a 10% w/v aqueous solution of gelatin was first prepared by dissolving 5 g of gelatin in 45 mL of distilled, deionized water (ddH2O) at 60ºC, added dropwise to 250 mL of olive oil (Sigma Aldrich) containing 0.5 wt.% Span 80 under mixing at 500 RPM, and chilled in an ice/water bath for 30 min with continued mixing. 100 mL of chilled acetone was then added to the emulsion, which was allowed to stir for an additional 30 min. After this step, the formed GMPs were collected by filtration and washed with acetone. The collected GMPs were crosslinked in an aqueous solution containing 10 mM glutaraldehyde for 20 h at 15ºC, where glycine was added to a concentration of 25 mM afterward in order to quench any unreacted glutaraldehyde. Following crosslinking, the GMPs were vacuum-filtered, washed with ddH2O, and freeze-dried overnight. Dried GMPs of 50-100 µm in diameter were selected by sieving and sterilized via exposure to ethylene oxide gas for 12 h before use. Prior to encapsulation into hydrogels, sterilized GMPs were first swollen with PBS (55 µL of PBS per 11 mg of dried GMPs) to achieve swelling according to previously established methods 
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[163]
. GMPs were incorporated into hydrogels in order to provide moieties for cell-material interactions and to facilitate hydrogel degradation 
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.

Rabbit marrow-derived MSC Isolation and Culture

All of the experimental protocols including the use of cells for this study were reviewed and approved by the Rice University Institutional Animal Care and Use Committee, and conducted in accordance with the National Institutes of Health animal care and use guidelines. Rabbit marrow-derived MSCs were harvested from the tibiae of skeletally mature 6-month-old New Zealand White rabbits following previously described protocols 
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[367]
. The bone marrow was plated for the isolation of adherent cells and cultured in general medium (GM) containing low glucose Dulbecco’s modified Eagle’s medium (LG-DMEM), 10% v/v fetal bovine serum (FBS), and 1% v/v penicillin/streptomycin/fungizone (PSF) for 2 weeks. The rabbit marrow-derived MSCs were then harvested, pooled to minimize interanimal variation, and cryopreserved until use as previously described 
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. For MSC expansion, cryopreserved cells were thawed at 37 ºC and cultured at a density of 3,500 cells per cm2 in T-225 tissue culture flasks in GM up to passage three, at which a cell suspension is prepared for hydrogel encapsulation. 


Fabrication of Cell-laden Hydrogel Composites

The procedures for the fabrication of acellular OPF hydrogels were generally followed for the fabrication of cell-laden hydrogel composites with a few exceptions. Specifically, 100 mg OPF and 50 mg PEG-DA were both dissolved in 300 µL of PBS and combined with 110 µL of swollen GMPs to generate the polymer precursor solution. Equal parts of thermal radical initiator solutions APS and TEMED were then added as previously described. After mixing of the precursor solution to initiate the crosslinking reaction for 2-3 min, a cell suspension (6.7 million cells in 168 µL of PBS) of MSCs is then added in order to obtain a final concentration of 10 million cells per mL and gently mixed. The solution was then quickly injected into cylindrical Teflon molds (6.0 mm diameter and 1.0 mm thickness) and incubated at 37ºC for 8 min to complete crosslinking. 


Real-Time Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

Cell-laden hydrogel composites were processed for RT-PCR in order to quantify the expression of selected genes as indicators of chondrogenic differentiation. Total RNA from collected samples were isolated at various time points using the RNeasy Mini Kit (Qiagen, Valencia, CA) following established protocols 
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[367]
. The isolated RNA from samples were reverse-transcribed into cDNA using SuperScript III transcriptase (Invitrogen) and Oligo dT primers (Promega), and the final cDNA transcripts were used for RT-PCR (7300 Real-Time PCR System, Applied Biosystems, Foster City, CA) to evaluate the gene expression for type II collagen (Col II), type I collagen (Col I), aggrecan (Agg), versican (VSN), sex-determining region Y-box 9 (Sox9), N-cadherin (CDH2), type X collagen (Col X), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The gene expression data were analyzed using the 2-∆∆Ct method as described 
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. All gene expression data were normalized to that of the housing keeping gene, GAPDH, and are expressed as the fold ratio as compared to the baseline expression of the control group at day 0. For the experiments described in this study, the control group comprised the cell-laden 10K OPF samples without any PLL incorporation, which were analyzed immediately following cell encapsulation. The primer sequences used are listed in Table 9.6. 

Biochemical Assays

At each time point, cell-laden hydrogel samples were collected and frozen in -20ºC until use for biochemical analysis. Samples were thawed, homogenized via needle and syringe, and digested in 500 µL of proteinase K solution (1 mg/mL proteinase K, 0.01 mg/mL pepstatin A and 0.185 mg/mL iodoacetamide dissolved in 50 mM tris(hydroxymethyl aminomethane)/1 mM ethylenediaminetetraacetic acid buffer, pH 7.6 adjusted by HCl) at 56ºC for ~16 h. After the digestion of samples, specimens were then subjected to three freeze-thaw cycles followed by probe sonication. 


DNA content, which was used as an indicator of construct cellularity, was quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Molecular Probes, Eugene, OR) following the manufacturer’s instructions. Cell lysates were combined with assay buffer and the PicoGreen dye solution within wells of an opaque 96-well assay plate and allowed to incubate for 10 min at room temperature. The fluorescence was quantified using excitation and emission wavelengths of 485 nm and 528 nm (FL x800 Fluorescence Microplate Reader; BioTek Instruments, Winooski, VT), respectively. Lambda DNA provided by the manufacturer was used to generate a standard curve. Cell viability was determined and verified at 24 h and 7 days after encapsulation using the Live/Dead staining assay (Life Technologies) following the manufacturer’s instructions. Images were obtained using fluorescence microscopy (Nikon).


Glycosaminoglycan (GAG) content, which was used to indicate extracellular matrix deposition and synthetic activity, was measured using the dimethylmethylene blue (DMMB) colorimetric assay as previously described 332[]
. Cell lysates were combined with DMMB color reagent within wells of a clear 96-well assay plate and quantified for absorbance at 520 nm (PowerWave x340 Microplate Reader; BioTek Instruments). GAG concentrations were determined relative to a chondroitin sulfate standard curve. To determine the synthetic activity of cells within the hydrogel constructs, the resulting total GAG amounts from each sample were normalized to the total DNA amount from that sample. 


Hydroxyproline (HYP) content, which was used to indicate total collagen amount and synthetic activity, was determined using a colorimetric assay following previously established protocols 
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[367]
. Briefly, cell lysates were combined with an equal volume of 4 N NaOH and hydrolyzed via autoclave for 15 min at 121ºC (~50 min processing time). The resultant solutions were neutralized with HCl and acetic acid to pH 6.5-7.0 and divided into duplicate reactions. Chloramine-T, followed by p-dimethylaminobenzaldehyde solutions, was subsequently added and the absorbance at 570 nm was measured with a plate reader. The HYP concentrations were measured relative a standard curve generated using trans-4-hydroxy-L-proline. To determine the collagen synthetic activity of cells within the hydrogel constructs, the resulting total HYP amounts from each sample were divided by the total DNA amount from that sample. Due to the presence of GMPs in cell-laden hydrogels, which comprise denatured collagen, HYP/DNA values for each group were also normalized to day 0 HYP/DNA values for that same group in order to evaluate changes in collagen synthetic activity.


To measure the calcium content, acetic acid was added to cell lysates to achieve a final acidic concentration of 0.5 M for all samples, which were then allowed to incubate at room temperature overnight. This releases calcium from the homogenized cell-laden hydrogel composites. The calcium content was then quantified using a colorimetric assay. In brief, treated samples were combined with calcium arsenazo III reagent (Sekisui Diagnostics, Lexington, MA) and the absorbance was measured at 650 nm using a plate reader. The calcium concentrations were determined relative to a calcium chloride standard curve. Calcium concentrations were then normalized to the day 0 values within each group in order to characterize mineralization capacity over time.

Histology

Cell-laden OPF hydrogel composites were fixed for histology in 10% neutral buffered formalin (Fisher Scientific, Pittsburg, PA), soaked in a solution of phosphate-buffered saline with 15% sucrose to prevent rapid water crystal formation, and then embedded overnight in HistoPrep freezing medium (Fisher Scientific). After freezing, blocks were sectioned into 10-15 µm thick slices using a cryostat (Leica CM 1850 UW; Leica Biosystems Nussloch GmbH, Germany) and mounted onto glass slides. Sections were stained using Alcian Blue and Fast Green in order to visualize the extracellular matrix deposition and cell distribution, respectively. Bright-field images were obtained using a light microscope equipped with a digital camera attachment for image capture (Axio Imager.Z2 with AxioCam MRc5; Carl Zeiss MicroImaging GmbH, Germany). 


Statistical Analysis

All results are presented as means ± standard deviations. Statistical analysis of all data was performed using the SAS JMP Pro 11 software package. For the PLL release data, the swelling and degradation data, and the biochemical assay data, one-way ANOVA and Tukey’s HSD multiple comparison tests were performed to determine significant differences between groups. The RT-PCR data were analyzed using the Kruskal-Wallis test following by the Mann-Whitney U test to determine significant differences between groups 
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[412, 413]
. A confidence interval of 95% was utilized and differences were considered significant when p<0.05.

Results

Retention and Release of PLL from PLL-laden OPF Hydrogels

We hypothesized that cationic PLL would undergo strong ionic interactions with the electronegative carboxyl moieties on the OPF backbone when incorporated into OPF hydrogels. However, the addition of PLL during the hydrogel crosslinking process could also potentially result in addition reactions between the pendant amines on PLL and the unsaturated carbon-carbon double bonds on the fumarate blocks of OPF. To determine the mechanism of the interactions between PLL and OPF, the first retention experiment compared blank OPF hydrogels (OPF) to OPF hydrogels with PLL loaded during crosslinking (OPF-Pre) and to OPF hydrogels with PLL loaded after crosslinking (OPF-Post), where the OPF-Post hydrogels were generated by swelling dried hydrogels in a PLL-containing solution. In analyzing the supernatant from each group in PBS (pH 7.4) after 24 h using the detection of primary amines as an indirect measure of PLL, we found that PLL was detected only in the OPF-Post group (Figure 9.1a). Notably, when the supernatants were analyzed from parallel experimental groups incubated in basic buffer (pH 13) after 24 h, PLL was detected for both OPF-Pre and OPF-Post groups. Additionally, significantly more PLL was detected in the supernatant of the OPF-Pre group in basic conditions when compared to the OPF-Pre supernatants at neutral pH (Figure 9.1b).


Next, to evaluate the retention of PLL within OPF hydrogels over longer durations, OPF and OPF-Pre hydrogels were incubated at neutral pH in PBS over 21 days. Comparing the sol fractions after 2 h, higher levels of primary amines were detected in the OPF control group, likely due to the presence of amine groups from the thermal radical initiators (APS and TEMED) used for chemical crosslinking (Figure 9.1c). Subsequently, at 7, 14, and 21 days, no PLL was detected in the supernatant of the OPF-Pre group. Following the collection of the supernatant at each time point, hydrogel samples were transferred to basic buffer and incubated for an additional 24 h in order to release any retained PLL into the supernatant. Higher levels of primary amines were detected in the supernatant of the OPF-Pre group as compared to the OPF group at days 1, 7, and 21, suggesting that PLL was indeed retained within the hydrogels and subsequently released in basic conditions (Figure 9.1d). 


The release of PLL from PLL-laden hydrogels as influenced by the initial PLL loading concentration was further characterized using FITC conjugated PLL (PLL-FITC). The cumulative release profiles of PLL-FITC from OPF-500ng, OPF-5µg, and OPF-20µg hydrogels are shown in Figures 9.2a and 9.2b. Each PLL-laden group exhibited an initial burst release at 2 h ranging from 1% to 7% of the initial loading amount, where higher amounts of PLL-FITC loaded initially resulted in a greater burst release. Following the burst release, the amount of PLL-FITC released from all PLL-laden groups stabilized by day 28 to approximately 14% of the initial loading amount for the 10K hydrogels and up to 25% for the 35K hydrogels. Specifically, the amount of PLL-FITC released translates into an 84.1%, 86.0%, and 83.9% retention of the loaded PLL-FITC for OPF-500ng, OPF-5µg, and OPF-20µg 10K hydrogels, respectively. 75.0%, 81.8%, and 76.5% of the loaded PLL-FITC was retained for OPF-500ng, OPF-5µg, and OPF-20µg 35K hydrogels, respectively. To visualize the incorporation of PLL-FITC within the hydrogels, hydrogel samples were collected at 7 and 28 days and imaged using fluorescence microscopy. Higher fluorescent intensities were observed for groups incorporating higher amounts of PLL-FITC (Figure 9.2c and 9.2d). Decreased fluorescence from the incorporated PLL-FITC at later time points were likely a result of the degradation of the FITC signal. Indeed, the PLL-FITC stock used to generate the standard curve for the analysis of released PLL exhibited decreased fluorescent signals over time at ambient temperature.

Characterization of the Swelling Behavior and Degradation of OPF Hydrogels Incorporating PLL of Varying Size and Loading Amount

Swelling of PLL-laden OPF Hydrogels


Given that the PLL was largely retained within OPF hydrogels over the timeframe evaluated, the influence of PLL on the swelling behavior and degradation of OPF hydrogels was also investigated using the formulations outlined in Table 9.3. The mean equilibrium swelling ratios, as affected by PLL MW, PLL incorporation, and PLL dosage, were first compared between 10K OPF hydrogels (Figure 9.3a and Supplemental Table 9.1a). At day 1, both formulations incorporating high MW PLL, 10K225Hi and 10K225Lo, and the formulation containing a high amount of low MW PLL, 10K50Hi, exhibited greater swelling ratios when compared to the control group. At day 7, 10K225Lo hydrogels had higher swelling ratios when compared to 10K225Hi hydrogels and blank 10K controls. By day 28, however, the blank 10K control hydrogels and 10K50Lo hydrogels maintained the highest equilibrium swelling ratios, where the former was greater than the 10K50Hi formulations and the latter was greater when compared to both the 10K50Hi and 10K225Lo formulations.


A comparison of the equilibrium swelling ratios between 35K OPF hydrogels (Figure 9.3b and Supplemental Table 9.1b) revealed similar differences between groups as those observed for their 10K counterparts. Specifically, 35K225Hi, 35K225Lo, and 35K50Hi hydrogels initially exhibited greater equilibrium swelling ratios when compared to 35K control hydrogels at day 1; both 35K225 formulations also maintained higher swelling ratios when compared to 35K50Lo hydrogels at this time point. Unlike their 10K hydrogel counterparts, 35K225Hi, 35K225Lo, and 35K50Lo had lower swelling ratios when compared to 35K50Hi and blank 35K control hydrogels as early as day 7. At day 14, 35K225Hi hydrogels retained the lowest swelling ratios when compared to 35K50Hi, 35K225Lo, and blank 35K hydrogels. By day 28, blank 35K hydrogels retained the highest equilibrium swelling ratios when compared to all PLL-laden formulations with the exception of 35K225Lo hydrogels, which swelled more than those from 35K225Hi and 35K50Lo formulations. 


Degradation of PLL-laden OPF Hydrogels


Differences in mass loss manifested between 10K formulations only at the early time points of days 1 and 7 (Figure 9.3c and Supplemental Table 9.2a). At day 1, 10K50Lo hydrogels maintained the lowest initial mass loss when compared to all other groups except for 10K225Lo hydrogels. At day 7, both 10K50Lo and 10K225Hi hydrogels had the least mass loss when compared to all other groups. The only differences in mass loss observed between 35K hydrogel formulations occurred at day 7, where 35K225Hi and blank 35K control hydrogels had more mass loss than 35K50Hi hydrogels (Figure 9.3d and Supplemental Table 9.2b). 


Factorial Analysis 


A main effects analysis was performed, as permitted by the factorial design, in order to formally elucidate the main effects of PLL MW and PLL loading amount on hydrogel swelling and degradation from the complex dataset over time. As outlined in Table 9.7, the swelling behavior of PLL-laden hydrogels was primarily influenced by changes in the MW of the incorporated PLL, where increases in average PLL MW from 50 to 225 kDa resulted in increased swelling ratios at days 1 and 28. Increases in hydrogel swelling as a result of changing OPF MW from low to high were expected and previously characterized 
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. In addition to these main effects, several cross effects between the factors of PLL MW, PLL loading, and OPF MW were also elucidated at various time points. Namely, the swelling behavior of hydrogels laden with PLL with an average MW of 225 kDa was more sensitive to changes in PLL loading amount and OPF MW. Indeed, changing the PLL loading amount from a low to a high level (AB interaction) and changing the OPF MW from a high to a low level (AC interaction) for hydrogels incorporating 225 kDa PLL both resulted in greater decreases in equilibrium swelling ratios when compared to formulations comprising 50 kDa PLL. Despite their influence on the swelling behavior of PLL-laden hydrogels, the factors of PLL MW and PLL loading amount nominally affected hydrogel degradation in general with the exception of several cross effects at day 7. 


Effects of PLL Loading, PLL MW, and PLL Dosage on the Chondrogenic Differentiation of Encapsulated MSCs 

MSCs were encapsulated in OPF hydrogels using the formulations outlined in Table 9.4, where hydrogels without any PLL incorporated served as the negative control. These cell-laden hydrogels from the first cell study were cultured in defined chondrogenic media supplemented with β-glycerophosphate in order to investigate their chondrogenic as well as mineralization potential. First, assessment of cell viability at 24 h and 7 days following hydrogel encapsulation indicated that cells remained viable and that the incorporation of PLL did not negatively affect cell viability (Supplemental Figure 9.S1). We have also previously shown that MSCs encapsulated in OPF hydrogel composites remained viable over 28 days of culture in vitro 
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The influence of PLL MW and dosage on the chondrogenic differentiation of encapsulated MSCs were then evaluated at an early (day 7) and late (day 28) time point. With the exception of the type II/type I collagen fold ratio, the effects of PLL on chondrogenic differentiation were largely observed at day 7. Specifically, the incorporation of 225 kDa PLL resulted in increased type II collagen gene expression at both loading dosages when compared to the control (Figure 9.4a). This effect was not observed for 50 kDa PLL. Interestingly, the incorporation of 50 kDa PLL at 250 ng per construct led to a decrease in type II collagen expression at day 7 when compared to the control group. By day 28, all groups exhibited similar type II collagen expression levels, which were expected from MSCs encapsulated in synthetic hydrogel systems. In considering the fold ratio of type II to type I collagen, only 225 kDa PLL incorporated at 500 ng per construct elicited increases in chondrogenic differentiation that was sustained over 28 days when compared to all other groups (Figure 9.4b). Notably, 50 kDa PLL at both loading concentrations (250 and 500 ng per construct) resulted in initial decreases in type II/type I collagen fold ratio at day 7 when compared to the control. This is likely the result of both decreased type II collagen expression and increased type I collagen expression. By day 28, however, type II/type I collagen fold ratios were similar for all groups with the exception of the group incorporating 225 kDa PLL at 500 ng per construct. 


In addition to size dependent effects of PLL on the type II collagen gene expression and type II/type I collagen fold ratio, dosage dependent effects were observed particularly in formulations containing PLL of higher MW (225 kDa). Specifically, the incorporation of PLL at 500 ng per construct resulted in the highest aggrecan expression as compared to the 250 ng per construct and the control groups (Figure 9.4c). Lastly, the mineralization of these cell-laden hydrogels as influenced by the incorporation of PLL was also investigated. The amounts of calcium were normalized to day 0 values within each group in order to reflect the mineralization capacity of hydrogels from each of the formulations tested, and hence, do not necessarily depict total calcium amounts. The incorporation of PLL, regardless of size or loading amount, inhibited increases in mineralization over time (Figure 9.4b). Indeed, only hydrogels from the control group showed increased normalized calcium when compared to all other PLL-laden hydrogels at both days 7 and 28.


Effects of PLL Presentation in Combination With OPF MW on the Chondrogenic Differentiation and Condensation Signaling of Encapsulated MSCs

From the study above, we determined that the incorporation of 225 kDa PLL within cell-laden OPF hydrogels at a loading concentration of 500 ng per construct produced the greatest effect on chondrogenic differentiation without enhancing mineralizing potential. Based on our previous observation that hydrogels fabricated from OPF of higher MW can enhance the chondrogenic gene expression of encapsulated cells 
 ADDIN EN.CITE 
[5]
, we sought to evaluate the effect of PLL incorporation (using the optimized parameters above) in combination with varying OPF MW (10 or 35K) on the cellularity, synthetic activity, and chondrogenic differentiation of encapsulated MSCs (Table 9.5). These hydrogels were cultured in serum-free and defined chondrogenic medium without β-glycerophosphate nor external growth factors over 28 days in vitro in order to isolate the effects of PLL presentation on MSC chondrogenic differentiation in synthetic hydrogels.

As shown in Figure 9.5a, using DNA content as an indicator of cellularity, a decrease in DNA content after day 0 was initially observed for all groups, which is typically expected from the encapsulation of cells in synthetic hydrogel systems 
 ADDIN EN.CITE 
[4, 162]
. DNA levels were then stabilized within each group for most formulations following day 7 with the exception of 35K PLL-laden hydrogels, which experienced a slight increase in cellularity following day 14. By day 28, 10K PLL-laden hydrogels maintained the lowest DNA content when compared to all other groups.


In evaluating GAG synthetic activity, we found that the incorporation of PLL led to increased GAG deposition in cell-laden 10K OPF but not 35K OPF hydrogel composites at day 14. Indeed, 10K OPF hydrogels loaded with PLL were the only experimental group that displayed increases in GAG synthetic activity from encapsulation until day 14, after which their normalized GAG values decreased (Figure 9.5b). For the analysis of the collagen synthetic activity, HYP/DNA values were normalized to the day 0 values within each group in order to elucidate increases in collagen synthetic activity over time as well as factor out the collagen content associated with the encapsulated GMPs. Similarly for collagen synthetic activity, differences between groups were again only observed at day 14, where both the 10K and 35K OPF groups containing PLL displayed increased collagen deposition when compared to their respective non-PLL loaded counterparts (Figure 9.5c). Furthermore, PLL-laden hydrogels fabricated with 10K OPF macromers exhibited enhanced activity when compared to those fabricated with 35K OPF macromers. Such an effect was not observed between the two non-PLL containing groups. Histological sections for GAG and collagen showed slight increases in staining for the 10K or both the 10K and 35K PLL-laden groups, respectively (Figure 9.6).

In addition to the biochemical analyses, the type II collagen and aggrecan gene expression, and the type II/type I collagen expression ratio were evaluated as indicators of chondrogenic differentiation. Within defined culture conditions, changes in OPF MW (as opposed to PLL loading) appeared to dominate trends in type II collagen gene expression. PLL-laden 35K OPF hydrogels displayed enhanced type II collagen expression when compared to their corresponding 10K OPF counterparts at both early and late time points (Figure 9.7a). Some transient changes in type II collagen expression were observed at day 14 as a result of both increasing OPF MW and PLL incorporation. For aggrecan, while the inclusion of PLL into 10K OPF hydrogels enhanced expression levels at day 7, this was not observed for the 35K hydrogels (Figure 9.7b). Notably, aggrecan expression levels were similarly increased for both 35K OPF groups when compared to the 10K OPF controls. Similar to the trends observed for type II collagen, the aggrecan gene expression fluctuated after day 7 with the 10K OPF control group expressing the highest levels of aggrecan at day 14. By day 28, all groups exhibited comparable aggrecan gene expression, highlighting an early effect of PLL on chondrogenic gene expression. Lastly, the type II/type I collagen fold ratio was also evaluated as an indicator of hyaline-like or fibrocartilage-like differentiation. While there appeared to be no additive or synergistic effects between the factors of PLL incorporation or OPF MW on MSC chondrogenic differentiation within culture conditions free of external stimuli including growth factors and β-glycerophosphate, the inclusion of PLL stimulated increases in type II/type I fold ratios at day 7 for 35K OPF hydrogels and at day 28 for 10K OPF hydrogels (Figure 9.7c).

In addition to the standard chondrogenic markers described above, we also analyzed the gene expression levels of Sox9, VSN, type X collagen, and CDH2. Although there were no differences in gene expression levels observed between groups for both Sox9 and VSN at early or late time points, the addition of PLL into OPF hydrogels appeared to affect some changes at day 14 (Figures 9.8a and 9.8b). Interestingly, the inclusion of PLL within 10K OPF hydrogels actually resulted in a decrease in both Sox9 and VSN gene expression at intermediate times. However, differences in Sox9 and VSN expression were no longer present by day 28. For type X collagen gene expression, the expression levels for all groups were generally below the detection threshold from day 7 forward. To evaluate any possible effects of PLL on the condensation signaling of encapsulated MSCs, CDH2 gene expression was also assessed. Similar to type II collagen expression, changes in CDH2 expression were primarily influenced by the factor of OPF MW. MSCs encapsulated in 35K OPF hydrogel composites without PLL displayed lower CDH2 expression after day 7 when compared to both 10K OPF formulations (Figure 9.8c). While initially lower when compared to the 10K OPF groups at day 7, the CDH2 expression levels of PLL-laden 35K OPF hydrogels increased over time and exhibited similar values by day 28. Importantly, the incorporation of PLL effected an increase in CDH2, and hence N-cadherin, expression, which was observed between the 35K OPF groups at day 28 (Figure 9.8c).

Discussion

To address the limited regenerative potential of current cartilage engineering strategies, it is theorized that the induction of developmental processes can instruct host or transplanted cells to adopt native morphogenetic programs for robust tissue regeneration 
 ADDIN EN.CITE 
[414, 415]
. During condensation, increased cell-cell interactions mediated by cell-cell adhesion molecules (such as N-cadherin) 
 ADDIN EN.CITE 
[416, 417]
 permit the exchange of chondrogenic signals between cells 
 ADDIN EN.CITE 
[403, 418-420]
. Indeed, it has been previously shown that the functionalization of hydrogels with N-cadherin mimetic peptides was sufficient to stimulate the chondrogenic differentiation of encapsulated MSCs 
 ADDIN EN.CITE 
[421]
. However, constitutive presentation of N-cadherin to differentiating stem cells may not necessarily prove to be the most effective strategy given the temporal patterns of N-cadherin expression in vivo 
 ADDIN EN.CITE 
[421]
. In fact, functional N-cadherin expression decreases dramatically within condensed limb mesenchymal cells as they undergo chondrogenesis 404[]
. In a different approach, the use of PLL to stimulate condensation has been investigated. Based on early studies demonstrating that the treatment of chick mesenchymal micromasses with soluble PLL elicited a size- and dose- dependent response on cartilage nodule formation 406[]
, subsequent studies have shown that PLL promotes chondrogenesis via the upregulation of functional N-cadherin expression 
 ADDIN EN.CITE 
[407]
. However, whether PLL can exert chondro-stimulatory effects in a three-dimensional context still remains to be investigated. By successfully leveraging these properties of PLL, especially given its ubiquity in biomedical technologies, one can potentially provide a clinically relevant way of implementing an effective developmental approach for cartilage tissue regeneration. 


In the present study, we hypothesized that the incorporation of PLL polypeptides into synthetic OPF hydrogel systems, in addition to influencing hydrogel swelling and degradation properties, will stimulate the chondrogenic differentiation of encapsulated MSCs. We found that PLL remained largely retained within OPF hydrogels when incorporated during hydrogel fabrication despite differences in the initial loading concentration. Due to its cationic nature, the incorporation of PLL into PEG-based OPF hydrogels effected dynamic changes in hydrogel swelling behavior and degradation when compared to controls. Importantly, we demonstrated that the presentation of PLL to encapsulated MSCs stimulated their chondrogenic differentiation in a size- and dose- dependent manner in a 3D environment. Under certain conditions, PLL also up-regulated expression of the condensation signal N-cadherin in hydrogel-encapsulated MSCs.


The retention of PLL is likely due to the formation of a tight interpenetrating network held together via electrostatic interactions between the cationic polypeptide and electronegative groups with partial negative charges (i.e. carbonyl groups) on the OPF polymer backbone. We tested this hypothesis by comparing the release of PLL from OPF hydrogels as effected by the PLL loading method. PLL loaded into hydrogels during OPF crosslinking was not released in PBS but was released in basic incubation conditions under accelerated hydrogel degradation conditions. However, similar amounts of released PLL in the incubation medium were detected in both neutral and basic conditions for OPF hydrogels loaded with PLL after crosslinking, indicating that the size of PLL likely prevented its diffusion into the crosslinked OPF network. In addition to strong electrostatic interactions, it is also possible that the amines present on PLL may have chemically reacted with unsaturated carbon-carbon double bonds 
 ADDIN EN.CITE 
[422, 423]
 in the fumarate blocks or unconverted PEG hydroxyls 
 ADDIN EN.CITE 
[424]
 of the OPF macromers during crosslinking. 


Incorporation and retention of cationic PLL within hydrogels resulted in ionization of the resultant constructs, which affected their swelling behavior and degradation. Characterization of hydrogel swelling at early time points generally showed that PLL-laden constructs initially exhibited greater swelling ratios when compared to blank controls. Typically, swelling of a neutral biopolymer hydrogel network is largely governed by the thermodynamic compatibility of the solute (i.e. the polymer chains) with the aqueous solvent and the rubber elasticity of the polymer chains as described by the Flory-Rehner theory 425[]
. When the polymer chains are ionized, however, the presence of polymer-polymer charge interactions can also significantly influence hydrogel swelling behavior, where like charges support swelling while opposite charges hinder swelling 
 ADDIN EN.CITE 
[426-428]
. The incorporation of cationic PLL polypeptides into OPF hydrogels initially introduced a surplus of positively charged moieties that led to a repulsion of similarly charged polymer chains in the interpenetrating network. This resulted in the initial increased swelling of PLL-laden hydrogels when compared to their PLL-free counterparts. Over time, hydrolytic degradation of the OPF polymer chains yielded negatively charged moieties in the form of carboxylic acids and oligomerized fumaric acids 
 ADDIN EN.CITE 
[3, 429]
 that possess an electrostatic affinity for cationic groups. Subsequent affinity between the interpenetrating PLL and OPF chains opposes hydrogel swelling, which was observed at later time points in the swelling study where PLL-laden groups generally swelled less in comparison to controls. Interestingly, a formal main effects analysis of the factorial swelling study revealed that the factor of PLL MW as opposed to the initial PLL loading dosage played a more significant role in influencing changes in the swelling of PLL-laden OPF hydrogels. This is likely attributed to the greater expansion of the interpenetrating network permitted by the dynamic electrostatic interactions between the OPF macromers and longer PLL chains. In investigating the effect of PLL incorporation on hydrogel degradation, it was anticipated that the electrostatic interactions between the sol fraction and incorporated PLL would lead to a reduction in initial mass loss. While the differentiating trends in mass loss amongst the varying hydrogel formulations were generally minor, blank OPF hydrogels of both 10K and 35K OPF MW both did display greater mass loss than some PLL-laden groups at early time points up until day 7. Such changes in hydrogel swelling behavior and degradation suggest that PLL can be leveraged for the generation of hydrogel constructs with desirable dynamic swelling properties for cartilage engineering applications.


To evaluate the potential of PLL for use in cartilage tissue engineering, we evaluated the chondrogenic differentiation of encapsulated MSCs as effected by PLL size and loading dosage. From our results, we showed that PLL primarily stimulated the expression of chondrogenic gene markers at early time points, where dose-dependent effects were mainly discerned for aggrecan expression and size-dependent effects were mainly detected for type II collagen expression. The induction of hyaline-like MSC chondrogenic differentiation as a result of PLL presentation was most evident in the type II/type I collagen expression ratio. PLL of 225 kDa average MW, when loaded at a concentration of 500 ng per construct, induced the greatest chondrogenic differentiation, as indicated by gene expression, of MSCs encapsulated within OPF hydrogels. Previously, it was only shown that PLL promoted increases in chondrogenic gene expression of MSCs in monolayer 
 ADDIN EN.CITE 
[408]
. Here, we show that PLL can also induce the chondrogenic differentiation of MSCs encapsulated within hydrogels. Interestingly, all PLL-laden groups exhibited decreased calcium accumulation over time when compared to the negative control. This could possibly be attributed to the cationic forces of the incorporated PLL inhibiting the nucleation of positively charged calcium within these cell-laden constructs via electrostatic repulsion. 


In seeking to translate and further investigate the chondro-stimulatory properties of PLL within the context of a well-established hydrogel system, we hypothesized (in our second cell encapsulation study) that the effects of PLL would work synergistically with increases in OPF MW toward enhancing the chondrogenic synthetic activity and gene expression of encapsulated MSCs. However, we did not observe any combinatory effects of PLL and OPF MW on chondrogenic differentiation under the conditions investigated. For the biochemical characterization, overall construct cellularity decreased after encapsulation and stabilized for the duration of culture as expected 
 ADDIN EN.CITE 
[4, 6, 162, 367]
. PLL incorporation significantly heightened both the GAG and collagen synthetic activity of encapsulated cells, especially at intermediate time points. However, the buildup of detectable extracellular matrix diminished following day 14, likely as a result of overall construct degradation. While several mechanisms have been proposed to describe the stimulatory effects of PLL on chondrogenesis 403[]
, the one receiving the most attention involves the alteration of cellular GAG biosynthesis and distribution as a result of PLL treatment 430[]
. In previous experiments, Tuan and colleagues were able to demonstrate by using competitive binding assays that the endogenous PLL binding substrates are likely cell membrane-associated and soluble sulfated GAGs 430[]
. PLL was further shown to significantly inhibit the release of sulfated GAGs into the culture medium via micromass cultures and enhance their sulfate incorporation during GAG biosynthesis. Although the exact mechanism still remains to be determined, it was established that PLL promoted the pericellular retention of proteoglycans as well as other anionic extracellular matrix components, allowing for cumulative extracellular matrix assembly and subsequent cartilage nodule formation 430[]
. Given that a composite hydrogel system comprising a synthetic backbone was employed for our studies to isolate the effects of PLL, we did not expect to observe significant extracellular matrix deposition over time since other stimulatory factors (such as adhesion and enzymatically degradable peptides or growth factors) were not incorporated. This outcome was indicated in the histology, which also suggests PLL’s early effects on chondrogenic differentiation.


In elucidating the effect of OPF MW and PLL incorporation on chondrogenic gene expression, we found that alterations in OPF MW dominated trends in type II collagen where increasing OPF MW generally enhanced gene expression, which corroborates previous results from our laboratory 
 ADDIN EN.CITE 
[5]
. While both PLL-laden and PLL-free 35K OPF composites also exhibited heightened aggrecan expression when compared to 10K OPF controls early on, we found that the incorporation of PLL to the latter also enhanced their early aggrecan expression. Further, an analysis of the type II/type I collagen expression ratio confirmed that incorporation of PLL into OPF hydrogel composites indeed enhanced the hyaline-like chondrogenic differentiation of encapsulated MSCs. Although no direct assessments were made in the present study, comparison of the gene expression data from the two cell encapsulation experiments suggests that β-glycerophosphate played a role in facilitating the stimulatory effects of PLL on chondrogenesis. Indeed, larger fold changes in MSC chondrogenic gene expression as effected by PLL, especially for the type II/type I collagen expression ratio, were detected in the first cell encapsulation study when compared to the second cell encapsulation study, where the former included β-glycerophosphate as a media supplement. Since β-glycerophosphate is known to stimulate the osteogenic differentiation of MSCs via increasing alkaline phosphatase activity and altering local phosphate ion concentrations 
 ADDIN EN.CITE 
[431, 432]
, there may exist some interplay between β-glycerophosphate and PLL that influences both bone and cartilage development, since both processes are preceded by condensation in embryo 401[]
. This particular phenomenon, although not researched in the current study, warrants further investigation.   





In order to gain a more in depth understanding of the phenotypic changes in encapsulated MSCs as induced by PLL, versican, sox9, type X collagen, and N-cadherin gene expressions were also analyzed in addition to the standard chondrogenic markers (i.e. type II collagen, type I collagen, and aggrecan). As a proteoglycan that shares common features with aggrecan, versican is thought to play a prevalent role in the regulation of extracellular matrix assembly during pre-cartilaginous condensation 
 ADDIN EN.CITE 
[433, 434]
. Additionally, sox9 is understood to be essential for cartilage formation 435[]
 and is often considered an early chondrogenic marker. Cells encapsulated within these hydrogels did not undergo hypertrophy as indicated by the inability to detect (below detection threshold) any type X collagen gene expression. Furthermore, the absence of any discernable trends in versican and sox9 gene expression as a result of PLL incorporation highly suggests that PLL likely stimulated chondrogenesis via an indirect mechanism through N-cadherin. Notably, we detected an increase in N-cadherin expression for 35K OPF hydrogel composites at day 28 as a result of PLL incorporation when compared to the PLL-free 35K control. This observed effect of PLL on N-cadherin expression corroborates previously reported data; Woodward and Tuan found that PLL stimulates the chondrogenic differentiation of mesenchymal micromass cultures by upregulating functional N-cadherin expression as well as the inhibition of β-catenin phosphorylation, both of which are essential for promoting pre-cartilaginous condensation 
 ADDIN EN.CITE 
[407]
. However, differences in temporal N-cadherin expression patterns when compared to 2D cultures indicate that the incorporation parameters of PLL in 3D hydrogels, such as size and dosage, may require further optimization in order to accurately recapitulate proper conditions for condensation. While PLL does not exist naturally in vivo 403[]
, its ability to interact with cells intracellularly as well as though their extracellular matrix 
 ADDIN EN.CITE 
[407]
 suggest the existence of biological counterparts to PLL. PLL has indeed been thought to mimic the chondrogenesis-promoting actions of procollagen and fibronectin, both of which contain cationic regions similar to PLL 
 ADDIN EN.CITE 
[403, 430, 436-438]
. Whether or not PLL adopts similar mechanisms in promoting chondrogenic differentiation in 3D hydrogel systems requires further study. Interestingly, decreasing OPF MW also appeared to increase N-cadherin expression in MSCs encapsulated in OPF hydrogel systems. This phenomenon could be attributed to increases in hydrogel osmotic pressure due to decreases in MW between crosslinked chains as described by the Flory-Rehner theory 
 ADDIN EN.CITE 
[387, 425, 439-441]
, which would likely simulate the physical cues present as a result of dense cell-cell interactions during pre-cartilaginous condensation 
 ADDIN EN.CITE 
[442, 443]
.

Conclusion

In summary, we developed a 3D hydrogel platform incorporating PLL as an inductive factor for stimulating the chondrogenesis of encapsulated MSCs. Upon loading into synthetic hydrogels, PLL remains largely retained where it is capable of exerting size- and dose- dependent changes on the swelling behavior and degradation of the resultant composite constructs. We demonstrate that the incorporation of PLL into synthetic OPF hydrogels dynamically influences their swelling behavior, which may be leveraged for the development of constructs with desirable dynamic swelling properties for cartilage tissue engineering applications. Within these hydrogel composites, PLL also stimulated early chondrogenesis of MSCs, in which higher MW and loading amounts resulted in greater chondrogenic gene expression. Additionally, the incorporation of PLL also promoted an increase in N-cadherin expression under certain conditions. Together, our results demonstrate that PLL can function as an inductive factor that primes the cellular microenvironment for early chondrogenic differentiation but may require additional stimulatory factors for the generation of fully functional chondrocytes. By leveraging these chondro-stimulatory properties of PLL, notably given its ubiquity in biomedical technologies, we provide herein a clinically relevant and developmental-inspired strategy for cartilage tissue regeneration.



Figure 9.1: An indirect measure of PLL retention through the detection of released PLL is shown in (A) PBS (pH 7.4) or in (B) basic buffer (pH 13) after 24 h between OPF controls, OPF hydrogels loaded with PLL during fabrication (pre), and OPF hydrogels loaded with PLL after fabrication (post). Within each incubation condition, groups not connected by the same letters are significantly different (p < 0.05). Within each group, * indicates a difference between incubation conditions. Released PLL is shown in (C) PBS and in (D) basic buffer over 21 days between OPF-PLL and blank controls. At each time point for (C) and (D), the * indicates a significant difference between groups (p<0.05). Error bars represent the standard deviation (n=3).







D
ay




 7
 




D
ay




 2
8 




D
ay




 7
 




D
ay




 2
8 




OPF 500 ng/hydrogel 5 µg/hydrogel 20 µg/hydrogel 




C




D














D


a


y


 


7


 


D


a


y


 


2


8


 


D


a


y


 


7


 


D


a


y


 


2


8


 


OPF 500 ng/hydrogel 5 µg/hydrogel 20 µg/hydrogel 


C


D




Figure 9.2: Cumulative PLL-FITC release from (A) 10K OPF hydrogels and (B) 35K OPF hydrogels loaded with PLL at 500 ng/hydrogel, 5 µg/hydrogel, or 20 µg/hydrogel over 28 days is shown. The dashed line indicates the initial amount of PLL loaded into the constructs for each respective concentration. Visualization of uniformly distributed PLL-FITC loaded into hydrogel constructs at each concentration, which is shown at days 7 and 28 after incorporation for (C) 10K hydrogels and (D) 35K hydrogels. Scale bar = 200 µm.



Figure 9.3: Swelling ratio profiles are shown for (A) 10K OPF or (B) 35K OPF hydrogel formulations over 28 days. The mass loss profiles are shown for (C) 10K OPF or (D) 35K OPF hydrogel formulations over 28 days. The * indicates a difference between the 10K OPF or 35K OPF blank control group and at least one of the corresponding PLL-laden groups at that time point. Error bars represent the standard deviation (n=4).




Figure 9.4: Quantitative gene expression is shown for (A) type II collagen, (B) aggrecan, and the (C) type II/type I collagen expression ratio at days 7 and 28 for the first cell encapsulation study. The type II/type I collagen expression ratio is shown using a logarithmic scale for the y-axis. (D) The normalized calcium content at various time points. At each individual time point, groups not connected by the same letter are significantly different (p<0.05). Comparing time points within each individual group, time points connected by a bar are significantly different (p<0.05). The * indicates a significant difference when compared to the day 0 value of that corresponding group (p<0.05). Error bars represent the standard deviation (n=4).





Figure 9.5: (A) DNA content, (B) GAG synthetic activity, and (C) HYP synthetic activity of cell-laden composite hydrogels are shown at various time points. At each individual time point, groups not connected by the same letter are significantly different (p<0.05). Within each group at each individual time point, time points not connected by the same symbol are significantly different (p<0.05). Error bars represent the standard deviation (n=4).



Figure 9.6: Histological evaluation of GAG production using (A) Alcian Blue, where increasing shades of blue indicate greater sulfated GAG deposition, and collagen production using (B) Picrosirius Red, where increasing shades of red/orange indicate greater collagen deposition, are shown at day 14. GMPs and encapsulated MSCs are indicated with black arrows and orange arrowheads, respectively. Scale bar represents 200 µm for all images.



Figure 9.7: Quantitative gene expression is shown for (A) type II collagen, (B) aggrecan, and the (C) type II/type I collagen expression ratio at various time points for the second cell encapsulation study. At each individual time point, groups not connected by the same letter are significantly different (p<0.05). Comparing time points within each individual group, time points connected by a bar are significantly different (p<0.05). Error bars represent the standard deviation (n=4).






Figure 9.8: Quantitative gene expression is shown for (A) Versican, (B) Sox9, and (C) CDH2 at various time points for the second cell encapsulation study. At each individual time point, groups not connected by the same letter are significantly different (p<0.05). Comparing time points within each individual group, time points connected by a bar are significantly different (p<0.05). Error bars represent the standard deviation (n=4).



Supplemental Figure 9.S1: Viability staining of cells using LIVE/DEAD is shown for (A) non-PLL-laden controls and (B) PLL-laden hydrogels (500 ng/hydrogel) at 24 hr and for (C) PLLladen hydrogels (500 ng/hydrogel) at 7 days after cell encapsulation. Green: live cells, red: dead cells; scale bar = 200 μm.

Table 9.1. Experimental Design for the Determination of PLL Retention

i.) Samples were incubated at both pH conditions in parallel and supernatants were collected at 2 and 24 h after fabrication and analyzed. ii.) Supernatants were collected at 2 h, 1, 7, 14, and 21 days for analysis. Samples were then transferred to pH 13 incubation conditions to be incubated for 24 h before collection and analysis.


		i.

		Group (n=3)

		Incubation 


Condition

		PLL Loading 


Method

		PLL Dosage 


(µg/hydrogel)



		

		OPF

		pH 7.4, 13

		--

		--



		

		OPF-Pre

		pH 7.4, 13

		During Fabrication

		20



		

		OPF-Post

		pH 7.4, 13

		After Fabrication

		20



		ii.

		Group (n=3)

		Incubation 


Condition

		PLL Loading 


Method

		PLL Dosage 


(µg/hydrogel)



		

		OPF

		pH 7.4

		--

		--



		

		OPF-Pre

		pH 7.4

		During Fabrication

		20





Table 9.2. Experimental Design for the Determination of PLL-FITC Release

		Group (n=3)

		OPF MW 


(g/mol)

		PLL MW 


(kDa)

		PLL Dosage 


(per hydrogel)



		OPF

		10K, 35K

		50

		--



		OPF-500ng

		10K, 35K

		50

		500 ng



		OPF-5µg

		10K, 35K

		50

		5 µg



		OPF-20µg

		10K, 35K

		50

		20 µg





Table 9.3. Full Factorial Study to Characterize Swelling Behavior and Degradation of PLL-laden Hydrogels

		Levels (n=4)

		(A) PLL MW 


(kDa)

		(B) PLL Dosage 


(per hydrogel)

		(C) OPF MW 


(g/mol)



		Hi

		225

		20 µg

		35K



		Lo

		50

		500 ng

		10K





PLL-free 10K and 35K OPF hydrogels were utilized as negative controls.


Table 9.4. Cell Encapsulation Study to Characterize the Effects of PLL MW and Dosage on Chondrogenic Differentiation


		Group (n=4)

		PLL MW (kDa)

		PLL Dosage 


(ng per hydrogel)



		OPF

		--

		--



		PLL50-250

		50

		250



		PLL225-250

		225

		250



		PLL50-500

		50

		500



		PLL225-500

		225

		500





Table 9.5. Cell Encapsulation Study to Characterize the Effects of OPF MW and PLL Presentation on Chondrogenic Differentiation and Condensation


		Group (n=4)

		PLL MW and Dosage

		OPF MW (g/mol)



		10K OPF

		--

		10K



		35K OPF

		--

		35K



		10K 500ng

		225 kDa; 500 ng/hydrogel

		10K



		35K 500ng

		225 kDa; 500 ng/hydrogel

		35K





Table 9.6. Primer Sequences Used for Quantitative RT-PCR


		Gene

		Primer Sequence



		Type II Collagen

		5'-CTGCAGCACGGTATAGGTGA-3'


5'-AACACTGCCAACGTCC AGAT-3'



		Type I Collagen

		5'-AGCAGACGCATGAAGGCAAG-3'


5'-CCCAGAATGGAGCAGTGGTTA-3'



		Aggrecan

		5'-CGTAAAAGACCTCACCCTCCA-3'


5'-GCTACGGAGACAAGGATGAGT-3'



		Versican (VSN)

		5'-GCTACACCCTTCCCATCAGT-3'


5'-GAATTTGCTCTGAGGAAGCC-3'



		Sox9

		5'-GAGCGAAGAGGACAAGTTCC-3'


5'-GTCCAGTCGTAGCCCTTGAG-3'



		Type X Collagen

		5'-ATGGAGTGTTCTACGCTGAG-3'


5'-CCTCTCACTGGTATACCTTTACT-3'



		N-Cadherin (CDH2)

		5'-CTGCTATTGATGCGGATGAC-3' 


5'-TGAACATGTTGGGAGAAGGA-3'



		GAPDH

		5'-TCACCATC TTCCAGGAGCGA-3'


5' -CACAATGCCGAAGTGGTCGT-3'





Table 9.7. Main and Cross Effects on the Swelling Behavior and Degradation of PLL-laden Hydrogels

		Swelling Ratio



		Time

		A

		B

		C

		A x B

		B x C

		A x C

		A x B x C



		Day 1

		0.917±0.366

		0.324±0.366

		1.010±0.366

		-0.164±0.366

		-0.048±0.366

		0.415±0.366

		-0.172±0.366



		Day 7

		-0.183±0.284

		-0.051±0.284

		0.550±0.284

		-0.633±0.284

		0.518±0.284

		-0.386±0.284

		0.051±0.284



		Day 14

		-0.352±0.474

		0.009±0.474

		3.139±0.474

		0.034±0.474

		-0.351±0.474

		-0.167±0.474

		-0.698±0.474



		Day 28

		0.653±0.565

		-0.430±0.565

		2.003±0.565

		-0.583±0.565

		0.104±0.565

		0.889±0.565

		-1.514±0.565





		

		

		

		

		

		

		

		



		Mass Loss



		Time

		A

		B

		C

		A x B

		B x C

		A x C

		A x B x C



		Day 1

		0.010±0.011

		0.019±0.011

		-0.012±0.011

		-0.015±0.011

		-0.015±0.011

		0.009±0.011

		-0.002±0.011



		Day 7

		0.003±0.005

		0.005±0.005

		0.000±0.005

		-0.012±0.005

		-0.003±0.005

		0.012±0.005

		0.033±0.005



		Day 14

		-0.011±0.010

		0.019±0.010

		0.052±0.010

		0.008±0.010

		-0.003±0.010

		0.010±0.010

		0.007±0.010



		Day 28

		0.005±0.009

		0.013±0.009

		0.016±0.009

		0.005±0.009

		0.004±0.009

		0.002±0.009

		0.017±0.009





 (A), (B), and (C) refer to the factors of PLL MW, PLL Dosage, and OPF MW as outlined in Table 9.3, respectively. Bold indicates significant main or cross effects (p<0.05).

Supplemental Table 9.S1: Mean Swelling Ratios of Composite Formulations

a.)


		Formulation

		PLL MW (kDa)

		PLL Dosage (per hydrogel)

		OPF MW (g/mol)

		Mean Swelling Ratio



		

		

		

		

		Day 1

		Day 7

		Day 14

		Day 28



		10K Control

		--

		--

		10K

		15.2±0.7b

		17.3±0.6b

		14.4±1.4

		20.3±0.6a,b



		10K 50Hi

		50

		20 µg

		10K

		17.4±0.7a

		17.8±0.4a,b

		13.4±2.4

		17.8±1.5c



		10K 50Lo

		50

		500 ng

		10K

		16.7±1.3a,b

		17.6±0.8a,b

		14.2±1.4

		20.7±0.4a



		10K 225Hi

		225

		20µg

		10K

		18.5±0.7a

		16.9±0.6b

		14.5±0.2

		19.2±0.8a,b,c



		10K 225Lo

		225

		500 ng

		10K

		17.7±0.9a

		19.4±1.7a

		12.4±1.8

		18.4±1.2b,c





Mean values for the swelling ratio were calculated by averaging the measured values for each formulation at each time point over 28 days. For each time point, values not connected by the same letters are significantly different (p<0.05).

b.)


		Formulation

		PLL MW (kDa)

		PLL Dosage (per hydrogel)

		OPF MW (g/mol)

		Mean Swelling Ratio



		

		

		

		

		Day 1

		Day 7

		Day 14

		Day 28



		35K Control

		--

		--

		35K

		16.3±0.6c

		20.3±0.0a

		20.3±0.2a

		29.3±1.7a



		35K 50Hi

		50

		20 µg

		35K

		18.9±1.3a,b

		20.6±0.6a

		20.7±1.0a

		23.2±0.6b,c



		35K 50Lo

		50

		500 ng

		35K

		17.7±1.7b,c

		18.5±0.4b

		20.1±0.6a,b

		19.7±3.0c



		35K 225Hi

		225

		20µg

		35K

		20.9±0.2a

		18.3±0.2b

		18.4±0.6b

		22.1±2.5c



		35K 225Lo

		225

		500 ng

		35K

		21.0±0.9a

		18.6±0.6b

		20.4±1.2a

		27.0±0.7a,b





Mean values for the swelling ratio were calculated by averaging the measured values for each formulation at each time point over 28 days. For each time point, values not connected by the same letters are significantly different (p<0.05).

Supplemental Table 9.S2: Mean Mass Loss (%) of Composite Formulations

a.)


		Formulation

		PLL MW (kDa)

		PLL Dosage (per hydrogel)

		OPF MW (g/mol)

		Mean Mass Loss (%)



		

		

		

		

		Day 1

		Day 7

		Day 14

		Day 28



		10K Control

		--

		--

		10K

		55.4±0.6a,b

		59.0±1.8a

		49.6±4.5

		60.1±0.4



		10K 50Hi

		50

		20 µg

		10K

		55.9±3.9a

		62.0±0.7a

		52.4±4.8

		62.3±7.9



		10K 50Lo

		50

		500 ng

		10K

		46.7±3.0c

		51.4±2.7b

		48.3±8.0

		63.4±0.8



		10K 225Hi

		225

		20µg

		10K

		53.7±3.1a,b

		51.2±2.3b

		52.6±7.8

		68.3±1.3



		10K 225Lo

		225

		500 ng

		10K

		49.4±2.4b,c

		58.5±4.3a

		47.7±2.6

		60.3±3.7





Mean values for the mass loss (%) were calculated by averaging the measured values for each formulation at each time point over 28 days. For each time point, values not connected by the same letters are significantly different (p<0.05).

b.)


		Formulation

		PLL MW (kDa)

		PLL Dosage (per hydrogel)

		OPF MW (g/mol)

		Mean Mass Loss (%)



		

		

		

		

		Day 1

		Day 7

		Day 14

		Day 28



		35K Control

		--

		--

		35K

		46.5±3.3

		59.2±1.4a

		65.1±1.5

		71.7±1.7



		35K 50Hi

		50

		20 µg

		35K

		49.3±13.9

		52.5±3.0b

		63.0±5.9

		68.5±1.9



		35K 50Lo

		50

		500 ng

		35K

		45.0±4.3

		56.1±4.8a,b

		62.7±0.7

		64.3±5.3



		35K 225Hi

		225

		20µg

		35K

		49.6±2.8

		59.7±1.3a

		61.7±4.9

		66.9±6.4



		35K 225Lo

		225

		500 ng

		35K

		52.1±6.4

		55.0±2.4a,b

		55.4±7.6

		67.4±7.0





Mean values for the mass loss (%) were calculated by averaging the measured values for each formulation at each time point over 28 days. For each time point, values not connected by the same letters are significantly different (p<0.05).

Chapter 10. Conclusions


While the regeneration of articular cartilage still remains a substantial clinical challenge, significant strides have since been achieved toward the understanding and development of tissue engineering strategies for long-term cartilage repair. In this thesis, we developed an injectable and biodegradable polymeric material as a culture vehicle for MSCs in order to engineer therapeutic osteochondral tissue constructs capable of improving osteochondral defect healing.


Focusing on the development of the injectable OPF-based biomaterial in Specific Aim 1, we investigated the main and cross effects of (1) PEG chain MW, (2) DBR, (3) crosslinker type, (4) GMP crosslinking extent, and (5) incubation medium composition on the swelling and degradation characteristics of OPF composite hydrogels. We showed that the mean swelling ratio and mean % mass remaining of these hydrogels were affected by every fabrication parameter, where modifying the PEG chain MW and the crosslinker type yielded the largest effects. We demonstrated that the swelling and degradation behavior of OPF composite hydrogels can be readily controlled through the collective modulation of key construction parameters, which highlights the versatility of these hydrogels (and other PEG-based hydrogels) for both drug and cell delivery applications for tissue engineering. 

Employing the OPF-based hydrogels characterized in Specific Aim 1, osteochondral constructs were generated by spatiotemporally controlling the encapsulation of chondrogenically and osteogenically pre-differentiated MSCs within the respective chondral and subchondral layers of a bilayered hydrogel composite in Specific Aim 2. We hypothesized that chondrogenically and osteogenically pre-differentiated MSCs would be able to maintain their respective phenotypes within OPF hydrogels without the need for additional soluble cues. When encapsulated into bilayered hydrogel composites, the respective phenotypes of both chondrogenically and osteogenically pre-differentiated cells were indeed maintained for 28 days in vitro without exogenous growth factor treatment. Additionally, the continued chondrogenic differentiation of cells in the chondral layer reflected different chondrogenic maturities and stimulated the proliferation of neighboring OS cells in the subchondral layer.  

Having outlined the exciting potential of such cell-laden hydrogel constructs for the in situ generation of osteochondral tissue constructs, we show in an orthotopic animal model that the therapeutic efficacy of MSCs on cartilage regeneration in osteochondral tissue defects can be enhanced by chondrogenic and osteogenic pre-differentiation prior to implantation. Such differences in morphological outcomes in vivo as influenced by changes to the chondrogenic pre-differentiation duration demonstrate that cell phenotype is a factor that could be optimized in order to achieve ideal tissue repair.


Although chondrogenic pre-differentiation represents a viable strategy for the generation of long-term cartilage repair solutions, the recapitulation of developmental processes, namely mesenchymal condensation, offers the potential to fully regenerate articular cartilage tissues.  In Specific Aim 3, we focus on the use of PLL, previously shown to up-regulate condensation of mesenchymal micromasses in vitro, as an early chondrogenic stimulant of MSCs. Specifically, we developed a 3D hydrogel platform incorporating PLL as an inductive factor for stimulating the chondrogenesis of encapsulated MSCs. We demonstrated that PLL incorporation into synthetic OPF hydrogels dynamically affected their swelling behavior, which may be leveraged for the generation of constructs with desirable dynamic swelling properties for cartilage tissue engineering applications. We also showed that PLL stimulated early chondrogeneis of MSCs in a PLL size- and dose-dependent manner within these OPF hydrogel composites, and that PLL promoted an increase in N-cadherin expression under certain conditions as well. By taking advantage of the chondro-stimulatory properties of PLL, given its ubiquity in biomedical technologies, we provided a clinically relevant and developmental-inspired strategy for cartilage tissue regeneration.

Despite its perceived simplicity, the regeneration of articular cartilage tissues still remains an elusive goal in tissue engineering. However, new innovative tissue engineering technologies are beginning to address many of the major shortcomings of current clinical approaches. In a relatively short time span, cell-based systems and release systems for the controlled delivery of biologics have evolved from simple intra-articular modalities into complex multifunctional carrier platforms. While these systems have generally combined the delivery of undifferentiated MSCs with potent chondrogenic growth factors in cartilage repair applications, new approaches are now finding therapeutic utility in the use of phenotypically primed but not terminally differentiated progenitor cells. As highlighted in the present thesis, MSCs pre-differentiated down the chondrogenic or osteogenic lineages inherit tremendous potential for targeted tissue repair due to their immature but committed phenotypic state. Indeed, it is also possible to utilize biochemical factors to stimulate biomimetic developmental processes in order to eventually induce complete articular cartilage tissue regeneration from MSCs. Through the successful combination of effective MSC pre-differentiation with the recapitulation of developmental processes in future research endeavors, it is envisioned that true and robust articular regeneration can be finally achieved. 
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