
 
 
 

RICE UNIVERSITY 
 
 
 

By 
 
 
 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE 

 
 
 

APPROVED, THESIS COMMITTEE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

HOUSTON, TEXAS 

Antonios G. Mikos

Doctor of Philosophy

K. Jane Grande-Allen

George N. Bennett

Mark E. Wong

Emma Watson

July 2020

George Bennett (Jul 25, 2020 18:33 CDT)
George Bennett

Chair
Department of Bioengineering
Rice University

Customizable Bone Constructs and Tunable Scaffolds for
Craniofacial Tissue Engineering

Department of Biosciences
Rice University

Department of Bioengineering
Rice University

Department of Oral and Maxillofacial
Surgery
University of Texas Health Science Center



 
 

 i 

ABSTRACT 

Customizable Bone Constructs and Tunable Scaffolds for Craniofacial 
Tissue Engineering 

by 

Emma Watson 

The repair of large craniofacial defects remains a challenge, and repair with the 

clinical gold standard of a fibular flap can lead to donor site morbidity. In cases of 

tumor removal, growth factors may be contraindicated, and in trauma an infection 

may prevent immediate definitive reconstruction. A two-stage approach to 

craniofacial tissue engineering involves the implantation of a space maintainer within 

the defect site to optimize the site for receiving a customized bone graft grown 

elsewhere within the body adjacent to periosteum.  The space maintainers can be 

loaded with antibiotics to clear infections and fabricated from novel polymers with 

varied mechanical properties to create a robust tissue pocket for transfer.  

In this dissertation, we sought to develop tissue engineering and biomaterials-based 

strategies for the reconstruction of large, complicated craniofacial defects. In the first 

specific aim, the two-stage strategy for mandibular repair is further challenged with 

two complex ovine models. We tested the ability of an antibiotic-loaded space 

maintainer to treat a mandibular infection, while simultaneously determining the 

effects of an untreated mandibular infection on the bone growth within the 

bioreactors. We showed that the antibiotic-loaded space maintainer was capable of 
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clearing or preventing a Staphylococcus aureus mandibular infection, and that an 

untreated mandibular infection led to increased bone growth of more mature bone 

within the bioreactor chambers. We also showed that autograft-filled bioreactors led 

to increased new bone formation with more robust mechanical properties than 

commercially available cancellous bone chips. In another sheep model, we increased 

our defect size to the entire height of the mandible, creating a defect that was more 

exposed to mechanical forces than previously tested. Using fixation considered 

standard for a human with a similar defect, several animals experienced dehiscence 

and hardware failure. Radiographic analysis of the bioreactor tissue from 

implantation to transfer to integration within the mandible showed remodeling over 

time, but the tissue did not reach the same radiographic values as the unoperated 

contralateral side. Taken together, these two studies demonstrated that a space 

maintainer and bioreactor two-stage strategy is promising if fixation of the mandible 

is adequate to prevent hardware failure, micromotion, and mucosal dehiscence. 

For the second aim, we worked to commercialize our porous space maintainer 

through submissions to and interactions with the Food and Drug Administration 

(FDA). Our device was to proceed along the 510(k) pathway for a significant risk 

device, requiring an early feasibility study (EFS) and investigational device 

exemption (IDE) approval. To acquire the appropriate approvals, we developed 

protocols and created specimens for a battery of biocompatibility testing, proving 

that our device was cytocompatible, non-mutagenic, non-sensitizing, non-irritating, 

and non-toxic. We further worked with clinical collaborators to draft a clinical 

protocol for approval from the FDA to begin our EFS. 
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 Finally, the third specific aim involved the investigation of a class of novel polymers, 

synthesized from potentially antimicrobial monomers. These polymers were created 

from differing lengths of diols reacted with diacids to create polymers with tunable 

mechanical properties. We performed a main effects analysis on molecular weight, 

thermal characteristics, and mechanical properties to determine how they were 

impacted by the feed ratios of the polymers. We further expanded the tested ratios of 

the diacids and demonstrated that the mechanical properties could be varied 

predictably. However, the cytotoxicity also varied across groups, with high succinic 

acid incorporation leading to high levels of cell death. Although this platform was 

tunable, the effects of mechanical properties of the substrate and release of cytotoxic 

compounds on cell fate would be difficult to dissect. 

The overall goal of this thesis was to expand on the two-stage strategy of utilizing a 

space maintainer and bioreactor to repair craniofacial defects and to develop and 

investigate the applicability of a novel polymer system as a tunable tissue engineering 

platform. We demonstrated that antibiotic-loaded space maintainers are efficacious 

at clearing mandibular infection and that the two-stage approach to bone tissue 

engineering is promising even in larger, load-bearing defects. We worked to 

commercialize this technology and to create a polymer system with tunable 

mechanical properties. The translation of tissue engineering strategies has great 

potential to assist in patient treatment.
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Preface 

If you’d have asked me a year ago what my dissertation and final six months 

of graduate school looked like, I’d never have imagined this.  

PANDEMIC. Over 100,000 Americans dead and 2 million infected. Borders and 

travel between countries shut down. Armed protests over opening hair salons. Lab 

completely shut down for 2 months. Mask-wearing and shift work when lab 

reopened. Remote collaborations via Zoom or Go-To-Meeting. No dog walks or beach 

days with the fellow lab dog moms. 

CIVIL RIGHTS VIOLATIONS. Large demonstrations. #BlackLivesMatter. 

#ShutDownSTEM. More police brutality caught on tape. Inflammatory comments by 

our country’s leadership. Attention drawn to the inequalities and opportunities on 

discussion for how to take steps towards fixing them. Protesting moms being pulled 

into unmarked vans by federal agents. 

Several Mikomers 
protesting in the 
medical center 
(06/09/2020). 
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This week (mid-June 2020) involved a 4-hour shift in lab on Monday where I 

taught a fellow lab mate how to use our mechanical testing system from 6 feet away 

in masks, a protest lead by Scientists and Health Professionals for Black Lives on 

Tuesday, a virtual lab meeting discussion and research strike for academic reform on 

Wednesday, and a couple of days of thesis writing from home. 

I hope by the time this is published that we’ve developed an affordable 

coronavirus vaccine that has been distributed globally to halt the spread, we’ve ended 

the immediate problem of police brutality against people of color, and we’re working 

to make academia and STEM more welcoming to Blacks and other minorities. This 

year has made me a better, more open, more understanding scientist, future 

physician, and human. 

“I get by with a little help from my friends”—The Beatles 
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Chapter 1 

Craniofacial Tissue Engineering* 

Abstract 

The complex architecture of craniofacial anatomy, different mechanical 

demands, and variable local environments makes the application of uniform tissue 

engineering strategies difficult within this region. However, over the past few decades 

regenerative technology for craniofacial reconstruction has seen substantial 

innovation. Much of this advancement can be attributed to new tissue engineering 

discoveries. In this chapter, we discuss the craniofacial region and common defects 

that occur as a result of pathology, trauma, and the side-effects of treatment. In 

addition, we describe current practices to aid the regeneration of native tissue. 

Finally, we highlight current bone tissue engineering strategies specific to the 

craniofacial region. 

  

                                                        
* This chapter was published as B.T. Smith$, E. Watson$, I.A. Hanna, J.C. Melville, A.G. Mikos, and M.E. 
Wong, “Craniofacial Regenerative Medicine,” in Principles of Regenerative Medicine, 3rd Ed., A. Atala, 
R. Lanza, A.G. Mikos, and R. Nerem, Eds., Elsevier Academic Press, San Diego, 2019, pp 887-905. 
$ denotes equal contribution 
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1.1. Introduction 

The craniofacial region is comprised of several tissue types and a number of niche 

environments. As such, the need to regenerate injured or diseased tissues requires strategies 

for engineering both hard and soft tissue taking into account their surroundings. Over the 

past two decades, tissue engineers have made great strides developing techniques that 

support and encourage new tissue growth. However, it is imperative that one appreciates 

the unique characteristics associated with the defect first. With this knowledge, healthcare 

providers can select specific approaches that optimize aspects of tissue-engineering 

technology. Recently, additive manufacturing techniques have become more popular in the 

clinical setting, and attention has turned to how patient specific models can be used to plan 

and execute surgical care while patient specific implants can be leveraged to further 

enhance tissue regeneration within the craniofacial region. This chapter will discuss the 

craniofacial environment, review current clinical reconstructive practices and highlight 

bone tissue engineering strategies with applications in craniofacial reconstruction. 

1.2. Understanding the Craniofacial Regenerative Environment 

There are several types of craniofacial defects associated with different 

environments and the characteristics of each must be considered if predictable 

regenerative medicine results are expected. While comprehensive descriptions of 

each environment are incomplete, some of the most important features have been 

identified through a detailed study of the normal development of tissue types and 

basing regenerative technologies on a reproduction of embryological and re-
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modeling biology. Using bone engineering as an example, defect characteristics such 

as [1]:  

1. The resident population of pluri- or multipotent stem cells available for 

differentiation  

2. Vascularity of the defect and ability of the newly formed tissue to undergo neo-

vascularization 

3. The activity of critical genes, growth factors, and signal transduction agents 

that mediate tissue formation and remodeling 

4. Physical features of the defect that promote tissue formation including 

available space and naturally occurring scaffolds 

5. Mechanical influences on the defect including types and magnitude of loads 

6. Interactions between epithelial and mesenchymal elements  

In addition to these features, the ability of different craniofacial defects to 

undergo successful reconstruction is also affected by the cause and the presence of 

infection. We will examine several common defects with different environmental 

characteristics to illustrate the need for customized regenerative strategies and why 

techniques for regeneration work for some defects but not for others. 

One of the smallest and most challenging defects to regenerate is the 

periodontal apparatus which surrounds an erupted tooth and is responsible for its 

support. The periodontium is composed of an epithelial gingival cuff supported by 

mesenchymal connective tissue covering the alveolar bone, which forms the tooth 

socket encasing the root(s). The connective tissue fibers that attach the cementum 
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lining of the tooth root to the socket walls is known as the periodontal ligament and 

within its fibers lies a network of vascular channels and neural elements with 

associated cells in various stages of differentiation. Loss of the periodontium typically 

follows chronic inflammation due to the accumulation of bacteria / virus-laden 

biofilms on the surface of a tooth and root Figure 1 [2].  

Figure 1. Periodontal pocket produced by loss of alveolar bone under the 
gingival cuff.  

The resulting infection results in osteolysis creating a pocket between the 

alveolar bone and overlying gingival soft tissue and also results in loss of the 

periodontal ligament attachments between the bone and root surface cementum. 

(Figure 1). This defect can have single or multiple bony walls. Defects with multiple 

bony walls constitute more protected environments and regenerative technologies 

are more successful in these circumstances. While complete restoration of the 

composite structures within periodontal defects remains elusive, certain treatment 

strategies are required to achieve any measure of regenerative success. An 
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appreciation of these factors provides general guidelines for the successful 

reconstruction of craniofacial defects and can be applied broadly.  

To begin with, physical removal of the biofilm covering all the surfaces of the 

defect is necessary. Systemic and local delivery of broad-spectrum antibiotics against 

periodontal pathogens is also beneficial [3,4]. The effect of infection and 

inflammation on bone formation is a complex topic that acknowledges, on one hand, 

the important role played by pro-inflammatory mediators to initiate the coordinated 

processes responsible for bone regeneration. Some of the important mediators of 

early inflammation include IL-1, IL-6, TNF-α and eicosanoids such as prostaglandin 

(e.g. PGE2). Evidence of the role played by these mediators is provided by knockout 

animal studies or the observed effects of anti-PGE2 medications such as Non-

Steroidal Anti-Inflammatory Drugs (NSAIDs) which both result in compromised bone 

formation. After these initial events, the activity of pro-inflammatory mediators abate 

and a rise in local levels of anti-inflammatory mediators, such as Resolvins, Protectins 

and Lipoxins (autacoids) are responsible for countering inflammation and coincides 

with the start of the reparative process. Both eicosanoids and autacoids are 

derivatives of Arachidonic Acid (AA) and the mechanism for a change in synthesis 

from inflammatory to anti-inflammatory mediators has been characterized as “class 

switching” and occurs through the activation of enzymes, such as 15-lipooxygenase. 

If inflammation in a defect site persists as a result of chronic infection, osseous 

regeneration is diminished. An excellent review of the topic of inflammation and bone 

regeneration is contained in an article by Thomas and Puleo [5].  
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Once regeneration begins, the kinetics of the different reparative tissues 

becomes important. More specialized components of the periodontium like the bony 

walls, ligament and bone-cementum attachments, take longer to form than 

epithelium or connective tissue.  Unless a physical void is preserved by preventing 

the ingrowth of epithelium and connective tissue (a technique known as 

osteopromotion by barrier techniques), periodontal regeneration is compromised. 

Scaffolds in combination with barrier membrane technology have been shown to be 

effective in restoring bone volume and the addition of exogenous growth factors or 

gene therapy for local production of growth factors are additional approaches that 

have been studied in pre-clinical studies [6].  

Larger defects of the craniofacial skeleton extending beyond the periodontal 

defect differ from each other in a number of physical and biological ways. Defects can 

be intra-bony and surrounded with multiple bony walls. (Figure 2a) In this case, the 

rigidity of the walls facilitates bone regeneration by protecting biological scaffolds 

such as blood clots, healing tissue and neo-vasculature. In addition, periosteum lining 

the bone surfaces and the underlying endosteal surfaces are an excellent source of 

cells capable of differentiation under the influence of the proper growth factors. 

When a bony defect is segmental (Figure 2b), only 2 bony walls remain leading to 

greater instability of the skeletal structure, reduced apposition of osteogenic cell 

beds, and the potential for adjacent soft tissue to prolapse into the defect reducing 

bone formation later on. Immobilization of the bone ends (with bone plates) is 

important to protect early reparative activities such as the secretion of extra-cellular 

matrix and neovascularization from mechanical disruption by external loads. Filling 
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such defects with rigid graft material (either autologous, allogeneic, or alloplastic) 

also enhances regeneration by providing a source of living cells or tissue with 

inductive or osteogenic capabilities. The graft can also serve as a scaffold and a barrier 

to the ingrowth of non-osteogenic tissue. Techniques for reconstructing segmental 

bone defects utilizing tissue engineering principles are described later in this chapter. 

Figure 2. A) A five-wall bone defect covered with periosteum (1) provides a 
protected space that contains a reparative scaffold and cells (2). B) Segmental 

defects typically have a reduced number of bony walls with soft tissue (e.g. 
muscle [1]) adjacent to the defect. C) Segmental defects with compromised 

vasculature typically have fewer vessels (1) in the soft tissue envelope, areas 
of fibrosis (2), and a reduced number of reparative cells (3). 

As described in the strategies for promoting periodontal regeneration, 

inflammation and infection play significant roles in the regenerative capabilities of 

craniofacial defects. Infection of a graft site is a major factor accounting for a 

complication rate of 48% in a current review of the literature on non-vascularized 

bone grafting [7]. Strategies for reducing infection through implantation of anti-

microbial agents will be described in a later section. 

While the paradoxical relationship between inflammation and bone formation 

raises theoretical questions on the significance of inflammatory states, the negative 

effect of prolonged inflammation on bone grafting and fracture repair is well 
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documented [8]. As such, it is essential to treat infected craniofacial defects by 

physical debridement and anti-microbial agents for healing or regeneration to occur. 

Newer strategies to deliver antibiotics locally using devices fabricated through tissue 

engineering will be described later in this chapter.  

Other important conditions that can reduce the regeneration of bone include 

those that compromise the vascularity of the tissue surrounding a bone defect. The 

role of the vasculature as a source of inducible cells (pericytes), conduit for 

inflammatory cells (platelets, macrophages and monocytes) and essential foundation 

for supporting metabolism in all living tissue is well known [9]. When the blood 

supply to a defect site is compromised by therapeutic measures such as radiation 

therapy, co-morbid conditions (e.g. diabetes), and even healing processes (e.g. 

scarring and fibrosis), the ability of a defect to undergo osteogenic healing is reduced. 

(Figure 2c). Efforts to reconstruct craniofacial defects afflicted by such conditions 

include adjuvant strategies to mitigate against the compromised vascularity such as 

the transfer of well-vascularized tissue beds or chemical modulators of angiogenesis. 

An example of the critical role of the vasculature is provided in this histological 

section. Figure 3 illustrates bone formation within a chamber filled with autogenous 

bone particles placed against a vascularized periosteal membrane. New bone 

formation associated with neovascularization from the periosteum is seen as 

osteogenesis progresses from the vascularized margin upwards. 
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Figure 3. Histological cross-section of tissue generated within a bioreactor 
(initially filled with morcellized autologous graft) after implantation against 
the sheep periosteum for 9 weeks. High mangification images taken adjacent 

ot the periosteum and distal to the periosteum can be found on the right 
(magnification, 10x). Courtesy Alexander Tatara, doctoral thesis. 

1.3. Current Maxillofacial Reconstruction 

Maxillofacial reconstruction evolved from the use of non-vascularized grafting 

to the addition of vascularized free flaps in the late 1980’s [10]. Non-vascular 

autogenous bone grafts were considered the gold standard for the repair of bone 

defects. However, successful osteogenesis from non-vascularized grafts depended on 

adequate soft tissue coverage to isolate the graft site from infection, serve as a source 

of osteoprogenitor cells and provide a vasculature supply. Common donor sites for 

bone harvest included the ilium, tibia, and calvarium [11,12]. Free tissue transfer 

techniques added the use of vascularized flaps anastamosed to local vessels when 

defect sites were contaminated or associated with compromised vascularity [13]. The 
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impact of free flap reconstructions has been so profound that it is considered to be 

one of the most influential advances in head and neck surgery [14]. These flaps are 

harvested from areas with an axial blood supply which are isolated and anastamosed 

to vessels close to the defect site to produce an immediately “living” transplant. The 

most commonly used sites are chosen for their ease in harvest, modest donor site 

morbidity and ability to include a large volume and variety of tissue types nourished 

from a single vascular pedicle [15]. When soft tissue is missing or when a vascularized 

soft tissue bed is required, the anterior lateral thigh (ALT) flap or radial forearm flap 

can be used. For defects requiring composite soft tissue and bony reconstruction, 

options include the fibula, scapula and deep circumflex iliac artery (DCIA) nourished 

ilium flaps. Technical concerns with these techniques include the morbidity 

associated with graft harvest, patency and length of vessels, duration of surgery and 

recovery time [16]. However, the quality of reconstruction judged by the amount of 

bone stock is a matter of the patient’s anatomy and may or may not be adequate for 

functional purposes. 

1.4. Tissue Engineering Technologies Currently Used 

The field of tissue engineering emerged in the early 1990’s as a new way to 

combine the principles of biology and engineering for the development of functional 

tissues [17]. Since the inception of tissue engineering, several technologies have 

entered the marketplace offering new hope for patients suffering from a differing 

range of conditions. In the following sections we will review recent advances in the 
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field of tissue engineering that show promise for the future of craniofacial 

reconstruction. 

1.4.1. Implantable Scaffolds 

In order to allow damaged bone to be replaced with functional tissue, 

engineers have developed a wide range of materials that serve to stimulate the 

adherence and proliferation of osteogenic cells. Some of these technologies mimic the 

biomechanical and/or biochemical properties of native bone, while others try to 

recapitulate the anatomy [18–20].  

In 1881 Sir William MacEwen of Rothesay used tibial bone wedges from three 

donors to reconstruct a humeral defect in a 3-year-old child, which represented the 

first published account of inter-human bone grafting [21]. While the procedure was 

unsuccessful, future studies identifying the factors affecting graft acceptance and 

rejection established the parameters of allogeneic grafting. However, despite the 

advancements in developing allogeneic, xenogeneic and artificial substitutes, 

autogenous bone grafts remain the “gold standard” for reconstructing segmental 

bone defects [22]. By definition, bone grafts can be classified as an autograft, allograft, 

or xenograft depending on the source [23]. In contrast, alloplastic implants are 

synthetically manufactured, inorganic, and biocompatible [24]. While autologous 

bone grafts produce the most predictable results, alloplastic materials offer several 

advantages over biologically derived materials. They can be fabricated to fit a patient 

specific defect, the resorption rate can be controlled by adjusting material properties, 

and compared with autologous grafts, provide more material than can be typically 
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harvested from a patient while avoiding a second surgical donor site. For oral and 

maxillofacial surgery procedures, the FDA has approved a number of alloplastic 

materials that can be broadly divided into ceramics and polymers.  

1.4.2. Ceramics 

While there are numerous ceramics available, calcium phosphate (CaP) based 

ceramics represent the most widely used bioactive ceramic. CaPs offer excellent 

biocompatibility, possess remarkable osteoactivity, and have a close chemical and 

crystalline structure to native bone mineral [25]. Since becoming available for clinical 

use in 1992, CaP ceramics have been used with success within craniofacial surgery 

[26,27]. There are two commonly used CaP ceramics: non-resorbable hydroxyapatite 

(HA) (Ca10(PO4)6(OH)2) and resorbable tricalcium phosphate (TCP) (Ca3(PO4)2) [28]. 

Both of these formulations can be produced as a paste allowing the surgeon to inject 

and mold the cement before final setting occurs, making CaPs an attractive option for 

dental and orthopedic applications. Depending on the formulation of the CaP, pore 

and particle size and metabolic activity of the recipient site, CaP cement can take 

between 3 to 36 months to be completely replaced with bone [25]. In order to 

accelerate the degradation of CaP based scaffolds several studies have investigated 

the introduction of macropores to increase the surface area of the implant and 

accelerate tissue integration [29–31]. The use of macroporosity has gained a lot of 

interest in recent years due to improved degradation kinetics and improved tissue 

infiltration. The potential applications of CaP based scaffolds has been improved as 

several studies have investigated techniques to manufacture CaP based scaffolds 
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through additive manufacturing techniques. This allows the engineer to further 

improve degradation kinetics, reproduce tissue architecture more precisely and 

improve tissue infiltration [32–34]. Klammert et al. recently explored the ability to 

powder-print calcium phosphate implants for the repair of craniofacial defects [34]. 

In this study, the authors fabricated custom implants by utilizing 3D powder printing 

to repair defects in human cadaver skulls. The physical and mechanical 

characteristics of the implants were tested [34]. While the 4-point bending strength 

was in the range of 3.9-5.2 MPa, which is significantly lower than the bending strength 

of native compact bone (115-209 MPa), these implants could be used to reconstruct 

the craniofacial skeleton in non-load bearing areas [35]. A porosity of approximately 

28-35% could be achieved increasing the degradation rate and sufficient fidelity of 

size and shape was achieved so a printed implant would be able to accurately fit the 

defect [34].  

1.4.3. Polymers 

Polymeric-based biomaterials first emerged within the field of surgery as 

material for suture and fixation devices over 40 years ago [36]. While numerous 

synthetic polymers have been tried in craniofacial surgery, only a few are extensively 

used in the clinical setting. Unlike natural polymers where degradation is dependent 

upon enzymes present within the host, synthetic polymers degrade in a uniform and 

predictable manner by simple hydrolysis [37]. Altering the reaction environment 

during synthesis can precisely control the observed degradation rate, and even other 

properties such as mechanical properties, by altering the average molecular weight 
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and size distribution [38]. Specifically within the field of craniofacial surgery 

poly(glycolic acid) (PGA), poly(lactic acid) (PLA) and their copolymers PLGA have 

been successfully utilized clinically [39]. Landes et al. examined the efficacy of using 

PLGA based implants for maxillary and mandibular osteosyntheses [40]. In this study, 

5 patients (6 %) had an apparent foreign body while 75 (94 %) had no observable 

reaction. At 24 months, histology revealed few macrophages, giant cells, and minimal 

bleeding residuals [40]. This demonstrated that PLGA has excellent biocompatibility 

but there is need for further investigation into the efficacy of bone integration. 

Recently, PLGA has been utilized as a delivery vehicle for bioactive factors. Several 

studies have investigated the effect of using PLGA microparticles to produce a 

sustained release of growth factors, signaling molecules and/or antibiotics [41–44]. 

These studies demonstrate the applications PLGA microparticles may play in the 

clinical setting.  

In addition to PLGA, poly(ε-caprolactone) (PCL) has been investigated 

extensively within craniofacial tissue engineering due to some of its rather unique 

properties. For example, PCL can form a wide array of biocompatible composites, 

blends and copolymers [38]. If one combines PCL with other lactones the degradation 

time is dramatically decreased from that of the homopolymer of PCL, which is roughly 

two to three years [45]. Hollister et al. has shown that the concentration of copolymer 

can be varied in such a manner that has the capability to support bone formation [46]. 

Finally, the unsaturated linear polyester, poly(propylene fumarate) (PPF),  can be 

fabricated into scaffolds by ultraviolent initiated photocrosslinking. While this 
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polymer has been extensively characterized, it has been mainly utilized within bone 

tissue engineering applications [47–49]. 

1.5. Bioactive Molecules 

Just as materials can be leveraged to promote bone growth, bioactive 

molecules can be introduced to craniofacial defect sites to encourage osteogenesis or 

angiogenesis. Growth factors are peptides that bind to receptors on a cell, leading to 

a cellular response. These responses vary by growth factor, cell type, cell receptor 

bound, and time course of growth factor exposure [50]. Clinically, growth factors are 

currently used in several applications. They can be used to augment bone grafting 

systems, such as with the bone marrow aspirate concentrate (BMAC) technique 

[51,52]. Growth factors can also be used to stimulate bone formation in heterotopic 

sites [53–56], an important concept discussed in depth in the section on Bioreactors. 

Finally, growth factors can be used to form bone without the use of grafts, using 

resorbable scaffolds such as collagen sponges, as seen with sinus augmentation 

procedures [57–60]. The following section focuses on bone morphogenetic proteins 

and platelet-derived growth factors, early animal studies, and clinical applications. 

Many other growth factors (i.e. transforming growth factor-β (TGF-β) family, 

fibroblast growth factor (FGF) family, insulin-like growth factor (IGF-1), and vascular 

endothelial growth factor (VEGF)) are important in tissue engineering and 

regenerative medicine; however, evaluation of these factors in human craniofacial 

defects is limited and will not be discussed here.  
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1.5.1. Bone Morphogenetic Proteins (BMPs) 

BMPs are a large family of peptides that play a crucial role in bone and 

cartilage development, as well as some other functions of embryogenesis such as 

heart and kidney formation [61]. The family acts via two distinct type II and type I 

serine/threonine kinase receptors, with both types required for signal transduction. 

BMPs act by stimulating osteoblasts, with BMP-2, BMP-4, and BMP-7 showing efficacy 

with bone formation in vivo including in critical-sized defects [62]. The FDA has 

approved recombinant human BMP-2 and BMP-7 since 2002 for spinal fusion 

surgeries. In addition, BMP-14 is currently being clinically tested as another growth 

factor alternative [63]. There is some controversy surrounding the use of BMPs in 

spinal fusion surgeries with a metanalysis showing similar efficacy to autograft but 

with more complications, especially when used in the cervical spine. 

Despite recent controversy about the use of BMPs in spinal fusion [63], they 

show great potential for use in the craniofacial area [64–66]. In a rodent study, BMPs 

have been shown to aid in the healing of critical-sized cranial defects [64]. After 

loading BMP-2 into PLGA microparticles within a scaffold in a critical-sized 1 cm 

defect cranial defect, total union was found in 3/8 animals with bone volume 

generated significantly increased over the blank group [65,66]. Larger animals show 

similar trends. In baboons, a 2.5 cm critical-sized cranial defect was formed [65]. A 

collagenous bone scaffold loaded with BMP-7 was introduced to the defect. Groups 

receiving high doses of BMP-7 (2.5 mg/g scaffold) had extensive osteogenesis, while 

those with low doses (0.1 mg/g scaffold) showed significant increases in bone growth 
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over control animals. A box-type dehiscence defect in the edentulous region of dogs 

was utilized to compare the use of synthetic bone substitute (SBS) and BMP-2-loaded 

hydrogel [66]. After 8 weeks, the animals were euthanized, and the defects examined. 

Significantly increased bone volume was seen in the groups containing BMP-2 

(14.7mm3 for the BMP-2-loaded hydrogel and only 2.01mm3 for the SBS-loaded 

hydrogel). 

Several clinical studies have been conducted to evaluate the efficacy of 

recombinant human BMPs in human craniofacial defects [67]. In 47 identified case 

studies in the systemic review, rhBMP-2 has been shown effective at enhancing bone 

formation in socket healing and in sinus lift procedures, and BMP-14 has been shown 

effective in sinus lift procedures [67]. In one maxillary floor sinus augmentation 

study, 160 human subjects were enrolled and treated with rhBMP-2 on a collagen 

sponge or autograft [57]. At 6 months, there was no difference in the change of height 

between the two groups (7.83 +/- 3.52 and 9.46 +/- 4.11 mm for the rhBMP-2 and 

autograft groups respectively), but the density of the bone in the rhBMP-2 treated 

group was significantly higher. Another clinical study analyzed the effects of rhBMP-

2 on repair of buccal wall defects [68]. Groups received rhBMP-2 (either 1.5 mg/mL 

or 0.75 mg/mL) on an absorbable collagen sponge, just the collagen sponge, or no 

treatment. The assessment of the alveolar bone showed significantly increased 

adequacy (as calculated by height and width measured computed tomography scans 

and number of repeat procedures needed) over the control or untreated groups. 
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1.5.2. Platelet-Derived Growth Factor (PDGF) 

PDGF is a dimer composed of PDGF A, B, C, or D that are joined by sulfide bonds 

(69). Several homodimers (PDGF-AA, PDGF-BB, PDGF-CC, and PDGF-DD) and one 

heterodimer (PDGF-AB) exist. Two isotypes of the receptor exist, α and β, with different 

binding affinities. PDGF-BB can bind to all receptor isotypes and is often considered the 

universal PDGF [69]. In vitro studies have shown PDGF is produced by osteoblasts and 

inhibits osteoclastogeneisis [70]. In vivo, PDGF is important in new bone formation and in 

fracture healing [70]. 

In humans, PDGF is expressed naturally in the course of fracture healing [71]. 

PDGF-A chains were found expressed by a variety of cell types throughout the healing 

process. PDGF-B chains were expressed in a more selective pattern—by osteoblasts at the 

time of bone formation [71]. Several clinical studies have investigated the use of PDGF on 

healing of craniofacial defects [72]. One study investigated intra-bony periodontal defects 

of greater than 4 mm depth treated with β-TCP alone or β-TCP with  recombinant human 

rhPDGF-BB [72]. In the group treated with β-TCP and 0.3 mg rhPDGF-BB, the clinical 

level of attachment was found to be greater and gingival recession was found to be less at 

3 months than that of control patients who received only β-TCP. The clinical level of 

attachment was not significant at 6 months. Given the significant difference at the early 3-

month evaluation with loss of significant differences at later 6-month appointment, 

rhPDGFA-BB increased the rate of attachment in the treated groups, providing an 

advantage for treated patients soon after the surgery. A similar defect treated with rhPDGF-

BB was analyzed for rate of bone turnover [13][73]. Pyridinoline cross-linked 
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carboxyterminal telopeptide of type I collagen, a well-known biomarker of bone turnover, 

was shown to be increased at the early study time points of patients being treated with 

rhPDGF-BB, again indicating advantages to patients with decreased recovery times. 

Recombinant human PDGF has also been evaluated in humans for treatment of sinus 

augmentation and ridge preservation [59,60]. Both the studies involved utilizing inorganic 

bovine bone material with rhPDGF-BB as the treatment method, and both studies exhibited 

good bone growth. 

1.6. Surgical Techniques 

1.6.1. Bone Marrow Aspirate Concentrate (BMAC) 

As described in the preceding sections, the principle efforts in tissue 

engineering have been focused on stimulating cell multiplication and differentiation 

and the development of artificial scaffolds with tunable properties to enhance cell 

adhesion, vascular ingrowth, and scaffold degradation in coordination with new 

tissue formation. To meet the goal of reconstructing bony defects, another approach 

has been devised to combine several of the more important contributions in tissue 

engineering methodology in vivo to take advantage of the body’s established vascular 

system. 

In keeping with the classical tissue engineering paradigm, the three essential 

components are provided with clinically available materials.  This technique uses 

allogeneic bone to maintain space and support the ingrowth of vessels and adhesion 

of bone forming cells. Differentiation and regenerative signals are provided by 
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inductive bone proteins such as recombinant human bone morphogeneic protein 

(rhBMP-2), which promotes differentiation of stem cells and migrating osteogenic 

cells [74]. Finally, a concentrated regenerative cell population composed of 

autogenous bone marrow aspirate (BMAC) is introduced into the defect site. The 

aspirate contains a highly concentrated population of Mesenchymal Stem Cells (MSC) 

(Figure 4 and Figure 5) and migrating osteogenic cells that serve as a source of cells 

for differentiation into osteoblasts.  By combining these agents, bone regeneration is 

promoted which can lead to successful reconstruction of a bony defect. (Figure 6) 

Several studies have reported the efficacy, safety, and ability of rhBMP-2 when 

combined with osteoconductive grafts to accomplish mandibular reconstruction 

[51,52]. The use of osteoprogenitor/ stem cells from a bone marrow aspirate has 

improved results and offered another technique to reconstruct craniofacial bone 

defects. 

 

Figure 4. Aspiration of bone marrow from the ilium. 
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Bone marrow aspirate serves as a rich and readily available source of bone-

forming cells (MSC), which otherwise would not be present in sufficient quantities in 

a traditional bone harvest. It is easily harvested with simple aspiration through large 

bore needles and concentrated with centrifuge devices without significant donor site 

morbidity [29–31,75,76]. Bone marrow transplant / aspirate, was first utilized in the 

treatment of hemopoietic and oncologic diseases, but it has found additional uses as 

a cell source in the regeneration of other tissues in the body.  Several studies have 

shown bone marrow–derived stem and progenitor cells capable of regenerating bone 

Figure 5. Aspirate after centrifuging, demonstrating separation of cells from 
plasma and red blood cells. 
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in both animal and human models [77,78]. Bone marrow aspirate concentrate has 

also been used with spine, long bone and myocardial regeneration [77,79–81]. Of the 

mixed population of cells collected in an aspirate, Marx and Harrell suggest that 

CD34+ CD44+ CD90+ CD105+ cells are the main types of osteoprogenitor cells 

collected in the concentrate [82]. 

In a comparison of osteogenic activity, Gimbel et al. studied patients undergoing 

alveolar cleft repair with different graft materials. Sixty-nine patients were divided into 

three groups: group 1 underwent grafting with bone marrow aspirate seeded onto a 

resorbable collagen matrix (n = 21); group 2 received autogenous cortical and cancellous 

bone harvested from the ilium through a traditional open approach (n = 25); group 3 

Figure 6. Tissue engineered graft for mandibular reconstruction: mixture of 
bone marrow aspirate concentate, allogeneic bone, and recombinant human 

bone morphogenetic protein-2. 
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received autogenous cancellous bone that was collected from the ilium with a cannula (n =  

23) [83]. While alveolar bone formation was comparable in all three groups, the BMAC + 

scaffold group experienced significantly less morbidity, operative time, duration of 

hospital stay, and cost.  

Figure 7. Orthopantomogram radiograph of benign tumor (ameloblastoma) of 
the left mandible. 

A study conducted by Hendrich et al. described 101 patients treated with BMAC 

injections for various bone healing disturbances of the femur including necrosis of the head 

of the femur (n = 37), avascular necrosis (n = 32), non-union of fractures (n = 12), and 

other problems (n = 20) [81]. After an average of 14 months (2–24 months), the patients 

were re-examined clinically and radiologically and interviewed. Of the 101 patients, only 

2 patients required additional surgery to correct a non-union or inadequate bone formation 

and no additional complications, such as infections, excessive bone formation, and harvest 

site morbidity were observed. Their conclusion was that BMAC therapy was a suitable 

alternative to open treatment but required additional studies to determine the full benefits 

of this treatment modality.  
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Figure 8. Orthopantomogram radiograph 1 year after resection and 

reconstruction with bone marrow aspirate concentrate, allogeneic bone, and 
recombinant bone morphogenetic protein-2. 

One of the most exciting applications of the BMAC technique in maxillofacial 

reconstruction lies in the treatment of large segmental defects of the mandible. Marx and 

Harrell reported on a series of 40 patients who underwent mandibular reconstruction using 

this method [82]. All 40 patients achieved successful mandibular continuity that was 

functionally useful. Melville et al, conducted another study with 5 patients who underwent 

immediate intraoral reconstruction with the BMAC technique following resection of 

benign mandibular tumors [84]. (Figure 7 and Figure 8) All patients achieved excellent 

bone quality both clinically and radiographically and were successful candidates for 

endosseous dental implant placement. (Figure 10 and Figure 9) This case series 

demonstrated that composite allogeneic bone, BMAC, and rhBMP grafts constitute an 

effective and predictable technique for immediate reconstruction of mandibular continuity 

defects. In addition, there was no donor site morbidity, intraoperative time was reduced, 
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hospital stay shorter, and total costs were lower compared with more traditional methods 

of mandibular reconstruction. 

 

Figure 10. Histology of tissue engineered mandibular reconstruction bone 
(hematoloxylin-eosin stain, 10x magnification). Normal reactive bone with 
regular trabecular pattern with fibrosis. No remnants of cadaver bone were 

seen after 8 months. 

Figure 9. Placement of dental implants in tissue engineered reconstructed 
bone. Alveolar ridge demonstrating excellent height and width for placement 

of four 5 x 13-mm implants 
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1.6.2. Bioreactors 

If the desire is to use living biological tissue and to avoid donor site morbidity, 

another strategy employs bioreactors to grow tissues in geometries matching the 

defect in either in vitro or in vivo environments [85]. In vitro bioreactors have been 

used to engineer tissues such as the temporomandibular joint (TMJ) or ear 

perichondrium [86,87]. Using human mesenchymal stem cells obtained from fresh 

bone marrow aspirate, authors were able to observe confluent layers of lamellar bone 

and osteoids on the decellularized bone scaffold [86]. This required use of a 

bioreactor of the same size and dimensions of the TMJ and constant flow of media 

across the scaffold. Other types of in vitro bioreactors are also capable of generating 

viable tissue. A rotating wall bioreactor has been successfully used to cultivate elastic 

cartilage [87]. Tissue obtained from patients were differentiated into cartilage 

progenitor cells, and injected into a porous scaffold of collagen, hydroxyapatite, and 

chondroitin sulfate. After culture for 6 weeks, differentiated chondrocytes and elastic 

fibers were observed in histology. 

Although the formation of tissue engineered grafts is possible in vitro, it is 

important to consider how these tissues will obtain nutrients in vivo. For small 

tissues, the transport of nutrients and byproducts may be adequate; however, for 

large tissues, the diffusion rates may not be adequate for the tissue to survive [88]. 

By introducing vasculature into the construct, cells deep within the tissue can receive 

appropriate nutrition and gas exchange. In vivo bioreactors have been used to 

generate vascularized flaps that match the geometry of the defect [85,89–91]. 
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Using strategies previously discussed, in vivo bioreactors can be designed to 

encourage bone growth in a chamber of desired dimensions. Just as with 

osteopromotion strategies, growth factor incorporation or cell seeding can be used 

directly within the defect to encourage bone growth, these techniques can be used to 

grow bone in bioreactors in animal models [89–91]. Using MASTERGRAFT¥, a 

clinically available scaffold consisting of hydroxyapatite and β-TCP, bone can be 

grown adjacent to rib periosteum in a large animal model [89]. Due to close proximity 

to the intercostal arteries and veins running below the ribs, the tissue from the 

bioreactor chambers could be removed with the nearby vasculature and transferred 

to a mandibular defect as a vascularized flap. While some chambers were filled with 

autograft (requiring harvest from elsewhere in the body), those filled with synthetic 

graft allowed for formation of mineralized tissue and reconstruction of large 

mandibular defects. Incorporation of growth factors to in vivo bioreactors can also be 

used to promote advantageous ectopic bone growth [90]. BMP-7 was added to Bio-

Oss¥ (a scaffold derived from bovine bone) and placed in a pouch created within the 

latissimus dorsi muscle. After 6, 12, and 24 weeks, tissue was harvested and analyzed. 

Analysis showed the formation of new bone with vascular supply that could be used 

for mandibular reconstruction. As an alternative to loading scaffolds with growth 

factors, cells can be seeded on scaffolds to promote tissue growth in in vivo 

bioreactors [91]. Porous, degradable PCL scaffolds were seeded with mesenchymal 

stem cells from neonatal rats. After 4 weeks of in vitro culture, the cell-seeded 

scaffolds were implanted in the omenta of rats. Four weeks later, the scaffolds were 
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harvested, and mineralization was observed throughout the scaffold. However, 

formation of vasculature allowing for flap transfer was not investigated. 

With strong support for the efficacy of in vivo bioreactors in animal models, 

several bioreactor systems have been used clinically [53–56,92]. The earliest 

reported case involved angle-to-angle mandibular resection due to a recurring 

ameloblastoma [53]. The mandibular-shaped chamber was loaded with autologous 

bone harvested from the iliac crest and bone morphogenic protein before 

implantation within the fascia above the scapula. After 4 months, the flap was 

harvested and transferred with vasculature to the mandible. Competence was 

restored for liquids and solids, but the patient never regained the ability to swallow 

solids. Another clinical case study involved Bio-Oss¥, bone marrow, and rhBMP-7 

within a titanium mesh [54]. The titanium mesh was shaped using computed 

tomography scans to ensure close match to native patient architecture. After 7 weeks 

within the latissimus dorsi muscle, the mineralized tissue, titanium mesh, and 

adjacent vasculature were transferred to the mandible. The flap showed remodeling 

after transfer, and the patient had improved level of mastication after reconstruction 

completed. Unfortunately, after 13 months, the mesh fractured and the gingiva 

became disrupted, resulting in infection and necrosis of the mandible replacement 

[92]. The patient died soon thereafter due to cardiac arrest. Many of the human in vivo 

bioreactor studies require the need for morselized autograft or bone marrow. 

Hydroxyapatite with rhBMP-7 was capable growing mineralized tissue in the 

pectoralis muscle [55]. This tissue was then transferred the mandible. The patient 

could talk and eat food; however, five months after transfer, the flap became infected. 
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The most recent clinical study utilized computed tomography images to shape a 

titanium mesh cage (56). Bone blocks, rhBMP-2, and bone marrow aspirate were 

placed within the cage prior to implantation in the gastric omentum. After 3 months 

within the gastric omentum, the free tissue flap was harvested and used to 

reconstruct the mandible. Three months after transfer, the patient could talk and eat 

normally. 

1.7. Adjuvant Antibiotic Therapy 

When repairing craniomaxillofacial tissue defects, proximity to bacterial flora 

is an important consideration. The oral cavity hosts over 500 bacterial species 

including many species of streptococcus [93], and the nasal cavity has been shown to 

be colonized by Staphylococcus aureus in 21% of patients at admission [94]. While 

native bacteria generally do not cause problems, trauma or the following reparative 

surgery can shift the bacterial balance in favor of pathogenic bacteria or permit the 

passage of bacteria to previously aseptic sites. In facial fracture repair, infection rates 

can be as high as 42% if no antibiotics are received prior to surgery [95]. 

The use of cefazolin sodium has been shown to reduce the rate of infection to 

9% during the surgical repair of facial fractures [95]. Although antibiotics are 

commonly provided systemically prior to many craniofacial surgeries, a systemic 

review and meta-analysis of endoscopic sinus surgeries showed no statistical 

difference in infection rate between patients receiving antibiotics and those not [96]. 

The authors note that amount of data available may have limited the statistical power 
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of their analysis, however. For clean-contaminated wounds like those commonly seen 

in patients with head and neck cancers, antibiotic prophylaxis becomes mandatory 

[97]. In cases where the upper aerodigestive track is entered, the infection rate is 

much greater. Additionally, these infections are often polymicrobial, and the chosen 

antibiotic should cover aerobic, anaerobic, and Gram-negative flora [97]. 

From a tissue engineering perspective, local antibiotic release is an exciting 

avenue for exploration. A scaffold designed to promote bone growth, either by 

material properties or incorporation of bioactive molecules, could potentially deliver 

antibiotics to a local area, thereby alleviating some of the systemic effects of the 

antibiotic. Using an infected composite defect in a rabbit mandible, clindamycin-

loaded poly(methyl methacrylate) space maintainers were shown to clear infection 

[98]. The study investigated both burst and extended release kinetics, but the 

inoculated bacteria were not recovered from any group. Several clinical products 

exist for local antibiotic release [99]. These clinically-available products include gels, 

chips, fibers, and polymers consisting of a range of antimicrobials such as tetracycline, 

metronidazole, and doxycycline. After several days of controlled drug release to the 

site of the periodontal disease, degradation occurs for many of these products while 

others must be surgically removed [99]. 

Although the species distribution of craniofacial infection has not changed 

much over the years, the antibiotic resistance of these organisms is growing [100]. 

The production of β-lactamases has limited the efficacy of penicillin against some 

gram-negative species, and others are increasingly resistant to clindamycin. This 
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growing resistance has led researchers to explore other potential methods of 

combatting infection [101,102]. Human saliva contains antimicrobial peptides that 

can cause bacterial cell death [102]. While over 45 such peptides have been found, 

efficacy in human trials has been limited. Antimicrobial peptides can be designed with 

different functional groups and can be modified to selectively bind hydroxyapatite 

[101]. A modest minimum inhibitory concentration (125 ug/mL) was seen against 

Streptococcus mutans and Lactobacillus acidophilus when bound to hydroxyapatite. 

Although this particular antimicrobial peptide was designed to bind to tooth surfaces 

to combat biofilm formation, the in vitro studies were conducted on hydroxyapatite 

scaffolds, a major component of the CaP cements discussed earlier. 

1.8. Patient-Specific Technology 

Tissue engineering scaffolds have classically been fabricated from techniques 

such as electrospinning, phase separation, gas foaming and particulate 

leaching  [103]. Although researchers have worked to optimize and further refine 

these techniques, there are intrinsic limitations to the architecture and topography 

that can be achieved with these conventional techniques. Furthermore, techniques, 

such as electrospinning, require the use of organic carcinogenic solvents [104]. The 

field of tissue engineering has embraced additive manufacturing (AM) or rapid 

prototyping (RP) techniques to bypass these limitations and produce scaffolds with 

superior reproducibility, more sophisticated structural features, and even patient-

specific constructs [105]. While tissue engineers have leveraged AM to control the 

internal architecture of scaffolds, surgeons have adopted AM to produce solid bio-
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models that reproduce the patient’s anatomy. The field of craniomaxillofacial surgery 

first adopted AM techniques to produce patient specific models for surgical planning 

[106]. This proved to be an invaluable tool for surgeons since an operation could be 

planned before-hand. In addition, it allowed the surgeon to predict physical outcomes 

of the procedure [106]. In recent years, AM techniques have been extended to 

produce patient specific implants. These custom implants precisely fit within a defect 

site reducing surgical time and improving aesthetics [107,108].  

In order to generate a patient specific implant, a fine cut computed 

tomography (CT) study, acquired according to a special protocol, must be obtained. 

The radiographic data is first processed with software, such as 3D Doctor¥, to creates 

a 3-dimensional model of the defect. This model is then transferred to design software 

that allows the engineer to create the implant design. The implant is manufactured 

from this dataset by subtractive or additive manufacturing techniques before 

sterilizing and packaging and delivery to the surgeon. Initially the fabrication of 

patient specific implants was hindered by the limitations within the fields of design 

and manufacturing. However, recent technological advances have led to customized 

cranial, dental, and facial implants in addition to space holders for grafts [58,109–

111].    
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Figure 11. A) Virtual surgical planning (VSP) matches the geometry of the 
fibula to the planned mandibular defect for reconstruction. B) VSP plan shows 
final mandibular reconstruction using the fibula, which has been contoured to 

fit the defect through ostomies and ostectomies. 
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Chacón-Moya et al. recently published a case report of a 63-year-old female 

patient diagnosed with esthesioneuroblastoma [111]. The patient underwent an 

anterior craniofacial resection and radiotherapy. Following treatment, the patient 

developed secondary complications of osteomyelitis and osteoradionecrosis that 

resulted in loss of the anterior cranial vault [111]. After resolution of the infection, 

the patient underwent frontal bone reconstruction utilizing a computer generated 

poly(ether ether ketone) (PEEK) implant. The patient was followed for 5 months after 

the PEEK implantation and no complications were observed. This case serves to 

demonstrate that reconstruction using PEEK implants is an excellent option in 

patients with large bone defects. Alternatively, CAD based technology can be 

leveraged to fabricate customized jigs and cutting guides, (Figure 11). This allows the 

surgeon to create osteomies in the fibula, resulting in an autogenous graft that 

approximates the defect contour. (Figure 12) Hou et al. used three-dimensional 

model simulation to contour vascularized fibular osteomyocutaneous flaps for the 

repair of mandibular defects in fifteen patients [112]. (Figure 13) In this report, all 

patients experienced uneventful healing and were satisfied with the functionality and 

esthetics when questioned six months post-operatively. These examples further 

illustrate the beneficial role additive manufacturing plays within the field of 

craniofacial surgery. 
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Figure 13. Fibula contoured with custom jigs is plated to maintain its shape 
before transplatation to the mandibular defect. 

 

Figure 12. Custom-fabricated plastic jigs applied to the fibula to guide the 
creation of osteotomies to contour the bone. 
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1.9. Conclusions 

The field of tissue engineering continues to make important strides towards 

the goal of producing biological tissue of high functional and esthetic fidelity to 

replace anatomical structures lost to trauma or disease. The field has developed 

sophisticated biomaterials that leverage manufacturing techniques, characterized 

and manufactured cell signaling proteins and developed strategies to deliver 

therapeutic doses of antibiotics locally to further improve tissue regeneration. In 

addition, clinicians trying to apply this technology have gained new appreciation for 

the underlying cause of a defect, which plays a significant role in the success of tissue 

regeneration. While there have been significant advancements in the field, new 

directions of investigation into regenerating composite, vascularized and innervated 

constructs are required to account for all the tissue types present within the 

craniofacial region. 
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Chapter 2 

Objectives 

Overview 

Craniofacial tissue engineering remains a daunting task, with many tissue 

types in close proximity and a bacterial-filled oral cavity immediately adjacent to the 

site of reconstruction. A high-fidelity solution is necessary as the face is an important 

identifier of self and the regenerated tissue must also be robust enough to withstand 

the forces of chewing.  Although several approaches show promise, such as the bone 

marrow aspirate concentrate (BMAC) and patient-specific bioreactors discussed 

in  Chapter 1, further research is necessary prior to their wide-spread adoption in 

clinics. Strategies should be developed to mitigate infection risk, to generate 

customized tissues with robust mechanical properties, and to optimize the soft tissue 

around the defect site for the reconstruction. In order to translate these strategies 

from the laboratory to the patient,  the commercialization of such strategies should 

be explored.  

A two-stage approach to bone tissue engineering would allow 1) for the 

creation of an optimized soft tissue envelope that has been cleared of infection and 2) 
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for the generation of bony tissue of desired geometries.  Using a porous bone space 

maintainer previously developed in our lab to eliminate the risk of dehiscence often 

seen with non-porous bone cement, we investigated the efficacy of local antibiotic 

release to clear a mandibular infection in a large animal model. Simultaneously, we 

looked at the effects of an untreated infection on the tissues within the bioreactors. 

We then investigated the use of a two-stage strategy in a challenging full-thickness 

mandibular defect. In collaboration with the Food and Drug Administration, we made 

significant progress toward the commercialization of the porous bone space 

maintainer. Finally, we developed a novel polymer that can be crosslinked to create 

scaffolds of tunable mechanical properties, allowing for the optimization of the soft 

tissue within the defect site. 
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Specific Aim 1: Development of Complex Ovine Craniofacial 

Defect Models for the Optimization of the Two-Stage Approach to 

Bone Tissue Engineering 

In this specific aim, two novel ovine models were developed, allowing for the 

investigation of in vivo bioreactor use in clinically-relevant situations. 

Study 1.1: Creation of an infected ovine defect model for the investigation 

of the efficacy of an antibiotic-loaded porous bone space maintainer and 

of the effects of an untreated mandibular infection on remote in vivo 

bioreactor bone growth 

Six female sheep were inoculated with 106 colony forming units of 

Staphylococcus aureus during the creation of a mandibular defect. Three 

sheep received antibiotic-loaded porous bone space maintainers, and 3 

received blank space maintainers. Blood draws and oral swabs were 

performed throughout the study. After 9 weeks, the bioreactor tissues were 

analyzed by microcomputed tomography (microCT), histology, and 

mechanical testing, and the mandibles were analyzed by microCT and 

histology. The efficacy of the antibiotic-loaded space maintainer on infection 

clearance and the effects of a localized untreated mandibular infection on 

remote in vivo bioreactor bone growth were determined. 
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Study 1.2: Expansion of the hemisegmental ovine defect to assess the 

two-stage approach to bone tissue engineering in a clinically-relevant 

challenging model 

The creation of an ovine model with a full-thickness defect creates a 

challenging situation to repair as the location is 1) adjacent to the oral mucosa, 

2) load bearing, and 3) larger than the hemi-segmental defect previously 

investigated. In this pilot study, a full-thickness defect in the edentulous region 

of the mandible was created in four sheep and filled with a porous bone space 

maintainer, and bioreactors were implanted. After 9 weeks, the sheep 

underwent a second surgery in which tissue from one bioreactor was 

transferred to the mandibular defect as a vascularized flap. Twelve weeks 

later, the sheep were euthanized. Bioreactors were analyzed via microCT, 

histology, and mechanical testing, and the mandibles are analyzed via microCT 

and histology. 

Specific Aim 2: Commercialization of the Porous Space Maintainer 

In this specific aim, we worked closely with the Food and Drug Administration (FDA) 

and industrial collaborator Synthasome, Inc. in the commercialization of the space 

maintainer. 
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Study 2.1: Design of a small safety study to test the clinical safety of the 

porous space maintainer 

Through guidance received by the FDA, the space maintainer will proceed 

along the 510(k) pathway but requires a safety study prior to its approval. As 

part of the submission of the investigational device exemption (IDE), a small 

clinical study was developed and submitted for approval. 

Study 2.1: Completion of the biocompatibility studies requested by the 

FDA 

Prior to device approval, biocompatibility needed to be verified. Using ISO-

10993 guidance, we worked with a 3rd party good laboratory practices 

compliant company to design the protocols and perform the tests. 

Specific Aim 3: Fabrication of Novel Mechanically Tunable 

Polymeric Constructs and Investigation for Utilization as a Future 

Porous Space Maintainer 

In this specific aim, we developed a novel polymer that can be crosslinked into 

networks of varying mechanical properties by altering the lengths of the diol and the 

degree of saturation of the diacids. 
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Study 3.1: Synthesis and characterization of novel polymers composed of 

antimicrobial diols and diacids 

Terminal diols (6, 8, or 10 carbons in length) were reacted with diacids 

(succinic acid or fumaric acid) to form poly(diol fumarate-co-succinates). In 

this study, we varied the molar ratios of the diacids (1:0, 1:1, 1:2, fumaric acid 

: succinic acid) to create polymer chains with differing degrees of 

unsaturation. Polymers were characterized by 1H-NMR, size exclusion 

chromatography, and differential scanning calorimetry. Additionally, their 

degradation, cytotoxicity, and osmolarity were measured.  

Study 3.2: Fabrication of crosslinked constructs of varied mechanical 

properties 

Crosslinked networks were created from the groups in Study 3.1, and their 

compressive modulus and sol fraction and swelling properties were analyzed. 

Additionally, the amount of succinic acid was increased (up to a ratio of 1:29), 

and mechanical testing and cytotoxicity analyses were performed. 
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Chapter 3 

An Ovine Model of in Vivo  
Bioreactor-Based Bone Generation† 

Abstract 

The generation of vascularized mineralized tissues of complex geometry 

without the use of extrinsic growth factors or exogenous cells requires a large animal 

model to recapitulate the challenges seen in the clinic. The proposed versatile ovine 

model can be utilized to investigate the use of a customized bioreactor to generate 

mineralized tissue, matching the size and shape of a defect prior to transfer to and 

integration within another site. The protocol results in bioreactors that can be 

harvested for investigation of the effects of different biomaterials for the generation 

of bone or to generate tissues appropriate for repair of bony defects; this protocol 

focuses on reconstruction of the mandible but could be modified for orthopaedic 

applications.  The bioreactor packing material can be altered, allowing for the study 

of various commercially available or novel graft materials. The surgical procedure 

requires approximately 1.5 hours to implant 4 bioreactors adjacent to rib periosteum 

After 9 weeks, the harvest of the bioreactor tissue takes approximately one hour. If 

creating a craniofacial defect, an additional 2 hours should be taken for mandibular 

defect creation and 2 to 3 hours for the reconstruction. Sheep that have undergone 

                                                        
† This chapter was published as E. Watson, A.M. Tatara, J.J.J.P van den Beucken, J.A. Jansen, M.E. Wong, 
and A.G. Mikos, “An Ovine Model of  in Vivo Bioreactor-Based Bone Generation,” Tissue Engineering 
Part C: Methods, 26 (2020) 384-96. 
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reconstruction are typically euthanized after 12 weeks to allow for evaluation of 

transferred tissues. In this protocol, we discuss the necessary steps to ensure the 

reproducibility and analytical techniques to assess bone regeneration such as 

microcomputed tomography, mechanical analysis, and histology. 

Impact Statement 

Bone grafting is a frequent procedure in the fields of orthopedics, 

otolaryngology, and oral and maxillofacial surgery. Generating customized, 

vascularized, and mechanically robust bony tissues while eliminating common 

complications such as donor site morbidity with autograft harvest or lack of suitable 

mechanical properties with commercially available synthetic graft would greatly 

improve the lives of patients. A large animal model is necessary to generate tissues of 

clinically relevant geometries. In this paper, a reproducible ovine model of in vivo 

bioreactor technology toward customized bone generation is presented with broad 

application to tissue engineering and regenerative medicine. 
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3.1. Introduction 

Each year, 2.2 million bone grafting procedures are performed globally, with 

the majority of the surgeries involving the utilization of autograft or allograft [113]. 

For craniofacial reconstruction, the most commonly utilized vascularized autograft is 

the fibular flap [21]. While the fibular flap can be successful for many patients [114], 

the geometry of the fibula is often a poor match for the defect site, and the patient can 

experience nerve damage and pain as a result of the harvest [115,116]. Allograft from 

living donors has a rejection rate as high as 50%, while allograft from cadavers—

although available in a variety of geometries—still poses a risk of disease 

transmission and processing can lead to a lack of suitable mechanical and biological 

properties [117]. Synthetic grafts, most often available in granules or cements, lack 

appropriate cortical mechanical properties and are not osteoinductive by themselves 

[117]; however, the addition of growth factors to optimize bone forming capacity 

remains controversial in patients with malignant disease [118]. 

The ability to generate tissues of desired geometries within a patient utilizing 

customized in vivo bioreactors could eliminate the concerns of poor geometrical 

match, rejection, and inappropriate mechanical properties, ultimately reducing 

complications and improving the outcomes for the patients. We propose a clinical 

strategy in which 1) a large bony defect in a patient is imaged using computed 

tomography; 2) the defect is filled with a space maintainer created within a 3D-

printed mold constructed from the imaging data; 3) customized in vivo bioreactors 

are 3D printed and implanted adjacent to a periosteal surface and filled with a scaffold 
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material that has been optimized for mechanical properties; and 4) after an optimized 

time for the selected scaffold material, definitive reconstructive surgery is performed 

in which the space maintainer is removed and the tissue from the bioreactor is 

transferred. To test this regenerative strategy, we have developed a protocol for the 

generation of mineralized tissue in a bioreactor implanted adjacent to the rib 

periosteum in a large animal model without the need for exogenous growth factors 

or exogenous stem cells utilizing the osteogenic potential of the periosteum, as 

several other animal models have done [119,120]. After several weeks, this tissue can 

be removed for analysis or transferred for reconstruction of a craniofacial defect in 

the ovine mandible to further investigate the integration of the generated bony tissue. 

This model can be modified to address the need: 

1) for a variety of defect geometries from rectangular [121] to complex 

[122] to personalized utilizing a 3D printer [123,124]; 

2) for investigation into the effects of scaffold materials within the 

bioreactor such as biodegradable polymers [125], autograft [121], 

synthetic ceramics [126], or xenograft cancellous bone chips [124]; 

3) for transfer of the formed tissue as a graft or vascularized flap to a 

variety of defect locations within the craniofacial region such as the 

angle of the mandible [89] and the hemi-mandible [123] to investigate 

the long-term efficacy of the generated tissue; 

4) as part of a two-stage approach in which a space maintenance device 

is implanted in a mandibular defect and tissue generated within a 



  

 47 

bioreactor is used in the reconstruction to replace the space 

maintainer in a second surgery [123]; and 

5) for osseous regeneration within bioreactors in the presence of a 

remote mandibular infection to investigate the effects of local infection 

on distal bone formation [124]. 

The following protocol allows for the evaluation of bone generation of varying 

geometries, with different graft types, in response to different systemic factors, and 

as part of an independent investigation into periosteal bone generation or a two-stage 

craniofacial repair strategy. 

3.1.1. Overview of the Procedure 

A schematic overview of this procedure is provided in Figure 14 with 

important timepoints and design considerations. For the implantation surgery, sheep 

are anesthetized, and two skin incisions are made prior to blunt dissection to expose 

the ribs. The periosteum is elevated, and a portion of 4 alternating ribs are removed. 

A bioreactor filled with a scaffold material is implanted adjacent to the rib periosteum 

at each site. During this surgery, a mandibular defect can be created if delayed 

reconstruction [123] or investigations into the effects of a localized infection on 

remote bone growth [124] are proposed. After some time (optimized for autograft at 

9 weeks [122]), the animals are euthanized for tissue harvest or a second surgery is 

performed for the transfer of the bioreactor tissue. The tissue can be transferred to 

the defect site as a vascularized flap or an avascular graft. After additional 12 weeks, 

the sheep can be euthanized, and the reconstructed tissue can be analyzed. Analysis 
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has previously involved microcomputed tomography, histology, quantitative 

polymerase chain reaction, and mechanical testing. 

 

 

Figure 14: Overview of the procedure. 
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3.1.2. Experimental Design 

3.1.2.1. Size and Geometry Considerations 

In vivo bioreactors consist of a chamber with an open face to allow for cell 

infiltration and a cuff to suture the bioreactor in place. We have previously utilized 

poly(methyl methacrylate) (PMMA) for the chamber as it is biocompatible [127], is 

non-biodegradable [128], and can be utilized to create a variety of non-porous 

shapes; however, it should be possible for other polymers of similar properties to be 

utilized. The cuff has been formed from an elastomeric polymer such as expanded 

poly(tetrafluoroethylene) [121], polyurethane [125], polyethylene [122], or 

ethylene-vinyl acetate [89,123,124,126]. Bioreactors can be molded by adding the 

polymerizing PMMA mixture to a preformed mold or 3D printed by heat extrusion of 

a pre-polymerized PMMA filament. Simple geometries that have resulted in 

successful bony tissue generation are rectangular with lengths from 2 – 4 cm and 

heights of 0.5 – 1 cm [89,121,123–126]. More complex geometries have mimicked the 

human mandible [122]. After polymerization of the PMMA, bioreactors can be 

immersed in 100˚C water to remove unreacted monomer and volatile compounds 

[122,129]. If ethylene-vinyl acetate is utilized to form the cuff, it can be heat-molded 

around the bioreactor [123,124,130]. Other cuffs can be secured around the 

perimeter with silicone glue [121,122,125]. Completed bioreactors are sterilized via 

ethylene oxide gas prior to surgery. For the bioreactor tissues that will be harvested 

for analysis, it is important to produce sufficient tissue for completing the desired 

destructive analyses. For the bioreactor tissue that will be transferred, it is important 
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to ensure that there is adequate tissue to fill the defect without excess, as trimming 

the tissue could potentially disrupt blood flow. The area of the periosteum as well as 

the volume of scaffold material needed to fill the bioreactors should also be 

considered when determining chamber geometry. 

3.1.2.2. Scaffold Considerations 

A variety of scaffold materials can be tested within these bioreactors. As a 

portion of the rib is to be removed, autograft can be created from freshly harvested, 

morselized rib. A variety of biodegradable polymers [125] and synthetic ceramics 

have also been evaluated. Commercially available graft materials, such as 

MasterGraft®(Medtronic, Minneapolis, Minnesota) [89,123,126] or Bio-

Oss®(Geistlich Pharma, Switzerland) [124] have also successfully been utilized within 

these bioreactors to generate tissues. Negative control empty bioreactors have been 

shown not to generate any bone [121]. As the bioreactor utilizes the innate osteogenic 

capacity of the adjacent periosteum as well as osteoconductive characteristics of 

different graft systems, the scaffold material does not require the use of extrinsic 

growth factors, although it would be possible to test scaffold materials augmented 

with bioactive agents within this system if desired. 

3.1.2.3. Implantation Time Considerations 

Previous optimization of implantation time for autograft-filled bioreactor that 

was 1 cm in height has been shown to be approximately 9 weeks. Up until 9 weeks, 

tissue volume in the chamber was constant; however, it had significantly decreased 
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at 12 and 24 weeks [122]. It is possible that different scaffold types promote different 

rates of bone generation and scaffold resorption. 

3.1.2.4. Craniofacial Defect Considerations (if applicable) 

While the bioreactor portion of this model is useful alone for the evaluation of 

various graft materials, a mandibular defect can also be created to evaluate the ability 

of the tissues to be transferred, integrated, and further remodeled at the mandibular 

site. Transfer to orthopedic sites should also be possible, but non-craniofacial 

applications have not yet been tested. The angle of the mandible allows for the 

removal of large bony areas (4 cm x 1 cm x 1 cm) and has close proximity to neck 

vasculature for anastomosis; however, it is an anatomic defect that is relatively 

shielded from mechanical forces and less clinically-relevant than areas more directly 

adjacent to the oral cavity. The sheep have an edentulous region between the incisors 

and premolars that allows for the creation of a partial thickness defect immediately 

adjacent to the oral mucosa. If the anterior limit of the resected bone is placed mesial 

to the mental foramen, sensory innervation to the lip and anterior teeth and gingiva 

will be preserved. While further from the large vessels in the neck than the angular 

defect, it is still possible to transfer the bioreactor tissue as a flap and anastomose 

with branches of the facial artery and vein [123]. These defects can be created 

immediately prior to the transfer (during the second surgery) or at the time of the 

bioreactor implantation (during the first surgery). In the event that they are created 

during the first surgery, a space maintainer can be utilized to protect the space from 

fibrovascular infiltration. Poly(methyl methacrylate) space maintainers can be cut or 
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molded using 3D-printed molds prior to the first surgery for plating within the 

craniofacial defect. Previously, porous space maintainers with and without antibiotic 

have been utilized successfully to maintain the space [123,124]. 

3.1.2.5. Systemic Effects Considerations (if applicable) 

A variety of systemic factors can also be investigated using this bioreactor 

system. Previous studies have shown higher degree of success of bony tissue growth 

within bioreactors in younger animals when compared to older animals. We have also 

shown that a localized mandibular infection affects both the maturity and quantity of 

bone formed within these bioreactors using a bioluminescent strain of Staphylococcus 

aureus (Xen36) at 106 colony forming units within the defect [124]. Given the ease of 

surgical placement, the large volume of graft that can be used, and the ability to place 

four bioreactors per animal, this model can act as a platform to elucidate the effects 

of a variety of factors on the effect of bony growth in a large animal model. 

3.2. Materials Required 

3.2.1. Animal Species 

Female Dorper Sheep were utilized for these studies; however, current 

literature in sheep suggests both genders can be used, randomly distributed between 

study groups. Although bone density has been shown to vary for age, sex, and even 

strain of sheep [131], male and female sheep have been shown to reach skeletal 

maturity at similar ages [132,133], suggesting that bone generation prior to skeletal 
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maturity is similar. Early studies utilized skeletally mature sheep (4 years old [89]); 

however, bone growth within these bioreactors was suboptimal. More recent studies 

have utilized skeletally immature sheep (6 - 12 months) with weight approximately 

30 – 35 kg. The younger sheep have been shown to generate more robust tissues, 

mirroring young soldiers with trauma-induced facial trauma, our intended clinical 

application. Different demographics may call for older sheep to test group-relevant 

hypotheses. Within each published study, we have utilized only female sheep of the 

same strain and age (n = 4 to 6 animals), but other investigators should conduct a 

power analysis to calculate the correct number for the proposed study. All surgical 

procedures followed protocols approved by the Institutional Animal Care and Use 

Committee and, if necessary, the respective funding agencies.  

3.2.2. Personnel and Expertise 

The implantation of the bioreactors could be performed by two graduate 

students (or other team members of similar or higher education) familiar with sheep 

anatomy and basic surgical technique. The mandibular defect creation and space 

maintainer implantation could also be performed by another team of two. These 

teams could work in parallel to decrease time the sheep is under anesthesia or the 

same team could conduct both surgeries. The bioreactor transfer, especially if being 

performed with the anastomosis of vasculature, would require the assistance of a 

surgeon familiar with microvascular anastomosis techniques, such as an oral and 

maxillofacial surgeon or otolaryngologist. Further, a veterinary technician should be 

available to monitor the sheep throughout the surgery. It is also beneficial to have an 
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additional person (non-sterile) to assist with equipment, sample collection, and 

documentation. 

3.2.3. Equipment 

1. Large Animal Anesthesia Equipment (Ohmeda Modulus II Plus Anesthesia 

System w/ 7810 ventilator and Isotec 4 vaporizer) 

2. Electric Clippers (Oster) 

3. Vital Signs Monitor (Surgivet, model no. V9204) 

4. Warming System (Blanket, Gaymar T/Pump, Model TP 700 and/or HotDog 

Warmer, Augustine Temperature Management, WC52-VET) 

5. Inflatable ring (Grahm-Field Health, cat no. 1819) 

6. Electrocautery system (ValleyLab Force FXc generator, with ValleyLab 

RockerSwitch pencil, E2515H, and REM polyhesive grounding pad, E7507) 

7. Bone mill (KLS Martin, cat. no. 04-060-00) 

8. Suction equipment (Ohmeda vacuum regulator, CVR Model 6-1225) 

9. Diamond Saw (South Bay Technology, cat. no. 650) 

10. MicroCT (SkyScan 1172 or SkyScan 1272) 

11. Mechanical testing system (MTS Systems Corporation Mini Bionix 858 or 

Instron 5565) 

12. Sterile gown, gloves, mask, and head cover (Patterson Veterinary) 

Optional: Craniofacial defect 

13. Dental drill (NSK Surgic XT Plus, cat. no. Y141246 or Bien Air, cat. no. 1700463-

001) 
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14. Straight handpiece ((NSK Ti-Max, cat. no. SG65L or Bien Air, cat. no. 1600436-

001) 

15. Surgical microscope (Leica Microsystems, cat. no. 695) 

3.2.4. Reagents and Surgical Equipment 

1. Bioreactors, sterilized 

2. Bioreactor packing material, sterilized   

3. Ethylene Oxide (Andersen Products, cat. no. AN73) 

4. Buprenorphine (Patterson Veterinary, cat. no. 07-891-9756) 

5. Isoflurane (Covetrus North America, cat. no. 029405) 

6. Oxygen USP grade (AirGas) 

7. Bupivacaine (Patterson Veterinary, cat. no. 07-890-4881) 

8. Fentanyl Patch (Covetrus North America, cat no. 070359) 

9. Naxcel (Patterson Veterinary, cat. no. 07-839-3210) 

10. Excede (Patterson Veterinary, cat. no. 07-869-5483) 

11. Sterile Normal Saline (Covetrus North America, cat. no. 059382) 

12. Lactated Ringer’s Solution (Covetrus North America, cat. no. 059380) 

13. Puralube (Covetrus North America, cat. no. 008897) 

14. 20G Needles (Patterson Veterinary, cat. no. 07-834-1363) 

15. 22G Needles (Patterson Veterinary, cat. no. 07-834-1405) 

16. Chlorohexidine scrub (Patterson Veterinary, cat. no.07-892-4241 and 07-892-

4243) 

17. Towels (Patterson Veterinary, cat. no. 07-808-4970) 
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18. Drapes (Patterson Veterinary, cat. no. 59100-246) 

19. Towel Clamps (Patterson Veterinary, cat. no. 07-800-3291 and 07-800-3309) 

20. Surgical skin pen (Patterson Veterinary, cat. no. 07-849-0214) 

21. Stomach tube (Patterson Veterinary, cat. no. 07-802-3091 (3/8” ID) or 07-

810-3170 (1/2” ID)) 

22. Yankauer suction tip (McKesson cat. no. 161365) 

23. Stainless Steel Ruler (Integra, cat. no. 360-260) 

24. Scalpel blades, no. 10 (Miltex, cat. no. 4-310) 

25. Scalpel blades, no. 15 (Miltex, cat. no. 4-115) 

26. Scalpel handles (KLS Martin, cat. no. 10-130-03) 

27. Periosteal elevators (KLS Martin, cat. no. 23-453-18-07) 

28. Freer (KLS Martin, cat. no. 37-546-18-07) 

29. Spatula (VWR, cat. no. 82027-530) 

30. Forceps (Patterson Veterinary, cat. no. 07-800-4051, 07-800-4044, 07-809-

8920) 

31. Scissors (Patterson Veterinary, cat. no. 07-800-4879, 07-800-4887, 07-800-

4861, 07-800-4853, 07-803-4488) 

32. Hemostat (Patterson Veterinary, cat. no. 07-800-4150, 07-800-3119) 

33. Needle drivers (Patterson Veterinary, cat. no. 07-800-3317) 

34. Army-Navy retractor (Integra cat. no. 3714018)  

35. Gauze (Patterson Veterinary, cat. no. 07-847-3547 (4” x 4”) and 07-847-3505 

(2” x 2”)) 

36. Sponge bowl (Patterson Veterinary, cat. no. 07-858-3746) 
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37. Right angle forceps (Patterson Veterinary, cat. no. 07-890-9575) 

38. Bone cutters (KLS Martin, cat. no. 23-935-17-07) 

39. Rib Shears (Mopec, cat. no. AF004) 

40. 3-0 Vicryl Suture (Patterson Veterinary, cat. no. 07-807-0393) 

41. 3-0 Nylon Suture (Patterson Veterinary, cat. no. 07-807-1443 

42. 10 % Neutral Buffered Formalin (Sigma-Aldrich, cat. no HT501128) 

43. RNAlater (Sigma-Aldrich, cat. no. R0901) 

Optional: Craniofacial defect (in addition to some listed above) 

44. Space maintainer, sterilized 

45. Burr 1 mm and 0.6 mm (Henry Schien, cat. no. 7010345) 

46. Fraizer suction tip (Patterson Veterinary, cat. no. 07-891-8579) 

47. Titanium Fixation plate (KLS Martin, cat. no 25-316-00-91) 

48. Plate benders (KLS Martin, cat. no. 50-502-10-07) 

49. Plate cutters (KLS Martin, cat. no. 50-502-11-07) 

50. Titanium Screws (KLS Martin, cat. no 25-878-05-09) 

51. Screwdriver (KLS Martin, cat. no. 25-402-99-07 and 25-489-97-07) 

52. 9-0 Ethilon Suture (Ethilon, cat. no. 2809G) 

53. Microvascular kit (Synovis MCA, S&T Microsurgical kit, cat. no. 00771) 

54. Microvascular clamps (Synovis MCA, TKS-1, TKM-1, TKSV-1, TKMV-1) 

55. Osteotome (KLS Martin, cat. no. 37-626-05-07) 

56. Mallet (KLS Martin, cat. no. 01-002-86-07) 

57. Senn retractor (Patterson Veterinary, cat. no. 07-800-4721) 

58. Lidocaine (Patterson Veterinary, cat. no. 07-891-4324) 
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Optional: Craniofacial infection 

59. Collagen sponge (Medline, cat. no. A6021) 

60. Pipette (Eppendorf, cat. no. 3121000083) 

61. Bacterial inoculum (Xen 36, PerkinElmer, cat. no. 119243) 

3.3. Protocol 

3.3.1. Preoperative Preparation 

Upon protocol approval by the IACUC (and funding agencies, if applicable), an 

equal number of male and female sheep are ordered from a vendor who ensures that 

both sexes have negative Coxiella burnetii tests and the female sheep have negative 

pregnancy tests prior to shipment to the animal facility. After receipt, the animals are 

allowed to acclimatize for at least a week prior to surgical manipulation. 

Surgical instruments are sterilized via autoclave and allowed to cool to room 

temperature. Biomaterials are sterilized via ethylene oxide (or gamma radiation, if 

available) and allowed to off-gas for at least 24 hours prior to surgery. 

3.3.2. Surgical Induction and Animal Preparation 

1. Remove food from the sheep approximately 18 hours prior to surgery 

2. Administer telazol (4 - 8 mg/kg IV) with a 20G needle an hour prior to surgery. 

Weigh sedated sheep. 

3. Start isoflurane (3 – 5 % for induction, 2 L / O2) on mask while shaving, placing 

IV catheter, applying Puralube, and administration of Naxcel (if not creating 
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an infection, 3 mg/kg) and buprenorphine (0.01 mg/kg SC). Shave the area 

over the right ribcage for the bioreactor surgery, and the area over the right 

mandible if creating a mandibular defect. Insert a 20G IV in the lateral 

saphenous for fluid replacement. After verifying absent pedal reflex, intubate 

the sheep and begin isoflurane (1.5 – 3 %) for maintenance. 

4. Position the sheep in left lateral recumbency on the operating room table, with 

the rear of the animal located adjacent to the anesthesia site to allow for easy 

access to the mandibular defect site. Insert stomach tube of 1/2" or 3/8” 

internal diameter. Secure legs to the table with rope—front legs displaced 

caudally to displace scapula for rib access. If performing mandibular surgery, 

position head on inflatable ring and ensure the tubes exit on the left side of the 

mouth so as not to apply pressure to the mucosa overlying the defect site. 

Attach rectal thermometer, pulse oximetry monitor, blood pressure cuff, and 

grounding pad, and cover rear of sheep with a warming water blanket. Start 

IV with lactated ringers at a rate of 10 ml/kg/hr for the first two hours, and 5 

ml/kg/hr for the remainder of the procedure. 

5. Sterilize the surgical site(s) with alcohol and chlorohexidine. Prepare surgical 

field(s). Scrub and don sterile gown and gloves and drape the sheep. 

6. Monitor the animal for heart rate, tissue oxygenation, blood pressure, 

temperature, exhaled CO2, and presence of spontaneous respirations every 5 

minutes throughout the procedure. 
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3.3.3. Bioreactor Implantation 

7. Palpate the ribs, locate ribs 3, 5, 7, and 9., and mark locations with the marking 

pen (Figure 15A). 

Note: We have previously also utilized ribs 2, 4, 6, and 8; however, it is difficult 

to reach rib 2 with the location of the scapula. It is important that alternating 

ribs are selected to minimize occurrence of flail chest. 

8. Create a skin incision (up to 15 cm) between rib 3 and 5 with a 10 scalpel 

blade. Utilize the Bovie pen to cauterize bleeding vessels. 

9. Perform blunt dissection through muscle layers anteriorly to reach rib 3 (or 

posteriorly to reach rib 5 as both can be reached through a single skin 

incision). Use army-navy retractors to assist with visualization. 

Caution: Increase care of dissection as the rib is approached. The vasculature 

for anastomosis runs immediately inferior to the rib and can be disturbed 

during blunt dissection. 

10. Upon removing muscle from the rib, use the Bovie pen to incise a line in the 

periosteum on the external side of the rib that is 1 cm longer than the 

bioreactor to be implanted. 

11. Utilize a periosteal elevator to elevate the periosteum from the rib, taking care 

not to damage the periosteum or disturb the small vessels running inferior to 

the rib (Figure 15B). Elevate the periosteum from the entire external surface 

of the rib, and one tool’s width from the pleural side. 
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Caution: Pleural tears can occur if the sharp edge of the periosteal elevator is 

used on the pleural side of the rib. Smaller holes can be closed with a couple of 

sutures. 

 

Figure 15. Images of the bioreactor implantation procedure. A) Marking out 
locations of the ribs (small lines) and the planned incision sites (large line), B) 
Incising and carefully elevating the periosteum from the bone, C) Using bone 

cutters to remove a segment of the rib while protecting the underlying 
periosteum and pleura, D) The area of rib removed, exposing the periosteum, 
E) Segments of rib (center) prior to morselizing in the bone mill (right), and F) 

implantation of the bioreactor snuggly between the two ends of cut rib. 

12. Use a right-angle hemostat to reach between the pleural side of the rib and the 

pleural periosteum and grab a piece of unfolded gauze. Carefully pull it back 

through so a portion is visible on both the inferior and superior edge of the rib, 

between the rib and the periosteum. 

13. Slide the gauze along the length of the rib to be removed, elevating the 

periosteum from the entire pleural side of the rib. 
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14. Measure again the length of the rib to be removed. Mark the edges with a Bovie 

pen or dental drill. 

15. Utilize bone cutters to remove the section of the rib, careful again to avoid 

pleural tears with the sharp edges of the bone snips (Figure 15C). Bone 

removed should be approximately 0.5 cm larger than the bioreactor to be 

implanted (Figure 15D). 

16. Optional: If planning on having an autograft group within the study, the 

removed rib can be ground using a manual or automatic sterilized bone mill 

(Figure 15E). The morselized autologous bone can then be packed into 

bioreactors at the desired packing density. We have previously utilized 0.55 

g/L packing density [126]. 

17. The bioreactors can be filled with the desired material for testing. We have 

previously packed bioreactors with autograft, calcium phosphate ceramics 

(MasterGraft®), xenograft bone matrix (Bio-Oss®), or a combination of 

autograft and one of the commercially available graft materials. 

18. Using a ruler (or other flat surgical instrument) to hold the graft in the 

bioreactor, the bioreactor is inserted into the location from where the rib was 

just removed, with the cuff under the rib on either side. The ruler is carefully 

removed, and the bioreactor is gently pressed onto the cambium layer of the 

periosteum (Figure 15F). 

19. Suture the cuff to the periosteum with non-resorbable suture (4-0 prolene) to 

hold the bioreactor in place. 
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20. Close the deep muscle layers in an interrupted fashion with resorbable suture 

(3-0 Vicryl) to further secure the bioreactor in place.  

21. Uncover the other rib that can be accessed through the same skin incision and 

repeat steps 9-20 above to implant the second bioreactor. 

22. Close the subcutaneous fascia and muscle layers with interrupted resorbable 

(3-0 Vicryl) suture. 

23. Close the skin with running subcuticular suture using resorbable (3-0 Vicryl). 

Bury the knots as these can be a source of infection for the animals. 

24. Use the scalpel to create the second skin incision to access ribs 7 and 9 for 

bioreactor implantation. Repeat steps 9-23 above to implant two more 

bioreactors. 

3.3.4. Optional Mandibular Defect Creation 

Note: Can be performed simultaneously with additional personnel and tools. 

We do not recommend utilizing the same set of tools as this increases the risk 

of infection. 

Caution: It is recommended to wear N-95 respirators if mandibular defect 

creation is being performed. The protocol calls for the use of a dental drill, 

which can aerosolize particles. Although these sheep have tested negative 

several times for Q-fever, an N-95 still offers optimal protection. 
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Figure 16. The defects created in the mandible for eventual transfer of 
bioreactor tissue. A) The angular defect (4 x 1 x 1 cm) or B) superior marginal 

defect (2 x 0.5 x 1 cm). 

25. Use the marking pen to mark out the length of the incision. If a defect in the 

angle of the mandible is desired, an 8 cm curved incision should be created 

along the inferior border of the posterior mandible with extension along the 

ramus. If a superior marginal defect is required, a 6 cm incision should be 

created along the inferior border of the central mandible, centered in the 

edentulous region. Use a 15 blade to create the desired incision. 

26. Bluntly dissect down to the bone, retracting with the rake-sim retractor, while 

avoiding vasculature that could be used in future anastomoses. 
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27. After incising a small hole in the periosteum, utilize a periosteal elevator to 

raise the periosteum from the mandible on the buccal and lingual sides. 

Caution: When elevating the periosteum within the edentulous region for the 

creation of a superior marginal defect, the mucosa can be damaged. 

28. Use a dental drill with 1 mm burr to outline the borders of the desired defect 

(Figure 16). The angle of the mandible defect (Figure 16A) we have utilized is 

4 cm long by 1 cm high and full thickness [89,126]. The superior marginal 

defect (Figure 16B) spans from the anterior edge of the molar to the canal of 

the mental nerve (up to 2 cm) with the height down to the nerve canal (~0.5 

cm) and full-thickness. Continue deepening the grooves with irrigation and 

suction. 

Caution: For the superior segmental defect, the drill is in close proximity to the 

oral mucosa, so a retractor can be used to protect the soft tissue from the bur. 

Caution: the nerve delivers sensation to the lower lip, so the sheep may 

experience problems with picking up food and eating if it is damaged. Use 

caution around the neurovascular bundle. 

29. Utilize an osteotome and hammer with gentle tapping to further loosen the 

bone. Switch between the drill and osteotome as necessary to loosen the bone. 

After the bone is free, remove it. 

30. Use the burr to smooth the edges of the bone to ensure rough edges are not 

likely to cause dehiscence of the oral mucosa. Irrigate the area well to remove 

bone dust and fragments. 
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31. Optional: Mandibular Infection 

a. If a mandibular infection is to be created to test the release of antibiotics from 

the space maintainer or the effects of a localized bacterial infection on remote 

bone growth, place a sterile collagen sponge into the defect (1 cm in diameter). 

b. Pipette bacterial strain of desired concentration into the defect site. We 

utilized 200 µL of Staphylococcus aureus (bioluminescent Xen 36) such that 

106 CFU were pipetted onto the sponge. 

c. Wait 15 min before implanting space maintainer. 

Note: Do not irrigate further during the protocol or risk spreading infection or 

losing inoculum. 

32. Use the dental drill or other tool to shape the space maintainer to fit snuggly 

within the defect site. If using the larger angle of the mandible defect, a 4 L x 1 

H x 1 W cm space maintainer should not need much adjusting. If using the 

superior segmental defect, a 2 L x 0.5 H x 1 W cm space maintainer may require 

a little trimming to fit within the defect as molar-canal distance varies slightly 

animal to animal. Porous space maintainers should be trimmed under 

irrigation to ensure melting acrylic does not clog pores. 

33. After ensuring a snug fit with the space maintainer and that there are no sharp 

edges to damage surrounding structures, place the space maintainer within 

the defect. Bend the fixation plate appropriately. 

34. Use the self-tapping screws to secure the space maintainer in place. Utilize 2 

screws posterior, 2 within the spacer, and 2 anteriorly. 

35. Close the deep tissues with interrupted resorbable suture (3-0 Vicryl). 
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36. Close the skin with running subcuticular resorbable sutures (3-0 Vicryl or 

PDS) and bury the knots. 

3.3.5. Post-Operative Care 

37. Wipe the incision sites with saline. 

38. Administer bupivacaine 0.25 % at <1 ml/kg to both incision sites. Administer 

buprenorphine (SC at 0.01 mg/kg), ketoprofen (IM at 2 mg/kg), and Excede 

(6.6 mg/kg, if not creating an infection), and place a fentanyl patch (75-100 

µg/45.5 kg) to the back of the sheep. 

39. Note: Ketoprofen is a non-steroidal anti-inflammatory drug (NSAID). While 

several studies have shown that both selective and non-selective NSAID use 

poorly impacts bone growth [134], other studies indicate that this effect is 

duration and dose dependent [135]. We use it for up to a week 

postoperatively, if needed for pain relief, but recommend other methods, such 

as the Fentanyl patch for long-term pain relief. 

40. Stop isoflurane, remove the stomach tube, and extubate the sheep. After 

extubated and maintaining vitals and near normal body temperature, 

transport the animal back to the pen. Continue to monitor vitals every 15 

minutes while animal recovers from surgery. Once able to stand, introduce the 

animal back with the fellow sheep. Allow regular diet (including probiotics for 

3 days) and water. 

41. Continue monitoring animals for signs of distress and intakes/outputs. 

Administer ketoprofen (2 mg/kg) and clean the incision with dilute 
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chlorohexidine solution daily for 3 days. Any exposed surgical knots should be 

promptly trimmed. 

3.3.6. Optional Bioreactor Transfer 

42. If study objective is to test the performance of the transferred tissue to the 

mandibular site, a second surgery should be performed. The preoperative 

course should be the same as above, with steps 1 – 6 performed to prepare the 

animals for surgery. 

43. Palpate the ribs to locate the bioreactors. The previous skin incisions should 

be well-healed but visible after shaving. Use a 10 blade to open along the 

previous incision. 

44. Carefully dissect through the muscle to reach the bioreactor that will be 

transferred to the mandibular defect site. 

Note: We recommend that the chamber that is to be transferred is located and 

properly removed first in case there are issues (poor bone generation, surgeon 

error in harvesting vasculature, etc.) that may lead to the need to transfer a 

different bioreactor. 

45. Cut the suture and remove the cuff from the bioreactor. Remove the PMMA 

portion of the bioreactor, leaving the generated tissue exposed (Figure 17A). 
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Figure 17. The bioreactor transfer surgery. A) The bioreactor is removed from 
the generated tissue to allow for dissection of the vasculature, B) harvested 

with the adjacent vasculature, and C) carefully removed. The artery and vein 
are D) dissected and E) anastomosed end-to-end to facial vasculature, prior to 

F) plating the transferred tissue in place. 

46. Begin searching for the small intracostal arteries and veins that supply the 

generated tissue. They should be largest inferior and posterior to the 

bioreactor implantation site. 

Note: Depending on the success of the bioreactor implantation surgery, there 

may be some scar tissue around the bioreactor that makes the location of 

vessels difficult. 
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47. Trace the vasculature as far posterior as possible to allow for long vasculature 

to give flexibility in anastomoses location. 

48. Use a periosteal elevator to carefully remove the pleura from the pleural side 

of the generated tissue. If the bony tissue is continuous with the ribs, utilize 

the bone cutters to cut along the edge of the generated tissue to free it from 

the rib (Figure 17B). 

Caution: Due to some scar formation and the desire to preserve the generated 

tissue and vasculature, it is not uncommon to create a small pleural tear at this 

step. Suture it closed with some 3-0 Vicryl if small. Larger tears may need a 

chest tube, but we have never experienced this complication. 

49. After the bioreactor tissue that will be transferred has been freed, the 

vasculature can be clamped with bulldogs, and the vessels cut (Figure 17C). 

Transfer the bioreactor tissue to the surgical table and cover with some gauze 

that has been soaked in sterile saline. If the vessels are particularly small, some 

lidocaine-soaked gauze can be placed over the vessels to encourage their 

dilation. 

50. Remove the remaining bioreactors and generated mineralized tissue with or 

without vasculature. If qPCR is to be performed, biopsy punch the appropriate 

sides of the bioreactor and place these samples in RNA-later. Place the tissues 

in 10 % neutral buffered formalin for fixing. Close the incisions with deep, 

intermediate, and skin sutures as previous. 

51. Use a 15 blade to open the previous mandibular incision and bluntly dissect 

down to the bone. If a defect was not created during the first surgery, follow 
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steps 25-30 above to create the mandibular defect now. If two surgical teams 

and two sets of tools exist, the following mandibular steps can be performed 

in parallel with the harvesting of the tissue for transfer at the rib site. 

52. If a space maintainer was implanted during the first surgery, uncover the plate 

and screws. Unscrew the screws that anchor the plate to the mandible (2 

anterior and 2 posterior) and remove the space maintainer and plate as one 

piece. 

Note: The previous surgery will create some fibrous tissue in the area. It is 

important that blunt careful dissection is used so the vessels for the 

anastomosis are not compromised. 

53. Locate the vessels for anastomosis. If the defect at the angle of the mandible is 

being investigated, the vessels can be found in the neck as branches of the 

external carotid and accompanying vein. If the superior segmental defect is 

being investigated, a branch of facial artery and vein several centimeters 

posterior to the defect should be used. 

54. Anastomose the vessels with the surgical microscope using 9-0 Ethilon suture 

(Figure 17D, E). Use 6 interrupted sutures each in the artery and the vein. 

Verify patency with pulsations of the artery. 

55. Utilize the same plate that held the space maintainer in place (Figure 17F). 

Secure the generated anastomosed tissue with 2 screws posterior, 2 anterior, 

and 2 within the tissue. 

56. Close mandible in deep and skin layers as done previously, with care not to 

suture through the newly formed anastomoses. 
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57. Perform postoperative monitoring and recovery as steps 37 – 40 above. 

3.3.7. Euthanasia and Specimen Retrieval 

58. Sedate the sheep with telazol (6 – 8 mg/kg). Weigh the animal and transport 

it to the necropsy suite. Inject pentobarbital/phenytoin (0.22 mg/kg) in the 

internal jugular or cephalic vein. Monitor the animal for cessation of heartbeat 

and respirations. 

59. If optional second surgery to transfer the bioreactor tissue was not performed, 

recover the tissue by opening the rib incisions, dissecting down to the rib, and 

carefully removing the bioreactor tissues. Remove any samples for qPCR. 

60. If the optional second surgery to transfer the bioreactor tissue was performed, 

the mandible should be removed. Incise the buccinator muscles from the edges 

of the mouth posterior to the condyle. Dissect the skin from the oral mucosa 

on the buccal side of the mandible and continue to dissect along this plane 

inferiorly to the inferior border of the mandible and anteriorly and posteriorly 

until the skin is removed from the exterior of the mandible. On the lingual side, 

make an incision of the mucosa under the tongue from the anterior to 

posterior edge of the lingual side of the mandible. After incising the mucosa 

(this prevents mucosal tears over the defect site), dissect more inferiorly 

through the tongue muscles to reach the inferior edge of the mandible. At this 

point, the skin and tongue can be removed from the mandible, and the focus 

can shift to the posterior muscles (such as the masseter, and pterygoids). The 
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temporomandibular joint can be disarticulated by cutting through the muscle, 

and the mandible can be removed. 

61. Take some images of the mucosa overlying the defect and contralateral side 

and make some gross observations of the mandible prior to fixing. 

62. Use a diamond saw to isolate the region of interest of the mandible. This allows 

for better penetration of the fixative as well as allows the sample to fit within 

the microCT. Under irrigation, use the diamond blade to incise ~1 cm anterior 

and posterior to the reconstructed defect, and make the same cuts on the 

contralateral control side. 

63. Place the cut mandible in 10 % neutral buffered formalin at room temperature. 

64. After 1 week, transfer the fixed bioreactor tissues and mandible to 70 % 

ethanol for longer term storage. 

3.3.8. Analysis 

65. Perform qPCR for selected primers on the biopsy punches of bioreactor tissues 

stored in RNAlater. 

66. Perform microCT of both the bioreactor-generated mineralized tissues and cut 

mandibles. 

67. Using a diamond blade saw, cut the bioreactor specimens into smaller 

sections, depending on what additional analysis is to be done. Larger 

bioreactors (4 cm in length) can be used to perform 3 tests (i.e. histology, 

compressive mechanical testing, screw pull-out testing), while smaller 
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bioreactors (2 cm in length) should be used for 2 tests (i.e. histology and 

compressive mechanical testing). 

68. Embed and stain the samples for histology. Score the histological sections 

using the previously published scoring matrices [123,124,126]. 

69. Perform mechanical testing of the remaining portions of the bioreactor 

tissues. For compressive mechanical testing, ensure that the sample does not 

exceed an aspect ratio of 2:1 in any direction [123]. For screw pull-out testing, 

utilize a dental drill with 1.8 mm diameter bit and 5 mm stop to pre-drill screw 

holes. Screw in 2.0 mm screws to a depth of 5 mm. 

3.4. Anticipated Results 

The protocol described in this paper has been validated with several projects 

that have investigated the effect of different variables on the regeneration of bony 

tissues. These studies have studied the influence of bioreactor geometries, scaffold 

materials, and sites for tissue transfer, and these previous results have been 

published with in-depth discussions in other peer reviewed journals [89,121–

124,126]. Utilizing this model, we can reliably generate bone of geometries 

approximating the implanted bioreactor and compare the performance of various 

graft materials. Further, we can transplant these tissues to a defect site created at the 

time of the bioreactor implantation and filled with a space maintainer or created at 

the time of the bioreactor harvest. Transferred tissues can be transplanted as a 

vascularized flap or as an avascular graft. Finally, this model can also be utilized to 

determine the interplay between a localized infection and remote bone growth. 
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Using the presented methods with the appropriately trained personnel, no 

significant intraoperative complications have occurred, with the animals expected to 

undergo two surgeries doing well after each. The analgesia and antibiotics within this 

protocol have been sufficient for the bioreactor implantation with minor 

complications (small seroma, small mucosal dehiscence) being observed infrequently 

with mandibular defect creation; however, none of these complications resulted in 

animals being removed prior to the study endpoints. The primary methods for the 

evaluation of the tissues formed within the bioreactors harvested after 9 weeks are 

microcomputed tomography, histomorphometry, and mechanical testing, while those 

that are harvested after transfer to the mandible are evaluated via microCT and 

histology. We have also investigated qPCR to determine the gene expression within 

different regions of the generated tissues; however, it has not been a major metric in 

determining the quality of the formed bone. 

3.4.1. MicroCT 

MicroCT analysis is non-destructive and allows for the specimens to be 

utilized for further testing. It can be utilized to visualize bony structures without 

disturbing the soft tissue, and it can generate quantitative values for an area of 

interest, assuming scanning parameters are similar across samples (Figure 18). 

Scanning parameters should be chosen to balance desired resolution and scanning 

time [136]. As samples are fixed and stored in 70% ethanol prior to scanning, it is 

important that samples remain moist for the duration of the scanning. 
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Figure 18. MicroCT images from previous studies. A) a 4 cm L x 1 cm  H x 1 cm 
W autograft-, B) a 2 cm L x 0.5 cm H x 1 cm W synthetic graft-, and C) a 4 cm L x 

1 cm  H x 1 cm W xenograft-filled bioreactor after 9 weeks of implantation. 
Periosteal surface indicated by a blue bar. Graft material and newly formed 

bone are radio-opaque and can be quantified. Scale bar (white) = 2 mm. 

Radiographic analysis has been utilized to determine the bone volume/total 

volume (BV/TV), the trabecular spacing (Tb.Sp.), trabecular number (Tb.N.), and 

trabecular thickness (Tb.Th.) for the harvested bioreactor specimens or the mandible 

area containing the transferred bioreactor tissue. We have previously shown that the 

microCT measurements vary for the bony tissues generated from different scaffold 

materials, with calcium phosphate synthetic graft showing lower measurements of 

BV/TV and Tb.N. when compared to autograft containing bioreactor specimens after 

9 weeks of implantation [89]. In another study, we were able to demonstrate that the 

generated tissue undergoes further remodeling after transfer to the mandible, with 

BV/TV of autograft containing bioreactors increasing from the initial implantation, to 

the transfer, to euthanasia, when it was not significantly different than the native 

mandible [123]. We have also demonstrated that an untreated localized mandibular 

infection significantly increases the BV/TV of autograft bioreactor tissues when 
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compared to animals who had inoculums treated with localized antibiotic release 

[124]. 

3.4.2. Histology and Histomorphometry 

Histological sectioning is a destructive process. Samples can be decalcified 

prior to paraffin embedding or embedded in methacrylate without need for 

decalcification [137]. We have utilized primarily methacrylate embedding for this 

model as the space maintainers, fixation plates, and screws require diamond blade 

saws for sectioning. Methylene blue and basic fuchsin can then be utilized to stain 

bone red, nuclei blue, and collagen, and fibrous tissue purple (Figure 19). After 

digitization of images, histological scoring can be performed using blinded scorers 

using previously established scoring systems [89,123,124]. The height of viable bone 

within the bioreactor and the area of bone within the bioreactors can also be 

quantified by histology [123]. 

Bioreactor tissues have previously been scored for tissue type, tissue maturity, 

substrate score, and presence of osteoclasts. We have previously demonstrated that 

there was no significant difference in tissue type or tissue maturity between autograft 

containing bioreactors and ceramic calcium phosphate synthetic graft [89]; however, 

the autograft containing-bioreactors had significantly higher substrate scores than 

the synthetic graft-filled bioreactors, implying better coverage of the autograft with 

newly formed bone [123]. We have also demonstrated that autograft-containing 

bioreactors had higher scaffold coverage than cancellous bone chip-filled bioreactors 

[124]. In addition to histological scoring, histomorphometry such as fractional depth 
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and ratios of chamber contents (if able to threshold between graft and newly formed 

bone) can be computed. Tissue transferred to the mandible can also be scored 

histologically for bony bridging and screw integration within the scaffold [123]. 

Image analysis can also be utilized to measure the dimensions of the adjacent native 

mandible. 

 

Figure 19. High magnification images acquired from bioreactor tissue sections 
embedded in methacrylate and stained with methylene blue and basic fuchsin. 
A) autograft (AG), B) synthetic graft (SG), and C) xenograft (XG) materials were 

surrounded by new bone formation (bright pink) and  lined with osteoblasts 
(blue round cells). Scale bar = 100 µm. 

3.4.3. Mechanical Testing 

Mechanical testing is a destructive test that should be designed for the 

intended application of the graft tissue. Compressive mechanical testing is commonly 

used for tissue that may be needed for load bearing applications [138], while screw 

pull-out testing should be used for tissue that will be expected to hold screws [139].  

The compressive modulus and compressive strength have been successfully 

measured. Tissue specimens of roughly cubic geometry (no aspect ratio was > 2) 

underwent unconfined mechanical testing (Figure 20A). Results showed that the 
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synthetic graft-containing bioreactors generated tissues with a significantly lower 

compressive modulus than native rib, but that autograft was not significantly 

different from either [123]. Compressive modulus for specimens generated within 

autograft-containing bioreactors has also been shown to be significantly higher than 

xenograft-containing bioreactors within the same treatment group [124]. Screw pull-

out testing was performed using screws of same diameter and penetration depth as 

those utilized to fix the mandible in place (Figure 20 B,C). We demonstrated that bony 

tissues generated in autograft-filled bioreactors had higher maximum pull-out forces 

than those from xenograft-filled bioreactors [124]. 

 

Figure 20. Mechanical testing of bioreactor tissues. A) A xenograft-filled 
bioreactor tissue after compressive mechanical testing, B) The screw pull-out 

testing of an autograft-filled bioreactor specimen, and C) The load-
displacement curves for autograft-filled bioreactor (blue) and xenograft-filled 

bioreactor (orange)  samples undergoing screw pull-out testing. 

3.5. Conclusions 

This protocol describes a versatile large animal model of in vivo bioreactors 

that allows for the investigation of different bioreactor geometries, manufacturing 

strategies, time of implantation, and graft materials, and for the transfer of the 
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generated tissues to a mandibular defect. The model utilizes the periosteum to 

generate the bone without the need for extrinsic growth factors, allowing for true 

comparisons of scaffold material properties. To date, we have experienced no 

clinically significant complications that have required withdrawal of animals from the 

study. The generated tissues can be evaluated via polymerase chain reaction, 

microCT, histology, and mechanical testing. This large animal protocol allows for the 

optimized generation of bony tissues of clinically relevant and customized geometries 

from a variety of different scaffold types and can serve as an important model system 

for studying bony tissue generation using different physiologic and anatomic 

variables. 
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Chapter 4 

Infected Ovine Mandibular Defect‡ 

Abstract 

Mandibular reconstruction requires functional and aesthetic repair and is 

further complicated by contamination from oral and skin flora. Antibiotic-releasing 

porous space maintainers have been developed for the local release of vancomycin 

and to promote soft tissue attachment. In this study, mandibular defects in six sheep 

were inoculated with 106 colony forming units of Staphylococcus aureus; three sheep 

were implanted with unloaded porous space maintainers and three sheep were 

implanted with vancomycin-loaded space maintainers within the defect site. During 

the same surgery, 3D-printed in vivo bioreactors containing autograft or xenograft 

were implanted adjacent to rib periosteum. After 9 weeks, animals were euthanized, 

and tissues were analyzed. Antibiotic-loaded space maintainers were able to prevent 

dehiscence of soft tissue overlying the space maintainer, reduce local inflammatory 

cells, eliminate the persistence of pathogens, and prevent the increase in mandibular 

                                                        
‡ This chapter was published as E. Watson, B.T. Smith, M.Mm Smoak, A.M. Tatara, S.R. Shah, H.A. Pearce, 
K.J. Hogan, J. Shum, J.C. Melville, I.A. Hanna, N. Demian, J.C. Wenke, G.N. Bennett, J.J.J.P van den Beucken, 
J.A. Jansen, M.E. Wong, and A.G. Mikos, “Localized Mandibular Infection Affects Remote in Vivo 
Bioreactor Bone Generation,” Biomaterials, 256 (2020) 120185. 
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size compared to unloaded space maintainers in this sheep model. Animals with an 

untreated mandibular infection formed bony tissues with greater density and 

maturity within the distal bioreactors. Additionally, tissues grown in autograft-filled 

bioreactors had higher compressive moduli and higher maximum screw pull-out 

forces than xenograft-filled bioreactors. In summary, we demonstrated that 

antibiotic-releasing space maintainers are an innovative approach to preserve a 

robust soft tissue pocket while clearing infection, and that local infections can 

increase local and remote bone growth. 
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4.1. Introduction 

Mandibular infection remains a challenging problem for patients and 

clinicians. Whether due to primary inoculation or infection of a mandibular defect 

following tumor resection or trauma, bacterial pathogens inhibit the normal healing 

process of craniofacial bone [140]. Mandibular osteomyelitis has two specific 

challenges: 1) clearance of the infection and 2) replacement or regeneration of the 

damaged tissue. To address the first problem, the current gold standard is systemic 

antibiotic delivery [141]. However, intravenous antibiotics have several important 

limitations. In bone infections with necrotic tissue that lacks vascularization, 

antibiotic penetration is poor [142]. In addition, the systemically required dose of 

antibiotics to achieve local tissue concentrations that are bactericidal can result in 

toxicities to other organs, such as the kidneys [143]. Therefore, our group and others 

have developed devices to locally deliver antibiotics to the mandible. This permits 

high local concentrations of antibiotics without elevated systemic concentrations, 

circumventing the vasculature and mitigating against systemic side effects. We have 

further optimized the device to include a porous surface, which can assist with cell 

adhesion and prevent dehiscence [98]. Specifically, the use of microspheres for 

controlled antibiotic release within a porous poly(methyl methacrylate) space 

maintainer could mitigate the systemic effects of antibiotics while creating a healthy 

soft tissue pocket by preventing infiltration of fibrovascular tissue into the defect for 

secondary reconstruction, solving one of the two challenges of mandibular 

osteomyelitis. 
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For the second challenge, it is necessary to regenerate bone suitable to replace 

tissues damaged as a result of mandibular osteomyelitis. The face is arguably the most 

important identifier in the perception of self [144] and the underlying bones must 

withstand varied forces when eating and must provide proper support to the tongue 

for speaking [145]. The most common tissue harvested for repair of a mandibular 

defect is the patient’s fibula [115,146,147]. However, the geometry of the fibula is a 

poor substitute for the natural mandibular geometry, and donor site morbidity such 

as gait instability or tibial fractures has been reported [115,116,147]. To overcome 

these limitations, we have developed a strategy utilizing an in vivo bioreactor 

[89,123,126]. This bioreactor system involves implanting a 3D-printed bioreactor in 

the shape of the mandibular defect at an ectopic site. Growth factors can be utilized 

to encourage bone ingrowth; however, these may be contraindicated in cases of 

tumor removal [118]. Alternatively, the body’s own periosteum can be utilized to 

induce bone formation [148]. Bioreactors placed adjacent to periosteum are filled 

with biomaterials and can generate vascularized bony tissues suitable for mandibular 

reconstruction [123]. Despite several human case studies involving in vivo 

bioreactors [149,150], little is known of the interplay of infection at the mandibular 

site and generation of bony tissue within the remote bioreactors.  

Therefore, in this study, the in vivo the utilization of an antibiotic-loaded space 

maintainer was evaluated in a large animal model of mandibular infection to elucidate 

the effects of infection and treatment on local tissue response and remote guided 

bone growth in bioreactors adjacent to rib periosteum. We aim to investigate if the 

antibiotic-loaded space maintainer is capable of clearing a mandibular infection in a 
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clinically-relevant animal model and how the treatment of the mandibular infection 

affects the ability of the graft material within the in vivo bioreactors to support 

generation of bony tissue. Unilateral mandibular defects in six sheep were inoculated 

with 106 colony forming units of Staphylococcus aureus, the most common pathogen 

isolated from craniofacial osteomyelitis caused by trauma [151] and surgical site 

infections [152]. Half of the sheep (n=3) received unloaded porous space maintainers 

and half (n=3) received vancomycin-loaded space maintainers within the infected 

mandibular defect site. All animals were implanted with four bioreactors adjacent to 

rib periosteum—two filled with morselized autograft and two with Bio-Oss£ 

xenograft to investigate the differences in bone growth between the two scaffold 

materials. After 9 weeks, the animals were euthanized, and their mandibular tissues 

and bioreactors were analyzed via microCT, histology, and mechanical testing. We 

hypothesized that the vancomycin-loaded space maintainers would result in 

sustained drug release that would prevent or clear the mandibular infection and that 

the localized mandibular infection would affect the remote bone formation within the 

bioreactors via systemic inflammatory factors. 

4.2. Materials and Methods 

4.2.1. PLGA Microparticle Fabrication 

PLGA microparticles (Resomer 503H [50:50 lactic acid:glycolic acid, acid 

terminated, Mw = 38.2k and Mn = 26.6k as determined by Advanced Polymer 

Chromatography (Waters Corp, Millford, MA)], Evonik, Birmingham, AL with 
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polystyrene standards) loaded with 20 wt% vancomycin hydrochloride (USP-grade 

from Streptomyces orientalis, Sigma-Aldrich) were fabricated using a water-in-oil-in-

water double emulsion solvent evaporation technique as described previously [44]. 

Briefly, vancomycin hydrochloride was dissolved in 0.3 wt% PVA (88% hydrolyzed, 

13-23 kDa, Sigma-Aldrich, St. Louis, MO) at 312.5 mg/mL prior to emulsification with 

the oil phase consisting of PLGA in dichloromethane at 222 mg/mL at a ratio of 1:5.6 

v/v. The external aqueous phase of 0.3 wt% PVA and 4 wt% NaCl was left to stir at 

700 rpm for 30 minutes prior to reduction in stirring to 500 rpm for an additional 3.5 

hrs. The microparticles were washed three times in distilled water prior to flash 

freezing and vacuum drying. Blank microparticles were made similarly but without 

any antibiotic dissolved in the internal phase. The microparticles were sieved, and 

particles below 300µm were utilized in space maintainer fabrication. 

4.2.2. Space Maintainer Fabrication 

Space maintainers were fabricated as previously described [98,153]. Briefly, 

UV-sterilized carboxymethyl cellulose (CMC, Spectrum Chemical, New Brunswick, NJ) 

was constituted in sterile water at 9 wt%. Scaffolds consisted of 10 wt% PLGA 

microparticles, 30 wt% CMC gel, and bone cement powder and bone cement liquid at 

2:1 w/v ratio. Bone cement powder (84 wt% polymerized 

methylmethacrylate/methyl acrylate copolymer, 1 wt% benzoyl peroxide, and 15% 

zirconium dioxide, kindly donated by Synthasome, Inc., San Diego, CA) and PLGA were 

mixed prior to adding CMC. After a homogenous paste was formed, the liquid 

monomer (97.5 wt% methacrylate monomer, 2.5 wt% N,N-dimethyl-4-toluidine, and 
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75 ppm hydroquinone, Synthasome, Inc.) was added and stirred until the mixture 

entered a dough phase. The mixture was transferred to 3D-printed molds (Dental SG 

resin, FormLabs) of 1 x 2 x 0.5 cm, allowed to cure, and then vacuum dried for 48 

hours. All space maintainers were sterilized via ethylene oxide Anprolene AN74i gas 

sterilization (Andersen Products, Haw River, NC) and allowed to degas prior to 

implantation. Untreated sheep are those who received blank space maintainers, while 

treated animals are those that received the vancomycin-loaded space maintainers.  

4.2.3. Bioreactor Fabrication 

Bioreactors were 3D printed from poly(methyl methacrylate) using a layer-

by-layer technique as previously described [123]. Bioreactor dimensions were 4 cm 

in length, 1 cm in width, and 1 cm in height. A sheet of ethylene-vinyl acetate was 

formed around each bioreactor prior to sterilization with ethylene oxide. 

4.2.4. In Vitro Release 

Space maintainers (n=3) were submerged individually into 5 mL of PBS at 

37˚C with mild agitation. The entire solution was removed and replaced with fresh 

PBS at 6 and 12 hours and, 1, 4, and 7 days, and then biweekly until day 63. The 

amount of vancomycin released was quantified by high pressure liquid 

chromatography comprised of a Waters 2695 separation module and 2996 

photodiode array detector with a Waters XTerra RP 18 column (250mm × 4.6mm) at 

35 °C as previously described [44]. The flow rate was 1 mL/min in a mobile phase 

consisting of 25 mM KH2PO4 (pH 3) and acetonitrile with a linear gradient of 5%–
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60% acetonitrile in water over 20 min. Absorbance was monitored at λ = 274 nm. 

Standard solutions vancomycin in PBS buffer (pH 7.4) were tested in the range of 0.1–

1000 μg/mL, with the lower limit of detection found at 0.1 μg/mL. Percentage 

cumulative release was calculated by normalizing the cumulative drug released at 

each time point to the theoretical loading of the construct. The theoretical loading was 

calculated from the space maintainer weight prior to vacuum drying and from the 

loading efficiency of the PLGA microparticles as previously described [44]. 

4.2.5. Bacterial Growth and Culture 

Staphylococcus aureus Xen36 (PerkinElmer, Waltham, MA) was cultured 

overnight at 37°C in Mueller Hinton Broth (BD, Franklin Lakes, NJ) and streaked on a 

plate of tryptic soy agar (TSA; BD) as previously described [153]. Luminescence of 

the colonies was verified via an In Vivo Imaging System (IVIS; PerkinElmer), and a 

single colony was expanded for use in the surgical procedure. The evening before 

surgery, frozen stock from a single colony of S. aureus was inoculated into broth. The 

morning of surgery, colonies were suspended in sterile normal saline to an optical 

density of 0.1 at 625 nm and diluted 1:20, creating a solution in which 200 µL contains 

106 CFU. Each day, the inoculum stock was diluted and streaked on a plate to confirm 

inoculum consistency. The MIC of the stock was also determined via a broth 

microdilution assay (ISO 20776-1). 



  

 89 

4.2.6. Surgical Procedure 

Animal use was approved by the Animal Welfare Committee of the University 

of Texas Health Science Center, the Institutional Animal Care and Use Committee at 

Rice University, and the Animal Care and Use Review Office of the US Department of 

Defense. Six female Dorper sheep (K Bar Livestock, LLC, Sabinal, TX), aged 6-9 months 

and weighing 28.6 ± 1.5 kg at time of surgery were anesthetized using inhaled 

isoflurane and intravenous telazol. Blood was drawn for the baseline WBC 

concentration. Two incisions of up to 15 cm in length were made on the right flank 

above ribs 4 and 8. Blunt dissection was utilized to expose ribs 3, 5, 7, and 9.  After 

careful periosteal dissection away from all sides of the rib, a 4.5 cm bony segment of 

each rib was removed, leaving the underlying periosteum exposed. The removed rib 

was morselized to create autograft (AG), which was packed into autograft bioreactors 

as previously established [126]. Bio-Oss£ (0.25-1 mm particles, donated by Geistlich 

Pharma, Switzerland), a commercially available sterile cancellous bone grafting 

material derived from bovine, was utilized to fill the bioreactors designated as 

xenograft. Each sheep received 2 autograft (AG) and 2 xenograft (XG) bioreactors. The 

bioreactor order was randomized. Bioreactors were secured by two sutures through 

the cuff such that the open face of the bioreactor was in contact with the cambial layer 

of the periosteum. The incisions were then closed. 

For the mandibular defect, an incision of 4 cm was made along the inferior 

border of the right mandible in the edentulous region. After blunt dissection to expose 

the mental nerve exiting the foramen, the superior mucosal border of the diastema 
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was elevated, and a full-thickness bony defect was created from the most anterior 

molar posteriorly to the foramen anteriorly (up to 2 cm in length), involving both the 

buccal and the lingual plates, to the mental nerve inferiorly. A collagen sponge 

(Medline, Northfield, IL) was trimmed to a 1cm circle via biopsy punch prior to 

placement within the defect, and 200 µL of S. aureus was pipetted onto the sponge 

(n=6, all sheep). During the 10-minute incubation period, the space maintainer was 

trimmed under irrigation to match the dimensions of the created defect. The 

vancomycin-loaded (n=3) space maintainer was implanted into the treated group and 

a blank space maintainer (n=3) was then inserted into the untreated group prior to 

securing with a titanium plate (KLS Martin, Tuttlingen, Germany). Two self-tapping 

screws (KLS Martin) were inserted into the space maintainer, and four additional 

screws (two anterior and two posterior to the defect) were inserted into the mandible 

prior to incision closure. Perioperative antibiotics were withheld from all animals. 

4.2.7. Oral Swabs and Blood Collection 

At 1, 2, and 4 weeks postoperatively, and immediately prior to euthanasia 

(week 9), the sheep were sedated with intravenous telazol for oral exam, oral swabs, 

and blood collection. The incision site was closely examined and any drainage at the 

incision site was swabbed for microbial culture. The mandible was palpated for signs 

of swelling. The oral mucosa above the defect was examined, and swabs of the area 

taken. Swabs were transported in sterile Mueller Hinton broth prior to streaking on 

tryptic soy agar plates either with or without kanamycin to select for the inoculated 

Xen36 strain [154]. Plates were imaged with IVIS to detect the presence of 
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bioluminescent colonies. The additional colonies were gram stained to determine 

basic morphology and cell wall structure. The MIC of the bioluminescent colonies 

recovered at week 9 was determined using ISO 20776-1 broth microdilution assay. 

Three 3 mL tubes of blood were drawn from the internal jugular vein at each 

monitoring time point. Blood collected was analyzed for complete blood count 

(ProCyte Dx Hematology Analyzer, IDEXX, Westbrook, ME), and the normalized white 

blood cell count was determined by dividing each white blood cell value from the 

initial white blood cell count for the individual sheep. The remaining blood was 

centrifuged to remove the cells and platelets for determination of vancomycin 

concentration. As previously described, 500 µL of the plasma was added to 500 µL of 

an acetonitrile-isopropanol solution [98,155]. Proteins were allowed to precipitate 

for 30 minutes on ice prior to centrifugation at 15000 x g for 5 minutes. The 

supernatant was removed, transferred to a new tube, and added to 3.5 mL of 

methylene chloride, prior to vortexing. The emulsion was then centrifuged at 1000 x 

g for 20 minutes, and the upper aqueous layer was removed, filtered, and analyzed 

via HPLC. Known concentrations of 0.1-1000 µg/mL vancomycin were added to sheep 

blood to create a standard curve. The minimum detectable concentration of 

vancomycin was 0.250 µg/mL. 

4.2.8. Mandibular and Bioreactor Harvest 

Nine weeks after the initial surgery, the sheep were euthanized. The entire 

mandible and four bioreactors were harvested. The skin and soft tissue were carefully 

removed from the mandible while preserving the oral mucosa. The defect region was 
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isolated with the use of a diamond blade saw (Leica Microsystems SP 1600, Nussloch, 

Germany) as previously described [89,123,126]. Bioreactors and sectioned 

mandibles were fixed in 10% Neutral Buffered Formalin for 1 week prior to storage 

in 70% ethanol at 4˚C. 

4.2.9. Radiologic Analysis 

Bioreactor and mandibular specimens were subjected to imaging using a 

SkyScan 1272 microCT imaging system (Bruker, Billerica, MA). Contralateral 

unoperated mandibles were utilized for the mandible control, and bioreactors packed 

with morselized autograft or xenograft without implantation were used as the control 

bioreactors. Bioreactor scans were performed with a rotation size of 0.2˚, frame 

averaging of 4, random movement of 10, and pixel size of 8.5 μm. Mandible scans were 

performed with a rotation step size of 0.4˚, frame averaging of 4, random movement 

of 10, and pixel size of 16.2 μm with 360˚ scanning. NRecon (version 1.7.4.6; SkyScan) 

was used for the reconstruction performed with a threshold of 0.002–0.035 

(dimensionless). For the bioreactor specimens, CTAn (version 1.18.8.0) was used to 

analyze the bone volume to total volume ratios (BV/TV), the trabecular thickness 

(TbTh), the trabecular number (TbN), and the trabecular spacing (TbSp) as 

previously described [89,123,126]. The CTAn software analyzed all mineralized 

tissue, which included just the graft material for the pre-implantation control 

specimens or the graft plus newly formed bone for the implanted specimens. 

To determine the ratio of newly formed bone to xenograft within the 

bioreactors, ImageJ (version 1.52p, NIH) was utilized on the reconstructed bitmap 
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images generated in NRecon. The MorphoLibJ plugin for extended minima and 

maxima was used with a connectivity of 4 and a threshold of 95 to select for only 

xenograft. It was not possible to differentiate between the implanted autograft and 

the newly formed bone due to similarities in radiopacity. Slices at 0.5, 1.25, 2, 2.75, 

and 3.5 cm along the 4 cm bioreactor were utilized for the analysis. 

4.2.10. Mechanical testing 

The bioreactors were sectioned into thirds. The center third was utilized for 

histological analysis. The two remaining thirds of the bioreactors were randomly 

assigned to undergo compression or screw pull-out testing. The compression testing 

was performed as previously described [123]. Briefly, the soft tissue was removed 

from the bioreactor specimen, and the edges trimmed using a diamond blade saw to 

approximate a cube such that no aspect ratio exceeded 2:1. The crosshead speed of 1 

mm/min was utilized for compression on an Instron 5565 mechanical testing system. 

The modulus and 0.2% offset yield were calculated on data generated in Instron 

Bluehill 3 testing software and analyzed via MATLAB (R2019b, Mathworks, Natick, 

MA). For screw pull-out testing, a 1.8 mm drill bit with a 5 mm stop was utilized to 

drill a hole perpendicular to the periosteal side of the bioreactor specimen. A 2.0 mm 

screw was screwed into the hole to a depth of 5 mm. The bone specimen was held in 

place, and tension testing at a speed of 0.5 mm/min was performed until failure [156]. 

The maximum force was calculated using MATLAB. 
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4.2.11. Histomorphometry 

The middle third of all bioreactors tissue and the mandible segment were 

analyzed histologically as previously described [123]. Briefly, specimens were 

serially dehydrated and methacrylate embedded. Specimens were sectioned using a 

diamond blade microtome (Leica Microsystems SP 1600) into 10-15 µm sections and 

stained with methylene blue and basic fuchsin. Sections from the bioreactors were 

taken at the midpoint. Sections from the mandibles were taken at the location of the 

anterior space maintainer screw and 1 cm anterior and 2 cm posterior to that screw. 

The same sections were made from the contralateral unoperated mandible. Three to 

four sections were made through each landmark of each mandible segment. Slides 

were digitized using a BX51 Olympus Slidescanner (Olympus, Tokyo, Japan). 

Three sections from each bioreactor tissue were scored in a randomized order 

by three blinded independent reviewers based on an established scoring system 

[89,98,123,126]. Mandible sections were scored for mucosal intactness, the presence 

of inflammatory cells, and the presence of a periosteal reaction. Bioreactors were 

scored for bone presence and maturity, along with the presence or absence of 

osteoclasts. Scoring matrices are available in Table S1 and S2. The median score was 

used for analysis [157]. 

Histomorphometric analysis was performed on the bioreactor-generated 

specimens using ImageJ as previously described [123]. Fractional depth of the 

bioreactor tissues was determined by calculating the mean distance from the 

periosteum and the furthest viable osteocyte in a line perpendicular to the 
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periosteum at 1/3, 1/2, and 2/3 of the length of the periosteum and divided by the 

height of the bioreactor (1 cm) using ImageJ. 

The areas of the mandible calculations were also performed utilizing ImageJ. 

Briefly, the digitized histological images were thresholded and the area of the pixels 

above the threshold was calculated. 

4.2.12. Statistics 

All chemical, physiological, microCT, mechanical, and histomorphometric, 

results were analyzed using one-way ANOVA with a post hoc Tukey’s honestly 

significant difference (α = 0.05). Histological scoring data were analyzed using a 

Kruskal–Wallis test with post hoc analysis via the Steel–Dwass test. Statistics were 

performed using JMP Pro-14.0 (SAS, Cary, NC). 

4.3. Results 

4.3.1. In vitro release 

Space maintainers were fabricated with PLGA microparticles loaded with 20 

wt% vancomycin. The loading efficiency was 91.7 ± 2.9 %. The kinetics followed a 

triphasic release pattern, and by 7 weeks the space maintainers had released 91.9 ± 

9.1% of their vancomycin. The final cumulative release by the space maintainers was 

100.4 ± 8.6% at 9 weeks (Figure 22A). 
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4.3.2. Surgical outcomes 

All animals tolerated the surgery well with successful defect creation, 

inoculation, and space maintainer implantation (Figure 21A-C) performed in all 

animals. The bioreactors were filled with autograft (AG) or xenograft (XG) and were 

implanted adjacent to rib periosteum (Figure 21D-F). None of the 6 animals required 

veterinary intervention, and all animals continued eating and gaining weight 

throughout the 9-week study. 

 

Figure 21. Surgical photos of the mandible (A-C) or the bioreactor 
implantation (D-F). The diastema was exposed from the most anterior molar 

to the exit of the mental nerve (A), a defect was created from the superior 
border to the nerve canal (B), after inoculation a space maintainer was plated 

into the defect site (C). The periosteum was carefully elevated from the rib 
before to removal of the rib to preserve the periosteum (D), the bioreactor 
was filled with morselized rib (AG, left) or Bio-

implantation and suturing into place (F). 
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4.3.3. Animal monitoring 

After one week, all 3 sheep from the untreated group had evidence surgical 

site discharge that cultured bioluminescent bacteria, indicating the presence of the S. 

aureus used to inoculate the animals (Figure 22E). By 2 weeks, the purulent discharge 

had resolved without need for antibiotics, but bioluminescent bacteria were still 

cultured from the oral cavity swabs in all three of the untreated animals (Figure 22G). 

At 4 weeks, an observable dehiscence was present in the oral mucosa of all untreated 

animals along with palpable mandible enlargement (Figure 22F). Upon euthanasia, 

the three untreated animals had observable dehiscences: one had a large enough 

dehiscence that the space maintainer was missing, one had a dehiscence exposing the 

entire space maintainer (Figure 22C), and one had a small (< 0.5 cm) dehiscence. 

None of the 3 animals implanted with the vancomycin-loaded space maintainer 

experienced surgical site discharge, dehiscence, or bioluminescent bacteria within 

the oral cavity at any sedation timepoint or euthanasia (Figure 22B). 

At weeks 0 (surgery), 1, 2, 4, and 9 (euthanasia), blood was drawn for complete 

blood count and for measuring the serum vancomycin concentration. The untreated 

animals had a significant increase (p < 0.05) increase in the normalized white blood 

cell count at 1 and 2 weeks postoperatively (Figure 22B). Vancomycin levels were 

below the limit of detection for all blood samples analyzed. 
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Figure 22. Space maintainer characterization and data collection at 
postoperative week 0 (surgery), 1, 2, 4, and 9 (euthanasia). In vitro 

characterization of vancomycin-loaded space maintainer over 9 weeks (n=3) 
(A). Normalized white blood cell count for untreated (blank space maintainer) 

or treated (vancomycin-loaded space maintainer) animals was determined 
(B). Palpable enlargement and large dehiscence were observable in the 
untreated mandible (C,left) but not the treated mandible (D,left) or the 

contralateral controls (C,right, D,right). The incision site (E), the oral mucosa 
adjacent to the space maintainer (F), and the oral flora (G) were monitored 

throughout the study. * indicates significant difference, p < 0.05. Data 
represent mean ± standard deviation. 

4.3.4. Bacterial recovery 

Swabs taken from the surgical site discharge and the mucosa adjacent to the 

space maintainer yielded polymicrobial cultures. The kanamycin plates showed 

homogeneous bioluminescent colonies. Gram stain of the swabs showed both gram-

negative and gram-positive bacteria. The MIC of the bacterial stock used for 

inoculation was determined to be 0.25 µg/mL for vancomycin. The bacteria 

recovered at euthanasia had an MIC of 0.25 µg/mL. 
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4.3.5. Mandibular healing 

At euthanasia, the mandibles from the untreated animals had visible 

dehiscences, reactive bony enlargement adjacent to the surgical defect (Figure 23C), 

and purulent discharge on palpation. Microcomputed tomography of an untreated 

mandible (Figure 23A) shows both increased bone lysis around the space maintainer 

and increased bony enlargement inferiorly when compared to a sheep receiving a 

vancomycin-loaded space maintainer (Figure 23B). Cross-sections taken through the 

mandible at the indicated spacing shows mineralized tissue forming around the 

screws initially placed in the cortex of the bone. 

 

Figure 23. MicroCT analyses of mandibles. Untreated mandibles (A) show 
areas of osteolysis as well as new bone formation. Treated mandibles (B) 
show maintenance of space with the space maintainer located within the 

initial defect site. Cross-sections of the mandibles at the lines indicated in A 
show the remodeling that has occurred anterior (C), within (D), and posterior 

(E) to the defect site. These cross-sections refer to the locations of the 
histological slides. Screws are indicated by *.  

Scale bar = 15 mm (A,B) or 5 mm (C,D,E) 
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Histological sectioning was performed on contralateral (Figure 24A-C) (n=6), 

untreated (Figure 24D-F) (n=3), and treated (Figure 24G-I) (n=3) mandibles anterior, 

within, and posterior to the defect site. The untreated groups that received blank 

space maintainers showed significant enlargement and remodeling that extended 

outside of the originally created defect site. The mandibular height was significantly 

increased anteriorly, in the defect, and posteriorly relative to both the contralateral 

control and the treated mandibles at the same location (p < 0.05); however, the 

untreated mandible and the contralateral control did not have a significant difference 

in height at the same location (p > 0.05) (Figure 24J). The untreated mandible had 

significantly greater width across all 3 locations than the treated mandible (p < 0.05), 

which also showed a significant increase over the contralateral control (p < 0.05) 

within the defect and posteriorly (Figure 24K). The increase in area was the largest 

dimensional increase for the untreated mandible relative to the control mandible (p 

< 0.05), with the anterior, defect, and posterior sites increasing by 194 ± 20%, 230 ± 

25%, and 221 ± 36%, respectively. The treated mandibles only significantly increased 

over the control mandibles posteriorly (Figure 24L), where the area was 133 ± 26% 

(p < 0.05) larger than the contralateral control; the area was 108 ± 9% of the 

contralateral anteriorly and 128 ± 26% in the defect (n.s. p > 0.05). 
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Figure 24. Low magnification mandibular histology. Methylene blue-basic 
fuchsin staining was performed on sections from the contralateral control (A-

C), untreated (D-F), and treated (G-I) mandibles. Sections were made 
anteriorly (A,D,G), within the defect (B,E,H), and posteriorly (C,F,I). 

Mandibular height (J), Width (K), and Area (L) were measured using image 
analysis software and normalized to the contralateral side of the same sheep. 
Data represent mean ± standard deviation. Those that do not share the same 

letter are significantly different (p < 0.05). Scale bar = 5 mm. 

Histological scoring (Table 1) was performed by a blinded panel for bone-

substrate score, pore-substrate score, mucosal intactness, presence of large 

inflammatory infiltrate, and presence of periosteal reaction. Untreated mandibles 

showed space maintainers surrounded by a disorganized fibrous capsule with an 

abundance of inflammatory cells within the pores of the space maintainer (Figure 

25A), while treated mandibles showed organized thin capsules or had direct bone-

spacer contact, with pores containing bone or mature fibrous tissue (Figure 25B). The 

mucosa overlying the bone or space maintainer of untreated mandibles showed loss 
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of organization and inflammatory infiltrates (Figure 25C), while the treated 

mandibles maintained the keratinized epithelial layer (Figure 25D). For scoring, the 

untreated mandibles had a significantly lower bone-substrate and pore substrate 

score (p < 0.05) (Figure 25F,G), indicating increased presence of unorganized  fibrous 

and inflammatory infiltrates. The mucosal intactness score (Figure 25I) showed 

significant increases in mucosal breakdown at the untreated defect site (p < 0.05). 

While some inflammatory cells were present within the treated mandibles (Figure 

25J), they were only seen in 1 of 3 treated animals as opposed to 3 of 3 untreated 

animals. The periosteal reaction (Figure 25K) was significantly increased in the defect 

and posterior positions of the mandibles that underwent surgery and in the untreated 

mandible anteriorly. 
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Table 1. Mandible Scoring Matrix 

Category Score Description 

Bone-Substrate Score 

 4 Direct bone to implant contact without soft interlayer 

 3 Remodeling lacuna with osteoblasts at surface 

 2 Majority of implant is surrounded by organized fibrous tissue capsule 

 1 Unorganized fibrous tissue 

 0 Inflammation and poorly organized tissue 

Pore-Substrate Score 

 4 Tissue in pores is mostly bone 

 3 Tissue in pores consists of some bone within mature, dense fibrous 
tissue 

 2 Tissue in pores is mostly immature fibrous tissue 

 1 Tissue in pores consists of inflammatory cells and connective tissue 
components or pores filled with fluid 

 0 Tissue in pores is dense and exclusively of inflammatory type (no bone 
present) 

Mucosal-Intactness Score 

 2 Mucosa is intact; no breaks in the epithelium 

 1 Loss of epithelium; lamina propria remains intact 

 0 Complete loss of all layers of oral mucosa and exposure of bone or space 
maintainer 

Inflammatory Infiltrate Score 

 1 Inflammatory aggregates observed 

 0 No aggregates of inflammatory cells 

Periosteal Reaction Score 

 1 Presence of periosteal bone formation 

 0 No presence of any periosteal bone formation 
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Figure 25. High magnification mandibular histology. Untreated mandible 
shows poor formation of a fibrous capsule adjacent to the space maintainer 

(A) and breakdown of the oral mucosa, exposing dead bone to the oral cavity 
(B). Treated mandibles show bone adjacent to the space maintainer with very 

thin organized fibrous capsule formation and bone within pores (C) and a 
healthy oral mucosa over bone. High magnification of an inflammatory 

infiltrate within one of the specimens showing rounded cells (E). Graphs of 
bone-substrate score (F), pore-substrate score (G), mucosal intactness score 

(H), inflammatory cell infiltrate presence (I), or periosteal reaction (J). 
Scoring matrix given in supplementary materials. * indicates significant 

difference (p < 0.05). Scale bar = 500 µm (A,B,C,D) or 100 µm (E). 

4.3.6. Bioreactor bone generation 

Bioreactors (n=6/group) underwent microCT analysis for the quantification 

of mineralized tissue and were compared to bioreactors prior to implantation 

(n=3/group) (Figure 26). For the analysis, pre-implantation autograft, autograft plus 

new bone, pre-implantation xenograft, and xenograft plus new bone were defined as 

bone for the autograft control, untreated/treated autograft, xenograft control, and 

untreated/treated xenograft groups, respectively.  Image analysis of the mineralized 
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tissues within xenograft bioreactors (Figure 26C) indicated that the material within 

the bioreactors at the end of the 9-week implantation period was primarily xenograft 

(untreated 73.8 ± 9.6% and treated 78.0 ± 9.1%) as opposed to newly formed bone. 

Xenograft containing bioreactors did not show differences in bone volume to total 

volume ratio (BV/TV) after implantation for 9 weeks (p > 0.05) in either the treated 

or untreated animals. For the autograft containing bioreactors, the untreated animals 

had a significantly higher (p < 0.05) BV/TV than the bioreactors from treated animals 

(Figure 26D). The trabecular spacing was significantly lower in all xenograft 

bioreactors than autograft bioreactors (p < 0.05) (Figure 26E). The trabecular 

thickness was higher in the untreated autograft groups than in an autograft 

bioreactor packed with material prior to implantation or the treated autograft group 

(Figure 26F). 
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Figure 26. MicroCT analysis of bioreactor specimens. Representative 
reconstructed microCT slices from central sections of untreated AG (A) and 

untreated XG (B) bioreactors from a similar region as the histological sections 
in Figure 6. Residual xenograft (C) was calculated using ImageJ. The control 

groups were bioreactors packed with filling material (either autograft or 
xenograft) without implantation. An analysis of all mineralized tissue 

(includes graft and new bone if implanted) was used to determine bone 
volume/total volume (D), trabecular spacing (E), trabecular thickness (F), and 

trabecular number (G) measurements for XG control and AG control (n=3 
each) and for untreated XG, treated XG, untreated AG, and treated AG (n=6 

each). Data represent mean ± standard deviation. Those that do not share the 
same letter are significantly different (p < 0.05). Scale bar = 2 mm. 

The central third of each bioreactor underwent histological analysis and 

scoring of graft coverage and tissue maturity (Table 2). All bioreactors (n=24 of 24) 

showed some degree of bone formation, ranging from primarily osteoid to primarily 

lamellar bone. Autograft-containing bioreactors showed robust new bone formation 

with viable osteocytes and osteoblasts lining the surface and degrading graft 
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surrounded with organized bone lining the majority of the graft (Figure 27A,C). 

Xenograft bioreactors showed more sparse woven bone or osteoid with cancellous 

bone chips that had very few signs of degradation or remodeling (Figure 27B,D). For 

graft coverage, the autograft bioreactors of untreated animals had significantly higher 

graft coverage than the untreated xenograft bioreactors (p < 0.05); the same was seen 

for the treated comparisons (p < 0.05) (Figure 27E). For tissue maturity, the 

untreated autograft bioreactors had significantly higher proportions of lamellar bone 

than either the treated autograft or the treated xenograft groups (p < 0.05) (Figure 

27F). There was no significant difference in osteoclast presence or depth of bone 

within the bioreactors between groups (p > 0.05) (Figure 27G,H). 

Table 2. Bioreactor Scoring Matrix 

Category Score Description 

Graft Coverage Score 

 4 Viable bone tissue on >75% of available graft surface area 

 3 Viable bone tissue on 25-75% of available graft surface area 

 2 Viable bone tissue on <25% of available graft surface area 

 1 Graft present; no viable bone 

 0 No graft present 

Tissue Maturity 

 3 Tissue is primarily viable lamellar bone 

 2 Tissue is primarily viable woven bone 

 1 Tissue is primarily viable osteoid 

 0 No viable bone tissue 

Osteoclast Presence Score 

 1 Osteoclast-like cells observed 

 0 No osteoclast-like cells observed 
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Figure 27. Histological analysis of bioreactor tissue. Low magnification images 
from untreated AG (A) and untreated XG (B) with high magnification images 

showing lamellar bone surrounding degrading autograft (C) or immature 
woven bone adjacent to xenograft (D). Graft coverage (E), tissue maturity 
score (F), and osteoclast presence (G) were scored individually by three 

blinded individuals. Fractional depth (H) was measured using image analysis 
software. Data represent mean ± standard deviation. * indicates significant 

difference (p < 0.05). Scale bar = 2 mm (A,B) or 100 µm (C,D). 

Bioreactors underwent compressive and screw pull-out mechanical testing to 

calculate compressive modulus, compressive strength (0.2% offset yield), and 

maximum pull-out force (Figure 28). The compressive modulus for the untreated AG 

(41.4 ± 17.4 MPa) was significantly higher (p < 0.05) than the untreated XG (20.3 ± 

9.9 MPa), and the treated AG (32.5 ± 7.9 MPa) was significantly higher than the 

treated XG (13.8 ± 2.1 MPa); however, there was no difference between untreated and 

treated AG (p > 0.05). Similar trends were seen in the compressive strength; however, 

these differences were not significant. For screw pull out testing, the autograft-
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containing bioreactors showed a two-fold increase in screw pull-out force: 189 ± 49 

N and 172 ± 53 N for untreated and treated AG, respectively, vs. 69 ± 51 N and 52 ± 

27 N for untreated and treated xenograft, respectively. 

 

Figure 28. Mechanical analysis of bioreactor specimens. Compressive modulus 
(A), compressive strength (B), and pull-out force (C) were calculated for 

untreated XG, treated XG, untreated AG, and treated AG (n=6/group). Data 
represent mean ± standard deviation. Those that do not share the same letter 

are significantly different. 

4.4. Discussion 

The aim of this study was to investigate the efficacy of an antibiotic-loaded 

space maintainer in a mandibular defect and to elucidate the effects of a localized 

infection on remote bone growth. A two-stage approach to craniofacial 

reconstruction is promising since it allows for local antibiotic delivery, wound bed 

optimization [153], and the formation of bony tissues within customized 3D printed 

bioreactors for reconstruction [123]. Dehiscence is a common concern with 

mandibular repair and can be mitigated with the use of porous surfaces [158]; 

however, this also increases the risk of infection due to increased scaffold surface area 

[159,160]. In this study, we investigated the use of porous space maintainers 
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comprised of bone cement and microparticles for controlled vancomycin release in 

an infected ovine mandibular defect and evaluated the effects of a localized infection 

on local response and remote tissue generation. Simultaneously, we also investigated 

autograft vs. xenograft as scaffold material within the bioreactors. Our results 

demonstrate that a vancomycin-loaded spacer maintainer is capable of eliminating 

mandibular S. aureus infection, that a localized infection does impact distant bone 

growth, and that autograft-filled bioreactors created more mechanically robust bone 

than commercially available xenograft-filled bioreactors. 

Superior segmental defects were successfully created and inoculated with 

bacteria in six sheep (Figure 21 A-C). Animals without antibiotic-releasing space 

maintainers showed significantly increased white blood counts (Figure 22B), a 

marker of systemic inflammation. Postoperative leukocytosis is a well-documented 

occurrence in humans, most commonly peaking around 2 days postoperatively and 

returning to near preoperative levels by day 4 [161,162]. Therefore, the persistent 

significant increase in white blood cells observed in the untreated animals for at least 

2 weeks was most likely due to infection. In osteomyelitis, an elevated white blood 

cell count may indicate a potential infection, but many cases, such as chronic infection, 

do not result in an elevated white blood cell count [160]. The return of the white blood 

cell count to preoperative levels in the untreated animals, coupled with radiographic 

osteolytic lesions and histologic inflammatory cell infiltrates, suggests a progression 

to a chronic osteomyelitis. Vancomycin was not detectable in the blood at any time 

point with a limit of detection of 250 ng/mL. Systemic trough concentrations of 

vancomycin are generally recommended to be 15-20 mg/L for therapeutic efficacy; 
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however, concentrations greater than 20 mg/L have been associated with 

nephrotoxicity [163]. The release of a much lower concentration locally proved to be 

efficacious in clearing the bacteria within the mandibular defect without leading to 

clinically relevant systemic levels. An additional feature of antibiotic administration 

to consider, in addition to the dose, is the duration of the treatment. In uncomplicated 

acute cases of osteomyelitis, a treatment regime of up to a week of intravenous (IV) 

antibiotics followed by around 28 days of oral antibiotics was shown to be an effective 

course of treatment [164]. For longer, chronic cases, 6 weeks of combined antibiotic 

therapy (average IV duration 3 weeks) has been shown to have the same risk of 

recurrence as longer treatment (average IV duration 5 weeks, followed by oral 

antibiotics) periods [165]. In both cases, systemic antibiotics are recommended for 

approximately 5-6 weeks. Further, we have shown that vancomycin released from 

microparticles for 5 weeks under physiological conditions maintains the same MIC as 

vancomycin that was never loaded within these particles [44], demonstrating that the 

drug is stable during both the encapsulation and release. The localized, extended 

period of antibiotic release achieved by the proposed antibiotic-loaded space 

maintainer showed an extended release period of an excess of 7 weeks, which should 

be sufficient to clear both acute and chronic cases of osteomyelitis.   

One week after surgery, all of the untreated animals had blood-tinged purulent 

discharge from the incision site which cultured bioluminescent bacteria (Figure 22E). 

By two weeks, this drainage had resolved, but swelling was apparent around the 

mandible. Upon examination, dehiscence was apparent in 2 of 3 untreated animals, 

but bioluminescent bacteria were observed upon imaging of cultured swabs taken 
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from the oral cavity in 3 of 3 untreated animals (Figure 22 F,G). The oral mucosa is 

generally regarded as impermeable to bacteria in healthy individuals due to 

junctional proteins [166]. The appearance of bacteria within the oral cavity without 

visible macroscopic dehiscence in one animal could have been due to thinning of the 

oral mucosa secondary to release of cytokines due to the underlying infection. It is 

unlikely that a component released from the space maintainer acted as a toxin and 

increased the permeability of the epithelium to either the inoculated S. aureus or 

ovine oral flora given previous studies with no dehiscence over unloaded space 

maintainers [123] and the absence of dehiscence in the sheep receiving the 

vancomycin-loaded space maintainers. 

Imaging is crucial in the diagnosis of osteomyelitis, with sclerosis, lytic lesions, 

and cortical thickening as key indicators of pathology [160,167]. Views of untreated 

mandibles imaged via microCT after euthanasia show lysis around the screws 

anteriorly and posteriorly and adjacent to the space maintainer (Figure 23A). Treated 

mandibles show bone adjacent to the screw and space maintainer (Figure 23B). Cross 

sections of the infected mandibles (Figure 23 C-E) show sequestered bone, 

remodeling, and lytic lesions. S. aureus has been shown to increase bone resorption 

secondary to osteoclastogenesis and invasion of osteoblasts leading to their death 

[168,169]. A murine model of femoral osteomyelitis demonstrated a loss of 10-20% 

of the cortical bone at the site of the infection but also showed an increase of 30-50% 

cortical volume at adjacent sites which was attributed to factors secreted locally by 

the bacteria [170]. 
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Histologically, the untreated animals showed mandibular enlargement and 

remodeling of the bone anteriorly to, posteriorly to, and within the defect site. In 

untreated mandibles, the height, width, and area were found to be significantly 

increased over their respective regions of treated and control mandibles (Figure 24). 

The treated mandibles showed small but statistically significant increases at several 

locations relative to the control. The increase seen in treated mandibles can be 

explained by the periosteal reaction previously described in the partial segmental 

defect without infection [123]. Treated mandibles received higher values for bone-

spacer (Figure 25 C,F) and spacer-pore scores (Figure 25 C,G) indicating superior 

integration of the space maintainer with the surrounding tissue. It has previously 

been shown that antibiotic release from scaffolds can affect fibrous capsule formation 

and bone growth based on concentration and duration of release, which was 

attributed to the antibiotic attenuation of the inflammatory response to the implant 

[98]. In this study, the antibiotic likely reduced the inflammatory response to the 

scaffold and also cleared infection, reducing the large inflammatory response seen in 

the untreated animals in and around the mandibular defect (Figure 25 A,F,G). The 

mucosal tissue was also preserved in the treated animals (Figure 25 D,H), with no 

areas of scaffolds showing a significant increase in dehiscence over the contralateral 

control mandible. Untreated mandibles showed a significant increase in dehiscence, 

with at least one layer of the mucosa missing above the defect (Figure 25 B,H). 

Inflammatory cells were present at every site of the untreated mandible and only one 

of the three treated sheep at the defect site and posteriorly (Figure 25 E,I). 

Implantation of a foreign body can trigger the initiation of an inflammatory response, 
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complete with macrophages and giant cells [171,172], so the addition of an antibiotic-

loaded space maintainer could lead to the presence of inflammatory cell aggregates, 

even in the absence of infection. It is important to also note that the contralateral 

control mandible had several histological sections in which discontinuities in one 

layer of the mucosa or inflammatory cell infiltrates were observable. One of the 

limitations in using sheep as a model for mandibular reconstruction is that they eat 

solid food immediately following surgery, which can lead to tears in the mucosa. 

Consequently, the presence of an inflammatory response to bacterial breaches of the 

vulnerable mucosa is anticipated [166,173]. It is likely that the inflammatory cells 

observed in the treated groups were either due to a foreign body response to the 

space maintainer or due to natural processes. 

In addition to investigating the mandible for the efficacy of the antibiotic-

loaded space maintainer, bioreactors were simultaneously implanted to determine 

the effects of localized mandibular infection on distant tissue response and tissue 

generation for subsequent mandibular repair.  All implanted bioreactors (n=24 total, 

n=4/sheep) contained mineralized tissues after 9 weeks of implantation. In previous 

ovine bioreactor studies, bony tissues were generated within 50.0%-83.3% of 

bioreactors [89,123,126]. Previous studies involved the use of autograft and/or a 

synthetic calcium phosphate graft material in bioreactors of similar or smaller sizes. 

By microCT analysis, mineralized tissue was present within both the xenograft 

(Figure 26A) and autograft bioreactors utilized in this study (Figure 26B). Within the 

xenograft bioreactors, the BV/TV did not increase with time for either the treated or 

untreated animals (Figure 26D), and the majority of the bioreactor contents remained 
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xenograft with only a small amount of the mineralized tissue being newly formed 

bone (Figure 26C). Studies involving the use of Bio-Oss£ for dental applications show 

varying results. A 3-6 month study resulted in the xenograft surrounded by mainly 

connective tissue [174], while a 6 month-4 year study demonstrated Bio-Oss£ 

surrounded by mature compact bone with signs of degradation of the particles. It is 

possible that the 9-week time point utilized for this study did not provide adequate 

time for the remodeling of the xenograft. However, it has also been shown that 

increased time of bioreactor implantation decreases the height of the calcified tissue 

[129]. The autograft-filled bioreactors within the untreated sheep showed 

significantly higher BV/TV (Figure 26D) and trabecular thickness (Figure 26F) 

compared to the treated autograft bioreactors, indicating that the presence of an 

untreated mandibular infection led to greater bone generation at the site of the 

bioreactor implantation on the rib. Fracture healing requires an inflammatory stage 

that involves the recruitment of neutrophils and macrophages and the elevation of 

pro-inflammatory cytokine concentrations [175]. The proposed mechanism for bone 

formation within the bioreactors has involves the cambium layer of the periosteum 

providing the cells and factors necessary to promote bone ingrowth into the 

bioreactor [129]. Bacterial osteomyelitis has been shown to increase concentrations 

of IL-8, IL-6, and TNF-⍺ systemically in acute osteomyelitis [176]; however, the 

concentrations of these cytokines are not increased systemically in chronic 

osteomyelitis [177]. It is possible that the increase in cytokines during the acute 

phase of infection led to the increased bone formation seen in the autograft 

bioreactors of the untreated animals. 
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Histologically, differences exist between the bioreactors containing xenograft 

(Figure 27A,C) and the autograft (Figure 27B,D). The xenograft-filled bioreactors had 

less graft surface area surrounded by bone when comparing within treatment groups 

(Figure 27E), consistent with other studies investigating Bio-Oss£ utilizing short 

time points [174]. Comparing treated to untreated autograft yielded similar graft 

surface area coverage (Figure 27E) but demonstrated a higher tissue maturity within 

the untreated group (Figure 27F). Bacterial components have been shown to 

stimulate bone growth [178] and lead to increased systemic cytokines during acute 

inflammation cases [176]. S. aureus has been shown to induce IL-6 production when 

injected intraperitoneally in mice, leading to rejection of a dorsal skin graft [179]. S. 

aureus can induce the increase in systemic cytokines that can impact tissues 

elsewhere. Further, systemic knockout of IL-6 mice indicated reduced fracture 

mineralization prior to 4 weeks, suggesting that IL-6 plays an important role in the 

early stages of fracture healing and bone remodeling [180,181]. While this study was 

not developed nor designed to determine the cytokine responsible for the differences 

between treated and untreated animals, S. aureus has been shown to upregulate IL-6 

production, and IL-6 production plays an important role in bone development. 

The bioreactor specimens were tested under compression and via screw pull-

out, both important considerations for a graft that will be adjacent to the oral mucosa 

and held in place with a plate and screws. While there were no significant differences 

between the untreated and treated bony tissues within each graft group, there were 

significant differences between the xenograft and autograft bioreactors within 

treatment groups. The autograft had higher compressive modulus (Figure 28A) and 
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screw pull-out force (Figure 28C) than the xenograft, likely due to the higher amount 

of newly formed bone within these bioreactors. While the xenograft-containing 

bioreactors had comparable BV/TV percentages to autograft bioreactors, the 

majority of the mineralized tissue was attributable to residual xenograft (Figure 26C), 

suggesting that xenograft bioreactors were mostly cancellous bone particles 

surrounded by a small amount of new bone and fibrous tissue. The compressive 

modulus was similar to previous ovine bioreactor studies [123], suggesting the 

tissues would be adequate for implantation. The screw pull-out force for the autograft 

bioreactors was the same order of magnitude as that of monocortical screws placed 

in the cortical bone of the mandible of dogs [139], demonstrating its promise for use 

in vivo as part of the two-stage strategy for craniofacial tissue engineering. The screw 

pull-out forces of the xenograft bioreactors were lower, suggesting that autograft 

should instead be utilized when the material is available. 

This study has several limitations. As the primary goal of this study was to 

determine the efficacy of the vancomycin-loaded space maintainer, a full-factorial 

analysis was not conducted. As such, it is difficult to determine whether it is possible 

that some byproduct of the vancomycin, despite it not being detected systemically, 

was responsible for decreasing bone growth and maturity within the autograft 

bioreactors. Simultaneously, acquisition of a larger blood volume could have allowed 

for a cytokine panel analysis to be performed to determine which cytokine likely 

contributed to the increased distant bone growth. If the results from each surgical site 

are taken in isolation, the treatment for the osteomyelitis greatly improved the 

outcome of the mandibular site (no dehiscence, no lytic lesions), while the systemic 
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effects of the untreated infection led to more robust bone growth within the 

chambers. The entire repair strategy proposed here—one surgery to implant spacer 

and bioreactor and a second surgery to perform the definitive reconstruction—

requires both sites to be optimized. Transferring more robust bony tissue from within 

a bioreactor to an infected mandibular defect with osteolytic lesions and viable 

bacteria would likely provide a worse outcome for patients than transferring tissue 

that contained less robust bone to a clean defect given that the bioreactor tissues 

continue to remodel and generate bone after transfer to the mandibular site [123]. 

Nevertheless, the results of this study are important and validate the utilization of an 

antibiotic-loaded space maintainer in an infected defect in a large animal model to 

reduce dehiscence and clear infection while also indicating that further research is 

needed on the interplay of localized infection and remote bone growth. 

4.5. Conclusions 

In this study, vancomycin-loaded or unloaded porous space maintainers were 

implanted into ovine mandibular defects inoculated with a bioluminescent strain of 

S. aureus. We demonstrated that the vancomycin-loaded space maintainers were 

capable of eliminating the mandibular infection and improving the bone-spacer 

interface without systemic detection of vancomycin. Simultaneously, we also 

demonstrated that the local mandibular infection affected the adjacent mandibular 

tissue as well as both the density and the maturity of bone within the bioreactors, 

with an untreated infection leading to higher bone volume per total volume and more 

mature bone. Mechanically, the autograft-filled bioreactors had higher compressive 
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modulus and screw pull-out force than the xenograft-filled bioreactors. The findings 

demonstrate that antibiotic-loaded space maintainers can be a valuable tool in 

mandibular reconstruction and that a localized infection can stimulate bone growth 

locally and elsewhere in the body. 
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Chapter 5 

Complete Segmental Ovine  
Mandibular Defect§ 

Abstract 

The two-stage approach to craniofacial reconstruction has shown great 

promise in previous ovine models. From the angle of the mandible to a partial 

segmental defect, the transferred tissue has demonstrated integration and 

remodeling at the transfer site. A complete segmental defect is more clinically-

relevant and requires a repair that is both functional (load bearing) and aesthetic 

(mirroring the contralateral unoperated mandible). It is also adjacent to the oral 

mucosa and the bacteria-filled oral cavity, increasing risk for infection. Complete 

segmental defects were created in five sheep, and three sheep completed the study. 

Hardware failure, dehiscence, and infection were common complications. The 

bioreactors grew bony tissues that were mechanically robust and could be plated and 

anastomosed. The bioreactor-generated tissues underwent continuous remodeling 

throughout the study period. 

  

                                                        
§ This chapter will be submitted as a manuscript on the completion of the histological analysis and 
scoring. The international collaboration that goes into the publishing of the sheep studies was greatly 
impacted by the COVID-19 pandemic. 
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5.1. Introduction 

Repair of large craniofacial defects can be challenging due to the need for a 

strategy that yields functional and aesthetic results. The reconstructive gold 

standards of a vascularized fibular flap or non-vascularized particulated autogenous 

bone can result in donor site morbidity [115], and the fibula is often a poor 

approximation for the craniofacial bone it’s used to replace [182]. To overcome these 

issues, a two-stage approach to craniofacial reconstruction can be utilized [123]. In 

the first stage, a space maintainer is implanted into a defect site to prevent the 

infiltration of fibrovascular tissue and to optimize the soft tissue pocket for later 

repair; simultaneously, a 3D printed customized bioreactor is implanted adjacent to 

a periosteal surface. After bony tissue has formed in the bioreactor, a second surgery 

is conducted during which the space maintainer is removed, and the newly generated 

bioreactor bone is transferred as a flap with vasculature or as an avascular graft. 

To determine the efficacy and feasibility of such a strategy, a series of ovine 

models have been developed. The earliest models merely looked at bone growth 

within the bioreactors [129]; however, more recent studies have involved the 

transfer of bioreactor-grown tissue to the mandibular site. The first site for transfer 

was the angle of the mandible [89,126]—a location close to the large neck vessels 

facilitating anastomoses and relatively protected within the neck from the bacteria-

filled oral cavity. After demonstrating that the generated tissue could be transferred 

as a vascularized flap and that integration occurred with the native mandibular bone, 

the complete two-stage strategy was successfully performed in a sheep [123]. A 
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superior partial segmental defect was created in the edentulous region and filled with 

a porous non-antibiotic-loaded space maintainer while bioreactors were implanted 

adjacent to rib periosteum. After 9 weeks, the bioreactor tissues were transferred as 

vascularized flaps to the partial segmental defect. This model was more challenging 

in that it was immediately adjacent to the thin oral mucosa, further from the large 

vessels of the neck, and likely experienced some mechanical forces as the sheep 

chewed. However, facial trauma and the removal of benign mandibular tumors such 

as an ameloblastoma often require removal of a complete section of the mandible 

[183]. This produces complete segmental defects that are exposed to significant 

mechanical forces and are immediately adjacent to the oral cavity.  

To evaluate the two-stage strategy in a large, loadbearing, clinically-relevant 

defect, we utilized a complete segmental ovine defect model in this study. The defect 

was the same length as the previously evaluated superior segmental defect (~2 cm 

[123,124]) but involved the removal of both the superior and inferior borders of the 

mandible, both the buccal and lingual plates. The remaining sheep mandible was 

stabilized as a human mandible with similar defect would be, with a single lateral 

titanium plate (of ~2.5 mm thickness) and 7-11 mm long bicortical screws [147]. We 

utilized two different bioreactor geometries, a small bioreactor (2 cm x 0.75 cm x 1 

cm) and a large bioreactor (2 cm x 1.5 cm x 1 cm) to generate the tissue needed for 

repair. We hypothesized that the single lateral plate would be sufficient for 

mandibular stabilization and space maintainer retention, that the bioreactors would 

all generate tissue, and that we would successfully be able to repair the mandibular 
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defect, yielding similar radiographic and histologic scoring results as compared to a 

contralateral control as previously demonstrated in the partial segmental defect. 

5.2. Materials and Methods 

5.2.1. Bioreactor and Space Maintainer Fabrication 

Bioreactors were created from poly(methyl methacrylate) using an extrusion 

3D printer as previously described [123,124]. Two different bioreactor geometries 

were investigated. The smaller bioreactors were 1 x 2 x 0.75 cm, while the larger 

bioreactors were 1.5 x 2 x 1 cm and had a central protrusion that would allow for the 

inclusion of a groove in the formed tissue to accommodate a nerve. An ethylene-vinyl 

acetate cuff was heat-molded around each bioreactor prior to sterilization with 

ethylene oxide. 

Space maintainers were fabricated as previously described [184,185]. A 

carboxymethyl cellulose (CMC, Spectrum Chemical, New Brunswick, NJ) gel was 

formed at 9 wt% in water. Space maintainers were created with 30 wt% CMC gel and 

bone cement powder and bone cement liquid at 2:1 w/v ratio. The powder phase (84 

wt% polymerized methylmethacrylate/methyl acrylate copolymer, 1 wt% benzoyl 

peroxide, and 15% zirconium dioxide, kindly donated by Synthasome, Inc., San Diego, 

CA) and CMC were mixed together to form a homogeneous paste. The liquid phase 

(97.5 wt% methacrylate monomer, 2.5 wt% N,N-dimethyl-4-toluidine, and 75 ppm 

hydroquinone, Synthasome, Inc.) was then added and stirred. The dough was 

transferred to 3D-printed molds (Dental SG resin, FormLabs) of 1 x 2 x 0.5 cm and 
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allowed to cure. After 24 hours of curing, the scaffolds were leached for 3 days in 

excess water. Space maintainers were vacuum-dried and sterilized with ethylene 

oxide.   

5.2.2. Mandibular Defect Creation and Bioreactor Implantation 

The animal protocol was approved by the Animal Welfare Committee of the 

University of Texas Health Science Center, the Institutional Animal Care and Use 

Committee at Rice University, and the Animal Care and Use Review Office of the US 

Department of Defense. Five female Dorper sheep (K Bar Livestock, LLC, Sabinal, TX) 

aged 6-9 months and weighing 29.5 ± 1.2 kg at the time of the first surgery were 

anesthetized using intravenous telazol and inhaled isoflurane. Bioreactor 

implantation occurred as previously described [123,124,126,89,186]. Briefly, two 

incisions were created over ribs 4 and 8, prior to blunt dissection to expose ribs 3, 5, 

7, and 7. A 3 cm bony segment from each rib was removed and morselized to create 

autograft. Bioreactors were filled with 50:50 v/v autograft and xenograft (Bio-Oss, 

kindly donated by Geistlich), prior to implantation adjacent to the periosteum. A 

larger bioreactor was always implanted adjacent to rib 5 periosteum (the bioreactor 

tissue intended for transfer), and the locations of the other 3 bioreactors (2 small and 

1 large) were randomized. 

The mandibular defect was created through a 6 cm incision at the lower 

border of the mandible in the edentulous region. After blunt dissection to expose the 

mental nerve and the most anterior molar, a window was created into the inferior 

alveolar nerve canal. A superior bicortical marginal defect (buccal and lingual plates) 
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was created prior to plating the mandible with a laterally placed reconstruction plate 

(KLS Martin, Tuttlingen, Germany) and secured with a minimum of 2 bicortical 

screws anteriorly and 3 posteriorly (KLS Martin). Following attachment of the plate, 

the remaining inferior border of the mandible was removed, creating a full-thickness, 

complete segmental defect while preserving the mental nerve (Figure 30A). The 

space maintainer was trimmed to fit the defect site with a dental bur under irrigation, 

and the edges were rounded to prevent sharp edges adjacent to the overlying oral 

mucosa. The space maintainer was then secured in place with two screws, and the 

incision was closed. One animal received two plates, a lateral plate and an inferior 

plate (KLS Martin) after an earlier sheep experienced hardware failure with the single 

lateral plate. The plate arrangements and screw lengths for each sheep are given in 

Table 3 below. 

Table 3. The plate and screw arrangements for each of the 5 sheep in the study 

Sheep Lateral Plate Inferior Plate Screws, Diameter 

1 3.0 mm Straight None Bicortical, 2.7 mm 

2 2.5 mm Straight None Bicortical, 2.0 mm 

3 2.5 mm Straight None Bicortical, 2.0 and 2.3 mm* 

4 2.5 mm Straight None Bicortical, 2.0 mm 

5 1.0 mm Straight Rib Plate Monocortical, 2.0 mm 

All purchased from KLS Martin 
Bicortical screws were 9 mm or 11 mm long 
Monocortical screws were 5 mm long 
*The 2.3 mm screws were used due to improper catching of the standard 2.0 mm screws 
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5.2.3. Animal Monitoring and Treatment 

Sheep were monitored throughout the course of the study for intakes and 

outputs, and the incisions were checked regularly for signs of infection. Animals with 

signs of infection had swabs taken, and culture results were used to drive antibiotic 

selection; either Excede (ceftiofur), penicillin G, Baytril (enrofloxacin), or 

metronidazole, or a combination were utilized. Sheep were sedated with telazol, and 

radiographic images of the mandible were taken to view the hardware and any bone 

growth at time points shown in Figure 29. Sheep were switched to a pellet-based diet 

to lessen need to chew after several sheep experienced dehiscence. Veterinary 

evaluation of the animals post-operatively determined if and when animals should 

ethically be removed from the study. 

5.2.4. Mandibular Reconstruction and Bioreactor Harvest 

After 9 weeks, the reconstruction surgery was performed as previously 

described [123]. The bioreactor on the fifth rib was utilized for the reconstruction, 

assuming bone growth could be observed, and the vascular supply could be located. 

Briefly, two incisions were created, and blunt dissection was utilized to locate the 

bioreactors. The bioreactor to be transferred was harvested with its adjacent vascular 

supply. The remaining bioreactors were harvested without vasculature and fixed in 

10% neutral buffered formalin prior to analysis.  

An incision was created at the inferior border of the mandible. The lateral 

plate, bicortical screws, and space maintainer were removed. In the event of an 
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infection, the defect area was debrided and irrigated with copious amounts of normal 

saline. If a mucosal dehiscence was present, the mucosal opening was sutured closed. 

The vascular anastomoses were performed to branches of the facial artery and vein 

using a surgical microscope (Leica Microsystems). As all sheep had developed a 

robust callus medially that provided sufficient mechanical support to the mandible, 

smaller monocortical self-tapping screws and lateral plate (as in the partial segmental 

defect [123,124]) were utilized to hold the transferred bioreactor tissue in place.  

5.2.5. Mandible Harvest 

The sheep were euthanized 12 weeks after the reconstruction. The entire 

mandible was harvested as previously described [186]. After administration of 

pentobarbital/phenytoin, the mandible was removed. A diamond blade saw was 

utilized to isolate the reconstructed segmental defect in the region of the edentulous 

area of the mandible. Tissues were fixed in 10% neutral buffered formalin for 1 week 

prior to long-term storage in 70% ethanol.  

5.2.6. Microcomputed Tomography 

Bioreactor and mandibular specimens were imaged with a SkyScan 1272 

microCT imaging system (Bruker, Billerica, MA) as previously described [124]. The 

contralateral unoperated mandible served as the mandibular control, and 

unimplanted bioreactors packed with the 50:50 v/v autograft:xenograft mixture 

were utilized as the control bioreactors. Scans were performed with a rotation step 

size of 0.4˚, frame averaging of 4, random movement of 10, and pixel size of 16.2 μm 
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with 360˚ scanning. NRecon (version 1.7.4.6; SkyScan) was used for the 

reconstruction performed with a threshold of 0.002–0.032 (dimensionless). For the 

bioreactors, the transferred tissue, and the contralateral mandible, CTAn (version 

1.18.8.0) was used to analyze the bone volume to total volume ratios (BV/TV), the 

trabecular thickness (TbTh), the trabecular number (TbN), and the trabecular 

spacing (TbSp). 

The ratio of autologous bone (defined as implanted autograft and newly 

formed bone) to xenograft was measured using ImageJ (version 1.52p, NIH) as 

previously described [124]. Briefly, the reconstructed bitmap files were analyzed 

with the MorphoLibJ plugin for extended minima and maxima with connectivity of 4 

and threshold of 108 to select only for xenograft. The area of the pixels was measured. 

Slices at 0.5, 1, and 1.5 cm along the 2 cm bioreactor were used for analysis. 

5.2.7. Mechanical Testing 

Bioreactor specimens were bisected with a diamond blade saw, and halves 

were randomly assigned to undergo either mechanical testing or histological analysis. 

The compressive mechanical testing was performed as previously described 

[123,124]. Briefly, a diamond-blade saw was utilized to ensure that no aspect ratio 

exceeded 2:1. An Instron 5565 and 2 kN load cell with a crosshead speed of 1 mm/min 

was used, and the modulus and offset yield were calculated on data generated within 

Instron Bluehill 3 testing software. 
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5.2.8. Histomorphometry—Intended to happen before the pandemic 

Fixed mandibular specimens and remaining bioreactor halves will be analyzed 

as previously described [123]. Specimens will be methacrylate embedded after serial 

dehydration prior to sectioning with a diamond blade (Leica Microsystems SP 1600). 

Three to four 10-15 µm sections from each specimen will be stained with methylene 

blue and basic fuchsin. Mandibular sections will be made through the posterior screw 

within the transferred bioreactor tissue, while bioreactor sections were taken at the 

midpoint of the total length of the specimen. 

A panel of blinded scorers will use established scoring matrices to score three 

sections of each mandibular or bioreactor specimen [89,123,186]. Mandible sections 

will be scored for hardware osteointegration, bony bridging, mucosal intactness, and 

presence of inflammatory cells and a periosteal reaction. Bioreactor specimens will 

be analyzed for bone presence and maturity, along with the presence or absence of 

osteoclasts. The median score was used for statistical analysis [26]. ImageJ will be 

utilized to determine the fractional depth of the bioreactor tissues measuring the 

distance between the periosteum and furthest viable osteocyte at 1/3, 1/2, and 2/3 

of the length of the periosteum and calculating the mean. ImageJ will also be utilized 

to measure the area of the mandible by using the color thresholding feature and 

measuring the pixels [124]. 
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5.2.9. Statistics 

Physical, biologic, radiographic, and histomorphometric statics were 

computed using a one-way ANOVA with post hoc Tukey’s honestly significant 

difference (α = 0.05). Histological scores were examined with a Kruskal-Wallis test 

with post hoc analysis via the Steel-Dwass test. Assay results from animals that were 

euthanized prior to the intended time points are presented in a table and are not 

included in the statistical analysis to determine significance. Statistics were 

performed using JMP Pro-14.0 (SAS, Cary, NC).  

5.3. Results 

5.3.1. Mandibular Defect Creation and Bioreactor Implantation Outcomes 

All sheep tolerated the implantation surgical procedure well and resumed regular 

diets the day of the surgery. The time course of the sheep is given in Figure 29, with 

important events marked. The implantation of the bioreactors was successful. The 

surgeries for the mandibular defect creation and space maintainer implantation 

required modifications between sheep (Table 3). In the first sheep, a 3.0 mm thick 

titanium fixation plate was utilized; however, the plate was very large relative to the 

size of the defect and incision, so a thinner 2.5 mm plate was utilized for future sheep 

(Table 3 and Figure 30B).  
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Figure 29. The time course of each of the animals, indicating significant events. 
One animal completed the study with no dehiscence or signs of infection. An 

animal was removed prior to the transfer surgery, and another sheep was 
removed soon after the second surgery. Two of the three sheep that 

completed the study experienced dehiscence and infection. 
 

 

Figure 30. Successful reconstructions with single lateral plate. A) The creation 
of the defect showing preserved mental nerve, B) The space maintainer was 
shaped to the defect, and a groove was placed anteriorly for the nerve to run 

across, and C and D) X-rays showing position of space maintainer (yellow 
box), medial callus formation (c), and loosening screws (pink asterisks). 
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Two sheep showed signs of mandibular infection at the incision site two weeks 

after the implantation surgery . One sheep (Sheep 1—the sheep with the large 3.0 mm 

fixation plate)  cultured gram-positive cocci in clusters, but the mandible was stable. 

The other sheep had palpable crepitus of the mandible, and a revision surgery was 

conducted 4 weeks after the implantation surgery. Pre-operative x-rays taken of the 

sedated sheep showed a plate fracture (Figure 31A). During the surgery, it was 

discovered that the distal segment (anterior mandible) had been too badly fractured 

for re-plating (Figure 31C), and the animal was euthanized.  

 

Figure 31. The removal of Sheep 3 from the study. A) Pre-operative x-rays 
taken prior to attempted repair of unstable mandible, B) The plate fracture as 

visualized in the operating room, C) The fractured anterior mandible 
indicated by arrow), and D) The mandible removed after necropsy showing 

medial callus formation (c) and badly fractured anterior mandible. 
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Figure 32. The two-plate strategy to provide additional inferior support to the 
mandible. A) Plating of the mandible with the rib plate, B) A small lateral plate 

was used to hold the space maintainer in place, C) Initial x-rays showed two 
plates and space maintainer (yellow box), and D) Week 7 x-ray showing 

medial callus formation and potential osteolysis associated with mucosal 
dehiscence observed at week 5. 

At this point it was decided that all sheep were required x-rays to check the 

status of the hardware (Figure 29). Screw loosening and callus formation were 

observed in the other three sheep (Figure 30C,D), and the sheep were switched to a 

pellet diet to limit chewing. Given the catastrophic hardware failure in one sheep and 

the less-severe hardware failure in the three-remaining sheep, the plating strategy 

was altered for the replacement sheep (Figure 32 and Table 3). The two-plate 

strategy was completed successfully. Serial x-rays still showed medial callus 

formation and but no significant loosening of screws (Figure 32C). However, this 

animal also showed signs of infection around 5 weeks post-implantation, and later x-
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rays showed areas of osteolysis and decreased radio-opacity (Figure 32D). Four 

sheep underwent the bioreactor transfer and reconstruction.  

5.3.2. Mandibular Reconstruction Outcomes 

The reconstruction surgery was successfully conducted in four sheep. At the 

time of the surgery, one sheep had an external skin dehiscence, two sheep had 

mucosal dehiscence, and one sheep had no dehiscence. The bioreactors on the fifth 

rib all grew viable bony tissue (Figure 33A), and this bioreactor was utilized for the 

transfer as a vascularized flap in 3 of the 4 animals (Figure 33B,C). In one animal, the 

vasculature could not be located, so the large bioreactor on rib 7 was used instead for 

transfer. In the animals with infection, surgical debridement was conducted, and new 

hardware was used to hold the vascularized tissue in place. The microvascular 

anastomoses were successfully performed in all animals, and patency verified with 

arterial pulsations (Figure 33D). All bioreactors contained tissue; however, two 

bioreactors broke apart due to lack of bone ingrowth during harvest. All animals 

returned to pellet diet the day of surgery. One sheep (the sheep initially plated using 

the 3.0 plate) still showed excessive purulent discharge from an external dehiscence 

1-week post-transfer, even after extensive surgical debridement and antibiotics with 

gram-positive, gram-negative, and anaerobic coverage. Therefore, the veterinarian 

recommended removal from the study. 

Of the 3 animals remaining in the study, 1 animal showed no signs of infection, 

and the other two animals were intermittently treated for infection by the 
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veterinarian. One animal developed an additional external dehiscence after the 

reconstruction surgery (Figure 29).  

 

Figure 33. Bioreactor harvest and mandibular reconstruction. A) After 
removing the bioreactor from the newly generated bony tissue, B) The 

grooved bioreactor after removal along with the vasculature, C) The isolation 
of the nerve, artery, and vein located within the pedicle, and D) The 

microvasculature anastomosis of the flap (left) with the systemic circulation 
(right) with yellow box showing sutured anastomosis. 

5.3.3. Bioreactor Analysis 

All bioreactors tissues underwent radiographic analysis, including those that 

were harvested from the sheep euthanized at 4 weeks (Figure 34A-H and Table 4). 

There were no significant differences between BV/TV, TbN, TbTh, or TbSp for the 

large or small bioreactors (p > 0.05). The BV/TV for the large and small bioreactors 

was 55.3 ± 2.6% and 59.2 ± 6.3%, respectively. Cross-sections from samples prior to 

implantation showed bright granules surrounded by less-radio-dense thin strips of 
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morselized bone. After 9 weeks of implantation, additional new bone formation could 

be observed surrounding the bright granules. Compressive mechanical analysis was 

performed on both the samples harvested at 9 weeks as intended and those removed 

from the sheep that was euthanized prematurely secondary to plate fracture (Figure 

34I,J and Table 4). The compressive modulus and strength showed no significance 

difference between the large and small bioreactors (p < 0.05). The 4-week bioreactors 

had compressive moduli below 10 MPa and strengths below 1 MPa, while the 9-week 

tissues showed compressive moduli of 31.7 ± 15.4 MPa (small) and 42.5 ± 8.3 (large) 

and strengths of 1.68 ± 0.70 MPa (small) and 1.63 ± 0.31 MPa (large). 

 

Figure 34. The bioreactor analysis. Representative microCT images of 
bioreactor specimens from large (A,C) and small (B,D) bioreactors prior to 
implanation (A,B) and after 9 weeks implantation (C,D). Scale bar 0.5 mm. 
Radiographic analysis of the large and small bioreactors after 9 weeks of 
implanation showing E) BV/TV, F) TbN, G) TbTh, and H) TbSp. Mechanical 

analysis of specimens allowed for the calculation of I) compressive modulus 
and J) compressive strength were calculated for bioreactor specimens 

harvestd at 9 weeks. (n.s. = not significant) 
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5.3.4. Mandibular Analysis 

Radiographic analysis was also performed on the mandible of the area of the 

transferred bioreactor tissue and the contralateral control mandible at the same 

location (Figure 35). The BV/TV, TbN, TbTh, and TbSp were calculated. At t=21 

weeks, the intended endpoint of the study, the BV/TV was 64.5 ± 6.2%. This was not 

significantly higher than the large bioreactor at t=9 weeks (p > 0.05), but it was 

significantly higher than the bioreactors pre-implantation (p < 0.05). Although the 

BV/TV was increasing, the BV/TV was still significantly lower (p < 0.05) than that of 

the contralateral control (94.4 ± 3.4%) (Figure 35A). The trabecular spacing was 

decreasing with time, and the trabecular thickness was increasing with time, 

indicating continued remodeling. The ratio of xenograft to total bone (Figure 35E) 

was also calculated. Before implantation, the xenograft to total bone ratio was 64.7 ± 

5.3%; after 21 weeks of implantation, it was significantly lower 22.0 ± 17.6%. 

Although the sheep without signs of infection showed good osseointegration of the 

screw and the adjacent bone (Figure 35F), other animals with signs of infection 

displayed poor integration with the adjacent bone (Figure 35G). The geometry of 

contralateral control mandible (Figure 35H) was not recapitulated in the treatment 

mandibles after 21 weeks, with the transplanted mandibles showing large increases 

in area and decreased bone density. 
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Figure 35. Remodeling of tissues with time. MicroCT was utilized to measure 
the A) BV/TV, B) TbN, C) TbTh, and D) TbSp over time, with the t=0 

representing bioreactors pre-implantation (n=6), t=9 the transfer surgery 
(n=12), t=21 the mandibles of the sheep who successfully completed the study 

(n=3), and the control representing the contralateral unoperated mandible 
(n=4). Image analysis was utilized to determine E) the proportion of xenograft 

with time. Representative radiographic cross-sections show F) modest 
osseointegration of the transferred bioreactor tissue or G) good hardware 

integration but poor integration with adjacent bone, and H) the contralateral 
control mandible. 

5.3.5. Histologic Analysis 

Histological analysis of both the bioreactors and the mandibular specimens 

will be performed by our collaborators at Radboudumc and will be added to the 

manuscript along with histological scoring by blinded reviewers prior to its 

submission. 
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Table 4. MicroCT and mechanical testing values from the sheep that were 
euthanized prior to the end of the study. 

 

5.4. Discussion 

The aim of this study was to challenge the two-stage repair strategy in a larger, 

loadbearing, clinically-relevant ovine defect. The two-stage approach combines 

wound bed optimization [153] with the generation of customized and vascularized 

bioreactor tissue [123], eliminating the donor site morbidity and poor geometrical 

mismatch that can be seen with fibular free flap repair [115]. The surgeries were led 

by oral and maxillofacial surgeons, and the surgical approach and plating strategy 

that was utilized was based on clinical practice [147]. We utilized a larger bioreactor 

with a protrusion into the generated tissue to form a canal for the mental nerve, and 

a smaller bioreactor in case the tissue formed within the large bioreactor was 

inadequate for the defect and thus required supplementation. We utilized a mixture 

of autograft and xenograft within these chambers to overcome the lack of bone 
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growth seen with xenograft chambers previously [124] and the need to harvest 

additional donor tissue to create enough morselized autograft to fill the larger 

bioreactors with entirely autologous bone. Both large and small bioreactors 

demonstrated good bone growth at 9 weeks. After transfer, the newly formed bone 

continued to remodel. The transferred tissue never attained the radiographic 

properties of the contralateral control mandible, but the study was plagued by 

hardware failure and implant-associated infections. 

The plating strategy initially adopted in these animals was a 2.5 or 3.0 mm 

thick titanium reconstructive plate fixated on the lateral surface of the mandible 

(Figure 30) with bicortical screws to provide additional support and reduce the 

cortical bone stress [187]. The lateral-only plate approach demonstrated a high 

degree of hardware failure, with outright plate fracture occurring in 1 of 4 animals 

with a single lateral plate (Figure 31) and screw loosening seen in the other 3 (Figure 

30). Sheep are ruminants and constantly chew and rechew their food to reduce the 

particle size for digestion [188]. While masticating, sheep produce significant lateral 

movements [189,190]. There are differences between the chewing pattern in humans 

and sheep [191,192]. The plate fracture occurred in the animal that received two 

“emergency screws” (larger diameter of 2.3 mm), which are used when the original 

screw holes are stripped an unable to retain the intended screws. The “emergency 

screws” have been shown to provide better screw fixation [193]. The other sheep 

received the usual screws (2.0 mm diameter) at all locations, and subsequent imaging 

showed eventual loosening of the posterior screws (Figure 30C,D). While a single 

lateral plate has been successfully utilized in a similar ovine defect [194], other 
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researchers have utilized a customized porous titanium plate that offers support to 

multiple locations along the mandible [195]. This approach, however, eliminates the 

contact between the porous space maintainer and the overlying oral mucosa that we 

were also hoping to study. To combat the hardware failure seen with a single lateral 

plate and to add more support without encompassing the entirety of our graft or 

space maintainer within the plate and thus losing the direct contact with the oral 

mucosa, an two-plate strategy was used in the replacement sheep (Figure 32), and 

the diet was switched from an unprocessed hay-based diet to a pellet diet in an effort 

to minimize the amount of vigorous chewing and ruminating the sheep would need 

[188]. We believed that the hardware failure was related to the unfavorable 

application of lateral forces produced by the sideways excursions of the jaw made by 

the sheep during eating. To counter this, a 3-dimensional plate that provided stability 

along the inferior lingual and buccal cortices was used. A rib plate was utilized due to 

its natural fit to the inferior border of the mandible, and a smaller lateral plate (1.0 

mm thickness) was utilized to hold the space maintainer in place. Although no 

hardware failure was observed on radiographic imaging, this animal also developed 

an infection and mucosal dehiscence. 

All sheep developed a large callus medially to the defect site that spanned the 

entire length of the defect and provided enough stability to the mandible that the 

large plate initially utilized for fixation was no longer required after the second 

surgery. Micromotion leads to increased callus formation [196], and due to screw 

failure in 3 of 4 animals that underwent the second surgery, it is evident that the 

fixation was not adequate. In the animal that received the two plates, no outright 
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fixation failure was observed, but a medial callus still formed. Previous studies have 

demonstrated a significant increase in mandibular area without infection after the 

creation of the partial segmental defect with a periosteal reaction noted on histology 

[123]. It is possible that the intact periosteum contributed to the large callus 

formation in these animals. 

Infection was a common complication of this study, seen in 4 of 5 animals and 

associated with both mucosal and external dehiscence. Attempts to treat the 

hardware- and implant-associated infections with systemic antibiotics proved largely 

unsuccessful, with treatments decreasing or thinning exudate and reducing swelling 

rather than completely eliminating the clinical signs of the infection. The porous 

space maintainers, designed to encourage adhesion of the oral mucosa, also have a 

large surface area, increasing the risk of infection [159,160]. Systemic antibiotics 

have poor penetration into implants and necrotic bone [142]. Implant-associated 

infections are difficult to treat, and often involves the removal of the hardware, 

surgical debridement, and utilization of a new sterilized implant [197]. The utilization 

of local antibiotic release, such as incorporation of poly(lactic-co-glycolic acid) 

microparticles within the space maintainers [98], may have assisted in the treatment 

or prevention of such an infection. A partial segmental defect in sheep inoculated with 

a bioluminescent strain of Staphylococcus aureus and filled with a vancomycin-loaded 

space maintainer did not develop clinical or histological signs of a mandibular 

infection, while the sheep that received an unloaded space maintainer developed 

large dehiscence and inoculated bacteria was recovered from within the oral cavity 
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[124]. The use of antibiotic-loaded porous space maintainers should be encouraged 

when available. 

Radiographically, there was no difference between the large and small 

chambers in terms of BV/TV, TbN, TbTh, or TbSp (Figure 34). Previous work has 

demonstrated that bone growth occurs from the periosteal surface [126] and that 

bone resorption occurs with implantation time greater than 9 weeks for 1 cm tall 

bioreactors [122]. Representative cross-sections of bioreactor tissues taken at 9 

weeks demonstrate new bone formation throughout the tissue, indicating that the 

time of implantation was adequate for the bone to grow up from the periosteal 

surface with both geometries without significant resorption. The BV/TV measured 

from the 50:50 bioreactors fell between those filled with either 100% autograft or 

100% xenograft tested in a previous study [124]. Mechanical testing also 

demonstrated no differences in the compressive properties between the large and 

small chambers at 9 weeks (Figure 34); however, the compressive strength and 

modulus had increased significantly from the 4-week time point (Table 4). The 

compressive modulus and strength were similar to previous autograft- and synthetic 

graft-filled bioreactors that were successfully utilized to reconstruct hemisegmental 

defects [123] and to harvested autograft- and xenograft-filled bioreactors [124]. 

The BV/TV of the bioreactor tissue was significantly higher at 9 weeks and at 

21 weeks than it was prior to implantation (Figure 34). The contralateral control had 

significantly higher BV/TV and TbTh and significantly lower TbN than the bioreactor 

tissue at any time point. BV/TV and trabecular thickness increased over time as 
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observed in the repair of the ovine partial segmental defect in previous studies [123], 

though the extent or significance was not as great in this study. However, infection 

impacts bone growth and remodeling [5], which was observed at various time points 

in 4 of the 5 animals (Figure 29). Although vascularized bone flaps have been utilized 

clinically to treat osteomyelitis with eventual union seen all 15 patients in one study 

[198], only one sheep of the 3 sheep that completed the study demonstrated union 

with the adjacent callus in multiple microCT sections (Figure 35F). All animals 

demonstrated good integration of the screws; however, in several of the animals the 

bone flap and the callus remained separate. The anatomy of the reconstructed 

mandible varied greatly from the contralateral control mandible. Thee decreasing 

xenograft to total bone ratio (XG/TB) provides further evidence of continued 

remodeling of the flap after transfer. At t=9 weeks, the XG/TB ratio was not 

significantly different than t=0 or t=21 time points. By t=21 weeks, the XG/TB ratio 

was significantly lower than the preimplantation t=0 value. Previous sheep studies 

utilizing chambers packed with 100% xenograft demonstrated that the majority of 

the bone within the chambers at 9 weeks was still xenograft with minimal new bone 

formation [124]. In this study, by 21 weeks, the majority of the mineralized tissue 

within the bioreactors was newly formed bone. Other researchers have demonstrated 

little bone growth around Bio-Oss in short-term studies [174], while signs of 

degradation and mature bone surrounding the xenograft granules can be seen in 

studies exceeding 6 months [199–201]. 

Histological sectioning and analysis will be necessary to complete the story. Is 

the transferred graft still viable even after transfer to an infected defect? Is the 
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xenograft showing signs of degradation? What is the maturity of the bone, and does 

it increase in maturity from woven to lamellar after transfer to the mandible? This 

work is underway by our collaborators in the Netherlands. 

5.5. Conclusions 

In this study, a two-stage approach to craniofacial reconstruction was tested 

in an ovine model of a complete segmental mandibular bone defect. The loadbearing 

defect, located immediately adjacent to the oral mucosa, was a challenging and 

clinically-relevant defect. One sheep experienced plate and mandibular fracture, 

leading to study removal at 4 weeks. Another sheep developed osteomyelitis that did 

not resolve even after surgical debridement, irrigation with normal saline, and 

replacement of the infected hardware, and was removed from the study at 10 weeks. 

Of the 3 animals that completed the study, 2 experienced infection and dehiscence. 

The fixation strategy, while what is generally done for segmental repair with a fibular 

flap in clinical practice, did not account for the continuous and lateral mastication of 

the sheep mandible. Nevertheless, we demonstrated that the tissues transferred as a 

vascularized flap continued to undergo remodeling within the mandibular site, 

suggesting this could be a valuable strategy when combined with an antibiotic-

releasing space maintainer, a model that chews vertically primarily only when eating 

(such as a pig), or utilizes a more involved fixation strategy optimized for sheep to 

eliminate micromotion. 
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Chapter 6 

Commercialization of the Porous Space 
Maintainer 

Abstract 

After developing a promising device in the laboratory and thoroughly 

characterizing it, the next step is testing in a small animal model. If the small animal 

model shows promise, the next logical step is a larger animal model and taking steps 

toward use in humans. To utilize a device in patients, the Food and Drug 

Administration (FDA) must oversee that the device has been tested for safety. For the 

porous space maintainer, the interactions with the FDA began in 2012. Since then, we 

have completed several presubmissions, discussing our plans for clinical study, 

biocompatibility tests, and additional submission materials. We have established the 

pathway forward for our significant risk device, which will include the submission of 

an investigational device exemption (IDE) to perform a small early feasibility study 

to prove safety prior to submission of a 510(k). We have worked with a company to 

perform the requested biocompatibility tests, with our clinical collaborators on the 

development of a clinical protocol, and our commercial collaborator for our 

interactions with the FDA. This chapter provides an overview of our previous 

interactions, the work completed, and the steps remaining before our device can be 

used where it can help the most—in human patients. 



  

 147 

6.1. Introduction 

To be able to distribute a clinical device, approval by the Food and Drug 

Administration (FDA) is necessary. The FDA is a part of the government tasked with 

verifying the safety and efficacy of new clinical technologies. Around since the mid-

1800’s, the consumer protection agency has continued to evolve and grow. Today, the 

FDA is divided into a variety of centers and offices that regulate the use of biologics, 

devices, drugs, and others. The organization continues to work with companies and 

investigators for commercialization while releasing a variety of guidance documents 

to help streamline the process. 

For the purposes of regulation, a device is defined as an instrument, apparatus, 

implement, machine, contrivance, implant, in vitro reagent, or other similar or related 

article, including any component, part, or accessory, which is 1) recognized in official 

formulary, 2) intended for use in the diagnosis, treatment, or prevention of disease, 

or 3) intended to influence function of the body, and does not achieve primary 

purposes through chemical means or require metabolism [202]. The length of 

commercialization for devices generally takes 3 to 7 years [203] and can proceed 

along a variety of pathways, pending device characteristics and intended use. Two 

main pathways exist for the regulation of medical devices: Pre-Market Approval 

(PMA) or Pre-Market Notification (PMN) [204].  

Devices can be classified into one of 3 categories. Devices that are low risk are 

designated Class I and generally do not require FDA approval. Class II devices are 

intermediate risk and either do not require approval or may be approved via the PMN 
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pathway. Class III devices are considered significant risk devices where failure could 

cause serious consequences. Class III devices usually must progress along the PMA 

pathway, unless the device is “substantially equivalent” to an existing approved 

medical device. The FDA defines a substantially equivalent device as the device that 

has the same intended use as the predicate device and 1) has the same technological 

characteristics as the predicate device or 2) has different characteristics but does not 

raise additional questions of safety and effectiveness [205].    

The PMA is the strictest and most rigorous approval process required by the 

FDA for de novo or significant risk devices. It generally requires a series of clinical 

trials, from a basic safety study to a large randomized control trial, with more novel 

and risky devices requiring larger studies. The pathway is long (average time to 

approval 12 years) and can cost hundreds of millions of dollars [204]. 

The PMN pathway is shorter (3-7 years) and less costly than the PMA pathway 

[203]. The pathway is reserved for lower risk devices (Class II) or higher risk devices 

(Class III) that already have a predicate device approved via the FDA. The pathway 

was established to lessen the required clinical burden for devices where similar data 

are already available. The PMN pathway is also referred to as the 510(k) pathway. 

While many innovators approve of the 510(k) route for approval due to the 

decreased/eliminated clinical data to bring a product to market, several devices 

approved by this route have led to significant morbidity and mortality for patients 

[206]. To lessen the potential that unsafe devices make it to market, the FDA may 

request an early feasibility study as part of a 510(k) application. In this case, 
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investigators must submit and receive approval for an Investigational Device 

Exemption (IDE) prior to completion of the small clinical safety study and eventual 

submission of the 510(k) application [207]. 

Throughout the process, the FDA can provide feedback through the 

submission of a presubmission [208]. The presubmission process involves an 

incomplete application with a series of questions on which the investigator would like 

clarification. The FDA will reply with a written document and also a phone call or in-

person meeting to discuss the responses. This process can be initiated at any point 

but can provide insight early on for the investigator and sponsor about the 

classification of the device and the approximate pathway for approval. 

6.2. Porous Space Maintainer Strategy 

To bring the porous space maintainer to market, approval by the FDA is 

necessary. The previous chapters have described space maintainers, antibiotic-

loaded space maintainers, and in vivo bioreactors. The ultimate goal would be to 

utilize the two-stage strategy to help patients. A mandibular defect is filled with an 

antibiotic-loaded space maintainer at the same time a customized bioreactor is 

implanted adjacent to periosteum. Over several months, the defect site is optimized 

for tissue transfer (through clearing of infection and healing of soft tissue), while 

customized tissue is generated in the bioreactor. In a second surgery, the bony tissue 

is transferred from the bioreactor, and the transferred tissue integrates with the 

surrounding bone within the defect site. 
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Given that less complex devices require a less rigorous approach to 

commercialization, the strategy is to 1) receive approval for the porous space 

maintainer (without antibiotics), then to 2) receive approval for the antibiotic-loaded 

porous space maintainer and the in vivo bioreactor as outlined in Figure 36. After 

favorable interactions with the FDA regarding the porous space maintainer and its 

ability to serve as a predicate device for the antibiotic-loaded device, the 

commercialization should be more streamlined for the antibiotic-loaded device. The 

related in vivo bioreactors can proceed in parallel with the space maintainer 

commercialization after significant progress has been made toward the 

commercialization of our initial product. 

 

Figure 36. Overall commercialization strategy of the two-stage approach 
depicting completion of the process for the porous space maintainer before 

initiating the antibiotic-loaded device process. Initial discussions of the in vivo 
bioreactor can be initiated during the later steps of the porous space 

maintainer commercialization. 

The porous space maintainer consists of bone cement (FDA-approved product 

with many commercially available variations) and carboxymethylcellulose gel (FDA-

approved food additive, widely used in eye drops). The device was to be 

manufactured in the shape of three sizes of mandibles and trimmed to the 

appropriate shape and size in the operating room. Although the two major 
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components are a part of FDA-approved devices/formulations, the use of them in a 

new device requires additional FDA approval. Potential concerns include leachable 

compounds and biocompatibility of new device, as well as consistency of 

manufacturing and shelf life. We partnered with our commercial collaborator 

Synthasome, Inc. to assist in the commercialization, testing, manufacturing of 

commercial product, and interactions with the FDA. 

6.3. Previous Interactions 

Prior to completing my chemical engineering degree at the University of 

Kansas, in Summer 2012, a presentation was given by Dr. Mikos, Dr. Wong, and Dr. 

Ratcliffe for the Center for Devices and Radiological Health Dental Branch members 

at the FDA Silver Spring Campus about the porous space maintainer technology. At 

this meeting, the FDA stated that the device should likely proceed along the 

PMN/510(k) pathway. A case study was performed with 5 patients receiving the 

prefabricated porous space maintainers [158]. The space maintainers were soaked in 

bacitracin prior to implantation. While no significant safety complications were 

observed, two patients experienced dehiscence that required implant removal 

prematurely, but 3 did not, suggesting further investigation of this strategy was 

warranted. This initial interaction began the start of our interactions with the FDA, 

depicted in Figure 37. 

Around the time I started in lab, in Fall 2015, a presubmission document was 

prepared to submit to the FDA about the porous space maintainer. The submission 
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contained summaries of all the relevant publications about the porous space 

maintainer, the biocompatibility data completed to date, the proposed 

biocompatibility testing, and a series of questions for which FDA guidance was 

requested.  

 

Figure 37. The interactions with the FDA divided into before, during, and after 
(left of, between, and right of the brackets respectively) my time in the Mikos 

laboratory, eventually culminating in the clinical availability of the porous 
space maintainer. Major FDA interactions are given above the timeline, and 

progress made within our laboratory given below the timeline. 

The summary of questions were: 

x Are the proposed biocompatibility tests adequate? 

x Can we test only one of the planned product sizes? 

x Are the predicate devices appropriate? 

x Is the statement of use adequate? 

x Is the previous clinical study and biocompatibility testing adequate for 

510(k) submission? 
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The document was prepared as a collaboration between Rice, the University 

of Texas Health Science Center, Synthasome, Inc., and the Tissue Injury and 

Regenerative Medicine Project Management Office (TIRM PMO) of the USAMMDA. 

Synthasome, Inc. in collaboration with Rice University had already conducted 

some basic cytotoxicity (MEM elution), genotoxicity (Ames Test), irritation 

(intracutaneous), toxicity (systemic injection and material mediated pyrogen), and a 

1-week implantation assay for biocompatibility testing, as well as some basic 

characterization studies such as microCT, mechanical testing, and measurement of 

leachables. 

6.4. Ongoing Interactions 

6.4.1. Presubmission meeting feedback 

In January 2016, we received a response from the FDA in regard to our initial 

presubmission. The complete document is briefly summarized here.  

x The FDA recommended additional/modified testing from the 

biocompatibility series originally proposed. They advised completion 

of the oral mucosa irritation test, completion of the toxicity test via the 

oral administration route, and design of a six-month implantation 

study.  

x The FDA further stated that they believed the device to be a significant 

risk device, and that an IDE should have been submitted prior to the 
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completion of the clinical case series previously published. They 

recommended creation of an additional IDE presubmission document 

that contained a clinical protocol for an early feasibility study for FDA 

review prior to a complete IDE submission. 

6.4.2. Biocompatibility Testing 

Published standards exist for biocompatibility testing as part of ISO 10993. 

The FDA has released guidance on this series of documents, including which tests 

should be performed for various classes of medical devices. Attachment A of their 

guidance document about ISO 10993-1 [209] contains a table with testing 

recommendations. For an implantable device that has contact with tissue and will be 

implanted >30 days (considered permanent), the FDA recommends cytotoxicity, 

sensitization, irritation, acute systemic toxicity, sub-acute toxicity, genotoxicity, and 

an implantation study. Each of these individual classes of studies have a document 

from within the ISO 10993 series that describes the potential variations for various 

routes of administration. From the recommended FDA feedback and our intended use 

of a porous space maintainer in the mandibular defect, oral administration should be 

the chosen route, where applicable. To prevent bias, good laboratory practice (GLP) 

compliant companies conduct these tests on samples provided by investigators or 

sponsors and issue the reports. We collaborated with NAMSA to prepare the 

protocols and conduct the studies. Short summaries of all studies for which we 

prepared samples and drafted protocols are provided below. The samples were 

prepared within our laboratory using reagents provided by Synthasome, Inc. with 
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their standard operating procedures, including packaging and shipping for electron 

beam sterilization by Sterigenics, Inc. 

6.4.2.1. Cytotoxicity ISO 10993-5 [210] Minimum Essential Medium Extract 

Purpose: To determine if the sterilized porous space maintainer causes 

cytotoxicity. 

Test System: L-929 mouse fibroblast cells. 

Justification: Cytotoxicity has been determined using in vitro mammalian cell 

culture. The L-929 line is specifically mentioned in the ISO standard. 

Procedure: Rectangular porous space maintainers of surface area 10 cm2 were 

prepared, packaged, and sterilized via electron beam. The negative 

control (high density polyethylene), the reagent control (cell culture 

medium), and the positive control (latex gloves) were provided by 

NAMSA. The test group was extracted at a ratio of 3 cm2 : 1 mL at 37˚C 

for 72 hours. Triplicate subconfluent cell culture wells had the growth 

media replaced with the extraction media. Plates were then incubated 

at 37˚C and 5% CO2 for 48 hours. Wells were then examined for cellular 

characteristics and percent lysis and scored based on cell 

morphology/proliferation (0 to 4). The negative control had to have a 

score of 0 and the positive control a score of 3 or 4 for the results to be 

valid; the space maintainer was considered non-cytotoxic if the average 

score was less than or equal to 2.  
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Results: The negative control, reagent control, and space maintainer each had 

average scores of 0. The positive control had an average score of 4.  

Conclusion: The porous space maintainer extract showed no evidence of cell 

lysis or toxicity in mammalian cell culture, and the test was valid. 

6.4.2.2. Genotoxicity ISO 10993-3 [211] Ames Test (Solids) 

Purpose: To determine if an extract from the porous bone space maintainer 

would cause mutagenesis in several strains of Salmonella typhimurium 

and a single strain of  Escherichia coli with and without metabolic 

activation.  

Test System: The strains of Salmonella typhimurium (TA98, TA100, TA1535, 

TA1537) and Escherichia coli (WP2uvrA) are dependent on histidine 

and tryptophan supplementation, respectively. Only cells that revert to 

the appropriate phenotype are able to grow on selective (+ histidine or 

+tryptophan) media and form colonies.  

Justification: This assay detects point mutations, frameshifts and/or base pair 

substitutions, and the spontaneous mutation rate of each strain is 

relatively constant. The addition of a  mutagen causes the mutation rate 

to increase, and this can be measured as a rapid and accurate means of 

determining mutagenic activity. 

Procedure: Rectangular porous space maintainers of surface area 10 cm2 were 

prepared, packaged, and sterilized via electron beam. The reagent 
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controls (polyethylene glycol and saline) and positive controls were 

provided by NAMSA. A ratio of 3 cm2 : 1 mL of polyethylene glycol or 

saline at 37˚C for 72 hours was used for extraction. Agar was 

supplemented by histidine (S. typhimurium) or tryptophan (E. coli) and 

allowed to undergo several divisions. Separate plates with the agar 

were inoculated with the culture and the saline or polyethylene extract. 

Several plates underwent metabolic activation through the addition of 

S9 in saline. All groups were analyzed in triplicate. The plates were then 

incubated at 37˚C for 48 hours. After incubation, the number of 

revertant colonies were counted via a darkfield colony counter. The 

mean numbers of each group and strain were compared to determine 

if the rate of mutagenesis had increased. 

Results: The fold over vehicle control increases for the porous space 

maintainer ranged from 0.7 – 1.2 for both the saline and polyethylene 

groups, indicating slightly decreased rate of mutagenesis. The positive 

control showed fold increases of 9.3-175.3, indicating presence of the 

mutagenic compounds as expected.  

Conclusion: The porous space maintainer leachables in PEG and saline were 

non-mutagenic to the Salmonella typhimurium and Escherichia coli 

strains evaluated. 
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6.4.2.3. Genotoxicity ISO 10993-3 [211] Mouse Lymphoma Assay 

Purpose: To determine if exposure to extract from the porous space maintainer 

can lead to gene mutations and chromosomal damage in mammalian 

cells. 

Test System: Mouse lymphoma L5178Y/TK+/- cell line.  

Justification: This assay utilizes a cell line that is heterozygous at the thymidine 

kinase locus, which allows cells to use thymidine for DNA synthesis. 

Cells that mutate to homozygous negative for thymidine kinase will not 

be able to salvage thymidine from the surrounding media. When 

trifluorothymidine is added to the solution, the homozygous negative 

mutants will not be able to incorporate the harmful trifluorothymidine 

into their DNA. Cells that are heterozygous (non-mutated) will 

incorporate it into their DNA and will no longer be viable. This allows 

for the determination of how mutagenic an extract is. 

Procedure: Rectangular porous space maintainers of surface area 10 cm2 were 

prepared, packaged, and sterilized via electron beam. The vehicle 

controls (polyethylene glycol and RPMI0) and positive controls were 

provided by NAMSA. A ratio of 3 cm2 : 1 mL of polyethylene glycol or 

RPMI0 at 37˚C for 72 hours was used for extraction. Two durations of 

exposure were evaluated (4 and 24 hours), with and without metabolic 

activation with S9. Cells were added to tubes and pelleted to allow for 

cell culture media removal. The extract solutions were added to the cell 
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pellet. The tubes underwent gentle agitation at 5% CO2 and 37˚C for the 

duration of the treatment period. After treatment, the cells underwent 

several washes with RPMI0. All tubes were adjusted to the same cell 

density and cultured for two additional days. Cells were then plated on 

triplicate plates with or without trifluorothymidine. All plates were 

incubated at 5% CO2 and 37˚C for two weeks. The number and size of 

the colonies on each plate were determined. Large mutants have little 

DNA damage, while smaller mutants have more damage.  

Results: The mean mutant frequency for the porous space maintainer ranged 

from 78-101 for the tested conditions. The vehicle control had values 

of 54-78, while the positive control had values of 462-1802.  

Conclusion:  As there was not a two-fold or higher increase from the vehicle 

control, the porous space maintainer was not mutagenic to mammalian 

cells. 

6.4.2.4. Irritation ISO 10993-10 [212] Oral Mucosal Irritation Study 

Purpose: To investigate if the porous space maintainer causes irritation of the 

oral mucosa in hamster. 

Test System: Ten Golden Syrian Hamsters 

Justification: As the space maintainer will be implanted adjacent to the oral 

mucosa, the FDA requested an oral test for testing. The oral mucosa of 
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the hamster is highly vascularized, and dilation of these vessels can be 

easily observed when the sample causes mucosal irritation.  

Procedure: Disc-shaped samples of 1 cm in diameter and 0.5 cm in height were 

prepared under sterile conditions of the sponsor were submitted to 

Sterigenics, Inc. for electron beam sterilization (as would be done with 

the clinical product). These samples were then submitted to NAMSA for 

testing. The control for this study were poly(methyl methacrylate) 

discs provided by NAMSA. After anesthetization, each cheek pouch of 

the hamsters was everted, cleaned, and examined for any signs of pre-

existing irritation. The porous space maintainer was placed into one 

pouch, while the test article was placed into the other pouch. A tie was 

utilized anterior to the sample but posterior to the ears to hold the 

specimens in place. Animals were observed daily for 14 days. At 14 

days, animals were euthanized and weighed. Specimens were removed 

from the cheek pouches, and the mucosa was examined for erythema 

(graded 0-none to 4-severe). The cheek pouches were excised, fixed in 

neutral buffered formalin, and mounted for microscopic analysis. A 

pathologist examined the paraffin-embedded sections stained with 

hematoxylin and eosin for inflammation by scoring the epithelium, the 

vascular congestion, the leukocyte infiltration, and the edema 

visualized within the sections. The average scores from the control 

were subtracted from the average test article scores, and the specimen 
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was assigned non-irritant (0), minimal irritant (1-4), and up to severe 

irritant (12-16). 

Results: All test and negative control cheek pouches were macroscopically 

normal (score of 0). Several cheek pouches demonstrated some 

instances of squamous hyperplasia, congestion, or leukoplasia; 

however, these were consistent with mechanical trauma secondary to 

cheek pouch manipulation. The average scores were not different 

between the porous space maintainer samples and control specimens.  

Conclusion: The porous space maintainer is a non-irritant to the hamster oral 

mucosa. 

6.4.2.5. Implant Study ISO 10993-6 [213] 6-Month Implantation Study 

Purpose: To determine the effects of porous space maintainer implantation on 

local tissue response after 6-month implantation in rabbit muscle. 

Test System: Four Male New Zealand White Rabbits. 

Justification: The paravertebral muscles of rabbits are easily accessible, and 

the evaluation of localized tissue response has been well documented. 

The duration of 6 months was selected as it is twice the intended 

clinical implantation period as advised by the FDA. 

Procedure: Porous space maintainer rods of 10 mm in length and 3 mm in 

diameter were prepared in our laboratory prior to sterilization at 
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Sterigenics, Inc. The negative control articles were rods of sterilized 

high-density polyethylene, prepared by NAMSA. The animals were 

anesthetized, shaved, and a sterilized site was prepared. An incision 

was made in the skin and facia overlying the paravertebral muscles. A 

pocket was created, and the specimen was placed within the pocket. 

The fascia and skin were closed. A total of 4 space maintainer and 4 

negative control rods were placed within each animal, evenly spaced 

on either side of the spine. After 26 weeks, the animals were weighed 

and euthanized. The specimens were carefully located, and the 

surrounding muscles were dissected and fixed in 10% neutral buffered 

formalin. Macroscopic scores (0 to 4 for degree of capsule or reaction 

area ranging from none to >2 mm) were given to the surrounding 

tissues. Sections were prepared for histology by embedding, sectioning, 

and staining with hematoxylin and eosin prior to scoring by a 

pathologist (inflammatory cells, vascularization, fibrosis, fatty 

infiltrates). The total score of the negative control was subtracted from 

the space maintainer score to calculate the reaction index. Differences 

of < 3 were considered minimal or no reaction, while those > 15 were 

considered to have caused a significant reaction.   

Results: The macroscopic examination of both the negative control and the 

porous space maintainer rods showed a thin fibrous capsule limited to 

the area immediately adjacent to the implant. Both materials had 

minimal macrophages, giant cells, neutrophils, and lymphocytes in the 
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adjacent tissue. Neovascularization was increased surrounding the 

porous space maintainer relative to the negative control, and tissue 

was observed within the pores of the space maintainer. The reaction 

index was 2.  

Conclusion: The porous space maintainer caused minimal or no reaction to the 

surrounding muscle tissue when implanted for 6 months in a rabbit. 

6.4.2.6. Sensitization ISO 10993-10 [212] Magnusson-Klingman Test 

Purpose: To determine if the porous space maintainer exposure can lead to 

delayed dermal contact sensitization. 

Test System: Thirty Male Guinea Pigs. 

Justification: The Hartley albino Guinea pig has been used historically for 

sensitization studies [214] and has been shown to be a reliable way to 

detect potential allergens. 

Procedure: Rectangular porous space maintainers of surface area 10 cm2 were 

prepared, packaged, and sterilized via electron beam. Two extraction 

solutions were used: water and sesame oil. An extraction ratio of 3 cm2 

: 1 mL was utilized at 37˚C for 72 hours. Animals were weighed, 

assigned to either test extract or vehicle control group, and had the 

dorsoscapular fur shaved. Six injections of appropriate solution were 

performed. Six days later, a 10% sodium lauryl sulfate solution was 

applied over the injection site to create a mild inflammatory response. 
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After 24 hours, a filter paper saturated with the extract solution was 

topically applied and secured. After 48 hours, the papers were 

removed. After 13 more days, the flanks of the animal were shaved. 

Patches saturated with vehicle alone or space maintainer extract were 

applied to the left and right flank respectively. Twenty-four hours later, 

the patches were removed, and any reactions observed. A scoring 

matrix from 0 (no visible change) to 3 (intense erythema and swelling) 

were utilized and compared to the control conditions. The control 

conditions were control extracts on either the test/control animals or 

the test extract on the control animal. A positive control of l-chloro-2,4-

dinitrobenzene was periodically performed by NAMSA to validate 

method.   

Results: No evidence of sensitization was observed. All injection sites of test 

and control animals received a dermal reaction score of 0. 

Conclusion: The porous space maintainer did not cause delayed dermal contact 

sensitization in the Guinea pig. 

6.4.2.7. Acute Toxicity ISO 10993-11 [215] Oral Administration 

Purpose: To determine if the porous space maintainer extract is toxic when 

administered as a single oral dose in mice. 

Test System: Ten Male Mice. 
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Justification: The FDA requested oral administration to mimic the location of 

the intended use of the porous space maintainer.  

Procedure: Rectangular porous space maintainers of surface area 10 cm2 were 

prepared, packaged, and sterilized via electron beam. Two extraction 

solutions were used: water and sesame oil. An extraction ratio of 3 cm2 

: 1 mL was utilized at 37˚C for 72 hours. Each mouse was weighed and 

dosed via a cannula at a dose of 40 mL / kg of body weight, with five 

animals receiving the water and 5 the sesame oil extracts. Animals 

were observed daily for 7 days. At 7 days, animals were weighed, and 

euthanized and a necropsy performed. The extract was considered 

toxic if one or more animals from either group died.  

Results: No animals died during the study, and all animals continued gaining 

weight. No abnormal findings were observed at necropsy. 

Conclusion: The porous space maintainer is not at an oral dose of 40 mL / kg 

in mice. 

6.4.2.8. Sub-Acute Toxicity ISO 10993-11 [215] Subcutaneous Implantation 

Purpose: To evaluate if a porous space maintainer causes subacute (30 day) 

systemic toxicity after subcutaneous implantation in a rat. 

Test System: Twenty-four rats. 
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Justification: No in vitro studies exist that allow for the examination of tissue 

response and systemic effects. The rat was suggested in the ISO 

standards. The subcutaneous implantation route was chosen to as 

established scoring matrices exist. While oral administration could 

have again been used for this study (as in the acute testing), the space 

maintainer will not be added/removed every day, and therefore the 

implantation route was selected as most applicable for the 30 day 

study. 

Procedure: Porous space maintainers of 15 mm x 15 mm x 3 mm were 

prepared in our laboratory. The edges were filed to prevent any 

mechanical trauma from jagged edges or sharp corners. The specimens 

were packaged and sterilized via electron beam radiation. The negative 

control article high density polyethylene was cut to same dimensions 

and smoothed at NAMSA. Each animal was anesthetized, and the 

surgical site was prepped and draped. Six animals of each sex were 

assigned to the porous space maintainer or negative control groups. A 

subcutaneous pocket was formed at each implantation site, and the 

specimen was inserted prior to closure with wound clips. The general 

health and incision site were examined daily, with detailed weekly 

examinations and weights. On day 28, the rats had blood drawn 

(complete blood count with differential and blood chemistry) and were 

euthanized. A necropsy was performed, and the weights of organs 

recorded. The organs were fixed in formalin. The subcutaneous tissue 
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over the implants was dissected and fixed for histology. The organs 

were embedded in paraffin and stained with hematoxylin and eosin, 

while the subcutaneous tissue and the porous space maintainer 

underwent plastic embedding and staining. 

Results: No animals died during the study, and all animals appeared clinically 

normal and continued gaining weight. There were no hematologic 

abnormalities (either cell number or chemistry), changes in organ 

weights, or concerning microscopic observations that could be 

attributed to the porous space maintainer material. 

Conclusion: The porous space maintainer did not cause subacute systemic 

toxicity following subcutaneous implantation in rats. 

6.4.3. Early Feasibility Study 

As part of the recommendations from the FDA, the draft of a small clinical 

safety study was drafted for feedback as part of a presubmission. The FDA and NIH 

have released a joint template (available at https://grants.nih.gov/policy/clinical-

trials/protocol-template.htm) that contains all relevant sections in an organized 

format. The document must include detailed information about the objectives, 

endpoints, risks/benefits, study population, patient monitoring, and study oversight. 

A draft of the protocol is included in Appendix B, but some of the more important 

sections are discussed here. 

https://grants.nih.gov/policy/clinical-trials/protocol-template.htm
https://grants.nih.gov/policy/clinical-trials/protocol-template.htm


  

 168 

 The objectives and endpoints of a proposed study must be clearly defined, 

related to each other, and justified [216]. Primary and secondary (and tertiary, if 

applicable) objectives and endpoints can be established. In an early feasibility study, 

the primary objective should be related to safety, but higher order objectives can be 

related to the efficacy of the device. For a porous space maintainer, we proposed that 

our primary objective was that, once trimmed and implanted, the device does not 

produce physiological adverse responses and is well tolerated by host tissue (that it 

is safe), while the secondary objective was that after removal the defect volume had 

been maintained (that it is efficacious at space maintenance). To accomplish the 

primary safety objective, endpoints will include clinical monitoring, imaging, clinical 

laboratory tests, and patient diary cards. The secondary efficacy objective will 

measure the volume of the bone graft needed to fill the soft tissue pocket. These 

objectives and endpoints support our central hypothesis—that the porous space 

maintainer will not cause significant adverse events and will preserve the space 

created after the resection of a tumor. 

The risks and benefits of a device must also be carefully considered. While 

some of this initial analysis figures into the classification of devices by the FDA (Class 

I, II, or III), the clinical trial must again discuss this data. The potential risks can come 

from the preclinical biocompatibility studies performed by a GLP-compliant entity or 

from animal studies conducted within the lab of investigators or collaborators. 

Additionally, the risks can come from knowledge of the behaviors of each of the 

components. In the case of the porous space maintainer, there could be mild irritation, 

risk of infection, and risk of dehiscence. Release of unreacted monomer has also been 
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shown to cause dermatitis, and anaphylaxis can be caused by carboxymethylcellulose. 

Based on the previous clinical case series, laboratory animal studies, and 

biocompatibility assays, however, the chances of these risks are low. The benefits to 

the patients include an optimized pocket for the staged reconstruction. The clinical 

standard after tumor removal used to be a second surgery after the area had healed 

or infection had cleared [158], but the use of non-porous bone cement frequently led 

to dehiscence, and not placing an implant within the defect leads to fibrous tissue 

infiltration. While the clinical approach has changed somewhat, with some tissue 

engineering approaches offering successful immediate reconstruction [182], many 

patients would still benefit from a period of space maintenance and soft tissue 

healing. For these patients, the benefits far outweigh the risks. 

The study population must be carefully chosen, and the inclusion/exclusion 

criteria must be well described. Bias can exist at every stage of the patient selection 

process, with investigators wanting to choose those who may be most successful but 

also wanting to choose a representative sample from the population [216]. For a full 

randomized clinical study, a power analysis must be performed to determine the 

number of patients needed. Careful consideration must be given to the what the 

control group will be and how patients will be assigned between groups [217]. For 

the initial testing of the safety and efficacy of the porous space maintainer, five 

healthy adults (18-65 years old) requiring resection of benign mandibular tumors 

will be enrolled. Based on the previous case series [158], the inclusion criteria 

required defects less than 4 cm that did not cross the midline as larger defects or 

midline defects are more prone to dehiscence. Exclusion criteria included malignant 
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tumors due to risk of recurrence and tobacco use or previous head and neck radiation 

as these have been shown to impact tissue healing. These inclusion and exclusion 

criteria were selected to eliminate confounding factors to ensure that any safety 

concerns were caused by the space maintainer and not by the defect location or other 

patient factors. 

The patient monitoring plan is another important section that must be 

designed to serve the desired endpoints and objectives. It is important to balance the 

data collection with the risks and health of the patient: high doses of radiation from 

repeated computed tomography scans has been shown to increase risk of cancer, and 

should be replaced by other imaging modalities such as ultrasound where possible 

[218]. For the porous space maintainer, physical exams, radiographs, vitals, clinical 

laboratory tests, and computed tomography (CT) scans will be performed throughout 

the study period. In the pre-operative period, the patients will undergo a thorough 

physical exam and have radiographs, blood chemistries, and urinalysis performed. 

One week after the implantation surgery, the patient will undergo a CT scan and 

another physical exam. The patient will continue to have weekly follow-up exams and 

complete patient diary cards (that document pain scale and degree of perceived 

swelling, as well as yes/no questions related to surgical site, taste, and movement) 

until the preoperative visit for the reconstruction surgery. At this exam, the patient 

will again undergo a complete physical exam and have radiographs, blood 

chemistries, and urinalysis performed. At the reconstruction surgery, the volume of 

the replacement bone graft will be measured. Following the reconstructive surgery, 

the patient will undergo a final CT scan after two weeks and monthly examinations 
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for an additional 3 months. These physical exams will check for signs of infection 

(pain, swelling, dehiscence), implant loosening, and overall patient well-being.  

Proper oversight of a clinical study is necessary to prevent bias, and a plan for 

reporting significant adverse events must be put into place; therefore, a medical 

monitor is appointed to provide oversight to the clinical study and helps ensure 

protocol compliance [219]. They can be a colleague without significant investment in 

the success of the study or contracted from an independent company. The medical 

monitor will be a part of an independent data and safety monitoring board and with 

reporting significant adverse events to the IRB. 

We received comments from the FDA in June 2018 about our presubmission 

containing a draft of the clinical protocol. One comment recommended consulting a 

guidance document on early feasibility studies and IDEs [220]. The document 

contained information about the completion of a device evaluation strategy table, 

which the FDA recommended including in our next presubmission or complete IDE 

submission. 

6.4.4. Additional Submission Components 

In parallel with our interactions with the FDA for the biocompatibility testing 

and clinical protocol preparation, we were also working on the manufacture of 

clinical grade product and the submission of additional paperwork to accompany the 

eventual IDE/510(k) submissions. ISO 9001 [221] sets guidelines for the 

establishment of a quality system. Companies should work to establish standard 
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operating procedures (SOPs) and good manufacturing practices (GMP) guidelines. 

We worked with Synthasome, Inc. in the creation of these confidential documents. 

These confidential documents will be submitted to the FDA along with the preclinical 

studies as part of our eventual IDE submission. 

6.5. Conclusions and Future Interactions 

While significant progress was made in the commercialization of the porous 

space maintainer, several outstanding items remain to be completed with the 

assistance of our industrial collaborator, Synthasome, Inc. The completion of the 

preclinical biocompatibility testing, ability to leverage additional large animal model 

studies, and the drafting of a clinical protocol has positioned us well to receive 

approval of the IDE and to move forward with our clinical study as shown in Figure 

37. Remaining steps to make the porous space maintainer widely available for clinical 

use include: 

1. Submission of a complete IDE application, containing the clinical protocol, 

reports from the preclinical testing, our SOPs establishing our quality systems, 

and other documentation requested by the FDA. 

2. Approval of our IDE. After submission, the FDA has 30 days to approve or offer 

comments on our submission. 

3. Enrollment of patients within the clinical trial and completion of the early 

feasibility study.  
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4. Submission of a complete 510(k) package with the data used to support our 

IDE submission, extended shelf life studies, and the results of the early 

feasibility study. 

5. Submission of a complete 510(k) package for the antibiotic-loaded space 

maintainer, using the non-antibiotic-loaded space maintainer as a predicate 

device. This will likely require some basic preclinical biocompatibility assays 

and analysis but should avoid the need for a safety study. 

6. Establishment of the pathway for the commercialization of the in vivo 

bioreactor strategy (likely PMN with a small safety study). 

After completion of these steps, our entire product portfolio should be able to 

be utilized clinically as part of a two-stage strategy, allowing for optimized, infection-

free wound beds and the generation of customized bony tissues. 
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Chapter 7 

Inherently Antimicrobial 
Biodegradable Polymers** 

Abstract 

Many of the strategies currently being explored in the field of tissue 

engineering involve the combination of cells and degradable engineered scaffolds for 

the regeneration of biological tissues. However, infection of the wound or the scaffold 

itself results in failure of healing. Therefore, a new area of development in the field is 

the synthesis of polymer-based scaffolds that inherently have the ability to resist 

microbial infection as degradation occurs and new tissue replaces the scaffold. These 

scaffolds, defined as inherently antimicrobial biodegradable polymers (IABPs), can 

be classified based on their monomeric components as follows: 1) traditional 

antimicrobials (such as beta-lactams, fluoroquinolones, glycopeptides, and 

aminoglycosides), 2) naturally-derived compounds (such as extracellular matrix 

components, chitosan, and antimicrobial peptides), and 3) novel synthetic 

                                                        
** This chapter was published as E. Watson, A.M. Tatara, D.P. Kontoyiannis, and A.G. Mikos, “Inherently 
Antimicrobial Biodegradable Polymers for Tissue Engineering,” ACS Biomaterials Science & 
Engineering, 3 (2017) 1207-20. 
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antimicrobials. After validation of chemical synthesis as well as physicochemical 

characterization of a newly-created IABP, thorough in vitro and in vivo assays must 

be conducted to ensure antimicrobial efficacy as well as biocompatibility as a tissue-

engineered scaffold system. In this review, we will introduce existing IABPs, discuss 

the current platforms that have been developed for the synthesis of IABPs, and 

highlight future directions as well as challenges in the field. 
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7.1. Introduction 

Infection remains the third-leading cause of death in developed countries and 

the second-leading cause of death-worldwide [222]. The antibiotic era began in the 

1930s with the development of penicillin-based therapy and continued to rapidly 

evolve over several decades, but development of new antimicrobial agents has 

recently slowed [223]. With widespread use, resistance to existing antibiotics is also 

increasing, with several known organisms demonstrating resistance to multiple 

commonly used antibiotics [224,225]. Therefore, there is a clinical need for the 

development of new antimicrobial therapies. 

Cells, scaffolds, and signals form the backbone of tissue engineering [226]. 

Scaffolds can serve many purposes, such as promoting native tissue ingrowth, 

releasing signaling molecules, and delivering cells to assist in regeneration [226]. 

These scaffolds have been used to deliver a variety of molecules, from growth factors 

such as bone morphogenetic protein-2 and vascular endothelial growth factor 

[227,228] to antibiotics [98,229]. Many of these scaffolds are fabricated from 

polymers which are capable of serving as drug depots for the controlled release of 

antibiotics. Unlike traditional systemic antibiotic therapy, implantation of polymer 

systems loaded with antibiotic permits local release of drug to a specific region 

[98,227–229]. Targeted delivery allows for high tissue concentrations of an antibiotic 

at the site of infection while minimizing its systemic side effects. This is particularly 

advantageous for drugs with short half-lives. While antimicrobials can be loaded into 

polymer matrices without covalent attachment to the polymer chain, the subsequent 
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release of freely-loaded antibiotic is dictated by diffusion of the drug through the 

polymer matrix, and may precede polymer degradation (in the case of biodegradable 

systems). After drug is released, the tissue-engineered scaffold may remain and 

provide a nidus for bacterial colonization and subsequent infection [230]. By 

covalently bonding antibiotics or other antimicrobial agents to polymer systems, the 

release of drug is dependent on polymer degradation rather than drug diffusion.  

 

Figure 38. Antimicrobial subunits can be covalently conjugated to polymers by 
(A) attachment via pendant groups or (B) direct incorporation into a polymer 
backbone. Blue circle = antimicrobial subunit, yellow lines = cleavable bonds. 

Through a variety of different chemistries (such as acrylation [231] and 

isocyanation [232]), therapeutics can be covalently attached to polymer systems via 

hanging pendant chains or incorporated directly into the polymer backbone (Figure 

38). In addition, certain chemistries (such as pH-sensitive imine bonds [233] or 

thrombin-cleavable linkages [234]) can be incorporated to trigger the release of 

antibiotics in response to infection-related environmental cues, such as local pH 

changes or exposure to bacterial enzymes. 
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To combat infection of medical materials and develop new therapeutics for 

resistant pathogens, there has been recent work in the field in the development of 

inherently antimicrobial biodegradable polymers (IABPs). In this work, we will 

review current advances in traditional antibiotics and their covalent incorporation 

into polymers, naturally-occurring antimicrobial polymers, and synthetic 

antimicrobial polymers (Figure 39). Given their prevalence in infection of implanted 

materials, the majority of the reviewed literature will focus on bacterial infection; 

however, fungal and viral infection are areas of increased interest for future 

investigation. 

 

Figure 39. Classes of inherently antimicrobial biodegradable polymers 
(IABPs). 

7.2. Traditional Antibiotics 

The current clinical gold standard for treatment of infectious diseases is 

antimicrobial therapy. Traditionally, antibiotics are delivered in free form via 

systemic administration such as oral, intravenous, and subcutaneous. However, 

interest in localized delivery of antibiotics via polymer-based carriers has grown 

given the ability to create high local concentrations of antibiotic while mitigating off-
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target side effects [235,236]. In addition, traditional antibiotics have diminished 

efficacy in the treatment of biofilm-related infections as well as multidrug-resistant 

pathogens [237,238]; therefore, there are opportunities to create new polymer-based 

forms of traditional antibiotics to better control delivery as well as enhance efficacy. 

Lastly, by slowly releasing traditional antibiotics as polymer chains degrade, it is 

possible that the half-life of these agents (Table 5) may be extended [239]. In this 

section, IABPs derived from four classes of commonly used traditional antibiotics 

(beta-lactams, fluoroquinolones, glycopeptides, and aminoglycosides) will be 

evaluated and discussed to better understand structure/function relationships and 

currently available synthetic schemes. 

Table 5. Reported half-lives of a selection of traditional antibiotics[239] 

CLASS REPRESENTATIVE ANTIBIOTIC HALF-LIFE 
BETA-LACTAMS Ampicillin 80 minutes  
FLUOROQUINOLONES Ciprofloxacin 3-5 hours  
GLYCOPEPTIDES Vancomycin 6 hours 
AMINOGLYCOSIDES Streptomycin 2-3 hours 

 

7.2.1. Beta Lactams 

Named after the lactam ring (a four carbon cyclic amide), the beta-lactams are 

a large class of antibiotics that comprise some of the earliest antibiotics, such as 

penicillin [240]. Beta-lactam antibacterial activity is due to inhibition of 

peptidoglycan crosslinking in the bacterial cell wall [240]. Interestingly, certain beta-

lactams have been reported to self-assemble into polymeric structures [241]. These 

self-assembling chains polymerize via peptide bond formation, have diminished 
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antimicrobial bioactivity, and may elicit a negative host immune response [242]. 

Therefore, other techniques to create beta-lactam-based polymers are currently 

being explored. 

For example, ampicillin pendant groups were attached via ester bond to either 

poly(lactic acid) (PLA) or poly(H-caprolactone) (PCL) by N,N’-

dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridine (DMAP)-mediated 

conjugation [243]. Under incubation at pH 7.0 and 37oC, 60% and 14% of ampicillin 

was released from PLA and PCL over 21 days, respectively. The authors speculated 

that the difference in release rates may be due to dissimilarities in polymer 

crystallinity and hydrophobicity, as antibiotic release was mediated by hydrolytic 

ester bond cleavage [243]. However, we note that head-to-head testing against 

ampicillin encapsulated without conjugation with these polymers was not performed 

within the study, nor was in vitro efficacy against ampicillin-susceptible pathogens. 

Another technique in which pendant beta-lactam groups were introduced to 

polymer chains was by synthesis of acrylated beta-lactams via acryloyl chloride 

[244]. Due to the addition of the reactive vinyl group, these acrylated monomers 

could then be polymerized with other acrylate-containing monomers via free radical 

polymerization. Acrylated beta-lactam was polymerized with a 7:3 wt/wt 

combination of butyl acrylate and styrene to form carbon chains with beta-lactam 

pendant chains conjugated via ester bond. These polymers were further emulsified 

to form nanoparticle structures and analyzed for bioactivity against methicillin-

susceptible and methicillin-resistant Staphylococcus aureus (MSSA and MRSA), using 
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acrylated antibiotic monomers as control groups. The polymerized nanoparticle 

structures had greater bioactivity (both against MSSA and MRSA) than monomers 

alone per MIC (monomer MICs ranging from 64-128 μg/mL and polymer nanoparticle 

MICs ranging from 8-32 μg/mL) [244]. The mechanism of this relatively enhanced 

activity against resistant strains was found to be protection from beta-lactamases 

[245]. Further complexity was created by glycosylating the antibiotics, such that the 

pendant chain contained an ester group followed by glucose followed by the 

antibiotic [231]. The resulting “glyconanobiotic” nanoparticles retained activity 

against MRSA. Glycosylation, and other methods of adding carbohydrate chains to 

polymers, may function as cell recognition motifs for targeted delivery, alter drug 

release kinetics through drug binding affinities, and alter drug vehicle 

immunogenicity [246]. Incorporation of carbohydrates may have future uses within 

drug delivery. 

Rather than as pendant chains, polymers with antimicrobial activity have also 

been synthesized using beta-lactams as units in the polymer backbone. By developing 

a novel set of beta-lactams, Nylon-3 materials were synthesized by anionic ring-

opening polymerization [247]. As beta-lactam rings can be considered critical 

functional groups in many traditional antibiotics as well as fundamental building 

blocks in synthetic nylons via ring-opening reactions, it can be noted that the 

distinction between traditional and synthetic IABPs is not always straightforward.  A 

variety of different co-polymers from these beta-lactams were created with different 

functional groups, including zwitterionic combinations [247]. Dependent on the 

functional group, these new beta-lactam-derived polymers demonstrated efficacy 
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against a gram-negative organism (Escherichia coli), and several different gram-

positive organisms (Bacillus subtilis, Enterococcus faecium, and MRSA) as measured 

by MIC testing (Table 6) [247]. Interestingly, modifying the N- and C-termini of these 

polymers has differential effects on antimicrobial properties as well as propensity to 

cause hemolysis in eukaryotic blood cells [248].  

7.2.2. Fluroquinolones 

Fluoroquinolones, inhibitors of proteins required for the unwinding of DNA, 

are effective antibiotics for the treatment of a variety of diseases including 

pneumonia, genitourinary infections, cellulitis, and endocarditis [249]. Given their 

wide spectrum against both gram-positive and gram-negative bacteria, 

fluoroquinolones are attractive agents for local delivery strategies. Ciprofloxacin in 

particular has been successfully modified by a number of mechanisms to be 

covalently incorporated into polymer structures (Figure 40). For example, using the 

same “glyonanobiotic” microparticle synthesis technique previously discussed for 

beta-lactams, ciprofloxacin was also acrylated, polymerized with styrene and butyl 

acrylate, and emulsified to form nanoparticles with efficacy against Bacillus anthracis, 

MRSA, and MSSA per MIC testing (Table 6) [231]. In head-to-head study, the 

ciprofloxacin-derived nanoparticles had superior activity against both species 

compared to the beta-lactam-derived nanoparticles [231]. In addition to acrylation, 

ciprofloxacin-derived monomers have also been synthesized by methacrylation via 

glycidyl methacrylate [250]. These monomers were then polymerized with 

acrylamide and diallyldimethyl ammonium chloride (DADMAC) in different feed 
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ratios by free radical polymerization. The ciprofloxacin-based monomer was more 

difficult to incorporate in the polymer than the other two monomers; the authors 

speculate steric hindrance by the drug may hinder reaction. Nevertheless, polymers 

exhibited activity against E. coli per MIC testing and this activity was increased with 

greater incorporation of ciprofloxacin within the polymer, ranging from 4.62-17.61 

wt% ciprofloxacin with resulting MIC of 250-15 μg/mL [250]. In addition to 

acrylation and methacrylation, ciprofloxacin has also been acetylated via chloroacetic 

acid [251]. The acetylated ciprofloxacin was then conjugated to PLA as a terminal 

group and the co-polymer was electrospun into nanofiber sheets. These sheets 

inhibited the growth of S. aureus and E. coli per colony counting and released 

ciprofloxacin for at least two days in a statistically significant pH-dependent manner 

(increased acidity contributing to increased release, most likely though catalysis of 

ester hydrolysis) [251]. Specifically, 55% of conjugated ciprofloxacin was released at 

pH=7.4 and 85% at pH=1. Unfortunately, the authors did not specify the absolute 

concentrations of ciprofloxacin that were conjugated and measured [251]. 
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Figure 40. Examples of some of the modifications of ciprofloxacin as 
performed in the literature. 

In addition to ciprofloxacin, other fluoroquinolones have also been explored. 

Norfloxacin also has successfully been methacrylated (via 3-(acryloyloxy)-2-

hydroxypropyl methacrylate and N,N-dimethylformamide) with activity against S. 

aureus and E. coli as assayed by colony counting from liquid culture (7 orders of 

magnitude reduction in bacteria) [252]. In addition, norfloxacin was incorporated 

into the backbone of a PCL co-polymer via urethane linkages mediated by 1,12-

diisocyanatododecane [253]. Following a similar reaction scheme, norfloxacin was 

incorporated into the backbone of PCL and PLA oligomers via urethane linkages 

mediated by 1,6-diisocyanatohexane [254]. Norfloxacin release from the polymers 

under acidic and normal pH conditions at days 7, 14, and 21 was characterized; a 

greater amount of polymer was released under acidic conditions and from PLA co-

polymers compared to PCL co-polymers, although no statistical comparisons were 
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made [254]. These results may in part be explained due to differences in PCL and PLA 

physicochemical properties such as, for instance, variations in crystallinity and 

hydrophobicity [255,256]. Alternative methods to attach fluoroquinolones to PCL 

and PLA oligomers included DMAP/DCC conjugation (ofloxacin) [257] and pyridine-

mediated esterification (ciprofloxacin) [258]. Similar to fluoroquinolones co-

polymerized via urethane linkages, greater amounts of antibiotic were released from 

PLA-based co-polymers compared to PCL-based co-polymers. Depending on IABP 

formulation, 22-29% of loaded ciprofloxacin was released after 35 days of incubation 

at pH=7 from PLA-based co-polymers compared to 17% from PCL-based co-polymers 

under the same conditions [258]. Unfortunately, in vitro efficacy against bacterial 

pathogens was not measured in any of these studies [257,258]. 

In the previous examples, release of fluoroquinolone from the polymer was 

mediated by passive processes (primarily hydrolysis). An exciting direction in 

antibiotic-polymer conjugation is enzymatically-cleavable linkages. For example, 

bacteria such as Mycobacterium tuberculosis are known to infect intracellular 

compartments such as macrophage lysosomes and resist traditional antibiotic 

therapy and immune responses. To overcome this obstacle, norfloxacin was 

conjugated to the end of a peptide sequence such that it was cleavable by cathepsin 

B, a lysosomal protease [259]. This peptide sequence was further attached to 

mannosylated dextran, a carbohydrate sequence recognized by macrophages, to 

create a hybrid polymer system in which norfloxacin is specifically delivered to and 

released in lysosomes. This polymer demonstrated greater efficacy against 

Mycobacterium tuberculosis compared to norfloxacin alone as well as efficacy against 
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isoniazid-resistant strains of Mycobacterium bovis in murine models of disease per 

colony counting from recovered organs (Table 6) [259,260].  In addition to 

incorporating naturally-occurring peptide sequences into the IABP backbone, work 

has also been done using only synthetic sequences to preferentially promote 

enzymatic cleavage. Specifically, when ciprofloxacin-PCL co-polymer was 

synthesized by generating urethane linkages with either 1,6-diisocyanatohexane or 

1,12-diisocyanatododecane, exposure of the polymer to inflammatory enzymes 

increased release of ciprofloxacin compared to buffer alone only when synthesized 

with 1,12-diisocyanatododecane [232,261]. The authors hypothesized that the 

increased carbon chain length between functional units in the backbone may have 

increased recognition by cleaving enzymes (in this case, cholesterol esterase) by 

creating structure more similar to natural substrate (long-chain fatty acid esters of 

cholesterol) [232]. When exposed to leukocytes, ciprofloxacin was released from 

these polymers and demonstrated activity against Pseudomonas aeruginosa and E. 

coli per MIC testing (Table 6) [232]. Given their broad spectrum of activity, as well as 

capacity to be chemically modified to function as either a backbone or pendant 

monomer, the fluoroquinolones are an attractive class of therapeutics for 

incorporation into biodegradable polymers as IABPs. 

7.2.3. Glycopeptides 

An inhibitor of bacterial cell wall synthesis, vancomycin (the most clinically-

relevant glycopeptide) is a first-line agent used to treat many life-threatening gram-

positive infections [262]. In recent years, the emergence of vancomycin-resistant 
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enterococci (VRE) has become a major public health concern. Dimers of vancomycin 

were shown to have activity against VRE species, including Enterococcus faecalis and 

Enterococcus faecium [263], generating interest in creating vancomycin-derived 

polymers. Furthermore, another appealing property of vancomycin for use in 

biomaterial applications is its ability to retain activity even when permanently fixed 

to surfaces; there is evidence that suggests vancomycin does not need to be free in 

solution to have antimicrobial efficacy [264]. By attaching a norborene ring with an 

aromatic aldehyde group to vancomycin via reductive amination, a vancomycin-

derived polymer was synthesized by ring-opening metathesis polymerization [265]. 

Per MIC testing, the resulting polymer (“Compound 3”) had activity against MRSA (2.3 

μg/mL) as well as VRE (2-31 μg/mL) and non-resistant strains of E. faecalis (2 μg/mL) 

(Table 6) [265]. Compared to the monomeric form of VRE, these MICs were an 8 to 

60-fold increase in potency against VRE, while retaining similar MIC for S. aureus and 

E. faecalis [265]. Without evaluating these polymers in a preclinical animal model, it 

is unclear if this strategy will result in clinically-relevant bioactivity. While these 

polymers may not be considered biodegradable, they demonstrate that polyvalent 

forms of antibiotics may have enhanced activity against strains otherwise resistant to 

monovalent antibiotics. 

In one study, vancomycin was acrylated (via substitution of a N-

hydroxysuccinimide (NHS) group) at different points along the glycopeptide (either 

at a primary or secondary amine) [266]. In addition, at the primary amide, the effect 

of adding a large (n=80) poly(ethylene glycol) (PEG) spacer between vancomycin and 

the polymer backbone was studied. These vancomycin acrylates were co-
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polymerized with bone cement (poly(methylmethacrylate) (PMMA)) and tested 

against biofilm-producing Staphylococcus epidermidis. The tested groups were as 

followed: Blank (unloaded) PMMA; PMMA loaded with monomer vancomycin (2.5 

wt% and 10 wt%); PMMA with vancomycin pendant chains (10 wt%); PMMA with 

vancomycin pendant chains with PEG spacer (10 wt%); and PMMA with PEG spacer. 

Compared to unloaded PMMA, only PMMA with vancomycin as a pendant group with 

PEG spacer as well as PMMA with PEG spacer and no vancomycin significantly 

reduced S. epidermidis biofilm mass (~45 mg reduced to ~20 mg biofilm dry mass for 

both groups) [266]. Vancomycin co-polymer without PEG spacer performed similarly 

to free vancomycin encapsulated within bone cement (non-conjugated), but these 

groups were not statistically different from unloaded bone cement, and there were 

no differences dependent on specific amine group acrylation. However, the 

vancomycin co-polymer without PEG spacer had mechanical properties most similar 

unloaded bone cement, compared to vancomycin co-polymer with PEG spacer as well 

as bone cement loaded with free vancomycin. For example, the yield strength of 

PMMA loaded with vancomycin monomer (10 wt%), PMMA with vancomycin 

pendant chains (10 wt%), PMMA with vancomycin pendant chains with PEG spacer 

(10 wt%) and PMMA with PEG spacer alone (10 wt%) was 84%, 102%, 59%, and 52% 

that of unloaded PMMA, respectively [266]. In sum, specifically for anti-biofilm 

applications, vancomycin-derived monomers required a PEG chain for efficacy, but 

addition of this bulky modification reduced final polymer mechanical properties.  
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7.2.4. Aminoglycosides 

Including antibiotics such as gentamicin, streptomycin, and tobramycin, the 

aminoglycosides function by inhibiting protein synthesis and are effective against 

many gram-negative bacteria and some gram-positive organisms [267]. Among the 

first classes of antibiotics developed for clinical application, the aminoglycosides are 

seeing a resurgence in use due to the emergence of multidrug-resistant bacteria 

[267]. In one study, streptomycin was conjugated to latex microparticles composed 

of methyl methacrylate, ethyl acrylate, and acrylic acid using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) [268]. As a pendant group, streptomycin 

was either conjugated directly to the free carboxylic acid groups from the latex or 

with a 6-aminocaproic acid spacer. In a turbidity assay against E. coli, streptomycin-

latex co-polymer microparticles performed similarly to free streptomycin (Table 6) 

[268]. However, as the co-polymer was not tested with and without 6-aminocaproic 

acid, the effects of the spacer on antimicrobial activity remain unclear. 

In an attempt to create targeted delivery, a Schiff base was created by reacting 

gentamicin with an aldehyde at the end of a PEG chain to tether the antibiotic via a 

pH-sensitive imine bond [233]. The PEG chain was conjugated to a norbornene group 

and polymerized via ring-opening metathesis polymerization to form self-assembling 

nanoparticles, with the hydrophobic norbornene backbone in the center and the 

hydrophilic PEG chains (ending in gentamicin groups) radiating outward. As 

designed, the nanoparticle release products at 6 and 16 hours of incubation (for an 

elution time of either 6 or 16 hours total) had statistically significant increased 
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activity against S. epidermidis per MIC measurements when the nanoparticles were 

incubated at lower pH (direct measurement on concentration of release was not 

measured). Specifically, at pH of 6, 5, and 4, MIC was 22, 11, and 10 μg/mL at 6 hours 

and 6, 5, and 3 μg/mL at 16 hours, respectively [233]. At a pH of 7, the release 

products of the nanoparticles had no efficacy compared to blank nanoparticles 

against S. epidermidis as measured by MIC testing. 

In addition to pH-triggered release, the aminoglycosides have also been 

explored as enzyme-cleavable pendant groups. Specifically, EDC conjugation was 

performed to link gentamicin to a thrombin-cleavable peptide sequence, which in 

turn was attached as pendant groups to a poly(vinyl alcohol) (PVA) hydrogel to be 

used as a wound dressing [234]. A subcutaneous wound was created in rats and 

exudate was collected from animals with sterile wounds and from wounds infected 

with P. aeruginosa [234]. Gentamicin was only released when exposed to exudate 

from infected animals. Furthermore, gentamicin-peptide-PVA wound dressings 

statistically significantly inhibited the in vitro growth of P. aeruginosa compared to 

PVA alone by nearly 5 orders of magnitude in a colony counting in vitro assay (Table 

6) [234]. The authors further speculated that by using peptide sequences associated 

with pathogen-specific enzymes (for example, a protease secreted specifically by E. 

coli), this same technique could function as a platform to create polymers to target 

specific infections. 
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7.2.5. Summary of Traditional Antibiotics 

From a synthesis standpoint, significant progress has been made in the field 

regarding the modification of traditional antibiotics for conversion to monomers (as 

summarized in Table 6). These include modifying antibiotics by acrylation, 

methacrylation, acetylation, isocyanation, carbodiimide-based conjugation, and 

azomethination. A single antibiotic, such as ciprofloxacin, can be successfully 

modified by multiple methods for different purposes (Figure 40). Traditional 

antibiotics have been incorporated in the backbone of biodegradable polymers, or 

more commonly, as pendant groups with degradable linkages such as ester bonds, 

imine bonds, amide bonds, or enzyme-cleavable bonds. It has been demonstrated that 

the choice of co-polymer [243], the location of the antibiotic in its attachment to the 

polymer backbone [248], and use of spacers to create distance between the backbone 

and antibiotic pendant chain [266] can contribute to the efficacy of antibiotic-derived 

IABP systems and are important design considerations. Depending on the chemistry 

chosen, antibiotic release can be triggered based on environmental signals such as pH 

changes or exposure to specific enzymes [233,259–261]. Lastly, presentation of 

naturally-occurring molecules such as polysaccharides may promote biointegration 

or targeting of specific tissues/cell populations vulnerable to infection [231,259,260]. 

From a functional standpoint, it has been demonstrated that antibiotic-

derived IABPs may have increased efficacy against resistant pathogens compared to 

their monovalent counterparts [231,244,260,265]. Given the rising prevalence of 

multidrug resistant organisms, this property of the antibiotic-derived IABPs may be 
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of interest for future study. However, steps taken in the translation of these 

technologies have been limited. Out of all of the studies in Table 6, only two included 

analyzing efficacy in an animal model of infection (and both were from the same 

group) [259,260]. In order for these strategies to be further developed and eventually 

brought into clinical practice, more validation in physiologic models of disease must 

be performed. 

7.3. Naturally-Derived Antimicrobial Polymers 

In addition to providing many of the traditional antibiotics, nature has created 

other means to dissuade pathogens. For example, plants can produce phenols to 

inhibit bacterial, viral, and fungal growth [269], while mammalian cells produce 

antimicrobial peptides [270]. The presentation of these molecules, either in 

polymerized or degraded form, can alter their potency. In this section, two classes of 

natural antimicrobial polymers will be discussed: those created entirely in nature and 

those synthesized from antimicrobial monomers found in nature. These data have 

been summarized in Table 7. 

7.3.1. Naturally-Occurring Antimicrobial Polymers 

Extracellular matrix (ECM) components from multiple tissue types have been 

shown to have antimicrobial activity. However, these properties arise in response to 

certain stimuli. For example, ECM consisting of intact porcine small intestine 

submucosa was shown to have no antimicrobial activity [271]. Generally, ECM 

degrades soon after tissue injury, with complete resorption after 90 days. After 
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degradation in vitro using acetic acid and neutralizing to pH of 7 to remove any 

possible effects due to decreased pH, porcine small intestine submucosa and urinary 

bladder ECM were shown to have antibacterial effects against E. coli and S. aureus as 

measured by decreased optical density of culture medium (Table 7) [272]. The 

substances isolated from the acid-digest extract were peptides and proteins of a 

variety of sizes. Likewise, porcine liver ECM also had antimicrobial properties after 

digestion in acid [273]. After further fractionation via ammonium sulfate 

precipitation, different fractions were shown to have varying levels of activity, likely 

due to fractions containing different ratios of antimicrobial peptides and their 

inhibitors.  

Like ECM, naturally-produced antimicrobial peptides (AMPs) can have 

different properties depending on length. Produced by a variety of cell types, AMPs 

have activity against many different pathogens [274]. As these usually cationic 

proteins target the negatively-charged phospholipid bilayer, development of 

resistance is much less common than traditional antibiotics [274]. AMPs are 

synthesized from amino acids and can be degraded or further processed into shorter 

chains. LL-37, an AMP belonging to the cathelicidin family, is produced by skin 

epithelium [270]. While LL-37 has some in vitro efficacy against common pathogens, 

smaller peptides derived from LL-37 demonstrated improved MIC in comparison 

against S. aureus, E. coli, C. albicans, and Vaccinia virus, illustrating that specific amino 

acid sequences as well as length play important roles in AMP activity (Table 7) [270]. 

Given their broad-spectrum activity, biomimetic synthetic AMPs are currently being 

explored and will be discussed elsewhere in this review. 
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Chitosan, produced by exposing natural chitin to a strong base, has been 

shown to possess a variety of benefits when used as a tissue engineering scaffold 

[275]. Not only is it biodegradable and non-toxic, but it also has the additional benefit 

of selective action against gram-positive and gram-negative bacteria and fungi, with 

much lower action against mammalian cells [276]. In part, this selectivity has been 

attributed to the cationic charge density of chitosan [276]. As chitosan is degradable, 

it is important to investigate the effects of molecular weight on chitosan activity. 

Antimicrobial activity of twelve chitosan chains of molecular weight ranging from 1-

1671 kDa were compared [277]. These solutions were then tested against seven 

different gram-positive and four different gram-negative bacteria. Higher molecular 

weight chitosan was shown to be more efficacious at inhibiting bacterial growth by 

MIC testing (Table 7), with slightly increased action against gram-positive organisms 

[277]. In another study, wherein only E. coli was tested, it was shown that lower 

molecular weight chitosan had a greater antimicrobial effect (as measured by 

decreasing optical density) with more pronounced reduction in bacteria number 

when chitosan was introduced at earlier timepoints during bacteria culture [278]. As 

chitosan is more soluble in acidic solutions, often it can be difficult to discern the 

effect of chitosan from the effect of acid; however, the activity of chitosan in a solution 

of pH 7 was found to eliminate nearly all exposed E. coli at chitosan concentrations of 

200 ppm and higher [278]. Yet another study investigated the use of chitosan and 

degraded chitosan chains [279]. Here, it was found that chitosan of lower molecular 

weights inhibited bacterial growth to a point. After which, the very low molecular 

weight chitosan did not inhibit bacterial growth in food or beverage items [279]. Due 
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to these conflicting data regarding chitosan chain length and in vitro efficacy in the 

literature, further investigation may be required to definitively understand the 

relationship between linear chitosan molecular weight and antimicrobial properties. 

Another tunable parameter of chitosan that can affect antibacterial activity, in 

addition to molecular weight, is degree of deacetylation [280,281]. One study 

investigated the antibacterial properties of chitosan membranes using a bactometer 

and MIC testing of S. aureus and E. coli [281]. While it was found that the MIC of S. 

aureus was lower than that of E. coli, the authors also found that increasing degree of 

deacetylation further lowered the MIC. It was also noted that the antibacterial 

properties of chitosan were dependent on pH, with increased activity at lower pH 

(Table 7) [281]. Three-dimensional matrices of chitosan also exhibited antimicrobial 

properties [282]. Streptococcus mutans and Actinobacillus actinomycetemcomitans 

were cultured on chitosan matrices that had been neutralized to pH of 7, either with 

ethanol or sodium hydroxide. When these matrices were exposed to lysozyme, an 

enzyme capable of hydrolyzing chitosan, increased antimicrobial activity was seen 

against both bacteria as determined by optical density and imaging (Table 7) [282]; 

however, it was not determined if a decreased pH were responsible for these effects. 

Other matrix parameters such as pore size did not affect antimicrobial activity, while 

blending with PCL reduced it [282]. The authors believe this is due to the contact-

dependent nature of chitosan’s antimicrobial properties. When PCL, a non-

antimicrobial polymer, was introduced to the blend, it provided a site where bacteria 

could adhere without contacting chitosan, allowing it to grow [282]. 
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Another class of naturally-occurring antimicrobial molecules are tannins. 

Tannins are produced by plants and are conventionally classified into two groups: 

proanthocyanidins and hydrolysable tannins [283] (some classification schemes 

further subcategorize tannins [284]).  Proanthocyanidins are much less susceptible 

to hydrolysis and will not be discussed. Hydrolysable tannins consist of 

biodegradable esters of phenolic acids and glucose. Two hydrolysable tannins, 

tellimagrandin I and corilagin, were shown to restore antibiotic sensitivity when 

tested against MRSA (Table 7) [285–287]. The authors speculated that this effect was 

likely due to binding penicillin-binding proteins or inhibiting 𝛽-lactamases [287]. In 

addition to restoring antibiotic sensitivity, hydrolysable tannins are also capable of 

damaging Helicobacter pylori, a gram-negative rod responsible for gastritis and 

ulcers. Several hydrolysable tannins tested showed moderate antibacterial activity at 

MIC of 12.5 μg/mL, with tellimagrandin I showing promise even after treatment with 

acid to recapitulate stomach environment. Simultaneously, a gastric cancer cell line 

MKN-28 showed no reduction in viability, indicating that tannins may be a safe 

alternative to treating H. pylori infections [288]. 

7.3.2. Naturally-Occurring Monomers 

Just as nature has made use of AMPs within ECM or phenolic acids to make 

tannins, these compounds can also be used to generate semi-synthetic polymers with 

antimicrobial properties. Using naturally-occurring AMPs for peptide sequences, a 

monovalent structure was found to be inactive against E. coli [289]. However, 

incorporating these amino acids into a dendritic structure allowed for the formation 



  

 197 

of divalent and tetravalent polymers.  These divalent and tetravalent structures of the 

same series of amino acids afforded a large increase of MIC to 292 and 29 Pg/mL, 

respectively [289]. It was hypothesized that multivaliancy increases resistance to 

peptidases [290–292]. While higher multivalences increased antimicrobial activity, it 

also resulted in greater cytotoxicity as assayed by red blood cell hemolysis [289].  

Salicylic acid, coumaric acid, and other phenolic acids are naturally-occurring 

compounds with at least two different functional groups, lending themselves to 

polymerization. Salicylic acid has been shown to inhibit bacterial adhesion and 

biofilm formation [293]; however, it has a short, concentration-dependent half-life. 

Local release of salicylic acid could therefore prove beneficial. To this end, 

poly(anhydride esters) based on salicylic acid were developed [294]. Salicylic acid 

was coupled to adipoyl chloride to form a diacid, which was then reacted via melt 

polymerization to form a polyanhydride. To determine efficacy, the amount of biofilm 

deposition by Salmonella enterica was measured on glass slides coated with these 

polymers (Table 7). While biofilm formation was inhibited, it was not due to inhibited 

attachment as hypothesized but was more likely due to damaging bacterial cells 

[294]. A similar synthesis was utilized to create polymers of coumaric acid [295]. 

While high drug loading and sustained release were observed, its antimicrobial 

efficacy was not measured [295].  

Phenols act by disrupting cell membranes and coagulating cytoplasm, 

resulting in cell death [269]. With usually only one functional group, they are more 

easily grafted onto a polymer as pendant groups rather than part of the backbone 
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compared to the phenolic acids. Carvacrol, thymol, and eugenol were reacted with 

ethylenediaminetetraacetic acid dianhydride to form a diacid [296]. The diacids were 

then polymerized in the presence of triphosgene to form a poly(anhydride ester) with 

pendant phenol groups. The resulting polymers were shown to degrade over 16 days 

under physiological conditions, to have in vitro activity against both E. coli and S. 

aureus as assayed by disc diffusion, and to have degradation products that retained 

antioxidant properties of phenols [296]. Similar phenolic polymers can be 

synthesized using pyromellitic anhydride [297]. While the focus of this study was not 

antimicrobial activity, the resulting biomaterials were non-cytotoxic to mouse 

fibroblasts [297].  

Like phenols, benzoic acid is found in many plants and has a single carboxylic 

acid functional group. As such, it can be attached as a pendant group cleavable via 

hydrolysis. Vinyl monomers of phenols and benzoic acid derivatives were prepared 

by reacting the derivatives with acryloyl chloride [298]. These monomers were 

individually tested for antimicrobial activity against S. aureus and P. aeruginosa using 

the disc diffusion method. The monomers were then polymerized via free radical 

polymerization using benzoyl peroxide as an initiator. The zones of inhibition of each 

of the monomers was greater than its respective polymer (Table 7). The reduction in 

activity could be due to loss of vinyl bonds which may convey mild antimicrobial 

activities or reduction in diffusion of antimicrobials as hydrolysis must occur before 

antimicrobials are fully mobile. Benzoic acid derivatives were also successfully 

attached to polyacrylamide modified with ethylenediamine [299]. All polymers 
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synthesized demonstrated activity against two species of bacteria and two species of 

fungi, with greater inhibition observed in fungal species [299].  

7.3.3. Summary of Naturally-Derived  Antimicrobial Polymers 

Eukaryotic organisms have evolved to resist bacteria through a variety of 

mechanisms, including secreted antimicrobial compounds and matrix components. 

In addition to antimicrobial activity, these compounds may have other effects, such 

as inhibition of biofilm formation (salicylic acid) [294] and induction of increased 

sensitivity to traditional antibiotics (hydrolysable tannins) [285]. Despite showing 

great promise in vitro, very little in vivo work has been done, and most studies utilize 

a single gram-positive and/or gram-negative organism. Nevertheless, by studying the 

structures and mechanisms of these naturally-occurring IABPs, synthetic polymers 

can be created with these properties in mind. 

7.4. Synthetic Antimicrobial Polymers 

Synthetic polymers have been created to mimic various properties of 

naturally-occurring IABPs. Structural conformation and cationic charge density serve 

as the basis for many of the synthetic properties developed and tested in vitro. Other 

physiological antimicrobial responses, such as generation of nitric oxide, have also 

been incorporated into polymers. In this section, synthetic mimics of AMPs and other 

biodegradable synthetic polymers are discussed, with further detail given in Table 8. 
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7.4.1. Synthetic Mimics of AMPs 

The discovery that the D-helices within many AMPs change conformation and 

interact with bacterial membranes have prompted investigation into synthetic 

molecules that can mimic this ability to change structural conformation. While D-helix 

formation upon membrane contact is thought to be critical to AMP function [300], it 

is unclear if it is absolutely required for the success of synthetic analogues. Using a 

nylon-3-based polymer backbone, it was demonstrated that random co-polymers 

featuring lipophilic and cationic side chains were capable of disrupting membrane 

bilayers without D-helix formation [300]. A mixture of beta-lactams was initiated 

with 4-tert-butylbenzoyl chloride and used to synthesize random co-polymers of 

varying chain lengths, which were then evaluated for MIC against E. coli, S. aureus, 

Enterococcus faecium, and Bacillus subtilis (Table 8). It was shown that increasing 

chain length increased cytotoxicity against red blood cells without much increase in 

antimicrobial activity. A chain length of 10-30 units saw favorable antimicrobial 

activity with very little hemolysis [300]. The mechanism of action of these nylon-3 

polymers was the ability to interact with negatively charged membranes at low 

concentrations, and the ability to prevent passage of solutes into intermembrane 

space at high concentrations based on testing done against E. coli and S. aureus (Table 

8) [301]. Further studies of nylon-3 AMP-mimics indicated that conformation of 

sidechains also affects selectivity and potency of the resulting polymer [302,303]. 

Using similar beta-lactams with cyclic or non-cyclic side groups, it was shown that 

cyclic groups tended to have higher MICs and lower degrees of hemolysis [302]. This 
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was believed to be due to increased rigidity of the polymer chain [302]. These 

polymers have also been tailored to selectively target fungi without increase in 

hemolysis, indicating specificity between two eukaryotic cell types [303]. 

Attempts to mimic the D-helical structure using solid-phase peptide synthesis 

have also been performed [304,305]. By closely controlling the peptide sequence, 

arylamide polymers with hydrophilic and hydrophobic side groups were created 

[304,305]. Small arylamide molecules can fold and have been shown to increase 

permeability of bacterial membranes [304]. Computational models were able to 

successfully predict the structure of novel arylamide polymers. When evaluated 

against E. coli and Klebsiella pneumoniae, it was shown that an 8-unit repeating 

sequence had the highest MIC activity (Table 8) [304]. However, these resulting 

peptides were hemolytic [304], and further investigation into different peptide 

sequences or side chains is needed. 

Recent advances in synthetic techniques has facilitated the production of new 

biomimetic AMP analogues. Peptide synthesis generally relies on solid-phase 

synthesis, which, although recent developments in automation have greatly sped up 

the process, is still time-consuming and requires specialized equipment. Synthesis of 

peptides via ring-opening of R-amino acid N-carboxyanhydrides offers an alternative 

mechanism of synthesis [306]. First, protected lysine and hydrophobic amino acids 

were reacted with triphosgene to produce a cyclic compound. These cyclic 

compounds were combined in presence of a nickel initiator. The resulting solution 

was purified via dialysis and tested against E. coli, P. aeruginosa, Serratia marcescens, 
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S. aureus, and C. albicans, and some of the resulting peptides had lower MICs than 

naturally-produced AMPs (Table 8). However, these polymers had significant 

hemolytic activity that would inhibit their use in vivo without further exploration 

[306]. 

7.4.2. Other Synthetic Polymers 

Nitric oxide (NO) is produced endogenously by immune cells. At low 

concentrations, it modulates chemokine production; at high concentrations, it 

covalently binds proteins and DNA, resulting in cell death [307]. As its half-life is 3 

seconds, local delivery is necessary for antimicrobial effects [308]. Several IABPs have 

been designed to leverage NO’s antimicrobial activities [308,309]. 

Poly(sulfhydrylated polyesters) were first created through the polycondensation of 

ethylene glycol and mercaptosuccinic acid [309]. These polyesters then underwent S-

nitrosation with nitrous acid, resulting in biodegradable polymers capable of 

releasing NO. Efficacy of these polymers as a coating of intravascular catheters was 

tested after blending with PMMA. S. aureus and multidrug-resistant P. aeruginosa 

showed a 98% reduction in viability after 12 hours of incubation (Table 8) [309]. In 

another study, glutaric acid and glycerol were reacted to form a crosslinked polyester 

scaffold [308]. After curing, the acid end groups were modified via NHS and EDC 

hydrochloride followed by either penicillamine or cysteamine to have thiol end 

groups. This was converted to NO via sodium nitrite. Under physiological conditions, 

NO was released for 6 days and growth of P. aeruginosa was reduced by 80% by 

colony counting method [308]. 
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N-halamines have been shown to have potent antimicrobial activity via release 

of chlorine, bromine, or iodine atoms. They are also stable over a wide range of 

temperatures and can be regenerated upon exposure to chlorine, bromine, or iodine 

[310]. N-halamines can be attached as pendant groups via ester bonds to polymers 

such as cellulose or surfaces such as glass [311]. They can also be polymerized via 

free-radical polymerization when modified with vinyl groups. N-halamine precursors 

can be bound to epoxide rings that can be easily grafted onto the surface of cellulose 

[311]. 3-Glycidyl-5,5-dimethylhydantoin, a N-halamine precursor, was grafted onto 

the surface of cellulose using an epoxide ring-opening reaction. These fibers were 

able to disinfect E. coli and S. aureus within minutes after contact as shown by broth 

dilution assay and were capable of being regenerated multiple times (Table 8) [311].  

Polyammonium salts can also be attached as pendant groups via ester bonds 

or can undergo free radical polymerization after modification with vinyl bonds. 

Quaternary ammonium salts are antibacterial while maintaining low cytotoxicity 

[312]. When quaternary ammonium compounds are attached to polymers, increases 

in antimicrobial activity with decreases in cytotoxicity and tissue irritation were 

observed [313]. Polymers with high charge density act similar to the cationic chitosan 

chains and AMPs in disrupting cytoplasmic membranes [313]. Cationic IABPs can be 

created using polycarbonates with tertiary amine groups. When the alkyl chain 

connecting the tertiary amine group to the polycarbonate was varied, different levels 

of selectivity were observed [313].  A four-carbon alkyl chain with degree of 

polymerization of 20 was very potent against and selective for MRSA and VRE as 

shown by MIC testing (Table 8) [313]. The selectivity of cationic antimicrobials can 
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also be tuned by the counter-anion [314]. While it is most commonly chlorine, other 

possibilities include citrate and lactate [314]. Trifluoroacetate and benzoate yielded 

the highest degree of antimicrobial activity (via MIC testing) while also showing low 

levels of hemolysis [314]. One mechanism of grafting monomers that contain tertiary 

ammonium is reversible addition-fragmentation chain transfer [312]. With this 

strategy, 2-(dimethylamino)ethyl methacrylate was grafted onto cellulose fibers and 

quarternized with alkyl bromide. A variety of alkyl lengths and density of quarternary 

groups were tested, with the shortest alkyl chain and highest number of quarternized 

ammoniums having the greatest effect against E. coli [312]. A similar strategy can be 

adopted for phosphonium salts, with activity seen against E. coli and P. aeruginosa 

(Table 8) [315].  

7.4.3. Summary of Synthetic Antimicrobial Polymers 

Through a better understanding of the structure/function relationships 

observed in naturally-occurring IABPs, synthetic IABPs, have been developed to 

resist infection. However, despite initial promise with low MICs against gram-positive 

and gram-negative bacteria, several of these polymers demonstrated poor 

biocompatibility (as reflected by a high degree of hemolysis) [304,306]. Further 

studies and alterations of polymer sequence should be performed before these 

compounds are transferred to in vivo models. Nevertheless, synthetic antimicrobial 

polymers show promise as potent new antibacterial agents. 
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7.5. Conclusions and Future Directions 

Much work remains to be performed for the translation of IABPs as tissue-

engineered scaffolds for regeneration in the clinical setting. The workflow for the 

development of novel IABPs can be found in Figure 41. Firstly, the novel polymer 

should be synthesized and characterized by means such as nuclear magnetic 

resonance spectroscopy, size exclusion chromatography, differential scanning 

calorimetry, as well as measurement of the rate of material degradation under 

physiologic conditions and conditions associated with active infection, such as 

decreased pH. After synthesis and physicochemical characterization, polymers 

should subsequently be assayed for antimicrobial activity against a variety of 

pathogens. As can be seen in Table 6, Table 7, and Table 8, the assays utilized to 

measure antimicrobial efficacy are varied, including MIC testing, optical density, disc 

diffusion, and other techniques. While without head-to-head comparisons it is 

difficult to definitively determine which is the optimal test for every system, MIC 

testing offers information that can be useful for scaling to different defect sizes when 

focusing on local infection. In addition, MIC testing is the current clinical laboratory 

gold standard for the measurement of antimicrobial therapeutic susceptibility [316]. 

Given the familiarity with MIC testing of clinicians and regulatory bodies, its use as a 

validation method may translate eventual commercialization of IABP technologies. 

Many current studies utilize a single gram-positive and/or single gram-negative 

bacterium, but this strategy neglects drug-resistant strains and other organisms such 

as fungi. In order to fully evaluate the efficacy of an IABP, the polymer, its degradation 



  

 206 

products, and its monomers should be tested against multiple bacteria, including 

gram-positive, gram-negative, aerobic, and anaerobic species. In addition to efficacy 

against pathogens, in order to be successfully implanted in a host, IABP cytotoxicity 

must be evaluated using mammalian cell lines using a concentration larger than the 

MIC discovered in in vitro testing. Lastly, new IABPs must be validated in an in vivo 

environment for both biocompatibility and efficacy against infection. In the current 

body of literature, there are very few IAPB studies in which new polymers were 

evaluated in an infected in vivo model of disease after characterization and in vitro 

studies. With a variety of animal models available in the literature, IAPBs should be 

validated in a clinically-relevant setting [317].  

 

Figure 41. Envisioned workflow for developing IABPs. 

Given increases in bacterial resistance to traditional therapies and the 

advantage of controlled delivery to a local site, IABPs represent a new and exciting 

class of antimicrobial polymers which may be promising for use as tissue scaffolds to 

prevent and/or treat infected wounds. In this work, the current state-of-the-art in 

IABP research has been presented. From conjugating traditional antibiotics to 

adapting properties of naturally-occurring antimicrobial agents to create biomimetic 

synthetic polymers, IABPs are a promising alternative to many currently-used 
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treatment options. However, there is a dearth of in vivo studies applying novel IABPs 

in the literature. For the translation of IABP-based technologies from the laboratory 

to the bedside, polymer characterization, antimicrobial profile against a variety of 

pathogens, and in vivo biocompatibility and efficacy must be determined. In light of 

the current clinical need for new therapies against infection, further investigation of 

these versatile polymers is warranted. 
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Chapter 8 

Synthesis and Characterization of 
Poly(Diol Fumarate-co-Succinates)†† 

Abstract 

In this work, we describe the synthesis and characterization of variants of 

poly(diol fumarate) and poly(diol fumarate-co-succinate). Through a Fischer 

esterification, use α,ω-diols and dicarboxylic acids were polymerized to form 

aliphatic polyester comacromers. Due to the carbon-carbon double bond of fumaric 

acid, incorporating it into the macromer backbone structure resulted in unsaturated 

chains. By choosing α,ω-diols of different length (1,6-hexanediol, 1,8-octanediol, and 

1,10-decanediol) and controlling the amount of fumaric acid in the dicarboxylic acid 

monomer feed (33, 50, and 100 mol%), nine diol-based macromer variants were 

synthesized and characterized for molecular weight, number of unsaturated bonds 

per chain, and thermal properties.  Degradation and in vitro cytotoxicity was also 

                                                        
†† This chapter was published as A.M. Tatara*, E. Watson*, T. Satish, D.W. Scott, D.P. Kontoyiannis, P.S. 
Engel, and A.G. Mikos, “Synthesis and Characterization of Diol-Based Unsaturated Polyesters: Poly(Diol 
fumarate) and Poly(diol fumarate-co-succinate),” Biomacromolecules, 18 (2017) 1724-35. 
*denotes equal contribution 
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measured in a subset of macromers. As proof-of-principle, macromer networks were 

photocrosslinked to demonstrate the ability to perform free radical addition using the 

unsaturated macromer backbone. Crosslinked macromer networks were also 

characterized for physicochemical properties (swelling, sol fraction, compressive 

modulus) based on diol length and amount of unsaturated bonds. A statistical model 

was built using data generated from these diol-based macromers and macromer 

networks to evaluate the impact of monomer inputs on final macromer and 

macromer network properties.  With the ability to be modified by free radical 

addition, biodegradable unsaturated polyesters serve as important macromers in the 

design of devices such as drug delivery vehicles and tissue scaffolds. Given the ability 

to extensively control final macromer properties based on monomer input 

parameters, poly(diol fumarate) and poly(diol fumarate-co-succinate) represent an 

exciting new class of macromers.  
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8.1. Introduction 

Biodegradable synthetic macromers serve as useful platforms for the design 

of drug delivery vehicles and tissue scaffolds in biomedical settings. Aliphatic 

polyesters are seeing increasing use in medical devices due to their ability to be 

degraded hydrolytically under physiologic conditions. Specific aliphatic polyesters 

such as poly(propylene fumarate) and oligo(poly(ethylene glycol) fumarate) contain 

carbon-carbon double bonds within the polymer backbone [318,319]. These 

unsaturated bonds act as potential sites for modification and/or crosslinking to build 

three- dimensional polymer networks. It is generally understood that the distance 

between unsaturated bonds within the polymer backbone can affect subsequent 

physicochemical properties [320]. However, the relationship between the distance 

separating unsaturated bonds at the scale of single carbon units on polymer 

properties is unclear. 

To that effect, we have synthesized and characterized a class of unsaturated, 

hydrolytically-degradable, aliphatic polyesters using α,ω-diols. Linear α,ω-diols are 

aliphatic carbon chains with alcohol groups at both the initial and terminal carbon. 

These diols can range in length from 1,3-propanediol to 1,20-eicosanediol and 

beyond. α,ω-diols ranging from 6 to 12 carbons in length have been demonstrated to 

be non-cytotoxic in cell culture and biocompatible upon implantation in animal 

models as part of a saturated, citric acid-based macromer network (the poly(diol 

citrates)) [321]. Incorporation of different α,ω-diols resulted in varied macromer 

physicochemical properties as a function of diol length. In addition to 
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biocompatibility, diols have demonstrated antibacterial and antifungal properties as 

monomers in both in vitro and clinical studies [322–324].  

In order to build an unsaturated macromer chain with specific and adjustable 

distance between carbon-carbon double bonds, we designed a solvent-less Fischer 

esterification scheme between α,ω-diols of different lengths and dicarboxylic acids. 

Fumaric acid, a dicarboxylic acid, contains a carbon-carbon double bond and has been 

incorporated into biocompatible, biodegradable macromers and macromer networks 

previously [325–327]. Succinic acid, another dicarboxylic acid, shares nearly identical 

structure to fumaric acid but contains single carbon-carbon bond in its backbone 

rather than an unsaturated bond. By using different ratios of fumaric acid and succinic 

acid, the degree of unsaturated bonds within the final macromer backbone can be 

tuned. The combination of altering the length of α,ω-diols (and subsequently the 

number of carbons between dicarboxylic acids in the chain) and amount of fumaric 

acid within total dicarboxylic acid content in the monomer feed (and consequently 

the degree of available unsaturated bonds in the chain) results in a class of 

unsaturated, biodegradable, diol-based polyester macromers with a wide variety of 

physicochemical properties, identified as the poly(diol fumarates) and poly(diol 

fumarate-co-succinates). In this work, a variety of diol-based macromers were 

synthesized and characterized to demonstrate the effect of diol carbon number and 

percentage of incorporated fumaric acid on macromer physicochemical properties in 

a full multifactorial study design. As proof of principle, macromers were incorporated 

into networks by photocrosslinking and the effects of diol carbon number and 
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percentage of fumaric acid on network properties such as swelling, sol fraction, and 

mechanical compressive modulus were analyzed. 

8.2. Methods 

8.2.1. Materials 

Fumaric acid (FA), succinic acid (SA), 1,6-hexanediol, 1,8-octanediol, 1,10-

decanediol, toluene (laboratory reagent grade), polystyrene standards,  1-vinyl-2-

pyrrolidinone (NVP), and p-toluenesulfonic acid monohydrate (PTSA) were 

purchased from Sigma-Aldrich (St. Louis, MO). Anhydrous ethyl ether and HPLC grade 

chloroform were purchased from EMD Millipore (Darmstadt, Germany). Dulbecco’s 

phosphate-buffered saline (PBS) was purchased from Thermo Fisher Scientific 

(Waltham, MA), deuterated chloroform with 1% v/v tetramethylsilane (CDCl3) was 

purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA), and Irgacure 

819 was purchased from Ciba Specialty Chemicals Corporation (Tarrytown, NY). All 

materials were used as received unless otherwise noted. 

8.2.2. Macromer Synthesis 

Diol-based macromers were synthesized by Fischer esterification (Figure 42). 

Briefly, equimolar concentrations of α,ω-diols and dicarboxylic acid with 1 mol% 

PTSA were stirred at 120oC under a nitrogen atmosphere for 24 hours. The raw 

product of this synthesis was then purified by phase separation and ether 

precipitation. Raw macromer was dissolved in an excess of chloroform (1:20 w/v) to 
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produce an organic phase. This organic phase was placed in a separatory funnel, 

mixed with an excess of Millipore water (1:2 v/v), and vigorously shaken to remove 

unreacted dicarboxylic acids (as well as unreacted water-soluble diols and 

synthesized low molecular weight chains). The organic phase was isolated and then 

rotary evaporated to recover the remaining macromer and unreacted organic-soluble 

diols. This powder was redissolved in chloroform (1:5 w/v) and added dropwise to 

an excess of chilled ethyl ether (1:200 v/v). The purified macromer precipitated out 

of the ether and was recovered by vacuum filtration with a Grade 50 Whatman® filter 

(Sigma-Aldrich). The purified macromer was vacuum dried and stored at ambient 

temperature while shielded from light.   

 

Figure 42. Synthesis of diol-based macromers. Bolded letters represent 
stoichiometric coefficients. 

8.2.3. Factorial Design 

To examine the impact of diol length (number of carbons per diol monomer) 

and unsaturated bond density (molar percentage of FA among total dicarboxylic acid 

monomer) on subsequent macromer properties, macromers were synthesized from 
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three different diols (1,6-hexanediol, 1,8-octanediol, and 1,10-decanediol) and three 

different molar percentages of FA (33, 50, and 100 mol%) to yield a 3 x 3 full factorial 

design (Table 1). All variants were synthesized and purified under the same 

methodology. The effects of diol carbon number and amount of FA on macromer chain 

length and thermal properties were examined. In addition, after these macromers 

were covalently crosslinked into networks, the effects of diol carbon number and 

amount of FA on network sol fraction, swelling, and compressive modulus were 

examined. 

Table 9. Nine different groups of diol-based polymers were synthesized based 
on diol carbon number (#C) and amount of fumaric acid in the dicarboxylic 

acid monomer feed (mol%). 

Group Compound Diol Carbon 
Number (#C) 

Amount of  
FA (mol%) 

P6F33 Poly(hexanediol fumarate-co-succinate) 6 33 
P6F50 Poly(hexanediol fumarate-co-succinate) 6 50 
P6F100 Poly(hexanediol fumarate) 6 100 
P8F33 Poly(octanediol fumarate-co-succinate) 8 33 
P8F50 Poly(octanediol fumarate-co-succinate) 8 50 
P8FS100 Poly(octanediol fumarate) 8 100 
P10F33 Poly(decanediol fumarate-co-succinate) 10 33 
P10F50 Poly(decanediol fumarate-co-succinate) 10 50 
P10F100 Poly(decanediol fumarate) 10 100 

 

8.2.4. Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy 

Purified macromer was dissolved in CDCl3 (~10 mg/mL) and subjected to 1H 

NMR spectroscopy utilizing a 400 MHz spectrometer (Bruker, Switzerland) and 

analyzed with TOPSPIN 3.0 software (Bruker). To determine the actual amount of FA 

and SA among dicarboxylic acid groups in the final macromer backbone, integration 
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of the spectra was performed at 4.13-4.23 ppm and 4.02-4.12 ppm (attributed to 

protons adjacent to the fumarate ester bond and succinic acid ester bond, 

respectively). Macromer amounts of FA (mol%) and SA (mol%) were calculated as 

described in Equation 1 and Equation 2. To determine the proportion of esterified 

diol to non-esterified alcohol groups within the diol (end groups of the oligomer 

chains), the previously described esterified peaks were compared to the peak of the 

protons adjacent to the free alcohol on the diol (3.6-3.7 ppm) as described in Equation 

3..  

Equation 1. Macromer Amount of FA 

𝐴𝑟𝑒𝑎 .1 − .

𝐴𝑟𝑒𝑎 .1 − . + 𝐴𝑟𝑒𝑎 .0 − .1
 𝑥 100% 

Equation 2. Macromer Amount of SA 

𝐴𝑟𝑒𝑎 .0 − .1

𝐴𝑟𝑒𝑎 .1 − . + 𝐴𝑟𝑒𝑎 .0 − .1
 𝑥 100% 

Equation 3. Macromer Amount of Esterfied Alcohol Groups 

𝐴𝑟𝑒𝑎 .0 − .1 +  𝐴𝑟𝑒𝑎 .1 − .

𝐴𝑟𝑒𝑎 .1 − . + 𝐴𝑟𝑒𝑎 .0 − .1 + 𝐴𝑟𝑒𝑎 . 0− . 0
 𝑥 100% 

8.2.5. Size Exclusion Chromatography (SEC) 

SEC was performed to determine chain length using a Waters (Milford, MA) 

gel permeation chomatography system, consisting of pump (Waters Model No. 155), 

injection module (Waters No. 717), and refractive index detector (Waters Model No. 
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410) per established methods [319]. Purified polymer was dissolved in chloroform 

(15 mg/mL) and filtered through a 0.45 µm Whatman injection filter. SEC was 

performed (n=3 of technical replicates per synthesis in Table 1) at a flow rate of 1 

mL/min and a temperature of 30oC with a Styragel® HR2 THF 5 µm, 7.8 mm x 300 

mm column (Waters) with Styragel® 20 µm, 4.6 mm X 30 mm guard column. A 

calibration curve was constructed using linear polystyrene standards with peak 

molecular weights ranging from 1.1 kDa to 32.5 kDa. The number average molecular 

weight (Mn), weight average molecular weight (Mw), and polydispersity index (PI) 

were measured and calculated using the software Empower (Waters). The number 

average number of repeating units (RUn) and weight average number of repeating 

units (RUw), representing the number of repeating units per chain, were calculated by 

normalizing the Mn and Mw by the molecular weight of a single repeating unit, taking 

into consideration the specific diol/dicarboxylic acid molecular weight and 

proportions used in each synthesis. Lastly, the number average number of 

unsaturated bonds (Bn) and weight average number of unsaturated bonds (Bw), 

representing the available carbon-carbon double bonds per chain, were calculated by 

multiplying the number of repeating units by the amount of FA (mol%) present in the 

macromer backbone. 

8.2.6. Differential Scanning Calorimetry (DSC) 

DSC was performed to determine the thermal properties of the comacromers 

in Table 1 per established methods [327]. Briefly, 1.5-3 mg of purified macromers 

(n=3 technical replicates per synthesis in Table 1) were added to aluminum pans 
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(DSC Consumables, Inc., Austin, MN), melted for several seconds at 120oC to maximize 

surface contact with the pan, and then immediately flash frozen in liquid nitrogen to 

promote the amorphous state. The pans were then heated at 5oC/min between -70oC 

and 120oC for two cycles (starting at ambient temperature) in a TA Instruments (New 

Castle, DE) differential scanning calorimeter (Model No. 2920). Melting temperature 

(Tm), crystallization temperature (Tc), and glass transition temperature (Tg) were 

measured and analyzed with the software Universal Analysis 2000 (TA Instruments).  

8.2.7. Degradation 

In order to demonstrate that the purified macromers were capable of 

undergoing hydrolytic degradation, those synthesized from decanediol (P10F33, 

P10F50, and P10F100) were subjected to an established degradation assay under 

accelerated conditions as performed previously in the evaluation of fumarate-based 

polymers [328]. Briefly, polymer (20 mg) was added to 1 mL 1N NaOH at 60oC for 0, 

1, and 6 hours (n=3 per group per time point). At the given time point, the mixture 

was recovered by vacuum filtration and rinsed with distilled water, removing the 

basic solution as well as soluble degradation products (fumaric and succinic acid). 

The remaining precipitate consisted of non-degraded macromer as well as degraded 

decanediol. The recovered precipitate was then dissolved in deuterated chloroform 

and the relative ratio of ester bonds (4.13-4.23 ppm and 4.02-4.12 ppm) was 

compared to the amount of the free alcohol on the decanediol (3.6-3.7 ppm). This 

latter group exists as the end group of the chains as well as in free decanediol; 

therefore, as the ester bonds are cleaved during hydrolytic degradation, there is 
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expected to be fewer ester bonds and increased free alcohol groups. Equations 1, 2, 

and 3 were used to calculate Amount of FA, Amount of SA, and Amount of Esterified 

Alcohol Groups. 

8.2.8. Cytotoxicity 

The in vitro cytotoxicity of decanediol-based purified macromers was 

measured based on assays detailed in ISO 10993-5 and have been used previously to 

characterize cytotoxicity of fumarate-based polymers [329]. The media used was 

Minimum Essential Media (MEM) (Gibco Life, Grand Island, NY) supplemented with 

10% (v/v) fetal bovine serum (FBS) (Gemini Bio Products, Sacramento, CA), with L-

Glutamine (Gibco Life, Grand Island, NY) to final concentration of 4mM, and with 

Penicillin/Streptomycin (Gibco Life, Grand Island, NY) to final concentration of 100 

IU/mL. Briefly, uncrosslinked polymer was sterilized by exposure to UV light for 3 

hours. 200 mg polymer/1 mL media was incubated for 24 hours at 37oC for 

extraction. Following extraction, dilutions from this filtered stock were made at 10X, 

100X, and 1000X (resulting in 1X, 10X, 100X, and 1000X dilutions). The pH and 

osmolarity of the solutions was also measured with a Osmette A Automatic 

Osmometer (Precision Systems, Natick, MA) as described previously [330], as these 

factors have been shown to affect cell viability irrespective of polymer cytotoxicity. 

L-929 murine fibroblasts (ATCC, Manassas, VA) (passage number 3) were 

suspended at a concentration of 10^5/mL in supplemented MEM, and 100 uL was 

added to each well of a 96-well plate. After 24 hours, the media was removed and 

replaced with fresh supplemented MEM, extract, or extract dilutions (n=5 per group). 
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After 24 hours, this media was removed, and an MTT solution was created by 

dissolving MTT powder (Vybrant® MTT Cell Proliferation Assay Kit, ThermoFisher) 

in unsupplemented MEM to a concentration of 1 mg/mL prior to adding 50 uL of this 

solution to each well. After 2 hours of incubation at 37oC and 5% CO2, the MTT 

solution was removed, and 100uL isopropanol (EMD Millipore, Billerica, MA) was 

added to each well. The plate was gently swayed prior to measuring optical density 

at 570 nm and 650 nm per the manufacturer’s instructions using a SpectraMax M2 

Microplate Reader (Molecular Devices, Sunnyvale, CA).   Cell viability is calculated by 

comparing absorbance of wells with treated wells to absorbance of 0X control wells 

(Equation 4).  

Equation 4. Percent Viability 

𝑂𝐷
𝑂𝐷  𝑥 100% 

8.2.9. Formation of Crosslinked Networks 

As a proof of principle, disc constructs were fabricated to demonstrate the 

ability of the diol-based macromers to form crosslinked networks, using NVP as a 

crosslinker as has previously been explored in fumarate-based macromers [331]. 

Purified macromer was dissolved NVP in a 1:1 wt/wt ratio. Photoinitiator (Irgacure 

819) was added to the mixture (0.1 wt%). The mixture was then placed in 

polytetrafluoroethylene disc molds (6 mm in diameter, 1 mm in height) and exposed 

to blue light from an LED-based dental curing system (5W Ogeee M115 LED curing 

light with emission range 420 to 480 nm, peak power 1500 mW/cm2) positioned 3.5 cm 
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above the molds for 40 seconds to initiate crosslinking (n=5 discs per group in Table 

1). These discs were then dried and stored under vacuum at room temperature. 

8.2.10. Swelling and Sol Fraction of Networks 

The sol fraction, or soluble fraction, and swelling were measured and 

calculated per established methods [332] in both an organic environment (toluene) 

and aqueous environment (PBS, pH = 7.4). Toluene was chosen due to its ability to 

swell diol-based networks without disrupting their geometry or leading to 

degradation by hydrolysis [333]. PBS was chosen due to its similar ionic composition 

to biological fluid. Discs (n=5 per group per solution) were individually incubated in 

an excess of solution (20 mL) under mild agitation. For toluene, discs were incubated 

at ambient temperature for 168 hours (1 week). For PBS, discs were incubated at 

37oC (physiologic temperature) for only 24 hours to minimize potential hydrolytic 

degradation. Discs were weighed before incubation (initial dry weight, Wi), 

immediately following incubation (swollen weight, Ws), and after being dried by 

vacuum at ambient temperature following incubation (final dry weight, Wf). Swelling 

(SW) and sol fraction (SF) were calculated as shown in Equation 5 and Equation 6, 

respectively.  

Equation 5. Swelling 

𝑊 − 𝑊
𝑊  𝑥 100% 
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Equation 6. Sol Fraction 

𝑊 − 𝑊
𝑊  𝑥 100% 

8.2.11. Compressive Modulus of Networks  

The compressive modulus (Ec) was measured in a non-destructive assay using 

a thermomechanical analyzer (TA Instruments) as described previously [334]. Discs 

(n=5 per group) which had been swollen in PBS for 24 hours at 37oC under mild 

agitation were subjected to a compressive force of 0.1 N/min over 0.01 N-0.25 N at 

37oC. The rate of dimension change as a function of applied force was measured and 

the compressive modulus was calculated for each network based on the macromers 

in Table 1 using the software TA Advantage Control and Universal Analysis (TA 

Instruments). 

8.2.12. Statistics 

All statistics were performed with the software JMP Pro 11 (SAS Institute, 

Cary, NC). All tests were conducted at the 5% significance level (α = 0.05). A one-way 

analysis of variance (ANOVA) test was performed (with posthoc analysis by Tukey’s 

Honestly Significant Difference (HSD) test to compare Mn, Mw, PI, RUn, RUw, Tm, Tc, Tg, 

% Viability, degradation, SW, SF, and Ec between groups. To better understand the 

relationship between monomer input parameters (diol carbon number and amount 

of FA in dicarboxylic acid feed) on final macromer network physicochemical 

properties (outputs), a linear regression model was fit via standard least squares 

using all of the raw data (n=3 technical replicates from each of the nine syntheses in 
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Table 1 for macromer properties, n=5 experimental replicates from networks 

fabricated from each of the nine syntheses in Table 1). 

8.3. Results 

8.3.1. Macromer Synthesis 

All comacromers in Table 1 were successfully synthesized and purified as 

described. The resulting purified products were opaque white powders of fine grain 

size. The final yield ranged from 17.9 to 61.5%, with P10F33 and P10F100 having 

lowest and highest yield, respectively (Table 10). 

Table 10. Final macromer yield (%), monomer amount of FA (mol%) among 
total dicarboxylic acid monomer feed, and macromer amount of FA (mol%), 

SA (mol%), and esterified alcohol groups among total dicarboxylic acid 
present in final macromer backbone. 

Group Yield 
(%) 

Monomer 
Amount of FA 
(mol%) 

Macromer 
Amount of FA 
(mol%) 

Macromer 
Amount of SA 
(mol%) 

Esterified  
-OH 
(mol%) 

P6F33 35.1 33.0 38.5 61.5 94.2 
P6F50 27.0 50.0 55.6 45.4 93.4 
P6F100 33.7 100.0 100.0 0 89.3 
P8F33 28.3 33.0 27.0 73.0 93.7 
P8F50 25.7 50.0 47.6 52.4 95.0 
P8F100 47.3 100.0 100.0 0 92.6 
P10F33 17.9 33.0 27.8 72.2 94.0 
P10F50 26.8 50.0 50.0 50.0 94.8 
P10F100 61.5 100.0 100.0 0 91.7 
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8.3.2. Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy  

1H NMR spectroscopy confirmed esterification as demonstrated by a 

downfield shift in the CH2-OR (R = H, CO) protons from 3.65 ppm to either 4.10 ppm 

(succinic ester) or 4.20 ppm (fumaric ester). A representative spectrum (taken from 

P10F50) is shown in Figure 43A. As the amount of FA increased in the dicarboxylic 

acid monomer feed, the resulting integrated area under those respective ester peaks 

also changed to reflect the relative amounts of FA and SA in the final macromer 

backbone (Figure 43B-D). A comparison between the initial amount of FA monomer 

feed versus the final amount of FA incorporated macromer backbone is given in Table 

10. The 1,6-hexanediol-based groups had a higher final amount of FA in the macromer 

compared with monomer feed at both the 33% and 50% levels than the other diols. 

Both the 1,8-octanediol- and 1,10-decanediol-based groups had nearly the same 

amount of FA between monomer feed and macromer backbone at the 50% level and 

a decreased amount of FA (27.0 and 27.8%) at the 33% monomer feed level. All 

macromers contained protons associated with an alkene group (labeled “(f)” in 

Figure 43) indicating the preservation of the carbon-carbon double bond within the 

fumarate. In addition, P6F100, P8F100, and P10F100 contained no peaks between 

2.5-3.5 ppm (labeled “(g)” in Figure 43), suggesting that the alkene bond is intact and 

has not been converted to a single bond during free radical polymerization.  
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Figure 43. A) P10F50 1H NMR (CDCl3 with 1% v/v TMS, 400 MHz): δ 1.29 (m, 
12H), 1.64 (dt, 4H, J = 24.1 Hz), 2.62 (s, 4H), 3.64 (t, 1H, J = 7.2 Hz), 4.08 (t, 4H, J 
= 7.2 Hz), 4.19 (t, 4H, J = 7.2 Hz), 6.85 (s, 2H). B) Magnified region of P10F33 1H 
NMR (CDCl3 with 1% v/v TMS, 400 MHz): δ 4.08 (t, 4H, J = 7.1 Hz), 4.19 (t, 4H, J 
= 7.1 Hz). C) Magnified region of P10F50 1H NMR (CDCl3 with 1% v/v TMS, 400 

MHz): δ 4.08 (t, 4H, J = 7.2 Hz), 4.19 (t, 4H, J = 7.2 Hz). D) Magnified region of 
P10F100 1H NMR (CDCl3 with 1% v/v TMS, 400 MHz): δ 4.19 (t, 4H, J = 6.9 Hz). 

8.3.3. Size Exclusion Chromatography (SEC)  

By SEC, the macromer Mn ranged from 2.12 ± 0.13 to 5.27 ± 0.13 kDa (P6F100 and 

P10F33, respectively) and Mw ranged from 4.47 kDa ± 0.15 to 8.10 ± 0.19 kDa 

(P6F100 and P10F50, respectively) (Figure 44A-B). In general, greater diol carbon 

number and decreased amount of FA resulted in macromer chains with greater 

molecular weight. These trends held true for the number of repeating units per chain, 



  

 228 

a measurement that normalized the molecular weight by the weight of the particular 

diols (Figure 44C-D). RUn ranged from 9.8 ± 0.6 to 20.3 ± 0.7 repeating units/chain 

(P6F100 and P8F50, respectively) and RUw ranged from 20.7 ± 0.7 to 30.9 ± 0.7 

repeating units/chain (P6F100 and P8F50, respectively). The number of unsaturated 

bonds per chain increased with increasing diol carbon number and increasing 

amount of FA in the monomer feed (Figure 44E-F). Bn ranged from 4.3 ± 0.1 to 11.8 ± 

0.4 unsaturated bonds/chain (P8F33 and P10F100, respectively) and Bw ranged from 

7.0 ± 0.2 to 24.1 ± 0.5 unsaturated bonds/chain (P8F33 and P10F100, respectively). 

PI ranged from 1.48 ± 0.02 to 2.11 ± 0.07 (P10F33 and P6F100 respectively), 

decreased with increasing diol carbon number, and increased with increasing amount 

of FA. 

In the statistical model (Table 11), both monomer input parameters (diol 

carbon number and amount of FA) significantly affected molecular weight and 

number of repeating units. Increasing diol carbon number increased macromer 

molecular weight and number of repeating units; increasing amount of FA decreased 

macromer molecular weight and number of repeating units. However, only amount 

of FA significantly affected (increased) the number of unsaturated bonds per 

macromer chain. There were no significant interactions between the two factors. 
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Figure 44. SEC data. Top: number average properties. Bottom: weight average 
properties. Molecular weight (A and B), repeating units per chain (C and D), 
and unsaturated bonds per chain (E and F). Error bars represent standard 

deviation. Those that do not share the same letter are significantly different 
(p<0.05). 

8.3.4. Differential Scanning Calorimetry (DSC)  

No glass transition temperature points were observed within the examined 

temperature range (-70 to 120oC) for any group (representative thermal curves of 

1,10-decanediol-based groups are shown as examples in Figure 45A). The melting 

temperature (Figure 45B) of the diol-based macromers ranged from 61.2 ± 0.7 to 97.3 

± 0.7oC (P6F33 and P6F100, respectively) and the crystallization temperature (Figure 

45C) ranged from 42.0 ± 0.4 to 80.2 ± 0.6oC (P6F33 and P6F100, respectively). Both 
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melting and crystallization temperatures significantly increased with increasing 

amount of FA with no significant effect of diol carbon number (Table 11).  

 

Figure 45. A) Magnified region of representative DSC curves using decanediol-
based macromers as an example. B) Melting temperature. C) Crystallization 

temperature. Error bars represent standard deviation. Those that do not 
share the same letter are significantly different (p<0.05). 
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Table 11. Statistical model based on macromer data. Estimates are the 

predicted change in the property per each additional carbon in the diol or per 
each additional 1 mol% FA in the monomer feed. SEM = standard error of the 

mean. * denotes significant effect size of the input parameter (diol carbon 
number or amount of FA) on the final macromer property (Mn, Mw, etc) 

(p<0.05). 

Property Diol Carbon Number (#C) Amount of FA (mol%) Interactions 

 Estimat
e   

SEM p Estimate  SEM p Estimate SEM p 

Mn (kDa) 0.441 0.051 <0.001* -0.025 0.003 <0.001* -0.003 0.002 0.051 
Mw (kDa) 0.636 0.059 <0.001* -0.016 0.003 <0.001* -0.002 0.002 0.3862 
PI -0.028 0.009 0.004* 0.008 <0.001 <0.001* <0.001 <0.001 0.2983 
RUn 0.950 0.210 <0.001* -0.100 0.012 <0.001* -0.009 0.007 0.229 
RUw 1.156 0.244 <0.001* -0.064 0.014 <0.001* -0.003 0.009 0.699 
Bn 0.293 0.155 0.071 0.076 0.009 <0.001* 0.007 0.005 0.189 
Bw 0.343 0.169 0.054 0.230 0.010 <0.001* 0.016 0.006 0.011* 
Tm (oC) -0.442 0.294 0.146 0.411 0.017 <0.001* -0.051 0.010 <0.001* 
Tc (oC) -0.683 0.331 0.051 0.389 0.019 <0.001* -0.065 0.012 <0.001* 

 

8.3.5. Degradation 

The proportion of FA and SA esters remaining in the backbone of decanediol-

based macromers was evaluated as well as the total amount of remaining esterified 

alcohol groups (compared to total alcohol groups, including those found at the end of 

macromer chains as well as those as part of degraded monomer). For all groups, 

hydrolysis of all ester bonds was complete by 6 hours in an established accelerated 

degradation solution (Table 12). After one hour, the macromer containing 100 mol% 

FA (P10F100) had significantly less intact ester groups (19.1%) compared to P10F33 

and P10F50 (36.2 and 46.2%, respectively). The relative amount of SA compared to 

FA within the macromer backbone increases after one hour of degradation as the total 

amount of ester decreases.  
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Table 12. Ratio of remaining FA and SA ester bonds and degradation of total 
macromer ester bonds over 6 hours in an accelerated degradation solution. 

Values reported as mean ± standard deviation. In the mol% of remaining 
esterified alcohol groups, those that do not share the same letter are 

statistically significantly different (p<0.05). 

Group Time 
(hr) 

Macromer 
Amount of FA 
(mol%) 

Macromer 
Amount of SA 
(mol%) 

Esterified  
-OH 
(mol%) 

P10F33 0 28.4±0.5 71.7±0.5 94.9±0.1a 
P10F33 1 0 100.0±0.0 36.2±2.8d 
P10F33 6 N/A N/A 0f 
P10F50 0 47.9±0.0 52.1±0.0 95.3±0.1a 
P10F50 1 18.84±1.0 81.2±1.0 46.2±1.6c 
P10F50 6 N/A N/A 0f 
P10F100 0 100.0±0.0 0 90.3±0.1b 
P10F100 1 100.0±0.0 0 19.1±0.2e 
P10F100 6 N/A N/A 0f 
 

8.3.6. Cytotoxicity 

Observation of cells prior to addition of MTT showed rounded cells with lower 

cell density in the 1X macromer extract dilutions when compared to the media groups 

(Figure 46). The pH and osmolarity of the extract dilutions were also measured [335]. 

Per the manufacturer’s instructions, the media pH was approximately 8.0 and was not 

be adjusted before use with cells. The 1X macromer extract dilutions had lower pH 

(7.41-7.49) and the remaining extract dilutions had pH similar to media. The media 

had an osmolarity of approximately 280 mOsm/kg H2O, and the osmolarity of the 

extract dilutions ranged from 268.7±1.2 to 279.3±1.5 mOsm/kg H2O. The 1X 

macromer extract dilution from P10F33 and P10F100 had osmolarities significantly 

lower than that of the media. 
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Figure 46. Viability (%) of cells after 24 hours of exposure to macromer 
extract dilutions as measured via MTT assay. Dashed line represents viability 

of control wells  with normal media (100%). Error bars represent standard 
deviation. Those that do not share the same letter are statistically significantly 

different (p<0.05). 

8.3.7. Formation of Crosslinked Networks 

Crosslinked networks of diol-based macromers were successfully formed by 

photocrosslinking. Gross handling properties ranged from a stiff, non-brittle material 

to an elastomeric material, with increasing elasticity with decreasing amount of FA. 

Both the relative translucency and elasticity upon handling of the material were 

observed to increase when discs were swollen. These crosslinked constructs were not 

soluble in water, acetone, dichloromethane, chloroform, or toluene (uncrosslinked 

macromers were slightly soluble in acetone and soluble in dichloromethane, 

chloroform, and toluene).  
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8.3.8. Swelling and Sol Fraction of Networks  

Network swelling in an organic environment with no hydrolytic activity 

(toluene at ambient temperatures for 168 hours) ranged from 4.5 ± 0.5 to 49.7 ± 1.2% 

(P6F100 and P8F33, respectively) and generally increased with increasing diol 

carbon number and decreased with decreasing amount of FA (Figure 47A). Network 

swelling under simulated physiologic conditions (PBS at 37oC for 24 hours) ranged 

from 20.0 ± 1.0 to 38.8 ± 1.2% (P6F100 and P8F33, respectively) and increased with 

increasing diol carbon number and decreased with decreasing amount of FA (Figure 

47B). The sol fraction in toluene ranged from -0.5 ± 1.2 to 10.7 ± 1.0% (P6F50 and 

P8F33, respectively) and was significantly greater in P8F33, P10F50, and P10F33 

compared to the other six groups (Figure 47C). The sol fraction in PBS ranged from -

0.2 ± 0.6 to 5.9 ± 0.3% (P10F100 and P8F33, respectively). Generally, decreased 

amount of FA resulted in increased sol fraction in PBS (Figure 47D).   

Table 13. Statistical model based on macromer network data. Estimates are 
the predicted change in the property per each additional carbon in the diol or 
per each additional 1 mol% FA in the monomer feed. SEM = standard error of 

the mean. * denotes significant effect size of the input parameter (diol number 
of carbons or amount of FA) on the final network property (SWT, SWP, etc) 

(p<0.05). 

Property Diol Number of Carbons (#C) Amount of FA (mol%) Interactions 
 Estimate   SEM p Estimate  SEM p Estimate SEM p 
SWT (%) 3.006 0.795 <0.001* -0.374 0.046 <0.001* -0.037 0.028 0.191 
SWP (%) 1.369 0.389 0.001* -0.105 0.022 <0.001* 0.005 0.014 0.724 
SFT 1.585 0.229 <0.001* -0.086 0.013 <0.001* -0.041 0.008 <0.001

* 
SFP 0.495 0.138 <0.001* -0.068 0.008 <0.001* -0.015 0.005 0.003* 
Ec (kPa) -20.976 12.706 0.106 5.456 0.730 <0.001* -0.284 0.447 0.5283 
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Per a statistical model built from the macromer network data (Table 13), 

increasing diol carbon number significantly increased swelling and sol fraction in 

both solutions. Increasing amount of FA significantly decreased swelling and sol 

fraction in both solutions.  

 

 

Figure 47. Swelling (A and B) and sol fraction (C and D) of macromer networks 
in toluene (top) and PBS (bottom). Error bars represent standard deviation. 
Those that do not share the same letter are significantly different (p<0.05). 
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8.3.9. Compressive Modulus of Networks 

Discs synthesized from diol-based photocrosslinked networks were swollen 

under simulated physiologic conditions (PBS, pH=7.4, at 37oC under mild agitation) 

for 24 hours. Swollen discs were compressed at 37oC to calculate compressive 

modulus (Figure 48). The measured moduli ranged from 69.7 ± 14.2 to 633.4 ± 214.1 

kPa (P10F50 and P6F100, respectively). In general, groups with less than 100 mol% 

FA had decreased compressive modulus (Figure 48). Per a statistical model built from 

the macromer network data, increasing diol carbon number had no effect on 

compressive modulus and increasing amount of FA significantly increased network 

compressive modulus (Table 13).  

 

Figure 48. Macromer network compressive modulus. Error bars represent 
standard deviation. Those that do not share the same letter are significantly 

different (p<0.05). 
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8.4. Discussion 

8.4.1. Macromer Synthesis and Characterization 

A new class of diol-based macromers was synthesized from α,ω-diols and 

dicarboxylic acids. By altering the length of diol (as reflected in the diol carbon 

number) and the ratio of fumaric acid to succinic acid (as reflected in the amount of 

FA), different macromer variants were produced. By 1H NMR spectroscopy, 

macromer synthesis and purification were successful. The initial monomer amount 

of FA did not always correspond to the final amount of FA within the macromer chain 

backbone; for example, P10F33 had a 33 mol% amount of FA per its total dicarboxylic 

acid monomer feed, yet its final backbone had incorporated 28 mol% amount of FA 

(Table 10). This decrease in the amount of FA between monomer to macromer was 

also observed in P8F33. At a molecular level, the difference between succinic acid and 

fumaric acid is the presence of a carbon-carbon double bond in fumaric acid versus a 

single bond in succinic acid. The presence of a π bond in fumaric acid may add stability 

to the fumaric cation compared to the succinic cation. Therefore, esterification of 

succinic acid may be more energetically favorable than esterification of fumaric acid. 

If there are differences in the reactivity of the two dicarboxyclic acids, this 

competitive reaction would be expected to result in a disparity between monomer 

feed ratio and final macromer backbone due to selective succinic acid incorporation. 

At 50 mol% amount of FA, there is a 1:1 ratio of FA:SA monomer available for reaction 

and the effect of this competitive interaction may be less pronounced as there are 

more available diols proportional to fumaric acid. Diols and dicarboxylic acids can 
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only form co-polymers (they cannot react with themselves to form polymers). 

Therefore, the final macromer chain is a statistical alternating co-polymer for 

P6F100, P8F100, and P10F100. However, as it is speculated that succinic acid is more 

reactive than fumaric acid, co-polymers synthesized in the presence of both 

dicarboxylic acids may contain segments with greater amounts of succinic acid 

(formed at the beginning of the reaction when succinic is plentiful and preferentially 

selected to esterify with diol) and segments with greater amounts of fumaric (formed 

at the end of the reaction when succinic acid is scarce and fumaric acid is available to 

a greater degree). 

By SEC, oligomer chain length ranged from 2.12 to 5.27 kDa (Mn) and 4.47 to 

8.10 kDa (Mw) (Figure 44A-B). This is a similar range compared to poly(propylene 

fumarate) [318], another fumarate-based biodegradable polyester used in tissue 

engineering applications. Increasing diol carbon number and decreasing amount of 

FA resulted in significant increase in molecular weight (Table 11). This relationship 

remained true for the number of repeating units per chain, a value obtained from 

normalizing the molecular weight by the weight of the specific diols and dicarboxylic 

acids. Therefore, the effect of diol length (number of carbons) on molecular weight 

cannot solely be attributed to longer diols inherently producing longer chains due to 

their own additional length. Decreasing the amount of FA (or in other words, 

increasing incorporation of succinic acid into the backbone) significantly increased 

the macromer molecular weight compared to macromers containing only fumarate 

(100 mol% FA). It is possible that this effect is also attributable to the increased 

reactivity of succinic acid compared to fumaric acid during Fischer esterification. 
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While SEC analysis in combination with 1H-NMR spectroscopy was utilized to 

characterize the macromers based on previously published protocols for 

characterization of fumarate-based polymer systems [318,319,332], it is worth 

noting that mass spectroscopy is another valuable technique that may be leveraged 

to directly analyze the amount of double bonds per chain rather than calculate this 

ratio based on indirect measurements.  

Aliphatic polyesters that contain unsaturated carbon-carbon double bonds are 

of interest to the field as these bonds serve as sites for future chemistry, such as 

crosslinking or attachment of functional groups [318,319,336,337]. Therefore, these 

diol-based macromers are an attractive platform due to the ability to selectively 

incorporate double bonds by altering the ratio of fumaric acid: succinic acid in the 

dicarboxylic acid monomer feed as well as the ability to control the distance between 

available double bonds by altering the length of the α,ω-diol. The average number of 

unsaturated bonds per chain was calculated for each group (Figure 44C-D). Diol 

carbon number had no effect on unsaturated bonds per chain and increasing amount 

of FA significantly increased the amount of unsaturated bonds per chain (Table 11). 

As each additional fumarate group contains an unreacted unsaturated bond, this 

platform allows for control over the degree of carbon-carbon double bond density per 

chain. Because macromers with no succinic acid in their backbone had the greatest 

amount of unsaturated bonds per chain, one would predict these chains would have 

more available sites for chemistries such as crosslinking.  
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Macromer melting temperature reflects the packing density of molecular 

chains. If macromer chains are able to pack tightly, a greater degree of secondary 

bonds and interactions within folded single chains and between multiple chains can 

form. More energy is required (higher Tm) to break a greater amount of van der Waals 

interactions and unpack tightly bound chains. In this study, diol-based macromers 

with 100 mol% amount of FA had significantly greater melting and crystallization 

temperatures, regardless of diol (Figure 45). Macromers with increased amount of FA 

in their backbone may have a greater degree of rigidity due to the increased presence 

of π bonds. Given this increased rigidity, the molecular chains can pack more densely 

as these chains have less degrees of freedom to rotate in space.  Succinic acid, on the 

other hand, provides a single carbon-carbon bond which can freely rotate and prevent 

efficient packing and close alignment of chains. Therefore, less energy is required to 

break up interactions between chains and transition from a solid to liquid phase. In 

addition to packing efficiency, Tm and Tc also depend on molecular weight and the 

chain end concentration, factors that differed between groups.  Over the range of 

temperatures tested (-70-120˚C), a glass transition temperature was not observed 

(Figure 45A) among any of the groups.  

The degradation and cytotoxicity of the decanediol-based macromers were 

examined using established methods for fumarate-based polymer systems. All 

macromers were completely degraded into their monomers within 6 hours in a basic 

solution (Table 12). During degradation (as seen after one hour), fumaric esters are 

hydrolyzed before the succinic esters as reflected by the relative increase of SA 

groups in the macromer backbone. As previously discussed, the presence of a π bond 
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in fumaric acid may add stability to the intermediate fumaric cation and mediate its 

hydrolysis compared to the hydrolysis of succinate groups. In general, these results 

demonstrate that the poly(diol fumarates) and poly(diol fumarate-co-succinates) are 

capable of hydrolytic degradation.  

In general, dilutions of extracts from decanediol-based macromers had 

decreased cytotoxicity with increasing dilution and increasing amount of fumaric acid 

(Figure 46). Especially at concentrations as high as 200 mg/mL (1X dilution), a 

concentration-dependent viability is frequently observed in biodegradable polymer 

systems [330]. As the average osmolarity of human and mouse blood is 

approximately 290 and 310 mOsm/kg H2O, respectively [338], mammalian cells 

experience optimal growth between 270 and 330 mOsm/kg H2O. Although the cell 

media and higher macromer extract dilutions (10X, 100X, and 1000X) fell within this 

range, the osmolarity of undiluted macromer extract for P10F33 and P10F100 (1X) 

was lower than 270 mOsm/kg H2O. This decrease in osmolarity in the presence of 

polymer is likely due to counterion condensation with deprotonated carboxyl termini 

of the polymer chains [339]. At high polymer concentrations in an ion-rich solution 

like cell media, the counterion condensation becomes favorable, resulting in a 

decrease solution osmolarity with increasing polymer concentrations. The decrease 

in osmolarity seen in 1X macromer extract dilutions may contribute to the decrease 

in cell viability shown in Figure 46. Increasing amounts of fumaric acid was 

significantly associated with greater cell viability. Fumaric esters are currently being 

used as a clinically-approved drug therapy to prevent neuronal cell death; 

investigated in vitro mechanisms include activation of the Nrf2 oxidative stress 
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response pathway [340]. This protective effect has not been reported with succinic 

acid. There have not been major studies of the cytotoxicity of diols, although polymers 

synthesized from citrates and diols have been shown to have in vivo biocompatibility 

[321]. In one study comparing the in vitro cytotoxicity of degradation products from 

six different varieties of available polymer platforms, 1,6-hexanediol was found to be 

a less toxic byproduct than lactic acid, ε-caproic acid, glycolic acid, cyclohexane 

dimethanol, and propionic acid [341]. Ultimately, in vivo studies are required to fully 

evaluate the biocompatibility of a biodegradable polymer system.    

8.4.2. Network Characterization 

As proof-of-principle, diol-based macromers were crosslinked to form three-

dimensional networks to illustrate the versatility of this class of polyesters and to 

demonstrate that the unsaturated bonds are available for reaction. By combining the 

macromers in Table 9 with a crosslinker, photoinitator, and light source, 

photocrosslinked constructs were successfully fabricated. The macromers 

synthesized in this study were freely soluble in toluene (the organic solution used for 

swelling and sol fraction studies), in addition to dichloromethane and chloroform. 

The networks after photocrosslinking were not soluble in any of these solutions. This 

indicates that crosslinking has been achieved. Based on the chemical structure of the 

macromer (Figure 42), the only mechanism available for formation of crosslinking 

would be through free radical polymerization utilizing the carbon-carbon double 

bond within the fumarate group. When poly(diol succinate) was synthesized and 

subjected to the same photocrosslinking protocol described in this study, the 
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resulting product was freely soluble in the above organic solvents (regardless of diol 

carbon number), further supporting the hypothesis that crosslinking is achieved 

through activation of the fumarate group. 

To measure swelling and sol fraction, these networks were incubated in a 

simulated physiologic solution (PBS at pH 7.4, 37oC, 24 hours) and an organic solution 

(toluene, room temperature, 168 hours) in which there was no potential mechanism 

for chain degradation. Toluene was chosen based on its ability to leach unreacted 

fumarate-based macromers from photocrosslinked networks while only minimally 

distorting construct geometry [333]. The discs were incubated for only 24 hours in 

PBS to mitigate confounding of results from potential hydrolysis of the network. As a 

surrogate for crosslinking density, network swelling decreases with increased 

amount of crosslinking within a network [332,333,342]. Greater amounts of succinic 

acid within the macromer backbone resulted in significantly greater network 

swelling in both toluene and PBS (Table 13 and Figure 47A-B). As succinate cannot 

be used to form crosslinks between chains, networks with succinate substituting for 

fumarate have a lower potential crosslinking density. Greater diol carbon number 

(length) also resulted in greater swelling. With greater diol length, there is a larger 

distance between potential crosslinking sites in a chain; for example, in P6F100, there 

are 6 carbons between each fumarate group, while in P10F100, there are 10 carbons 

between each fumarate group. This increases the final network mesh size. Therefore, 

networks of P6F100 may have a greater crosslinking density as chains can pack more 

closely together due to proximity of fumarate groups. Sol fraction reflects the amount 

of macromer that is not crosslinked into a network and thus can freely diffuse out of 
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the network once crosslinking is complete [325,332]. In this study, decreased amount 

of FA (decreasing the amount of available unsaturated bonds) resulted in networks 

with greater sol fraction (Figure 47C-D). Again, as succinate does not have 

unsaturated bonds available for free radical-initiated crosslinking, it follows that 

macromers with greater succinic acid have more chains that cannot become 

incorporated within a crosslinked network. While this work utilized a leaching 

method that has been established previously for evaluating swelling in fumarate-

based networks [332,333], Soxhlet extraction is another technique which may 

provide valuable information on gel content in future investigations of these diol-

based macromers. 

Lastly, discs made from diol-based macromer networks were evaluated for 

compressive modulus (a mechanical property) under simulated physiologic 

conditions (swollen in PBS at pH =7.4, compressed at 37oC). Given to the potential 

future application of diol-based materials to treat fungal and bacterial bone and joint 

infection, a challenging disease resulting in significant morbidity and mortality [343], 

compression was selected for testing as it is the predominant physiologic stress in the 

joint space. In this study, compressive modulus was measured and compared across 

groups (Figure 48). Networks constructed from macromers with 100 mol% FA had 

greater compressive moduli than networks with incorporation of succinic acid. These 

results further suggest that the double bond density is greater in these oligomers, 

allowing for more crosslinking and stronger network mechanical properties. Diol 

carbon number did not significantly affect compressive modulus in this model (Table 

13). As diol carbon number has been suggested to correlate with the antimicrobial 
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properties of diols5, the decoupling of diol carbon number and compressive modulus 

may be advantageous for the development of macromer systems desired as 

inherently antimicrobial scaffolds or drug delivery systems in future work [344]. 

Esterification of diols were shown in one study to increase antimicrobial activity 

against Bacillus subtilis compared to diol alone [345]; the antimicrobial nature of 

these esterified diols within oligomers is currently unknown and will be the subject 

of future examination. In any event, the current macromer system undergoes 

hydrolytic degradation into α,ω-diols which themselves do have described 

antimicrobial properties [322]. 

8.4.3. Statistical Model 

 A linear regression model was built from the macromer and macromer 

network data (Tables 3 and 5) to better understand the impact of monomer input 

parameters (diol carbon number and amount of FA in total dicarboxylic acid 

monomer feed) on final macromer and macromer network properties (outputs).  This 

model gave descriptive data (statistical significance of input parameters on final 

properties) but may also be of value to the field based on its predictive power. The 

parameter estimates in Tables 3 and 5 are model coefficients. Essentially, the 

estimate for carbon number indicates the expected change in output per each 

additional carbon in the α,ω-diol, and the estimate for the amount of FA indicates the 

expected change in output per each additional 1 mol% FA in the total dicarboxylic 

acid monomer feed. For example, for macromer network swelling in toluene (SWT), 

final macromer swelling is expected to increase 3.0% with each additional carbon in 
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the α,ω-diol monomer and decrease 0.4% with each additional 1 mol% FA in the total 

dicarboxylic acid monomer feed. Currently, this model only applies to diol-based 

macromers with C6-C10 α,ω-diols and amount 33-100 mol% of FA.. Additional data 

from experimental replicates as well as a larger range of monomers can be added to 

the model in future work to further our understanding of macromer 

structure/function relationships, especially as pertains to degree of unsaturation and 

distance between unsaturated bonds. Moving forward, temperature of reaction and 

duration of reaction (120oC and 24 hours in this experiment) have previously been 

demonstrated to effect macromer properties in the diol-based poly(diol citrates) 

[321]. For future work, the effect of other input parameters during synthesis on final 

macromer properties may be studied and added to the model. 

In this study, photocrosslinked networks were assembled and three basic 

parameters (swelling, sol fraction, and compressive modulus) were measured to 

demonstrate that macromer properties significantly affected final network 

properties in this diol-based system. Full characterization of poly(diol fumarate)- and 

poly(diol fumarate-co-succinate)-based networks, especially as pertains to future 

applications in orthopaedic tissue engineering, will entail additional studies including 

thermal gravimetric analysis, differential scanning calorimetry of photocrosslinked 

networks, dynamic mechanical thermal analysis, Fourier transform infrared 

spectroscopy, and solid state NMR. These studies, and in vivo application of the 

scaffold in an animal model of infection, will be the focus of future work to determine 

the suitability of these macromers for therapeutic purposes.   
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8.5. Conclusions 

In this study, diol-based macromers were synthesized via a Fischer 

esterification of α,ω-diols and dicarboxylic acids. Nine variants were created by 

selecting diols of different lengths and different ratios of dicarboxylic acids. These 

macromers were characterized to determine the effect of diol length and amount of 

unsaturated bonds on physicochemical properties. Macromers were capable of being 

degraded into their monomer components by hydrolysis. Increasing amounts of 

fumaric acid in the backbone of macromers decreased cell cytotoxicity. Furthermore, 

these macromers can be crosslinked to form three-dimensional networks. These 

networks were further characterized by measuring swelling and sol fraction in 

aqueous and organic solutions and compressive moduli under physiologic conditions. 

It was demonstrated that by controlling the two input parameters (diol carbon 

number and amount of FA) through the selection of different monomers, macromers 

with a range of physicochemical properties could be successfully synthesized. This 

range of properties extended to the subsequent three-dimensional networks built 

from these macromers. Given the ability to control macromer properties based on 

synthesis parameters, these diol-based aliphatic polyesters may serve as a flexible 

platform for tissue engineering- and drug delivery-based strategies in the future.
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Chapter 9 

Applicability of Mechanically Tunable 
Poly(Diol Fumarate-co-Succinate) 
Constructs to Tissue Engineering  

Abstract 

The system of poly(diol fumarate-co-succinate) can be synthesized, purified, 

crosslinked, and analyzed for various physicochemical properties. A previous full-

factorial study demonstrated via main effects analysis that the length of the diol and 

the degree of unsaturation of the diacid impacted a variety of polymer properties. 

Expanding on previous work and increasing the fumaric acid to succinic acid ratio to 

as much as 1:29 while investigating the two extremes of diol length (6 and 10), ten 

groups were synthesized and evaluated via nuclear magnetic resonance, differential 

scanning calorimetry, nanoindentation, and cytotoxicity. Although the melting point 

and reduced compressive modulus were tunable, the cytotoxicity also varied between 

groups. The groups with higher succinic acid incorporation led to increased 

cytotoxicity that was not overcome by increasing the dilution. Although the creation 

of a modular polymer system that can be tuned in a particular way is exciting, the 
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cytotoxic effects of the polymer will be difficult to decouple from the differences in 

mechanical properties, decreasing enthusiasm for the utilization of this system for in 

vitro or in vivo tissue engineering applications. 
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9.1. Introduction 

In the previous chapter, we proposed a novel system of tunable polymers that 

involved the synthesis of diol-diacid based macromers. We demonstrated that a main 

effects analysis could be performed to determine the effects of both the diol length 

and the diacid ratio (saturated to unsaturated) on a variety of physiochemical 

properties. Many properties were shown to be altered by changing the diol length 

(hexanediol, octanediol, decanediol) and diacid ratio (fumaric to succinic acid in 1:0, 

1:1, and 1:2) [335]. The ultimate goal was to create a system of building blocks that 

could be utilized for creating a variety of polymers formed from similar components 

that would have different physiochemical properties and thus would elicit different 

cell behaviors. For example, varied scaffold mechanical properties have been shown 

to affect cellular differentiation, with softer materials encouraging neural and harder 

materials resulting in bone differentiation [346]. In order for polymers to be utilized 

in eukaryotic cell culture or in in vivo animal models, the cytotoxicity of the leachables 

and degradation products must also be characterized. 

In an effort to determine if the tunability of the system would continue and the 

range of properties previously seen would expand at much higher succinic acid 

incorporations, the two extreme diol lengths (hexanediol and decanediol) were 

synthesized and purified at these new diacid ratios (1:0, 1:1, 1:9, 1:19, and 1:29). NMR 

was utilized to determine the actual FA; SA within the purified polymer. The 

mechanical properties, swelling, and sol fraction were measured to determine if 

trends could be seen based on the feed components. Finally, the cytotoxicity was 
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measured of these groups. The overall goal of this study is to determine the 

applicability of this polymer system to tissue engineering by measuring mechanical 

properties and determining cytotoxicity. We hypothesize that increasing the amount 

of succinic acid within the purified polymer should result in an increased range of 

compressive moduli but may also impact cytotoxicity.  

9.2. Materials and Methods 

9.2.1. Polymer Synthesis and Purification 

The polymer groups specified in Table 14 were synthesized as previously 

described [335]. Briefly, the diol was melted at 120˚C prior to the addition of an 

equimolar amount of diacid and 1 mol% p-toluenesulfonic acid monohydrate. The 

mixture was stirred under nitrogen for 24 hours. After cooling, the polymer was 

purified as previously reported [335]. The polymer was dissolved in excess 

chloroform and added to water for phase separation. The water phase was discarded, 

and the chloroform phase was added dropwise to chilled diethyl ether. The 

precipitate was recovered via filtration and used for characterization or construct 

formation. 

Table 14. The 10 groups chosen for synthesis and characterization. 

Diol (length) Monomer  
FA : SA Ratio 

Decanediol (10) 
Hexanediol (6) 

1 : 0 
1 : 1 
1 : 9 

1 : 19 
1 : 29 
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9.2.2. Nuclear Magnetic Resonance 

After purification, the polymer was analyzed via proton NMR as previously 

published [335]. Briefly, 10 mg of polymer were dissolved in deuterated cholorform 

and analyzed via 1H NMR using a 600 MHz spectrometer (Bruker, Switzerland). The 

ratio of the fumaric acid (4.13-4.23 ppm) and succinic acid (4.02-4.12) was 

determined by calculating the area of the peaks after normalizing the area of the 

fumaric acid peak to 1.0. 

9.2.3. Differential  Scanning Calorimetry 

The melting temperature was measured for a single sample of each of the 

decanediol-based polymers synthesized as done previously [335]. Briefly, 1.5 – 3 mg 

of polymer were placed into an aluminum pan (DSC Consumables, Inc., Austin, MN), 

melted, and flash frozen prior to hermetically sealing the pan. The pans were then 

heated at 5˚C/min from -70˚C and 120˚C in a TA Instruments (New Castle, DE) 

differential scanning calorimeter (Model No. 2920). Melting temperature was 

measured and analyzed with the software Universal Analysis 2000 (TA Instruments). 

9.2.4. Construct Fabrication 

Discs of 6 mm in diameter and 1 mm in height were fabricated by crosslinking 

the decanediol- and hexanediol-based macromers as previously described [335]. 

Briefly, purified macromer was dissolved at a 1 : 1 weight ratio in 1-vinyl-2-

pyrrolidinone. Irgacure 819 was added at 0.1 wt%. Once homogenous, the mixture 

was added to Teflon molds and exposed to blue light (5W Ogeee M115 LED curing 
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light with emission range 420 to 480 nm, peak power 1500 mW/cm2) for 40 seconds to 

initiate crosslinking. After 10 minutes, the constructs were removed from the molds and 

vacuum dried. 

9.2.5. Swelling and Sol Fraction 

The swelling and sol fractions were measured for the decanediol-based 

polymer constructs per established methods [335] using chloroform as the solvent. 

Briefly, the discs were weighed prior to placing in excess chloroform (10 mL) at room 

temperature for 24 hours. Discs were removed and weighed, and Equation 5 and 

Equation 6 were utilized to determine the swelling and sol fractions, respectively.  

9.2.6. Nanoindentation 

Decanediol and hexanediol crosslinked constructs were swollen in excess 

phosphate buffered saline for 24 hours prior to undergoing nanoindentation 

IHysitron Triboscan), and the reduced moduli were calculated. 

9.2.7. Cytotoxicity 

The cytotoxicity of purified uncrosslinked polymers was determined after the 

seeding efficiency of the scaffolds was determined to be low. The method was 

established by ISO 10993-5 and has been previously utilized for diol and fumarate-

based polymers [335]. Briefly, 200 mg of ultraviolet-sterilized polymer or a sterilized 

crosslinked disc was placed in 1 mL of cell culture media for 24 hours and 37 ˚C. The 

extract media was removed and filtered, and dilutions were created in fresh cell 

culture media. Murine fibroblasts (L-929) were seeded at 105 cells/mL with 100 
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µL/well and allowed to attach for 24 hours. The cells were then exposed to the extract 

media or dilutions of the extract media for an additional 24 hours. The media was 

removed, and 50 µL of MTT solution [formed by the addition of MTT powder 

(Vybrant® MTT Cell Proliferation Assay Kit, ThermoFisher) to cell culture media to a 

concentration of 1 mg/mL]). After 2 hours at 37˚C and 5% CO2, the MTT solution was 

removed, and 100 µL of isopropyl alcohol was added to each well. The plate was read 

at 570 and 650 nm using a SpectraMax M2 Microplate Reader (Molecular Devices, 

Sunnyvale, CA), and the viability calculated with Equation 4. 

9.2.8. Statistics 

All analysis was performed by two-way ANOVA with post-hoc Tukey’s 

Honestly Significant Difference. Data reported as mean ± standard deviation. 

9.3. Results 

9.3.1. Synthesis and Purification 

All polymers outlined in Table 14 were successfully synthesized and purified. 

NMR was performed to determine the ratio of fumaric to succinic acid incorporated 

into the purified polymer. The results, with the amount of fumaric acid normalized to 

1 are given in Table 15 below for both the decanediol and hexanediol polymers 

synthesized. The decanediol-based polymers ranged from 1:0 FA:SA to 1:43.6, while 

the hexanediol-based polymers ranged from 1:0 to 1:28.5. 
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Table 15. NMR results to determine the ratio of fumaric to succinic acid within 
the purified polymers. The intended molar ratio that was mixed within the 

reaction vessel (left) resulted in polymers with different FA:SA ratios within 
decanediol polymers (middle), but similar ratios for hexanediol ratios (right). 

Monomer  
FA : SA Ratio 

Decanediol-Based Polymer 
FA : SA Ratio 

Hexanediol-Based Polymer 
FA : SA Ratio 

1 : 0 1 : 0 1 : 0 
1 : 1 1 : 1.02 1 : 0.86 
1 : 9 1 : 11.7 1 : 8.3 
1 : 19 1 : 23.8 1 : 19.2 
1 : 29 1 : 43.6 1 : 28.5 

 

A single sample of each purified decanediol-based polymer was analyzed via 

differential scanning calorimetry to determine the melting point (Figure 49). The 

highest melting point (~85˚C) occurred in the 1:0 group. The lowest melting points 

occurred in the 1:29 and 1:19 groups, with melting temperatures of ~60˚C.  The 1:1 

and 1:9 fell between the two extremes. 

 

Figure 49. Melting curves for decanediol-based polymers with given FA:SA 
ratios. Endotherm up; positive values show heat absorbance and melting.  
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9.3.2. Construct Fabrication 

All purified polymers formulated formed scaffolds upon the addition of 1-

vinyl-2-pyrrolidinone and Irgacure 819 and exposure to blue light that were capable 

of being removed from the Teflon molds for both the decanediol and hexanediol-

based polymers (Figure 50a).  

 

Figure 50. Crosslinked scaffolds. A) Decanediol-based scaffolds of varied FA:SA 
ratios were formed upon crosslinking. B) Decanediol-based scaffolds after 
swelling for 24 hours in chloroform, and C) a 1:19 decanediol-based matrix 

before (left) and after (right) swelling for 24 hours in chloroform and drying 
(after removal of the sol fraction). 

9.3.3. Construct Swelling and Sol Fraction 

Discs from each group (n=3) were placed in chloroform to measure swelling 

prior to drying to measure the sol fraction (Figure 51). The decanediol 1:29 groups 

dissolved after placement in chloroform for 24 hours. The other 9 groups did not 

dissolve; however, some groups broke apart on handling (Figure 50b). The swelling 

ratios for decanediol-based polymers exceeded the hexanediol-based polymers at the 

same FA:SA ratio (Figure 51). The swelling ratios of the decanediol-based groups 

increased with increasing incorporation of succinic acid within the backbone. A 

similar trend was seen for hexanediol-based groups. The sol fraction was also 

measured for the discs after drying. As can be seen from Figure 50c, there was a 
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visible reduction in disc size after drying. The sol fraction ranged from < 5% in the 

hexanediol-based 1:0 group to 90% in the decanediol-based 1:19 group. 

 

Figure 51. Swelling and sol fraction for crosslinked constructs. A) swelling 
after 24 hours in chloroform and B) sol fraction after drying samples were 

determined. The 1:29 decanediol polymers dissolved and could not be 
recovered. 

9.3.4. Construct Mechanical Properties 

Nanoindentation was performed on discs swollen in phosphate buffered 

saline to measure the mechanical forces experienced by the cells (Figure 52). The 

highest compressive modulus (690.0 ± 17.3 MPa) was measured in the decandiol-

based 1:0 group, while the 1:29 decanediol-group as well as the 1:9, 1:19, and 1:29 

hexanediol-based groups were too soft to measure. Within each fumaric to succinic 

acid ratio group, the modulus of the decanediol-based polymer matrix exceeded the 

hexanediol-based polymer matrix. 
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Figure 52. Reduced compressive moduli of the tested networks measured by 
nanoindentation. Those that do not share the same letter are significantly 

different (p < 0.05). Those without bars were too soft to measure. 

9.3.5. Cytotoxicity 

Attempts to culture cells on sterilized discs resulted in very low cell viability, 

so the extracts of the crosslinked discs (Figure 53 top) from both the decanediol and 

hexanediol-based groups were tested. The extracts showed decreased viability in 

nearly all groups at all dilutions. The higher viabilities were observed in the discs of 

poly(methyl methacrylate) control after dilution and the PDF 1:0 and 1:1 after 

dilution. All other groups lead to significantly lower viability at all dilutions tested, 

with trends toward increasing succinic acid incorporation leading to increasing 

cytotoxicity. To determine if the leachables were due to the polymer or the 

crosslinker or initiator, the purified uncrosslinked polymer was also evaluated 

(Figure 53 bottom). The trends observed from the discs were largely the same, with 

increasing dilutions leading to recovery of viability with only those scaffolds that had 

fumaric acid ratios of 1:1 or 1:0. 
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Figure 53. Cytotoxicity of crosslinked discs formed from hexanediol and 
decanediol-based matrices or uncrosslinked polymers. Top) Extracts from 
crosslinked matrices of polymethylmethacrylate (PMMA), decanediol-and 

hexanediol-based matrices and Bottom) purified decanediol-based polymers 
before crosslinking were tested to determine effects on viability. 
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9.4. Discussion 

The aim of this chapter was to expand the knowledge of poly(diol fumarate-

co-succinate) family of polymers by increasing the amount of succinic acid 

incorporated within the backbone and further evaluating the applicability of the 

polymer to the fields of tissue engineering. Ten different groups utilizing the two 

extremes of carbon length (6 and 10 carbons) previously evaluated [335] and five 

different fumaric acid to succinic acid ratios (1:0, 1:1, 1:9, 1:19, and 1:29) were 

synthesized, purified, and crosslinked to form scaffolds. In addition to evaluating 

some properties of the purified polymer, properties of the crosslinked matrices such 

as compressive moduli and cytotoxicity were also tested. The idea behind the 

synthesis of the diol-diacid system was to be able to predictably tune the distance 

between the double bonds and thus control the physiochemical properties. 

Previous work had evaluated decanediol, octanediol, and hexanediol, with FA: 

SA ratios of 1:0, 1:1, and 1:2). As had been shown previously, purified decanediol-

based polymers showed preferential incorporation of succinic acid into the backbone, 

resulting in a lower FA:SA ratio than expected [335]. Fumaric acid contains a π bond, 

which ads stability and may make the esterification with succinic acid more favorable. 

As the ratio of FA:SA within the feed decreased, the amount of succinic acid within the 

purified polymer became more pronounced (Table 15), likely due to the increased 

availability of succinic acid within the reaction vessel. The shorter diol, hexanediol, 

did not show the same skew, with the feed and the resulting polymer largely matching 

in FA:SA ratio. 
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The purified decanediol-based polymers were evaluated for melting point. 

Previous research had shown that the diol length did not have a significant effect on 

the melting temperature (but the FA:SA ratio and the interaction parameters did [p < 

0.001]) [335]. Therefore, the decanediol-based polymers alone were evaluated for 

their melting points to determine if the increased succinic acid incorporation further 

decreased the melting temperature. The strong positive correlation (R2 = 0.95), 

indicates that each percentage increase in fumaric acid raises the melting point 0.26˚C 

if the relationship is assumed to be linear. As more fumaric acid and thus more double 

bonds were incorporated within the chains, the macromers experienced better 

packing, requiring more energy break up the interactions between chains, and thus 

raising the melting point. However, it is important to note that the melting 

temperature also varies with both molecular weight and chain end concentration, 

which were not determined in this study. It has previously been demonstrated that 

chain length varies with different fumaric acid and succinic acid ratios [335]. 

Measuring and incorporating these parameters into the model may allow for a better 

fit of the melting temperatures to polymer feed ratios. 

Constructs were successfully formed from all ten synthesized and purified 

groups. The swelling and sol fractions were determined in chloroform, a solvent used 

in the initial purification scheme in which all macromers are soluble. The swelling 

decreases as the amount of crosslinking increases [333]. One group (decanediol 1:29) 

dissolved in chloroform, suggesting crosslinking was very weak. The remaining 

groups were recoverable from chloroform after 24 hours. Consistent with previous 

work, greater diol length resulted in greater swelling, and increased succinic acid 
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incorporation also increased swelling [335] due to increased spacing between the 

potential crosslinks. Groups with greater swelling ratios also displayed greater sol 

fractions, suggesting that crosslinking was less in these groups. Given that we had 

previously determined that the number of repeating units per chain was ~15-25 

[335] (depending on group and whether Mn or Mw was utilized for the calculation) 

and some of the groups tested in this study displayed FA:SA ratios > 25 on NMR, 

several chains likely included one or no fumaric acid, making it impossible to 

incorporate them into the matrix, resulting in a large sol fraction as these dissolved 

out of the matrix. 

Evaluation of the swelling and sol fraction indicated variation in the 

crosslinking density, which should result in varied physiomechanical properties. 

Nanoindentation was selected to measure the mechanical forces experienced by cells 

[346]. The compressive elastic modulus of discs swollen in PBS was measured. We 

showed that increased FA:SA ratio resulted in increased compressive modulus, with 

more succinic acid leading to lower mechanical properties (with several high SA 

groups too soft to measure) on the system utilized. Although the distance between 

double bonds is greater in the decanediol-based groups due to increased length of 

diol chain, the hexanediol-based polymers showed lower mechanical properties. 

With the previous use of thermomechanical analysis to test the whole scaffold, it was 

demonstrated that the diol length did not have a significant effect on the resulting 

compressive modulus [335]. However, this was not the trend shown on 

nanoindentation. As hexanediol is very soluble in water while decandiol is not, it is 

possible that the swelling of the hexanediol matrices in phosphate buffered saline was 
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greater than that of the decanediol-based matrices, resulting in a lower mechanical 

property for the hexanediol-based groups.  

Finally, the cytotoxicity of these compounds was measured. In order for a 

scaffold to be implanted and used as a biomaterial, the viability of cells exposed 

directly to the material and indirectly to its leachables must be measured. In an ideal 

world, the use of a polymer system with  tunable mechanical properties would result 

in similar viabilities across groups, so that the effects of moduli could be determined 

without the confounding effects of varied levels of cytotoxicity. As had been shown 

previously [335], increased succinic acid incorporation leads to increased 

cytotoxicity. This trend was seen in both hexanediol- and decanediol-based 

constructs, and even 1000x dilution did not lead to a recovery  in viability for most of 

the tested groups. Fumaric acid and fumaric acid esters have been shown to be 

neuroprotective [340,347] but the same has not been shown for succinic acid. In fact, 

succinate is a well-known metabolic signal in inflammation that can bind to and 

stimulate HIF-1⍺ [348]. Increased fumarate and succinate has been shown to increase 

levels of apoptosis, with succinate increasing the level of several cleaved caspases 

[349]. Although this study demonstrated that both fumarate and succinate increase 

the levels of cell death, it is likely that the levels of fumarate-rich macromers released 

from our scaffolds are minimal due to their ability to crosslink within the matrix, 

while the levele of succinate-rich macromers released was significantly higher. The 

groups with the highest sol fraction also tended to be the most cytotoxic, which may 

indicate that the sol fraction contains the cytotoxic component. The leachables of the 

uncrosslinked purified decanediol-based polymer also showed decreased viability 
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with increased succinic acid incorporation, suggesting that it was not the crosslinker 

or initiator that led to the cytotoxicity. Cytotoxicity testing of the monomers showed 

recovery at higher dilutions, indicating that an intermediate length macromer is likely 

the cause of the loss of viability. Further investigation into preleaching these scaffolds 

could to be explored as a potential way of eliminating some of the cytotoxicity. 

Although this polymer system was able to tune the melting point, the swelling 

ratio and sol fraction, and the mechanical properties, the system also showed varied 

cytotoxicity of leachables between groups. To isolate the effects of the varied 

physiochemical and physiomechanical properties on the cells (the intended goal), the 

level of cytotoxicity between groups should remain the same. The decanediol-based 

1:0 FA:SA polymer has been used in vivo with no serious consequences [350], and this 

was shown to be the least cytotoxic in in vitro work. Future studies should evaluate 

the ability to remove any leachables from matrices prior to their use as a cell scaffold. 

The obstacle of cytotoxicity is one that needs to be overcome prior to moving forward 

the poly(diol fumarate-co-succinate)s as a system of novel tunable biomaterials.  

9.5. Conclusions 

The alteration of the length of the diol (6 or 10) and the ratio of diacids 

(fumaric to succinic in 1:0 to 1:29) can be utilized to create a series of polymers with 

tunable melting points, and the polymers can then be crosslinked into constructs with 

varied physical properties, These properties can be altered in a predictable way, with 

increased FA leading to higher melting point, lower swelling, lower sol fraction, and 
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greater mechanical properties. The shortening of the diol chain had a smaller, but 

notable effect on mechanical properties. Despite the promise as a tunable system, the 

cytotoxicity also varies greatly with FA:SA and diol length. For this reason, further 

investigation into the formation of the scaffold and potential preleaching is needed 

prior to adoption of the entire system for in vitro and in vivo to study the effects of 

various physiochemical properties on cell behavior. 
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Chapter 10 

Conclusions 

Utilizing both tissue engineering- and biomaterials-based approaches, unique 

strategies for the treatment of large craniofacial defects can be developed that 

eliminate some of the donor site morbidities seen with the clinical gold standard. The 

two-staged strategy, in which an antibiotic-loaded space maintainer of optimized 

porosity and mechanical properties is implanted into the defect site to enhance the 

site for eventual flap transfer and in which a 3D printed bioreactor of customized 

geometry is implanted adjacent to a periosteal surface to generate bony tissue, may 

seem like science fiction. However, portions of the approach have been evaluated in 

vitro, in vivo (large and small animal models), and commercialization through talks 

with the FDA are underway. The goals of this work were to further challenge the two-

stage repair using complex large animal models, to work toward FDA approval of the 

porous space maintainer portion of the strategy, and to investigate a novel 
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mechanically-tunable polymer that could be further utilized to optimize the soft 

tissue at the defect site. 

In order to challenge our antibiotic-releasing space maintainer, an infected 

ovine model was developed. In this model, we utilized S. aureus, a common cause of 

osteomyelitis, to create an infected mandibular defect. Half of the sheep received an 

antibiotic-loaded porous space maintainer loaded with vancomycin, and half of the 

animals received an unloaded space maintainer. The animals that received the 

antibiotic-loaded space maintainer did not develop signs of infection, had lower white 

blood cell counts, and demonstrated a more mature fibrous capsule surrounding the 

implant. Bioreactors implanted adjacent to rib periosteum within these animals 

showed bone growth within both groups; however, the sheep with untreated 

infection demonstrated more robust and higher volume of bone growth within the 

bioreactors. Bioreactors filled with morselized autograft grew more new bone and 

had higher mechanical properties than bioreactors filled with commercially available 

bovine cancellous bone chips (xenograft). In another complex model, we sought to 

repair a complete segmental defect in the ovine mandible, a much more clinically-

relevant model than tested previously. Using a single lateral plate as often done in 

humans, we saw significant hardware failure, dehiscence, and infection in the 

majority of the animals. The initially implanted bioreactors were a mix of autograft 

and xenograft, were successfully transferred to the mandible and anastomosed, and 

were analyzed from three sheep that completed the study. The tissues underwent 

remodeling through the entire 21-week study, and the ratio of autologous bone 
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(which includes both initially implanted autograft and newly formed bone) to 

xenograft continued to increase. 

The two-stage strategy was brought closer to market through interactions 

with Synthasome and the FDA. We submitted a 510(k) presubmission and received 

important feedback about the pathway to FDA approval. We worked with a 3rd party 

GLP-compliant company, NAMSA, to design the requested biocompatibility studies 

per ISO 10993 standards, and then we created the samples for the testing. We worked 

with our clinical collaborators at the University of Texas Health Science Center to 

draft a clinical protocol for an early feasibility study, which we included as part of an 

IDE presubmission. We incorporated the comments and answered the requests for 

clarification requested by the FDA, and we are set to submit a complete IDE 

submission soon, allowing us to initiate the small early feasibility study. 

To improve on the existing space maintainer, we investigated a family of 

polymers created from diols and diacids. The idea was that they would degrade into 

terminal diols that studies have shown to have antimicrobial activity and that the 

system could be tuned by selecting different diol lengths and different degrees of 

unsaturation of the diacids. We demonstrated that we could synthesize and purify 

this polymer, and that the properties of it were indeed tunable. Through a full-

factorial study, we utilized a main effects analysis to determine the effects of both the 

diol length and the saturation of the diacid on polymer properties such as chain length 

and thermal characteristics. Further, we showed that this polymer could be combined 

with a crosslinker and initiator and crosslinked into constructs, with tunable 
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properties. While expanding on the initial full-factorial design demonstrated 

increased ability to tune construct properties such as the compressive modulus, the 

increased incorporation of succinic acid led to increased cytotoxicity. This toxicity did 

not decrease by dilution and was seen with leachables from both the crosslinked 

constructs and the purified polymer. While this polymer could allow for investigation 

into how varied mechanical properties could affect an induced membrane from 

analysis of the physiochemical properties alone, the varying cytotoxicity between 

groups would make it difficult to attribute differences in cell or membrane behavior 

to differences in mechanical properties alone. 

This work sought to explore strategies for craniofacial reconstruction, where 

infection is a common complication due to the bacteria-filled oral cavity and where 

an aesthetic repair is necessary due to the face being an important identifier of self. 

We sought to challenge an antibiotic-loaded space maintainer in an infected defect 

and to investigate the repair of a complete segmental defect, to commercialize the 

porous space maintainer, and to test a novel polymer system as a potential tunable 

tissue engineering construct. Overall, this work brings optimized space maintainers 

and customized, vascularized, autologously-grown bony tissues closer to the clinics 

and to the patients would benefit from the two-stage strategy of craniofacial repair.
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STATEMENT OF COMPLIANCE 
The trial will be conducted in accordance with International Conference on Harmonisation Good Clinical 
Practice (ICH GCP), applicable United States (US) Code of Federal Regulations (CFR). The Principal 
Investigator will assure that no deviation from, or changes to the protocol will take place without prior 
agreement from the Investigational New Drug (IND) or Investigational Device Exemption (IDE) sponsor, 
funding agency and documented approval from the Institutional Review Board (IRB), except where 
necessary to eliminate an immediate hazard(s) to the trial participants. All personnel involved in the 
conduct of this study have completed Human Subjects Protection and ICH GCP Training. 
 
The protocol, informed consent form(s), recruitment materials, and all participant materials will be 
submitted to the IRB for review and approval.  Approval of both the protocol and the consent form must 
be obtained before any participant is enrolled.  Any amendment to the protocol will require review and 
approval by the IRB before the changes are implemented to the study.  All changes to the consent form 
will be IRB approved; a determination will be made regarding whether a new consent needs to be 
obtained from participants who provided consent, using a previously approved consent form. 
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1  PROTOCOL SUMMARY 

1.1  SYNOPSIS  

Title: Post-Ablation Space Maintenance in the Secondary Reconstruction of 
Mandibular Defects  

Study Description: This study will investigate the safety of a Porous Bone Space Maintainer 
(PBSM) implanted into a mandibular defect after resection of a tumor. 
During the implantation period of 3 months, the patient will be monitored 
through clinical visits and radiological analysis for any adverse events. It is 
hypothesized that the PBSM will promote complete soft tissue closure 
around a space maintainer for 3 months, maintaining the space of the 
defect for a later reconstruction without any significant adverse events or 
safety concerns.  

Objectives: 
 

Primary Objective: Establish that the PBSM, once trimmed and implanted 
in recipient does not produce physiological adverse responses and is well-
tolerated by host tissue. 

 Secondary Objectives: Establish that after implantation and removal, that 
the soft tissue bed has been adequately maintained from a volume 
standpoint. 

  
Endpoints: Primary Endpoint: After 3 months of implantation and 6 months post-

removal, if the patient has not experienced any significant adverse events, 
then the device will be considered safe. 
Secondary Endpoints: After 3 months of implantation, if the space has been 
maintained by volumetric measurement (such as volume of graft needed to 
fill the defect site), then the device will be considered efficacious.  

Study Population: Four healthy male or female patients between the age of 18 and 65 with 
benign tumors of the mandible (less than or equal to 4cm in length) 
requiring resection. Patient selection will be from the patient pool of The 
University of Texas Health Science Center at Houston Department of Oral 
and Maxillofacial Surgery (UTHSC OMS).  

Study Type: Device traditional feasibility study  
Description of 
Sites/Facilities Enrolling 
Participants: 

Memorial Hermann Hospital 
6411 Fannin St Houston, TX 77030 
 
Lyndon B. Johnson Hospital 
5656 Kelley St, Houston, TX 77026 
 
Ben Taub Hospital 
1504 Ben Taub Loop, Houston, TX 77030  

Description of Study 
Intervention: 

The study intervention is a Porous Bone Space Maintainer (PBSM), which is 
composed of porous polymethyl methacrylate (PMMA) combined with 
carboxymethylcellulose (CMC) gel (fabricated by Synthasome, 
Incorporated). The PBSM is intended to preserve the volume of an 
anatomical site following loss or resection of bone.  

Study Duration: 2 years will be necessary for patient recruitment and study duration.   
Participant Duration: 9 months after recruitment, the patient will have completed the study. 
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After the initial preoperative visit, the patient will undergo the implantation 
procedure within a month. The patient will have clinical visits for 3 months 
before the device is removed. The patient will be followed for an additional 
6 months until study completion. 

1.2  SCHEMA 

 
  

Screening1 month prior to surgery
Obtain informed consent
Screen potential participants by inclusion and exclusion criteria
Obtain history, document

Pre-operative patient visit 1 week prior to surgery
Radiographs
Systems based physical examination
Laboratory tests (hematoology, chemisty, and urinalysis)

SurgeryDay 0
Tumor excision and PBSM placement

Post-operative patient visit1 week after surgery
CT Scan
Follow-up Exam

Assessments of primary endpointMonths 1-3
Weekly follow-up exams
Collection of patient diary cards

Pre-operative patient visitLast week of month 3
Radiographs
Systems based physical examination
Laboratory tests (hematoology, chemisty, and urinalysis)

SurgeryEnd of month 3
PBSM removal, volumetric measurement, implantation of bone graft

Post-operative patient visitFirst week of month 4
CT Scan
Follow-up Exam

Follow-up assessments of primary endpointMonths 6-9
Assessment of healing
Collection of patient diary cards

End of Study AssessmentsMonth 9
Assessment of healing
Collection of patient diary cards
CT Scan
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1.3  SCHEDULE OF ACTIVITIES (SOA)  

 
 
2  INTRODUCTION 

2.1  STUDY RATIONALE  
 
Loss of mandibular bone can occur due to trauma, congenital malformations, or trauma and presents a 
challenge to repair (Tatara, biomateralia). Reconstruction has a high rate of complications at 20-35% due 
to the complex nature of the craniofacial environment (1). High loading forces, movement of the tongue 
and facial musculature, and proximity to both the oral mucosa and the skin create a challenging 
environment for success of bony reconstruction. After resection of benign mandibular lesions, the 
mandible would ideally be reconstructed in a manner that involves minimal to no donor site morbidity 
(2). Such mandibular reconstruction techniques include non-vascularized autografts, allografts, and 
tissue engineering techniques (e.g., bone marrow aspirate). All of these techniques typically require 
delayed reconstruction after resection to allow for soft tissue healing prior to bone grafting; however, in 
the time between resection and bone grafting, the soft tissue tends to collapse into the defect, resulting 
in difficulty in restoring mandibular contour and function during bone grafting and potentially 
suboptimal bone height and contour (3). 
 
To address this issue, a space maintainer can be used to maintain the space in the resected area and to 
prevent collapse of the while it heals. Previously, non-porous alloplastic materials or bone plates have 
been used as the standard of care; however, these materials have been associated with unpredictable 
healing, sometimes necessitating removal and alternative methods of reconstruction, and thus, there 
are a high rate of complications (4). To improve healing, the space maintainer can be made of porous 
materials. The pores may contribute to better soft tissue healing by providing a surface for soft tissue to 
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integrate (5). Additionally, the increased surface to volume ratio of porous materials may facilitate drug 
delivery (i.e., the porous material could be loaded with antibiotics). 
 
This study will focus on the safety and efficacy of porous bone space maintainers (PBSM) for use in 
mandibular construction. We will investigate the safety through clinical visits and radiological 
measurements, and investigate the efficacy by measuring the volume of the maintained space. 
 

2.2  BACKGROUND  
 
Nonclinical Studies 
Previous work has indicated that porous materials may result in better soft tissue integration and thus 
overall healing of such reconstructions (5). Additionally, a rabbit model has shown soft tissue healing 
over antibiotic-loaded PBSM (6). Furthermore, a sheep model utilizing the planned 2-stage 
reconstruction using a similar timeframe to the proposed work has shown successful formation of soft 
tissue pockets and subsequent bone grafting (in preparation). 
 
Furthermore, we have conducted a series of GLP-preclinical studies in collaboration with NAMSA. 
Results from a 14-day oral irritation study in a Syrian Hamster have shown our material to be a non-
irritant. Implantation (6month), acute toxicity (oral), chronic toxicity (implant), genotoxicity (bacterial, 
murine), and cytotoxicity studies are underway at NAMSA.  
 
Clinical Studies 
In a previously published case series (Appendix A), we demonstrated that a porous space maintainer 
composed of PMMA and CMC was capable of improving patient outcomes compared with non-porous 
space maintainers (Appendix A). Three of the five patients healed well, while two patients experienced 
small dehiscences. No patients experienced significant adverse events. 
 
 

2.3  RISK/BENEFIT ASSESSMENT   
 
2.3.1  KNOWN POTENTIAL RISKS  
 
Implanted PBSM 
Mild inflammation, altered sensation, altered taste, transient hypotension, dehiscence, local infection, 
and anaphylaxis. No serious adverse events were reported in our previous clinical cases (Appendix A). 
 
PMMA-based devices and/or CMC 
Transient hypotension (more commonly correlated with hip procedures and vertebroplasty secondary to 
methylmethacrylate elution from non-porous PMMA device) (7).  
 
Dermatitis (mild and uncommon secondary to methylmethacrylate elution from non-porous PMMA (8).  
 
Anaphylaxis (considered extremely rare secondary to carboxymethylcellulose presence) (9). 
 
None of these were observed in our previously reported clinical cases (Appendix A), which utilized both 
PMMA and CMC in the same formulations/ratios we propose to use them.  
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OBJECTIVES ENDPOINTS JUSTIFICATION FOR 
ENDPOINTS 

urinalysis) 
Patient Diary Cards  (pain 
scale, perceived swelling, 
yes/no questions related to 
surgical site, taste, 
movement ) 

Secondary   
Establish that after implantation 
and removal, that the soft tissue bed 
has been adequately maintained 
from a volume standpoint. 
(EFFICACY) 

Volume of bone graft 
needed to fill soft tissue 
pocket   

 

The purpose of this device is for 
space maintenance, so the volume 
of the space formed at the end of 
the study will be compared to the 
size of mandible removed (not 
including volume of the tumor) at 
the beginning of the study. 

As this is a safety study, statistics cannot be performed. 
 
 

4 STUDY DESIGN  

4.1  OVERALL DESIGN 
 
Hypothesis 
This study hypothesizes that a Porous Bone Space Maintainer (PBSM), after being trimmed and 
implanted within a mandibular defect will not cause significant adverse events and will be well-
tolerated by the patient. It is further hypothesized that the PBSM will adequately preserve the 
volume of an anatomical site following resection of the bone along with maintenance of soft tissue 
coverage.  

 
Study type 
Device traditional feasibility 
 
Study design 
Single arm, no comparison arm, open label 
 
Study sites 
Memorial Hermann Hospital, 6411 Fannin St Houston, TX 77030 
Lyndon B. Johnson Hospital, 5656 Kelley St, Houston, TX 77026 
Ben Taub Hospital, 1504 Ben Taub Loop, Houston, TX 77030 
 
Name of study intervention 
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Using radiometric imaging (CT scan) taken at the preoperative appointment, the approximate size of the 
defect will be calculated. In the operating room, the size will be confirmed with the removal of the 
affected mandible. The removed mandible will be used as a template to trim the sterile PBSM to the size 
of the defect. The PBSM will be held within the defect, and final small adjustments will be made. The 
PBSM will be screwed to a bone plate and implanted in the patient. 
 

6.2  PREPARATION/HANDLING/STORAGE/ACCOUNTABILITY 
 

6.2.1  ACQUISITION AND ACCOUNTABILITY  
 
Devices will be manufactured and packaged at Synthasome, Inc.  Each device is packaged in a 
Tyvek/nylon bag and sealed, and this is placed inside an outer aluminum bag and sealed. The packaged 
devices are shipped to Sterigenics where they are sterilized using electron beam radiation. The packaged 
device is labeled and placed inside a cardboard box. The sterilized devices will be shipped to UTHSC 
Department of Oral and Maxillofacial Surgery, 6560 Fannin Street, Suite 1900, Houston, Texas 77030 
where they will be stored in our consumable inventory area under the custodial supervision of Ms. Rosa 
Benevidez. Ms. Benevidez will keep a log of all implants and their date of arrival, the name of the patient 
who will receive the implant, and the anticipated date of surgery. She will also record when the implant 
is actually sent to the operating room for the surgery and the name of the surgeon who will perform the 
procedure.  
 

6.2.2  FORMULATION, APPEARANCE, PACKAGING, AND LABELING  
 
Formulation 
The product to be used in this study is a porous polymethylmethacrylate (PMMA) device that provides 
temporary space maintenance in the defect site necessary for regenerative healing of the defect site 
and until implantation of a long-term bone replacement. The pores are made using a 
carboxymethylcellulose (CMC) hydrogel that is added to the PMMA at the time of implant fabrication, 
and the CMC is then leached away leaving a porous surface. The product is made in a variety of shapes 
and sizes between 1 mm x 15 mm x 30 mm and 10 mm x 25 mm x 110 mm. The implants will also be 
made in shapes and sizes similar to bone of the maxilla, mandible and zygoma. The porous PMMA 
implant is packaged, terminally sterilized, and is available in the operating room to be cut to the ideal 
size for implantation during surgery. 
 
Appearance 
The device appears as an off-white porous solid of a shape similar to a mandible. 
 
Packaging 
The device is packaged within a sealed paper envelope within a larger sealed foil envelope. 
 
Labeling 
The device will be labeled with the batch number and the date of synthesis along with Investigational 
device 
 
Each device will be labeled with the following information:  
Caution statement: CAUTION  Investigational device. Limited by Federal (or United States) law to 
investigational use. 
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Product name: PBSM 
Product: Temporary Bone Space Maintainer 
Quantity: 1 
Primary composition: PMMA 
Statement of sterility: Sterile unless package has been opened or damaged 
Method of sterilization: electron beam  
Storage: Room temperature  
 
Lot number  
Date of expiration 
 
Name and address of manufacturer:  
Synthasome, Inc 
13673 Boquita Drive 
Del Mar, CA 92014 
Tel: 858 490 9400 
 
6.2.3  PRODUCT STORAGE AND STABILITY  
Product is packaged as individual units , terminally sterilized and stored at room temperature. . While 
the entire specimen will not be used for each patient, the remaining device should not be used and 
should be disposed of at the end of the surgery.  
 
Shelf life will be established for product and the expiration date will be stated on the packaging prior to 
product release. A minimum shelf life will initially be established and a concurrent shelf life study will be 
done to determine an extended shelf life and therefore allow the expiration date to be updated.   
 
6.2.4  PREPARATION 
 
The device will be cut in the operating room to the ideal size for implantation during surgery. The PBSM 
can be cut and sized using tools available in the operating room such as dental saws and drills. The 
modifications must be done with frequent irrigation (with sterile water). The size of the trimmed PBSM 
should match that of the defect. 
 

6.3  MEASURES TO MINIMIZE BIAS: RANDOMIZATION  AND BLINDING 
Not applicable as participants will not be randomized in this study. 

 

6.4  STUDY INTERVENTION COMPLIANCE 
Participants will be instructed to complete diaries. Participants will be receive telephone reminders of 
study visits by study staff. Ask Auco if she can do this 
 
 

6.5  CONCOMITANT THERAPY 
Patients currently using corticosteroids, bisphosphonates, or anticoagulants will be excluded. Use of 
these drugs is not permitted during the course of the study.  
 
6.5.1  RESCUE MEDICINE 
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If a subject withdraws or fails to attend regularly scheduled appointments, he or she may be removed 
from the study and replaced with another subject unless the individual has already completed 10 weeks 
of the planned 12 weeks of implant retention. If the duration of implantation exceeds 16 weeks, the 
subject will be replaced in the study. 
 

7.3  LOST TO FOLLOW-UP 
Subjects who fail to return for the final assessment will be contacted by the site by phone (and e-mail if 
unresponsive by phone) in an attempt to have them comply with the protocol to maximize patient 
safety. A certified letter will be sent if the patient cannot be reached by other means. 
 
Since it is vital to obtain follow-up data on any subject withdrawn because of an adverse event, every 
effort will be made to undertake protocol-specified safety follow-up procedures in every case. 
 
Patients who fail to follow up after the 1st surgery (implantation of the PBSM) will be initially contacted 
by phone. If this fails in gaining patient compliance, an attempt will be made by the surgical team to 
contact the patient in person. In the event that this effort also fails, the patient will be sent a certified 
receipt requested letter informing them of the risks and complications that may ensue from their failure 
to attend scheduled post-operative visits. They will also be informed that should they not attend their 
follow-up visits, they will be discharged from the study.  
 
8 STUDY ASSESSMENTS AND PROCEDURES 
 

8.1  EFFICACY ASSESSMENTS  
 
The efficacy of this device will be evaluated by comparing the volume of bone graft necessary to fill the 
space with the dimensions of the removed mandible (neglecting any pathological increases in volume). 
At time of second surgery, a qualified Oral and Maxillofacial Surgeon will remove the space maintainer 
and measure the defect site by the volume of bone graft necessary to fill the site. 
 

8.2  SAFETY AND OTHER ASSESSMENTS 
The research study will follow the basic sequence indicated by the Schema in section 1.2. 
 
The medical records of patients from the UTHSC OMS patient pool at all sites who have been diagnosed 
with a benign pathology of the mandible which requires resection will be pre-screened for eligibility. 
Patients who preliminarily meet the inclusion/exclusion requirements will be asked about their interest 
in participating in the study. Prior to performing any screening procedures, the study will be discussed 
with patients and written informed consent will be obtained by the study PI, or a Co-Investigator. We 
estimate screening about 20 participants in order to enroll the 4 patients required for this study. 
 
After consent is obtained, the following screening procedures will be performed: 

(1) Full review of medical history with detailed questioning when patients report a condition 
(2) Review of any medications and allergies 
(3) A systems-based physical examination 
(4) Radiographs 
(5) Vital signs 
(6) Laboratory tests (hematology, chemistry and urinalysis) 
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At the follow-up visits, patients will be assessed for possible implant loosening, infection, dehiscence, or 
foreign body response (swelling, pain, in addition to aforementioned dehiscence and loosening). If these 
persist after salvage attempts with local and systemic agents, the implant will be removed. In addition to 
weekly clinical follow-up, the patient will have a diary card to self-report adverse events [USAMRMC 
comments: Please include this card as an appendix to the protocol.  It must be approved by the IRB Card 
attached]. Standard of care will be followed for all aspects of the treatment of benign mandibular 
pathology including implant compromise.   
 
The patients will then undergo a 2nd surgery where a bone graft is placed in the bone defect after 
removal of the PBSM. The PBSM will be placed into 10% neutral buffered formalin for histologic 
preparation. Surgical approaches and the composition of the bone grafts will be applied such that all 
patients will be grafted from a trans-oral approach. The graft material will include autogenous bone, 
demineralized bone matrix, or other materials under the direction of the operating surgeon. The 
patients will be followed in clinic at decreasing frequency for 6 months when a final CT scan is 
performed and the bone regenerated in the defect assessed by volume and dimensional analysis.  
Specifically, follow-up after the 2nd surgery will be weekly for the first month, monthly for the following 
two months, and then a final visit 6 months after the 2nd surgery for final CT scan. Should the need for 
more frequent evaluations arise, patients will be seen more often. At each follow-up visit, diary cards 
will be collected for self-reported adverse events (in addition to those documented at the exam). 
Patients will be instructed to contact the Investigator at any time if adverse events occur, so that the 
patient may be evaluated immediately. 
 

8.3  ADVERSE EVENTS AND SERIOUS ADVERSE EVENTS 
 
 
8.3.1  DEFINITION OF ADVERSE EVENTS (AE)  
 
An adverse event is defined as any untoward medical occurrence in a subject enrolled into this study 
regardless of its causal relationship to study treatment. Subjects will be instructed to contact the 
Investigator at any time if any event not present prior study treatment or any event already present that 
worsens in either intensity or frequency following study treatment. 
 
8.3.2  DEFINITION OF SERIOUS ADVERSE EVENTS (SAE)  
 
A serious adverse event is defined as any event that results in death, is immediately life-threatening, 
requires patient hospitalization or prolongation of existing hospitalization, results in persistent or 
significant disability/incapacity, or results in a congenital abnormality/birth defect. Important medical 
events that may not result in death, be life-threatening, or require hospitalization may be considered an 
SAE when, based upon appropriate medical judgment, they may jeopardize the subject and may require 
medical or surgical intervention to prevent one of the outcomes listed in this definition. Examples of 
such medical events include allergic bronchospasm requiring intensive treatment in an emergency room 
or at home, blood dyscrasias or convulsions that do not result in inpatient hospitalization, or the 
development of drug dependency or drug abuse. 
 
Serious adverse events will include any event or condition that results in the premature 
removal/revision of the PBSM (or affiliated hardware such as surgical plate and screws) or any and all 
life-threatening systemic effects, such as hypotension or anaphylaxis. 



 

 w 

 

  



 

 x 

 

  



 

 y 

 

  



 

 z 

 

  



 

 aa 

 

  



 

 bb 

 

  



 

 cc 

 

  



 

 dd 

 

  



 

 ee 

 

  



 

 ff 

 

  



 

 gg 

 

  



 

 hh 

 

  

Post-Ablation Space Maintenance in the Secondary Reconstruction of Mandibular Defects  Version 2.0 
Protocol # TBD 02 January 2018 

 
28 

 
10.1.10  PROTOCOL DEVIATIONS  
 
A protocol deviation is any noncompliance with the clinical trial protocol, International Conference on 
Harmonisation Good Clinical Practice (ICH GCP), or Manual of Procedures (MOP) requirements. The 
noncompliance may be either on the part of the participant, the investigator, or the study site staff. As a 
result of deviations, corrective actions are to be developed by the site and implemented promptly.  
 
These practices are consistent with ICH GCP:  

• 4.5 Compliance with Protocol, sections 4.5.1, 4.5.2, and 4.5.3  
• 5.1 Quality Assurance and Quality Control, section 5.1.1  
• 5.20 Noncompliance, sections 5.20.1, and 5.20.2.  

 
It is the responsibility of the site investigator to use continuous vigilance to identify and report 
deviations within 15 days of identification of the protocol deviation, or within 15 days of the scheduled 
protocol-required activity. Protocol deviations must be sent to the reviewing Institutional Review Board 
(IRB) per their policies. The site investigator is responsible for knowing and adhering to the reviewing 
IRB requirements.  
 
[Do protocol deviations also need to be reported to USAMRMC ORP HRPO?] 
 
10.1.11  PUBLICATION AND DATA SHARING POLICY 
 
Following completion of the study, the Investigator may publish the results of this research in a scientific 
journal. The law (FDAAA/Final Rule) requires registration of this study, as well as results reporting, at 
ClinicalTrials.gov. Additionally, the International Committee of Medical Journal Editors (ICMJE) guidelines 
require registration of this trial as a condition of publication. It is the responsibility of the Responsible 
Party as defined by FDAAA to register this trial at ClinicalTrials.gov. 
 

 
10.1.12  CONFLICT OF INTEREST POLICY 
 
The independence of this study from any actual or perceived influence, such as by the pharmaceutical 
industry, is critical.  Therefore, any actual conflict of interest of persons who have a role in the design, 
conduct, analysis, publication, or any aspect of this trial will be disclosed and managed. Furthermore, 
persons who have a perceived conflict of interest will be required to have such conflicts managed in a 
way that is appropriate to their participation in the design and conduct of this trial. 

 

10.2  ADDITIONAL CONSIDERATIONS  
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10.4  PROTOCOL AMENDMENT HISTORY 
The table below is intended to capture changes of IRB-approved versions of the protocol, including a 
description of the change and rationale. A Summary of Changes table for the current amendment is 
located in the Protocol Title Page.  
 

Version Date Description of Change  Brief Rationale 
    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

 



 

 kk 

 

Post-Ablation Space Maintenance in the Secondary Reconstruction of Mandibular Defects  Version 2.0 
Protocol # TBD 02 January 2018 

 
31 

11  REFERENCES  
1. Cheung LK, Samman N, Tong AC, and Tideman H. Mandibular reconstruction with the Dacron urethane 
tray: a radiologic assessment of bone remodeling.  J. Oral Maxillofac. Surg. 1994 Apr;52(4):373-80. 
2. Schrag C, Chang YM, Tsai CY, Wei FC. Complete rehabilitation of the mandible following segmental 
resection. J. Surg. Oncol. 2006 Oct 23;94(6):538-45. 
3. Komisar A, Warman S, Danziger E. A critical analysis of immediate and delayed mandibular 
reconstruction using A-O plates. Arch. Otolaryngol. Head Neck Surg. 1989 July;115(7):830-3. 
4.Sadr-Eshkevari P, Rashad A, Vahdati SA, Garajei A, Bohluli B, Maurer P. Alloplastic mandibular 
reconstruction: a systematic review and meta-analysis of the current century case series. Plast. Reconstr. 
Surg. 2013 Sept;132(3):413e-27e. 
5. Henslee AM, Spicer PP, Shah SR, Tatara AM, Kasper FK, Mikos AG, Wong ME. Use of porous space 
maintainers in staged mandibular reconstruction. Oral Maxillofac. Surg. Clin. North Am. 2014 
May;26(2):143-9. 
6. Shah SR, Tatara AM, Lam, J, Lu S, Scott DW, Bennett GN, van den Beucken JJJP, Jansen JA, Wong ME, 
Mikos AG. Polymer-based local antibiotic delivery for prevention of polymicrobial infection in 
contaminated mandibular implants. ACS Biomater. Sci. Eng. 2016 March 14;2(4):558-66. 
7. Pinto PW. Cardiovascular collapse associated with the use of methylmethacrylate. AANA J. 1993 
Dec;61(6):613-6. 
8. Goon ATJ, Bruze M, Zimerson E, Goh CL, Koh DSQ, and Isaksson M. Screening for 
acrylate/methacrylate allergy in the baseline series: our experience in Sweden and Singapore. Contact 
Dermatitis. 2008 Nov;59 (5):307-13. 
9. Muroi N, Nishibori M, Fujii T, Yamagata M, Hosoi S, Nakaya N, Saeki K, and Henmi K. Anaphylaxis from 
the carboxymethylcellulose component of barium sulfate suspension. N. Engl. J. Med. 1997 Oct 
30;337(18):1275-7. 
10. Vehof JWM, Fisher JP, Dean D, van der Waerden J-PCM, Spauwen PHM, Mikos AG, Jansen JA. Bone 
formation in transforming growth factor b-1-coated porous poly(propylene fumarate) scaffolds. J. 
Biomed. Mater. Res. 2002 May;60(2):241-51. 
 
 
 


