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ABSTRACT 

Antibiotic-releasing Porous Poly(methyl methacrylate) for 
Space Maintenance and Infection Prevention in Large Bone 

Defects 

by 

Sarita R. Shah 

 Large tissue defects in the mandible or long bones resulting from trauma or 

pathology present many challenges to tissue engineers attempting to regenerate lost tissue. 

These defects present anatomical challenges to regeneration as well as complicating 

factors, primarily infection. Because infection is a common and debilitating complication, 

we sought to develop an antibiotic-releasing porous space maintainer as part of a two-stage 

reconstructive approach that can support the preservation and optimization of large bone 

defects to facilitate later reconstruction. These porous space maintainers comprise a bulk 

phase of non-degradable poly(methyl methacrylate) (PMMA) made porous with an 

aqueous gel porogen. High local concentrations of antibiotic can be achieved by 

incorporation of drug into the space maintainer and release kinetics can be modified by 

utilizing different materials for release.  

 In this thesis, we first present the development of poly(lactic-co-glycolic acid) 

(PLGA) microparticles as a platform for the controlled release of multiple types of 

antibiotic. We demonstrate in the first specific aim that antibiotic physicochemical 

properties can be used to infer general loading efficiency and release kinetics, providing 

guidance for efficient decision-making regarding antibiotics suitable for delivery via 

PLGA microparticles. The second objective of this work was to evaluate antibiotic-loaded 

porous space maintainers in vivo with regards to the effect of antibiotic dose and release 

kinetics on bacterial clearance and tissue healing in the craniofacial region using an 

infected rabbit mandibular defect model. The results from in vitro evaluation demonstrate 

that the release of antibiotics from porous space maintainers can be controlled by 



	

 

incorporating PLGA microparticles. Furthermore, in vivo evaluation shows that antibiotic 

dose and release kinetics affect the regeneration of local tissues and that these effects may 

be unique to each antibiotic type, highlighting the importance of evaluating tissue response 

to antibiotic-releasing constructs in addition to antimicrobial efficacy. In the third specific 

aim, we evaluated the effects of bacterial contamination and local clindamycin delivery on 

bacterial clearance and the regenerative potential of an induced in an infected rat femoral 

defect model. The results from this specific aim demonstrated that local antibiotic delivery 

influences the gene expression profile of local regenerating tissues and therefore can be 

leveraged for its effects on host tissues as well as its antimicrobial properties. Finally, we 

anticipated the future use of space maintainers for one-stage reconstruction. The 

degradable polymer poly(propylene fumarate) (PPF) was evaluated as a candidate for a 

degradable antibiotic-releasing porous space maintainer. The results from this study 

demonstrate that fabrication parameters such as polymer-to-crosslinker ratio and the 

percent incorporation of PLGA microparticles can be modified to tune the properties of 

antibiotic-releasing degradable space maintainers suitable for one-stage reconstruction.  

 The overall goal of this work was to develop antibiotic-releasing porous space 

maintainers as a strategy to support the reconstruction of contaminated bone defects at risk 

of infection. Through this thesis, we have demonstrated that local antibiotic delivery is a 

promising strategy for preventing the progression of contamination to infection and that 

antibiotic dose and release kinetics can be further leveraged to alter local tissue response.   
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Chapter 1 

Objectives 

Overview 

 Tissue engineering holds great promise in addressing the challenges involved in 

reconstructing large bone defects. Not only do large bone defects present an inherent 

limitation to healing, infection from both endogenous and exogenous sources can further 

derail the healing process and therefore presents one of the most pressing complications in 

the successful translation of tissue engineering strategies. Given the regulatory climate and 

relatively low supply of new antibiotics on the market today, Food and Drug 

Administration (FDA)- approved antibiotics and products must be leveraged to enhance 

both tissue regeneration and infection prevention. By using FDA-approved products or 

component of FDA approved products, the technology developed in this project may be 

available more quickly to address clinical needs in the near future. 

 The overarching goal of this work is to develop and evaluate antibiotic-releasing 

porous poly(methyl methacrylate) (PMMA) space maintainers to prevent and treat 

infectious complications occurring in patients undergoing staged mandibular or orthopedic 

reconstruction. The objectives include the development of a platform for the controlled 

delivery of antibiotics and in vivo evaluation of the antibiotic-releasing constructs in 

infected animal models of mandibular and orthopedic defects.  
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Specific Aim 1: Degradable Polymer Microparticles for Controlled Release of 

Antibiotics  

In this specific aim, a platform for the controlled delivery of antibiotics from biodegradable 

polymer microparticles was developed and characterized.   

Study 1.1: Effects of antibiotic physicochemical properties on their release 

kinetics from biodegradable polymer microparticles  

Several antibiotics of different classes were incorporated into poly(lactic-co-

glycolic acid) (PLGA) microparticles and release kinetics evaluated in order to 

determine whether antibiotic physicochemical properties affect drug loading and 

release kinetics. The efficacy of incorporated antibiotic was also verified. 

Specific Aim 2: Antibiotic-releasing Porous Space Maintainers for Contaminated 

Mandibular Defects 

In this specific aim, antibiotic-releasing porous space maintainers were evaluated in a 

composite tissue rabbit mandibular defect to determine the efficacy of the constructs with 

regards to preventing the development of infection from either exogenous or endogenous 

bacterial pathogens. The effects of antibiotic dose and release kinetics on local tissue 

healing and host tissue response were also investigated.  

Study 2.1: Evaluation of antibiotic releasing porous poly(methyl methacrylate) 

space maintainers in an infected composite tissue defect model 

Colistin-loaded porous PMMA space maintainers were implanted in a rabbit 

mandibular defect inoculated with the exogenous pathogen Acinetobacter 

baumannii in order to evaluate the effects of dose and release kinetics on soft 

tissue regeneration, tissue response, pathogen clearance, and kidney function. 

This pathogen and antibiotic combination was chosen for its relevance to military 

populations. 
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Study 2.2: Polymer-based local antibiotic delivery for prevention of 

polymicrobial infection in contaminated mandibular implants 

Clindamycin-loaded porous PMMA space maintainers were implanted in a rabbit 

mandibular defect inoculated with the endogenous pathogen Prevotella 

melaninogenica in order to evaluate the effects of dose and release kinetics on 

soft tissue regeneration, tissue response, bony bridging, and clearance of 

inoculated pathogen. This pathogen and antibiotic combination was chosen for its 

relevance to polymicrobial infection seen in both military and civilian 

populations. 

Specific Aim 3: Antibiotic-releasing Porous Space Maintainers for Contaminated 

Orthopedic Defects 

In this specific aim, space maintainers were translated into orthopedic defects inoculated 

with exogenous bacteria in order to evaluate the efficacy of sustained release formulations 

on the prevention of infection and the development of an osteogenic induced membrane. 

Study 3.1: Antibiotic-releasing porous space maintainers for the induction of 
osteogenic membranes in infected bone defects 

Clindamycin-loaded porous PMMA space maintainers were implanted into a 

large femoral defect in rats and inoculated with Staphylococcus aureus and 

evaluated for pathogen clearance at 28 days. The effects of infection and 

antibiotic delivery on the regenerative potential of the induced membrane around 

the PMMA space maintainer were also evaluated by quantitative polymerase 

chain reaction (qPCR). 

Specific Aim 4: Modifications of Antibiotic-releasing Porous Space Maintainers 

In this specific aim, a potential future direction of the antibiotic-releasing space maintainer 

is explored. PMMA is a non-degradable material that requires a second stage removal. To 

achieve a single stage reconstruction, the use of the degradable polymer PPF was evaluated 

in vitro. 
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Study 4.1: Degradable, antibiotic-releasing poly(propylene fumarate)-based 

constructs for craniofacial space maintenance 

Porous PPF constructs were loaded with colistin- and clindamycin-loaded PLGA 

microparticles. The effects of polymer-to-crosslinker ratio, percent loading of PLGA 

microparticles, and drug dose on mass loss, porosity, and release kinetics were evaluated. 
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Chapter 2 

Management of Craniomaxillofacial Bone 
Defects 

Craniomaxillofacial injuries 

 Injuries to the craniofacial complex can present several challenges to reconstruction 

due to its unique anatomy. The anatomy of the CMF area is extraordinarily complex, 

consisting of many types of tissue in close approximation. Skin, muscle, bone, teeth, 

sensory tissue, glands, and oral mucosa can all be damaged simultaneously in severe 

penetrating and perforating wounds. In addition, the craniomaxillofacial (CMF) skeleton 

is responsible for protecting important organs such as the brain and parts of the respiratory 

tract.  

 The mandible is one of the most commonly injured bones of the CMF complex, 

likely due to its prominence and relative lack of support [1]. The mandible serves 

aesthetically as the defining portion of the lower third of the face and functionally as an 

important site for the insertion of teeth and for the attachment of mastication and speech 

muscles. Injuries to the mandible are particularly complex due to the need to maintain a 

patent airway and the presence of bacteria-laden saliva. Infection is a major concern in 

injuries to the lower face due to endogenous bacteria in the mouth and neighboring 

structures, such as the sinuses and nasal passages [2, 3]. Mandibular and maxillofacial 
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injuries are particularly at risk of infection when combined with other factors, such as 

foreign debris as might occur in the case of explosions or gunshot wounds [4, 5], or 

irradiation after resection due to cancer [6].   

Management and reconstruction of CMF injuries 

 The management of CMF injuries, particularly in the mandibular area, is complex 

due to the many structures and types of tissue in the CMF area [7]. The primary concern 

with penetrating CMF/mandibular injuries is securing a stable airway, followed by 

stabilization of the cervical spine, control of blood loss, stabilization of the mandible, pain 

management, and administration of antibiotics. Severely comminuted fractures are at 

particular risk of infection due to compromised soft tissue and bacteria-rich saliva. Primary 

repair of mandibular defects with bone graft is not recommended due to resorption of the 

graft and the high likelihood of infection [8]. In certain cases, immediate reconstruction 

may be considered. For examples, in patients with mandibular defects due to benign 

neoplasms such as ameloblastoma, immediate reconstruction may offer improved quality 

of life from the perspective of mastication, speech, aesthetics, and cost [9]. Recent literature 

also indicates that there may be a benefit to immediate reconstruction if vascularized free 

tissue is available. However, patients must be carefully selected for immediate 

reconstruction in order to maintain a good long-term outcome.   

 Delayed reconstruction has typically been recommended in order to allow the 

wound site to optimize for later definitive reconstruction [8]. Definitive repair of 

mandibular continuity defects can be delayed for months to allow healing of more serious 

or emergent injuries and to prepare the donor and recipient sites for flap or graft transfer. 

In a two-stage repair, the bone void volume can be maintained with the use of an alloplastic 

space maintainer. This space maintainer prevents soft tissue collapse and scarring within 

the defect, both of which can complicate reconstruction and prevent restoration of normal 

architecture. In addition, the space maintainer can be used to prime the site for 

reconstruction through the generation of an induced membrane with osteogenic potential 

[10].  
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Vascularized Bone Flaps  

 Vascularized bone flaps have been used extensively with excellent results in 

restoration of function and aesthetics [11]. The fibula flap is considered the gold standard 

for vascularized flap transfer for mandibular defects, as the fibula provides an extensive 

amount of bone (up to 25 cm) with a lengthy pedicle of up to 15 cm derived from the 

peroneal artery. Additionally, skin and parts of the soleus or flexor hallicus longus muscle 

can be transferred with the bone to aid in reconstruction of soft tissue defects. In a 10-year 

follow-up study of vascularized fibula flap transfers, 70% of patients were able to tolerate 

a normal diet, 85% had intelligible speech, and bony height was maintained in 92-93% of 

cases [12]. The radial forearm osteocutaneous flap also has many uses in craniofacial 

reconstruction due to its large supply of mobile soft tissue especially suitable for 3D 

molding, which is a significant obstacle in the repair of craniofacial defects. However, its 

use as a bone donor site is limited since harvest is restricted to 30% of the circumference 

of the radius in order to prevent later fracture. While there are obvious benefits in terms of 

functional and aesthetic outcomes, there are also some drawbacks to the use of flaps. 

Microvascular surgeries are technically demanding, requiring both specialized personnel 

and equipment, and the technique is not without complications. Flap transfers can be 

complicated by infection and dehiscence despite the presence of an adequate blood supply. 

In a study of 137 oncologic patients who underwent either radial forearm or fibula free flap 

transfers to the mandible, 8% of patients experienced infection and 8% experienced 

exposure of either bone or hardware [13]. Perhaps most importantly, the patient must be a 

suitable candidate for flap transfer, with adequate tissue at the donor site and intact 

vasculature for anastomosis at the recipient site. In circumstances where a viable flap is not 

available, non-vascularized options must be considered as well [14].  

 

Non-vascularized Bone Grafts  

 Grafting involves the transfer of tissue from a donor site to a recipient site without 

the transfer of an associated blood supply. For reconstruction of the mandible, grafts are 

most often taken from the anterior iliac crest and used in small (<6 cm) defects of the lateral 
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mandible [11]. Autologous bone grafts can also be associated with significant 

complications. In a study of 74 patients treated with non-vascularized bone grafts, van 

Gemert et al. reported that 35% of patients experienced recipient site complications, all 

related to infection, with the most common complication being dehiscence [15]. Donor site 

complications occurred in 7% of patients [15]. A direct comparison of mandibular defects 

treated with vascularized bone flaps versus non-vascularized bone grafts showed bony 

union in 96% of flaps compared to 69% of grafts (p<0.001) [16].  

 

Tissue Engineering Strategies 

 Growth factors Clinically-relevant tissue engineering strategies for mandibular 

repair currently involve the use of growth factors, primarily bone morphogenetic proteins. 

Bone morphogenetic protein-2 (BMP-2) has been delivered locally in a collagen carrier 

with or without bone graft and shown to be successful in regenerating bone [17, 18]. Of 

note, in a study by Herford et al., the oral mucosa was tented superiorly by either a minibar 

or titanium mesh in order to leave room for bone to grow, indicating that space maintenance 

is a necessary consideration when evaluating definitive repair strategies even when 

utilizing potent growth factors. A phase II randomized controlled trial of BMP-2 delivery 

via an absorbable collagen sponge for alveolar ridge augmentation and maxillary sinus 

floor augmentation demonstrated that recombinant human BMP-2 induces bone formation 

similar to bone graft, without the need for a donor site [19]. Another protein from the same 

family, bone morphogenetic protein-7 (BMP-7), has been mixed with demineralized bone 

matrix and implanted into large mandibular defects as well. Data from ten patients show 

that segmental defects can be regenerated with good functional and aesthetic results in 

approximately 1 year [20]. However, BMP is not without its issues. These growth factors 

are expensive, and using autograft from a donor site may sometimes be the more 

economical choice. Recent studies have often reported adverse events after rhBMP-2 

therapy for oral and maxillofacial applications, including graft failure, pseudoarthrosis, and 

local reactions [21].  
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 In vivo bioreactors In vivo bioreactors using guided tissue regeneration have been 

tested in animals and published in human case reports [22-25]. This strategy utilizes a 

distant vascularized site with osteogenic potential, such as the rib periosteum or a BMP-7 

coated titanium mesh in the latissimus dorsi, to generate a vascularized flap for 

transplantation into a mandibular defect. This strategy has also been used without growth 

factors, instead leveraging either autograft or ceramic particles implanted against the 

periosteum of the rib in a custom chamber to generate a flap or graft of specific geometry 

[26]. This novel tissue engineering strategy has tremendous potential to address the need 

for autologous bone flaps while mitigating some of the complications associated with 

donor site morbidity, such as subsequent fracture.   

 

Etiology of infection in CMF injuries 

 CMF injuries from high velocity projectiles have a high rate of infectious 

complications, ranging from 19-27% [2, 27-29]. Resections in a controlled operative 

setting have lower infectious rates, but other factors such as previous radiation treatment 

can predispose a patient to subsequent infection [6]. Because infection has the ability to 

inhibit healing of tissues, it is important to consider the most likely causes of infection. 

Infections of mandibular bone are typically polymicrobial in nature, which is unsurprising 

given the diversity of bacteria found in the mouth. In tooth-bearing bone such as the 

mandible, involvement of the teeth can also lead to infection through the disruption of 

plaque. The second and third mandibular molar are the most common teeth involved in 

orofascial odontogenic infections [30]. Calhoun et al. evaluated sixty patients with 

mandibular osteomyelitis and found that 93% had polymicrobial infections, with an 

average of 3.9 organisms per patient [31]. Animal models of mandibular infection indicate 

that infections are most often polymicrobial in nature and eventually become dominated 

by endogenous anaerobic bacteria, even if the original inoculum was a different pathogen 

[32-34]. Species that are implicated in odontogenic osteomyelitis include Bacteroides, 

Prevotella, Peptostreptococcus, and microaerophilic Streptococcus [31]. In unique 

circumstances, such as combat wounds, unusual organisms may become relevant. 

Acinetobacter baumannii, although not a normal microbe of the oral flora, has been of 
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particular interest in military infections due to its prevalence in traumatic combat wounds 

[35]. 

 Infectious complications in the maxillofacial region are prevented and treated with 

intravenous (IV) antibiotics. Military guidelines, which are most relevant to high velocity 

wounds, recommend that injuries in the maxillofacial and neck regions be treated 

prophylactically with aggressive irrigation and debridement coupled with antibiotics, 

cefazolin 2 g IV (every 6 hours to 8 hours) or clindamycin (600 mg IV every 8 hours)  from 

post-injury until 24 hours post-surgical management [2, 36]. This recommendation is 

classed IC, a strong recommendation with low quality evidence. When infection is 

diagnosed in the maxillofacial area, the following procedure is implemented: incision and 

drainage of pus; debridement of foreign bodies and necrotic tissue; fracture stabilization; 

and institution of antibiotics [2]. Antibiotics are given IV for 10-14 days, or 2-3 days post-

closure of the wound [2]. Osteomyelitis of the mandible is treated with 6 weeks of IV 

antibiotics [2]. Institution of antibiotic therapy works well in most cases, but refractory 

cases can occur due to the rising prevalence of antibiotic-resistant organisms. Additionally, 

wounds that have dehisced and remain in intraoral communication may continue to be 

inoculated by the oral flora. The dosage of antibiotics that reaches the infected area is also 

difficult to determine and may be inadequate if the vascularity in the affected tissue is 

compromised. Surgeons may implant antibiotic-impregnated PMMA beads that release 

antibiotic locally in order to circumvent vascularity issues and increase local tissue 

antibiotics concentrations [37]. Some clinical-grade bone cements come with pre-mixed 

antibiotic/polymer powder mixtures that contain broad-spectrum antibiotics such as 

gentamicin (DePuy Orthopaedics, Warsaw, IN) or tobramycin (Stryker Orthopaedics, 

Kalamazoo, MI). These beads can be used to maintain a sterile dead space and are removed 

before definitive repair. However, due to hydrophobicity and lack of significant porosity, 

release occurs in an early burst followed by negligible release and most of the antibiotic 

remains trapped within the PMMA [38]. 

Animal models of mandibular infection 

 Animal models are a critical component in the evaluation of therapies for address 

the regeneration of mandibular bone in the setting of infection. Animal models that 
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represent post-traumatic bone loss and subsequent osteomyelitis in the mandible are 

relatively uncommon [39]. While rats are an economical model, there are clear limitations 

from a biomaterials perspective due to size limitations. However, a model for 

hematogenous mandibular osteomyelitis model using Staphylococcus aureus has been 

established in Wistar rats, with a 60% infection rate in untreated controls [40].  Rabbits are 

larger and are more relevant to tissue engineering applications due to the ability to implant 

larger scaffolds and manipulate larger volumes of tissue. Triplett et al. developed a model 

of odontogenic osteomyelitis in the mandible of rabbits by inoculating a fracture with 

Prevotella melaninogenica [33]. All ten rabbits in the study had developed infection at the 

end of 12 weeks. Interestingly, inoculation of S. aureus in the same model resulted in 

osteomyelitis in only 20% of rabbits. Another group was able to develop a rabbit model of 

S. aureus osteomyelitis by injecting a sclerosing agent into the medullary cavity of the 

mandible [41]. Pigs, an animal frequently used in dental research, have also been explored 

as a suitable animal model of mandibular osteomyelitis. Patterson et al. inoculated 

mandibular defects in Yucatan miniswine with S. aureus in combination with a sclerosing 

agent and sealed the defects with either PMMA or bone wax [34]. At 8 weeks, all animals 

developed clinical signs of mandibular osteomyelitis, and the animals that received bone 

wax were more likely to culture S. aureus than the animals that received PMMA in the 

trephine hole. Furthermore, mixed aerobic and anaerobic bacteria were also recovered from 

some animals in spite of the fact that these oral pathogens were not intentionally inoculated 

[34]. 

Conclusions 

 CMF injuries, mandibular injuries in particular, are challenging to address due to 

the unique anatomy and physiology of the area. Different reconstruction techniques and 

tissue engineering strategies have been developed to address the regeneration large osseous 

defects in the CMF complex, but infection is a serious concern that can prevent those 

strategies from success. Aggressive antibiotic therapy is warranted for high risk injuries, 

but systemic antibiotics can cause undesirable side effects. Local release strategies, such 

as antibiotic-loaded PMMA, can ensure high local concentration of antibiotics, and should 

be tested in suitable animal models of mandibular osteomyelitis.  
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Chapter 3 

Perspectives on the Prevention and 
Treatment of Infection for Orthopedic Tissue 

Engineering Applications1 

Abstract 

The emergence of orthopedic tissue engineering devices as viable clinical solutions 

demands that the field address significant clinical complications associated with the 

implantation of foreign materials in the body, especially infection.  While tissue 

engineering has focused on the development of methods to regenerate and repair, until 

recently there has been a relative dearth of literature regarding the intersection of tissue 

engineering and infection. In particular, local delivery of antimicrobials has long been of 

clinical interest, but only recently has that been translated into the realm of tissue 

engineering. In this perspective, we briefly review major modes of local delivery for 

infection prevention and treatment and discuss possible strategies for preventing implant-

associated infections.

																																																								
1 This chapter was published as S.R. Shah, F. K. Kasper, and A.G. Mikos, “Perspectives 
on the Prevention and Treatment of Infection for Orthopedic Tissue Engineering 
Applications,” Chi Sci Bull,  
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Introduction 

In recent years, the field of tissue engineering has made great strides in the 

development of implantable materials to aid in the repair and regeneration of defects due 

to pathology or injury. However, infectious complications remain a significant source of 

morbidity, and even mortality, in patients receiving implants of any kind, and infection 

rates have remained stable over the past decades. The infection rate in total hip and knee 

replacements, a procedure that surgeons have extensive experience with and that is 

performed in a sterile surgical field, is still 1-2%, and the consequent treatment and removal 

can cause considerable morbidity [42, 43]. Patients experience pain, loss of productivity, 

and decrease in quality of life, and the cost of device-related infection is estimated to be 

over $1 billion annually [44]. As orthopedic tissue engineering implants become more 

clinically implemented, it is reasonable to expect that they will face similar challenges with 

respect to infectious complications.  

 The interaction between bacteria and implanted biomaterials has long been known 

and researched, but methods to deal with implant-associated infections remain limited. In 

1987, Anthony Gristina coined the phrase “race for the surface” to describe the competition 

between cells and bacteria for colonization of a surface [45]. Bacteria are inherently 

favored in this race, given their natural ability to colonize both biological and non-

biological surfaces. Implants that fail to integrate with the host tissue are particularly 

vulnerable to hematogenous seeding from distant infection sites over the entire lifetime of 

the implant. In addition, when free-floating planktonic bacteria adhere to a surface, they 

can form biofilms, a hardy microenvironment consisting of proteins, extracellular DNA, 

and polysaccharides that allow bacteria to adhere to surfaces, modulate host immune 

response, and enter a quiescent state of lower metabolic activity while providing protection 

against antimicrobial agents [46]. Biofilms pose a considerable threat to implants in both 

the acute and chronic setting, as delayed infections can be seen several years after 

implantation [47]. Ideally, implanted materials would be toxic specifically to bacterial 

cells, prevent the adhesion of bacteria, block the phenotypic changes between planktonic 

and surface-adhered bacteria that result in biofilm formation, and promote host tissue 

integration to prevent future colonization with bacteria. While the problems presented by 
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implant-associated infection are well known, there is still a marked lack of progress in the 

area of suitable antimicrobial materials and coatings. Compounding the problem, the 

United States faces rising rates of antibiotic-resistant bacterial strains in conjunction with 

decreasing rates of new antimicrobial drug discovery and marketing [48].  

Tissue engineers face several challenges in regards to implant-associated infection: 

1) develop antimicrobial or drug-delivering materials to treat infection while minimizing 

antibacterial resistance, 2) combat the growth of biofilms on the implant, and 3) adapt to 

the emergence of antibiotic-resistant strains.  

 

Clinical significance and management 

Infection is known to inhibit healing in several tissue types, including bone, 

gastrointestinal epithelium, and cutaneous epithelium [49-51].  Physiologic wound healing 

in response to injury occurs in four sequential and timed phases: hemostasis, inflammation, 

proliferation and repair, and remodeling. Rapid hemostasis occurs via formation of a fibrin 

clot to control bleeding. The injured tissue then recruits inflammatory cells through release 

of pro-inflammatory cytokines and growth factors, resulting in the sequential infiltration 

of neutrophils, macrophages, and lymphoctyes. Neutrophils play a critical role in 

controlling infection during this stage through production of reactive oxidative species, 

while macrophages clear pro-inflammatory debris. After damaged and necrotic tissue has 

been cleared, the defect is repaired through cell proliferation and synthesis of extracellular 

matrix. Finally, the repaired tissue enters the remodeling phase, in which the new tissue is 

modified to approximate normal architecture and strength as closely as possible [52]. 

Microbes derail normal wound healing by inducing the affected area to remain in the 

inflammatory phase for a prolonged period of time. If neutrophils are deficient or 

inadequate to clear bacteria, the presence of bacterial toxins such as lipopolysaccharide 

(LPS) can induce prolonged and elevated levels of pro-inflammatory cytokines such as 

interleukin-1 (IL-1) and and tumor necrosis factor alpha (TNF-α) [52]. Recent studies have 

shown that the principal causative organism for osteomyelitis, Staphylococcus aureus, is 

capable of upregulating production of several pro-inflammatory cytokines and inducing 

resorption of bone through receptor activator of nuclear factor kappa-B ligand (RANKL)-
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mediated osteoclastogenesis, resulting in delayed or non-union of the fracture [49, 53]. 

Similarly, formation of bacterial biofilms in a cutaneous wound has been shown to result 

in non-healing in a murine model [51]. Interestingly, the wounds were able to re-

epithelialize if the biofilms were disrupted [51]. Though the mechanisms by which 

infection inhibits healing are just beginning to be elucidated, it is obvious that tissue 

engineering strategies will fail without adequate prevention and treatment of infection.  

Currently, orthopedic infections are treated with systemic antibiotics, delivered 

either orally or parenterally. Systemic antibiotics can be supplemented with antibiotics 

delivered locally through surgically implanted PMMA beads. Surgical irrigation and 

debridement can also be attempted. Pre-clinical animal studies show that early irrigation 

and debridement, especially in concert with antibiotics, may prevent infection, but clinical 

studies show that the failure rate of this approach is high if the site is already infected [54-

57]. If the infection is persistent, removal or replacement of the implant becomes necessary. 

Implant failure due to infection leaves both the patient and physician in a difficult situation: 

either the implant will not be replaced or a new implant must be placed in a contaminated 

area. Solutions to this problem must be two-fold: development of materials that deter initial 

infection from taking place and materials that are capable of treating already existing 

infection. Local delivery of antimicrobial drugs and development of antimicrobial and 

antibiofilm materials appears to be a promising approach that has undergone significant 

evolution in the past twenty to thirty years. In this perspective, we will discuss the major 

modes of delivery that have emerged as possible solutions to the problem of infection at 

implant sites. 

 

Current Research in Infection 

Local antibiotic delivery  

 Local delivery of antibiotics is an attractive option for the prevention of infection 

for many reasons. First, a large dose of antibiotics can be delivered directly to the site of 

infection, circumventing the need for areas with good blood flow. This is of particular 

benefit in patients with diabetes, vasculopathy, or severe trauma. Second, antibiotic 
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concentration in the infected area is more likely to be in the therapeutic range, reducing the 

chance of breeding antibiotic resistant strains. Third, systemic side effects are reduced or 

eliminated since antibiotics should not reach high serum concentrations. Considerations 

that are important when evaluating the utility and desirability of a delivery system include 

delivery kinetics and toxicity of the agent locally. Generally, sustained release in the 

therapeutic range for an antibiotic/bacterial species combination is desired in order to guard 

against infection until native vascularity can be restored. Although high concentrations are 

useful for treatment, antibiotics can also be toxic to mammalian cells. Rathbone et al. 

demonstrated in vitro that several antibiotics commonly used for local delivery in 

osteomyelitis are toxic to osteoblasts [58].  Though there are clear benefits of local 

delivery, there is not yet a consensus on the optimal strategy or material that should be 

employed.  

 Both natural and synthetic materials have been investigated as potential local 

delivery vehicles. Natural polymers such as collagen and chitosan are simply and rapidly 

loaded by soaking them in a solution of the desired antibiotic. Collagen and chitosan both 

deliver antibiotics in a rapid “burst” and release is normally complete within 4 days [59, 

60]. These short-duration release kinetics may not be appropriate for surgically implanted 

delivery vehicles, but they may be useful for cutaneous applications, such as infection 

control for burn wounds [61].  

 Antibiotic-impregnated PMMA beads have been used clinically to deliver 

antibiotics locally for at least 30 years [38]. They are fabricated at the time of implantation 

by mixing the desired antibiotic with PMMA and forming the resulting mixture into beads. 

The “standard” formulation is 1g antibiotic mixed into a 40g package of bone cement, 

although this ratio can be altered. These beads have the advantage of clinical familiarity, 

and in vivo studies have indicated that they are effective at eradicating acute infections in 

long bones [62]. In addition, the antibiotic is easily varied based on the most likely 

pathogen. However, since PMMA is hydrophobic and non-biodegradable, water does not 

swell the material to release antibiotics, and antibiotics incorporated into the interior of the 

bead may not be released. Antibiotic release from PMMA may be as low as 25% to 50% 

of total incorporated antibiotic. Release kinetics are widely variable between drug classes, 

and only clindamycin and vancomycin can be eluted at therapeutic levels at 28 days [38]. 
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Since PMMA is non-biodegradable, a second surgery is required to remove the beads once 

antibiotic elution has stopped. Recent studies have also shown that bacterial biofilms can 

persist on antibiotic-eluting cement beads when implanted into infected areas [63]. In light 

of these issues, biodegradable materials have been investigated as possible antibiotic 

carriers. 

Calcium sulfate is a resorbable ceramic material that has been studied as an 

antibiotic carrier.  Similar to PMMA, these beads are fabricated by incorporating the 

antibiotic into a calcium sulfate kit, so the antibiotic can be varied easily.  Tobramycin 

release has been shown to occur at least up to 14 days, but levels are sub-therapeutic by 28 

days [64]. Resorption time from different studies varied from 1 month to 6 months and can 

be somewhat tuned by varying the density of calcium sulfate crystals [38]. Studies on the 

efficacy of calcium sulfate as a drug-delivery vehicle are widely varied. A 2010 study 

shows that calcium sulfate pellets are highly efficacious, with resolution of osteomyelitis 

in all patients followed [65]. However, a 2009 retrospective study on the use of antibiotic-

loaded calcium sulfate in combat-related open fractures was less positive, with a 22% rate 

of osteomyelitis, a 25% rate of heterotopic ossification in patients whose limbs were not 

eventually amputated, and over half of patients experiencing sterile draining sinuses [66]. 

However, in comparison to PMMA, calcium sulfate is a more appropriate vehicle for tissue 

engineering applications since it is resorbable and osteoconductive. Unfortunately, calcium 

sulfate lacks sufficient mechanical strength to act as a bone scaffold, and the resorption 

rate of calcium sulfate may be too fast for bone regeneration.  

Biodegradable polymers such as poly(lactic acid) (PLA) and PLGA have also been 

used to locally deliver antibiotics. Unlike PMMA and calcium sulfate, these polymers can 

be used in several different forms, including coatings, microspheres [67], and electrospun 

fibers [68]. Release of antibiotics from PLGA microspheres, in particular, has been well-

characterized, and encompasses many different classes of antibiotics such as vancomycin 

[69], nafcillin [70], colistin [67], tobramycin [71], and ciprofloxacin [72]. Antibiotic-

loaded PLGA microspheres are a promising vehicle for local delivery given the 

biodegradable nature and biocompatibility of PLGA as well as its desirable release kinetics. 

The release kinetics of antibiotics from microspheres are characterized by a burst release 

followed by slow release and a possible smaller, late burst. However, the release kinetics 
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are altered to a tri-phasic release if the microspheres are incorporated into a PMMA 

construct [67].  

Biodegradable microspheres present an interesting solution to the problem of 

antibiotic delivery for tissue engineering applications. Of the vehicles discussed thus far, 

degradable microspheres are unique in that they can easily be incorporated into constructs 

of other materials that are capable of bridging to the regeneration of native tissue. Bioactive 

factors such as vascular endothelial growth factor and bone morphogenetic protein-2 have 

been successfully incorporated into and released from biodegradable microspheres as well 

[73, 74]. Composite scaffolds could serve multiple functions, such as combining antibiotic 

and growth factor delivery through biodegradable microspheres, and mechanical stability 

and promotion of tissue growth through the bulk material. 

 

Alternatives to conventional antibiotics 

Although this review has thus far focused on the use of biomaterials as antibiotic 

carriers for tissue engineering applications, discussion of local antimicrobials would be 

incomplete without mention of alternative antimicrobial methods. As mentioned earlier, 

the development of microbial resistance to conventional antibiotic therapy continues to be 

a major clinical challenge [48]. To address this serious issue, research into alternative 

antimicrobials has gained traction in both historically important areas such as silver 

compounds and newer areas, such as nanoparticle formulations and novel synthetic 

antimicrobial peptides.  

Silver has been an important antimicrobial since ancient times, when it was most 

likely used for chronic wounds and ulcers [75]. It has remained a relevant antimicrobial, 

now being used for burn treatment, catheter coatings, and dental work [75-77]. Silver 

causes microbial death by penetrating the cell wall or membrane and interfering with cell 

replication and respiration [75, 78]. There are several topical formulations of silver used 

clinically, such as silver nitrate and silver sulfadiazine, but silver NPs are gaining 

popularity, even amongst other types of metal and metal oxide NPs, as an antimicrobial 

with far-reaching potential since they have been shown to be effective against bacteria, 

viruses, and eukaryotes [79]. Silver NPs have been used as a local antimicrobial in coatings 



	 	

 

19 

of medical devices, wound dressings, and textile fabrics [80]. Though silver NPs appear to 

be an attractive solution to the problem of antibiotic resistance, there are reports of silver-

resistant bacterial strains [77]. More importantly, plasmids that encode for silver resistance 

also have been shown to often encode antibiotic-resistance as well [81]. Increased use of 

silver NPs may lead to an increased selective pressure toward antibiotic-resistance bacterial 

strains through this genetic linkage.  

Antimicrobial peptides (AMPs) are short peptides about 20-50 residues in length 

that are found in many species of plants and animals, including humans [82]. These 

peptides are generally amphiphilic, allowing them to permeabilize bacterial membranes 

through a combination of electrostatic and hydrophobic interactions [82]. AMPs are also 

generally able to distinguish between mammalian and bacterial cell membranes due to the 

negative charge on bacterial membranes not seen with mammalian cells [82]. An example 

of a naturally occurring antimicrobial peptide is human lactoferrin 1-11 [83]. Synthetic 

analogues of these naturally-occurring peptides, such as arylamide foldamers, have been 

synthesized and shown to be effective against bacteria [82, 84]. There has been interest in 

local delivery of AMPs as an alternative to conventional antibiotics. Several studies have 

described local delivery of AMPs in vitro and in vivo via calcium phosphate carrier [83, 

85, 86].  These studies show that it is possible to incorporate and locally release AMPs 

while retaining antimicrobial activity, although broad-spectrum AMPs such as human 

lactoferrin 1-11 may not be as potent as conventional antibiotics such as gentamicin [44-

46]. Shukla et al. incorporated a different AMP, ponericin G1, into a degradable 

polyectrolyte multilayer film that has applications as coatings for medical devices and 

wound healing [87]. Controlled release over 10 days was achieved with tunable release 

profiles and retention of antimicrobial activity [87]. AMPs have recently become a popular 

alternative because it was previously believed that resistance to AMPs would be unlikely 

given that significant changes to the bacterial cell membrane would be required and these 

peptides have been present in bacterial environments for 108 years without evolution of 

significant resistance [88]. However, some evolutionary biologists have argued that 

bacteria would be able to evolve resistance mechanisms against these peptides when they 

are used therapeutically due to the creation of a circumstance in which there is selective 

pressure for resistant strains [89]. Recent research has shown that bacteria are able to 
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develop resistance in laboratory conditions and several mechanisms by which microbes 

can become resistant to AMPs have been elucidated [90, 91]. 

 

Antifouling agents 

As the importance of biofilm becomes increasingly recognized, more emphasis is 

being placed on the development of antifouling polymers and biofilm dispersal agents. 

Biofilms are capable of growing on the surface of implanted materials and have even been 

shown to survive on the surface of antibiotic-releasing biomaterials [63, 92]. As shown in 

Fig. 1, S. aureus is able to form biofilm even on antibiotic-releasing PMMA constructs.  

 

Figure 1. Staphylococcus aureus biofilm formation on vancomycin-loaded porous 

poly(methyl methacrylate) constructs at left) 100x and right) 400x. 

 

Biofilm dispersal agents can either inhibit the formation of biofilm or promote the 

detachment of biofilm bacteria. The dispersal of implant biofilms has several benefits for 

the patient. The dissolution of the biofilm prevents the implant from being a source of 

delayed infection, as bacteria can detach from the biofilm and seed distant sites. The surface 

of the implant also becomes more hospitable to native cells through lack of competition 

with bacteria, a distinct benefit when tissue integration is the goal. Additionally, since 



	 	

 

21 

biofilm-associated bacteria are known to be much more resistant to antibiotics than 

planktonic bacteria, forcing biofilm bacteria back into their metabolically active planktonic 

phenotype should decrease the local antibiotic concentration requirement. Several studies 

have shown that the minimum biofilm eradication concentration (MBEC) for bacteria in 

biofilm is 10-1000 times higher than the minimum inhibitory concentrations (MIC) for 

planktonic bacteria [93-95]. There is considerable interest in leverage antifouling 

compounds and materials to enhance the efficacy of antimicrobials.  

Cis-2-decenoic acid is a fatty acid messenger produced by Pseudomonas 

aeruginosa that has been shown to promote the degradation of biofilms and prevent biofilm 

formation in vitro. It has been shown to be effective at preventing the formation of biofilm 

by several bacterial species, such as Pseudomonas aeruginosa, Klebsiella pneumoniae, 

Proteus mirabilis, Streptococcus pyogenes, Staphylococcus aureus, and interestingly, the 

eukaryote Candida albicans [96]. Cis-2-decenoic acid appears to act as a diffusible 

signaling molecule that allows biofilm organisms to coordinate gene expression via cell-

cell communication. Jennings et al. demonstrated in vitro that antibiotics are more effective 

at preventing biofilm growth when combined with cis-2-decenoic acid [97]. Practically, 

cis-2-decenoic is challenging to incorporate into a sustained release local delivery vehicle 

since it is a fatty acid. Chitosan sponges have been investigated as a carrier due to their 

lipid-binding properties, but similar to antibiotic-loaded chitosan, this strategy is limited 

by short-lived release dominated by burst release kinetics.  

Zwitterionic polymers show promise as a novel type of coating that can combine 

antimicrobial action with non-fouling of implant materials. Cationic polymers are known 

to be toxic to microbes via interactions with the negatively charged plasma membranes of 

bacteria, although there is concern that these cationic polymers could be toxic host cell 

membranes as well [98, 99]. Another significant disadvantage of these polymers is that 

dead bacteria are retained through electrostatic interactions. Zwitterionic polymers are 

known to have non-fouling properties and have been used extensively to deter the 

attachment of bacteria and the growth of biofilms. Cheng et al. designed a switchable 

polymer that is toxic to bacteria on contact, then switches to a nonfouling zwitterionic 

coating to release the debris and maintain a non-fouled surface [100]. Tan et al. have also 

developed a chitosan derivative with a series of substituted quaternary ammonium groups 
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that can be loaded into PMMA to decrease fouling by antibiotic-resistant Staphylococcus 

aureus [101].  

D-amino acids have become increasingly popular as a signaling molecule for 

biofilm dispersal. Several studies have noted that D-amino acids can both prevent biofilm 

formation and enhance detachment [102-104]. D-amino acids are thought to be synthesized 

by biofilm bacteria when they reach a critical concentration in order to signal bacteria to 

detach and colonize a distant site, and the local concentration of D-amino acids necessary 

to signal bacteria to detach is on the micromolar order. The most studied D-amino acids 

for biofilm dispersal are D-tyrosine, D-leucine, D-methionine, and D-tryptophan. Each 

amino acid has a specific activity, but combinations of D-amino acids are found to be the 

most potent against biofilms [64]. D-amino acids are inexpensive and have great potential 

for incorporation into local delivery vehicles, contributing to their current prevalence in the 

literature.  

 

Conclusions 

The success of tissue engineering strategies will depend on their ability to 

adequately address infectious complications. Regeneration and repair of tissue cannot 

occur in the presence of infection, so an effective method of eradicating and preventing 

infections must be developed. The most robust strategies will address immediate infection 

and prevent later failure of the implant due to delayed infection by preventing biofilm 

formation. One method to achieve this is to develop local delivery vehicles for antibiotics 

and anti-biofilm agents that provide controlled, sustained release, do not themselves host 

biofilm formation, and can accommodate the emergence of new antibiotic.
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Chapter 4 

Infected Animal Models for Orthopedic 
Tissue Engineering2 

Abstract 

 Infection is one of the most common complications associated with medical 

interventions and implants. As tissue engineering strategies to replace missing or damaged 

tissue advance, the focus on prevention and treatment of concomitant infection has also 

begun to emerge as an important area of research. Because the in vivo environment is a 

complex interaction between host tissue, implanted materials, and native immune system 

that cannot be replicated in vitro, animal models of infection are integral in evaluating the 

safety and efficacy of experimental treatments for infection. In this review, considerations 

for selecting an animal model, established models of infection, and areas that require 

further model development are discussed with regard to orthopedic infections.

																																																								
2 This chapter is adapted from work published as A.M. Tatara*, S.R. Shah*, C.E. 
Livingston, and A.G. Mikos, “Infected animal models for tissue engineering,” Methods, 
84, 17-24 (2015). * indicates equal contribution 
* denotes equal contribution 



	 	
	

 

24 

Introduction 

While tissue engineering holds great promise in the restoration of normal structure 

and function in a variety of disease states, infection continues to remain a significant 

challenge for the field. Tissue engineering strategies classically involve cells (either 

implanted or recruited), a scaffold (synthetic or natural), and chemical signals (such as 

growth factors). Infection prevents normal healing and inhibits the success of tissue-

engineered constructs. The inflammatory environment caused by infection diminishes the 

natural capacity of tissue to heal and alters cellular phenotype [105]. Foreign objects, such 

as implanted scaffolds intended for cellular infiltration, may also act as a safe haven for 

bacteria and can result in pathogenic colonization [106, 107]. In addition, the regenerative 

effects of delivered growth factors, such as bone morphogenetic protein 2 (BMP-2), have 

been shown to be mitigated in patients with infection [18]. As a common complication 

associated with wounds and tissue defects, addressing infection is an increasingly 

important aspect of tissue engineering strategies.  

Due to the complex interactions between host and pathogen, in vitro systems cannot 

faithfully recapitulate conditions of infection and tissue healing. Therefore, there is a need 

for animal models which reflect tissue infection for evaluating tissue engineering 

strategies. There are many critical variables to consider when choosing a model of wound 

infection. In general, when choosing any animal model for tissue engineering, one must 

consider the size and nature of the tissue defect, the physiological and anatomical 

differences in wound healing between the model and human disease, ethics of animal 

experimentation, as well as pragmatic aspects such as costs and housing requirements. 

However, in the case of infected animal models, one must also consider factors such as the 

species of pathogen (type of inoculum), amount of pathogen (concentration of inoculum), 

inoculation vehicle, and how the course of infection should be monitored and validated. It 

is important to note that no animal model can completely recapitulate the human condition, 

especially in a complex disease state such as infection. As different animal models can 

reflect different aspects of the same disease, often multiple models (including non-

traditional models) are necessary to thoroughly explore a tissue engineering strategy before 
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approval for clinical trials [108]. This review will cover considerations when choosing an 

infected animal model as well as discuss established models available for orthopedic 

applications. 

Considerations in model selection 

When selecting or designing an infected animal model to evaluate a tissue 

engineering strategy, it is important to consider the host animal species and strain, the host 

animal defect, the pathogen species and strain, the inoculum concentration and vehicle, and 

many other factors specific to the disease state of interest. It is critical to fully explore 

previous infected animal models available in the literature and often necessary to conduct 

pilot studies to ensure an infection has been created that is self-sustaining but does not 

overwhelm the host. Highlighted below are some specific considerations that are broadly 

applicable for tissue engineering purposes. 

 

Host animal and defect 

Overall, general trends in animal species selection for tissue defects hold true for 

infected defects. For the purposes of this review, smaller species include mice, rats, and 

rabbits. Larger species include pig, goat, sheep, dogs, and non-human primates. In addition 

to model species, strain can be important given physiologic differences such as immune 

response to infection [109].  

In general, small animals are less expensive to purchase and house, require less 

complex surgical and anaesthetic equipment for tissue defect creation, and present less 

regulatory challenges for use in research. Infected mouse models have several advantages. 

Mouse studies are, in general, relatively inexpensive and as a result, can be powered to 

make strong statistical conclusions. In addition, mouse models are appealing due to the 

genetic tools available that are relevant to infection, such as strains that have immune 

deficits or metabolic imbalances [110, 111]. In addition, genetically-modified mice can 

provide useful tools for understanding pathophysiology- for example, mice modified to 

have fluorescently-tagged neutrophils have been used to study cutaneous wound healing in 
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real-time [112]. Because mice are small, in vivo imaging of bacteria via bioluminescence 

or fluorescence is somewhat less challenging since the depth of light penetration is shorter 

than in larger animals. Finally, there is currently more literature available on small animal 

models of tissue infection, which is an advantage when selecting an infected model for 

study. 

 Larger species tend to more accurately reflect oxygen diffusion limitations, 

musculoskeletal loads, and permit infected defects more similar in volume and geometry 

to clinically-relevant sized tissue defects. However, larger species are also more costly, 

have extra housing requirements, and raise additional ethical questions. In particular, the 

use of companion animals (such as dogs) and non-human primates raise complex ethical 

issues and should be avoided if possible.  

Once a species and strain is chosen, the intended defect for infection must be 

designed. While the infected defect should recapitulate the intended human disease state 

as closely as possible, it may not be anatomically accurate, especially in smaller animals. 

For example, a subcutaneous pouch model has been established in rats to evaluate different 

hernia repair meshes for infection prevention [113]. While these meshes were not applied 

in their anatomically-intended defect (across a tear in the fascia), the model still allows for 

biomaterial evaluation in an in vivo soft tissue environment with a relatively simple surgery 

in an inexpensive model. Although these physiologic models can generate preliminary data 

for tissue engineering strategies, animal models which reflect the correct anatomic defects 

ultimately need to be utilized before translation [114]. Attention to detail in surgical 

protocol design is necessary. Seemingly minor decisions can alter infection in an animal 

model- for example, the choice of local anesthetic can impact the course of infection [115]. 

External drugs may need to be delivered to create metabolic imbalances [116] or immune 

suppression [117, 118]. After deciding on the appropriate defect for the animal model, the 

inoculum (pathogen, dose, and vehicle of infection) can be chosen. 
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Inoculum 

The species of microorganism chosen for an infected animal model is specific to 

the human disease being studied. In very broad strokes, the most common aerobic 

pathogens can be classified as gram positive or gram negative (based on cellular wall 

staining) [119]. In addition, the role of anaerobic species in wound infection is becoming 

increasingly recognized [120]. These fastidious species present challenges in their culture 

and inoculation due to sensitivity to atmospheric oxygen, but due to their role in chronic 

wounds and multi-pathogen infection, infected animal models are more frequently 

incorporating anaerobic species [121]. Out of these three general classes (gram positive, 

gram negative, and anaerobic), the specific organism is chosen based on prevalence in 

human disease. For example, bone infection (osteomyelitis) in humans is most often caused 

by Staphylococcus aureus [106]. Therefore, the majority of established animal models of 

infected bone defects involve S. aureus as the primary pathogen. For infected tissue defects 

in which there is no clear most prevalent pathogen, multiple groups with different 

organisms are often utilized, such as a representative gram positive, gram negative, and 

anaerobic microbe [118, 122].  

In addition to species, the pathogen strain chosen can have a significant impact on 

the animal model. While strains can be obtained locally from clinical isolates, it is 

recommended that they are purchased from a commercial source such as the American 

Tissue Culture Collection (ATCC) for standardization. Many commercially-offered strains 

have information available regarding the source of the pathogen. Different strains within 

the same species demonstrate different virulence factors, antibacterial resistance patterns, 

and rates of biofilm production [123]. Biofilm, the extracellular matrix produced by 

microbes, inhibits the local immune response [124] and increases antibiotic resistance 

[125]. As many foreign body infections are caused by biofilm-producing pathogens [126], 

tissue engineering strategies which incorporate cell scaffolds may be particularly 

vulnerable to biofilm-associated infection. As new therapies specific to biofilm-associated 

infections are being developed [107], animal models of infected tissue defects with 

emphasis on biofilm formation have been established and continue to be improved [51, 

127-129]. 
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Regarding the inoculum, the concentration of pathogens and delivery vehicle must 

be considered in selecting or designing an animal model. If establishing a new model or a 

new pathogen within an existing model, often the optimal concentration must be evaluated 

in a pilot study where pathogen concentrations are increased logarithmically [130, 131]. In 

most defects relevant to tissue engineering, a sublethal infection is desired. Therefore, a 

concentration must be high enough to generate a self-sustaining infection but low enough 

so that the infection is localized and does not result in systemic disease or sepsis. While 

inoculum is most frequently delivered by injection of media into the wound, delivering 

bacteria in a physical vehicle increases virulence. Vehicles in the literature include a 

pathogen-seeded collagen sponge [130], infected dextran beads [132], or a pre-formed 

biofilm [51, 133]. While hematogenous bacterial seeding of implanted materials has been 

attempted, this approach was unsuccessful in a rat model [134]. 

While the majority of animal models of infected tissue defects challenge wounds 

with one pathogen species at a time, human chronic wounds such as diabetic ulcers most 

frequently feature polymicrobial communities [121, 135]. In addition, multiple species 

have been demonstrated to show synergistic effects and alter bacterial phenotype in animal 

wound models [136]. Efforts continue to develop animal models of infection with 

polymicrobial populations that remain stable over time [133]. 

 

Infection evaluation 

A critical consideration in designing or choosing an infected animal model to gauge 

a tissue engineering strategy is the method by which the infection and healing are 

evaluated. For the sake of discussion, these methods have been divided into three 

categories: clinical signs, terminal analysis, and real-time analysis. The most basic method 

of evaluating infection progression is observing clinical signs of infection (such as wound 

exudate, weight loss, and survival time). While these markers are valuable and should be 

noted when displayed, they are often observed under severe disease conditions which may 

not reflect the sublethal, localized infections in which tissue engineering strategies may be 
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useful. In addition, in infections of deep tissues such as osteomyelitis, it may be impossible 

to observe any signs of local disease progression. 

The next method of evaluation is analysis of infection at a terminal time point at 

time of euthanasia. This can be performed by techniques such as counting colony-forming 

units (CFUs) within the infected tissue, histologic staining, and quantitative polymerase 

chain reaction (qPCR) detection of bacterial DNA. For CFU counting, the infected tissue 

is harvested and microorganisms are removed (often by homogenization or sonication) into 

media and plated after serial dilution [137]. This gives an estimate of the quantitative 

concentration of bacteria in the wound at the time of euthanasia. While inexpensive and 

frequently utilized, the CFU counting technique is user dependent and known to be variable 

[137, 138]. Histologic staining of defect tissue is another technique that can be performed 

after euthanasia. While staining can indicate presence or absence of bacteria in response to 

a therapy, it is difficult to accurately quantitate these histological results. After excision 

and sonication of infected tissue, DNA can be removed and purified for qPCR using 

pathogen-specific primers. The results can be normalized to host animal DNA to compare 

across groups for a quantitative marker of bacterial presence [127, 139]. By using primers 

unique to different pathogenic species, qPCR can quantitate the ratios of different bacteria 

in relation to one another in polymicrobial infections [133]. A weakness of all of the 

terminal analysis techniques is inability to track infection over time in individual animals 

and necessity of additional groups at each time point to evaluate the course of disease.   

To minimize number of animals needed and gain the capability of tracking infection 

in an individual animal over time, techniques to monitor disease over real-time have been 

developed. Perhaps the simplest form of real-time monitoring is a refinement of CFU 

counting. In the irrigation technique, saline is used to gently wash an infected wound and 

can then be collected and plated for a bacterial count which can be approximately correlated 

with infection of the wound [140]. The irrigation technique is limited to infected defects 

that can be irrigated without surgery (such as infected cutaneous wounds) as well as the 

previous weaknesses discussed regarding CFU counting. In the cases of animal models of 

osteomyelitis, radiographic techniques such as x-ray systems and microcomputed 

tomography can be used to track disease progression in real-time [127]. However, the most 
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broadly impactful development in real-time monitoring of infection in animal models is 

bioluminescent bacteria. By infecting wounds with these bioluminescent strains, in vivo 

imaging can be used to quantify luminescence and correlate it with bacterial load. 

Depending on the strain, this can be done successfully in cutaneous wounds [141], 

subcutaneous wounds [142], deep soft tissue wounds [143], and even orthopedic defects 

[127, 144]. 

 

Summary of considerations 

A summary of several factors that should be taken into consideration when 

selecting an infected animal model to evaluate tissue engineering strategies is presented in 

Table 1. These are not meant to be a complete list, but a guide when beginning to design a 

study with infected animal models. To demonstrate how some of these factors have been 

implemented in the literature, the remainder of this review will explore infected animal 

models using cutaneous, fascial, and orthopedic defects as examples. Because ethical, 

regulatory, financial, and translational considerations are often dominant drivers in 

choosing a particular animal model, the infection models presented here are arranged by 

species. 
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Table 1. Consideration for infected models in tissue engineering. 

Host Animal   
 Size 
 Strain 
 Species 
Defect  
 Size 
 Anatomical location 
 Accompanying systemic 

metabolic/immunologic 
deficiencies 

Inoculum  
 Species 
 Strain 
 Concentration 
 Vehicle 
Evaluation  
 Clinical signs 
 Terminal analyses (CFU 

counting, histology) 
 Real-time analyses (irrigation, 

radiography, bioluminescent 
imaging) 

 

Infected orthopedic defects 

Acute and chronic osteomyelitis is a pressing concern within the fields of 

orthopedics and orthopedic biomaterials. Osteomyelitis following trauma or routine joint 

repair surgery has devastating consequences, including weeks to months of potentially 

toxic systemic antibiotic therapy, repeat surgeries for debridement or removal of hardware, 

and in severe cases, amputation. Bone injuries are particularly susceptible to infection 

because they often require implantation of fixation hardware that can act as a substrate for 

bacteria to adhere and proliferate upon. Research in the orthopedic biomaterials field has 

sought to improve the treatment of musculoskeletal infections through the use of local 

delivery applications, and many models that have been developed are particularly well 

suited toward the evaluation of biomaterials designed to simultaneously treat infections 
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and stimulate bone regeneration. Stringent and clinically relevant animal models are 

necessary to evaluate biological responses to infection, the efficacy of experimental 

treatments, and functional repair of infected defects. The majority of animal models of 

osteomyelitis are infected with S. aureus since the most common cause of long bone 

infection following trauma and surgical implantation of hardware [106, 145, 146]. 

Coagulase-negative S. aureus, P. aeruginosa, and methicillin-resistant S. aureus are also 

implicated in osteomyelitis [106, 145], though there are only a few models that address 

these organisms. 

 

Small animal models 

One of the most common mouse models of infection is for S. aureus post-

arthroplasty infection. Bernthal et al. established a S. aureus infection in the knee joint by 

inserting a 0.6 mm Kirschner wire into the femoral intramedullary canal with 1 mm left 

protruding into the joint space and pipetting the inoculum into the joint space [147]. Both 

Bernthal et al. and Pribaz et al. performed this post-arthroplasty S. aureus infection model 

with LysEGFP mice, which are genetically engineered to express green fluorescent 

myeloid cells, to evaluate the degree of inflammation present in infected knee joints [147, 

148]. Pribaz et al. found that, of four luminescent bacterial strains tested, Xen36 induced 

the least amount of inflammation [148]. In addition, Xen29 and Xen36 had a shorter 

duration of inflammation at 14 days compared to Xen40 and ALC2906 at 21 days. Niska 

et al. have further characterized how this post-arthroplasty infection model using LysEGFP 

mice can facilitate longitudinally monitoring through bioluminescent imaging for S. aureus 

Xen29, fluorescence imaging for neutrophils, and radiographic and histologic assessment 

[149]. Furthermore, by combining the data obtained through all imaging modalities, the 

effects of inflammation and infection on the development of osteolytic lesions could be 

evaluated. 

Rat models of osteomyelitis are extremely well described in the literature. Like 

mice, rats are extremely cost-effective, and since rat models have also been extensively 

characterized, historical controls and many modifications of the various types of rat models 
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exist. The infected rat segmental femoral defect is one of the most common models used 

to evaluate the efficacy of systemic and local antibiotic delivery vehicles, as well as 

regenerative strategies in the presence of infection. A key advantage of the rat femoral 

defect is that extensive model development has established that the inoculating dose needed 

to produce a S. aureus infection in the presence of hardware is as low as 102 CFU, though 

many studies use 105 CFU for stringent evaluation of treatment methods [130, 150-152]. 

Brown et al. demonstrated that early debridement in conjunction with local delivery of 

antibiotics via PMMA beads was more effective in reducing S. aureus bacterial counts than 

debridement alone after 2 weeks [151]. The efficacy of local antibiotic delivery from a 

variety of non-degradable and degradable polymer vehicles including PMMA [153] and 

polyurethane [154] have been evaluated in the rat femoral defect. Sanchez et al. 

investigated the use of biofilm dispersal agents against a variety of S. aureus strains in a 

contaminated rat femoral defect, finding that D-amino acids may potentially aid in the 

reduction of infection by dispersing biofilms on implanted biomaterials [152]. Chen et al. 

performed a study to evaluate bone regeneration induced by osteopontin-1 in a S. aureus-

contaminated rat femoral defect without antibiotic treatment, and found that osteopontin 

was able to facilitate significantly more bone regeneration even without direct treatment of 

the infection or the presence of a bone scaffold [155]. More recent efforts have attempted 

to promote the regeneration of infected defects by concomitantly delivering an 

osteoinductive drug and an antibiotic. Guelcher et al. delivered BMP-2 with vancomycin 

from an injectable polyurethane scaffold in a S. aureus infected femoral defect, which 

resulted in significantly greater bone formation than delivery of BMP-2 alone [156]. 

The infected rat tibial defect model is another popular infection model with a 

variety of methods of defect creation and induction of infection. The creation of this defect 

is simple: exposure of the tibia, creation of a hole in the bone to expose the marrow, 

injection of bacteria into the marrow, and sealing of the hole with bone wax [157, 158]. 

Sclerosing agents can be used to facilitate infection, but are not widely used in the 

literature. While the bone wax can serve as a foreign body to facilitate the infection, often 

other foreign bodies such as Kirschner wires are deliberately implanted in order to mimic 

the fixation hardware used clinically. The tibial defect model can be used to evaluate 
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therapeutic strategies. Lucke et al. demonstrated that local delivery of gentamicin from 

implanted polymer-coated Kirschner wires reduced the bacterial load in S. aureus-infected 

tibiae [159]. There are few rat osteomyelitis models that do not use S. aureus as the 

infecting organism, so Nelson et al. has expanded the infected tibial defect model to include 

infection with P. aeruginosa, a less common but also virulent and difficult to eradicate 

organism [160]. 

Rabbit models of long bone osteomyelitis can be more varied due to their larger 

size, and studies have been published using different long bone sites and different infecting 

organisms [161-163]. Building upon a preliminary report of acute rabbit tibial 

osteomyelitis by Scheman et al. in 1941 [164], Norden et al. described the development of 

a chronic rabbit tibial osteomyelitis model using a clinical isolate of S. aureus in 

conjunction with a sclerosing agent [165]. Using two strains of S. aureus and one strain of 

P. mirabilis, Norden et al. showed that 1) the use of a sclerosing agent facilitated the 

establishment of infection, 2) the clinical isolate S. aureus SMH was able to establish 

clinical infection while S. aureus 209P was not able to, and 3) P. mirabilis can establish an 

osteomyelitis in the rabbit tibia, though with less frequency than S. aureus SMH [165]. 

Andriole et al. further developed the chronic osteomyelitis model by introducing stain steel 

pins into the defect, mimicking the presence of fixation hardware [166]. Since then, tibial 

models of osteomyelitis have been widely used to evaluate treatment with various 

treatment modalities [146]. In addition to the tibial defect model, radial defect models have 

also been developed [162]. Ambrose et al. used a S. aureus-infected radial defect model to 

test tobramycin-releasing PLGA microparticles and showed that the infection rate 

decreased from 64% in rabbits with control implants to 0% in rabbits with tobramycin 

microparticles [167].  

While models of S. aureus osteomyelitis dominate the literature, there is a wider 

variety of infecting organisms in rabbit models than in murine models. Norden et al. 

published a model of P. aeruginosa osteomyelitis in the rabbit tibia in which 91-94% of 

rabbits have positive cultures after 70 days without treatment [161, 168]. The authors found 

that combination therapy with sisomicin and carbenicillin for 4 weeks is more effective at 

treating P. aeruginosa tibial osteomyelitis in the rabbit than either drug alone [161]. In a 
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subsequent study using the same model, they show that the use of ciprofloxacin is more 

effective than tobramycin for the treatment of osteomyelitis caused by P. aeruginosa [168]. 

Xie et al. have also described a model in which tibial defects are infected with E. coli and 

showed that gentamicin-loaded borate bioactive glass improved bone regeneration 

compared to gentamicin with pure bioactive glass and bioactive glass with no gentamicin 

[169]. 

 

Large animal models 

Large animal models are desirable because it is possible to more closely replicate 

the size of clinical defects and implanted materials in goat and sheep models. However, 

model development is relatively limited because of the increased cost associated with large 

animals, and some published models have too low a sample size to make definitive 

conclusions [170]. In addition, there are relatively few goat and sheep osteomyelitis studies 

in the literature compared to lower order species, so it can be difficult to find an established 

infection model that has shown success with multiple investigators.  

Goats have been used to evaluate experimental treatments in variety of locations, 

with and without associated orthopedic hardware. Voos et al. implanted pins into the iliac 

crests of goats in order to investigate whether tobramycin-loaded PMMA pin sleeves could 

prevent pin-tract infection by S. aureus on a short time scale of 16 days [171]. Another 

series of goat studies utilized a unicortical 12-mm circular tibial defect infected with S. 

aureus [172, 173]. Both Thomas et al. and Beardmore et al. performed infected non-treated 

control groups in order to show that an infection could be established [172, 173]. Lalliss et 

al. developed a complex tibial defect goat model involving the removal of 10 mm of the 

medial cortex of the tibia, removal of 13-15 g of anterior compartment muscle, and thermal 

injury to remaining musculature of the anterior compartment [174]. The defects were 

inoculated with either P. aeuruginosa (lux) or S. aureus (lux) [174].   

Sheep long bone osteomyelitis models described in the literature have used a tibial 

osteotomy [175, 176] or a medial femoral condyle defect [177] inoculated with S. aureus. 

Control groups in these studies also indicate that it is possible to induce a S. aureus 
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infection in the tibia of sheep, making them an acceptable large animal for osteomyelitis 

studies. 

 

Conclusions 

The development of reproducible and clinically-relevant infection animal models 

will continue to be important in the fields of tissue engineering and biomaterials, especially 

since in vitro assays and computational modeling are unable to realistically account for the 

complex interactions between pathogen, native tissue, and patient comorbidities. While 

small animal models of infection have proliferated in the literature, leading to a wealth of 

information and experience in the evaluation of experimental treatments of infection in 

mice, rats, and rabbits, there is a distinct lack of well-established large animal models of 

infection. While small animal models are excellent for preliminary model development, 

evaluating experimental treatments and investigating underlying mechanisms of infection, 

large animal models provide more anatomically relevant information for eventual 

translation into humans. Because of ethical concerns with the number of small animals 

needed for statistical power and the use of large animal models in research, further 

development of non-destructive evaluation methods will be critical to expanding the 

development of animal models for infection research in an ethical and practical manner. 

The importance of the distinction between biofilm-producing and non-biofilm-producing 

strains of bacteria has been increasingly recognized, and more recent animal models are 

adapting to this new paradigm of infection. Finally, as culture techniques and analytical 

capabilities improve, the role of anaerobic bacteria and polymicrobial infection is 

becoming more prominent, and future models are likely to expand upon single aerobic 

organism models to include anaerobes and multiple cultures at a single site. Despite the 

incredible advances being made in tissue engineering and biomaterials, infection remains 

one of the most damaging complications. As new strategies are developed to combat 

infection, animal models of infection will be instrumental in translating therapies to the 

clinic.
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Chapter 5 

Effects of Antibiotic Physicochemical 
Properties on Their Release Kinetics from 

Biodegradable Polymer Microparticles3 

Abstract 

This study investigated the effects of the physicochemical properties of antibiotics 

on the morphology, loading efficiency, size, release kinetics, and antibiotic efficacy of 

loaded poly(DL-lactic-co-glycolic acid) microparticles (MPs) at different loading 

percentages. Cefazolin, ciprofloxacin, clindamycin, colistin, doxycycline, and vancomycin 

were loaded at 10 and 20 weight percent into PLGA MPs using a water-in-oil-in water 

double emulsion fabrication protocol. Microparticle morphology, size, loading efficiency, 

release kinetics, and antibiotic efficacy were assessed. The results from this study 

demonstrate that the chemical nature of loaded antibiotics, especially charge and molecular 

weight, influence the incorporation into and release of antibiotics from PLGA MPs. Drugs 

																																																								
3 This chapter was published as S.R. Shah, A.M. Henslee, P.P. Spicer, S. Yokota, S. 
Petrichenko, S. Allahabadi, G.N. Bennett, M.E. Wong, F.K. Kasper, A.G. Mikos, “Effects 
of antibiotic physicochemical properties on their release kinetics from biodegradable 
polymer microparticles,” Pharm. Res., 31, 3379-89 (2014). 
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with molecular weights less than 600 Da displayed biphasic release while those with 

molecular weights greater than 1000 Da displayed triphasic release kinetics. Large 

molecular weight drugs also had a longer delay before release than smaller molecular 

weight drugs. The negatively charged antibiotic cefazolin had lower loading efficiency 

than positively charged antibiotics. Microparticle size appeared to be mainly controlled by 

fabrication parameters, and partition and solubility coefficients did not appear to have an 

obvious effect on loading efficiency or release. Released antibiotics maintained their 

efficacy against susceptible strains over the duration of release. Duration of release varied 

between 17-49 days based on the type of antibiotic loaded. The data from this study indicate 

that the chemical nature of antibiotics affects properties of antibiotic-loaded PLGA MPs 

and allows for general prediction of loading and release kinetics. 
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Introduction 

 Infection remains a major complication of bone injury due to pathology or 

traumatic injury. The presence of infection is a serious deterrent to healing in bone tissue 

and may result in adverse outcomes including non-union and amputation [49]. The current 

standard of care relies on irrigation and debridement of infected tissue in combination with 

either systemic antibiotics over the course of several weeks to months or local delivery of 

antibiotic from poly(methyl methacrylate) beads, both of which have their disadvantages 

[38, 178]. Systemic antibiotics come with a variety of undesirable side effects, including 

nephrotoxicity and ototoxicity, that can prove challenging when attempting to achieve 

sufficient concentration of antibiotic in the infected area to treat the infection. In addition, 

many antibiotics are only administered intravenously, and the cost of both inpatient and 

outpatient care is considerable [179]. Implantation of antibiotic-loaded PMMA beads 

achieves local delivery of antibiotics, but the majority of drug is released in the first few 

days, and the implantation of a foreign body in an infected area can cause further infectious 

complications via bacterial attachment to the biomaterial surface [38, 45, 46, 63, 107, 180]. 

Additionally, the presence of sub-therapeutic levels of antibiotic through inadequate 

systemic or local delivery can contribute to the development of antibiotic resistance, which 

is a significant problem for both the patient and the public [49, 63].  

 PLGA microparticles have been used as a delivery vehicle for antibiotics of almost 

all types due to its tunable degradation profile and biocompatible degradation products [38, 

178, 181]. Several studies have reported the release of antibiotics from PLGA MPs to occur 

over the span of weeks to months [67, 69, 70, 72, 179]. Antibiotic-loaded PLGA MPs have 

also been incorporated into tissue engineering scaffolds for the purpose of mitigating 

infection, and release has been reported to occur over 8 weeks in vitro and efficacy of the 

construct has been established in an infected in vivo model [38, 67, 182]. 

 Bone infections are caused by of a variety of bacteria, most commonly 

Staphylococcus aureus, but also including coagulase-negative Staphyloccus spp., 

Streptococcus spp., E. coli, and Pseudomonas aeruginosa [145, 183]. Because not all 

antibiotics are effective against all bacteria, antibiotic therapy must be carefully considered 

in order to avoid undertreating the infection or promoting antibiotic resistance. For this 
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reason, many different classes and types of antibiotics must be able to be incorporated into 

PLGA MPs. As previous studies have shown, there are a multitude of fabrication 

parameters for PLGA MPs that affect drug loading and rate of release [184, 185]. 

Additionally, the type of antibiotic may also play a role in the final characteristics of the 

loaded MPs due to polymer/drug interactions. The ability to use knowledge of the chemical 

nature of antibiotics to predict and manipulate the properties and release kinetics of PLGA 

MPs is advantageous for designing fabrication protocols that minimize antibiotic loss while 

ensuring a favorable antibiotic release profile for treating bone infections.  

 This study investigated six antibiotics of different classes and chemistries into 

PLGA MPs and evaluated the effects of the physicochemical properties of each antibiotic 

on the properties and release kinetics of antibiotic-loaded PLGA MPs. A single protocol 

was used to fabricate all MPs in order to isolate the effects of the drug on MP properties. 

It was hypothesized that charge, molecular weight, and partition and solubility coefficients 

of the incorporated antibiotic would influence the loading efficiency, size, and release 

kinetics of the resulting MPs, and that the antibiotic activity of the released drug would be 

maintained. 

 

Materials and Methods 

Materials 

 Poly(DL-lactic-co-glycolic acid) was obtained from Lakeshore Biomaterials 

(Birmingham, AL) and had a copolymer ratio of 50:50, a weight average molecular weight 

of  36 kDa, and a number average molecular weight of 21 kDa. Poly(vinyl) alcohol (PVA), 

Mueller-Hinton broth, ciprofloxacin, colistin sulfate, doxycycline hyclate, and vancomycin 

hydrochloride were obtained from Sigma Aldrich (St Louis, MO). Cefazolin sodium and 

clindamycin hydrochloride were obtained from Fisher Scientific (Waltham, MA). 

Properties of these antibiotics are detailed in Table 2. Colistin (polymyxin E) has two 

HPLC retention times due to this drug being a mixture of two drugs, colistin A and colistin 

B (Table 2). Experimental values for logP and logS were used when available, otherwise 
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predicted values were calculated using ALOGPS (VCCLabs) [186, 187]. The charge of 

antibiotics at pH 6.4-7.4 is shown, which encompasses the pH of aqueous phases during 

fabrication and the pH of the release medium. Ciprofloxacin was acidified with 5N HCl in 

order to create the water-soluble hydrochloride salt of ciprofloxacin. Bacterial strains 

Staphylococcus aureus (ATCC 29213), Escherichia coli (ATCC 25922), and 

Pseudomonas aeruginosa (ATCC 27853) were obtained from ATCC (Manassas, VA).  

 

Table 2. Charge, pKa, molecular weight, HPLC retention time, logP, and logS of loaded 

antibiotics. 

logP = logarithm of the partition coefficient 
logS = logarithm of the solubility coefficient 
 

Microparticle fabrication 

 PLGA MPs containing various antibiotics were fabricated using a water-in-oil-in-

water double emulsion solvent evaporation technique [67]. The internal water phase 

consisted of antibiotics dissolved in 0.3 wt% PVA in water at 10 wt% or 20 wt% of final 

microparticle weight, or a concentration of either 139 mg/mL or 312.5 mg/mL, 

respectively. All antibiotics were fully solubilized in the internal aqueous phase after 30 

min on a rotary shaker table at 37oC. The oil phase consisted of PLGA dissolved in 

methylene chloride at a concentration of 222 mg/mL. The internal phase was added to the 

oil phase at a ratio of 1:5.6 v/v and emulsified using a Qsonica Q125 probe sonicator 

Antibiotic Antibiotic Class Charge pKa 
Molecular 

Weight 
(g/mol) 

Retention 
time 
(min) 

logP logS 

Cefazolin 
sodium Cephalosporin -1 2.3 476.5 14.9 -0.58 -3.0 

Ciprofloxacin 
hydrochloride Fluoroquinolone +1 6.1, 8.7 331.3 15.1 -0.57 -2.4 

Clindamycin 
hydrochloride Lincosamide +1 7.79 461.4 18.4 2.16 -2.1 

Colistin sulfate Polymyxin +5 10.3 and 
above 1155.4 14.8/ 

16.3 -2.4 -3.7 

Doxycycline 
hyclate Tetracycline 1 3.4, 7.7, 

9.3 512.9 18.5 -0.02 -2.9 

Vancomycin 
hydrochloride Glycopeptide +1 

2.6, 7.7, 
8.6, 9.6, 

10.5, 11.7 
1485.7 11.9 -3.1 -3.8 
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(Newtown, CT). The internal phase/oil phase emulsion was poured into a beaker containing 

250 mL of outer phase comprising 0.3 wt% PVA and 4 wt% NaCl stirring at 700 rpm. The 

solvent was allowed to evaporate over 4 hrs, and the resulting microparticles were washed, 

frozen, and lyophilized. Microparticles were sieved to less than 300 μm and stored at -

20oC. Blank microparticles were fabricated using an internal phase of 0.3 wt% PVA 

without antibiotic. Each formulation was synthesized in triplicate. 

 

Scanning electron microscopy 

 SEM was used to examine the external and internal morphology of blank and 

antibiotic-loaded PLGA MPs. The internal morphology of the MPs was exposed by 

embedding them in HistoPrep, freezing, and creating 10 μm sections with a Leica cryotome 

(Allentown, NJ). The microparticles were sputter-coated with 20 nm of gold using a Torr 

International CrC-150 sputtering system (New Windsor, NY) and observed under a FEI 

Quanta 400 field emission scanning electron microscope (Hillsboro, OR) at an accelerating 

voltage of 5 kV. 

 

Determination of loading efficiency 

The loading efficiency of antibiotics into PLGA MPs was determined by dissolving MPs 

in methylene chloride and extracting the antibiotic into either phosphate-buffered saline 

(PBS) (pH 7.4) for cefazolin, ciprofloxacin, clindamycin, and doxycycline or potassium 

phosphate monobasic (pH 2.85) for colistin and vancomycin. Briefly, 20 mg of 

microparticles were dissolved in 2 mL of methylene chloride for 30 minutes. 20 mL of 

PBS (pH 7.4) was added and the mixture was stirred rapidly for 2 hrs to allow extraction 

of antibiotic into the PBS and evaporation of the organic solvent. Vancomycin and colistin 

could not be extracted with this method, so the protocol was modified. As before, 20 mg 

of MPs were dissolved in 2 mL methylene chloride for 30 min. To extract vancomycin and 

colistin, 20 mL of potassium phosphate monobasic was added, sonicated for 5 min, then 
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stirred rapidly for 2 hrs. The concentration of antibiotic in the aqueous phase was 

determined by HPLC. Loading efficiency was calculated as 

 

Loading	Efficiency	 % = 	D123/P123D67/P67
	×	100% 

Equation 1. Calculation of microparticle loading efficiency. 

 

where Dout is the amount of drug recovered from Pout, a specified amount of microparticles 

and Din and Pin are the amounts of antibiotic and polymer used in the initial fabrication of 

the MPs, respectively.  

 

Microparticle size determination 

 Microparticle size was determined using a Beckman Coulter Counter (Brea, CA). 

Briefly, 20 mg of MPs were mixed into Isotone II solution, and a 280 μm aperture was 

used to determine average particle diameter ± standard deviation. Microparticle diameter 

data was collected using n = 1000 particles per MP batch (n=3 per formulation). Each batch 

of MPs was tested in triplicate. 

 

Antibiotic release from PLGA microparticles 

 Release kinetics of each of the antibiotics from PLGA MPs was determined by 

placing 50 mg of MPs into 5 mL of PBS (pH 7.4) under mild shaking (n=3). Each replicate 

was synthesized independently in order to assess inter-batch reliability. The supernatant 

was completely removed and replaced with fresh PBS at 12 hours and days 1, 4, 7, and 

biweekly until 49 days. The release medium was filtered with a 0.2 μm syringe filter, and 

the concentration of antibiotic was determined by HPLC. The HPLC system comprised a 

Waters 2695 separation module and 2996 photodiode array detector (Milford, MA) with a 

Waters XTerra RP 18 column (250mm × 4.6mm) at 35 °C.  For cefazolin, ciprofloxacin, 

clindamycin, doxycycline, and vancomycin, the elution was performed with a flow rate of 
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1 mL/min in a mobile phase consisting of 25 mM KH2PO4 (Sigma, HPLC grade, pH 3) and 

acetonitrile (Sigma, HPLC grade). Peaks were eluted with a linear gradient of 5%–60% 

acetonitrile in water over 20 min. For colistin, the elution was performed with a flow rate 

of 0.5 mL/min in a mobile phase consisting of acetonitrile (HPLC grade) and water (0.22 

μm filtered with 0.1 vol.% trifluoroacetic acid). Peaks were eluted with a linear gradient of 

10%–65% acetonitrile in water over 20 min. Absorbance was monitored at λ = 270, 274, 

204, 214, 350, and 274 nm for cefazolin, ciprofloxacin, clindamycin, colistin, doxycycline, 

and vancomycin, respectively. Standard solutions with antibiotic in PBS buffer (pH 7.4) 

were tested in the range of 5–1000 μg/mL. The percent cumulative release was calculated 

as amount of antibiotic released at each timepoint as a percentage of total antibiotic loaded. 

Release curves were divided into phases based on a line of best fit analysis.  

 

Susceptibility testing 

 The minimum inhibitory concentration (MIC) of released antibiotics against 

relevant strains of bacteria was tested using a broth microdilution assay as described in ISO 

standard 20776.  Briefly, supernatant from the release study was sterile filtered and used 

as a stock solution in the broth microdilution assay. The stock solution was serially diluted 

with sterile Mueller-Hinton broth to 50 μL aliquots with concentrations ranging from 0 

mg/L to 16 mg/L.  Early and late timepoints were tested and were determined by using the 

earliest and latest timepoints at which there was at least 32 μg/mL of antibiotic in solution. 

Cefazolin was tested at days 7 and 17, ciprofloxacin at 0.5 and 14, clindamycin at 7 and 

17, colistin at 14 and 31, doxycycline at 10 and 17, and vancomycin at 14 and 35. A 0.5 

MacFarland standard of bacteria cultured in Mueller-Hinton broth was diluted 1:100 in 

sterile Mueller-Hinton broth, and 50 μL of the inoculum was added to each well. The 

lowest concentration well without growth after 18 h of culture at 37°C was denoted the 

MIC.  
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Statistics  

All values are reported as mean ± standard deviation. Loading efficiency, MP size, release 

phases and cumulative release were compared using ANOVA with post-hoc analysis by 

Tukey’s honestly significant difference with an a priori level of significance set at α=0.05 

(n = 3 samples). The MICs of each antibiotic were compared using Kruskal-Wallis with 

post-hoc analysis by Mann-Whitney U-test (n = 3). JMP (Version 7, SAS Institute Inc., 

Cary, NC) was used for ANOVA and post-hoc testing. R (R Development Core Team, 

2010) was used for univariate and multivariate linear regression modeling [188]. 

 

Results 

Scanning electron microscopy 

 Representative SEM images of 10 wt% loaded and 20 wt% loaded MPs, both whole 

and sectioned, are shown in Fig. 2.  

 
 

Figure 2. Representative scanning electron micrographs of whole and cut microparticles 

demonstrate external and internal morphology of cefazolin (a,b,c,d), ciprofloxacin 

(e,f,g,h), clindamycin (i,j,k,l), colistin (m,n,o,p), doxycycline (q,r,s,t), and vancomycin 
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(u,v,w,x) of 10 wt% whole, 10 wt% cut, 20 wt% whole, and 20 wt% cut MPs, 

respectively. For comparison, blank MPs are shown whole and cut in (y) and (z), 

respectively. Whole MPs are shown at 100x magnification, and cut MPs are shown at 

500x magnification. The scale bar represents 100 μm for rows 1 and 3 and (y), and 50 μm 

for rows 2 and 4 and (z). 

 

The exterior morphology of the MPs is smooth, with few to no macropores noted. The MPs 

appear to have porous interiors surrounded by a thin shell of relatively non-porous PLGA, 

with the exception of 20 wt% ciprofloxacin, which appears to be uniformly porous 

throughout.  

 

Loading efficiency 

 Loading efficiencies for the various formulations of antibiotic-loaded PLGA MPs 

can be seen in Table 3. Ciprofloxacin loaded MPs show a decrease in loading efficiency 

when loading is increased from 10 wt% to 20 wt% due to precipitation of the antibiotic out 

of the primary water-in-oil emulsification during loading (p<0.05). While ciprofloxacin 

could be dissolved at 312.5 mg/mL in the internal aqueous phase, the solution was unstable 

and precipitated immediately upon addition of the polymer/dichloromethane solution. All 

other antibiotics show no significant difference in loading efficiency between 10 wt% and 

20 wt% (p>0.05). At 10 wt% loading, the loading efficiency of cefazolin is significantly 

less than all other antibiotics. At 20 wt% loading, cefazolin and ciprofloxacin have 

decreased loading efficiencies compared to all other antibiotics.  
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Table 3. Loading efficiencies of microparticle formulations. 

 

Antibiotic 

Loading Efficiency of 10 wt% 

antibiotic-loaded PLGA MPs 

(%) 

Loading Efficiency of 20 wt% 

antibiotic-loaded PLGA MPs 

(%) 

Cefazolin 36.4 ± 3.3a 51.3 ± 6.1d 

Ciprofloxacin 86.8 ± 10.9b,c,* 38.9 ± 17.8d,* 

Clindamycin 84.9 ± 6.9b,c 89.5 ± 4.0e,f 

Colistin 102.0 ± 5.0c 105.3 ± 4.4f 

Doxycyline 71.4 ± 2.3b 89.4 ± 0.9e,f 

Vancomycin 83.3 ± 4.8b,c 76.9 ± 6.2e 

* Indicates significant difference between 10wt% and 20 wt% loaded for a given antibiotic. 

Superscript letters indicate significant difference between antibiotics for a given loading wt% 

Data is presented as mean ± standard deviation, n=3 per group. 

 

Microparticle size 

 Microparticle size for each formulation can be seen in Table 4. In the 10 wt% loaded 

groups, ciprofloxacin MPs are larger than vancomycin MPs (p<0.05). In the 20 wt% loaded 

group, there is no difference in average MP size between any of the antibiotics (p>0.05). 

There is no difference in MP size for any other antibiotic between 10 wt% loaded and 20 

wt% loaded MPs, and there is no difference between any formulation and blank MPs 

(p>0.05). The reported distribution is based on number of particles. 
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Table 4. Microparticle sizes of each microparticle formulation. 

 

Antibiotic 
Size of 10 wt% antibiotic-loaded 

PLGA Microparticles (μm) 

Size of 20 wt% antibiotic-loaded 

PLGA Microparticles (μm) 

Blank 43.34 ± 41.93 

Cefazolin 41.9 ± 38.6 47.6 ± 40.3 

Ciprofloxacin 60.3 ± 49.7a 36.5 ± 31.9 

Clindamycin 48.6 ± 33.4 51.0 ± 40.8 

Colistin 41.3 ± 33.3 40.9 ± 34.9 

Doxycyline 41.7 ± 33.1 41.5 ± 35.3 

Vancomycin 33.1 ± 28.7b 36.9 ± 28.1 
Superscript letters indicate significant difference between antibiotics for a given loading wt% 

Data is presented as mean ± standard deviation, n=3 per group. 

 

Antibiotic release  

 Release curves for each formulation of MP are shown in Fig. 3.  

 

Figure 3. Release curves for a) cefazolin, b) ciprofloxacin, c) clindamycin, d) colistin, e) 

doxycycline, and f) vancomycin loaded PLGA microparticles at 10 wt% and 20 wt%. 
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Significant differences between release rates during different phase are indicated by 

letters. For ciprofloxacin loaded MPs, there is a significant different between 10 wt% and 

20 wt% loaded MPs during Phase 1 (p<0.05). For colistin loaded PLGA MPs, Phase 2 

and Phase 3 are significantly different between 10 wt% and 20 wt% loaded MPs 

(p<0.05). Ciprofloxacin and doxycycline 10 wt% loaded MPs demonstrate increased 

release of antibiotic during Phase 3 compared to 20 wt% loaded MPs, and vancomycin 

loaded MPs demonstrate increased release from 20 wt% MPs compared to 10 wt% MPs 

in phase 4 (p<0.05). Cumulative percent release is the same between 10 wt% and 20 wt% 

for any antibiotic (p>0.05). 

 

The amount of antibiotic released at each time point was well below the solubility of each 

drug, indicating that the release kinetics seen are not a result of saturation of the medium. 

The release curves for each formulation were analyzed by comparing the rate of release 

during different phases of release. Rates of release are shown in Supplemental Tables SI 

and SII. Cefazolin, ciprofloxacin, clindamycin, and doxycycline shared a sigmoidal release 

curve with biphasic release while vancomycin and colistin appeared to share similar 

triphasic release kinetics.  

 Of note, during Phase 1, 20 wt% ciprofloxacin loaded MPs have a significantly 

greater burst release than 20 wt% cefazolin, clindamycin, or doxycycline loaded MPs 

(p<0.05); there was no difference between 20 wt% cefazolin, clindamycin, or doxycycline 

loaded MPs (p>0.05). During Phase 2, the phase in which the majority of antibiotic is 

released, there is no difference in release rate between cefazolin, ciprofloxacin, 

clindamycin, and doxycycline when comparing either 10 wt% to 20 wt% loaded MPs or 

when comparing between cefazolin, ciprofloxacin, clindamycin, and doxycycline 

(p>0.05).  

 No significant differences between 10 wt% and 20 wt% loaded colistin and 

vancomycin loaded MPs were noted in Phase 1 or 2 (p>0.05). During Phase 2, 20 wt% 

loaded colistin MPs released more quickly than 10 wt% loaded colistin MPs (p<0.05). 

During Phase 3, the major release phase for colistin and vancomycin, there was no 

differences in release rates between colistin and vancomycin loaded MPs (p<0.05).  
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 Cumulative percent release was not statistically different between the 10 wt% and 

20 wt% loaded MPs for any antibiotic (p>0.05).  In the 10 wt% loaded group, there was no 

difference in cumulative percent release between any antibiotics (p>0.05). In the 20 wt% 

loaded group, doxycycline MPs released less of the incorporated drug than clindamycin 

MPs (p<0.05).  

 

Effects of charge, molecular weight, partition coefficient, and solubility 

coefficient  

 The effects of charge, molecular weight, partition coefficient and solubility 

coefficient on loading efficiency, major release phase rate, and length of lag phase can be 

seen in Supplemental Figs. S1, S2, and S3, respectively. The correlation coefficients for 

the univariate linear regression can be found in Table 5.  

 

Table 5. Correlation coefficients between physicochemical properties and loading 

efficiency, dominant rate of release, and length of lag phase. 

 Charge Molecular 
Weight logP logS 

Loading 
Efficiency 

10 wt% 
0.82 0.39 -0.20 -0.13 

Loading 
Efficiency 

20 wt% 
0.68 0.45 -0.05 -0.34 

Release Rate 
10 wt% -0.15 -0.14 -0.02 -0.03 

Release Rate 
20 wt% -0.26 -0.19 -0.47 -0.18 

Length of Lag 
Phase 

10 wt% 
0.64 0.85 -0.57 -0.75 

Length of Lag 
Phase 

20 wt% 
0.55 0.93 -0.68 -0.86 
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The length of lag phase was determined by the first timepoint at which the percent 

cumulative release increased more than 5%, as this increase was a precursor to the 

beginning of the release phase. The charge of the loaded antibiotic is strongly correlated to 

the loading efficiency in 10 wt% and 20 wt% loaded MPs. When 20 wt% loaded 

ciprofloxacin MPs are excluded due to the precipitation of antibiotic during fabrication, the 

correlation coefficient between charge and loading efficiency for 20 wt% loaded MPs is 

0.87. Correlations of loading efficiency and release rate to logP and logS are weak (<0.5). 

Length of lag phase is strongly correlated to logS and very strongly correlated to molecular 

weight. Multivariate linear regression modeling showed no relationship between any of the 

explanatory variables (charge, molecular weight, logP, logS) and the response variables 

(loading efficiency, major release rate, length of lag phase). 

 

Susceptibility  

 The MIC of both fresh antibiotic and antibiotic released from microparticles against 

standard strains of bacteria at early and late timepoints is shown in Table 6. Fresh antibiotic, 

antibiotic released at an early timepoint, and antibiotic released at a late timepoint have the 

same efficacy against the tested bacterial strain (p>0.05). 
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Table 6. MIC of fresh antibiotics and antibiotics released from PLGA microparticles 

against susceptible strains at early and late time points. 

 

Discussion 

 Sustained local delivery of antibiotics via a PLGA particulate carrier is an attractive 

approach to the problem of implant-associated infections given the advantages of increased 

local concentrations, decreased systemic toxicity, and increased duration of antimicrobial 

coverage [182, 189]. While antibiotic-loaded PLGA MPs have been widely investigated in 

the literature and have transitioned into the clinic on a limited basis, there is a relative 

dearth of studies that investigate the effect of drug characteristics on the properties and 

release kinetics of the resulting MPs.  

 In this study, six antibiotics of different classes were loaded at 10 wt% and 20 wt% 

into PLGA MPs using a single protocol, and the resulting MPs were assessed for 

morphology, loading efficiency, size, release kinetics, and activity against susceptible 

bacterial strains. It was hypothesized that the properties and release kinetics of the MPs 

could be predicted using known properties of the antibiotics being loaded such as charge, 

molecular weight, partition coefficient, and solubility coefficient. The results of this study 

indicate that certain antibiotic properties affect the characteristics of antibiotic-loaded 

Antibiotic 
loaded into 
PLGA MPs 

Bacterial 
Strain 

MIC of fresh 
antibiotic 
(µg/mL) 

MIC of antibiotic from 10 
wt% PLGA MPs (µg/mL) 

MIC of antibiotic from 20 
wt% PLGA MPs (µg/mL) 

   Early Late Early Late 

Cefazolin S. aureus 0.25 ± 0.00 0.25 ± 0.00 0.25 ± 0.00 0.25 ± 0.00 0.25 ± 0.00 

Ciprofloxacin P. 
aeruginosa 0.10 ± 0.04 0.13 ± 0.00 0.13 ± 0.00 0.13 ± 0.00 0.13 ± 0.00 

Clindamycin S. aureus 0.19 ± 0.00 0.19 ± 0.00 0.19 ± 0.00 0.19 ± 0.00 0.19 ± 0.00 

Colistin E. coli 5.33 ± 2.31 8.56 ± 7.04 6.67 ± 2.31 4.00 ± 0.00 5.33 ± 2.31 

Doxycyline S. aureus 0.13 ± 0.00 0.13 ± 0.00 0.13 ± 0.00 0.13 ± 0.00 0.13 ± 0.00 

Vancomycin S. aureus 0.25 ± 0.00 0.29  ±0.19 0.13 ± 0.00 0.33 ± 0.14 0.42 ± 0.14 
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PLGA MPs their release kinetics and that the chemical nature of antibiotics should be 

considered when designing fabrication protocols to achieve desired outcomes such as high 

loading efficiency and predictable release kinetics.  

 The external morphology of the MPs by SEM (Fig. 2) is consistent with previous 

studies that demonstrate that high polymer concentration results in decreased surface 

porosity. This occurs via the formation of micropores due to the increased viscosity of the 

water/oil emulsion and stabilization of the film at the oil/water interface [184, 190]. The 

internal morphology of the MPs varies between antibiotics. The difference between the 

large pores seen in 20 wt% ciprofloxacin and 10 wt% and 20 wt% clindamycin MPs and 

the numerous small pores seen in ciprofloxacin 10 wt%, cefazolin, colistin, doxycycline, 

and vancomycin MPs may be due to interactions between the internal aqueous phase and 

the oil phase. While all antibiotics within their respective wt% loadings were dissolved at 

the same concentration (either 139 mg/mL or 312.5 mg/mL) in the same volume of internal 

phase, the aqueous antibiotic internal phase may either impart different viscosities to the 

drug/polymer emulsion or influence interfacial properties through interactions with the 

polymer, the PVA surfactant, or the external aqueous phase [191-193]. Mao et al. 

demonstrated that MPs fabricated with high viscosity polymer have small internal pores 

while MPs fabricated with low viscosity polymer have large internal pores, possibly due 

to the ability of the trapped aqueous internal phase to coalesce within a lower viscosity 

polymer solution [184]. The emulsion of clindamycin with PLGA may result in a lower 

viscosity solution than the emulsion of cefazolin, colistin, doxycycline, and vancomycin, 

resulting in the observed internal pore morphologies. Ciprofloxacin 20 wt% is unique in 

that it is the only formulation in which the dissolved drug solution precipitated during 

fabrication. This could contribute to the interesting internal morphology seen, where the 

large pores are either due to a lower viscosity with less ciprofloxacin entrapped or the 

presence of aggregates of ciprofloxacin precipitate. 

 The loading efficiencies of the MPs fabricated in this study are comparable to or 

better than available previous studies [67, 69, 72, 194], especially given the relative 

hydrophilicity of these drugs. Only 10 and 20 wt% cefazolin-loaded MPs and 20 wt% 

ciprofloxacin-loaded MPs had entrapment efficiencies less than 70%. These results are 



	 	
	

 

54 

likely due to a combination of two factors: polymer phase concentration and charge of the 

loaded antibiotic. 

Previous studies have shown that increasing the polymer phase concentration 

increases the entrapment efficiency of loaded drug [184, 185, 190]. High polymer 

concentration can increase loading efficiency by stabilizing the interface between oil phase 

and external phase, resulting in the formation of particles with a dense polymer matrix, 

high surface area-to-volume ratio, and smaller, more tortuous pore networks, leading to 

decreased water penetration and decreased leaching of drug during the hardening phase 

[184, 190]. Since the polymer concentration was kept constant for each formulation, charge 

is likely responsible for the difference between high loading efficiencies formulations and 

10 wt% cefazolin, 20 wt% cefazolin, and 20 wt% ciprofloxacin.  

 Charge is another parameter than can affect loading efficiency. As seen in Table 5, 

loading efficiency is positively correlated with charge, with correlation coefficients of 0.82 

and 0.68 for 10 wt% and 20 wt% loaded MPs, respectively. When ciprofloxacin 20 wt% is 

excluded due to precipitation of ciprofloxacin out of the emulsification phase, the 

correlation for 20 wt% loaded MPs is 0.87 (Table 5).  Because the PLGA used in this study 

is uncapped and negatively charged, the low entrapment efficiency seen in the cefazolin 

groups is likely due to the negative charge of cefazolin at pH>3.6 (Table 2) [195-197]. In 

contrast, all other antibiotics are either zwitterionic or positively-charged at the pH of the 

internal and external aqueous phases. Colistin, a polypeptide antibiotic, demonstrated 

particularly high entrapment efficiency in both 10 wt% and 20 wt% formulations that could 

be attributed to the strong positive charge at pH 6.4. In the 10 wt% group, colistin loaded 

more efficiently than doxycycline, while in the 20 wt% group, colistin loaded more 

efficiently than vancomycin. Doxycycline, a tetracycline antibiotic, and vancomycin, a 

glycopeptide antibiotic, both had high entrapment efficiencies and are positively charged 

at pH 6.4, but due to the multitude of pKa values spanning a large pH range, both antibiotics 

also contain a negative charge that may have lowered its loading efficiency compared to 

colistin [198, 199]. Negative-negative antibiotic-polymer charge interactions can promote 

the expulsion of cefazolin from the MPs, while favorable positive-negative interactions 

enhance the retention of zwitterionic and positively charged antibiotics. However, the 
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presence of negative charges still appears to affect entrapment even when the overall 

charge is positive. These results demonstrate that while polymer concentration heavily 

influences the loading of PLGA MPs, the charge of the drug is also an important factor that 

can affect loading efficiency when using a w/o/w technique. Efficient incorporation of drug 

into the carrier is an important design criteria for local delivery systems given the expense 

of newer antibiotics necessary to treat common drug-resistant organisms [200]. 

 Previous studies of PLGA w/o/w fabrication parameters indicate that MP size is 

largely a function of polymer concentration and stirring speed [184, 185, 190, 191]. In this 

study, fabrication parameters, particularly temperature, internal and external phase 

volumes, and polymer concentration, were held constant between formulations, so 

differences in size may be attributed to characteristics of the incorporated drug. The MPs 

synthesized in this study were not statistically different in size compared to blank 

(unloaded) MPs, owing in part to the heterogeneity of MP sizes produced.  

 The fabrication parameters of antibiotic-loaded PLGA MPs can greatly affect 

release, and many previous studies have investigated the effects of the multitude of 

parameters that can be altered, such as internal phase volume, choice of polymer and 

polymer phase concentration, choice and concentration of surfactant, and drug loading [69, 

72, 184, 185, 190, 201]. Previous studies have also investigated the effects of different 

hydrophobic, minimally water soluble drugs on release from PLGA films and have found 

that the type of drug incorporated can affect release kinetics [202-204]. In this study of 

relatively hydrophilic and freely water soluble antibiotics, fabrication parameters were kept 

constant in order to examine the effects of different antibiotics on release kinetics.  

The release of antibiotics from PLGA MPs in this study was characterized by little to no 

burst release during the lag phase, followed by daily release of drug above MIC for 17-49 

days, depending on the type and loading of antibiotic. Similar to a previous study of 

antibiotic release from PLGA MPs from our laboratory, release from MPs in this study 

appears to be controlled by both diffusion and degradation [67]. The data suggest that 

molecular weight and solubility play a role in determining how quickly drug can begin to 

diffuse out from a dense polymer matrix, as suggested by the strong positive correlation 

between molecular weight and length of the lag phase and logS and length of the lag phase 
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(Table 5). Solubility does not appear to significantly affect the rate of release during the 

release phases, as indicated by the very weak correlation between the two factors (Table 

5). Relatively low molecular weight drugs (<600 Da), including cefazolin, ciprofloxacin, 

clindamycin, and doxycycline, displayed a biphasic release profile while larger molecular 

weight drugs (>1100 Da) displayed a triphasic release profile.  

Typical release profiles for drug-loaded PLGA MPs demonstrate early off-loading 

of a large percentage of drug. In this study, early drug release from 0-1 days, which 

normally corresponds to diffusion-controlled release, is minimal due to a combination of 

decreased drug adsorption on the surface of the MPs and restriction of the pores due to 

swelling of the PLGA [184]. However, 20 wt% ciprofloxacin MPs displayed a greater 

initial burst release due to an increased amount of adsorbed drug on the surface of the MPs. 

This occurrence could be related to the precipitation of drug during fabrication (Fig. 2). 

For low molecular weight drugs, the bulk of the drug release occurs during days 1-21 with 

zero-order kinetics (Fig. 3). For large molecular weight drugs, release occurs in two bursts 

between 10 and 38 days, with the exception of 20 wt% loaded colistin MPs. The biphasic 

characteristic of drug release during this time period is indicative of release due to a 

combination of diffusion and degradation [67]. The PLGA used in this study, PLGA 50:50, 

degrades through bulk erosion, and is an amorphous polymer, leading to faster degradation 

than other copolymer ratios. Upon incubation in PBS pH 7.4, bulk degradation begins via 

swelling of the PLGA and hydrolysis of ester bonds, resulting in decreasing molecular 

weight and increasing polydispersity [205]. After initial immersion in PBS, bulk 

degradation may result in sufficient random chain scission to allow low molecular weight 

drugs to begin diffusing into the surrounding media. In contrast, the higher molecular 

weight drugs colistin and vancomycin cannot begin diffusing out until more significant 

degradation has occurred after 10 days (Fig. 3). This phenomenon could also be influenced 

by the fact that the larger molecular weight drugs in this study also tended to have lower 

solubility (correlation = -0.88), though the correlation of logS to lag phase is relatively 

weaker than that of molecular weight. The length of the lag phase and general release 

kinetics appear to be mainly influenced by molecular weight and solubility, but the rate of 

release appears to be mainly dependent on physical and material properties, such as 
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diffusion and degradation, as supported by the lack of correlation between antibiotic 

properties and release rate (Table 5). Surprisingly, neither charge nor solubility appears to 

have a strong effect on the rate of antibiotic release from PLGA MPs (Table 5). 

While colistin demonstrated similar triphasic release as vancomycin at 10 wt% 

loading, colistin appeared to take on the biphasic release profile of the small molecular 

weight drugs at 20 wt% loading. Change in release kinetics with increasing concentration 

of drug has been noted in other studies, possibly as a result of increased drug content 

contributing to faster degradation of the polymer and by creation of microporosity 

following drug dissolution [72, 206].  It is unclear why this effect was seen with colistin 

and not with vancomycin. The large standard deviation seen in the release of cefazolin 

from 10 wt% loaded MPs was not seen in other formulations, and may indicate poor 

reproducibility in drug distribution within the MPs contributing to differing release 

kinetics.  

 The cumulative release of many antibiotics in this study did not reach 100% 

although the MPs had fully degraded by the end of the study. This could be due to 

degradation of the antibiotics between time points. Doxycycline is well-known for its 

photosensitivity and degrades in aqueous solution, especially when incubated at 37oC 

[207]. Although other antibiotics undergo some degradation in water, the PLGA matrix 

may have provided more protection from degradation while doxycycline was afforded less 

protection due to its particular sensitivity to light [208-211].  

 Loss of antibiotic activity is a serious concern when fabricating controlled delivery 

vehicles. Fabrication of PLGA MPs requires the use of an organic solvent and a method of 

emulsion, which may have deleterious effects on antibiotic efficacy. In addition, the MPs 

are incubated in conditions that may cause degradation of some antibiotics, as seen with 

doxycycline. All antibiotics in this study remained effective against susceptible strains at 

both early and late time points (Table 6), ranging from 12 hours to 35 days. The retention 

of efficacy is likely due to protection of the antibiotic within the polymer matrix until it is 

solubilized and released.  

Some limitations of this study include the use of only one antibiotic with a negative 

charge and the lack of a standard statistical analysis to complete a main effects analysis on 
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release curves. This study could also be expanded to include multiple antibiotics from each 

class. The relation between antibiotic chemistry and release kinetics could be further 

investigated by creating the relatively insoluble freebase counterparts of each antibiotic salt 

and evaluating incorporation into and release from PLGA MPs composed of terminally 

capped and uncapped polymer [154, 202, 204]. Prior et al. have investigated the 

relationship between gentamicin loading efficiency, end groups of PLGA, and pH of the 

aqueous phase, finding that differences in loading efficiency between capped and uncapped 

PLGA are likely due to a combination of terminal group and pH influence on exposed 

charges[197]. Further studies could elucidate the influence of end-capping on 

encapsulation by using antibiotics of different charges with the same fabrication protocol. 

While in vitro studies allow for the evaluation and comparison of the effects of drug loading 

on properties and release kinetics of PLGA MPs in a well-controlled environment, these 

results should be further expanded upon to evaluate release kinetics in vivo. 

 The information from this study indicates that consideration of antibiotic charge, 

molecular weight, and solubility is useful in predicting loading efficiency and in vitro 

release kinetics, respectively. This information could be useful in designing PLGA MPs 

for applications in which knowledge of expected release profile is necessary, such as early 

delivery of a small molecule antibiotic to an infected bone defect followed temporally by 

delivery of a large osteogenic protein such as bone morphogenetic protein-2. Furthermore, 

knowledge of the effect of drug properties can guide choice of polymer and fabrication 

parameters in order to minimize waste during processing and provide a basis for the 

rational design of PLGA MP drug release systems.  

 

Conclusion 

 This study analyzed the effects of incorporation of various antibiotics on the 

properties and in vitro release kinetics of degradable, antibiotic-loaded PLGA MPs. 

Important characteristics of the drug-loaded MPs, such as loading efficiency and release 

kinetics, could be explained by the charge and molecular weight of the loaded antibiotic. 

The charge of loaded antibiotic was a significant factor in the loading efficiency, with 
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negative charges conferring decreased efficiency compared to positive charges on the 

antibiotics. The time course of antibiotic release was variable between 3 weeks and 7 

weeks, and small molecule drugs were released more quickly than large molecular weight 

drugs. Molecular weight also determined biphasic or triphasic release pattern, but solubility 

and partition coefficient did not appear to affect the rate of release. Microparticle size was 

mainly determined by fabrication parameters and did not appear to be significantly affected 

by the loaded drug. Importantly, the antibiotics loaded into the MPs retained their efficacy 

against bacteria both early and late in the release. The results of this study indicate that 

knowledge of the chemical nature of a drug can allow for prediction of important properties 

of drug-loaded MPs, particularly loading efficiency and release kinetics.
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Supplementary Information   

Table S1. Release phases for 10 wt% and 20 wt% loaded cefazolin, ciprofloxacin, clindamycin, and doxycycline PLGA MPs. 

Antibiotic 10 wt% loaded MPs 20 wt% loaded MPs 

 

Phase 1 

(0-1d) 

(%/day) 

Phase 2 

(1-21d) 

(%/day) 

Phase 3 

(21-49d) 

(%/day) 

Cumulative 

Release 

(%) 

Phase 1 

(0-1d) 

(%/day) 

Phase 2 

(1-21d) 

(%/day) 

Phase 3 

(21-49d) 

(%/day) 

Cumulative 

Release 

(%) 

Cefazolin 3.4 ± 2.7 3.4 ± 1.5 0.02 ± 0.01c 72.5 ± 32.5 1.5 ± 1.3 3.8 ± 0.4 0.02 ± 0.01 77.6 ± 10.5 

Ciprofloxacin 11.2 ± 4.6 3.8 ± 0.2 0.2 ± 0.1b,* 92.3 ± 5.1 23.7 ± 16.3a 2.6 ± 0.9 0.09 ± 0.03* 79.1 ± 3.8 

Clindamycin 1.6 ± 0.8 3.5 ± 0.4 0.03 ± 0.03c 73.4 ± 7.4 3.0 ± 0.8 4.6 ± 0.7 0.02 ± 0.01 96.4 ± 12.4d 

Doxycycline 0.03 ± 0.01 2.9 ± 0.3 0.1 ± 0.03b,* 62.3 ± 5.5 0.2 ± 0.1 3.0 ± 0.1 0.03 ± 0.01* 60.3 ± 1.0e 

Letters are used to denote differences between antibiotics within each release phase. 

Asterisks are used to denote differences between the 10 wt% and 20 wt% release phases for a given antibiotic. 

Data is presented as mean ± standard deviation, n=3 per group. 
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Table S2. Release phases for 10 wt% and 20 wt% loaded colistin and vancomcyin PLGA MPs. 

Antibiotic 10 wt% loaded MPs 20 wt% loaded MPs 

 

Phase 1 

(0-1d) 

(%/day) 

Phase 2 

(1-21d) 

(%/day) 

Phase 3 

(21-49d) 

(%/day) 

Cumulative 

Release 

(%) 

Phase 1 

(0-1d) 

(%/day) 

Phase 2 

(1-21d) 

(%/day) 

Phase 3 

(21-49d) 

(%/day) 

Cumulative 

Release 

(%) 

Colistin 0.1 ± 0.2 2.1 ± 1.2* 3. ± 0.3* 0.0 ± 0.0 91.8 ± 12.5 0.3 ± 0.2 4.6 ± 0.1* 1.6 ± 0.3a,* 

Vancomycin 0.2 ± 0.02 2.6 ± 0.2 3.3 ± 0.2 0.03 ± 0.02* 85.7 ± 6.0 0.4 ± 0.2 3.3 ± 0.4 2.8 ± 0.2b 

Letters are used to denote differences between antibiotics within each release phase. 

Asterisks are used to denote differences between the 10 wt% and 20 wt% release phases for a given antibiotic. 

Data is presented as mean ± standard deviation, n=3 per group. 
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Figure S1.  Correlations between loading efficiency (%) and charge (a,b), molecular weight (MW; c,d), logP (e,f), and logS (g,h) for 

10 wt% loaded PLGA MPs (top row) and 20 wt% loaded PLGA MPs (bottom row). Charge has a positive correlation with loading 

efficiency for 10 wt% and 20 wt% loaded MPs. MW, logP, and logS have weak to very weak correlation with loading efficiency. 
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Figure S2.  Correlations between release rate (%/day) during the major phase of release and charge (a,b), molecular weight (MW; c,d), 

logP (e,f), and logS (g,h) for 10 wt% loaded PLGA MPs (top row) and 20 wt% loaded PLGA MPs (bottom row).  None of the factors 

investigated in this study correlate to the release rate. 
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Figure S3.  Correlations between length of lag phase (days) and charge (a,b), molecular weight (MW; c,d), logP (e,f), and logS (g,h) 

for 10 wt% loaded PLGA MPs (top row) and 20 wt% loaded PLGA MPs (bottom row). MW has a very strong positive correlation with 

the length of the lag phase and a negative correlation with solubility. Charge and logP do not have strong correlations to length of lag 

phase.
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Chapter 6 

A Composite Critical Size Rabbit 
Mandibular Defect for Evaluation of 

Craniofacial Tissue Regeneration4 

Abstract 

 Translational biomaterials targeted toward the regeneration of large bone defects in 

the mandible require a preclinical model that accurately recapitulates the regenerative 

challenges that these defects present in humans. Computational modeling and in vitro 

assays do not fully replicate the in vivo environment, and some in vivo models, such as the 

mandibular angle defect and the inferior border mandibular defect, are suitable for specific 

applications such as bone regeneration in a non-load bearing area and composite bone and 

nerve regeneration, respectively, without the involvement of soft tissue or teeth. In this 

protocol, we describe a reproducible load-bearing critical size composite tissue defect 

comprising loss of soft tissue, bone, and tooth in the mandible of a rabbit. We have 

previously used this procedure to investigate bone regeneration, vascularization, and 

																																																								
4 This chapter was accepted as S.R. Shah, S. Young, J.L. Goldman, J.A. Jansen, M.E. 
Wong, and A.G. Mikos, “A Composite Critical Size Rabbit Mandibular Defect for 
Evaluation of Craniofacial Tissue Regeneration,” Nat. Protoc., Accepted (2016). 
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infection prevention in response to new biomaterials formulations for craniofacial tissue 

engineering applications. This versatile surgical approach can be adapted to investigate 

different models such as regeneration in the context of osteoporosis or irradiation. The 

surgical procedure can be performed by researchers with basic surgical skills, such as 

dissection and suturing. The procedure takes 1.5-2 h with approximately 2 h of immediate 

post-operative care, and animals should be monitored daily for the remainder of the study. 

For bone tissue engineering applications, tissue collection typically occurs 12 weeks after 

surgery. In this protocol, we will present the necessary steps to ensure reproducibility; tips 

to minimize complications during and after surgery and analytical techniques to assess soft 

tissue, bone and vessel regeneration by gross evaluation, microcomputed tomography and 

histology. 
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Introduction 

 Bone defects in the mandibular region due to trauma, pathology, or congenital 

defects present a significant challenge to clinicians attempting to regenerate tissue and 

restore function and aesthetics to patients [212]. Some of these difficulties include large 

volumes of tissue loss, loss of multiple tissue types (e.g. bone, soft tissue, teeth, nerve), 

and microbial contamination and/or infection of regenerating tissues by endogenous oral 

bacteria. Animal experimental models are a critical component in the development and pre-

clinical evaluation of new materials aimed at promoting tissue regeneration, as they provide 

evidence to federal regulatory committees that new products or materials can be safe and 

efficacious in an in vivo setting. This evidence is usually required by regulatory committees 

in order for new materials or technologies to be evaluated in human patients and make the 

transition into clinical use, underscoring the importance of animal models in the translation 

of basic science to impacting human health.    

 While small bone defects can be healed without intervention, large defects can 

approach or exceed a critical size, which is classically defined as the smallest size defect 

that will not heal over the lifetime of the animal [213]. Defects larger than the critical size 

result in non-union, and fibrous tissue grows in the intervening space instead of regenerated 

bone [214, 215]. Modern usage of the term “critical size” usually does not indicate the 

smallest possible size or extend healing time to the lifetime of the animal. Instead, “critical 

size” refers to any size defect that does not heal over a specified time period. This 

distinction likely comes about because age, sex, strain, and other characteristics of an 

animal population may influence healing, making it difficult to accurately determine a 

smallest possible defect size, and the practical limitations of extending healing time to the 

lifetime of an animal during model development [216]. Because of these difficulties, 

modern researchers in bone regeneration have focused on developing reproducible 

experimental models that result in a non-healing defect over a time period relevant to the 

growth of bone [217]. Many medical products and biomaterials have been developed to 

facilitate the regeneration of large bone defects, with the eventual goal of clinical 

translation for human use [218-220]. However, despite advances in computational 
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modeling [221] and in vitro techniques [222], no ex vivo models exist that can recapitulate 

the complexities of the in vivo environment, and reproducible, validated experimental 

models in an animal remain the most stringent option for evaluating the safety and efficacy 

of new technologies prior to clinical translation.  

 

Animal models of bone regeneration  

 Many factors contribute to the choice of an animal experimental model for testing 

bone regeneration strategies[213, 223]. For mandibular bone regeneration, animal models 

are generally divided into small animal models (mouse[224], rat [225, 226], rabbit [215, 

227]) and large animal models (dog [228], goat [229, 230], pig [231, 232], sheep [26]). 

Small animal models are commonly used for ethical, economic, and statistical 

considerations while large animal models are primarily used if small animal models are not 

suitable to replicate a clinical scenario or for proof-of-concept testing prior to clinical 

translation. Recent reviews in the literature discuss the advantages and limitations of small 

and large animal models, as well as procedural and experimental considerations vital to the 

implementation and evaluation of materials in these models [233, 234]. For this model, the 

rabbit was chosen because it is an inexpensive and easy to maintain animal that allows for 

studies with sufficient statistical power, as determined by power analyses from pilot studies 

and/or historical data. In addition, this animal allows for implantation of biomaterials 

scaffolds of reasonable size, since the molar/premolar region of the rabbit mandible is of 

adequate size (17 mm long, 16 mm high, 6 mm deep) to allow easy surgical access and 

implantation. The size of the scaffold should be considered when choosing an animal 

model since the use of larger implants permits larger doses of drug incorporation for 

delivery applications and can reveal important information about mass transport limitations 

of scaffolds as they approach clinically relevant sizes.  

 For craniomaxillofacial applications, it is important to match the intended use of 

the material to the site of defect. Calvarial and long bone defect models are well-described, 

reproducible, rapid, and economical [216]. However, cranial defects are non-load bearing, 

and long bone defects experience different load-bearing patterns than those imposed by 
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mastication. Therefore, these models are less appropriate for testing of materials that 

undergo the stress of mastication. In addition, the regenerative cell populations and 

environment present in the mandible and oral cavity are unique and cannot be replicated in 

other areas of the animal. For mandibular applications, the two most common sites for 

defects are the angle and the body of the mandible. The angle of the mandible is relatively 

easy to access surgically and produces minimal impact on the animal’s ability to masticate. 

However, the angle of the mandible is a thin piece of bone poor in marrow and does not 

contain teeth, which may limit the versatility of the model for bone regeneration 

applications [235, 236]. The angle defect model may, however, be suitable for investigation 

of materials that draw on areas of limited cellularity and mechanical loading for bone 

regeneration. In contrast, defects produced in the body of the mandible can be leveraged to 

investigate regeneration of several tissue types in a load-bearing area with dentition. 

Depending on the type of composite tissue defect desired, defects can be surgically created 

in either the inferior border of the mandible or in body of the mandible with extension into 

the overlying dentition [215, 237]. Inferior border defect models allow for the evaluation 

of combined bone and nerve regeneration[238], while defects in the body of the mandible 

allow for evaluation of bone, tooth, and oral mucosa repair [215]. Mandibular defects can 

be easily reproduced in a consistent manner, which is of crucial importance in studies with 

multiple experimental groups. Reproducibility is also a critical component in the ethical 

use of animals in that it minimizes the total number of animals needed to evaluate a 

biomaterial or regenerative strategy. 

 The mandibular defect in rabbits is a suitable experimental model to evaluate 

specific hypotheses related to tissue response, tissue regeneration, and drug delivery from 

biomaterial scaffolds. Our laboratory has developed a protocol for a mandibular defect 

model in the body of the mandible that can be utilized to evaluate bone regeneration and 

neovascularization in response to new biomaterials or tissue engineering constructs [215]. 
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Overview of the procedure 

Dissection A 10 mm defect is created in the molar/pre-molar region of the rabbit mandible 

using an extra-oral approach. The extra-oral approach involves dissection through the 

inferior mandibular region through fascia and muscle, with care taken to avoid the facial 

artery, in order to expose a hemi-mandible. An overview of the procedure outlining the 

following steps can be found in Fig. 4. 

 

 

 

Figure 4. Overview of the rabbit mandibular defect procedure. The different procedural 

options are highlighted in light grey and labeled model 1-4. 

 

Mandibular defect After exposure of the hemi-mandible, a 10 mm trephine bur is used to 

create a partial-thickness or full-thickness bone defect [215]. The partial-thickness defect 

(Model 1, steps 17-19) comprises removal of the buccal mandibular cortex and underlying 

tooth roots, leaving the endosteum and periodontal ligament intact as a potential source of 
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regenerative stem cells [215]. The partial-thickness defect heals completely after 16 weeks 

and is not considered critical size. The full-thickness defect (Model 2, steps 17-20) 

comprising removal of the buccal cortex, tooth roots, and lingual cortex does not heal after 

16 weeks and is considered critical size within that time frame. A round 10 mm trephine 

bur is used because it is the maximum size that can be used to create a defect without 

interrupting the continuity of the mandible, and the use of a round trephine bur facilitates 

the production of a reproducible defect [215].  

Intraoral communication If communication with the oral cavity is desired (Model 3, steps 

17-22), a dental bur can be used to remove a single tooth and expose the defect to the 

contents of the mouth [239-241]. The removal of a tooth results in a composite defect 

comprising loss of bone and tooth with an associated soft tissue defect, which is useful for 

stringently evaluating the resilience of constructs in a non-sterile environment [2].  

Inoculated defects The regenerating defect can further be challenged by the inoculation 

of bacteria (Model 4, steps 17-23)[182, 242]. After creation of the defect in the mandible, 

a tissue engineering construct or device can be placed into the defect, and the wound is 

closed.  

Evaluation Evaluation of bone regeneration [215] and vascularization [243] can be 

performed by microcomputed tomography (microCT). Histologic analysis provides 

information regarding the host response to the implant on a cellular level. Furthermore, this 

in vivo model can be leveraged to evaluate systemic effects relevant to the constructs being 

investigated, and we illustrate ancillary testing that may be considered prior to submitting 

protocols for approval.  

 

Applications, advantages and limitations of the protocol  

 The protocol outlined here allows the investigator to use a single surgical approach 

to evaluate specific anatomic or application-based variations, applicable to a wide variety 

of tissue engineering constructs, such as new biomaterials and drug-releasing implants 

[215],  summarized in Fig. 4 and Table 7.
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Table 7. Summary of potential models, applications, tissues involved, and advantages/disadvantages of each model. 

Option Procedure 
Step Applications Regeneration/ 

Infection Advantages Disadvantages 

Model 1:  
Partial-thickness 

defect 
17-19 

Evaluate strategies to 
accelerate or augment 

tissue regeneration 

Alveolar bone, 
tooth 

A simple procedure 
with minimal risk – 
tooth crowns and 

lingual cortex intact 

Results are only applicable to 
a healing defect 

Model 2:  
Full-thickness 

defect 
17-20 

Evaluate strategies that 
promote bridging of 
alveolar bone in a 
critical size defect 

Alveolar bone, 
tooth 

A simple procedure 
with low risk – tooth 

crowns intact 

Applicable to a limited 
number of clinical scenarios 

in which there is neither 
mucosal damage nor loss of 

tooth crown 

Model 3:  
Full-thickness 

defect with 
intraoral 

communication 

17-22 

Evaluate therapies for 
tissue regeneration in a 
critical size defect with 
bacterial contamination 
from saliva and teeth 

Alveolar bone, 
tooth, oral 

mucosa 

Simulates clean-
contaminated bacterial 

inoculations from saliva 
and tooth plaque (e.g. 

resections due to benign 
or malignant neoplasms 
in the operating room) 

Higher risk of post-operative 
complications due to loss of 
tooth crown that may briefly 
disrupt mastication; risk of 
mandibular infection if no 

antibiotics are given 

Model 4:  
Full-thickness 

defect with 
intraoral 

communication and 
inoculated 
pathogen 

17-23 

Evaluate therapies for 1) 
infection prevention 

and/or treatment and 2) 
tissue regeneration in a 
critical size defect with 
bacterial contamination 
from saliva and teeth 

Alveolar bone, 
tooth, oral 
mucosa, 
infection 

Simulates traumatic 
bacterial inoculations 

from saliva, tooth 
plaque, and exogenous 

bacteria (e.g. motor 
vehicle accidents, 
gunshot wounds) 

Requires additional protocols 
and precautions for use of 

bacteria; may lead to 
increased rabbit 

morbidity/mortality 
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The development of this protocol for our laboratory has focused on the use of implants for 

bone regeneration and drug release strategies to address infected defects. However, this 

protocol could also be employed to address other areas of importance in craniofacial tissue 

engineering and dental applications, such as tooth regeneration, simultaneous alveolar bone 

and tooth regeneration, barrier membranes, and dental implants [233, 234]. This model can 

be also expanded to include rabbits that undergo treatment to model compromised 

populations. For example, rabbits can be ovariectomized prior to surgery in order to 

evaluate tissue regeneration in an osteoporotic population [244]. Bone regeneration and 

infection prevention in irradiated bone is also a common clinical concern, and rabbits may 

undergo radiation after the proposed procedure in order to evaluate biomaterials or implant 

performance in bone compromised by radiation [245, 246]. 

 

Computational and in vitro methods  

 Computational and/or in vitro methods of evaluating tissue engineering constructs 

should be considered prior to attempting in vivo work. Computational modelling in tissue 

engineering is generally aimed at understanding the interface between cells and 

biomaterials [221]. Molecular, kinetic, and chemochemical adhesion modelling can 

provide insight into single cell-biomaterial or cell population-biomaterial interaction in 

order to design biomaterials that maximize a desired interaction, such as the adhesion of 

cells to biomaterial scaffolds[221]. Furthermore, mass transport and fluid flow through 

scaffolds can be modelled computationally in order to provide insight into the suitability 

of scaffolds for supporting cell survival and growth[247]. However, computational 

modelling has inherent limits in that computational limits prevent incorporation of ligand-

receptor interactions and cytoskeletal components that are essential in cell behaviour and 

adhesion and cannot account for the wide variety of cell types and signalling pathways 

present in the in vivo environment. These models are therefore most useful for early design 

of scaffolds and to understand phenomena observed in vitro or in vivo.  

 In vitro experimentation is an essential step in the process of biomaterial scaffold 

development. These experiments usually involve single or multiple cell cultures with the 
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material in order to evaluate toxicity to cells and the ability of cells to survive and 

proliferate on or within the material [220]. More sophisticated techniques of culturing cells 

in vitro, such as the use of flow perfusion bioreactors, can control other variables, 

particularly shear stress and mass transport, that cells experience [222]. Furthermore, 

important data regarding the ability of the material to drive cell behaviour, such as stem 

cell differentiation, can be evaluated in a setting where variables such as mechanical 

loading and growth factor/cytokine delivery can be controlled [220]. The value in in vitro 

experimentation lies in the ability to evaluate specific questions by strictly controlling the 

environment that cells are exposed to. These experiments, like computational modelling, 

help to refine the design of biomaterials and to better understand or explain phenomena 

seen in the complex in vivo environment. 

 In vivo experimentation is an indispensable part of translating biomaterials into the 

clinical environment. While computational and in vitro methods can relay important 

information about specific interactions between cell types and biomaterials, they cannot 

replicate the entire signalling repertoire and cellular response seen in vivo. These three 

methods work in concert with each other to optimize scaffold design, elucidate mechanisms 

of response, and evaluate host tissue response while minimizing the number of animals 

used by promoting testing of only the most promising scaffold materials.  

 

Experimental Design 

Critical size defect The model employs a validated critical size defect, which is an 

important feature if the intent is to show a statistical benefit to a new regeneration strategy. 

The model was validated by evaluating bony bridging by microCT and histology at 8 weeks 

and 16 weeks post-operatively in full- and partial-thickness defects without intraoral 

communications to confirm lack of bridging in full-thickness defects at 16 weeks[215]. 

The rabbit mandible is adequately sized to receive constructs approximately 10 mm in 

diameter and 6 mm in height (470 mm3).  

Controls Positive and negative controls should be included in the experimental design. For 

investigations of bone regeneration, negative controls are usually empty defects, while 
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positive controls are autograft-filled defects. For investigation of bone regeneration of 

infected defects, the negative control is a construct with no antimicrobial treatment (i.e. 

infected, no antimicrobial treatment) and positive controls include antibiotic-loaded bone 

cement, as is used clinically. It is highly recommended to perform  a pilot infected defect 

study to optimize conditions for the creation of a true infection, as a healthy animal may 

be able to clear an infection regardless of the treatment provided [223, 248].  

Analysis and evaluation methods Experimental endpoints should be determined by the 

outcome to be measured. Our laboratory has typically evaluated bone regeneration and 

implant-tissue response by imaging (microCT) and histology. For experiments in which 

bone regeneration is the primary outcome, our laboratory has generally performed 12 week 

studies, although 8 weeks and 16 weeks have also been used. However, evaluation of 

different outcomes, such as development of osteogenic membranes or quantification of 

gene expression within healing tissues, will require controls and optimization to determine 

appropriate endpoints. If appropriately planned, animal samples can be used for more than 

one type of analysis, maximizing the amount of data collected per animal and allowing 

fewer animals to be used overall. Refer to Fig. 5 for a flowchart that details how to 

maximize data collection when evaluating either bone regeneration/molecular states or 

angiogenesis.  
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Figure 5. Flowchart for sample preparation. Tissue collection can be maximized and total 

animals used minimized if samples are prepared in the correct order. In general, live 

cells, such as bacterial culture, must be collected first, and molecules that can degrade, 

such as RNA and protein, must be stabilized as soon as possible. Major steps are 

indicated by rectangles and decision points are denoted by diamonds. Thick black boxes 

indicate destructive endpoints. 

 

Essentially, tissue collection can be optimized by arranging data collection from least to 

most destructive. Observational data is collected before dissecting the mandible, and live 

tissue specimens (e.g. for culture, quantitative polymerase chain reaction, or Western blot 

protein analysis) are taken prior to fixation (histology). If undisturbed tissue is necessary, 

live specimens are taken from a consistent portion of the sample, leaving the remainder 

untouched for histologic evaluation. Preparation of samples for 

histology/immunohistochmistry and electron microscopy are terminal endpoints, after 

which further manipulation of the samples is not advisable. 
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Tissue Sampling
(step 33A,B)

Fixation in 10% NBF
(step 35)

Electron Microscopy 
(step 33C)

• SEM
• TEM

X-ray Analysis
(step 36A,B) 

• Plain radiography
• MicroCT

Fixation in Formical-2000
(step 36C)

Gross Tissue Evaluation
(step 33)

Molecular Analysis
(step 33A,B)

• qPCR
• Western blot

Light Microscopy
(step 36D)

• Methacrylate-
embedded histology

Electron Microscopy
(step 33C)

• SEM
• TEM

X-ray Analysis
(step 36A,C)

• Plain radiography
• MicroCT

Light Microscopy
(step 36D)

• Paraffin-embedded 
histology

Neck Dissection/Microfil Infusion
(step 32A)

Mandibular Dissection
(step 32B)

No Yes

Undisturbed Sample

Gross Tissue Evaluation
(step 33)
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Sample size A power analysis should be performed for each experiment, but our laboratory 

has typically found that sample sizes of 6-10 are acceptable to achieve statistical 

significance. Sample sizes should be based on data from pilot studies relevant to the desired 

outcome (e.g. regenerated bone volume), and the analysis is usually based on a one-way 

analysis of variance. Our laboratory employs the commonly accepted biostatistical 

parameters for significance level α= 0.05 (Type I error), β=0.05-0.2 (Type II error), power 

(1-β)=80-95%, and a medium to large effect size.  

 

Animal care and attrition Rabbits typically return to full activity within 3-7 days after 

surgery. If no tooth is removed, rabbits recover earlier and have less difficulty eating than 

if a tooth is removed. Providing pellets softened with water improves their ability to eat 

earlier. In our experience, supplementing softened food with Critical Care diet and 1 

tablespoon of yogurt for the first 4-7 days after surgery reduces post-operative diarrhea. 

Anticipated attrition for this protocol is approximately 10-15% based on our previous 

experience. Deaths are typically due to post-operative diarrhea and occur within the first 2 

weeks, allowing adequate opportunity for replacement.  

 The defect described in this protocol is a critical size defect produced through the 

limitation of size. This should be taken into account when considering the use of this model 

to address situations in which underlying pathology is the cause of absent or poor bone 

growth.  

 

Animal Record Form Detailed animal record forms must be kept for each animal. 

Examples of these forms can be found in the Supplementary Notes 1-3 (Anesthesia Record, 

Postoperative Monitoring Form, Postoperative Recovery Form). Apart from satisfying 

legal requirements for animal welfare reporting, these records are essential for noting 

discrepancies in surgical technique or incidents during the procedure that may later be used 

to evaluate outliers in the study. For most efficient use of these forms, veterinary personnel 

who are maintaining anesthesia should be responsible for recording vitals and major 

procedural milestones and times on the forms. These records are kept with the animals or 

within the vivarium at all times. The records should include: 
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• Date 

• Animal identification information: species, sex, identification number 

• Protocol information: principal investigator, approved animal protocol number 

• Personnel information: names of surgeons, assistants, technicians, anesthetists 

• Procedure information: type of procedure and details of each step, including all 

animal preparation, such as intubation, and all surgical procedures 

• Pre-operative vitals: temperature, pulse, respiratory rate, weight 

• Substances administered: concentration and dose of all substances administered to 

the animal throughout the procedure, including drugs and fluids; if biomaterial 

implants and/or exogenous bacteria are used in the procedure, these must be 

recorded on the animal form as well 

• Anesthesia monitoring record: type of anesthesia, anesthetic percent, oxygen flow 

rate, vital signs every 15 minutes 

• Explanation and time of events: e.g. intubation and extubation, procedure start and 

end time, begin or end ventilation, medication administration, surgical events  

• Procedure outcome: recovered, died, euthanized 

• Recovery care: record vital signs (heart rate, respiratory rate, pulse oximetry, and 

temperature) and observations (e.g. monitor incision site for bleeding) every 15 

minutes until rabbit is sternal and maintains stable vitals 

• Post-operative record: monitor and record general health status, incision site 

healing, fecal and urine output, analgesia, and food intake twice daily until post-

operative analgesia is discontinued, then once daily for the remainder of the study 

 

These forms ensure that the animal is kept in good condition during the procedure from a 

health and animal welfare perspective. In addition to these forms, a simplified form 

detailing the personnel, study codes, and major procedural milestones may be recorded by 

the non-sterile assistant in order to ensure that the experimental design is being followed, 

especially in experiments in which there are multiple groups being performed in a 

randomized fashion. An example of this form can also be found in the Supplementary Note 

4 (Surgical Record). 
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Pathogen considerations The decision to introduce pathogens into this protocol requires 

additional considerations, both regulatory and procedural. First, the use of pathogens 

usually requires an additional biosafety protocol to be submitted. These protocols should 

be submitted to any institution where the bacteria will be grown or used, and a materials 

transfer agreement should be in place if bacteria will be transferred between institutions. A 

biosafety protocol should specify: 

• The biological agent 

• A description of the bacteria, including general background information, 

pathogenicity, modes of transmission, and whether it can affect humans 

• A description of the inoculation procedure and surgical model, including timing of 

inoculum preparation, amount to be inoculated, expected outcomes, and plans for 

pathogen disposal at the end of the procedure 

• Housing requirement for infected animals 

• Experimental groups 

• Study personnel and relevant animal and biological agent training for each person 

• Transportation and containment of the biological agent 

• Precautions, including personal protective equipment, engineering controls, and 

spill procedures 

• Point of contact for the study 

 

 Bacterial pathogens can be obtained through either the American Tissue Culture 

Collection (ATCC) or from a clinical collaborator who can provide patient-derived 

samples. In this rabbit mandibular defect model, our laboratory has used a clinical strain of 

Acinetobacter baumannii [182] obtained from collaborators and a strain of Prevotella 

melaninogenica [242] obtained from ATCC (ATCC 25845) as the infecting agent. 

Carefully consider the biosafety level of the pathogen and whether appropriate safety-

certified areas are available for handling and culture of the pathogen, both in the laboratory 

and at the site of the surgeries. We recommend a thorough search of the literature to identify 

whether models with controls using the specific desired pathogen already exist. The 

veterinarian should be consulted for advice on systemic antibiotics that would be used 
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against the chosen bacterial species if needed, and antibiotic susceptibility testing should 

be performed using control strains and methods as indicated in a standard such as ISO 

20776. Bacteria must be evaluated for survival under transport and storage conditions prior 

to surgery. This can be done by creating a growth curve for the bacteria under the planned 

transport and storage conditions. If multiple animals are planned for the day, evaluate 

survival and growth over the entire time period the bacteria would be on ice prior to 

inoculation (i.e. at the time of each inoculation).  

 For aerobic bacteria, we have typically suspended bacterial colonies in sterile 

normal saline and stored on ice before implantation. The inocula are stored and transported 

on ice in sealed secondary containment. For anaerobic bacteria, colonies can be suspended 

to the appropriate optical density in sterile normal saline in an anaerobic chamber and 

stored on ice. Primary and secondary containers are equilibrated within the chamber to 

achieve the appropriate gas mixture and sealed in order to prevent premature exposure of 

the pathogen to oxygen. A reducing agent such as Oxyrase for Broth or thioglycolate may 

be used to scavenge oxygen, if appropriately tested with the bacteria. In particular, for 

anaerobic cultures, we recommend making separate inoculum tubes for each animal 

planned for the day, such that each tube is only opened once and then discarded. We also 

recommend plating the inoculum, aerobic or anaerobic, at the end of the procedures for the 

day to ensure viability of the inoculum.  

 The researcher must also decide how the inoculum will be placed within the defect. 

A pipette or a syringe may be used to inject a liquid culture into the defect. This is a simple 

method that can be done quickly and does not require additional materials, but a liquid 

culture is difficult to contain in a single area. Another possibility is to use a carrier for the 

bacteria, such as a collagen sponge. The bacterial inoculum is pipetted onto the carrier and 

the carrier is placed within the defect. This has the advantage of ensuring that the inoculum 

stays in the general area of implantation, but introduces another material into the defect 

that may confound evaluation of tissue response to an implant. Alternatively, the implant 

itself may be inoculated with the bacteria in the laboratory and transported on ice in 

secondary containment to the operating room. This would be particularly useful for 

applications such as implant-associated biofilm infections, as materials may need to be 
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immersed in an inoculum for several hours in order to form a biofilm. This option would 

still require rigorous pre-surgical evaluation to ensure that a reproducible inoculum could 

be reliably produced on the material.   

 Finally, it is important to determine, in consultation with the veterinarian, a 

prospective humane endpoint of the study. Although the inoculum concentration should 

ideally be titrated to produce an infection with minimal morbidity, a significant infection 

that causes pain and distress is possible. In this case, the researcher must decide prior to 

beginning the study whether to provide systemic antibiotics or to exclude the animal from 

the study and euthanize. This decision should be guided by the objectives of the study, in 

consultation with a veterinarian. 

 

Perioperative antibiotics Administration of perioperative antibiotics depends on the 

design of the experiment. For local antibiotic delivery applications in infected mandibular 

defects, our laboratory has typically declined to use perioperative antibiotics in order to 

minimize the confounding factor of systemic antibiotic administration on bacterial 

clearance and local tissue regeneration. However, since clinical scenarios would involve 

the use of systemic antibiotics in combination with local antibiotics, it is also reasonable to 

use perioperative antibiotics to evaluate local drug release in a more clinically relevant 

situation. For non-antibiotic delivery applications, the decision to use perioperative 

antibiotics should be be made in consultation with the veterinarian. 

  

Implant Our laboratory has typically used this defect model to evaluate host tissue 

response to either new biomaterials [240, 243] or new formulations of biomaterials [182, 

239, 241]. Poly(propylene fumarate) was synthesized and fabricated into implants within 

our laboratory while poly(methyl methacrylate) was obtained from a commercial source. 

Any synthesized material can be used, provided that the synthesis is reproducible and the 

polymer has been shown to be reasonably non-toxic in vitro. Our laboratory has typically 

employed hard polymer materials for these defects, such as poly(methyl methacrylate) 

[239] and poly(propylene fumarate) [240]. However, we have also developed injectable 

hydrogel systems that would be suitable candidates for evaluation in the mandibular defect 
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[220, 249]. Implants can be either be pre-fabricated or fabricated at the time of 

implantation, depending on the intended clinical use of the material.  

 

Fixation plate The fixation plate is likely not necessary in partial thickness defects and in 

full thickness defects without intra-oral communication. However, our laboratory has 

always used the fixation plate as a prophylactic measure against iatrogenic fracture in all 

models. In particular, animals with full thickness defects with intra-oral communication 

should always be plated since only a small strip of bone on the inferior mandible separates 

this defect from a segmental defect. Iatrogenic fracture in the absence of a fixation plate 

would result in euthanasia of the animal. A disadvantage of using a fixation plate in the 

application of bone regeneration is that the plate can act as a osteoconductive material and 

may facilitate bony bridging across the defect. However, an advantage of using the fixation 

plate is that clinical applications would require the use of a fixation device, and thus the 

model replicates the clinical situation. We highly recommend the use of a fixation plate, 

particularly in full thickness defects with intraoral communication. The final decision on 

use of fixation should be made in consultation with the veterinarian and the institutional 

animal care and use committee. 

 

Population type Our laboratory has typically used this model to replicate the specific 

clinical population of young males who receive large, traumatic composite tissue defects. 

Thus, the rabbits used in our studies have no underlying pathology and limits to 

regeneration exist due to size. There are many underlying pathologies that contribute to 

delayed or poor bone regeneration, particularly irradiation [245, 246] and osteoporosis 

[244]. Rabbits can be given radiation treatment to produce a model to evaluate tissue 

regeneration in an irradiated area, while osteoporosis can be modeled by using 

ovariectomized female rabbits. Although the protocols for producing these underlying 

pathologies are outside the scope of this protocol, we mention these other populations here 

to emphasize that the regenerative capacity can vary and that this mandibular defect 

protocol may be used to evaluate regeneration in these different populations. A summary 

of the key decisions discussed above is presented in Table 8.  
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Table 8. Key decisions necessary prior to submission of animal protocol. 

 

Decision Options Advantages Disadvantages 
Potential clinical 

applications 

Population 

type 

Healthy 
Does not require 

additional procedures 

Does not take into account any 

underlying pathologies 

Trauma in otherwise healthy 

patients 

Compromised 

(i.e. 

ovariectomized, 

irradiated) 

Introduces challenges 

specific to clinical 

applications 

Requires additional justification, 

procedures, and equipment 

Ovariectomy: osteoporosis; 

Irradiation: regeneration of 

irradiated bone after 

malignant neoplasm resection 

Infection 
Clean-

contaminated 

Does not require 

additional biosafety 

protocol 

Unpredictable with regards to 

clinical infection development, 

which must be considered when 

requesting additional animals for 

attrition 

Resection of benign 

pathologies (i.e. odontogenic 

cyst) 
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Exogenous 

bacteria 

Stringent model for 

evaluating 

antimicrobial strategies 

Requires additional biosafety 

protocol and safe handling 

procedures 

Traumatic inoculation (i.e. 

shrapnel, gunshot) 

Peri-

operative 

systemic 

antibiotics 

Administer 

systemic 

antibiotics 

Replicates clinical 

prophylaxis against 

development of 

infection in clean-

contaminated resections 

Antibiotics may affect tissue 

regeneration 

Open mandibular fractures or 

defects with tooth 

involvement 

No systemic 

antibiotics 

Can evaluate efficacy 

of antimicrobial 

strategies and materials; 

no exogenous drug 

effects on tissue 

regeneration 

Clean-contaminated: Undesired 

infection may occur; 

Exogenous pathogen: Protocol 

optimization to titrate inoculation 

dose is required 

Closed fractures 

Fixation 

hardware 
Fixation plate 

Minimizes risk of 

euthanasia due to 

iatrogenic fracture; may 

assist in retaining 

May confound bridging results due 

to conduction of bone; additional 

equipment cost 

Mandibular fractures and 

implants are usually fixed 

with hardware 
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implant within the 

defect 

 

 

No fixation plate 

Does not allow 

conduction of bone 

across defect 

Potential iatrogenic fracture, 

especially in Models 3 and 4, 

resulting in mandibular instability 

Note: Some committees will 

require the use of fixation 

hardware in Models 3 and 4 

due to the potential for 

fracture in the inferior 

mandible 
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Required personnel and expertise Surgical personnel require basic surgical skills (i.e. 

dissection and suturing), and we recommend practice on rabbit cadavers prior to beginning 

experiments if possible. In addition to the primary surgeon, a sterile surgical assistant is 

necessary. Rabbit anesthesia requires veterinary personnel to intubate, regulate ventilation, 

and monitor vitals during the surgeries. If possible, licensed veterinary technicians are 

preferred. While not strictly necessary, a second non-sterile assistant is helpful, particularly 

for beginners and for studies involving the use of bacteria.  

 

Materials 

Reagents 

• Skeletally mature rabbits (New Zealand White Rabbits, age: ~6 months, weight: 3.5-

4.5 kg, Charles River Laboratory, Oakwood Facility, strain code 571); our laboratory 

has used male animals for all previous studies, however sex should be determined by 

experimental design and requirements of the funding agency    

CAUTION: Animal protocols must conform to all relevant animal ethics and welfare 

regulations and be approved by the appropriate institutional care and use committees. 

Protocols should be approved by all institutions involved in the work. Consult with 

research administration at each institution if multiple institutions are involved to determine 

if multiple approvals are needed. For the protocol outlined here, all surgical procedures 

followed protocols approved by the University of Texas Health Science Center at Houston 

Institutional Animal Care and Use Committee. If necessary, approval was also obtained 

from the Rice University Institutional Animal Care and Use Committee and/or the 

Department of Defense Animal Care and Use Review Office.  

• Implant material, sterilized  

• Bacterial inoculum for infection studies (e.g. clinical isolate from a hospital[182], 

bacteria obtained from commercial source such as ATCC[242]) 

CAUTION: All institutional regulatory permissions regarding the use of biohazardous 

agents must be obtained prior to use (i.e. Institutional Biosafety Committee or equivalent) 

from all institutions where the bacteria will grown or used. Consider biohazard limitations 
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of the laboratory and the animal facility. Animals inoculated with a pathogen must be 

housed in the appropriate biosafety level housing as designated by institutional safety 

committee.  

• Buprenorphine (Patterson Veterinary, cat. No. 07-891-9756) 

• Isoflurane (Henry Schein, cat. No. 050033) 

CAUTION: Isoflurane is a halogenated anesthetic that can cause skin, eye, and respiratory 

irritation. Halogenated anesthetics may be associated with reproductive problems and 

developmental defects. Isoflurane has been categorized as a Pregnancy Class C drug by the 

United States Food and Drug Administration. Personnel who are pregnant should avoid 

exposure to this drug. A scavenging system should be in place to minimize exposure, and 

badges can be worn to monitor cumulative exposure. Isoflurane can also cause skin, eye, 

and respiratory irritation.  

• Oxygen, USP grade (Matheson Tri-Gas)  

• Meloxicam (Patterson Veterinary, cat. No. 07-891-7959) 

• Critical Care diet (Patterson Veterinary, cat. No. 07-849-4321) 

• Acepromazine (Patterson Veterinary, cat. No. 07-869-7632) 

• SomnaSol (Henry Schein, cat. No. 024352) 

• Bupivicaine (Patterson Veterinary, cat. No. 07-890-4881) 

• Ketamine (Patterson Veterinary, cat. No. 07-803-6637) 

• Sterile normal saline (Henry Schein, cat. No. 031005) 

• Lactated Ringer’s Solution (Patterson Veterinary, cat. No. 07-883-6643) 

• Chlorhexidine scrub (VEDCO, cat. No. 50989-048-29) and solution (VEDCO, cat. No. 

50989-351-29) 

• Formalin (Fisher Scientific, cat. No. SF100) 

CAUTION: Formalin can cause eye, skin, and respiratory irritation and is a probable 

carcinogen. This chemical should only be used and stored in chemical fume hoods.   

• Formical-2000 (American MasterTech, cat. No. DCF20) 

• Heparin (Henry Schein, cat. No. 1162402) 

• Microfil and curing agent (Flow Tech, cat. No. MV-122) 
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• Ethanol (70% (vol/vol) in water; VWR 89125-180) 

• Parafilm (Bemis, cat. No. PM992) 

• Ethylene oxide (Andersen Products, cat. No. AN73) 

CAUTION: Ethylene oxide is a toxic gas and should be handled with care. The liquefied 

gas is extremely flammable and explosive when exposed to elevated temperatures. 

Ethylene oxide causes respiratory tract irritation and skin and eye irritation/burns. 

 

Equipment 

• Electric clippers (Oster) 

• Scale (Tanita, model 1584)  

• Lacrilube (Henry Schein , cat. No. 3773656) 

• Rabbit anesthesia system (Midmark) 

• Bain rebreathing circuit (Hudson RCI, cat. No. BD2498) and circuit adapter (Dre 

Veterinary Equpiment, cat. No. 1487) 

• Vital signs monitor (Surgivet, model V9204) 

• Warming blanket (Gaymar T/Pump, Model TP 700) 

• Electrocautery system (Bovie Medical Corporation) 

• Bovie pencil (Bovie Medical Corporation) 

• Monopolar Colorado microdissection needle (Stryker Leibinger, cat. No. N103A) 

• 22-gauge butterfly (Patterson Veterinary, cat. No. 07-857-2978) 

• Sterile disposable scalpel blades, no. 15 (Miltex, cat. No. 4-115) 

• Scalpel handle (KLS Martin, cat. No. 10-130-03) 

• Surgical/dental drill (NSK Surgic XT Plus, cat. No. Y141246) 

• Contra-angle handpiece (NSK Ti-Max, cat. No. SG20L) 

• Straight handpiece (NSK Ti-Max, cat. No. SG65L) 

• Spatula (VWR, cat. No. 82027-530) 

• Adson-Brown forceps (KLS Martin, cat. No. 12-244-12) 

• Micro Jewelers forceps (KLS Martin, cat. No. 12-418-04) 
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• Small hemostat (KLS Martin, cat. No. 13-310-12) 

• Needle drivers (KLS Martin, cat. No. 20-632-14) 

• Periosteal elevator (Hu-Friedy, cat. No. PFITR1/2) 

• 10 mm trephine bur (Ace Surgical Supply Co., cat. No. 04-9487-02)  

• 1.1 mm drill bit (KLS Martin, cat. No. 25-452-05-91) 

• Cross-cut bur, 1 mm (Stryker Leibinger, cat. No. 277-10-210) 

• 1.5 mm titanium fixation plate, 20 hole (KLS Martin, cat. No. 25-320-00-91) 

• 1.5 mm titanium fixation screws, 5 mm (KLS Martin, cat. No. 25-878-05-91)  

• Screwdriver (KLS Martin, cat. No. 25-402-99-07 and 25-489-97-07) 

• Plate benders (KLS Martin, cat. No. 50-502-10-07) 

• Plate cutters (KLS Martin, cat. No. 50-502-11-07) 

• Angiocatheter, 20 gauge (Venisystems Abbocath-T, cat. No. G717-A01, 4535-20) 

• Tubing extension set, 20 in (Hospira, cat. No. 4429-48) 

• Male-male Luer lock adapter (Cook Medical, cat. No. G15265) 

• 4-0 Vicryl (Patterson Veterinary, cat. No. 07-808-9962) 

• Gauze, sterilized (Patterson Veterinary, cat. No. 07-838-4518) 

• Needle, 25 gauge (Becton Dickinson, cat. No. 305122) 

• Syringe, 5 mL (Becton Dickinson, cat. No. 309646) 

• Syringe, 60 mL (Becton Dickinson, cat. No. 309653)  

• Personal protective equipment, including eye protection, sterile gloves (Patterson 

Veterinary, cat. No. 07-834-7223), disposable gowns (Patterson Veterinary, cat. No. 

07-890-7966), surgical caps (Patterson Veterinary, cat. No. 07-868-9278), and surgical 

masks (Patterson Veterinary, cat. No. 07-844-3672) 

 

Procedure 

Pre-operative preparation: 45 min, excluding acclimation and instrument 

sterilization 
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1. Acclimate rabbits to soft food at least 7 days prior to surgery. A minority of rabbits may 

require 10-14 days to acclimate to the diet. Sterilize surgical instruments and gauze in an 

autoclave and allow them to cool to room temperature (20-25°C). Sterilize implants or 

instruments that cannot be  autoclaved  by ethylene oxide treatment and allow to off-gas 

for at least 24 h in a chemical fume hood prior to implantation. 

  

2. Remove food from rabbits the morning of surgery. 

 

3. On the morning of surgery, administer 0.02-0.03 mg/kg buprenorphine subcutaneously 

(SQ) to each animal in the scapular region for analgesia using a 25-gauge needle and 

appropriately sized syringe. Disinfect operating table with solution of quaternary 

ammonium or 70% v/v ethanol. 

 

4. For induction, administer 35-55 mg/kg ketamine and 1.25-1.75 mg/kg acepromazine SQ 

for sedation using 25-gauge needles and appropriately sized syringes. Weigh the animal 

and record weight, shave the right side of the face below the eye, the right neck, and the 

lower back. Place animal on a mask with isoflurane at 3.5% and transfer to the operating 

table in the dorsal position. Secure the legs to their respective sides of the table with soft 

rope. Place a folded towel underneath the animal’s head on the side receiving surgery in 

order to elevate the area. Maintain warmth (37°C) with hot water blanket and/or forced air 

warming unit. Verify depth of anesthesia by lack of reflex to toe pinch. 

TROUBLESHOOTING 

 

5. Intubate the rabbit and maintain anesthesia with 2-3% isoflurane in 100% oxygen. 

Maintain ventilation throughout the procedure.  

 

CRITICAL STEP Intubation of rabbits should be performed by proficient veterinary 

technicians. Improper intubation can lead to inadequate ventilation, airway swelling, 

asphyxiation, and death.  
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6. Attach pulse monitor to either hind foot and a three lead electrocardiogram monitor to 

back. Apply enough Lacrilube to each eye to cover the eye with a thin film of the jelly. 

 

7. Monitor heart rate, oxygen saturation, carbon dioxide, and respiratory rate every 5 min 

throughout the procedure. Monitor temperature and non-response to hind limb toe pinch 

reflex every 10-15 min. Please refer to Table 9 for guidelines on normal values for these 

vitals. 

TROUBLESHOOTING  

 

Table 9. Guide for monitoring vital signs under the written anesthetic protocol. 

Vital Expected range 

Heart rate 210-300 beat per min 

Oxygen saturation 95-100%; >90% acceptable 

Carbon dioxide 35-45 mmHg 

Ventilation respiratory rate 12-18 breaths per min 

Temperature 
98-100°F under anesthesia; 

101-103°F awake 

 

8. Place a 22-gauge intravenous catheter in the ear vein and provide Lactated Ringer’s 

Solution at a drip rate of 10 mL/kg/hr throughout the procedure.  

 

9. Prepare the incision site with alcohol and chlorhexidine. Place a sterile drape over the 

animal.  

 

10. Put on personal protective equipment, to include cap, shoe covers, mask, eye protection, 

sterile gown, and sterile gloves. If performing multiple surgeries in a single session, change 

sterile gown and gloves between animals.  
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Operative procedure: 90-120 min 
11. With the animal in the dorsal position, cut a window in the sterile drape to expose the 

inferior mandible. Use a scalpel with a 15-blade to make a midline incision from the 

mentum posteriorly to the midpoint between the left and right angles of the mandible 

through the skin, as shown in Fig. 6A, stopping when fascia is exposed.  

 

12. While the surgical assistant provides retraction, use Bovie cautery with monopolar 

Colorado microdissection needle to continue dissecting through the fascia until the inferior 

border of the mandible is visible. Small vessels may be cauterized with the Bovie. Note the 

use of electrocautery in the Animal Record Form. 

 

CRITICAL STEP: Be aware of the large facial artery running along the inferior border of 

the mandible. A representative image showing the facial artery during dissection can be 

seen in Fig. 6B. 

TROUBLESHOOTING 

 

13. Locate the inferior border of the mandible and use a scalpel to make an incision through 

the visible periosteum between the attachment of two muscles on the inferior border, as 

shown in Fig. 6C. 

 

14. Using a periosteal elevator, expose the buccal cortical plate in the area of the premolars 

through the incision in the periosteum by carefully lifting away muscle and periosteum. 

Start anteriorly and move posteriorly.  

 

15. Manually retract soft tissue away from the bone and observe the superior aspect of the 

mandible. As shown in Fig. 6D, the sloped curve toward the incisor anteriorly from the 

body of the mandible should be visible and is a useful landmark for creation of the defect.  

 

16. Approximate the margins of the defect using the trephine bur. First, estimate the 

location of the second tooth (each tooth is approximately 2-3 mm wide). Center the trephine 
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bur in the anterior-posterior axis on the second molar from the incisor. Leave 2 mm 

between the bur and the inferior aspect of the mandible, if possible. Check to ensure that 

the bur does not cut through the superior aspect of the mandible by centering the bur in the 

intended area and retracting soft tissue to visualize the superior aspect mandible.  

CRITICAL STEP The surgical assistant should retract the soft tissue anteriorly at the level 

of the incisor and posteriorly at the buccinator muscle. 

 

CRITICAL STEP: Leaving adequate bone (~ 2 mm) between the inferior mandible and the 

defect is essential in preventing iatrogenic fracture of the mandible.  

TROUBLESHOOTING 

 

 

 

Figure 6. Dissection to the mandible. Note that the superior and inferior aspects of the 

mandible are located at the bottom and top of the image, respectively, as the rabbit is in 

the dorsal position. A) A window is cut into the drape to reveal the inferior mandible. An 

incision (dashed line) is made from the mentum (m) to the midpoint between left and 

right mandibular angles (la and ra, respectively). B) During dissection through the fascia 

and muscle, it is important to avoid inadvertently damaging the facial artery (black 

arrow). C) The periosteum is divided on the inferior mandible along the white line 

indicated by the blue arrow. D) The buccal (lateral) cortex of the mandible is exposed, 

with the white arrowhead indicating the diastema for reference. All surgical procedures 

followed protocols approved by the University of Texas Health Science Center at 

Houston Institutional Animal Care and Use Committee.  
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17. Using the 10 mm trephine bur on the contra-angle 1:20 handpiece at 2000 r.p.m. under 

constant irrigation with saline, lightly score the buccal cortical plate by applying the 

trephine bur firmly to the desired area for approximately 1 s, then verify the margins of the 

defect as seen in Fig. 7A. Continue drilling under irrigation through the buccal cortex until 

the bur hits teeth. The surgeon will feel the trephine break through the cortical plate and 

feel a change in the resistance of the drill since the teeth are harder than the mandibular 

bone. Check all sides of the plate have been completely free by using a small periosteal 

elevator to gently lift the plate away from the mandible, as shown in Fig. 7B. If significant 

resistance is encountered, drill through the area that is not free. Lift the buccal cortex off 

of the mandible. This bone and all other biological materials removed during this procedure 

should be disposed of in biohazardous waste.   

 

CRITICAL STEP: Score the mandible without penetrating too deeply, in case adjustment 

needs to be made to the defect. Always lift the bone away from the defect from the anterior 

or posterior sides of the defect, as pressure on the superior or inferior aspect of the defect 

can cause iatrogenic fracture.  

TROUBLESHOOTING 

 

18. Irrigate with 10 mL of normal saline to remove bone fragments. One full tooth root 

surrounded by two halves of tooth roots should be visible, as shown in Fig. 7C. Continue 

drilling through the roots with the trephine bur under continuous irrigation. Completely cut 

through the teeth before lifting them out with periosteal elevators. Free the teeth from the 

lingual cortex with periosteal elevators and lift teeth out gently. Only lift teeth from the 

anterior or posterior sides of the defect. Irrigate with 10 mL of normal saline to remove 

tooth remnants. 

 

TROUBLESHOOTING 
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19. If a fixation plate is to be used, measure and cut the fixation plate to span the defect 

with at least 2 holes on either side, as shown in Fig. 8. Bend the plate to match the contours 

of the mandible, drill a pilot hole, and apply a single screw on the posterior side of the 

defect. Swing the plate out of the way, as shown in Fig. 8A. If a full-thickness defect, with 

or without intra-oral communication (Models 2-4), is desired, proceed to step 20.  If a 

partial-thickness healing defect (Model 1) is desired, proceed to step 24. 

 

20. Drill through the lingual aspect of the plate under irrigation, shown in Fig. 7D, stopping 

every few seconds to assess the evenness of the cut. During the entirety of the drilling 

process, ensure that the bur does not catch on the exposed facial artery, as seen in Fig. 7E. 

Check the depth of the cut frequently using a periosteal elevator to assess the looseness of 

the lingual cortical plate. When the plate is almost free, a periosteal elevator can be used 

to gently separate the lingual plate from the surrounding bone. Gently tilt the circular piece 

of bone with forceps, and carefully dissect the lingual periosteum and soft tissue off of the 

plate with the flat edge of a periosteal elevator. Irrigate well with 15 mL of saline and apply 

pressure with gauze until bleeding stops.  

 

CRITICAL STEP: Stop frequently to assess the lingual plate, gently loosening with the 

periosteal elevator. Do not drill all the way through into the soft tissue on the lingual aspect, 

as the lingual nerve may be damaged, leading to autophagia. 

TROUBLESHOOTING  

 

 

Figure 7. Creation of the mandibular defect. A) A 10 mm trephine bur is used to score 

the mandible, being careful to drill evenly through the cortex. The white arrow indicates 
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an area of shallower cutting compared to the area indicated by the black arrow. B) The 

buccal cortex is lifted away from the teeth with a periosteal elevator. C) The exposed 

tooth roots of one full tooth and two half teeth (*) are drilled through. D) After the teeth 

are removed, the lingual (medial) cortex is revealed and drilled through. E) The facial 

artery (black arrow) is exposed throughout this process, and care should be taken not to 

damage it with the bur. All surgical procedures followed protocols approved by the 

University of Texas Health Science Center at Houston Institutional Animal Care and Use 

Committee. 

 

 

Figure 8. Placement of fixation hardware. Note that the superior and inferior aspects of 

the mandible are located at the bottom and top of the image, respectively, as the rabbit is 

in the dorsal position. The incisor and the angle are located on the left and right of the 

image, respectively, as labeled in the image. A) The fixation plate is screwed into the 

mandible on one side then rotated out of the defect area. B) After implantation of a 

poly(propylene fumarate) scaffold, the fixation plate is screwed into place with two 

screws on each side of the defect, either the inferior mandible, as shown here, or spanning 

the defect. All surgical procedures followed protocols approved by the University of 

Texas Health Science Center at Houston Institutional Animal Care and Use Committee. 
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21. If a full-thickness defect with an intra-oral communication (Models 3 and 4) is desired, 

proceed to step 22. If a full-thickness defect without an intra-oral communication (Model 

2) is desired, proceed to step 24. If infection without an intra-oral communication is 

desired, the inoculum can be placed at step 24, either before or after implantation of 

material within the defect. 

 

22. Locate the insertion point into the superior mandible of the tooth whose full root was 

removed, usually the central tooth. Use the straight handpiece and a 1 mm cross-cut bur at 

40,000 r.p.m. under irrigation to drill straight downward toward the superior aspect of the 

mandible, using the margins of the tooth as a guide as shown Fig. 9A. Take care not to 

snag soft tissue in the bur. Use a pair of jeweler forceps to remove the tooth, creating an 

intra-oral communication as seen in Fig. 9B. Irrigate well with 15 mL of saline.  

 

 

Figure 9. Creation of the intra-oral communication. A) After the removal of the lingual 

cortex, the three crowns in the superior mandible are observed (black box) and the central 

tooth crown is removed. B) The final 10 mm bicortical defect with intra-oral 

communication. All surgical procedures followed protocols approved by the University 

of Texas Health Science Center at Houston Institutional Animal Care and Use 

Committee. 
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23. If infection with an intra-oral communication is desired (Model 4), the inoculum should 

be placed after irrigation and either before or after implantation of the material in step 24. 

Whether the inoculum is placed before or after the implant depends on the experimental 

design. The inoculum may be placed before the implant if the researcher desires to allow 

the bacteria to encounter all of the tissues before placement of a drug-eluting device. 

Placement of the implant could occur before inoculation to sequester bacteria within the 

bone. The inoculum should be kept apart from the sterile instruments, preferably on another 

sterile table, in order to prevent contamination of other instruments. Use a sterile syringe 

to draw up the appropriate volume and inject into the area of the defect. If appropriate, the 

inoculum can be loaded onto a carrier, such as a collagen sponge, in order to minimize 

leakage of the inoculum into other areas. Instruments used during and after placement of 

the inoculum should be kept on a separate sterile table, and sterile gloves should be changed 

before beginning to suture in step 25. 

 

24. Place the implant within the defect.  

If a fixation plate is being used, rotate the plate into the desired orientation. Drill pilot holes 

and apply the remaining screws, one on the anterior side of the defect, then one more on 

each side to maintain fixation, for a total of 4 screws. The plate can be fixed along the 

inferior border, as seen in Fig. 8B, or across the defect if needed to hold an implant in place. 

If no fixation plate is used, proceed to Step 25.  

 

25. Close the muscle and fascia over the defect using running stitches of 4-0 Vicryl suture, 

taking care to leave as little dead space as possible. Dead space results when tissues are not 

properly closed, leaving a cavity into which blood or serum can accumulate and infection 

can take hold. Irrigate the closed with 20 mL of saline, and wipe vigorously with gauze. 

Close the skin with subcuticular stitches of 4-0 Vicryl. 

CRITICAL If incision site infection is a concern, a monofilament suture such as 4-0 

Monocryl (degradable) or 4-0 Prolene (non-degradable) should be used to close the skin. 

Monofilament suture should be used in defects inoculated with exogenous pathogens. We 
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recommend using monofilament suture in defects with intraoral communication, though 

this is not strictly necessary if the wound is stringently irrigated prior to closing.  

 

Post-operative care: 2 h 

26. Clean the incision with warm saline or room temperature 3% hydrogen peroxide to 

remove blood.  

 

27. Administer 0.5 mg/kg of 0.25% bupivicaine intra-dermally along the incision site with 

a 25-gauge needle and appropriately sized syringe. Trained veterinary personnel should 

wean rabbit from ventilator and administer 0.5 mg/kg Meloxicam SQ 30-45 min prior to 

expected recovery (~1.5-2h after weaning). 

 

28. Maintain temperature support and physiologic monitoring. Check heart rate, respiratory 

rate, and pulse oximetry every 5 minutes until extubation. Extubation should only be 

performed by trained veterinary personnel. Monitor incision site for bleeding, as well as 

bleeding within the mouth. After extubation, monitor every 15 minutes until animal is 

sternal.  

 

29. When animals can maintain sternal recumbency, they can be returned to housing. Post-

operative analgesia regimen includes 0.02-0.03 mg/kg buprenorphine SQ every 12 h for 48 

h, after 48h administer buprenorphine as needed, determined by observation of distress 

(e.g. vocalization, abnormal posture, decreased appetite, decreased activity, poor 

grooming); 0.5 mg/kg Meloxicam SQ once daily for 4 days, then as needed. Rabbits should 

be fed regular rabbit chow soaked in water and mixed with applesauce.  

TROUBLESHOOTING 

 

Euthanasia and implant/bone harvest: 1-1.5 h 

30. At 12 weeks or other desired timepoint, sedate the rabbit with 35-55 mg/kg ketamine 

and 1.25-1.75 mg/kg acepromazine SQ. Take bacterial cultures with sterile swabs from the 

oral cavity and/or defect area, if required.  
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31. Euthanize animal with 1 mL (390 mg) of pentobarbital solution (Somnasol) given IV 

through the ear vein. Verify absence of cardiovascular function.  

 

32. Perform a neck dissection (option A) if Microfil perfusion will used to assess 

vasculature. It is possible to also perform a mandibular dissection (option B) sequentially 

if the implant/bone will be used for gross tissue evaluation, histology, or microCT of bone 

regeneration.   

 

(A) Neck dissection 

CRITICAL: Modifications to this procedure may be necessary if additional analysis such 

as histology will be performed. Please see the publication by Sarhaddi et al. for more 

information on how to perform Microfil perfusion and histology on the same samples 

[250]. 

 

(i) Shave the lower jaw and neck of the rabbit after sedation (step 30) and prior to 

administration of euthanizing agent (step 31).  

(ii) Immediately after euthanasia, use a 15-blade to make an incision through the epidermis 

of the neck, starting posterior to the original midline incision and extending to the sternum, 

working quickly to avoid blood clotting within the vasculature. 

(iii) Use the blade to dissect through the fascia and paratracheal musculature until the 

trachea is reached. 

(iv) Using blunt dissection through the sternohyoid strap muscles, locate the right and left 

neurovascular bundles containing the external jugular vein, carotid artery, and vagus nerve, 

as indicated in Fig. 10A. 

(v) Pass a 2-0 silk suture around each carotid artery without tying in anticipation of securing 

a catheter. 

(vi) Cannulate each carotid artery with a 20-gauge angiocatheter and thread the catheter 

into place. Tie the 2-0 silk suture around the cannula to secure the catheter as shown in Fig. 

10B and Fig. 10C. 
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(vii) Locate the external jugular veins and make an incision in them bilaterally, as shown 

in Fig. 10D. 

(viii) Assemble a 3-way stopcock, male-male Luer-lock adapter, and two sets of extension 

tubing, as shown in Fig. 10E, without the cannula attached. Flush the lines with heparinized 

saline (100 U/mL in a 60 mL syringe). 

(ix) Connect the two sets of extension tubing to the two cannulas and push heparinized 

saline at a rate of 1 mL/min. A constant stream of blood should exit the external jugular 

veins and start to turn pale at approximately 30 mL of volume perfused through the 

vasculature. Flush 60 mL total of heparinized saline through the vasculature. 

(x) Flush the vasculature with 190 mL of normal saline to remove as much blood from the 

vessels as possible. 

(xi) Prepare 50 mL of Microfil MV-122 yellow silicone with 5% curing agent and inject 

into the vasculature at a rate of 1 mL/s, as shown in Fig. 10F. Do not dilute the Microfil 

with the diluent. The gingiva, iris, and ears of the rabbit should begin to appear yellow after 

about 20 mL perfused, and Microfil should exit the external jugular veins at around 30 mL 

perfused. Perfuse the entire 50 mL. 

(xi) Carefully wrap the rabbit in a bag and allow the Microfil to cure inside the vasculature. 

Either place the rabbit in the refrigerator (4°C) overnight or wait 90 min at room 

temperature (20-25°C).  

PAUSE POINT Rabbits can be left at 4°C for up to 24 hours (xiv) Continue to retrieve the 

implant as described under Option B “Mandibular Dissection.” If the rabbit is refrigerated, 

keep at room temperature (20-25°C) for 1h before harvesting the implant. 
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Figure 10. Microfil infusion. A) Fascia (f) and musculature (m) are retracted to reveal the 

trachea (t) flanked bilaterally by the left and right neurovascular bundles (black box), 

consisting of the vagus nerve (n), jugular vein (v), and carotid artery (a). Silk suture is 

looped around the bundle to facilitate separation of these structures and later to secure a 

cannula in place. B) The artery is lifted gently in order to provide tension on the tissue for 

insertion of the angiocatheter. C) A 20 gauge angiocatheter is inserted into the carotid 

artery (black arrow) and secured in place with the silk suture. D) A cut is made along the 

black dotted line in the jugular vein (v) in order to allow outflow of the heparin and 

Microfil infusion. The catheter is not inserted in this image in order to clearly show the 

artery, vein, and nerve. Note the thick-walled artery (a) medial to the thin-walled vein (v) 

to help differentiate between the two structures. The nerve (n) does not have a lumen. E) 

A 60 mL syringe is connected to extension tubing (e) and attached to the cannula (c) for 

infusion of heparin and Microfil. Note the assembly of the syringe to the stopcock (s), 
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followed by attachment to two sets of extension tubing (e), where fluid then flows out the 

tubing through the cannula (c). The extension tubing at the top is shown prior to 

attachment to the cannula while the bottom tubing shows what the apparatus looks like 

after attachment to the cannula located in the artery, as in panel D. The outflow is 

indicated with a black arrow. F) Microfil flowing through the infusion apparatus in the 

direction of the black arrows. The two sets of tubing should be attached to the two 

cannulas located in the left and right carotid arteries. Panel C reproduced from Ref. 35 

with permission. All surgical procedures followed protocols approved by the University 

of Texas Health Science Center at Houston Institutional Animal Care and Use 

Committee. 

 

(B) Mandibular dissection 

(i) Place the rabbit in the dorsal position on a clean table. Shave the face below the eye and 

the neck. Locate by palpation the inferior border of the mandible and the angle of the 

mandible. 

(ii) Make an incision from the angle of the mouth toward the ramus of the mandible, taking 

care to stay above the mandible, ideally at the level of the top teeth. Cut through the skin 

and observe the fascia, clamping medium or large visible vessels before continuing to cut 

through fascia and muscle until reaching the inside of the mouth. On the posterior side, 

make a horizontal cut through the large buccinator muscle to reach the ramus of the 

mandible.  

(iii) Make a midline incision from between the front incisors extending posteriorly to at 

least the midpoint between the mandibles. Cut straight down through into the mouth. 

(iv) Lift the skin by the incisor and remove the skin by passing the scalpel between the skin 

and fascia. Continue to remove skin until the entire hemi-mandible is exposed. Starting at 

the most posterior portion of the midline incision, cut around the angle of the mandible to 

loosen as many muscle attachments as possible, being careful not to disturb the implant 

site.  
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(v) Use shears to cut in between the incisors, resulting in two separated hemi-mandibles. 

Lift the right mandible slightly and cut across the ramus of the mandible with shears, 

completely severing the bony connection of the lower mandible to the rest of the face.  

(vi) Remove the remainder of the soft tissue connections using surgical scissors. Cut along 

the midline, freeing the tongue from its connection to the soft tissue on the mandible. 

Gently lift the mandible up and sever any remaining connections, being careful not to cut 

into the defect area.  

 

Tissue sampling for molecular analysis and/or microscopy and preparation for 

radiography and/or histology: ~72h – 2 weeks 

CRITICAL It is important to determine how the animal tissue will be evaluated prior to 

harvesting in order to maximize the use of tissues and minimize the number of animals 

used. Several evaluations can be performed on the same sample if the sample is processed 

in the correct order. Refer to Fig. 5 for a visual representation of how samples should be 

prepared to maximize data collection.  

 

33. Immediately after harvesting the sample, assess gross characteristics, such as soft tissue 

healing or dehiscence under a fume hood or biological safety cabinet, as seen in Fig. 11. 

Note observations in the Animal Record Form. Immediately retrieve samples for molecular 

analysis such as quantitative polymerase chain reaction (qPCR, option A) and/or protein 

analysis (Western blot, option B) or electron microscopy (option C). If histologic 

evaluation is also desired, be careful to leave a portion of the sample undisturbed so as not 

to distort the normal tissue architecture.  

CRITICAL STEP: In order to minimize degradation, samples for molecular analysis 

should be taken as soon as possible and put into protective storage immediately. It is 

recommended to practice harvesting samples on cadavers. With experience, the mandibular 

harvesting procedure can be performed in less than 10 min after euthanasia.  

 

A) qPCR for gene expression  
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Store tissues for qPCR in an RNA stabilizing reagent such as RNAlater or (QIAGEN). 

Extract mRNA, create a cDNA library, and perform qPCR per the manufacturer’s 

instructions.  

PAUSE POINT: RNA is preserved in RNAlater for 7 days at 18-25°C, 4 week at 2-8°C, 

or several months at -20°C or -80°C. 

 

B) Protein Analysis 

For protein analysis, shock freeze tissue samples by immersion in liquid nitrogen and store 

prior to lysis at -80°C. Alternatively, freeze tissues at -20°C or -80°C in a protein stabilizing 

reagent such as Allprotect Tissue Reagent (QIAGEN), which will stabilize protein, RNA, 

and DNA. Perform protein extraction with lysis buffer per manufacturer’s instructions.  

PAUSE POINT: Protein in Allprotect is preserved for 7 days at 15-25°C, 12 months at 2-

8°C, or archived for long term storage at -20°C or -80°C. 

 

C) Electron Microscopy Analysis  

Remove tissue or scaffolding for evaluation by scanning electron microscopy (SEM) or 

transmission electron microscopy (TEM). These tissues should be removed carefully, then 

fixed, dehydrated, and processed for microscopy [251, 252].  

 

34. Cut off the incisor to expose the marrow cavity and remove as much soft tissue as 

possible without compromising the desired tissue. Mark either the anterior or posterior 

bone with pathology ink to maintain orientation. 

 

35. Place the sample into 10% (vol/vol) neutral buffered formalin (NBF) at 20°C for 48-

72 h.  

 

PAUSE POINT: Samples can be stored in 70% (vol/vol) ethanol in water for up to 3 months 
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CAUTION: Formalin is an eye, skin, and respiratory system irritant and probable 

carcinogen. Use appropriate personal protective equipment (gloves, eye protection, and 

laboratory coat) and work inside a chemical fume hood in a well-ventilated area.  

 

CRITICAL STEP: If immunohistochemistry is planned, remove the samples from formalin 

as soon as they are fixed, as prolonged formalin fixation can result in decreased epitope 

recognition[253]. In general, 3 days is sufficient for fixation if the marrow cavity is 

exposed.  

 

CRITICAL STEP: Several analyses can be performed on the same sample if tissues are 

prepared appropriately. Histologic analysis is a destructive technique and should be 

performed after radiography. 

 

Analysis methods: plain radiography ~5 min, microCT 2-10 h, histology ~15 min per 

slide 

 
36. Follow option A to perform plain film radiographic evaluation of bone; option B to 

perform microCT analysis of bone regeneration, option C to perform microCT analysis of 

angiogenesis/vasculature or option D to perform histological analysis. 

 CRITICAL STEP Plain film radiography is more suitable for qualitative evaluations. 

MicroCT can be performed after radiography if desired and is more suitable for quantitative 

evaluations.  

 

(A) Plain film radiography evaluation of bone 

(i) Wrap the sample in a towel soaked with 70% (vol/vol) ethanol in water and lay the 

sample on a radiography cassette in the desired orientation. Samples should be oriented in 

the mount to maximize rotational symmetry.  For mandibular samples, we have obtained 

the best images by vertically mounting the samples; that is, the proximal end of the 

mandible (toward the angle) is embedded in clay on the mount and the incisor points toward 

the roof.  
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(ii) Expose at 70 kV and 3 mA for 30 s in a Faxitron x-ray cabinet. Voltage, amperage, and 

exposure time may have to be optimized to achieve the appropriate exposure.  

 
(B) MicroCT analysis of Bone regeneration 

CRITICAL: Scan times range from 2 h with no fixation hardware to 10 h with fixation 

hardware. If possible, fixation hardware should be removed from the sample before 

microCT in order to minimize scattering and scanning time. Carefully examine all samples 

before removing hardware, as bone growth over the screws/plate can preclude removal. If 

hardware cannot be removed from all samples, do not remove hardware from any samples 

to maintain consistency between scans.  

CRITICAL: MicroCT evaluation requires that samples be kept under constant conditions 

while scanning. Wrap samples in gauze soaked with 70% (vol/vol) ethanol in water then 

wrap with Parafilm to create a moisture barrier. The samples should be wet without 

dripping.  

 

To quantify regenerated bone volume, use non-decalcified samples (from step 31) and 

follow the protocol by Kallai et al. [254] for general guidance on the analysis of bone 

regeneration in round critical size bone defects. 

For samples that contain hardware, use the Cu+Al filter [255]. 

Score each sample according to the scoring guide detailed in Table S3.  

CRITICAL STEP: Consider the radio-opacity of the implanted biomaterial before 

performing microCT. Modifications to the implant or the image acquisition protocol may 

be required to differentiate bone from implanted biomaterial.  

 

C) MicroCT analysis of Angiogenesis/vascularization 

(i) Place sample in 100 mL of 10% (vol/vol) neutral buffered formalin at 20°C for 48-72 

h. 

(ii) Wash samples under running deionized water for at least 3 minutes to remove formalin. 
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(iii) Immerse the sample in Formical-2000 for approximately 2 weeks with daily solution 

replacement. Check for complete decalcification through planar radiography or microCT 

and immerse longer if necessary.  

PAUSE POINT: Samples can be stored in 70% (vol/vol) ethanol in water for up to 3 

months. 

(iv) To quantify the percent vascularization within a volume-of-interest, use decalcified 

samples and proceed with the methods described by Young et al.26. 

 

D) Histological analysis 

Proceed with either plastic-embedded histology for undecalcified samples (step 35) or 

paraffin-embedded histology for decalcified samples (step 36C) . Refer to Ref. 48 for a 

more complete discussion of considerations for preparation of bone samples for 

histology[256]. 

 

Score histologic sections according to the established criteria shown in Table S4 [257]. 

 

Timing 

Steps 1-10, pre-operative procedure: 45 min 

Steps 11-25, operative procedure: 90-120 min 

Steps 26-29, post-operative care: 2 h 

Steps 30-32, euthanasia and harvest procedure: 1-1.5 h 

Steps 33-35, tissue preparation for histologic or radiographic analysis: 72 h 

Step 36, radiographic analysis: 2-10 h 

Step 36, histologic analysis: 15 min per slide 

 

See Table 10 for troubleshooting guidance.
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Table 10. Troubleshooting table. 

 

Step Problem Possible reason Possible solution 

4. 
The animal is not 

ventilating properly 

Pressure on the trachea from 

the surgeon or assistant 

Ensure that there is no pressure being placed on the trachea 

from hands or instruments, evaluate and re-position the 

head if needed 

7. 
The heart rate of the 

rabbit increases 

The depth of anesthesia is not 

deep enough, so the rabbit 

experiences pain 

Increase the percentage of isoflurane in oxygen 

7. 
Respiratory rate is too 

low 

The depth of anesthesia is too 

high, causing respiratory 

depression 

Reduce the percentage of isoflurane in oxygen. If necessary, 

place animal on a ventilator. Carefully monitor color in the 

nose and ears 
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12. 

The facial artery is 

blocking further 

dissection 

The incision through the fascia 

is not large enough 

The facial artery is too large to cauterize, so extending the 

incision line caudally frees up the fascia to move the facial 

artery out of the way 

12. 
Hemorrhaging during 

dissection 

Facial artery or other vessel cut 

during dissection 

Small vessels can be cauterized using the Bovie. If the 

facial artery is cut, it should be clamped with a hemostat 

and repair with a figure-eight stitch can be attempted. 

Otherwise, ligate the vessel with suture 

16. 

There is not enough 

mandible visible to fit 

the trephine bur in the 

appropriate area 

Further dissection is needed or 

smaller retractors should be 

used 

 

The buccinator muscle will be encountered as the dissection 

proceeds toward the angle of the mandible. A small amount 

of blunt dissection with curved hemostats through the 

muscle can be performed in order to increase the surgical 

field. Angled periosteal elevators or bent spatulas can be 

used to retract tissue and conserve space in the surgical 

field. 
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17. 

Trephine bur snags on 

muscle or soft tissue 

during defect creation 

Inadequate exposure or 

retraction of muscle and soft 

tissue 

The surgical field can be expanded anteriorly by further 

dissecting the periosteum toward the incisor and posteriorly 

by blunt dissection of the buccinator muscle. A surgical 

assistant is necessary to retract tissue while the surgeon 

creates the defect 

17. 
The buccal cortical plate 

is difficult to remove 

The mandible is an irregular 

surface, making an even cut 

difficult 

Keep the trephine bur perpendicular to the plane of the 

mandible. Assess the depth of the cut regularly, and precess 

the bur perpendicular to areas that are thicker 

18. 

An entire tooth is 

removed during 

extraction, leaving an 

oral communication 

Insufficient amount of tooth 

structure cut before extraction 

Irrigate and verify that the entire tooth has been cut through 

prior to extraction. Do not pry aggressively on the tooth 

18. or 

20. 

The inferior mandible 

fractures 

Not enough mandible left 

intact during defect creation. 

Could also be due to excessive 

Use the fixation plates to approximate the pieces of the 

mandible, taking care to use 2 screws on each side of the 

defect 
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prying to remove cortical 

plates or teeth. 

20. 

The lingual cortical 

plate is difficult to 

remove 

The mandible is an irregular 

surface, making an even cut 

difficult 

Carefully inspect the cut area in order to determine the area 

that is unevenly cut. Precess the drill to cut perpendicular to 

that area 

20. 

The drill cut all the way 

through the lingual 

cortex and into the 

surrounding soft tissue 

Insufficient stops to assess the 

looseness of the lingual cortex 

Stop the drill every few seconds to assess the depth of the 

cut. If soft tissue is affected, monitor the animal for 

autophagia, which will manifest as bleeding from the mouth 

17.-25. 
The rabbit’s temperature 

drops during surgery 

The animal is wet from 

irrigation run-off or warming 

apparatus is inadequate 

Either utilize an additional assistant to suction during 

irrigation or place gauze to absorb irrigation run-off. 

Change the gauze frequently. Check to ensure the warming 

unit is working 
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25. 

The incision does not 

heal appropriately and 

appears red, warm, 

swollen, and/or purulent 

The skin incision is infected, 

likely due to insufficient 

closure of the incision 

Eliminate dead space when closing muscle and fascia. Place 

subcuticular stitches close together to completely close the 

incision 

29. 
The rabbit is exhibiting 

a poor appetite 

The rabbit is not used to soft 

food or is experiencing pain 

The rabbit must be acclimated to a soft diet prior to 

initiation of the surgeries. Provide additional analgesia if 

other signs point to pain or distress 

29. 

The rabbit does not 

recover as expected, as 

observed by abnormal 

posture, decreased 

activity, decreased urine 

or fecal output, or poor 

grooming 

The rabbit is experiencing 

distress as a result of the 

procedure, possibly due to 

iatrogenic fracture of the jaw, 

inflammation, swelling, or 

implant failure 

Daily weights should be recorded to monitor progress. Food 

can be supplemented with treats and/or Critical Care as 

needed to maintain weight. The animal may need increased 

or longer pain relief. If iatrogenic fracture is suspected, a 

radiograph can be performed 



	 	
	

 

114 

Anticipated Results 

The proposed protocol provides a reproducible load-bearing critical size defect in the rabbit 

mandible and methods to quantify bone regeneration and angiogenesis within these defects 

and to evaluate microscopic tissue response to biomaterial implants. Gross observation, 

microCT, and histology are the primary techniques used for analysis, although other 

ancillary evaluations can be performed to further probe in vivo responses to drug-releasing 

implants or infected models. All of the techniques presented here have been previously 

performed in our laboratory [182, 215, 239-243].  

 

Gross soft tissue evaluation 

Implantation of biomaterials into the mandible can affect the healing of oral mucosa over 

the defect, and soft tissue healing has been evaluated by gross observation in several studies 

involving mandibular defects with intra-oral communications [182, 239-241]. We have 

previously evaluated soft tissue healing in a study involving the controlled release of the 

antibiotic colistin from porous implants placed within an infected mandibular defect with 

intra-oral communication [182]. Briefly, colistin was delivered via either burst release over 

7 days from gelatin-loaded constructs or extended release over 8 weeks from constructs 

containing colistin-loaded poly(DL-lactic-co-glycolic acid) (PLGA) microparticles. The 

objective of this study was to evaluate the effects of antibiotic dose and release kinetics on 

tissue healing and infection clearance. As seen in Fig. 11A-C, soft tissue can be 

characterized as completely healed (Fig. 11A) or non-healed (Fig. 11B) over the area of 

the oral communication. In some cases, a separate dehiscence can be seen where oral 

mucosa on the lingual mandible has broken down over the implant (Fig. 11C). The 

distinction between non-healing mucosa and dehiscence is important to consider since 

tissue over the defect in the area of the oral communication has to re-epithelialize in order 

to heal, whereas the soft tissue on the lingual and buccal aspects of the mandible was not 

removed during the procedure. In this study, a high dose of antibiotic delivered over a short 

time (Gelatin) inhibited the healing of soft tissue across the intra-oral communication 

compared to a high dose of antibiotic delivered over a longer period of time (PLGA High) 
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(Fig. 11D). However, a high dose burst release had no effect on dehiscence (Fig. 11E) 

[182]. From this study, we demonstrate how to evaluate gross observation of soft tissue 

healing over implanted constructs and how to determine soft tissue that has dehisced and 

soft tissue that has not healed.  Gross evaluation may be used to evaluate drug delivery 

applications with the appropriate experimental groups.  

 

Figure 11. Gross evaluation of soft tissue healing at 12 weeks after surgery. A) Healed 

oral mucosa over the intra-oral communications. B) Non-healed oral mucosa, revealing 

the implanted porous poly(methyl methacrylate) construct. C) A lingual dehiscence, 

separate from the area of the intra-oral communication. D) Statistical analysis of healed 

vs. non-healed samples reveals that immediate antibiotic release from gelatin (Gelatin) 

result in less soft tissue healing than a high dose of controlled antibiotic release (PLGA 

High). Statistics were performed using the Fisher-Freeman-Halton Test with post hoc 

analysis by Fisher’s Exact Test. E) Statistical analysis of occurrence of lingual 

dehiscences shows that there is no difference between groups. Statistics were performed 

using Krukal-Wallis Test with post hoc analysis by the Mann-Whitney U-test. Adapted 

from Spicer et al. with permission [182]. All surgical procedures followed protocols 

approved by the University of Texas Health Science Center at Houston Institutional 

D

E
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Animal Care and Use Committee and the Rice University Institutional Animal Care and 

Use Committee. 

Microcomputed tomography 

Though planar radiography is fast, inexpensive, and may allow for qualitative evaluation 

of bone regeneration and/or decalcification, it is not suitable for quantitative evaluation of 

bone regeneration in mandibular defects due to the bicortical nature of mandibular bone. 

Therefore, microCT evaluation of bone regeneration and vascularization produces the best 

quantitative results. Previous work in our laboratory has demonstrated the visualization of 

vessel growth within rabbit mandibular defects that are either empty controls (Fig. 12A,C) 

or filled with porous poly(propylene fumarate) (PPF) scaffolds (Fig. 12B,D)[243]. The 

images in Fig. 9 are maximum intensity projections, which is a valuable tool used to 

qualitatively evaluate vessel network morphology prior to 3D modeling. Quantification of 

percent vascularization (PV) and average vessel thickness (AVT) was performed by 

microCT to investigate the effect of the implant on neovascularization in empty control 

defects and PPF-implanted defects [243]. Empty defects had a mean PV of 5.29 ± 0.80% 

at 2 weeks and 7.18 ± 1.04% at 4 weeks, contrasted with PPF-implanted defects, which 

had mean PV of 1.58 ± 0.24% at 2 weeks and 2.38 ± 0.75% at 4 weeks (n=6 per 

group)[243]. Quantification of AVT was also reported, revealing that empty controls had 

an AVT of 180.8 ± 7.2 µm at 2 weeks that decreased significantly to 151.8 ± 10.3 µm at 4 

weeks. PPF-implanted defects showed a similar trend, though the results were non-

significant in this group, and the decreasing AVT is thought to be due to an immature vessel 

network at 2 weeks that undergoes remodeling by 4 weeks[243]. Vessel size distribution 

was determined to range from 45 to 226 µm in all groups. These types of analysis allow 

researchers to visualize and quantify vessel growth within healing defects in order to assess 

the effects of treatment on neovascularization.  

 Quantification of bone regeneration can be performed by scoring bony bridging 

across the defect (Table S3) and by calculation of regenerated bone volume[215, 242]. As 

seen in Fig. 13, the presence of a radio-opaque biomaterial implant renders quantification 

of regenerated bone volume difficult, so a more sophisticated image acquisition technique, 

such as dual-energy computed tomography, may be required to threshold the implant out 
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of the image [258]. However, these images can still be used to quantify bridging across the 

defect according to Table S3.   

 

Figure 12. Representative microCT images of vasculature surrounding an implant in a 

full-thickness defect without intra-oral communication. Note that the images are coronal 

with the buccal and lingual aspects shown on the right and left of the image, respectively. 

A) Empty control defect at 2 weeks. B) Scaffold-implanted defect at 2 weeks. C) Empty 

control defect at 4 weeks. D) Scaffold-implanted defect at 4 weeks. All scale bars 

represent 2 mm. Reproduced from Young et al. with permission [243]. All surgical 

procedures followed protocols approved by the University of Texas Health Science 

Center at Houston Institutional Animal Care and Use Committee. 
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Figure 13. Representative microCT scoring images of bone regeneration over a 

poly(methyl methacrylate) implant. The scoring guide is seen in Table S3. The dotted 

circle indicates the original defect area where a poly(methyl methacrylate) construct was 

implanted. A) Bone has fully bridged across the longest axis of the defect, score 4. B) 

Bone has bridged around the borders of the defect but has not bridged across the longest 

defect, score 3. C) Bone has grown in distinct islands that are not connected to each 

other, score 2. All surgical procedures followed protocols approved by the University of 

Texas Health Science Center at Houston Institutional Animal Care and Use Committee 

and the Department of Defense Animal Care and Use Review Office. 

 

Histology 

Histologic specimens can be blocked through either paraffin or methacrylate embedding, 

if specimens are appropriately prepared. In a study of empty partial-thickness and full-

thickness mandibular defects, decalcified samples were prepared by paraffin embedding 

then stained with hematoxylin and eosin to show microscopic tissue features at anterior, 

central, and posterior portions of the defect. Hematoxylin stains cell nuclei blue and eosin 

stains cell cytoplasm and fibrous tissue pink. Our laboratory more commonly uses 

methacrylate embedding without decalcification due to the use of biomaterial implants that 

cannot be sectioned with a microtome. The methacrylate-embedded sections are stained 

with methylene blue and basic fuchsin, which stains nuclei purple; collagen and connective 

tissue blue; and bone red. Fig. 14A-B show representative histologic images from a study 

Score: 3

B

Score: 2

C

Score: 4

A
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in which porous antibiotic-releasing poly(methyl methacrylate) constructs were implanted 

in a contaminated mandibular defect with intra-oral communication. The inset of Fig. 14A 

is a high-magnitude image of the interface between the biomaterial implant and host tissue 

showing regenerated bone separated from the implant by a mature fibrous capsule. These 

sections are also useful for evaluating the ingrowth of tissue into the porous implant, as 

fibrous tissue can be seen growing around into the pores of the implant in Fig. 14A. The 

inset of Fig. 14B is a high-magnification image of the tissue-implant interface in the area 

of the intra-oral communication, showing inflammatory cells and a less organized fibrous 

capsule at the tissue-implant interface. Typical data obtained from scoring tissue at the 

interface and within the pores as described in Table S4 can be seen in Fig. 14C, 

demonstrating that a high dose of controlled-release antibiotic into an infected defect 

results in superior tissue healing and bone regeneration at the tissue-implant interface 

[242]. Fig. 14D shows that the tissue within the pores of constructs are not different 

between groups and consist primarily of either acellular fluid or fibrous tissue [242].  
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Figure 14. Representative histologic images and scoring histograms. The scoring guide is 

found in Table S3. Histologic images are stained with methylene blue/basic fuchsin and 

sectioned coronally through the intra-oral communication (top) with the buccal and 

lingual aspects of the mandible located on the right and left of the images, respectively. 

Scale bars are 2 mm on the left images and 50 μm in the inset. A) The high magnification 

inset shows a mature fibrous capsule (white arrow) separating the implant from 

regenerated bone. B) The high magnification inset shows inflammatory cells (*) with a 

disorganized fibrous capsule (white arrow) in contact with the implant. C) Histogram of 

scores at the tissue-implant interface. D) Histogram of scores within the pores of the 

implant. Histologic scores were statistically analyzed using Kruskal-Wallis with post hoc 

analysis using the Steel-Dwass test. Panels C and D reproduced from Shah et al. with 

permission [242]. All surgical procedures followed protocols approved by the University 

of Texas Health Science Center at Houston Institutional Animal Care and Use Committee 

and the Department of Defense Animal Care and Use Review Office. 

 

A

B
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Ancillary Evaluations 

Because the rabbit mandibular defect model can be modified in several ways to evaluate 

variations on tissue engineering scaffolds, ancillary tests may be required to perform a 

complete evaluation of the implant beyond bone or vessel regeneration. These tests should 

be considered prior to submitting the protocol for institutional approval. In two studies, our 

laboratory has used this model for evaluation of infected mandibular defects by inoculating 

the bacterial pathogens Acinetobacter baumanii and Prevotella melaninogenica and 

treating the defect locally with antibiotic-loaded constructs. Bacterial cultures were taken 

from rabbit mouths and directly from the implants to determine clearance of inoculated 

bacteria[182, 242]. Blood samples drawn from the central ear artery have been used to 

determine systemic antibiotic concentration and to evaluate for end-organ damage 

(nephrotoxicity) by blood urea nitrogen/creatinine levels [182, 242]. Finally, if end-organ 

damage is suspected, the organ of interest can also be harvested and evaluated by histology.  

 

 In this protocol, we describe a reproducible, orthotopic, critical size mandibular 

defect suitable for pre-clinical testing of biomaterial implants for bone regeneration. 

Analytical techniques include gross soft tissue, radiographic, and histologic evaluation to 

assess functional, mineral/vascular, and cellular responses to biomaterials.  
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Supplementary Note 1: Anesthesia Record 
 

ANESTHESIA RECORD 
 

Date    weight kg   Sedation:  1.0 mg/kg Acepromazine (10mg/ml)     
Protocol #            37.5-52.5 mg/kg Ketamine(100mg/ml)   time______ 
       Pre-op analgesic:  0.02 mg/kg Buprenex (0.3mg/ml) SQ  time                
Patient Number      Induction: Isoflurane/O2 mask to intubate        
                                                                            **2 swabs each buccal and teeth  
Investigator      Maintenance:  Isoflurane/O2       
Dept:         Post-op analgesic: 
Anesthetist                   20-30 min before end of surgery   0.5 mg/kg Meloxicam (5 mg/ml) SQ  time______ 
           Local Block:  1 ml/kg Marcaine 0.25%   time______               
         0.02 mg/kg Buprenex (0.3 mg/ml) SQ      
               (6-7 hours after pre-
op dose)     
Fluids:  LR   Drip rate 10ml/kg/hr.           qtt./15 sec.   5ml/kg/hr.       qtt./15 sec          
      
Surgical Procedure:  midline incision inferior surface of mandible, expose alveolar bone overlying premolars, create 10 mm defect, 
inoculate with Prevotella melaninogenica ,  fill defect with PMMA implant, secure titanium plate over mandibular defect, and close.  

Time HR RR/SPO2 
 

Temp CO2 ISO
% 
O2 

Comments 
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Supplementary Note 2: Postoperative Monitoring Form 

Rabbit Postoperative Monitoring Form 

          
Procedure Date:   Investigator:   Procedure:    
Protocol:   Animal ID:  Weight: ________  
Date incision healed and monitoring complete: __________    
PM Treatments Day of Surgery   
Treatment 
(mg/kg) 

Amt 
(mL) 

Route Time Animal Assessment 

Buprenorphine 
(0.02) 

  SQ     

        
        
          
Postoperative treatments  
Treatment 
(mg/kg) 

Amt 
(mL) 

Route Freq Treatment 
(mg/kg) 

Amt 
(mL) 

Route Freq 

Meloxicam (0.5 )   SQ SID          
Date:                   
Initia
ls: 

                  
                 

Treatment 
(mg/kg) 

Amt 
(mL) 

Route Freq Treatment 
(mg/kg) 

Amt 
(mL) 

Route Freq 

Buprenorphine 
(0.02) 

  SQ BID         

Date:                   
Initia
ls: 

                  
                 

Treatment 
(mg/kg) 

Amt 
(mL) 

Route Freq Extended tx/ special instructions 

Critical care and 
yogurt 

10 PO SID add 1tbsp plain yogurt to crit care 
until eating well 

Date:                   
Initia
ls: 

                  
                  

           
Special monitoring 
instructions: 

monitor for appetite, feces, urine, and swelling at incision 
site 

Postoperative Assessments  
Abbreviations: Amt – amount    Freq – frequency  
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Date Attitude Incision Appetite F/U Comments (comfort level, body 
temp, etc.) 

            

Abbreviations:    BAR-bright, alert, responsive   QAR-quiet, alert, responsive   c/d/i-
clean, dry, intact     n̄-normal 
Postoperative Assessments Continued   
Date Attitude Incisi

on 
Appetite F/U Comments (comfort level, body 

temp, etc.) 
            

            

            

            

            

            

            

            

            

            

            

            

Abbreviations:    BAR-bright, alert, responsive   QAR-quiet, alert, responsive   c/d/i-
clean, dry, intact     n̄-normal 
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Supplementary Note 3: Postoperative Recovery Form 

Post-operative/Recovery Record         Reflexes:  ‘—‘= absent  ‘--+’ = 
slight   

            ‘+’ = normal  ‘++’ = exaggerated 
Date        
Patient Number      Sedation level: ‘4’ eyes closed, non-responsive to touch or voice, 
unconscious 
Investigator:             ‘3’ eyes open when touched, goes back to sleep          
              ‘2’ awake in response to touch or voice, not active   

                   ‘1’ alert, responsive to touch or approach, normal posture  

 
Time 

 
HR 

 
RR/ 

SPO2 
 

 
Temp 

 
Palpebral 

Reflex 

 
Pedal 
Reflex 

 
Jaw 
tone 

 
Sedation 

level 
 

 
 

Recumbency 

Observations include discriptions of: respiration rate, pattern, & 
sounds, comfort level, etc.      
Support:  IV fluid and medication administration, body 
temperature,  support method, etc. 
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Supplementary Note 4: Surgical Record Form 
 

Study: Rabbit Mandibular Defect  Animal #: ___________   Study Code: _________ 
 
Surgery  
Surgery Date: ___________  Weight: ___________  kg 
 
Personnel:  
Primary Surgeon: ______________________________________________ 
Assisting Surgeon: _____________________________________________ 
Prep/Assistant: ________________________________________________ 
Veterinary Technician: __________________________________________ 
 
Time start: ___________    Time end: ___________ 
Inoculation: Yes/No  
Scaffold #: ________________ 
 
Op Note: 
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________
________________________________________________________________________ 
 
Post Op Notes:          
 
Date:  Notes: 
12 h ___________________________________________________________ 
24 h ___________________________________________________________ 
36 h ___________________________________________________________ 
48 h ___________________________________________________________ 
60 h ___________________________________________________________ 
72 h ___________________________________________________________ 
84 h ___________________________________________________________ 
Day 5 ___________________________________________________________ 
Day 6 ___________________________________________________________ 
Day 7 ___________________________________________________________ 
 
Date:  Notes: (continue on extra sheets if necessary)
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Supplementary Tables 

Table S3. Scoring guide for evaluation of bony bridging by microcomputed tomography. 

Adapted from Patel et al.  with permission [257]. 

Description Score 

Bony bridging over the longest axis of the defect 4 

Partial bridging along the borders of the defect 3 

Islands of bone, no bridging across the defect 2 

Minimal spicules along the border of the defect 1 

No bone growth within defect 0 
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Table S4. Scoring guide for evaluation of tissue response at the host-implant interface 

and within the pores of a tissue engineering construct. Adapted from Patel et al.  with 

permission [257].  

Hard tissue response at the implant-bone interface Score 

Direct bone-to-implant contact without soft interlayer 4 

Remodeling lacuna with osteoblasts and/or osteoclasts at surface 3 

Majority of implant is surrounded by fibrous tissue capsule  2 

Unorganized fibrous tissue (majority of tissue is not arranged as 

capsule)  
1 

Inflammation marked by an abundance of inflammatory cells and poorly 

organized tissue 
0 

Hard tissue response within the pores of the scaffold  

Tissue in pores is mostly bone  4 

 Tissue in pores consists of some bone within mature, dense fibrous 

tissue and/or a few inflammatory response elements 
3 

 Tissue in pores is mostly immature fibrous tissue (with or without 

bone) with blood vessels and young fibroblasts invading the space with 

few macrophages present  

2 

Tissue in pores consists mostly of inflammatory cells and connective 

tissue components in between (with or without bone) or the majority of 

the pores are empty or filled with fluid  

1 

Tissue in pores is dense and exclusively of inflammatory type (no bone 

present) 
0 
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Chapter 7 

Evaluation of Antibiotic Releasing Porous 
Poly(methyl methacrylate) Space Maintainers 

in an Infected Composite Tissue Defect5 

Abstract  

 This study evaluated the in vitro and in vivo performance of antibiotic-releasing 

porous poly(methyl methacrylate) (PMMA)-based space maintainers comprising a gelatin 

hydrogel porogen and a poly(DL-lactic-co-glycolic acid) (PLGA) particulate carrier for 

antibiotic delivery.   Colistin was released in vitro from either gelatin or PLGA 

microparticle loaded PMMA constructs, with gelatin-loaded constructs releasing colistin 

over approximately 7 days and PLGA microparticle-loaded constructs releasing colistin up 

to 8 weeks. Three formulations with either a burst release or extended release in different 

doses were tested in a rabbit mandibular defect inoculated with Acinetobacter baumannii 

(2 × 107 colony forming units/mL). In addition, one material control that released antibiotic 

but was not inoculated with A. baumannii was tested.  A. baumannii was not detectable in 

any animal after 12 weeks by culture of the defect, saliva, or blood.  Defects with high-

																																																								
5 This chapter was published as P.P. Spicer*, S.R. Shah*, A.M. Henslee, B.M. Watson, 
L.A. Kinard, J.D. Kretlow, K. Bevil., L. Katchee, G.N. Bennett, N.Demian, K. Mende, 
C.K. Murray, J.A. Jansen, M.E. Wong, and A.G. Mikos, “Evaluation of antibiotic 
releasing porous poly(methyl methacrylate) space maintainers in an infected composite 
tissue defect,” Acta Biomater., 9, 8832-39 (2013). 
*denotes equal contributions 
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dose, extended-release implants had greater soft tissue healing compared to defects with 

burst release implants, with 8 out of 10 animals showing healed mucosae compared to 2 

out of 10 with healed mucosae, respectively. Extended release of locally delivered colistin 

via a PLGA microparticle carrier improved soft tissue healing over the implants compared 

to burst release of colistin from a gelatin carrier.
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Introduction 

 Non-porous space maintainers have been previously shown to enhance craniofacial 

reconstruction by maintaining the bony structure and soft tissue envelope for later bone 

regeneration [259]. However, implantation of a foreign body into an area where bone has 

been resected due to trauma or pathology could precipitate an infection due to the presence 

of oral flora and colonization of the material. Some clinical products, such as poly(methyl 

methacrylate) (PMMA)-based bone cements, have incorporated antibiotics for local 

control of infection [260-264]. The release of these antibiotics is rapid, and the majority of 

the loaded antibiotic remains in the cement, rendering them ineffective at long-term 

infection control [260].  

 Previous work from our laboratory has utilized particulate delivery systems, such 

as gelatin and poly(DL-lactic-co-glycolic acid) (PLGA) microparticles, to control the 

release of antibiotics from porous PMMA-based constructs [67, 265]. The porosity of these 

constructs was generated by using a carboxymethylcellulose or gelatin hydrogel as a 

porogen, and the resulting porosity allowed for greater cumulative release of antibiotic [67, 

239, 241, 265]. In these studies, colistin, a polypeptide antibiotic, was incorporated into 

either gelatin or PLGA microparticles. Colistin was selected due to its efficacy against 

Acinetobacter baumannii, a commonly multi-drug resistant bacterial strain that has been 

observed to have increased incidence of infection in traumatic combat wounds [35, 266-

269]. Additionally, because colistin is infrequently used systemically due to 

nephrotoxicity, it is an ideal choice for local delivery due to both decreased systemic 

concentrations and increased local concentrations [270]. 

 This study investigated the use of porous PMMA/PLGA/gelatin/colistin constructs 

as antibiotic-releasing space maintainers by characterizing their release kinetics in vitro 

and evaluating their efficacy in vivo in a rabbit infected composite tissue defect model. The 

goal of the study was to assess the effects of antibiotic dose and release kinetics on wound 

healing, infection clearance, kidney function, and tissue response to the construct. 
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Materials and Methods 

Materials 

 Poly(DL-lactic-co-glycolic acid) (PLGA) was obtained from Lakeshore 

Biomaterials (Birmingham, AL) and had a copolymer ratio of 50:50, a weight average 

molecular weight of 61.1 kDa, and a number average molecular weight of 37.3 kDa as 

measured by gel permeation chromatography [67]. Colistin sulfate salt was purchased from 

Sigma-Aldrich (St. Louis, MO). Poly(vinyl alcohol) (PVA) was 88% hydrolyzed with a 

nominal molecular weight of 22 kDA and was purchased from Acros Organics (Geel, 

Belgium). Surgiflo Hemostatic Matrix (Ethicon, Somerville, NJ) was used as a source of 

gelatin. Bone cement was obtained from Depuy Orthopaedics (Smartset HV, Warsaw, IN).  

 

Microparticle Fabrication 

 PLGA microparticles containing colistin were fabricated as previously described 

[67]. Briefly, a water-in-oil-in-water double emulsion solvent extraction technique was 

used. The internal phases consisted of colistin dissolved in a solution of 0.4 wt% PVA at a 

concentration of 325 mg/mL. The oil phase comprised PLGA in methylene chloride at a 

concentration of 50 mg/mL. The oil phase was added to the internal phase in a ratio of 20:1 

oil:internal phase and homogenized. The water/oil emulsion was added to the external 

phase, a solution of 0.4 wt% PVA with 0.5 M NaCl, in a ratio of 10:1 external phase:oil. 

The solvent was allowed to evaporate for 4 hours, and the particles were washed, 

lyophilized, and stored at -20°C. Blank microparticles were fabricated with an internal 

phase of 0.4 wt% of PVA without antibiotic. The entrapment of colistin-loaded 

microparticles was determined as previously described [67].  

 

Space Maintainer Fabrication 

 Gelatin matrix was swollen in a 1:1.9 ratio of solution weight to gelatin weight. The 

swollen gelatin matrix comprised 30 wt% of the total space maintainer mass. Bone cement 
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was used for all samples in a ratio of 2.11:1 of powder phase to monomer phase as supplied 

by the manufacturer. To fabricate the space maintainers, the powder phase of the bone 

cement was first dispersed into the gelatin matrix. The monomer phase of the bone cement 

was added and mixed, and the space maintainer was molded and allowed to cure. 

 Colistin was loaded into the constructs using either the gelatin matrix or PLGA 

microparticles. For groups with colistin loaded into the gelatin matrix, the gelatin matrix 

was swollen with 150 mg/mL colistin in ddH2O in a ratio of 1:1.9 solution weight to gelatin 

weight. For groups with colistin loaded into the PLGA microparticles, PLGA 

microparticles comprised 11 wt% of the total mass and were added to the powder phase of 

the bone cement. For the PLGA High group this 11% consisted entirely of colistin-loaded 

microparticles, while for the PLGA Low group approximately half of the colistin-loaded 

microspheres were replaced with blank PLGA microparticles. Table 11 summarizes the 

groups used for all analyses including the calculated drug content based on the entrapment 

efficiency for the PLGA groups and the concentration for the Gelatin group.  

 

Table 11. The composition of PMMA/PLGA/gelatin/colistin constructs examined. 

 
Gelatin matrix 

parameters 
Implant composition  

Group 
Swelling 

Ratio 

Drug in 

gelatin 

matrix 

(wt%) 

Gelatin 

matrix 

(wt%) 

Powder 

phase of 

bone 

cement 

(wt%) 

Monomer 

phase of 

bone 

cement 

(wt%) 

Colistin- 

loaded 

PLGA 

(wt%) 

Calculated 

drug 

content 

(wt%) 

Uninfected 1:1.9 0 26.7 42.3 20.0 11.0 0.67 

Gelatin 1:1.9 4.9 30 47.5 22.5 0.0 1.55 

PLGA Low 1:1.9 0 26.7 42.3 20.0 5.5* 0.36 

PLGA 

High 
1:1.9 0 26.7 42.3 20.0 11.0 0.67 

* in the PLGA Low group there is an additional 5.5 wt% of blank PLGA microparticles. 
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The Gelatin group was formulated such that the burst release of colistin at 6h was 

approximately equivalent to the total cumulative release of the PLGA High group over the 

84d study. Of note, although the weight percentages of each component between groups 

may differ, each construct contained the same absolute amount of gelatin, PMMA powder, 

and liquid monomer. Each sample was sterilely aliquoted in sterile containers for 

intraoperative fabrication and cured in situ.  

 

Colistin Release 

 The release kinetics of each group containing colistin were determined by high 

performance liquid chromatogray (HPLC) as previously reported [67, 265]. Each of three 

space maintainers for each group was placed in 5 mL PBS (pH 7.4) at 37°C under mild 

agitation. The supernatant from each sample was completely removed and replaced with 

fresh PBS at 6 and 12 hrs and at 1, 2, 4, 7, 11, 14, 18, 21, 25, 28, 32, 35, 39, 42, 46, 49, 53, 

56, 60, 63, 67, 70, 74, 77, 81 and 84 days. The supernatant was filtered with a 0.2 μm filter 

and the colistin concentration was determined using a HPLC system. The HPLC system 

comprised a Waters 2695 separation module and a 2996 photodiode array detector (Waters, 

Milford, MA) with an XTerra RP 18 column (250mm × 4.6mm, Waters) at 45 °C. The 

elution was performed with a flow rate of 0.5 mL/min in a mobile phase consisting of 

acetonitrile (HPLC grade with 0.1 vol% trifluoroacetic acid) and water (HPLC grade with 

0.1 vol% trifluoroacetic acid). Peaks were eluted with a linear gradient of 10%–65% 

acetonitrile in water over 20 min. Absorbance was monitored at λ = 214 nm with the two 

components of colistin, colistin A and colistin B, eluted at approximately 16.2 min and 

16.9 min, respectively. Standard solutions with colistin in PBS buffer (pH 7.4) were tested 

in the range of 5–1000 μg/mL. Calibration curves were obtained using the combined peak 

area of colistin A and colistin B versus the colistin concentration. The cumulative release 

(%) was expressed as the percent of total colistin released over time.  
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Bacterial Culture and Susceptibility 

 Acinetobacter baumannii (Isolate # 170) was obtained from Brooke Army Medical 

Center as a cultured specimen from a deep wound of a soldier returning from Operation 

Iraqi Freedom. Antibiotics released from the Gelatin, PLGA Low and PLGA High groups 

at 6 hours and 39 days were tested by sterile filtering the supernatant and using the solution 

as a stock solution in the microdilution minimum inhibitory concentration (MIC) protocol 

according to ISO 20776. Briefly, the stock solution was serially diluted with sterile Mueller 

Hinton broth (MHB) to 50 µL aliquots with concentrations from 0 mg/L to 32 mg/L. A 0.5 

MacFarland standard of A. baumannii cultured in MHB was diluted 1:100 in sterile MHB, 

and 50 µL of the inoculum was added to each well. The experiment was performed in 

triplicate, and the lowest concentration well without growth after 18 hr of culture at 37°C 

was denoted the MIC.  

 For the in vivo inoculum, A. baumannii was cultured in tryptic soy broth (TSB) 

(BD, Franklin Lakes, NJ). Colony forming unit (CFU) concentration for inoculation was 

determined by absorption the morning of each surgery, diluted by sterile TSB to 2 × 107 

CFU/mL, and stored on ice until inoculation. Uninoculated defects were inoculated with 

the sterile TSB.  

 

Surgical Procedure 

 All procedures followed protocols approved by the Rice University and University 

of Texas Health Science Center at Houston Institutional Animal Care and Use Committees. 

Adult male New Zealand white rabbits weighting 4.3-4.5 kg were used for this study 

(Myrtle’s Rabbitry, Thompsons Station, TN). Four groups were selected for evaluation in 

an infected composite tissue defect model with 10 implants per group. A. baumannii was 

inoculated into defects filled with three different formulations: Gelatin, PLGA Low and 

PLGA High. The fourth group served as a material control that was uninfected and the 

implanted construct had the same formulation as PLGA High. The surgical procedure was 

completed as previously described [239-241]. Briefly, a midline incision extending 
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posteriorly from the mentum was used to expose the inferior border of the right 

hemimandible. The soft tissue and periosteum were lifted from the body of the mandible 

and a 10 mm diameter bicortical defect was made in the body of the mandible with a dental 

trephine (Ace Surgical, Brockton, MA) powered by a micromotor handpiece (NSK, 

Kanuma, Japan) with copious irrigation. A crosscut bur (Stryker, Kalamazoo, MI) was used 

to cut a 2-3 mm notch in the superior aspect of the defect. The overlying crown was 

removed, creating an oral mucosal defect with intraoral communication. The defect was 

inoculated with 100 µL of the bacterial suspension, amounting to 2 × 107 CFU/mL of 

bacteria, or sterile broth by pipette on the defect walls. The implant was fabricated by first 

mixing the powder phase into the swollen gelatin until evenly mixed. The monomer phase 

was added and mixed until doughy, then shaped by hand and packed into the defect. The 

time from inoculation to packing was maintained at 7 min. A titanium plate was placed 

over the defect to prevent iatrogenic fracture. The defect was closed in layers with 4-0 

Vicryl suture (Ethicon, Somerville, NJ) in running and subcuticular stitch patterns for the 

muscle/fascia and skin, respectively. Each rabbit received a fentanyl patch and carprofen 

subcutaneously for pain management and inflammation, respectively, for 48 hours 

postoperatively.  

 

Kidney Function 

 The kidney function of the rabbits was analyzed at 0, 1 and 5 weeks by measuring 

plasma creatinine and blood urea nitrogen from blood drawn from the ear vein. The plasma 

concentrations were measured using an IDEXX Vet Test 8008 (IDEXX Laboratories, 

Westbrook, ME).  

 

Sample Culture 

 At 12 weeks postoperatively, the rabbits were euthanized by barbiturate overdose. 

A blood sample was taken sterilely from cardiac puncture with 3.8% sodium citrate. The 

anterior edge of the defect was exposed by sterile dissection. Sterile cotton swabs were 
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used to collect samples from saliva, the anterior edge of the defect, and any abscesses in 

the craniofacial region. The swabs were cultured at 37°C on tryptic soy agar (BD, Franklin 

Lakes, NJ) and tryptic soy agar with 5% sheep blood (BD, Franklin Lakes, NJ) for blood 

samples. Individual colonies were tested for oxidase activity by oxidase reagent (PML 

Microbiologicals, Wilsonville, OR). The same colonies were smeared on glass slides and 

stained with Gram’s stain. All Gram-negative oxidase-negative colonies were further 

identified by the API 20 NE kit (bioMerieux, Marcy l’Etoile, France).  

 

Gross Observation 

 At the time of euthanasia, the right hemimandible was explanted. The mucosa over 

the defect was classified as healed or non-healed and the other oral mucosa was classified 

as dehisced or non-dehisced. The mandibles were then placed in 10% neutral buffered 

formalin for fixation for 72 hours. After 72 hours, the mandibles were transferred to 70% 

ethanol. 

 

Histology 

 The mandibles were dehydrated in serial solutions of ethanol (70-100%) and 

embedded in methylmethacrylate. After complete polymerization, 10 µm sections were cut 

coronally using an inner circle diamond microtome (Leica, Wetzlar, Germany) and stained 

with methylene blue and basic fuchsin. Three blinded reviewers scored each specimen 

according to the scoring system shown in Table 12 to assess the tissue response around the 

implant and within the pores of the implant [257]. Images were obtained using an 

AxioImager Z.2 microscope (Zeiss, Oberkochen, Germany). 
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Table 12. Histological scoring system for the implant tissue interface and the tissue in the 
pores of the implant [257]. 

Hard tissue response at the implant-bone interface Score 

Direct bone-to-implant contact without soft interlayer 4 

Remodeling lacuna with osteoblasts and/or osteoclasts at surface 3 

Majority of implant is surrounded by fibrous tissue capsule  2 

Unorganized fibrous tissue (majority of tissue is not arranged as 

capsule)  
1 

Inflammation marked by an abundance of inflammatory cells and poorly 

organized tissue 
0 

Hard tissue response within the pores of the scaffold  

Tissue in pores is mostly bone  4 

Tissue in pores consists of some bone within mature, dense fibrous 

tissue and/or a few inflammatory response elements 
3 

Tissue in pores is mostly immature fibrous tissue (with or without bone) 

with blood vessels and young fibroblasts invading the space with few 

macrophages present  

2 

Tissue in pores consists mostly of inflammatory cells and connective 

tissue components in between (with or without bone) or the majority of 

the pores are empty or filled with fluid  

1 

Tissue in pores is dense and exclusively of inflammatory type (no bone 

present) 
0 
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Statistical Analysis 

 The colistin released at each timepoint, the MIC of each group, and the creatinine 

and blood urea nitrogen values were compared using ANOVA with post-hoc analysis by 

Tukey’s honestly significant difference test. The classifications of oral mucosae were 

compared using the Fisher-Freeman-Halton test with post-hoc analysis by Fisher’s exact 

test. The histological scores of the space maintainers were compared using the Kruskal-

Wallis test with post-hoc analysis by the Mann-Whitney U test. An a priori level of 

significance was set at α=0.05. All analyses were performed using MATLAB (Version 

R2011B, Natick, MA). 

 

Results 

Colistin Release 

 Colistin was released for up to 8 weeks from the space maintainers in vitro. Fig. 15 

shows the release of colistin from each of the groups. Fig. 15A shows cumulative release 

of colistin over 12 weeks. Cumulative release of colistin from each group was significantly 

different from the other groups at every timepoint (p<0.05). Fig. 15B shows percent 

cumulative release over 12 weeks. At 6h and 12h, percent cumulative release of colistin 

from PLGA High and PLGA Low groups were not significantly different from each other, 

but Gelatin released significantly more of its loaded antibiotic than either of the other 

groups.  
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Figure 15. In vitro release of colistin from constructs presented as mean + standard 

deviation (n = 3). (A) Cumulative release of colistin from each group. Every group is 

significantly different from all other groups at all timepoints (p < 0.05). (B) Percentage 

cumulative release of colistin from each group. The Gelatin group releases significantly 

more of its loaded drug at 6h compared to PLGA High and PLGA Low. All groups are 

significantly different at 12h through 39d. At 42d, PLGA High is significantly different 

from both PLGA Low and Gelatin, and at 46d, only PLGA High and PLGA Low are 
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different from each other (p<0.05). There is no significant difference between groups 

from 49d until 84d. 

 

 

Between 12h and 39d, all groups were significantly different from each other at every 

timepoint (p<0.05). At 42d, PLGA High was different from both PLGA Low and Gelatin, 

and at 46d, PLGA High was different from only PLGA Low. From 49d until 84d, there 

was no significant difference between any group (p>0.05).  

 

Bacterial Susceptibility 

 The susceptibility of A. baumannii to colistin, colistin released from the Gelatin, 

PLGA Low and PLGA High groups was measured as the MIC according to ISO 20776 

using the microdilution method. Colistin standard had an MIC of 4.00 ± 0.00 µg/mL. At 

the 6 hour timepoint, colistin from the Gelatin group had an MIC of 1.67 ± 0.58 µg/mL, 

from the PLGA Low group had an MIC of 4.00 ± 0.00 µg/mL, and from the PLGA High 

group had an MIC of 3.33 ± 1.15 µg/mL. At the 39 day timepoint, colistin from the Gelatin 

group did not inhibit growth as there was no detectable colistin (i.e. no MIC determined), 

from the PLGA Low group had an MIC of 3.33 ± 1.15 µg/mL, and from the PLGA High 

group had an MIC of 4.00 ± 0.00 µg/mL. The MICs of each group are not statistically 

significant from each other (p>0.05). 

 

Animal Care 

 Surgery was performed on 45 rabbits, with 5 prematurely euthanized animals that 

were not included in the analysis. All prematurely euthanized animals had complications 

unrelated to the treatment but rather due to general problems including unresolved 

postoperative diarrhea, neurological deficits due to spinal fracture, and unresolved foot 

wounds. The remaining 40 animals were healthy and were euthanized at 12 weeks 

postoperatively. 
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Kidney Function 

 Mean values for creatinine and BUN levels were within normal range (creatinine: 

0.8-1.8 mg/dL; BUN: 10-24 mg/dL) for all animals, and there were no significant 

differences between groups at each time point (Fig. 16). Creatinine and BUN remained 

below the threshold that would indicate acute tubular necrosis due to nephrotoxic systemic 

levels of colistin. 

 

Figure 16. Plasma concentrations of (A) BUN and (B) creatinine evaluated 

preoperatively (week 0) and at 1 and 5 weeks postoperatively to assess kidney function.  

Data are presented as means ± the standard deviation (n = 10). Normal ranges: BUN: 10-



	 	
	

 

143 

24 mg/dL and creatinine: 0.8-1.8 mg/dL. There were no significant differences between 

groups for BUN or creatinine plasma concentrations.   

Gross Observation 

 In addition to healed (Fig. 17A) and non-healed (Fig. 17B) mucosal defects, some 

rabbits exhibited a separate medial mucosal dehiscence as seen in Fig. 17C. The black 

arrows in Fig. 17B and C indicate exposed implant through non-healed and dehisced 

mucosae, respectively. Fig. 18A shows the number of healed mucosae in each group and 

Fig. 18B shows the number of dehisced mucosae in each group. There were a significantly 

greater number of healed mucosae in the PLGA High group compared to the Gelatin group 

(p<0.05). There were no significant differences between groups for the dehiscences. 

 

 

Figure 17. Gross photographs of oral mucosae 12 weeks postoperatively.  Images show 

(A) well-healed, (B) non-healed, and (C) medially dehisced mucosae.  Black arrows in 

(B) and (C) indicate exposed implant through non-healed and dehisced mucosae, 

respectively. 
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Figure 18. Evaluation of soft tissue healing 12 weeks postoperatively. A) Number of 

healed versus non-healed mucosal defects as well as (B) dehisced and non-dehisced 

mucosae for each group.  * indicates a significant difference between the PLGA High and 

the Gelatin groups (p < 0.05). 

 

Sample Culture 

 All saliva swabs and 3 defect swabs grew bacteria; however, none of these bacteria 

proved to be A. baumannii. Colonies grown from saliva swabs were excluded based on 

Gram stain, oxidase presence, or with the API 20NE kit. No blood swabs grew bacteria. 

Two defects had abscesses; however, only one grew bacteria, which were gram positive. 
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Histology 

 Histological assessment of the space maintainers explanted from mandibles 

confirmed the presence of healed (Fig. 19A and E) and non-healed (Fig. 19C) oral mucosae 

in various samples. Histologic scoring of the tissue-implant interface revealed that the 

PLGA High group had significantly higher histological scores than the Uninfected group 

(p<0.05). As seen in Fig. 20A, this is shown by all PLGA High samples receiving a score 

of 2, representative of a highly organized fibrous capsule (Fig. 19F). The Uninfected group 

had scores of 0, 1, and 2, indicating an abundance of inflammatory cells (Fig. 19B), a 

poorly organized fibrous capsule, and a highly organized fibrous capsule, respectively. 

Although there were instances of direct bone implant contact (Fig. 19D), this did not 

comprise the majority of the interface and thus could not receive a score of 3 or 4. No other 

significant differences were found for the tissue-implant interface. None of the histological 

scores for the pore tissue were significantly different (p>0.05), including scores of 0, 1, 2, 

and 3, representing exclusively inflammatory cells, a majority of inflammatory cells, 

immature fibrous tissue, and fibrous tissue and bone, respectively, as indicated in Table 12. 

 

 

Figure 19. Representative low (2X) (A, C, E) and high (10X) (B, D, F) magnification 

histological images stained with methylene blue and basic fuchsin (A, B: Uninfected; C, 
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D: Gelatin; E, F: PLGA High). Titanium plates are indicated with a (p) and the implant 

with an (i). Healed mucosa over the implants in (A) and (E) are indicated with black 

arrows. Implant exposure in a non-healed defect (C) is indicated with a black arrowhead. 

High magnification images (B), (D), and (F) were taken from low magnification images 

(A), (C), and (E), respectively, at a location indicated with a rectangle to display tissue-

implant interface features. (B) shows an abundance of inflammatory cells (ic) inside a 

thick fibrous capsule (c) at the tissue implant interface. In (D), bone (b) is seen in direct 

contact with the implant (i). (F) is a high magnification image of a highly organized 

fibrous capsule (c). 
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Figure 20. Distribution of histological scores of the (A) tissue-implant interface and the 

(B) tissue within the pores of the implants.  * indicates a significant difference between 

the Uninfected and the PLGA High groups for the tissue-implant interface score (p < 

0.05). 

  

Discussion 

 This study evaluated porous space maintainers fabricated from clinically available 

materials in vitro and in vivo in an infected rabbit composite tissue defect for their effect 

on wound healing, kidney function, presence of A. baumannii, and tissue response to the 

construct. 

 Colistin was released in vitro over 12 weeks, and the total amount of colistin 

released at each timepoint as well as percentage of total colistin released was determined. 

Gelatin was shown to have a high burst release, as evidenced by higher percentage of 

colistin released at early timepoints compared to PLGA High and PLGA Low groups (Fig. 

15B). By the end of the 12 weeks, there was no significant difference between the 

percentage cumulative release of the three groups (Fig. 15B), although these values did not 

reach 100%. The most likely explanation for this is the existence of non-interconnected 

pores in the construct, which sequester either gelatin or PLGA microspheres and prevent 

the release of some antibiotic. The colistin released from the constructs was tested against 

A. baumannii in vitro and showed effectiveness to A. baumannii similar to that of non-

loaded colistin.  This result verifies that the use of these fabrication and delivery methods 

for the colistin do not significantly alter the bioactivity of the antibiotic.  

 In the infected composite tissue defect, PLGA High group implants, which released 

colistin over an extended period of time in vitro, showed increased soft tissue healing 

compared to implants in the Gelatin group, which released colistin as a burst release in 

vitro.  While this is an indirect measurement of infection clearance, previous studies have 

shown decreased healing in the presence of infection [271, 272].  Previous studies in non-

porous PMMA based materials showed similar results in that the duration of release 

impacted reduction in bacterial load [260, 263, 273].  This may be due to some bacteria 
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entering a sessile state as biofilm, thereby increasing the effective concentration necessary 

for clearance of the infection.  These bacteria may then proliferate and colonize the wound 

after the short duration of antibiotic delivery, whereas they remain sessile with continued 

delivery of antibiotics in the extended release groups [274].  

 For the first time using this model, a dehiscence separate from the intentional 

mucosal defect was observed.  As seen in Fig. 17C, these dehiscences were located on the 

lingual aspect of the mucosa overlying the implant. Because dehiscences were seen in the 

Uninfected group of this study, these dehiscences were likely not due to the presence of 

the inoculated bacteria. The primary differences in formulation between the samples in this 

study and the samples used in previous studies are the use of gelatin as a porogen and the 

delivery of antibiotics [239, 241]. These dehiscences could therefore be due to the presence 

of gelatin, colistin, or their combination. Although gelatin cannot be excluded as a cause 

of dehiscence, it is perhaps a less likely culprit as previous studies have not shown 

dehiscence when gelatin is implanted in the oral and maxillofacial region, though these 

studies are not extensive [275, 276]. Previous studies have shown that antibiotics, while 

intended to target bacteria, can have detrimental effects on viability and function of host 

cells in vitro [58, 277]. This toxic effect seen in vitro could lead to breakdown of the soft 

tissue, fenestration, and dehiscence in vivo. It is also possible that the combination of 

gelatin and colistin may lead to increased local toxicity if the gelatin causes increased tissue 

exposure to colistin by retaining released colistin in the area. 

 In addition to efficacy in infection clearance, safety was measured through the 

analysis of kidney function by plasma concentration of BUN and creatinine.  The early 

discovery of nephrotoxicity with colistin has led to increased research into local delivery 

of the drug for increased local concentration with decreased systemic exposure[278-280]. 

This study showed that with high local delivery to the wound site, the negative systemic 

effects of colistin administration were avoided.  Local delivery strategies may allow for 

increased application of powerful antibiotics that were previously underused clinically due 

to severe systemic adverse effects. 

Clearance of the infection was also evaluated by cultures of the saliva, blood, and defect at 

12 weeks.  While three of the defects and all of the saliva swabs grew bacteria, none were 
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identified to be A. baumannii.  In the normal rabbit, saliva swabs would culture many 

different bacteria due to physiologic mucosal colonization.  In addition, these bacteria 

could inoculate and colonize the porosity of the implant through the mucosal defect.  This 

is corroborated by the few defect swabs that did culture bacteria that were not identified as 

A. baumannii.  This finding is consistent with previous studies where increased 

inflammation in highly porous space maintainers was attributed to colonization of the 

implant by oral flora [239]. Additionally, a recent study showed that 37% of traumatic 

injuries resulted in polymicrobial infections [281]. Thus, while the delivery of a single 

antibiotic is likely inadequate alone to treat such polymicrobial wound infections, the 

animal model used in this study presents a complex environment very similar to the 

targeted problem area. 

 Although there were significant differences in gross wound healing between the 

PLGA High and Gelatin groups, no significant difference was observed between the two 

groups in the histological response of the tissue-implant interface and the tissue within the 

pores. Many of the samples received scores of 2 for a mature fibrous capsule; however, for 

several of these samples, there was a layer of inflammatory cells between the fibrous 

capsule and the implant.  This has been previously demonstrated to be due to continued 

release of proinflammatory molecules being released from the implant resulting in the 

invasion by inflammatory cells [282]. Inflammatory molecules from bacterial colonization 

or the degradation products of PLGA or gelatin may be released from the implant at late 

time points, resulting in the recruitment of inflammatory cells. These differences are 

reflected in the organization of the fibrous capsule for implants from the current study.  

Finally, there are several instances of direct bone-implant contact either at the interface or 

in the pores of the implant, as shown in Fig. 19D, illustrating that after 12 weeks, there is 

some growth of bone around and in the implant. 

 This study would be strengthened by the use of infected untreated controls to verify 

that an initial infection with A. baumannii was achieved. However, an untreated infection 

in the craniofacial region presents animal welfare concerns, including pain and discomfort, 

and was accordingly not included in the study. There are several important strengths to this 

study.  First, the formulations used in this study allow for comparison of the effects of 
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extended release and burst release of colistin on gross and microscopic tissue healing. 

Second, dose effects of the extended release formulation were also investigated by using a 

high and low dose loading of colistin-loaded PLGA microparticles into the constructs.  

Last, the measurement of BUN and creatinine as well as soft tissue healing allowed for 

safety and efficacy measures in the same model.   

 Considering the results, there are a few areas from this study that could receive 

further investigation.  While this study elucidated the role of colistin release from the space 

maintainer against A. baumannii in this defect, the expansion of this study to investigate 

various antibiotics, bacterial strains and combinations thereof is important to address the 

clinical nature of many traumatic facial injuries.  Additionally, further study into the 

mechanisms and relationships of the tissue regeneration with respect to infection clearance 

and delivery of the antibiotic is important.   

  

Conclusions 

 This study analyzed the in vitro release characteristics of colistin from porous 

PMMA space maintainers and evaluated the safety and efficacy of these antibiotic-

containing constructs in vivo in an infected rabbit mandibular defect. Extended, high-dose 

antibiotic delivery via PLGA microparticles appeared to improve gross soft tissue healing 

compared to burst release via a gelatin carrier in an infected composite tissue defect model 

over a period of 12 weeks. These results indicate that duration of delivery affects soft tissue 

healing. Local delivery did not result in systemic side effects, specifically nephrotoxicity.  

Prolonged delivery of antibiotics may mitigate failure of surgical implants placed in 

contaminated wounds, obviating the need for systemic treatment and reducing systemic 

side effects, while simultaneously improving healing.
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Chapter 8 

Polymer-based Local Antibiotic Delivery for 
Prevention of Polymicrobial Infection in 

Contaminated Mandibular Implants6 

Abstract  

Antibiotic-releasing porous poly(methyl methacrylate) (PMMA) space maintainers, 

comprising PMMA with an aqueous porogen and poly(DL-lactic-co-glycolic acid) 

(PLGA) antibiotic carrier, have been developed to facilitate local delivery of antibiotics 

and tissue integration. In this study, clindamycin-loaded space maintainers were used to 

investigate the effects of antibiotic release kinetics and dose upon bacterial clearance and 

bone and soft tissue healing in a pathogen-contaminated rabbit mandibular defect. Three 

formulations were fabricated for either high dose burst release (7 days) or with PLGA 

microparticles for extended release (28 days) at high and low dose. While inoculated 

bacteria were not recovered from any specimens, the burst release formulation showed less 

																																																								
6 This chapter was published as S.R. Shah, A.M. Tatara, J. Lam, S. Lu, D.W. Scott, G.N. 
Bennett, J.J.J.P. van den Beucken J.A. Jansen, M.E. Wong, A.G. Mikos, “Polymer-based 
local antibiotic delivery for prevention of polymicrobial infection in contaminated 
mandibular implants,” ACS Biomater. Sci. Eng., 2, 558-66 (2016). 
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inflammation and fibrous capsule formation and more bone formation close to the implant 

than the low dose extended release formulation by histologic analysis. These results 

suggest that local antibiotic release kinetics and dose affect soft and hard tissue healing 

independent from its ability to clear bacteria.
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Introduction 

  Injuries to bone in the oral and maxillofacial area can present several challenges to 

reconstruction, including failure of soft tissue closure and infection of the bone. In patients 

who have large bone defects caused by pathology such as cancer or severe trauma, local or 

systemic immunosuppression due to radiation, chemotherapy, or systemic inflammation 

can increase the predisposition to osteomyelitis [283-285]. Since infection is also known 

to impede wound healing and tissue regeneration, there is a significant need for strategies 

that will mitigate infection in order to allow the reconstruction and regeneration of bone 

defects in the oral and maxillofacial region. 

 Two-stage reconstruction is one such strategy for the reconstruction of mandibular 

defects due to trauma or pathology [286]. Two-stage reconstruction involves first the 

implantation of a temporary space maintainer that serves multiple purposes: 1) preservation 

of the architecture and contours of the defect, 2) facilitation of soft tissue healing over the 

defect, and 3) optimization of the wound bed, including prevention and resolution of 

infections. After the area has been optimized for reconstruction, the temporary space 

maintainer is removed and a definitive reconstruction takes place [287]. Space maintainers 

are typically composed of non-degradable alloplastic materials, such as poly(methyl 

methacrylate) (PMMA), which is commonly available in the form of clinical bone cement. 

However, the use of solid PMMA has several drawbacks, particularly the formation of 

dehiscences, or soft tissue openings, over the implant that necessitates the removal of the 

space maintainer and premature reconstruction of the defect [239, 288]. The introduction 

of porosity to space maintainers has been postulated to improve soft tissue healing due to 

the presence of surface topography favorable to the attachment of oral mucosa [239, 289]. 

Porosity can be introduced into PMMA space maintainers through the incorporation of an 

aqueous gel porogen, such as gelatin or carboxymethylcellulose (CMC), which forms a 

series of pores through phase separation from the hydrophobic bulk material [265, 290]. 

The introduction of pores also serves the secondary function of facilitating the release of 

incorporated drugs from the space maintainer. 
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 Because mandibular reconstructions take place in the oral cavity, contamination of 

the implant is common and subsequent infection is a major concern, as this complication 

can derail the normal course of healing. Implants can also facilitate infection by providing 

a non-biological surface for bacterial attachments [45, 291], so the incorporation of 

antibiotics directly into PMMA has been investigated as a method to prevent infection [38, 

107, 292]. While the addition of antibiotics directly to clinical bone cement is a simple and 

clinically feasible method to achieve local delivery, there are several drawbacks to this 

approach. First, release of antibiotics occurs in a burst within the first week, and the implant 

is subsequently vulnerable to colonization with bacteria [38, 293]. Second, many 

antibiotics are directly toxic to osteoblasts at high concentrations, so the initial burst release 

contributes to local toxicity and inhibits regeneration [58, 294].  In order to address these 

issues, poly(DL-lactic-co-glycolic acid) (PLGA) microparticles have been investigated as 

a means to attenuate burst release and extend the duration of antibiotic release [295]. 

Previous work in our laboratory has shown that entrapment of the antibiotic colistin sulfate 

within a PLGA matrix can achieve both of these goals in vitro when incorporated into 

porous PMMA space maintainers [67].  

 Space maintainers implanted in a mandibular defect may become contaminated 

with oral flora through breaks in the oral mucosa and/or tooth removal. Mandibular and 

maxillary bone are unique in that they hold teeth that host a unique microbiome of bacteria, 

and many studies have demonstrated that gram-positive anaerobic bacteria associated with 

the oral cavity and teeth play a major role in the development of odontogenic osteomyelitis, 

especially in patients with comorbidities [15, 31, 296]. While aminopenicillins such as 

amoxicillin have traditionally been used as first-line agents against odontogenic infections, 

many oral bacterial species produce β-lactamases, decreasing the efficacy of β-lactam 

antibiotics [297, 298]. Anaerobic organisms are the most likely infecting agents in areas of 

low redox potential, and metronidazole and clindamycin are the antibiotics of choice 

against these infections. Metronidazole has high efficacy, but a limited spectrum of activity 

as it mainly covers anaerobes.  Clindamycin hydrochloride is an ideal choice of antibiotic 

to prevent the development of odontogenic osteomyelitis of the mandible, as it achieves 

high concentration in bone [299], has a wider spectrum of activity that includes gram-
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positive anaerobic bacteria [300], and currently may have a lower incidence of resistant 

organisms than many other available antibiotics [298].  

 Rabbits are a suitable model for evaluating treatments of odontogenic infection due 

to the fact that rabbits and humans share similar oral bacteria and rabbits also develop post-

surgical infections of the mandible [301-304]. Prevotella melaninogenica (also termed 

Bacteroides melaninogenica) has been shown to promote the generation of polymicrobial 

odontogenic infection in a rabbit mandible [32, 33, 305]. The etiology of mandibular 

infection is most often polymicrobial due to contamination of a wound site by opportunistic 

oral microbes  that destroy natural barriers through collagenases, produce endotoxins, and 

inhibit the phagocytic activity of immune cells [306]. For these reasons, this study 

investigates the controlled release of antibiotics for the prevention of odontogenic infection 

using a rabbit mandibular defect model in which the site is contaminated in multiple ways: 

1) removal of a tooth with disruption of its plaque, 2) direct communication into the oral 

cavity through which saliva can enter the defect, and 3) direct inoculation of P. 

melaninogenica.  

 

Materials and Methods 

Study design 

 The objective of this study is to evaluate clindamycin-loaded porous PMMA space 

maintainers in vitro and in vivo. First, the in vitro release kinetics of porous PMMA space 

maintainers with and without clindamycin-loaded PLGA microparticles were 

characterized. Second, clindamycin-loaded porous PMMA space maintainers were 

implanted into a contaminated rabbit critical size mandibular defect with an intraoral 

communication with the goal of ascertaining the effects of dose and release kinetics on 

bacterial clearance, gross and microscopic tissue healing, and bone regeneration. We 

hypothesized that sustained release of clindamycin would result in increased healing over 

the oral mucosa and reduced inflammation and fibrous capsule formation around the 

mandibular implants. 



	 	
	

 

156 

 Evaluation of antibiotic releasing space maintainers was conducted in a rabbit 

composite tissue defect model with bacterial contamination. This model involves the 

removal of mandibular bone as well as the extraction of a tooth that leaves an intraoral 

communication [290]. In order to facilitate infection, vessels within the bone were 

cauterized and an oral pathogen, P. melaninogenica, was introduced to the area [33]. Two 

experimental groups (PLGA High, PLGA Low) that demonstrated sustained release were 

compared to a control group (Burst) that demonstrated release kinetics similar to antibiotic-

loaded bone cements prepared clinically. A sample size of 10 was designated for each 

group in this animal study based on a power analysis with an effect size of 0.6, α = 0.05, 

and power 0.8. Animals were randomized to each group using randomly generated 

numbers in order to minimize the effects of surgical technique upon the outcomes. 

Prospective exclusion criteria were related to animal welfare, including excessive weight 

loss, sepsis, and diarrhea. The endpoint of the study was prospectively determined to be 12 

weeks in order to evaluate bone regeneration around the mandibular implants. Scoring was 

performed by three blinded reviewers.  

 

Materials 

 PLGA  (50:50 lactide:glycolide) with a weight average molecular weight of 36 kDa 

and number average molecular weight of 31 kDa was obtained from Evonik Corporation 

(Birmingham, AL). Clindamycin hydrochloride at >98% purity was purchased from TCI 

America (Portland, OR), and poly(vinyl alcohol) (PVA) (88% hydrolyzed, average 

molecular weight 13-23 kDa) were purchased from Sigma-Aldrich (St. Louis, MO). 

Smartset High Viscosity bone cement was acquired from Depuy Orthopaedics (Warsaw, 

IN), carboxymethylcellulose sodium from Spectrum Chemical (New Brunswick, NJ), and 

Oxyrase for Broth from Oxyrase (Mansfield, OH). For bacterial culture, chopped meat 

liquid medium and laked blood agar with kanamycin and vancomycin were obtained from 

Anaerobe Systems.  
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PLGA microparticle fabrication 

 PLGA microparticles loaded with 20 wt% clindamycin hydrochloride were 

fabricated using a water-in-oil-in-water double emulsion solvent evaporation technique, as 

previously described [295]. The internal phase consisted of clindamycin hydrochloride 

dissolved in 0.3 wt% PVA at a concentration of 312.5 mg/mL and was emulsified with 

PLGA dissolved in dichloromethane at 222 mg/mL at a ratio of 1:5.6 v/v. The external 

phase consisted of 0.3 wt% PVA and 4 wt% NaCl stirring at 700 rpm for 30 min and 

allowed to harden for an additional 3.5 h at 500 rpm. After hardening, the clindamycin-

loaded PLGA microparticles were washed three times in distilled water, frozen in liquid 

nitrogen, and lyophilized. Microparticles were sieved and particles below 300 μm were 

used to fabricate porous space maintainers. 

 

Space maintainer fabrication 

 Space maintainers were fabricated in three formulations to investigate the effects 

of release kinetics and antibiotic dose: burst release (Burst), extended release low dose 

(PLGA Low), and extended release high dose (PLGA High). Nominal formulation 

parameters can be seen in Table 13.   
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Table 13. Clindamycin-loaded space maintainer formulation parameters  (6 mm height x 
10 mm diameter). 

Group Porogen Phase 
PMMA 
(wt%) 

MMA 
(wt%) 

PLGA 
Microparticles 

Total 

Drug per 
Construct 

(mg) 

 

CMC 

gel 

(wt%) 

Drug 

(mg) 
  

Blank 

(wt%) 

Loaded 

(wt%) 
 

Burst 30.6 9 47.1 22.3 0 0 9 

PLGA 

Low 
26.7 0 42.3 20.0 5.5 5.5 4.5 

PLGA 

High 
26.7 0 42.3 20.0 0 11 9 

 

Space maintainers were fabricated as previously described [307]. Briefly, UV-sterilized 

CMC was constituted in sterile water at 9 wt% to serve as the porogen. For the CMC group, 

clindamycin was added directly to the gel and allowed to dissolve for 30 min. For the 

PLGA groups, drug was incorporated via the addition of clindamycin-loaded 

microparticles. All clindamycin-loaded PLGA microparticles had a nominal drug content 

of 20 wt%. In the PLGA High group, all microparticles were drug loaded; in the PLGA 

Low group, half of the microparticles were loaded with clindamycin and half did not 

contain any drugs, such that both group received the same total mass of microparticles, but 

the PLGA Low group received half the dose. Powder PMMA, PLGA microparticles, and 

CMC were combined into a homogeneously distributed mixture. The absolute amount of 

CMC in each formulation was kept constant in order to normalize the effect of the CMC 

upon healing between groups, resulting in slightly different percentages of CMC in the 

Burst formulation compared to the PLGA formulations. The liquid methylmethacrylate 

(MMA) phase was added and the mixture stirred rapidly until the mixture began to dough. 

The mixture was then transferred into Teflon molds 10 mm in diameter and 6 mm in height, 
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allowed to cure, and vacuum-dried for 48 h. Construct porosity was verified using 

microcomputed tomography (microCT) (Fig. S4). The dried constructs were either used 

for the in vitro release study or sterilized by ethylene oxide treatment in preparation for 

implantation. Constructs were sterilized using an Anprolene AN74i gas sterilizer and 

AN73 ampules containing 89.4% ethylene oxide (Andersen Products, Haw River, NC) on 

a 12 h cycle. Constructs were then allowed to further degas for at least 72 h prior to 

implantation. 

 

In vitro release  

 Constructs from each group (n = 3/group) were submerged individually into 5 mL 

of phosphate buffered saline (PBS) (Life Technologies, Carlsbad, CA) pH 7.4 at 37oC 

under mild agitation. The entire 5 mL was removed and replaced with fresh PBS at 6 and 

12 hour, and biweekly until day 84. The release of clindamycin was quantified by high 

pressure liquid chromatography (HPLC) as previously described and plotted as percentage 

of total loaded drug at each time point [295]. Standards ranged from 0.1-1000 µg/mL, 

results were read at 204 nm, and the lower limit of quantification was 0.1 µg/mL. Results 

are reported as percentage cumulative release, which is the cumulative drug released at 

each timepoint normalized to the theoretical loading of the construct. Theoretical loading 

was calculated using the weight of the construct immediately after fabrication and the 

loading efficiency of the PLGA microparticles. Loading efficiency of the scaffold was 

calculated by comparing the cumulative drug release at the end of 12 weeks to the 

theoretical loading.  

 

Surgical procedure 

 All surgical procedure followed protocols approved by the University of Texas 

Health Science Center at Houston Institutional Animal Care and Use Committee as well as 

the Department of Defense Animal Care and Use Review Office. Adult male New Zealand 

White rabbits (3.8-4.2 kg) were used in this study (Oakwood Research Facility, Oxford, 
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MI). An infected bicortical mandibular defect with an introral communication was made 

in the right mandible of each rabbit as previously described and an antibiotic-loaded space 

maintainer implanted (n=10/group) [307]. Briefly, a midline incision from the mentum 

extending posteriorly was made and the right hemimandible was exposed by lifting away 

the muscle and periosteum. A 10 mm trephine bur (Ace Surgical, Brockton, MA) under 

irrigation was used to create a bicortical defect in the body of the right mandible. Bleeding 

vessels within the bone were cauterized. A 1 mm cross-cut bur was used to cut a 2-3 mm 

defect in the superior aspect of the mandible, using the margins of a single tooth as a guide. 

The overlying tooth was removed in a single piece to create an intraoral communication. 

The area was copiously irrigated to remove bone dust and fragments. The defect was 

inoculated with 1.2 × 107 colony forming units of P. melaninogenica. After a 3 min delay 

[308], a pre-fabricated space maintainer was implanted into the defect, and a titanium 

fixation plate placed across the defect to prevent iatrogenic fracture. The defect was closed 

in 3 layers using 4-0 Vicryl suture (Ethicon, Somerville, NJ) in running stitches for muscle 

and fascia and subcuticular stitches for the skin. Each rabbit received buprenorphine and 

meloxicam post-operatively for 2 days and 3 days, respectively.  

 

Serum clindamycin concentration 

 Blood was collected from each rabbit at days 1 and 7. Serum was isolated by 

allowing the blood to clot for 2 hours, centrifuging twice at 3900 rpm for 4 min, and 

drawing off the clear serum with a pipette. Clindamycin was extracted from serum using a 

modification of a previously described method [309]. Briefly, 1 mL acetonitrile was added 

to 0.5 mL of serum, vortexed at high speed for 1 min, and centrifuged at 15000 rpm for 5 

min. The supernatant was drawn off and transferred to a clean tube and 50 μL of 0.4 M 

NaOH and 3 mL of dichloromethane added. This mixture was again vortexed for 1 min 

and centrifuged at 15000 rpm for 5 min. The aqueous layer was discarded and the 

dichloromethane was evaporated under nitrogen flow at 40oC. After complete evaporation, 

the contents of the tube were reconstituted in 200 μL of PBS and evaluated by HPLC using 

an Agilent RP-C18 column (100 × 4.6 mm, 1.8 μm) under gradient conditions (95%-60% 
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A over 15 minutes; A: 0.1% trifluoracetic acid in water, B: 100% acetonitrile). Standards 

ranged from 0.1-100 µg/mL  Results were read at λ = 204 nm, and the lower limit of 

quantification was 0.1 µg/mL 

 

Gross healing 

 Rabbit mandibles were harvested on day 84 and evaluated for healing over the oral 

communication and erosion or dehiscence on the lateral and medial aspects of the space 

maintainer by gross inspection. Soft tissue was considered non-healed if the soft tissue in 

the area of the extracted tooth had only partially healed, leaving space maintainer exposed 

to the oral cavity. Mandibles were considered to have erosions or dehiscences if there was 

breakdown of the soft tissue on the buccal or medial aspects of the mandible where soft 

tissue had not been removed during the initial surgery. After cultures were taken, samples 

were stored in 10% neutral buffered formalin for one week and then transferred to 70% 

ethanol. 

 

Bacterial growth and culture 

 P. melaninogenica was grown in chopped meat medium for 48 hours at 37°C inside 

an anaerobic chamber and diluted to 1.2 × 107 colony forming units immediately prior to 

surgery. The bacteria were transported under anaerobic conditions by equilibrating sterile 

primary and secondary airtight containers for 48 h in an anaerobic chamber (85% N2, 10% 

H2, 5% CO2) (Matheson TRIGAS, Basking Ridge, NJ) then wrapping the caps in Parafilm. 

Separate primary and secondary containers were used for each surgery such that the 

containers were only opened immediately prior to inoculation. Bacteria were stored on ice 

until inoculation, and viability of the bacteria was verified by plating aliquots of bacteria 

after the procedures were completed.  

 Sterile swabs were used to collect oral cultures from tooth and cheek on the affected 

side on days 0, 1, 7, 28, and 84 [310]. Samples were collected and stored in tryptic soy 

broth with 5% sheep blood and 10% Oxyrase for Broth for transport to the laboratory. 
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Samples were immediately moved into an anaerobic chamber and streaked on tryptic soy 

agar with 5% sheep blood and assessed for formation of pigmented colonies. Positive 

control plates were streaked with P. melaninogenica to confirm the presence of pigmented 

colonies. Presence or absence of abscesses surrounding the implants was noted during 

harvest of the mandibles. 

 

Microcomputed tomography (microCT) 

 Rabbit mandibles were scanned using a Skyscan 1172 microCT (Skyscan, 

Aartsellar, Belgium). The X-ray was set at a voltage of 100 kV and current of 100 μA, and 

images were taken with a nominal resolution of 17.3 μm/pixel using a copper/aluminum 

filter and Sksycan 1172 software (v. 1.5) (Bruker, Billerica, MA). Scans were reconstructed 

and analyzed using NRecon (v. 1.6.9.18), CTAn (v. 1.15.4.0), and CTVox (v. 3.0.0) 

software developed by Bruker (Billerica, MA). Bridging across the medial aspect of the 

defect was scored according to the criteria shown in Table 14 by three blinded reviewers.  

 

Table 14. Scoring criteria for bridging across space maintainer. 

Description Score 

No bone growth over space maintainer 0 

Minimal spicules along the border of the space maintainer 1 

Islands of bone, no bridging across the space maintainer 2 

Partial bridging along the border of the space maintainer 3 

Bridging over the longest axis of the space maintainer 4 

 

Histomorphometry 

 Samples were fixed in 10% neutral-buffered formalin (VWR International, Radnor, 

PA) for 7 days, dehydrated in serial solutions of ethanol, and embedded in methacrylate. 

Following polymerization, the tissue specimens were stained with methylene blue/basic 

fuchsin and 20 μm coronal sections were cut through the PMMA space maintainer in the 
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region of the intraoral communication with an inner circular diamond microtome (Leica, 

Wetzlar, Germany). Sections were evaluated by three blinded reviewers according to 

previously established histomorphometric scoring criteria [307].  

 

Statistics 

 Statistics were analyzed using JMP Pro 10 (SAS, Cary, NC). Parametric data is 

presented as mean ± standard deviation and were analyzed using ANOVA with post hoc 

analysis by Tukey’s Honestly Significant Difference. Non-parametric data were analyzed 

by Kruskal-Wallis with post hoc analysis by the Steel-Dwass test. Gross healing and 

dehiscence data were analyzed by Fisher-Freeman-Halton. An a priori significance level 

of α = 0.05 was set.  

 

Results 

In vitro antibiotic release 

 Three formulations of space maintainer were fabricated to achieve burst release at 

high dose, extended release at low dose, and extended release at high dose. Loading 

efficiencies for the Burst, PLGA Low, and PLGA High groups were 99.7 ± 2.7%, 87.7 ± 

2.1%, and 92.6 ± 1.0%, respectively. The Burst release formulation released clindamycin 

over 7 days, after which no further antibiotic release was measured by HPLC, while the 

PLGA loaded groups released antibiotics for 28 days (Fig. 21). 
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Figure 21. In vitro clindamycin release from porous space maintainers. Clindamycin was 

released from porous PMMA space maintainers over 7 days in the Burst release group 

(circular markers) and 28 days in both of the PLGA-loaded formulations (square and 

diamond markers). The burst release formulation released a higher percentage of its 

loaded drug at all time points and had a higher cumulative release than the PLGA 

formulations (p<0.05). PLGA High and PLGA Low dose formulations did not 

significantly differ from each other in terms of percentage cumulative release at any time 

point. Each point represents cumulative release at that time normalized to the theoretical 

loading of the construct. 

 

 

The Burst release formulation has a higher percent cumulative release than both PLGA 

Low and PLGA High at every timepoint (p<0.05). There is no significant difference in 

cumulative percent release between PLGA Low and PLGA High. The percent cumulative 

release of clindamycin within the first 24h of release was significantly reduced from 90.6 

± 5.6% in the Burst formulation to approximately 40% in the groups containing 

clindamycin-loaded PLGA microparticles (p<0.05). Despite the difference in percent 

cumulative release, there was no significant difference in the total amount of clindamycin 
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delivered between the Burst formulation (8.7 ± 0.2 mg) and the PLGA High formulation 

(8.9 ± 0.2 mg) (p>0.05). 

 

Animal care 

 Four animals were removed from the study prematurely and replaced with new 

animals. The complications were unrelated to the study or model and included unresolved 

post-operative diarrhea and respiratory distress. Twenty-nine animals were euthanized at 

84 days, and one rabbit was euthanized at 80 days due to diarrhea. The rabbit euthanized 

at 80 days was included in statistical analyses since the illness was not due to the implant 

and the 4-day difference would not significantly affect outcome measurements.  

 

Serum clindamycin concentration 

 Clindamycin was not detected in any serum sample at days 1 or 7. The retention 

time for clindamycin was 6.8 min. 

 

Gross healing 

 The majority of mandibles (≥70% in every group) showed healing of the soft tissue 

over the defect. There was no difference in gross healing between groups (Fig. 22A). 

Dehiscences were seen in 50% of animals in the Burst formulation, 40% in the PLGA Low 

Formulation, and 10% in the PLGA High formulation, though there is no statistical 

significance between groups (Fig. 22B).  
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Figure 22. Evaluation of soft tissue healing. Gross healing evaluation revealed that, 

while there was no significant difference in soft tissue healing over the extracted tooth 

(A) or in soft tissue maintenance on the medial and lateral aspects of the mandible (B), 

the PLGA High group appears to trend toward improved healing compared to burst 

release or low dose clindamycin. 
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Culture 

 Cheek and tooth cultures at days 1, 7, 28, and 84 did not grow pigmented colonies 

under anaerobic conditions. All samples grew non-specific oral bacteria under both 

anaerobic and aerobic conditions. Swabs of the space maintainer in all specimens at day 

84 grew non-specific oral bacteria, but none grew pigmented colonies that would indicate 

the presence of P. melaninogenica. Upon harvest, none of the rabbits had abscesses 

surrounding the defect. 

 

MicroCT analysis 

MicroCT analysis revealed that all specimens grew bone in the area of the defect (Fig. 23).  

 

 

Figure 23. Representative microCT images of rabbit mandibles harvested 12 weeks after 

surgery. A) Burst, B) PLGA Low, and C) PLGA High formulations demonstrated growth 

of bone (b) over the porous PMMA space maintainer (*). The dotted black circles 

indicate the area of the original bicortical defect where bone was removed during surgery. 

 

One-third of animals had bony bridging across the longest axis of the defect (Fig. 24A). 

There was no significant difference in bridging between groups, and exposure of the space 

maintainer to the oral cavity through either non-healing or dehiscence did not appear to 

affect extent of bridging (Fig. 24B) (p>0.05). 

 

!

* 
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b 
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Figure 24. Evaluation of the extent of bone bridging across the mandibular defect by 

microCT. There was no difference in bony bridging based on release kinetics or dose of 

antibiotic (A). Further analysis demonstrates that bony bridging is not affected by 

exposure of the space maintainer to contents of the oral cavity (B). 

 

Histomorphometry 

 Histologic scoring of the implant-tissue interface revealed that the Burst 

formulation had significantly higher scores than the PLGA Low group (Fig. 25A), 

indicating that the Burst formulation had a more mature and thinner fibrous capsule with 

increased amounts of viable bone growing close to the implant surface compared to the 

PLGA Low group (p<0.05) (Fig. 26, Fig. S5). The PLGA High group was not significantly 

different than either Burst or PLGA Low. Exposure of the space maintainer to the oral 

cavity, irrespective of formulation, through failure to heal or dehiscence does not affect 

inflammation and fibrous capsule formation (p>0.05). 

A B 
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Figure 25. Histomorphometric analysis of space maintainers after 12 weeks of 

implantation. Histologic scoring of the mandibles was performed to evaluate the response 

of A) native tissue to the surface of the space maintainer and B) the response within the 

pores of the space maintainer. Burst release of clindamycin results in the formation of a 

thinner and more mature fibrous capsule with more bone than the low dose PLGA 

formulation (p<0.05). PLGA High shows no significant difference from either Burst or 

PLGA Low, but trends toward improved surface tissue response compared to PLGA Low 

(p>0.05). The Burst release formulation displays less inflammation within the pores than 

either of the PLGA containing groups (p<0.05). 

 

* 

* 
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Evaluation of tissue within the space maintainer pores revealed that the Burst group 

produced more fibrous tissue than either of the PLGA-containing groups (Fig. 25B), which 

mainly contained inflammatory cells or acellular fluid (Fig. 26D, Fig. S6) (p<0.05).  

 

Figure 26. Representative histologic images at low and high magnification from Burst 

(A,B), PLGA Low (C,D), and PLGA High (E,F) groups. Black boxes in A, C, and E 

indicate the area of magnification. In B, direct bone (b) to implant (i) contact is shown, 

which was only seen in the Burst group. In D, inflammatory cells (*) can be seen within 

the pores of the space maintainer with a minimally organized fibrous capsule (c) at the 

bone-implant interface. In F, a thin, mature, highly organized fibrous capsule (c) can be 

seen in between the implant and the newly formed bone. Scale bars in A, C, and E are 2 

mm. Sections are stained with methylene blue/basic fuchsin. Purple/dark blue = nuclei; 

red = bone; blue = collagen or connective tissue.  Scale bars in B, D, and F are 50 μm. 

 

A 

B D F 

C E 

b 

i b 

i c 

c 

* 



	 	
	

 

171 

Discussion 

 The presence of infection is a major concern in the reconstruction of large defects 

in the craniofacial region. For large mandibular defects due to trauma or pathology, two-

stage reconstruction is an attractive solution to the challenge of wound bed optimization. 

Introducing porosity into PMMA space maintainers has been shown to improve the healing 

of soft tissue over mandibular defects, but the concomitant increased surface area available 

for attachment of bacteria may contribute to the development of later infection [239, 288, 

311]. Ideally, if tissue integration with the implant occurs first, bacteria will not be able to 

attach and proliferate [45]. Thus, antibiotic-releasing porous space maintainers are 

particularly promising for oral applications because they may be capable of delaying the 

growth of bacteria long enough for tissue integration to occur, allowing an optimized 

wound bed to form while decreasing infectious complications. The objectives of this study 

were to characterize the controlled release of the antibiotic clindamycin from porous 

PMMA space maintainers and to evaluate the effects of dose and release kinetics on 

bacterial clearance, gross and microscropic wound healing, and bone regeneration. 

 PLGA microparticles were employed to extend the controlled release of 

clindamycin from the porous PMMA space maintainers to 4 weeks, whereas direct 

incorporation of antibiotics into the composite generally leads to release over less than 1 

week. The Burst release formulation released significantly more of its loaded clindamycin 

than the PLGA-containing constructs, indicating that very little of porogen was trapped 

into non-communicating pores. The relatively lower percent cumulative release from the 

PLGA-containing groups may be attributed to entrapment of a small portion of the 

microparticles within the bulk polymer, where water cannot access the microparticles to 

facilitate the diffusion of the drug into the surrounding medium. Clindamycin incorporated 

directly into the CMC porogen released over 7 days, likely coinciding with the leaching of 

the porogen. Incorporation of the clindamycin into PLGA microparticles extended the 

release of drug from composite constructs to 28 days, suggesting that the PLGA matrix 

surrounding the drug provides a barrier to diffusion of the drug from the space maintainer. 

Previous evaluation of antibiotic-loaded PLGA microparticles demonstrated that small 

molecule drugs, such as clindamycin, are released over approximately 3 weeks from 
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microparticles [295]. When loaded into a composite structure, the release of clindamycin 

may be extended to 4 weeks due to the additional barrier to diffusion of the porous construct 

and/or affinity interactions between the drugs, the bulk PMMA polymer, and the CMC 

porogen. Prevention of mandibular infection following tooth extraction typically employs 

pre-operative or immediate post-operative systemic prophylaxis [312, 313], and recent 

literature suggests that short term perioperative prophylaxis is as efficacious as extended 

prophylaxis.[314, 315] Infections are still able to develop in some patients despite 

prophylaxis, especially if other immunocompromising factors are present. Current 

treatment of established osteomyelitis typically consists of 4-6 weeks of systemic antibiotic 

therapy, coinciding with the timeframe of neovascularization of regenerating bone [316]. 

The utility of sustained release formulations, such as the PLGA groups in this study, may 

be that they cover both prophylaxis and treatment by 1) delivering a perioperative burst 

release of drug to mitigate the possibility of developing and infection and 2) maintaining 

drug concentrations in the area over 4 weeks as neovascularization occurs in order to 

address infections that may be developing. While the objectives of this study were to 

examine the effects of controlled delivery of a single drug, future studies may address the 

possibility of delivering synergistic combinations of drugs, such as aminoglycosides with 

penicillin, clindamycin, or metronidazole [317]. 

 Systemic delivery of clindamycin targets a serum concentration of approximately 

5-8 μg/mL [318]. In this study, systemic levels of clindamycin resulting from local delivery 

did not rise above 100 ng/mL, the lower limit of quantification. While systemic delivery 

requires multiple high doses of antibiotic (e.g. 600-900 mg clindamycin intravenously 

every 8h) to achieve adequate local concentrations, clindamycin-loaded space maintainers 

provided sufficient antibiotic concentrations to prevent osteomyelitis and abscess 

formation at dosages less than 10 mg delivered once at the time of implantation [319]. 

Since comorbidities (e.g. hepatic disease or acquired immune deficiency syndrome) and 

polypharmacy (e.g. certain diuretics) can significantly alter the concentrations of 

systemically delivered antibiotics, local delivery has far-reaching implications for 

improving the safety of osteomyelitis treatment [320, 321].  
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 While local delivery strategies are desirable because of increased local 

concentrations and decreased systemic side effects, several studies have shown that high 

concentrations can be toxic to local cells [58, 294]. However, if the concentration is too 

low, there is inadequate inhibition of bacterial growth. The trend in soft tissue dehiscence 

seen in this study may be due to high initial concentrations of antibiotic released by the 

Burst formulation causing toxicity to the surrounding cells, while the low dose extended 

release formulation may not have released enough antibiotic to adequately address the 

influx of bacteria into the space maintainer. In contrast, the total dose delivered by the high 

dose extended release formulation was the same as the Burst release formulation, but 

because it was delivered over 4 weeks, the dosing over time may be more conducive to the 

survival of integrating tissue while suppressing bacterial growth. However, these results 

were not statistically significant in this study. It has been previously demonstrated in a 

rabbit mandibular defect infected with Acinetobacter baumannii that high dose extended 

release of colistin from a PLGA-loaded porous space maintainer resulted in superior soft 

tissue healing compared to a high dose burst release formulation [307]. While the study 

used gelatin as a porogen and fabricated the space maintainers in situ, the trends in soft 

tissue healing remain similar between that study and the present one, though results from 

the present study are not statistically significant. There may be a benefit in utilizing 

controlled release strategies, such as PLGA microparticles, to strike a balance between 

achieving a sufficient dose necessary to suppress bacterial growth while minimizing local 

cell toxicity, and further evaluation will be needed to more accurately determine at what 

dosages that balance exists for specific types of antibiotics  

 Implanted biomaterials are known to cause inflammation and foreign body 

reaction, eventually resulting in the formation of a fibrous capsule around the implant 

[181]. Porous space maintainers have two distinct environments that interact with the 

native tissue: the outer implant surface and the inner implant pores. Previous work has 

demonstrated that the extent of porosity within PMMA/CMC constructs affects the tissue 

response at the implant interface, with high porosity constructs demonstrating greater 

inflammation both within the pores and at the tissue-implant interface [239]. Expanding 

upon this work, when colistin was delivered from PMMA/PLGA/gelatin constructs with 
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low porosity, no histologic difference was noted between PLGA-containing extended 

release formulations at high or low dose and the burst release formulation.[307] Our study 

revealed a trend toward less inflammation, more mature fibrous capsule formation, and 

increased bone formation with 1) high dose formulations compared to low dose and 2) 

burst release compared to extended release formulations, indicating that an initial high dose 

of clindamycin was beneficial in attenuating the inflammatory response to the implant. 

While clindamycin is primarily used for its antibacterial properties, clindamycin is also a 

known anti-inflammatory agent and may act in this capacity to reduce the host 

inflammatory response to the porous space maintainer [322, 323]. In addition, the use of 

PLGA microparticles appeared to contribute to increased inflammation within the pores, 

likely as a result of high local concentration of acidic degradation products [181]. However, 

this appears to have little if any effect on the implant-host interaction and no effect on gross 

tissue healing, and as such, is likely of little practical importance to the intended use of 

antibiotic-releasing PMMA space maintainers as a structure to promote soft tissue healing 

and bone regeneration. 

 The animal model used in this study is a critical size bone defect that has been 

validated to show that the bicortical mandibular defect made here does not heal without 

treatment over 16 weeks [324]. Furthermore, it was noted that in full thickness bicortical 

defects, none of the mandible evaluated demonstrated bridging at 16 weeks, possibly due 

to the absence of periosteum and lack of osteogenic factors toward the middle of the defect. 

In contrast, partial thickness defects in which the lingual cortex remained intact were able 

to regenerate completely within 16 weeks, likely as a result of an intact endosteum or 

periosteal ligament [324]. In the present study with a contaminated bicortical defect, one-

third of the animals showed bridging across the longest axis of the defect, which is an 

interesting result for such a stringent application of the animal model involving both an 

oral communication and bacterial contamination. It is possible that the presence of the 

antibiotic-releasing space maintainer supported the formation of a pro-osteogenic 

membrane across the implant surface, as has been described in many previous studies in 

both animals and humans, allowing cells and osteogenic factors to reach the central area of 

the defect [10, 325-327]. While bone was able to bridge over the defect, the regenerated 
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bone did not typically integrate into the pores of the space maintainer due to the presence 

of fibrous capsules of varying thicknesses between the surface of the space maintainer and 

regenerated bone. Given the temporary nature of these PMMA space maintainers, the lack 

of bone integration into the implant will ease the removal of the implant at the time of 

definitive reconstruction.  

 There are some limitations to this study. Due to ethical concerns over untreated 

infections in the head and neck region, untreated infected controls were not permitted for 

this study. In order to address these concerns and minimize the number of animals used, 

historical data from a similar model using the same pathogen in rabbit mandibular 

osteomyelitis model were used to infer the eventual development of infection in the 

absence of treatment [32, 33]. One of the current difficulties in animal models for local 

antibiotic release is the lack of guidelines for appropriate dosing. While there are clinical 

guidelines for systemic delivery of antibiotics, it is difficult to predict the final 

concentration and longevity of drug in the target region since these outcomes are dependent 

on many factors, including vascularity and comorbidities. In order to avoid toxicity, 

dosages for this study were chosen to be the minimal amounts that would result in release 

of sufficient drug for 28 days. Further investigation into the appropriate dosing of locally 

delivered antibiotics is necessary for translation of these technologies into humans.  

 

Conclusions 

 In this study, clindamycin-releasing porous space maintainers were evaluated in 

vivo in a contaminated rabbit mandibular defect in order to ascertain the effects of dose and 

release kinetics on soft tissue healing, fibrous tissue response, and bone regeneration. Space 

maintainers were formulated to release clindamycin either in a burst release at high dose 

over 7 days or in an extended release at high or low dose over 28 days. We demonstrated 

that while the local delivery of antibiotics from all formulations prevented the progression 

of contamination to infection without entering systemic circulation, alterations in release 

kinetics and dose influenced gross tissue healing and inflammatory response to the implant. 

The findings from this study highlight that future development of controlled antibiotic 
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delivery systems should involve careful analysis of how release parameters affect 

surrounding tissues in vivo.
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Supporting Information 

Characterization of implanted scaffolds 

Physical characterization of the implanted constructs was performed by microcomputed 

tomography (microCT). Constructs leached of CMC in phosphate buffered saline (pH 7.4) 

were scanned at 100 kV and 100 µA with no filter and subsequently reconstructed as 

described in the methods (Fig. S4). The resolution of the microCT is approximately 30 µm. 

The Burst group had a porosity of 22.8 ± 7.2%; PLGA Low a porosity of 10.4 ± 0.8%; and 

PLGA High a porosity of 7.0 ± 0.9%. The Burst group has a higher porosity than either of 

the PLGA-loaded groups (p<0.05, ANOVA with post hoc by Tukey’s HSD). The PLGA-

loaded groups are not significantly different from each other (p>0.05). This result is 

expected based on previous analyses of porous PMMA space maintainers with and without 

PLGA microparticles [67, 239]. These formulations were selected as they conformed to 

the design requirements for drug release (≤ 7 days for Burst, ≥ 28 days for PLGA-loaded 

groups).  

 

 
Figure S4. Representative cross-sections of A) Burst, B) PLGA Low, and C) PLGA High 

constructs by microCT. Pores are distributed throughout the construct and the Burst 

group has a higher porosity than either of the PLGA-loaded groups (p<0.05). Constructs 

are 10 mm in diameter. 
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PLGA High
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Histologic observation of bone regeneration 

 Regenerated bone seen on microCT was demonstrated histologically to be healthy 

(Fig. S5), as observed by the presence of osteoblasts lining a growing border of deposited 

osteoid. Osteoblasts were observed in the process of being enveloped by osteoid and 

turning into osteocytes, as well as osteocytes within mature bone. 

 

 
 

Figure S5. Representative image of healthy bone regenerating across the constructs after 

12 weeks. Osteoblasts (black arrows) can be seen depositing osteoid (*). The formation 

of osteocytes (white arrowhead) can be visualized, as osteoblasts become surrounded by 

osteoid (white arrow). Similar bone formation is seen in all groups. Scale bar represents 

50 µm. 

 

Representative histologic images of tissue ingrowth within construct pores.  

 Tissue within the pores of the bulk construct was scored histologically. 

Representative images are presented in Fig. S6 to demonstrate the presence of acellular 

fluid, inflammatory cells, or fibrous tissue ingrowth into the sample bulk. 

*
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Figure S6. Representative images of tissue ingrowth within construct pores. The 

background is the bulk of the PMMA space maintainer and the black areas are the barium 

sulfate component of the PMMA. A) Acellular fluid can be seen within the pores, 

indicated by a distinct lack of nuclei within the pores. B) Inflammatory cells (black 

arrows) infiltrate the pores with absence of fibrous tissue formation. C) Flattened nuclei 

(black arrow) can be seen within the fibrous tissue (*) formed within some pores. Scale 

bars represent 50 µm.

A B C
*
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Chapter 9 

Antibiotic-releasing Porous Space 
Maintainers Mitigate Infection and Restore 

Induced Membranes in Infected Bone Defects 

Abstract 

 Reconstruction of large bone defects can be complicated by the presence of both 

infection and local antibiotic administration. This can be addressed through a two-stage 

reconstructive approach that involves the generation of an induced osteogenic membrane 

over a temporary poly(methyl methacrylate) (PMMA) space maintainer, followed by 

definitive reconstruction after the induced membrane is formed. Given that infection and 

antibiotic delivery each have independent effects on local tissue response, the objective of 

this study is to evaluate the interaction between local clindamycin release and bacterial 

contamination with regards to infection prevention and the regenerative state of the induced 

membrane. Porous PMMA space maintainers with or without clindamycin were implanted 

in an 8 mm rat femoral defect model with or without Staphylococcus aureus inoculation 

for 28 days in a full-factorial study design (4 groups, n=8/group). Culture results 

demonstrated that 8/8 animals in the inoculated/no antibiotic group were infected at 4 

weeks, which was significantly reduced to 1/8 animals in the inoculated/antibiotic group. 
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Quantitative polymerase chain reaction analysis demonstrated that clindamycin treatment 

restores inflammatory cytokine and growth factor expression to the same levels as the no 

inoculation/no antibiotic group, demonstrating that clindamycin can ameliorate the 

negative effects of bacterial inoculation and does not itself negatively influence the 

membrane quality. Main effects analysis shows that bacterial inoculation and clindamycin 

treatment have independent and interacting effects on the gene expression profile of the 

induced membrane, further highlighting that antibiotics play an important role in the 

regeneration of infected defects apart from their antimicrobial properties. 
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Introduction 

 Large bone defects present many clinical challenges to regeneration. Fibrosis of the 

defect space can interfere with the regeneration of bone and concomitant infection can 

further complicate the course of healing. The Masquelet technique is a two-stage 

reconstructive technique that maintains the defect space through the use of a temporary 

poly(methyl methacrylate) (PMMA) space maintainer and simultaneously uses the 

polymer space maintainer as a scaffold for the generation of an induced membrane [328, 

329]. Masquelet describes induced membranes as an “in situ growth factor delivery 

system” and many subsequent studies have demonstrated the intrinsic bioactivity of 

membranes grown around PMMA space maintainers [327, 328]. Intrinsic membrane 

factors that can ultimately promote bone growth in the second reconstructive stage include 

osteogenic and angiogenic growth factors and pro- and anti-inflammatory cytokines [325-

327]. The presence of these factors has been demonstrated in both human and animal 

induced membranes over PMMA [326, 327, 330, 331]. Ultimately, this membrane serves 

as an endogenously derived depot of growth factors for the second stage of reconstruction, 

which involves the removal of the PMMA construct and definitive reconstruction with a 

graft or flap.  

 PMMA has also been leveraged for the local delivery of antibiotics [38]. Because 

direct incorporation of antibiotics results in a short duration of delivery, strategies have 

been developed to extend release, such as loading antibiotics into degradable poly(DL-

lactic-co-glycolic acid) (PLGA) microparticles and introducing an interconnecting porous 

network to facilitate complete antibiotic release [67, 295]. While these are desirable 

characteristics from the standpoint of infection prevention and treatment, recent studies 

have demonstrated that antibiotics also affect local cell populations and may therefore 

influence tissue regeneration in vivo [58, 294, 332]. Studies involving the use of antibiotic-

releasing porous space maintainers in contaminated mandibular defects have demonstrated 

that local antibiotic release can affect the host tissue healing and inflammatory response 

[182, 242]. Staphylococcus aureus is the most common infecting agent in long bone 

osteomyelitis and is known to have deleterious effects on local cell populations [145, 333, 
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334]. In vitro studies have shown the effects of S. aureus on local cells to be far-reaching, 

such as decreasing osteoblast viability and differentiation, inhibiting the multilineage 

potential of mesenchymal stem cells (MSCs), increasing the production of resorptive 

factors, and increasing the production of pro-inflammatory cytokines [49, 333, 334]. These 

effects are not conducive to the regeneration of bone, and thus local antibiotic delivery is 

intended to eradicate bacteria in order to restore the regenerative capacity of local cell 

types. A study of the characteristics of an induced membrane generated in the presence of 

antibiotic-releasing solid PMMA has demonstrated that antibiotics may also affect the 

thickness and vascularization of induced membranes in the absence of infection [335]. It is 

also necessary to determine how the local release of antibiotics at concentrations relevant 

to mitigating infection affects the regenerative state of the induced membrane since these 

two factors may have interacting effects on the membrane.  

 The objective of this study is to determine the efficacy of porous clindamycin-

releasing space maintainers in the reduction of surgical site infection and to evaluate the 

effects of local antibiotic release and infection on the development of an induced membrane 

around the space maintainer. We hypothesized that local antibiotic release would prevent 

the development of infection and restore the induced membrane to the inflammatory and 

osteogenic state seen in non-infected defects. In order to evaluate the effects and 

interactions of local antibiotic delivery and bacterial infection, in vivo evaluation was 

conducted using an infected rat femoral defect model. The model involves the creation of 

an 8 mm segmental defect in the diaphysis of the rat femur and subsequent implantation of 

a porous space maintainer for 28 days. The study is a 2-factor, 2-level, full factorial design 

that investigates the effects of bacterial inoculation with a luminescent strain of 

Staphyloccocus aureus (Inc) and local delivery of clindamycin (Abx) (Tables 15 and 16) 

on the development of infection and the inflammatory and osteogenic response of the 

induced membrane, as determined by gross and histologic observation, culture, and 

quantitative polymerase chain reaction.   
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Materials and Methods 

 Space maintainer fabrication 

 Four groups were evaluated in this study according to 2-factor, 2-level full factorial 

study design, as seen in Table 15. Fabrication parameters for the constructs can be found 

in Table 16. Porous space maintainers were fabricated using 25 wt% PLGA microparticles 

and 30 wt% carboxymethylcellulose (CMC) (Spectrum Chemical, New Brunswick, NJ) in 

clinical bone cement (DePuy Orthopedics, Warsaw, IN) as previously described [182]. 

Briefly, PMMA powder, PLGA microparticles, and CMC were mixed until a homogeneous 

slurry was formed. Liquid methyl methacrylate monomer was added and rapidly stirred 

until the mixture began to dough. The dough was extruded through a syringe into a 3 mm 

diameter x 27 mm height cylindrical Teflon mold and allowed to cure for 30 min at room 

temperature. After 30 min, the formed rods were removed from the mold, weighed, cured 

for an additional 4 h at room temperature, then vacuum dried for 48 h. The constructs were 

cut to approximately 8 mm to fit within the planned defect and sterilized by ethylene oxide 

at least 72 h prior to implantation.   

 

Table 15. Groups for in vivo evaluation of porous space maintainers. 

Group Inoculation Construct 

-Inc/-Abx No Blank 

-Inc/+Abx No Clindamycin 

+Inc/-Abx Yes Blank 

+Inc/+Abx Yes Clindamycin 
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Table 16. Composition of blank and antibiotic-loaded porous space maintainer 

constructs. 

 

Construct 
CMC 

(wt%) 

PMMA 

(wt%) 

MMA 

(wt%) 

PLGA Microparticles 

(wt%) 

    Blank 
Clindamycin-

loaded 

Blank 30 30.6 14.4 25 0 

Clindamcyin 30 30.6 14.4 0 25 

 

 

 In vitro release kinetics 

 Clindamycin release from the porous space maintainers was evaluated by 

submerging 3 implants individually into 3 mL of phosphate buffered saline (PBS) pH 7.4 

at 37°C under mild agitation. Each construct was fabricated in a different batch to ensure 

reproducibility. Release medium was completely removed and replaced with fresh PBS at 

6h, 12h, 24h, and biweekly until day 28. The concentration of clindamycin in the release 

medium at each time point was quantified by high performance liquid chromatography. 

Briefly, 80 µL of release medium were injected into a 4.6 x 250 mm Waters XTerra RP 

C18 column with mobile phase A: water with 0.1% trifluoracetic acid and mobile phase B: 

100% acetonitrile under gradient conditions (95%-60% A over 20 min). Standards were 

prepared from 1-1000 µg/mL and results were read at 204 nm. Percent cumulative release 

was calculated by normalizing the cumulative release at each time point to the theoretical 

loading of the construct.  
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Microcomputed tomography 

 Constructs were scanned at 50 kV and 225 mA on a Skyscan 1172 (Skyscan, 

Aartsellar, Belgium) without a filter using Skyscan 1172 software (Bruker, Billerica, MA). 

Images were taken with a nominal resolution of 17.3 µm/pixel. Scans were reconstructed 

using NRecon (v. 1.6.9.18), CTAn (v. 1.15.4.0), and CTVox (v. 3.0.0). A defined volume 

of interest was used for all samples and porosity was calculated according to Equation 2. 

 

Porosity (%) = 100% - (% Object Volume) 

Equation 2. Calculation of space maintainer porosity. 

 

Pore interconnectivity was quantified as the percentage of the total pore volume that a 

spherical object of at least 40 µm can access from the outside of the construct. The volume 

of pores that are accessible by the spherical object is normalized to the total porosity of the 

construct according to Equation 3. 

 

Interconnectivity (%) = (V-Vs)/(V-Vm) × 100% 

Equation 3. Calculation of pore interconnectivity. 

 

where V is the total volume of the construct, Vs is the volume of porosity through which 

the spherical object can pass, and Vm is the volume of the construct material excluding 

pores. Vs ≥ Vm because Vs includes the volume of the construct material in addition to the 

inaccessible porosity volume.  

 

Bacterial culture 

 S. aureus Xen36 (PerkinElmer, Waltham, MA) was cultured overnight at 37°C in 

tryptic soy broth (BD, Franklin Lakes, NJ) and streaked on a plate tryptic soy agar (TSA) 

(BD, Franklin Lakes, NJ). Luminescence of the colonies was verified in an In Vivo 

Imaging System (IVIS) (PerkinElmer, Waltham, MA), and a single colony was expanded 
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for use in the surgical procedure. S. aureus was grown on TSA for 24h prior to the 

beginning of surgery and verified for luminescence in the IVIS on the morning of surgery. 

Colonies were suspended in sterile normal saline to an optical density of 0.09-0.1 at 625 

nm and diluted 10-4 to create a stock inoculum in which 30 µL contained approximately 103 

colony forming units (CFU). On each day, 50 µL of the inoculum were plated and counted 

to verify consistency of the inoculum between surgical days.  

 

Surgical procedure 

 All surgical procedures were approved by the Rice University Institutional Animal 

Care and Use Committee. An 8 mm femoral defect was created in the right hind leg of 275-

325 g skeletally mature male Sprague-Dawley rats (Charles River Laboratories, 

Wilmington, MA) as previously described [336]. Briefly, the right hind limb was shaved 

and an injection of bupivicaine was given subcutaneously along the planned incision. The 

skin was prepped with chlorhexidine scrub and povidone-iodine swabs and the animal was 

sterile draped. Using a lateral approach, the femur was exposed and a custom fixation 

device was screwed into place. An 8 mm defect was made in the diaphysis of the femur 

using an oscillating saw (NSK America Corp., Hoffman Estates, IL) and the defect was 

irrigated with 10 mL normal saline to remove bone debris. A space maintainer with or 

without clindamycin was inserted into the defect. A collagen sponge containing either 

sterile normal saline or 103 CFU of S. aureus Xen36 was placed between the construct and 

the fixation device. The wound was closed in 3 layers with 4-0 Monocryl (Ethicon, 

Somerville, NJ). Animals were given 4 days of buprenorphine for postoperative analgesia. 

Animals were housed individually to prevent the possibility of cross-contamination.    

 

Monitoring and clinical scoring 

 Animals were monitored twice daily for the first 3 days then daily for the remainder 

of the study. Clinical scores were assigned to animals based on the criteria described in 

Table 17. 
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Table 17. Clinical scoring guide. 

Parameter Symptoms Score 

General Appearance 

Normal 0 
General lack of grooming 1 
Abnormal coat, porphyrin 
staining 

2 

Above plus hunched 
posture 

3 

Body Weight 

Loss 0-1% 0 
Loss 1-5% 1 
Loss 5-10% 2 
Loss >10% 3 

Natural Behavior 

Normal 0 
Decreased activity, 
decreased alertness 

1 

Labored or rapid breathing 2 
Depressed, lethargic, 
anorexic 

3 

Wound Assessment 

Normal 0 
Swelling, redness, 
inflammation 

1 

Mild-moderate discharge 
and/or inflammation 

2 

Wound dehiscence with 
above signs 

3 

Gait Analysis 

Normal 0 
Limp 1 
Reduced mobility, non-
weight bearing 

2 

Dragging limbs, tremor, 
asymmetry 

3 

Non-ambulatory 4 

 

Recovery of bacteria from defects 

 At day 28, animals were euthanized by carbon dioxide asphyxiation. The femur 

was exposed using the same lateral approach as used during the initial surgery, and the 
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fibrous capsule surrounding the defect was opened. The presence of abscesses or seromas 

was noted in the animal record, and the animal was imaged in the IVIS. After IVIS imaging, 

sterile swabs were used to swab the defect and plated on TSA. Growth of bacteria was 

noted after 24h incubation in a humidified incubator, and colonies were evaluated in the 

IVIS to verify luminescence. The minimum inhibitory concentration (MIC) of recovered 

bacteria was evaluated using the broth microdilution assay (ISO 20776-1). 

 

Quantitative real-time polymerase chain reaction 

 Tissue was collected from the membrane surrounding the defect and stored in 

RNAlater (QIAGEN) at -80°C. Tissue was homogenized in RLT Lysis Buffer (Qiagen, 

Hilden, Germany) using a TissueLyser II (Qiagen, Hilden, Germany) and RNA was 

isolated using an RNeasy kit (Qiagen, Hilden, Germany). After RNA isolation, cDNA was 

produced using 400 ng of RNA and VeriScript Reverse Transcriptase (Affymetrix, Santa 

Clara, CA). Quantitative real time-polymerase chain reaction was performed using the 

primers outlined in Table 18 and SYBR Green FastMix (Affymetrix, Santa Clara, CA) on 

an AB 7300 PCR machine (Applied Biosystems, Foster City, CA). Primers were verified 

using NCBI GenBank, Primer3 [337], NCBI Primer-BLAST, and NCBI Nucleotide 

BLAST. Relative mRNA expression versus the non-inoculated/non-treated group (-Inc/-

Abx) was calculated using the 2-ΔCt method with β-actin as the housekeeping gene. 
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Table 18. Primers for quantitative polymerase chain reaction. 

Role Gene Direction Sequence (5’ à 3’) 

Inflammation 

IL-1β Forward CACCTCTCAAGCAGAGCACAG 
Reverse GGGTTCCATGGTGAAGTCAAC 

IL-6 Forward CGAAAGTCAACTCCATCTGCC 
Reverse GGCAACTGGCTGGAAGTCTCT 

IL-10 Forward TGCCAAGCCTTGTCAGAAATG 
Reverse GCTCCACTGCCTTGCTTTTA 

TNFα Forward ATGTGGAACTGGCAGAGGAG 
Reverse GGCCATGGAACTGATGAGAG 

Osteogenic 
Growth 
Factors 

BMP-2 Forward AAAAGCGTCAAGCCAAACAC 
Reverse ACATTCCCCATGGCAGTAAA 

BMP-5 Forward AGAGCAGCCAGCAAACGG 
Reverse GATCGCGGAAACTCACATAGA 

Angiogenic 
Growth 
Factor 

VEGF-A 
Forward GCGGGCTGCTGCAATG 
Reverse TGCAACGCGAGTCTGTGTTT 

Osteoclast 
Activation 

RANKL Forward GCTCACCTCACCATCAATGCT 
Reverse GGTACCAAGAGGACAGACTGACTTTA 

OPG Forward GCCAACACTGATGGAGCAGAT 
Reverse TCTTCATTCCCACCAACTGATG 

Stem Cell 
Markers 

Oct-4 Forward AGAACCGTGTGAGGTGGA AC 
Reverse GCCGGTTACAGAACCACACT 

Sox2 Forward CACAACTCGGAGATCAGCAA 
Reverse TCCGGGAAGCGTGTACTTA 

Osteogenic 
Transcription 

Factors 

Osx Forward CCCAACTGTCAGGAGCTAGAG 
Reverse GATGTGGCAGCTGTGAAT 

Runx2 Forward ACAGCAGCTTTGCAGGAAGT 
Reverse TCTCTACGGCCCTCCCTAGT 

Control β-actin Forward AGGCCAACCGTGAAAAGATG 
Reverse ACCAGAGGCATACAGGGACAA 

IL = interleukin; TNF = tumor necrosis factor; BMP = bone morphogenetic protein; VEGF-
A = vascular endothelial growth factor A; RANKL = receptor activator of nuclear factor 
kappa-B ligand; OPG = osteoprotegerin; Oct-4 = octamer-binding transcription factor 4; 
SOX2 = sex determining region Y-box 2; Osx = osterix; Runx2 = runt-related transcription 
factor 2 
 

Histology 

 A portion of the membrane was embedded in Histoprep (Fisher Scientific, 

Waltham, MA) frozen over liquid nitrogen. Blocks were maintained at -80°C and then cut 
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into 6 um sections with a cryotome (Leica, Wetzlar, Germany). Sections were stained with 

Lillie’s trichrome and imaged.  

 

Statistics 

 Ordinal data were evaluated by Kruskal-Wallis ANOVA with post hoc analysis by 

Wilcoxon Rank Sum Test. Continuous data were evaluated by one-way ANOVA with post 

hoc analysis by Tukey’s Honestly Significant Difference. For qPCR data, values were 

compared across groups for the same gene. Statistical comparisons were not made between 

genes. Main effects and interactions analysis was performed on qPCR data. Significance 

level was set a priori at α = 0.05. Data are presented as mean ± standard deviation for n=8 

per group. 

Results 

In vitro characterization of space maintainers 

 Release of antibiotic from the space maintainer is shown in Fig. 27. Release 

occurred over 28 days, with a burst release of 1.7 ± 0.1 mg (28.0 ± 1.2% of total 

incorporated drug) over 6 h and a final cumulative release of 6.00 ± 0.01 mg (100.5 ± 3.1% 

of total incorporated drug).  Clindamycin-loaded space maintainers had a total porosity of 

46.6 ± 0.1% (46.6 ± 5.7% interconnected pores; 0.05 ± 0.01% non-interconnected pores). 

Constructs loaded with blank microparticles had a total porosity of 48.3 ± 0.1% (48.3 ± 

4.8% interconnected pores; 0.04 ± 0.03% non-interconnected pores).  
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Figure 27. Characterization of space maintainers.Drug release from clindamycin-loaded 

space maintainers occurred over 28 days. Total cumulative release is shown on the left 

axis (black line) while percent cumulative release of total loaded drug is shown on the 

right axis (blue line). Data are presented as mean ±standard deviation at each time point. 

 

Animal care and clinical scoring 

 All animals survived to 28 days. Clinical scoring revealed that the animals in the 

+Inc/-Abx group exhibited more clinical signs of infection, particularly with regards to gait 

and weight loss, than animals in the other groups at days 3, 4 and from day 7-28 (p<0.05) 

(Fig. 28A). Two animals from this group were given additional analgesia at day 5 and one 

animal was given additional analgesia on day 15.  
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Figure 28. Clinical scoring and bacterial culture. A) Animals in the +Inc/-Abx group had 

higher average clinical scores over the duration of the study, indicating more clinical 

signs of infection. In this group, clinical signs either resolved within the first 7-10 days or 

remained present for the duration of the study, contributing to the high standard deviation 

within this group.  In all other groups, clinical signs resolved within approximately 7-10 

days. Data are presented as mean at each time point for n=8 per group. For clarity, the 

mean + standard deviation is presented at biweekly intervals. B) Bacteria were recovered 

from one animal in the +Inc/+Abx group and from all animals in the +Inc/-Abx group. 

No bacteria were recovered from any animal that did not receive an inoculation. * 

indicates significant increase in infected animals (p<0.05). 

 

Bacterial culture 

 Bacteria were not recovered by swab culture in any animals that did not receive an 

inoculation (-Inc/-Abx or -Inc/+Abx) (Fig. 28B). Bacteria were recovered from all 8 

animals in the infection control group (+Inc/-Abx) and from 1/8 animals in the infected 

treatment group (+Inc/+Abx). The culture positive animal in the +Inc/+Abx group did not 

display any clinical signs of infection during the study and did not have any abscesses; 

infection was only noted upon culture of the swab. Infections occurred at a greater 

frequency in the +Inc/-Abx group than in any other group (p<0.05). All recovered bacteria 

* *

*
*

*
* * *

*
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were luminescent, indicating that there were no contaminants present. Testing revealed no 

significant difference in minimum inhibitory concentration (MIC) between bacteria 

recovered from the +Inc/-Abx group (n=8) and the pre-implantation bacterial strain (n=8) 

(p>0.05) (Table 19). The MIC of the bacteria recovered from the single animal in the 

+Inc/+Abx that cultured positive at the end of the study was similar to that of the pre-

implantation bacterial strain, but as there was only one sample, statistical comparison could 

not be made. 

 

Table 19. Minimum inhibitory concentrations of pre-implantation bacteria and bacteria 

cultured from defects at 28 days. 

Group MIC (µg/mL) 

Inoculum (pre-implantation) 

(n=8) 
0.19 ± 0.07 

+Inc/+Abx (day 28) 

(n=1) 
0.25 

+Inc/-Abx (day 28) 
(n=8) 

0.20 ± 0.06 

 

Gross observation 

 Upon dissection of the affected femur, 7/8 animals in the +Inc/-Abx group had 

clearly defined bright yellow abscesses surrounding the implant and femur within the 

fibrous capsule (Fig. 29A). The fibrous capsule of the remaining animal in this group 

contained dark brown fluid. All animals in the +Inc/-Abx had a thick fibrous capsule 

surrounding the entire implant and fixation device. One animal in the +Inc/+Abx group 

had a sterile seroma upon dissection of the membrane. All other animals in the study 

showed a membrane in direct contact with the PMMA space maintainer (Fig. 29B-D). 

Animals in the -Inc/-Abx (Fig. 29B), +Inc/+Abx (Fig. 29C), and -Inc/+Abx (Fig. 29D) had 

thin vascularized fibrous membranes covering the defect and space maintainer and no 

evidence of purulence. 
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Figure 29. Gross and histologic images of induced membranes at 28 days post-

implantation. A representative image of the +Inc/-Abx group (A) at day 28 shows a thick fibrous 

membrane (white arrow) that obscures visualization of the underlying PMMA, with a pocket of 

pus immediately adjacent to the bone and space maintainer (circle). In contrast, images of the 

membranes surrounding the -Inc/-Abx (B), +Inc/+Abx (C), and -Inc/+Abx (D) groups 

demonstrate a thin fibrous capsule through which the underlying PMMA is visible with blood 

vessels running through the membranes (black arrows). In panels E, F, G, and H, hematoxylin 

and eosin stained membranes were sectioned transversely in order to demonstrate the thickness of 

the membrane. The PMMA space maintainer was oriented to the left side of the image. The 

+Inc/-Abx group (E) demonstrates a thick membrane composed of collagen (white asterisk) with 

numerous inflammatory cells (blue arrow). There are also inflammatory cells in the -Inc/-Abx 

group (F) as indicated by the blue arrow. The –Inc/-Abx (F), +Inc/+Abx (G), and -Inc/+Abx (H) 

group have thinner membranes also composed primarily of dense collagen (white asterisk). 

Collagen is stained pink/red while cells are stained blue. Scale bars are 100 µm. Note that panel E 

is at a lower magnification in order to fit the width of the membrane within the frame. 
 

Histology 

 Qualitative histologic analysis of the induced membranes demonstrates the 

presence of dense collagen in all membranes (Fig. 29E-H). Inflammatory cells can be seen 

infiltrating the membrane in the +Inc/-Abx group (Fig. 29E), whereas membranes in the 

other groups are less cellular. Furthermore, membranes in the +Inc/-Abx group appeared 
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to be thicker than membranes in the other groups, though quantitative analysis was not 

performed due to artifact. 

 

qPCR of inflammatory and bone homeostasis genes 

 Quantitative polymercase chain reaction (qPCR) analysis of the inflammatory 

cytokines and markers of bone homeostasis (Table 20) demonstrates a significant 

upregulation in the expression of IL-1β, TNFα, and IL-10 in the +Inc/-Abx group 

compared to all other groups (p<0.05). The +Inc/-Abx group also demonstrated 

upregulation of IL-6 relative to the +Inc/+Abx group (p<0.05). There was a significant 

downregulation of OPG in +Inc/-Abx compared to clindamycin-treated groups (p<0.05). 

The RANKL:OPG ratio was significantly lower in the the antibiotic-treated groups 

compared to the inoculated group (p<0.05) (Table 20). Main effects analysis (Fig. 30) 

indicates significant interactions between inoculation and antibiotic treatment for IL-1β, 

IL-6, IL-10, and TNFα. Antibiotic treatment had a significant positive effect on OPG 

expression and a negative effect on the RANKL:OPG ratio; there were no interactions for 

these factors.  
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Table 20. Relative mRNA expression of inflammatory and bone homeostasis genes. Data 

are presented as mean ± standard deviation (n=8/group). 

Gene/Group Relative mRNA Expression 
IL-1β Expression × 10-2 

-Inc/-Abx 1.1 ± 0.8a 

-Inc/+Abx 0.9 ± 0.9a 

+Inc/+Abx 1.1 ± 0.8a 

+Inc/-Abx 7.4 ± 4.9b 

IL-6 Expression × 10-3 
-Inc/-Abx 2.3 ± 2.3a,b 

-Inc/+Abx 2.7 ± 3.2a,b 

+Inc/+Abx 1.5 ± 1.4a 

+Inc/-Abx 5.6 ± 3.9b 

TNFα Expression × 10-4 
-Inc/-Abx 4.2 ± 3.0a 

-Inc/+Abx 2.7 ± 0.8a 

+Inc/+Abx 2.3 ± 1.0a 

+Inc/-Abx 11.7 ± 9.3b 

IL-10 Expression × 10-4 
-Inc/-Abx 8.5 ± 7.8a 

-Inc/+Abx 11.6 ± 14.6a 

+Inc/+Abx 7.2 ± 5.4a 
+Inc/-Abx 26.3 ± 11.3b 

RANKL Expression × 10-4 
-Inc/-Abx 6.6 ± 2.6a 
-Inc/+Abx 5.6 ± 2.2a 
+Inc/+Abx 4.3 ± 2.3a 
+Inc/-Abx 5.4 ± 2.6a 

OPG Expression × 10-3 
-Inc/-Abx 4.2 ± 1.5a,b 
-Inc/+Abx 7.1 ± 2.5a 
+Inc/+Abx 7.0 ± 3.5a 
+Inc/-Abx 3.5 ± 1.6b 

RANKL:OPG Expression ratio × 10-2 
-Inc/-Abx 17.7 ± 8.4a 
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-Inc/+Abx 8.3 ± 3.0b 
+Inc/+Abx 7.1 ± 3.3b 
+Inc/-Abx 16.3 ± 4.6a 

BMP-5 Expression × 10-3 
-Inc/-Abx 1.3 ± 1.0a,b 
-Inc/+Abx 1.5 ± 0.7a 
+Inc/+Abx 1.0 ± 0.7a,b 
+Inc/-Abx 0.4 ± 0.3b 

 
Values are compared across groups for the same gene only (one-way ANOVA). Values 
that do not share a letter are statistically different (p<0.05). 
 

 

Figure 30. Main effects and interactions analysis for qPCR of cytokine and growth factor 

expression. Analysis of A) IL-1β, B) IL-6, C) IL-10, and D) TNFα indicates significant 

interactions between the delivery of clindamycin and inoculation of bacteria. In contrast, 

E) clindamycin has a positive effect on OPG expression. F) The RANKL:OPG ratio is 

significantly affected by clindamycin. G) The expression of BMP-5 is negatively affected 

by the presence of infection without interactions between the two factors. Note that the y-

axes are not the same, as the magnitude of the effects could not all be plotted on the same 

scale. Data are presented as mean ± standard error of the mean for n=8 per group. An 

effect is considered significant if the error bar does not cross the x-axis. 
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qPCR of growth factors and transcription factors 

 Analysis of growth factor expression revealed no statistical differences in the 

expression of BMP-2 or VEGF between groups (p>0.05) (Table 21). Expression of BMP-

5 in the +Inc/-Abx was significantly downregulated compared to the -Inc/+Abx group 

(p<0.05) (Table 20). Main effects and interactions analysis for BMP-5 mRNA expression 

(Fig. 30) shows that infection is an independent negative factor influencing BMP-5 

expression and there is no interaction between the two factors. The analysis of transcription 

factor expression for osteogenesis (Runx2, Osx) and for stem cell populations (Sox2, Oct4) 

indicate no differences between groups (p>0.05) (Table 22). 
 

Table 21. Relative mRNA expression of growth factor genes. 

Gene/Group Relative mRNA Expression 
BMP-2 Expression × 10-3 

-Inc/-Abx 5.2 ± 2.1a 

-Inc/+Abx 6.4 ± 1.7a 

+Inc/+Abx 5.6 ± 2.2a 

+Inc/-Abx 5.0 ± 0.9a 

VEGF Expression × 10-3 
-Inc/-Abx 3.2 ± 2.5a 

-Inc/+Abx 7.8 ± 6.9a 

+Inc/+Abx 5.5 ± 3.2a 

+Inc/-Abx 3.6 ± 1.1a 

 
Values are compared across groups for the same gene only (one-way ANOVA). Values 
that do not share a letter are statistically different (p<0.05). 
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Table 22. Relative mRNA expression of transcription factors. 

Gene/Group Relative mRNA Expression 

Runx2 Expression × 10-3 

-Inc/-Abx 6.2 ± 4.2a 

-Inc/+Abx 5.0 ± 2.9a 

+Inc/+Abx 5.1 ± 2.5a 

+Inc/-Abx 4.7 ± 3.4a 

Osx Expression × 10-4 

-Inc/-Abx 0.8 ± 0.4a 

-Inc/+Abx 2.4 ± 4.6a 

+Inc/+Abx 1.6 ± 2.9a 

+Inc/-Abx 1.5 ± 1.5a 

Oct4 Expression × 10-4 

-Inc/-Abx 2.7 ± 3.0a 

-Inc/+Abx 8.6 ± 17.7a 

+Inc/+Abx 5.5 ± 1.0a 

+Inc/-Abx 5.0 ± 7.2a 

Sox2 Expression × 10-4 

-Inc/-Abx 1.2 ± 0.8a 

-Inc/+Abx 4.5 ± 9.5a 

+Inc/+Abx 2.2 ± 3.5a 

+Inc/-Abx 2.9 ± 3.3a 
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Discussion 

 The use of controlled antibiotic delivery from orthopedic devices in contaminated 

bone defects has been demonstrated to be a successful strategy for the reduction of 

infection in several animal models [154]. It was hypothesized that the constructs used in 

this study would be capable of suppressing the development of infection since they 

delivered antibiotics continuously over 28 days using a biodegradable polymer carrier. 

Infection was shown to be significantly reduced with antibiotic delivery, but one animal in 

the current study unexpectedly developed an infection that persisted despite the controlled 

release of clindamycin. Since MIC testing of the recovered bacteria did not suggest the 

development of antibiotic resistance, a possible explanation for the development of 

infection in an animal that received clindamycin is that the high surface area of these porous 

constructs combined with inoculation at the time of implantation allowed for colonization 

of the implant. In the “race for the surface” described by Gristina et al., bacteria and host 

tissues compete for attachment on biomaterial implants, suggesting that implants are 

particularly vulnerable to infection in the absence of tissue integration [45]. Sclafani et al. 

demonstrated that biomaterials exposed to bacteria at the time of implantation are more 

vulnerable to infection than implants inoculated 14 days after implantation, and resistance 

to infection correlated with histologic evidence of fibrovascular ingrowth into the material 

implants [311]. However, since porosity may also confer the benefits of improved tissue 

attachment and fibrovascular ingrowth compared to solid PMMA [241], efforts should be 

made to balance tissue integration and infection prevention for tissue engineering 

applications such as formation of induced membranes. Although one infection did occur in 

a treated group in this study, infection was significantly mitigated compared to the control 

group, demonstrating that the controlled release of antibiotics via a porous space maintainer 

was successful in preventing infection in the majority of cases.  

 In the Masquelet technique, the generation of an induced bioactive membrane is an 

essential component of the reconstruction strategy [178]. Infection is a complicating factor 

in this technique, and local delivery of antibiotics adds yet another layer of complexity to 

the membrane, as both infection and antibiotic treatment can affect local cell populations. 

IL-1β, IL-6, IL-10, and TNFα are immensely important cytokines in bone regeneration and 
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homeostasis and are well-known modulators of the inflammatory response to implanted 

biomaterials, thus the temporal expression of these molecules is critical [338]. TNFα, IL-

1, and IL-6 are highly expressed in the early inflammatory stage (1-3 days), then decrease 

until the remodeling stage when TNFα and IL-1 demonstrate a second expression peak and 

IL-6 remains at baseline levels [338]. In this study, upregulation of pro-inflammatory 

cytokines IL-1β, IL-6, and TNFα with a concomitant rise in the anti-inflammatory cytokine 

IL-10 was seen in the +Inc/-Abx group, suggesting the activation of innate and adaptive 

immunity in addressing local inflammation due to S. aureus infection. Because there are 

statistically significant interactions between inoculation and antibiotic delivery for all of 

these cytokines, these results suggest that the inflammatory response of induced 

membranes is dependent on both factors. The delivery of clindamycin appears to have a 

concomitant negative effect on the mRNA expression of IL-1β, IL-6, and TNFα, which 

may be due to the properties of clindamycin itself. Apart from their antimicrobial effects, 

certain antibiotics such as clindamycin, have been shown to have anti-inflammatory 

properties [322, 323, 339]. Taken together with the culture results, sustained delivery of 

clindamycin in infected defects both prevents progression to frank infection and restores 

or maintains the inflammatory cytokine profile seen in non-infected induced membranes. 

The continued inflammatory state seen in the +Inc/-Abx group is not a favorable state for 

the bone regeneration [340]. However, the anti-inflammatory cytokine IL-10 is upregulated 

in the +Inc/-Abx group, possibly in an attempt to suppress the proliferation of inflammatory 

T-lymphocytes [341].   

 The RANKL:OPG ratio reflects bone remodeling and homeostasis by comparing 

the relative expression of RANKL, an osteoclast inducer, and OPG, a decoy receptor that 

prevents RANKL from activating osteoclasts [342]. Statistical analysis suggests that the 

use of clindamycin imparts a protective effect via the increased expression of OPG, 

regardless of the presence of infection, and that RANKL:OPG is significantly influenced 

by the presence of clindamycin, likely via increased OPG expression. In vitro work in 

human and rat dental cells has demonstrated that IL-10 has anti-osteoclastogenic properties 

by means of increasing OPG and decreasing RANKL mRNA expression, and the high 

levels of IL-10 observed in the +Inc/-Abx group may contribute to unexpectedly low 



	 	
	

 

203 

RANKL production [343, 344]. However, it is also possible that analysis of the membrane 

does not fully represent the profile of RANKL expression. Previous in vitro work in human 

and murine osteoblasts has shown that RANKL is upregulated in response to S. aureus 

infection [49, 334, 345], and other studies have indicated that osteocytes, as opposed to 

osteoblasts or bone marrow stromal cells, are the dominant source of RANKL [346]. 

Because the objective of this study was to analyze mRNA expression profiles of cells in 

the induced membrane, the study primarily measures RANKL and OPG production by 

lymphocytes and stromal cells present in the induced membrane. The anti-resorptive 

expression profile seen in the membranes produced in the antibiotic-treated groups may be 

a desirable environment for placement of graft or a tissue engineering strategy during the 

second stage of reconstruction. Given the unexpected results of RANKL expression, 

further investigation into the interplay between the induced membrane and the state 

regeneration of native bone in vivo is warranted. From the perspective of infection 

prevention and surgical site contamination treatment, however, sustained clindamycin 

delivery does not appear to increase RANKL production or decrease OPG production 

within the membrane.  

 Induced membranes are thought to augment the use of subsequent grafting 

techniques through the presence of osteogenic cell populations and delivery of growth 

factors. While BMP-2 expression is upregulated throughout the fracture healing process, 

BMP-5 is only significantly upregulated after the initial inflammatory stage [347]. The 

lower BMP-5 mRNA expression seen in the infected control group may therefore signify 

that the membranes in this group have not progressed past the inflammatory stage, as 

opposed to membranes that are either non-infected or infected and treated with 

clindamycin. This corroborates the finding in several in vitro studies that have shown that 

the presence of infection reduces, but does not completely inhibit, the differentiation of 

MSCs, likely through the effects of soluble factors secreted by the S. aureus biofilm [333, 

334]. Main effects analysis for BMP-5 expression indicates that infection is an independent 

negative factor in the production of BMP-5, suggesting that prophylactic treatment with 

clindamycin could be beneficial from the perspective of infection treatment and restoration 

of growth factor expression. In addition, clindamycin treated defects, with or without 
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infection, also retain similar VEGF expression to the material control, further 

demonstrating that defects treated at the time of initial surgery are able to maintain the 

ability to generate membranes with appropriate growth factor expression.  

  While this study accomplishes its primary objectives, there are some limitations. 

This model is applicable primarily to the situation of surgical site infection, not chronic 

osteomyelitis. We examined the effects of a single type of bacteria, S. aureus, that is an 

intermediate biofilm producer. While S. aureus is the most common cause of osteomyelitis, 

other bacteria such as coagulase-negative Staphylococci, Streptococcus spp., gram 

negative bacilli, anaerobic organisms, and polymicrobial infections can also lead to 

osteomyelitis [145]. We chose to use a single locally delivered antibiotic without systemic 

delivery in this study in order to minimize variables, but clinical situations may call for a 

combination of delivery methods and/or antibiotics. As such, further investigation of 

common antibiotics and combinations could yield useful information about the local 

response of induced membranes. In this study, one animal in the +Inc/+Abx group 

developed an infection that was not readily apparent by clinical signs or gross observation 

and was only discovered upon culture. Because this only occurred in one animal, statistical 

analyses of the membrane characteristics in sub-clinically infected membranes that 

received antibiotic could not be evaluated, but this situation would be clinically relevant 

and provide additional information on how low-level bacterial contamination and antibiotic 

treatment affect development of an induced membrane.  

 One of the main strengths of this study lies in the strict control of variables to allow 

evaluation of the independent and interacting effects of bacterial inoculation and local 

antibiotic release. By demonstrating that antibiotics influence the expression of a variety 

of genes within the induced membranes regardless of infection and that the two factors 

may interact significantly, we gain valuable insight into how induced membranes may be 

leveraged to support tissue engineering and reconstructive strategies. These results provide 

a foundation for the further optimization of induced membrane technology for the 

regeneration of infected long bone defects. 
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Conclusions 

 Local antibiotic delivery via PMMA bone cement has been a clinical mainstay for 

infection treatment and prevention for decades, and increasing interest in a two-stage 

approach requiring the induction of an osteogenic membrane provides an additional 

regenerative purpose for antibiotic-loaded PMMA. In light of recent literature 

demonstrating the effects of antibiotics on regenerative cell populations, the objective of 

this study was to determine whether sustained local release of clindamycin is capable of 

mitigating surgical site infection and to elucidate whether antibiotic treatment, infection, 

or the combination thereof has a deleterious effect on the development of an induced 

membrane. The results from this study demonstrate that local delivery of clindamycin is 

effective in mitigating the development of infection in inoculated bone defects and restores 

the inflammatory and growth factor expression profile to the induced membrane around 

the implanted PMMA construct. Additionally, local clindamycin delivery has both 

independent and interacting effects on the induced membrane, demonstrating that the space 

maintainer may be used to tailor the development of an induced membrane for later 

implementation of tissue engineering or reconstructive strategies. Ultimately, these results 

highlight that local antibiotic delivery, typically used to clear contaminating bacteria, can 

also be leveraged as an independent means to influence local tissue response for 

regenerative purposes. 
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Chapter 10 

Degradable, Antibiotic-releasing 
Poly(propylene fumarate)-based Constructs 

for Craniofacial Space Maintenance 
Applications7 

Abstract 

Space maintainers (SMs) are used for craniofacial reconstruction function to preserve the 

void space created upon bone loss and promote soft tissue healing over the defect. 

Poly(methyl methacrylate) (PMMA)-based SMs present several drawbacks including 

implant exposure, secondary removal surgeries, and potential bacterial contamination 

during implantation.  To address these issues, a novel composite material comprising 

poly(propylene fumarate) (PPF) with N-vinyl pyrrolidone (NVP) as the crosslinking agent, 

carboxymethylcellulose (CMC) hydrogel as a porogen, and antibiotic loaded poly(lactic-

																																																								
7 This chapter was published as AM Henslee*, SR Shah*, ME Wong, AG Mikos, and FK 
Kasper, “Degradable, antibiotic releasing poly(propylene fumarate)-based constructs for 
craniofacial space maintenance applications,” J. Biomed. Mater. Res. Part A, 103, 1485-
1497 (2014). 
* denotes equal contribution 
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co-glycolic acid) (PLGA) microparticles as antibiotic carriers and porogen was fabricated.  

CMC was incorporated at 40 wt% to impart rapid porosity while PLGA microparticles 

were incorporated at 30 or 40 wt% to release either clindamycin or colistin.  This study 

was designed to examine the effects of PPF:NVP ratio, PLGA wt%, and the drug dose on 

the mass loss, temporal porosity change and drug release kinetics of the composite 

construct.  Mass loss decreased significantly in constructs containing 3:2 PPF:NVP ratio 

with 30 wt% PLGA (63.2 ± 0.8%) compared to the 2:3 PPF:NVP ratio (80.3 ± 1.0% and 

85.3 ± 1.3% for 30 wt% and 40 wt% PLGA content, respectively) at 8 weeks. In 

formulations with 3:2 PPF:NVP ratio, incorporation of 40 vs. 30 wt% PLGA significantly 

increased the porosity at 8 weeks under accelerated degradation conditions. Constructs 

released clindamycin or colistin at concentrations above the minimum inhibitory 

concentration for target pathogens for 45 and 77 days, respectively. This study 

demonstrates that the composition of PPF/CMC/PLGA constructs can be modulated to 

achieve properties suitable for craniofacial degradable space maintenance applications.
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Introduction 

 Traumatic injuries to the craniofacial complex are devastating due to the important 

functional and aesthetic role of this area [348].  Military and civilian populations face 

similar issues with regard to surgical repair of craniofacial injuries, including significant 

soft tissue loss and devitalization, fibrosis of the wound bed, and infection [67, 286, 349].  

In these situations, definitive reconstruction of the bony defect is often delayed until the 

wound bed is stable and soft tissue coverage of the defect is adequate [239, 286].  This 

delay in reconstruction often poses an additional challenge to the surgeon because the 

overlying soft tissue envelope can contract into the defect and form scar tissue, leading to 

significant aesthetic impairment and a reduced probability of successful definitive repair. 

For this reason, the concept of space maintenance was developed. 

 Space maintenance involves the implantation of an alloplastic material that 

facilitates healing of the soft tissue over a bony defect while maintaining the volume and 

architecture of that defect [350]. The space maintainer (SM) is placed into a defect that 

arises from trauma or the removal of a tumor and is designed to hold open the space 

normally occupied by bone, preventing fibrosis of the defect and contracture of the wound 

[286, 351]. Recent research has sought to expand the role of space maintainers to include 

antibiotic release to clear local bacterial contamination that may be present at the time of 

surgery [67]. Infections are a common occurrence following trauma, especially when 

encountered on the battlefield, and even following routine surgeries where communication 

with the flora of the mouth may occur [348, 352, 353].  Latent infections can severely 

compromise the ability of a wound to heal naturally, while traditional treatment with 

systemic antibiotics often requires high doses with undesirable associated side effects 

[354].  Therefore, an implant capable of local antibiotic delivery can potentially reduce the 

incidence of infection-related complications and improve the overall outcomes for these 

patients.  Another major problem associated with current SMs is the tendency of the 

implants to result in wound dehiscence, or the formation of an opening of the overlying 

soft tissue layer [351, 355, 356].  Once this occurs, the exposed implant is often 

contaminated by the normal flora of the mouth and requires removal to prevent further 
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complications associated with infection.  However, recent research with craniofacial 

implants has shown that the introduction of porosity can reduce the incidence of dehiscence 

by providing a stable interface with host soft tissue [357, 358].  Fibrovascular tissue 

ingrowth into the pores of the implant is thought to improve overall wound healing and 

reduce the likelihood of wound dehiscence as encountered with typical solid implants.    

 The most widely used material for space maintenance is poly(methyl methacrylate) 

(PMMA).  An acrylic based resin with over 70 years of use in humans, PMMA is ideal for 

space maintenance applications because it is biologically inert and can easily be molded 

by the surgeon during surgery [357].  Previously, our laboratory has developed porous 

space maintainers fabricated from PMMA and the porogen carboxymethylcellulose (CMC) 

that demonstrated improved wound healing over solid PMMA implants in a non-healing 

rabbit mandibular defect model [182]. A subsequent study demonstrated sustained local 

delivery of antibiotics via the incorporation of antibiotic-loaded poly(lactic-co-glycolic 

acid)(PLGA) microparticles as antibiotic carriers, and the sustained release of an antibiotic 

from porous space maintainers improved wound healing in an infected rabbit mandibular 

defect model[182].  Despite these encouraging results, traditional PMMA space 

maintainers are not degradable, and thus require another surgery for removal and definitive 

reconstruction with either a bone flap or graft. Ideally, space maintenance and 

reconstruction would occur simultaneously using a degradable porous space maintainer 

that would 1) release antibiotics to prevent infection during the initial period of soft tissue 

healing and 2) be replaced with regenerated bone tissue as it degrades, thus eliminating the 

need for a second surgery. 

 In developing biomaterials for bone regeneration and controlled drug delivery 

applications, our laboratory has experience with the degradable polyester poly(propylene 

fumarate) (PPF) and the crosslinking agent N-vinyl pyrrolidone (NVP) [359-361].  

However, a previous study has shown that the degradation of PPF occurs on a relatively 

long time frame, with only ~17% mass loss occurring at 52 weeks in pH 7.4 PBS at 37°C 

for solid implants [362].  Studies addressing the degradation of PPF constructs show that 

the rate can be tailored by altering the molecular weight of PPF, the ratio of PPF to NVP 

[363, 364], the porosity [365], and the environmental conditions (i.e., pH reduction) [362]. 
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Using the established timeline of space maintainer implantation (2-4 months) [286], 

significant degradation of the implant material should be evident after 2 months.  

 The aim of this in vitro study was to elucidate the effects of the composite 

formulation on the degradation, porosity change with time, and drug release kinetics of 

PPF/CMC/PLGA constructs.  Two antibiotics were selected for this study to address a 

range of potential pathogens.  Specifically, colistin, a polymixin antibiotic, was chosen to 

address infections associated with the most common pathogen from combat-related 

traumatic injuries, Acinetobacter baumannii [366].  Additionally, clindamycin, a 

lincosamide antibiotic, has a broad range of efficacy against both anaerobic Gram-negative 

and aerobic Gram-positive bacterial species and was chosen because of its history of use 

in treating oral infections [354].  It was hypothesized that the degradation of PPF and 

overall porosity of constructs would be increased during an accelerated 8 week degradation 

study by decreasing the ratio of PPF:NVP as well as increasing the weight percentage of 

PLGA microparticles within constructs. Additionally, it was hypothesized that altering the 

dose of the incorporated antibiotic would alter the overall release of drug from constructs 

over 12 weeks.  To test these hypotheses, 8 formulations of PPF/CMC/PLGA constructs 

with each antibiotic were fabricated. The mass loss and porosity change over time of 

unloaded constructs were evaluated over 8 weeks under accelerated degradation 

conditions, and antibiotic release kinetics were evaluated over 12 weeks under physiologic 

conditions. 

 

Materials and Methods 

Materials 

 PPF was synthesized according to established methods [218]. The molecular 

weight was confirmed via gel permeation chromatography (GPC; Waters, Milford, MA) 

using polystyrene standards (Fluka, Switzerland). PPF with a number average molecular 

weight of 1100 Da and a polydispersity index of 1.7 was used in this study. Poly(lactic-co-

glycolic acid) (PLGA) with a copolymer ratio of 50:50, a weight average molecular weight 
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of 36kDa, and a number average molecular weight of 21kDa was purchased from 

Lakeshore Biomaterials (Birmingham, AL).  Carboxymethylcellulose sodium was 

purchased from Spectrum (Gardena, CA). Clindamycin hydrochloride was purchased from 

Fisher Scientific. Poly(vinyl alcohol) (PVA) (88% hydrolyzed, nominal molecular weight 

22kDa), colistin sulfate, and all other reagents were purchased from Sigma-Aldrich and 

used as received. 

 

PLGA microsphere fabrication 

 PLGA microparticles containing each antibiotic were fabricated using a water-in-

oil-in-water double emulsion solvent evaporation technique as previously described [182].  

For colistin, the internal phase consisted of colistin sulfate dissolved in 0.4 wt% PVA at a 

concentration of 325mg/ml. The oil phase comprised PLGA in methylene chloride at a 

concentration of 50mg/ml. The oil phase was added to the internal phase at a ratio of 20:1 

oil:internal phase (v:v) and homogenized. The water/oil emulsion was added to the external 

phase, a solution of 0.4 wt% PVA with 4% NaCl, at a ratio of 10:1 external phase:oil (v:v). 

The solvent was allowed to evaporate for 4h, and the microparticles were washed, 

lyophilized, and stored at 20°C. Blank microparticles for the degradation study were 

fabricated with an internal phase of 0.4 wt% PVA without antibiotic.  

 For clindamycin loaded PLGA microparticles, the internal water phase consisted 

of clindamycin hydrochloride dissolved in 0.3% PVA at a concentration of 312.5mg/ml. 

The oil phase consisted of PLGA dissolved in methylene chloride at a concentration of 

222mg/ml. The internal phase was added to the oil phase at a ratio of 1:5.6 (v:v) and 

emulsified using a probe sonicator. The internal phase/oil phase emulsion was poured into 

a beaker containing 250 ml of outer phase comprising 0.3% PVA and 4% NaCl. The 

solvent was allowed to evaporate over 4h, and the resulting microparticles were washed, 

frozen, and lyophilized. Following fabrication, microparticles containing either colistin or 

clindamycin were sieved to less than 300μm before use.  The entrapment of either antibiotic 

was determined as previously described [67]. 
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Study design 

 Experiments were based on a two-level full factorial design with three parameters: 

(1) PPF:NVP ratio, (2) PLGA wt %, and (3) drug concentration. High and low levels were 

chosen based on previous experience, and these levels were combined to create eight 

experimental formulations for each antibiotic. The values for all parameters are shown in 

Table 23.  

 

Table 23. Composition of constructs incorporating PPF/NVP, CMC, and drug-loaded or 

unloaded PLGA microspheres.  Individual constructs for the degradation study had a 

mass of approximately 500mg.  Additionally, each construct contained 2µl of DMT per 

gram of PPF. 

Formulation 
Name 

CMC 
(wt%) 

PPF:NVP 
(wt%) 

Loaded 
PLGA 
(wt%) 

Unloaded 
PLGA 
(wt%) 

Total Drug Content 
Clindamycin 

(mg) 
Colistin 

(mg) 
2:3-

30%PLGA-
LOW 

40 30 15 15 14.2 4.7 

2:3-
30%PLGA-

HIGH 
40 30 30 0 28.4 9.4 

2:3-
40%PLGA-

LOW 
40 20 20 20 18.9 6.3 

2:3-
40%PLGA-

HIGH 
40 20 40 0 37.9 12.5 

3:2-
30%PLGA-

LOW 
40 30 15 15 14.2 4.7 

3:2-
30%PLGA-

HIGH 
40 30 30 0 28.4 9.4 

3:2-
40%PLGA-

LOW 
40 20 20 20 18.9 6.3 

3:2-
40%PLGA-

HIGH 
40 20 40 0 37.9 12.5 
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For the in vitro drug release study, all three parameters were varied to encompass all 8 

formulations. For the accelerated degradation study, only the PPF:NVP ratio and PLGA wt 

% were varied to create 4 formulations similar in composition to the formulations 

containing HIGH dose antibiotic, but with unloaded PLGA microparticles. 

 

Composite fabrication 

 Composites were fabricated via an adaptation of a previously described method 

[67] using the weight percentage ratios found in Table 23.  Briefly, PPF and NVP in either 

ratio (2:3 or 3:2) were hand mixed in a small beaker with a spatula until a homogenous 

mixture was obtained.  Then, the appropriate amounts of DMT and the CMC hydrogel 

were added to the PPF/NVP mixture and stirred vigorously for 1min.  Next, pre-weighed 

PLGA microparticles were added and the mixture was again stirred vigorously for 1min.  

Lastly, benzoyl peroxide (initiator) dissolved in NVP was added, the mixture was stirred 

vigorously for an additional 30sec, and the resulting material was packed in Teflon molds. 

The Teflon molds were covered with parafilm and placed at 37°C for 24h to facilitate 

crosslinking of the PPF.  After 24h, constructs were removed and weighed. The initial mass 

was recorded for the degradation study. For the degradation study, cylindrical constructs 

8mm in diameter x 6mm high were used, while larger 10mm in diameter x 8mm high 

cylinders were used for the release study. 

 

Scanning electron microscopy 

 SEM was employed to examine the internal morphology of microsphere-

incorporating constructs. The constructs were sawed in half widthwise and the inner 

surface was sputter-coated with 20nm of gold at 100mA using a Denton Desk V Sputter 

System (Denton Vacuum, Moorestown, NJ). Samples were observed under an FEI Quanta 

400 field emission scanning electron microscope (FEI, Hillsboro, OR) at an accelerating 

voltage of 10kV. 
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Microcomputed tomography 

 A SkyScan 1172 microCT imaging system (Aartselaar, Belgium) was used to 

perform nondestructive imaging and quantify the porosity of original and degraded 

constructs. The samples (n=3) were imaged with an X-ray tube voltage of 40kV and current 

of 250mA without a filter.  Volumetric reconstruction and analysis were conducted using 

the software NRecon and CTAn provided by SkyScan. The images obtained from 

acquisition were first reconstructed to serial coronal-oriented tomograms using a 3D cone 

beam reconstruction algorithm and then segmented into binary images using adaptive local 

thresholding to distinguish polymer material (PPF and PLGA) from pore space (CMC and 

void space) and to eliminate background noise. An optimal threshold value of 60–255 was 

applied for all 3D reconstructions and quantitative analyses. Representative 3D 

reconstructions of constructs were generated based on the binarized tomograms to visually 

show the 3D models of microstructures of scaffolds. To quantitatively analyze the porosity, 

a cylindrical volume of interest (VOI) 5.5mm in height and 7.5mm in diameter was selected 

in order to eliminate potential edge effects. The bulk porosity of constructs was calculated 

as according to Equation 2.  

 

Bulk porosity = 100% - vol% of binarized object in VOI 

Equation 2. Calculation of space maintainer porosity. 

 

In vitro degradation and mass loss 

 Following crosslinking, each sample for degradation was weighed and initial mass 

(Mi) recorded for use in the degradation study.  Then, each sample was individually placed 

in a 20ml scintillation vial containing a solution of 0.05M, pH 5.0 phosphate citrate saline 

(PCS), which are accelerated degradation conditions described previously [19]. The 

samples were stored on a shaker table (75 rpm) at 37°C for the duration of the study without 

medium changes. At each time point (day 1 and weeks 2, 4, 6, and 8), 3 samples of each 
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formulation were removed from their respective vials, rinsed with dH2O, and vacuum dried 

for 48h. Vacuum drying for 48h was found to be sufficient time to achieve a constant dry 

mass.  The dry mass (Md) of each sample was recorded prior to performing microCT 

analysis.  Changes in mass and porosity of the constructs were monitored at each time 

point. Analysis of the total mass loss was performed by calculating the percent mass loss 

(PM) in each sample according to the formula shown in Equation 4: 

 

PM = (1-Md/Mi)x 100% 

Equation 4. Calculation of percent mass loss. 

 

The degradation of PPF was performed under accelerated conditions as described 

previously (PCS, pH=5, 37oC at 75 rpm) in order to elucidate differences between the 

groups in a relatively short time frame as compared to other in vitro studies evaluating PPF 

degradation (52 weeks) [367].  However, the evaluation of drug release was performed 

under physiologic conditions (pH 7.4 PBS at 37°C) in order to better simulate in vivo 

conditions, as the decreased pH in the accelerated degradation media may accelerate 

antibiotic release. 

 

In vitro drug release 

 The in vitro drug release study was carried out in triplicate at 37°C in PBS (pH 7.4). 

Each construct was incubated individually in 5 ml PBS under mild shaking.  At 

predetermined time intervals, the release medium from each sample was completely 

removed and replaced with fresh PBS. The release medium was filtered with a 0.2µm filter 

and tested by HPLC to determine the concentration of clindamycin or colistin. The HPLC 

system consisted of a Waters 2695 separation module and a 2996 photodiode array (PDA) 

detector. The separation was performed using an XTerraRP 18 column (250cm x 4.6mm, 

Waters) at a column temperature of 45°C and a flow rate of 0.5ml/min.  As previously 

described for colistin [67], the mobile phase consisted of acetonitrile (HPLC grade with 

0.1 vol% trifluoroacetic acid) and water (HPLC grade with 0.1 vol% trifluoroacetic acid). 
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Peaks were eluted with a linear gradient of 10–65% acetonitrile in water over 35min. 

Absorbance was monitored at λ=214nm. The two main components colistin A and colistin 

B were eluted at approximately 14.9min and 15.7min, respectively. For clindamycin, the 

mobile phase consisted of 25mM KH2PO4 (HPLC grade, pH 3) and acetonitrile (HPLC 

grade). Peaks were eluted with a linear gradient of 5%–60% acetonitrile in dH2O over 

20min, and the absorbance was monitored at λ=204nm. Standard solutions for each 

antibiotic in PBS (pH 7.4) were tested in the range of 0.1–1000µg/ml. The cumulative 

release (%) is expressed as the percent of total drug released over time.   

 

Statistics 

 For mass loss, porosity, the daily release rates of each drug during each phase, and 

the cumulative releases from each construct, statistical analysis was performed with a 

single-factor analysis of variance (ANOVA) with α = 0.05 between formulations at each 

timepoint.  In the case of statistically significant differences, Tukey’s HSD post-hoc test 

was conducted. Data in all cases is presented as mean with standard deviation. 

 

Results 

PPF/CMC/PLGA Construct Fabrication 

 Preparation of constructs involved first mixing all components in a step-wise 

fashion (as described above) before adding the initiator. This allowed a homogeneous 

mixture to be formed prior to crosslinking and the subsequent inclusion of PLGA and CMC 

into the solid PPF matrix.  As observed with SEM (Fig. 31) all constructs exhibited a porous 

structure from day 1 through the end of the study.  PLGA is clearly visible in all constructs 

at day 1 and week 2 as microparticles coated with a thin matrix of PPF.   
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Figure 31. Scanning electron micrographs of composite construct cross sections over the 

8 week degradation study.  Black arrows indicate pores, white arrows indicate PLGA 

microparticles, and asterisks denote areas where PPF can be seen. PLGA microparticles 

appear roughened due to the thin layer of PPF covering them. Scale bars represent 

500µm. 
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After that time, with degradation and dissolution of PLGA, microparticles are less visible.  

The pore morphology of constructs was also observed by microCT slices, which can be 

seen in Fig. 32. 

 

Figure 32. MicroCT images of virtual cross-sections of constructs over the 8 week 

degradation study.  
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For all formulations at all time points (including day 1), macroscopic, evenly distributed 

pores were observed. The extent of the polymer network, including both PPF and PLGA 

constituents, diminished rapidly between weeks 2 and 4, as corroborated with observations 

from mass loss and porosity.  By week 8, constructs remained intact and comprised a thin 

network of PPF polymer. 

 

Porosity 

 Changes in construct porosity as a function of formulation and time are presented 

in Fig. 33. Porosity increased over the 8 week study for all formulations at all timepoints.  

At day 1, the dissolution of CMC resulted in construct porosities ranging from 15.2 ± 2.7-

25.2 ± 3.6%.  Interestingly, a sharp increase in porosity for each formulation was observed 

between weeks 2 and 4, presumably due to the degradation and dissolution of PLGA 

microparticles.  At 8 weeks, both formulations containing 40% PLGA had significantly 

greater porosity than the 3:2-30%PLGA formulation. The 2:3-40%PLGA formulation had 

significantly greater porosity than the 3:2-30%PLGA formulation for all time points after 

day 1.  After 8 weeks, all constructs had porosities above 70%. 
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Figure 33. Change in porosity of constructs over the 8 week degradation study under 

accelerated conditions in vitro.  Letters A and B denote significant differences; 

formulations that do not share a letter are significantly different (p<0.05) when compared 

across the same time point. 

 

Mass Loss 

 Values for mass loss as a function of time and formulation are presented in Fig. 34.  

Mass loss among all samples continued to increase throughout the entire 8 week 

accelerated degradation study.  The rapid dissolution of CMC at day 1 in all formulations 

resulted in a mass loss of between 36.0 ± 1.6-44.5 ± 0.3% for that time point (with an initial 

CMC wt% = 40).  The greatest difference in mass loss occurred between weeks 2 and 4. 

At weeks 4, 6, and 8, the 3:2-30%PLGA formulation displayed significantly less mass loss 

than any other formulation; at these timepoints, there was no significant difference in mass 

loss between 2:3-30%PLGA, 2:3-40%PLGA, and 3:2-40%PLGA formulations. At week 

8, mass loss in the 2:3 PPF:NVP formulations with 30% and 40% PLGA was 80.3 ± 1.0% 

and 85.3 ± 1.3%, respectively, and in the 3:2 PPF:NVP formulations with 30% and 40% 
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PLGA was 63.2 ± 0.8% and 79.1 ± 0.5%, respectively. Mass loss was significantly greater 

for the 2:3-40%PLGA group than the 3:2-30%PLGA group for all time points after day 1.  

The PPF incorporated into 2:3-30%PLGA and 2:3-40%PLGA groups at 8 weeks was 

approximately 29 and 35% degraded, respectively. In both the 3:2-30%PLGA and 3:2-

40%PLGA groups, the mass remaining at 8 weeks did not exceed the original mass of 

incorporated PPF, indicating that no significant degradation of PPF occurred. 

 

 

Figure 34. Degradation of constructs characterized by mass loss as a percentage of 

original construct mass over 8 weeks under accelerated degradation conditions in vitro.  

Letters A and B denote significant differences; formulations that do not share a letter are 

significantly different (p<0.05) when compared across the same time point. 

 

 

In Vitro Drug Release 

 A 12 week in vitro release study was conducted under normal conditions to 

characterize the release kinetics of both colistin and clindamycin separately.  With respect 
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to colistin, when microparticles were loaded into PPF/CMC/PLGA constructs, a 

quadriphasic type release profile was observed (Fig. 35A) with a burst phase (day 0-1), 

primary sustained release phase (day1-21), a lag phase (day 21-42), and a secondary 

sustained release phase (day 42-59) (Table 24). Phases were determined by line of best fit 

analysis. Additionally, constructs continued to release small amounts of colistin (1.0 ± 0.1 

– 5.2 ± 4.1% for days 59-77) following the secondary sustained release phase.   When 

constructs with 2:3 PPF:NVP ratio contained the high dose of colistin, the cumulative 

release percentage was significantly higher (p<0.05) for constructs with 40% PLGA vs. 

30% PLGA. This trend was only significant in the high dose groups with a 2:3 PPF:NVP 

ratio, and not seen in groups containing the 3:2 PPF:NVP ratio.  Notably, daily release 

remained above 1µg/ml construct/day for the duration of the study (Fig. 36A). 
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Figure 35. Cumulative(A) colistin and(B) clindamycin release from PPF/CMC/PLGA 

constructs over 12 weeks. 
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Figure 36. Daily release of(A) colistin and (B) clindamycin release from 

PPF/CMC/PLGA constructs over 12 weeks.  Values below 0.1µg/ml construct/day are 

not shown. 
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 Table 24. Release rates during phases of colistin release from constructs.  Values within the same column that do not share a common 

letter are significantly different. 

 

Formulation 
Name 

Phase 1 
(day 0-1) 
(%/day) 

Phase 2 
(day 1-21) 
(%/day) 

Phase 3 
(day 21-42) 

(%/day) 

Phase 4 
(day 42-59) 

(%/day) 

Phase 5 
(day 59-77) 

(%/day) 

Cumulative 
Release 

(%) 
2:3-30%PLGA-

LOW 38.5 ± 3.6B,C 1.4 ± 0.0F 0.3 ± 0.0A,B 0.3 ± 0.1B,C 0.2 ± 0.0A 83.1 ± 0.9D,E 

2:3-30%PLGA-
HIGH 44.5 ± 3.6A 1.2 ± 0.0G 0.1 ± 0.0C 0.2 ± 0.0C 0.0 ± 0.0A,B 75.6 ± 4.6E 

2:3-40%PLGA-
LOW 37.7 ± 0.5B,C 1.7 ± 0.0E 0.2 ± 0.0B,C 0.2 ± 0.0C 0.1 ± 0.0A,B 80.7 ± 0.7D,E 

2:3-40%PLGA-
HIGH 32.1 ± 0.8D 1.9 ± 0.1D,E 0.2 ± 0.0B,C 0.6 ± 0.1A 0.1 ± 0.0A,B 85.6 ± 4.7C,D 

3:2-30%PLGA-
LOW 30.1 ± 1.5D 2.6 ± 0.1A 0.3 ± 0.0A 0.7 ± 0.0A 0.1 ± 0.0A,B 100.7 ± 1.7A,B 

3:2-30%PLGA-
HIGH 33.3 ± 1.3C,D 2.1 ± 0.0C,D 0.2 ± 0.0B,C 0.5 ± 0.1A,B 0.0 ± 0.0A,B 88.4 ± 2.1C,D 

3:2-40%PLGA-
LOW 39.7 ± 2.0A,B 2.4 ± 0.1A,B 0.2 ± 0.0A,B,C 0.7 ± 0.1A 0.1 ± 0.0A,B 105.5 ± 5.2A 

3:2-40%PLGA-
HIGH 33.9 ± 1.1C,D 2.2 ± 0.1B,C 0.2 ± 0.1B,C 0.6 ± 0.0A,B 0.0 ± 0.0B 92.1 ± 1.3B,C 
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 With respect to clindamycin, a burst release of 18.5 ± 0.9 – 45.4 ±1.0% over days 

0-1 was observed (Table 25). Following burst, an extended, sustained release phase was 

observed for all construct groups (Fig. 35B). The burst release was significantly decreased 

in all 3:2 PPF:NVP formulations with the exception of 3:2-30%PLGA-LOW.  Daily release 

of clindamycin (Fig. 36B) correlated with the sustained release observed from constructs, 

and was notably above 1 µg/ml construct/day out to 45 days.   

 

Table 25. Release rates during phases of clindamycin release from constructs.  Values 

within the same column that do not share a common letter are significantly different. 

 

Formulation 
Name 

Phase 1 
(day 0-1) 
(%/day) 

Phase 2 
(day 1-45) 
(%/day) 

Cumulative 
Release 

(%) 
2:3-30%PLGA-

LOW 43.0 ± 2.9A,B 0.8 ± 0.2B,C,D 77.2 ± 5.3A,B 

2:3-30%PLGA-
HIGH 40.3 ± 1.5A,B,C 0.5 ± 0.0D 63.9 ± 2.3B,C 

2:3-40%PLGA-
LOW 45.4 ± 1.0A 0.7 ± 0.0C,D 74.6 ± 2.2B 

2:3-40%PLGA-
HIGH 36.0 ± 1.0A,B,C 0.6 ± 0.1D 61.0 ± 3.4C 

3:2-30%PLGA-
LOW 43.2 ± 4.9A,B 1.1 ± 0.1A 90.7 ± 8.1A 

3:2-30%PLGA-
HIGH 18.5 ± 0.9D 1.0 ± 0.1A,B 63.9 ± 3.7B,C 

3:2-40%PLGA-
LOW 33.9 ± 3.8C 0.9 ± 0.1A,B,C 74.7 ± 6.1B 

3:2-40%PLGA-
HIGH 21.8 ± 3.1D 1.1 ± 0.0A 70.3 ± 4.1B,C 

 

Discussion 

 Space maintainers serve an important role in craniofacial reconstruction of defects 

resulting from trauma or resection due to underlying pathology. A porous SM can 

temporarily hold open the space normally occupied by bone and provide a surface for 

interaction with the overlying soft tissue layer to reduce the likelihood of implant extrusion. 
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A significant drawback of traditional space maintainers is that they are non-degradable, 

making a second surgery necessary to remove the SM and perform definitive 

reconstruction. The need for a second surgery can be eliminated by using a degradable 

polymer for the bulk material and manipulating the porosity of the composite construct, 

thus maintaining the overall architecture and allowing to bone to regenerate into the porous 

material as the SM degrades. The introduction of antibiotics through a controlled delivery 

mechanism can address local bacterial contamination that may be present at the time of 

implantation. The inclusion of degradable PLGA microparticles serves dual purpose as a 

drug delivery vehicle and late stage porogen. This work focuses on the relationship 

between material composition (PPF:NVP ratio, PLGA wt%, and drug loading) of 

composite PPF/CMC/PLGA constructs and the properties that are most likely to affect the 

performance of these constructs in a patient: temporal changes in porosity, degradation, 

and drug release kinetics.   

 Fabrication of the PPF/CMC/PLGA constructs was accomplished via a simple hand 

mixing method.  Mixing of the aqueous CMC hydrogel into the hydrophobic PPF matrix 

caused the CMC to form homogeneous network throughout the composite.  This method 

has previously been established with similar constructs composed of PMMA, CMC, and 

PLGA [239, 265]. Early onset porosity was achieved through the immediate leaching of 

CMC, which is important since porosity produces macroscale “pockets” for soft tissue 

ingrowth, improving implant retention and decreasing the likelihood of dehiscence [356-

358].  Early porosity is important also because significant invasion of vascularized fibrous 

tissue is expected in the first 7 days after implantation[368].   In a previous study by 

Kretlow et al., it was found that porous PMMA SMs containing 30-40% CMC implanted 

in a rabbit mandibular model exhibited less dehiscence when compared to nonporous 

implants [239].  Additionally, a separate study by Nyugen et al. utilizing PPF constructs in 

a similar animal model found that porous PPF resulted in less dehiscence when compared 

to solid implants [240]. 

 Constructs in this study were designed to degrade and become increasingly porous 

with time in order to facilitate soft tissue growth over the implant and enable later ingrowth 

of regenerated bone. MicroCT analysis of constructs over the 8 week degradation study 
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under accelerated conditions showed that porosity continued to increase from day 1 to week 

8.  Previous studies have shown that a greater porosity (typically >70%) results in improved 

bone tissue ingrowth in scaffolds [240, 369].  Constructs reached 70% porosity in the 

current study by 6 weeks for all groups except the 3:2-30%PLGA group, which took 8 

weeks. While early porosity is mainly controlled through CMC incorporation, late porosity 

appears to be largely determined by incorporation of PLGA.  

 The use of PPF in a space maintenance application provides many advantages.  

First, PPF provides an excellent matrix for high amounts of porogen incorporation.  

Previous studies have utilized porogen leaching [370-372], high internal phase emulsion 

[373, 374], or stereolithographic fabrication methods [375] to create PPF based scaffolds 

with porosities as high as 90%. The strength following the crosslinking of PPF allows the 

polymer to incorporate large void spaces while retaining structural integrity. In this way, 

the PPF matrix can maintain the overall defect architecture while tissue can infiltrate into 

the pores of the space maintainer vacated by CMC and PLGA, eventually regenerating 

bone in the same shape as the original defect. In the current study, PPF was able to crosslink 

and form solid constructs even while incorporating up to 80 wt% porogen (40% PLGA and 

40% CMC), creating a construct with the high porosity necessary for bone ingrowth and a 

minimal amount of PPF left to degrade. The mechanical properties of these composite 

scaffolds will be especially important at early timepoints as tissue begins to grow into the 

pores. However, given the long degradation time of PPF, mechanical properties are not 

likely to decrease significantly within the time necessary for tissue ingrowth. 

 The degradation of PPF has been studied extensively [360, 362, 374, 376].  Studies 

analyzing solid PPF constructs found the degradation rate to be relatively slow, on the order 

of approximately 17% mass loss after 1 year for solid constructs [362]. A variety of 

mechanisms can be used to accelerate the degradation of PPF, including reducing the PPF 

to NVP ratio [364], including PLGA as a porogen [360], and altering the in vitro 

degradation conditions [362].  Based on this body of previous work, the parameters of 

PPF:NVP ratio and PLGA wt% were chosen in this study to evaluate how these parameters 

may influence degradation under accelerated conditions in vitro. While PLGA wt% 

appears to affect porosity at late timepoints, there is no clear trend relating PLGA wt% to 
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degradation. The PPF:NVP ratio appears to have a larger effect on degradation than PLGA 

wt%. Interestingly, although degradation of PPF did not appear to occur in the 3:2-

40%PLGA group, the mass loss in this formulation is the same as the 2:3 PPF:NVP 

formulations likely due to increased autocatalysis of PLGA with 40 wt% PLGA compared 

to 30 wt% PLGA. As it is often difficult to correlate in vitro and in vivo rates of degradation, 

the current study is advantageous in the fact that it allows direct comparisons to be made 

between construct formulations.  Therefore, while the overall rate of degradation of all 

constructs may be different in vivo, it is hypothesized that the relative degradation rates 

between groups would remain the same.  

 The rapid dissolution of CMC in an aqueous environment and subsequent creation 

of a porous network allows fluid penetration and the initiation of drug release from 

constructs.  This resulted in significant burst release of both antibiotics from all construct 

formulations, followed by a sustained release over the course of 45-77 days. Clinically-

available antibiotic releasing PMMA bone cement products typically release on the order 

of 5-10% of the loaded antibiotic over the first 48 hours, followed by ineffectually low 

release over the remaining lifetime of the implant [260, 377]. A similar phenomenon has 

been noted for drug-loaded solid PPF constructs. Hacker et al. found that PPF released drug 

with a relatively low burst release (5-10% of loaded drug) followed by slow release over 6 

months due to the degradation of PPF [361]. Currently, there is no clear consensus for the 

optimal release profile, though sustained release is believed to be beneficial in reducing the 

population of pathogenic bacteria. In this study, dose did not appear to significantly 

influence release kinetics. The combination of early porosity due to CMC and subsequent 

degradation of PLGA resulted in constructs with sustained release and high cumulative 

percent release. Shi et al. showed that composite PMMA/PLGA/CMC constructs have 

increasing pore interconnectivity as the wt% incorporation of CMC increases [265]. High 

pore interconnectivity contributes to high cumulative release of antibiotics, and with 

degradable PPF/PLGA/CMC composite constructs, these interconnections are likely to 

improve as degradation occurs.   

 The release of two antibiotics was evaluated in this study for several reasons. First, 

choice of antibiotic is often dependent on the circumstances of injury. Patients with 
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mandibular defects caused by battlefield blast injuries may be better candidates for local 

delivery of colistin while patients with mandibular defects due to tumor removal may be 

better candidates for receive local delivery of a broad spectrum antibiotic such as 

clindamycin. Second, colistin is a large peptide antibiotic while clindamycin is a small 

molecule drug. A study by Shah et al. has demonstrated that release kinetics from PLGA 

microparticles are influenced by the physicochemical properties of the antibiotic [295]. 

The use of two antibiotics allows comparisons to be made from their respective release 

profiles.  Shi et al. showed that colistin loaded PLGA microparticles fabricated using the 

same method as described in this work exhibited a 3 phase release similar to that seen in 

this study [67].  The later sustained release phase was presumably due to the degradation 

of PLGA microparticles and release of the entrapped colistin [67, 378, 379]. The release 

of clindamycin from loaded PLGA microparticles showed negligible burst release and an 

immediate sustained release with no observed lag phase for approximately 3 weeks [315].  

Notable differences in the release rates of different drugs from the same carrier have been 

reported in the past [361].  This phenomenon is presumed to occur because of interaction 

effects between the drugs and the loaded polymer, and although beyond the scope of the 

current study, this phenomenon should be investigated in future studies to gain insight into 

the most effective methods for drug delivery. 

 Daily release of each antibiotic remained high throughout the study compared to 

the MIC of each drug. For both colistin and clindamycin, the daily release from constructs 

exceeded the MIC of susceptible bacteria for 45 and 77 days, respectively [315, 380, 381]. 

Although it is difficult to draw conclusions between the observed in vitro release rates and 

expected in vivo concentrations, previous studies utilizing PMMA/CMC/PLGA constructs 

to release colistin in a rabbit mandibular defect found that constructs were able to clear an 

inoculated population of bacteria [182].  While cell viability on this specific composite 

scaffold has not yet been evaluated, there is strong evidence to support its suitability for in 

vivo work. First, the majority of the scaffold is comprised of CMC and PLGA, two 

materials that are in FDA approved products and that have been demonstrated to be 

biocompatible. Second, a previous study by Henslee et al. demonstrated that NVP-

crosslinked PPF scaffolds with and without incorporated blank PLGA microparticles were 
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not detrimental to surface tissue growth in a segmental rat femoral defect model [359], 

suggesting that these constructs are suitable candidates for in vivo evaluation.  

 

Conclusion 

 In this study, antibiotic releasing PPF/CMC/PLGA constructs were developed as 

degradable space maintainers capable of sustained release of colistin and clindamycin.  

Overall, a reduced PPF:NVP ratio and increased weight percentage of PLGA exhibited 

properties ideal for craniofacial space maintenance including accelerated degradation and 

greater porosity.  Constructs also released antibiotics over an extended time period (45-77 

days), with daily release of both colistin and clindamycin above the reported MIC against 

susceptible species of common pathogens.  The degradation, porosity change over time, 

and drug release kinetics of PPF/CMC/PLGA constructs were found to be modulated by 

the material composition.  When considering the potential of the constructs tested in this 

study to degrade, clear bacterial contamination, and foster bone ingrowth; they may 

provide significant advantages over current clinically available products for craniofacial 

space maintenance applications. 



	 	
	

 

232 

Chapter 11 

Conclusions 

 The regeneration of pathogen-contaminated bone defects is a challenge that will 

affect the translation of tissue engineering strategies into the clinic. The goal of this work 

was to develop antibiotic-releasing porous space maintainers that could prevent the 

establishment of infection and facilitate the growth of a soft tissue envelope, optimizing 

the defect site for later definitive reconstruction. 

 In order to create an antibiotic-releasing space maintainer that can offer physicians 

the flexibility to tailor antibiotic therapy to fit different clinical scenarios, a controlled 

release platform that can be used to incorporate and release a wide variety of antibiotics 

was developed. In Specific Aim 1, we loaded six antibiotics of different classes into 

degradable PLGA microparticles in order to evaluate the effects of antibiotic properties on 

loading efficiency and release kinetics. We found that charge plays an important role in 

loading efficiency, with positively charged antibiotics loading more efficiently likely due 

to electrostatic interactions with negatively charged end groups on PLGA. Furthermore, 

small molecule drugs demonstrated biphasic release dominated by diffusion kinetics, as 

opposed to the diffusion and degradation controlled triphasic release kinetics observed with 

the large peptide drugs vancomycin and colistin. The processing of the microparticles did 

not inhibit the antibacterial properties of any of the antibiotics. In this Specific Aim, we 
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demonstrated that antibiotic physicochemical properties can be used to infer important 

characteristics of the resulting antibiotic-loaded PLGA microparticle, particularly loading 

efficiency and release kinetics, thereby informing the decision on which antibiotics are best 

suited for this platform.  

 Building upon the development of antibiotic-loaded PLGA microparticles in 

Specific Aim 1, porous space maintainers loaded with either colistin-loaded PLGA 

microparticles or clindamycin-loaded PLGA microparticles were evaluated in vitro and in 

vivo in contaminated rabbit mandibular defects in order to determine their efficacy against 

bacterial contamination and effects on local tissue regeneration and tissue response. We 

hypothesized that the antibiotic-loaded constructs would be able to prevent the progression 

of contamination to frank infection and that extended release formulations would result in 

improved tissue healing compared to burst release formulations. In vitro evaluation of 

colistin and clindamycin release from porous space maintainers revealed that loading drug 

directly into the porogen phase results in a burst release over 7 days for both drugs. Release 

of drug from PLGA microparticle-loaded space maintainers occurred over 8 weeks for 

colistin and 28 days for clindamycin, similar to release trends from microparticles alone. 

When colistin-loaded space maintainers were implanted into mandibular defects 

contaminated with A. baumannii, the high dose extended release of colistin improved soft 

tissue healing compared to the burst release formulation. However, when clindamycin-

loaded space maintainers were implanted into defects contaminated with P. 

melaninogenica, extended release did not improve soft tissue healing. In this study, burst 

release of clindamycin resulted in less inflammation and fibrous capsule formation and 

more bone formation close to the implant than the low dose extended release. These results 

demonstrate that antibiotic release kinetics and dose play important roles in the host tissue 

response and that these factors must be considered when choosing antibiotics for local 

delivery. 

 Because antibiotic-loaded PMMA is also used in orthopedic applications for 

infection prevention and to support tissue regeneration, the objective of Specific Aim 3 

was to investigate the use of antibiotic-releasing porous space maintainers as a support for 

the generation of an osteogenic induced membrane in a rat femoral segmental defect 
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contaminated with S. aureus. We hypothesized that delivery of clindamycin would prevent 

the development of infection and restore the osteogenic membrane to the inflammatory and 

osteogenic state of non-infected, non-treated membranes. The delivery of clindamycin was 

found to significantly reduce infection, and clindamycin treatment restored the gene 

expression of inflammatory cytokines and osteogenic growth factors to the level of non-

infected membranes. By investigating the main and interaction effects of bacterial 

contamination and clindamycin treatment, we also found that clindamycin can affect the 

gene expression of cytokines and growth factors independently and that inoculation and 

clindamycin treatment have interacting effects on the gene expression of inflammatory 

cytokines, further highlighting that local antibiotic treatment can influence the regenerative 

state of local tissues. 

 Finally, in Specific Aim 4, we anticipate the long-term potential of the antibiotic-

releasing porous space maintainer. Thus far, we have utilized a clinically-approved 

product, PMMA bone cement, as the bulk material for the space maintainer as it is familiar 

to clinicians and has the shortest path to translation. In this study, we replaced PMMA with 

a degradable bulk polymer, PPF, in order to create a space maintainer that can be implanted 

and left in place to degrade as bone infiltrates and remodels. This substitution turns a two-

stage reconstruction into a one-stage reconstruction. The use of PPF as a bulk polymer 

resulted in release of colistin over 77 days and clindamycin over 45 days. Analysis of 

fabrication parameters showed that the PPF:NVP ratio and incorporation of PLGA 

microparticles could be tuned to achieve highly porous structures amenable to the ingrowth 

of bone, while still maintaining a structural conformation that would prevent soft tissue 

collapse.  

 The reconstruction of contaminated defects using biomaterials and tissue 

engineering strategies remains a significant challenge. Vital tissues are the most effective 

barrier to infection, and thus in this thesis, we have presented antibiotic-releasing porous 

space maintainers as a strategy to mitigate bacterial contamination while allowing tissues 

to attach and grow over the implant. In addition, this work demonstrates that antibiotics 

have independent effects on the surrounding tissues that are dependent on both dose and 

release kinetics. As space maintainer technology evolves to encompass multiple antibiotics 



	 	
	

 

235 

or perhaps even growth factors, it will be important to consider how local delivery 

influences the overall goal of tissue regeneration. Overall, this work strengthens the case 

that clinically-available products and familiar materials and drugs can be leveraged in new 

ways to support tissue engineering strategies for the regeneration of bone defects. 
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