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 While the body has an incredible ability to heal, host and external factors may 

overwhelm its innate regenerative capacity. In these instances, a tissue defect may occur. 

Tissue defects (regions of either necrotic tissue or void space) are highly susceptible to 

microbial invasion. Given their proximity to the native micro- and mycobiome, craniofacial 

and cutaneous defects are at particularly high risk for chronic contamination and infection. 

The combination of tissue loss and infection creates a negative feedback loop: 1) lack of 

vascularized healthy tissue leads to a locally immunocompromised area; 2) pathogens are 

able to colonize the tissue defect and eventually invade the margins of healthy tissue; 3) 

the resulting pathogenic attack and inflammatory response results in tissue injury and 

necrosis at the defect border; and 4) the tissue defect expands. Two possible mechanisms 

to break this cycle are to restore vascularized tissue to the defect site or clear the infection 

to restore the body’s ability to regenerate tissue. Fungal pathogens, such as those from 

the genera Aspergillus and Rhizopus, present unique challenges in the infection of large 

tissue defects due to their propensity to specifically target local vasculature and suppress 

host angiogenesis.  

 In this dissertation, we seek to develop technologies to treat large tissue defects 

susceptible to infection through biomaterials-based strategies. First, we investigated and 

optimized the in vivo bioreactor platform for generating autologous vascularized free tissue 
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flaps for mandibular reconstruction. As the engineered tissues grown in these bioreactors 

are vascularized and autologous, their use in mandibular repair restores vasculature to 

the defect site with no risk of tissue rejection. In a large animal model of disease, we 

demonstrated that these bioreactors did not require harvested donor tissue, exogenous 

stem cells, or growth factors in order to generate bony flaps suitable for reconstruction. 

When transferred to a large mandibular defect, these engineered tissues were capable of 

integrating with the native host tissue for functional craniofacial repair. These results 

validate the in vivo bioreactor strategy in the reconstruction of large tissue defects using 

vascularized tissue-engineered flaps in a physiologically-relevant ovine model. 

 In the second aim of this work, space maintenance was explored to facilitate the 

repair of large tissue defects by stimulating the growth of a healthy soft tissue envelope 

around the defect space as well as functioning as a depot for local delivery of antimicrobial 

agents to prevent and/or treat infection of the vulnerable large tissue defect. Porous space 

maintainers were fabricated per good manufacturing practice from clinical-grade materials 

and subjected to electron beam irradiation, a scalable sterilization process frequently 

applied to medical devices. Porous space maintainers were found to maintain (and in 

some cases, increase) mechanical properties after commercial electron beam 

sterilization. These porous space maintainer devices were then implanted in a superior 

marginal defect adjacent to the oral mucosa in the mandibular diastema of an ovine model 

of disease. After nine weeks, space maintainers were removed and the defect was 

reconstructed with tissue-engineered vascularized flaps generated in 3D printed 

bioreactors. Even in a challenging defect environment with proximity to the oral flora and 

under mechanical load, the space maintainers were able to prevent collapse of tissue into 

the defect site and maintain a healthy soft tissue envelope for repair. Infection was 

associated with the single failed case during the use of this strategy. Given the high risk 

of infection in the setting of large craniofacial defects, econazole-eluting porous space 

maintainers were developed for the local delivery of an antimicrobial therapeutic during 

space maintenance. Compared to traditional solid space maintainers, porous space 

maintainers were able to better inhibit the in vitro growth of common fungal and bacterial 

pathogens and may be of value in the treatment of tissue defects with fungal infection. 

 Finally, the last aim of this thesis specifically examined novel antifungal 

approaches for the treatment of infected tissue defects. As there is currently a dearth of 

animal models of fungal infection relevant to tissue engineering, a murine model with a 

large cutaneous defect infected with Aspergillus fumigatus was established. A new class 
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of diol-based aliphatic polyesters was synthesized and characterized as polymers whose 

degradation products have inherent antifungal properties. These diol-based polymers 

were then fabricated into microparticles and loaded with traditional antifungal therapeutics. 

After demonstrating extended release of therapeutics in vitro, the microparticles were used 

to locally treat fungal infection in a large cutaneous defect in an immunocompromised 

murine model of disease.  

 In sum, this body of work explores biomaterials-based approaches to treat large 

infected defects, through restoration of tissue and/or by mitigating infection. From 

leveraging the body’s own innate healing capacity to create vascularized tissue suitable 

for defect reconstruction (in vivo bioreactors), to utilizing traditional biomaterials in 

innovative ways (antifungal-eluting bone cement-based space maintainers), to developing 

new biomaterials with specific antimicrobial applications in mind, we have created a 

number of strategies to aid in the regeneration of large tissue defects. The field of tissue 

engineering and biomaterials offers an exciting vantage point on a challenging clinical 

scenario. In the future, we hope biomaterials-based approaches will be translated to 

improve healthcare and patient outcomes in the setting of infected large tissue defects. 
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 Preface 

  

Ιθάκη 
Σα βγεις στον πηγαιμό για την Ιθάκη, 
να εύχεσαι νάναι μακρύς ο δρόμος, 
γεμάτος περιπέτειες, γεμάτος γνώσεις. 
Τους Λαιστρυγόνας και τους Κύκλωπας, 
τον θυμωμένο Ποσειδώνα μη φοβάσαι, 
τέτοια στον δρόμο σου ποτέ σου δεν θα βρεις, 
αν μέν’ η σκέψις σου υψηλή, αν εκλεκτή 
συγκίνησις το πνεύμα και το σώμα σου αγγίζει. 
Τους Λαιστρυγόνας και τους Κύκλωπας, 
τον άγριο Ποσειδώνα δεν θα συναντήσεις, 
αν δεν τους κουβανείς μες στην ψυχή σου, 
αν η ψυχή σου δεν τους στήνει εμπρός σου. 
 
 
Να εύχεσαι νάναι μακρύς ο δρόμος. 
Πολλά τα καλοκαιρινά πρωιά να είναι 
που με τι ευχαρίστησι, με τι χαρά 
θα μπαίνεις σε λιμένας πρωτοειδωμένους· 
να σταματήσεις σ’ εμπορεία Φοινικικά, 
και τες καλές πραγμάτειες ν’ αποκτήσεις, 
σεντέφια και κοράλλια, κεχριμπάρια κ’ έβενους, 
και ηδονικά μυρωδικά κάθε λογής, 
όσο μπορείς πιο άφθονα ηδονικά μυρωδικά· 
σε πόλεις Aιγυπτιακές πολλές να πας, 
να μάθεις και να μάθεις απ’ τους σπουδασμένους. 
 
Πάντα στον νου σου νάχεις την Ιθάκη. 
Το φθάσιμον εκεί είν’ ο προορισμός σου. 
Aλλά μη βιάζεις το ταξείδι διόλου. 
Καλλίτερα χρόνια πολλά να διαρκέσει· 
και γέρος πια ν’ αράξεις στο νησί, 
πλούσιος με όσα κέρδισες στον δρόμο, 
μη προσδοκώντας πλούτη να σε δώσει η Ιθάκη. 
 
Η Ιθάκη σ’ έδωσε τ’ ωραίο ταξείδι. 
Χωρίς αυτήν δεν θάβγαινες στον δρόμο. 
Άλλα δεν έχει να σε δώσει πια. 
 
Κι αν πτωχική την βρεις, η Ιθάκη δεν σε γέλασε. 
Έτσι σοφός που έγινες, με τόση πείρα, 
ήδη θα το κατάλαβες η Ιθάκες τι σημαίνουν. 
 
-Κωνσταντίνος Π. Καβάφης, 1863-1933 

Ithaka 
As you set out for Ithaka 
hope the voyage is a long one, 
full of adventure, full of discovery. 
Laistrygonians and Cyclops, 
angry Poseidon—don’t be afraid of them: 
you’ll never find things like that on your way 
as long as you keep your thoughts raised high, 
as long as a rare excitement 
stirs your spirit and your body. 
Laistrygonians and Cyclops, 
wild Poseidon—you won’t encounter them 
unless you bring them along inside your soul, 
unless your soul sets them up in front of you. 
  
Hope the voyage is a long one. 
May there be many a summer morning when, 
with what pleasure, what joy, 
you come into harbors seen for the first time; 
may you stop at Phoenician trading stations 
to buy fine things, 
mother of pearl and coral, amber and ebony, 
sensual perfume of every kind— 
as many sensual perfumes as you can; 
and may you visit many Egyptian cities 
to gather stores of knowledge from their scholars. 
  
Keep Ithaka always in your mind. 
Arriving there is what you are destined for. 
But do not hurry the journey at all. 
Better if it lasts for years, 
so you are old by the time you reach the island, 
wealthy with all you have gained on the way, 
not expecting Ithaka to make you rich. 
  
Ithaka gave you the marvelous journey. 
Without her you would not have set out. 
She has nothing left to give you now. 
  
And if you find her poor, Ithaka won’t have fooled you. 
Wise as you will have become, so full of experience, 
you will have understood by then what these Ithakas mean. 
 
-C.P. Cavafy, 1863-1933 
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1 
 

Chapter 1 
 
 

Objectives 
 
 
 
 
OVERVIEW 
 

Large tissue defects are challenging for surgeons to repair and devastating for the 

patients whose lives are affected by these disfiguring wounds. There are many reasons 

why a tissue defect may not heal, but one of the most problematic is infection. Given the 

proximity of the craniofacial bones to the oral mucosa and the predilection of several fungal 

pathogens for the facial sinuses, as well as the presence of the skin microbiome, 

craniofacial and cutaneous tissue defects are at high risk for subsequent infection. In 

addition, infection itself may be the cause of loss of craniofacial bone. Fungal infection, 

specifically, is challenging to treat when associated with large tissue defects and results 

in high levels of morbidity and mortality. Infection and tissue loss result in a negative 

feedback loop with progressive deterioration of tissue and increasing pathogen burden 

(Fig 1.1).  

 

Fig 1.1. Negative feedback loop between tissue defects and infection.  

Therefore, there is a very real clinical need for novel strategies to facilitate the 

reconstruction of large tissue defects as well as treat infection. There are multiple points 
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within the negative feedback loop shown in Figure 1.1 in which intervention may reverse 

the disease process. For example, by stimulating tissue regeneration or otherwise 

repairing a tissue defect, vasculaturization can be restored and the host immune system 

can overcome potential pathogens contaminating the tissue. Alternatively, if infection is 

cleared in a large tissue defect by antibiotic intervention, removal of pathogen burden 

alone may be sufficient to allow the native wound healing process to heal the defect 

without any additional external stimulation.  

In this dissertation, biomaterials-based strategies have been investigated for the 

treatment of large tissue defects and infection. These strategies include the use of in vivo 

bioreactors to generate vascularized tissues for repair of large craniofacial defects, 

investigation of space maintenance to promote soft tissue healing around bony defects 

and locally deliver antimicrobials to mitigate infection, and the development of novel 

biodegradable polymers with antimicrobial degradation products. The dissertation is 

broken down into five sections: I) Introduction, wherein background information is 

provided on the in vivo bioreactor strategy, infection and tissue engineering animal 

models, and clinical data surrounding a representative fungal disease; II) In Vivo 

Bioreactors, wherein the in vivo bioreactor strategy is optimized and validated in a large 

animal model with accompanying large tissue defect; III) Space Maintenance, wherein 

porous space maintainers are utilized to facilitate high fidelity mandibular repair in a large 

animal model as well as locally deliver antimicrobial agents as validated under in vitro 

conditions; IV) Antifungal Strategies, wherein a novel biodegradable aliphatic polyester 

is synthesized from antifungal monomers, characterized for physicochemical properties, 

fabricated into microparticles, and utilized to deliver traditional antifungals to treat an 

immunocompromised murine model with an infected cutaneous; and V) Conclusion. 

Within these five sections, three specific aims are explored through a series of related but 

independent studies.  
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SPECIFIC AIM 1: INVESTIGATION OF THE IN VIVO BIOREACTOR STRATEGY FOR 

MANDIBULAR REPAIR 

In this specific aim, the in vivo bioreactor strategy was utilized to generate 

vascularized autologous bone flaps of large volume for mandibular reconstruction. As the 

gold standard for mandibular repair, autologous tissue taken as either an avascular graft 

or vascularized bone flap is often used by oral and maxillofacial surgeons to reconstruct 

large defects. This bone is most commonly harvested from the patient’s hip or fibula and 

may result in donor site morbidity, such as chronic pain, nerve damage, or infection at the 

site of harvest. In addition, the harvested bone does not match the geometry of most 

mandibular defects and needs to be shaped in situ in the operating room with variable 

results. Therefore, we have pursued an in vivo bioreactor strategy, in which chambers can 

be molded to match the size and shape of a mandibular defect, filled with scaffold material, 

and implanted against the patient’s periosteum at a distal site to the defect such as against 

the ribs or the hip. If presented with an osteoconductive scaffold material, cell populations 

from the periosteum will invade the bioreactor and fill it with viable, vascularized bony 

tissue. This mineralized tissue, having filled the specific shape and size of the bioreactor, 

can then be harvested for repair of large mandibular defects. In this aim, the feasibility of 

using this strategy to repair large volume defects was demonstrated and the effect of 

different combinations of natural and synthetic scaffold materials on tissue generation was 

measured. 

 

Study 1.1. Autologously Generated Tissue-Engineered Bone Flaps for 

Reconstruction of Large Mandibular Defects in an Ovine Model 

 Unlike most prior attempts at reconstructing large bony defects, implantation of in 

vivo bioreactors against rib periosteum can result in the generation of vascularized bony 

tissues of large volume with scaffold material alone, without additional exogenous drugs 

or cells. In this study, synthetic scaffold and naturally-derived scaffold were combined in 

bioreactors at different ratios and analyzed for tissue generation by microcomputed 

tomography and histomorphometry. As proof-of-concept, tissues generated in bioreactors 

were transferred as vascularized flaps to a mandibular angle defect in sheep and 

evaluated for ability to integrate with the native mandible. 
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Study 1.2. Reconstruction of Large Mandibular Defects Using Autologous Tissues 

Generated from In Vivo Bioreactors 

 In this study, bioreactors filled with either synthetic graft, naturally-derived graft, or 

a 50/50 v/v% mixture were implanted against the periosteum of rib in sheep. In addition to 

analyzing the tissues for amount of viable bone generated by microcomputed tomography 

and histological markers, the soft tissue envelope surrounding bioreactor tissues was 

harvested and assayed by reverse transcriptase quantitative polymerase chain reaction 

for expression of osteogenic genes. Tissues generated in bioreactors filled initially with 

only synthetic graft were transferred as either vascularized flaps or avascular grafts to a 

mandibular defect and evaluated for ability to integrate with native mandibular bone and 

actively remodel over time.  

 

SPECIFIC AIM 2: EVALUATION OF SPACE MAINTENANCE FOR ENHANCEMENT OF 

MANDIBULAR REPAIR AND ANTIFUNGAL THERAPY 

 In this specific aim, porous space maintainer devices fabricated from poly(methyl 

methacrylate) and carboxymethylcellulose were studied for their ability to: 1) maintain 

sufficient mechanical properties after manufacturing and sterilization for clinical use;  

2) facilitate mandibular reconstruction in conjunction with the in vivo bioreactor strategy; 

and 3)  function as drug depots for local delivery of antimicrobial compounds. In addition, 

3D printing was leveraged as a proof-of-concept that the in vivo bioreactor can combine 

multiple technologies to result in high fidelity mandibular reconstruction in a 

physiologically-relevant large animal model. 

 

Study 2.1. Effects of Electron Beam Sterilization on Mechanical Properties of a 

Porous Poly(methylmethacrylate) Space Maintenance Device 

 Electron beam sterilization, a process in which materials are bombarded by beta 

radiation, is a common sterilization technique for medical-grade devices. However, it can 

also result in changes to material properties, especially in polymer-based materials, due 

to potential chemical reactions such as chain scissoring or elongation. In order for porous 

space maintainer devices to be used effectively in the clinic, their ability to retain sufficient 

mechanical properties after electron beam sterilization was evaluated.  
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Study 2.2. Space Maintenance and 3D Printed In Vivo Bioreactors for High Fidelity 

Mandibular Repair in an Ovine Model 

 In previous work, mandibular defects in sheep were created immediately prior to 

reconstruction with bioreactor-generated tissue. For many of the clinical scenarios in 

which large volumes of bone are required for mandibular reconstruction, this is not a 

realistic model of disease. In this study, a superior marginal mandibular defect was created 

nine weeks before reconstruction. In place of the resected bone, a porous space 

maintainer was implanted to promote healthy healing of the soft tissue surrounding the 

defect. 3D printed bioreactors, filled with either naturally-derived or synthetic graft, were 

implanted against the rib periosteum at the time of defect creation. Nine weeks after 

implantation, the space maintainer was removed and bioreactor-generated tissues were 

transferred as free tissue flaps to the defect site for reconstruction. By leveraging 

technologies such as space maintenance and 3D printing, high fidelity mandibular 

reconstruction was achieved.  

 

Study 2.3. Porous Antimicrobial Space Maintainers for Treatment of Fungal 

Osteomyelitis and Periprosthetic Joint Infection 

Fungal osteomyelitis, while relatively uncommon, is associated with high rates of 

morbidity and mortality. Therefore, another potential application of porous space 

maintainer technology is local release of antimicrobials to infected tissues before definitive 

surgical reconstruction. In this study, econazole-releasing porous space maintainers were 

developed and validated against common fungal and bacterial pathogens in vitro. 
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SPECIFIC AIM 3: DEVELOPMENT OF NEW PLATFORMS TO MODEL AND TREAT 

FUNGAL INFECTION 

 Fungal disease is associated with high morbidity and mortality in 

immunocompromised patients, including those with local trauma such as craniofacial 

injury. Current therapeutic options are limited, especially with the rise of resistant species 

and limited drug development pipeline for new therapeutics. Therefore, there is a dire need 

for the creation of new physiologically-relevant animal models to validate novel treatments 

as well as innovative strategies to combat infection. In this aim, a new murine model of 

disease with accompanying tissue defect was introduced, a novel class of biodegradable 

polymers synthesized from monomers with antifungal activity was characterized,  

microparticles fabricated from this new polymer were demonstrated to be capable of 

releasing antifungal therapeutics at therapeutic concentrations for an extended duration 

of time, and these microparticles were leveraged to treat an immunocompromised murine 

model of primary cutaneous aspergillosis. 

 

Study 3.1. A Murine Model of Primary Cutaneous Aspergillosis in a Large Dermal 

Defect 

 For immunocompromised patients, primary cutaneous aspergillosis is a deadly 

infection originating in the skin. Although the disease often presents with an accompanying 

tissue defect, there are currently no animal models of cutaneous aspergillosis with a 

reproducible dermal wound. To develop a new platform to investigate strategies to treat 

fungal infection and study the effects of treatment on the healing of tissue defects, we 

have created a murine model of cutaneous aspergillosis with an infected skin defect. 

Similar to human pathophysiology, increasing fungal burden results in increased morbidity 

and mortality in this animal model. In addition, active infection mitigates wound healing, 

as is the case in patients with primary cutaneous aspergillosis.   

 

Study 3.2. Synthesis and Characterization of Diol-based Unsaturated Polyesters: 

Poly(Diol Fumarate) and Poly(Diol Fumarate-co-Succinate) 

 Given their ability to be modified by free radical addition, biodegradable 

unsaturated polyesters serve as important macromers in the design of devices such as 

drug delivery vehicles and tissue scaffolds. Terminal diols, or saturated aliphatic chains 

beginning and ending with alcohol groups, can be reacted with unsaturated dicarboxylic 

acids to form unsaturated macromers by esterification. The degree of unsaturation can be 
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controlled by combining different ratios of unsaturated and saturated dicarboxylic acids 

(such as fumaric acid and succinic acid, respectively). The resulting poly(diol fumarates) 

and poly(diol fumarate-co-succinates) have tunable physicochemical properties based on 

diol length and degree of unsaturation. In this work, we describe the synthesis and 

characterization of different variants of these new polymers, as well as demonstrate their 

ability to be incorporated in crosslinked networks with tunable properties. 

 

Study 3.3. Diol-based Polymers as Inherently Antimycotic Microparticle Delivery 

Systems for Treatment of Fungal Infection 

 New therapies are direly needed to address the high lethality of fungal infection 

and increasing rates of fungal resistance to traditional therapy. To that effect, we have 

begun investigating the use of terminal diols as vehicles to 1) locally deliver high 

concentrations of traditional antifungal and 2) enhance antifungal efficacy. It has been 

suggested that terminal diols may have antimicrobial properties and also enhance the 

efficacy of traditional antimicrobial compounds when used in synergy. Therefore, we have 

designed a microparticle-based delivery system that 1) locally delivers high concentrations 

of voriconazole and 2) can biodegrade into terminal diols, which themselves may have an 

effect on mitigating fungal infection. In this study, the efficacy of diol monomers against 

fungal pathogens was measured, as well as the ability of microparticles formed from diol-

based polymers to deliver traditional antifungal drugs over an extended period of time. 

Lastly, an immunocompromised murine model of primary cutaneous aspergillosis with a 

large dermal defect was treated with diol-based microparticles loaded with traditional 

antifungal agents, and compared to non-treated animals, diol-based microparticles were 

found to successfully restore normal wound regeneration.  
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Chapter 2 

 

 

In Vivo Bioreactors for Mandibular 

Reconstruction1 
 

ABSTRACT 

Large mandibular defects are difficult to reconstruct with good functional and aesthetic 

outcomes due to the complex geometry of craniofacial bone. While the current gold 

standard is free tissue flap transfer, this treatment is limited in fidelity by the shape of the 

harvested tissue and can also result in significant donor site morbidity. To address these 

problems, in vivo bioreactors have been explored as an approach to generate autologous 

prefabricated tissue flaps. These bioreactors are implanted in an ectopic site in the body, 

where ossified tissue grows into the bioreactor in pre-defined geometries and local vessels 

are recruited to vascularize the developing construct. The prefabricated flap can then be 

harvested with vessels and transferred to a mandibular defect for optimal reconstruction. 

The objective of this review article is to introduce the concept of the in vivo bioreactor, 

describe important preclinical models in the field, summarize the human cases that have 

been reported using this strategy, and offer future directions for this exciting approach. 

 

  

                                                           
1This chapter is adapted from work published as A.M. Tatara, M.E. Wong, and A.G. 
Mikos, “In Vivo Bioreactors For Mandibular Reconstruction,” J. Dent. Res., 93, 1196-
1202 (2014). 
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INTRODUCTION 

While all of the components of the human skeleton serve important functional 

roles, the craniofacial bone plays a particularly essential part in the human psyche. Large 

mandibular defects result in the loss of functional capacity, such as the ability to masticate, 

but the accompanying loss of aesthetics can have equally devastating psychosocial 

complications1,2. The current techniques available to surgeons to repair these defects are 

limited; treatment often requires donor tissue, resulting in additional morbidity, and 

aesthetic restoration is limited in fidelity by the match of the donor tissue geometry (Table 

2.1). Therefore, new treatment modalities are needed to improve patient outcomes. One 

developing approach is the use of in vivo bioreactors to generate autologous bone tissue 

(prefabricated flaps) to fill mandibular defects. Bioreactors in general are chambers in 

which biological tissues can be grown. Classically, bioreactors are ex vivo and different 

conditioning regimes have been explored to optimize tissue growth as explored in a recent 

review3. However, it is difficult to fully recapitulate a physiological environment under ex 

vivo circumstances. In vivo bioreactors are those implanted inside an organism, leveraging 

the natural regenerative capacity of the body to generate tissue. In this work, we will review 

both preclinical and clinical data available on the in vivo bioreactor strategy for mandibular 

repair (Fig. 2.1). This information will be synthesized to present goals for the field in further 

advancing the strategy of in vivo bioreactors for the treatment of human patients. 

 

Table 2.1. Advantages and disadvantages of current repair strategies. 

 

Reconstruction 
Strategy 

Autologous  
Grafts 

Autologous Free 
Tissue Flaps 

Alloplastic Permanent 
Prostheses 

Alloplastic Synthetic 
Grafts 

Advantages  Possess 
endogenous 
osteoinductive/ 
osteoconductive 
factors 

 Consist of 
relatively simple 
procedure 

 Established as 
current gold 
standard 

 Result in 
vascularized 
tissue 

 Result in no 
donor site 
morbidity 

 Have capability 
of fully 
recapitulating 
defect 
geometry 

 Result in no 
donor site 
morbidity 

 Are available 
in different 
ceramic 
compositions 

Disadvantages  Result in donor 
site morbidity  

 Lack vasculature 

 Are appropriate 
only for small 
defects 

 Result in 
donor site 
morbidity 

 Give rise to  
increased 
operation 
room time 

 Are technically 
demanding 

 Demonstrated 
to have high 
risk of infection 

 Often result in 
poor soft tissue 
integration 

 Carry potential 
risk of extrusion 

 Lack 
vasculature 

 Prediction of 
resorption 
rates is 
difficult 
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Figure 2.1. Schematic of the in vivo bioreactor strategy and variables that must be 

considered at each step. In this example, the latissimus dorsi is used as a prefabrication 

site for bioreactor implantation. 

 

PRINCIPLES OF IN VIVO BIOREACTORS 

More than 25 years after Marshall R. Urist recognized and isolated what is now 

known as bone morphogenetic protein4, Khouri et al. were the first to implant silicone 

molds loaded with osteogenic growth factors to generate vascularized bone tissue with 

specific anatomical geometries ectopically in rats5. This landmark study demonstrated the 

feasibility of harnessing the native regenerative capacity of the body with exogenous 

signals to generate autologous tissue of pre-specified shape. While there have been many 

attempts to grow large, complex tissues in vitro, the vascularization and architecture of 

tissues is very difficult to recapitulate in artificial environments. Therefore, new strategies 

are being developed to utilize the body itself as a bioreactor to grow new tissue for 

transplantation to a defect. The in vivo bioreactor strategy has been previously applied for 

the synthesis of bone to repair musculoskeletal defects. For example, Stevens et al. 

created an injectable hydrogel capable of functioning as a bioreactor supporting new bone 

growth when injected underneath the periosteum in a rabbit model6. However, geometric 

precision is less critical in the repair of musculoskeletal defects compared with defects of 

the facial bone. Therefore, strategies for the generation of craniofacial bone require more 
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control over the shape of generated tissue than an injectable hydrogel system would allow. 

While the focus of this review is the use of in vivo bioreactors for mandibular tissue, 

readers are directed to a previous review on the subject of in vivo tissue engineering for 

more musculoskeletal applications7 and a previous review with broad craniofacial focus8.  

               For the purposes of mandibular reconstruction, the in vivo bioreactor has been 

evaluated in many preclinical models and in several patient case reports. Investigators 

use different combinations of material scaffold, seeded cell populations, and exogenous 

growth factors in order to generate autologous prefabricated flaps. There is a large variety 

of biodegradable scaffold materials, including the broad classes of ceramics and 

polymers. Ceramics possess strong compressive properties and may be naturally-derived 

(such as morcellized autograft) or synthetic (such as hydroxyapatite or beta-tricalcium 

phosphate)9. In addition, ceramics may degrade in the form of free calcium and phosphate 

ions that may promote future osteogenesis. Nonetheless, some ceramics are limited in 

degradability. In contrast, polymer-based scaffolds have high tunability of material 

properties such as mechanical strength and degradation10. For the purposes of the 

mandible, however, these scaffolds may be less biomimetic and many of the common 

biodegradable polymers degrade into acidic byproducts that can inhibit bone formation10. 

Cells may or may not be seeded onto the scaffold; the most commonly used cell population 

is bone marrow aspirate from the iliac crest11,12. Lastly, exogenous growth factors may or 

may not be added to the bioreactor before implantation. The two growth factors that have 

been most explored are bone morphogenetic protein-2 (BMP2) and bone morphogenetic 

protein-7 (BMP7)12,13. However, as many patients in need of mandibular reconstruction 

have a history of craniofacial tumors, there is concern with the use of growth factors in this 

population; in fact, BMP2 is contraindicated in patients with a history of cancer14,15. Ideally, 

an in vivo bioreactor strategy minimizes the use of the following: 

1) Autologous scaffold, thereby mitigating donor site morbidity 

2) Seeded cells, as bone marrow aspiration also involves (albeit limited) donor site 

morbidity and increases approach complexity 

3) Exogenous growth factors, thereby mitigating the risks accompanying therapy 

 

 

  



13 
 

DESIGN OPTIMIZATION IN PRECLINICAL MODELS 

Model Selection 

Small Animal Models 

For the purposes of this review, small animal models are defined as mice, rats, 

and rabbits. The use of small animals is attractive as they are inexpensive to purchase 

and maintain. The amount of growth factors and scaffold material needed in small animals 

is also significantly reduced. Not surprisingly, there have been a number of studies that 

take advantage of small animal models. For example, rat mesenchymal stem cells were 

seeded in a polymer hydrogel and implanted within the dorsum of immunodeficient mice 

to form mandibular condyle constructs of human proportion. These condyles had both 

cartilage and bony sections, demonstrating the efficacy of the in vivo bioreactor approach 

in generating complex tissues with multiple components16. An early study in rabbits 

demonstrated histologically that bone generation in an in vivo bioreactor was similar to 

native bone in architecture and vascularization17. The rat latissimus dorsi has been used 

in several studies as the site for bioreactor implantation, most often to study the effects of 

different amounts and types of growth factors18-20. Ultimately, defects in small animals lack 

the diffusional challenges presented in defects of clinical relevance. This presents a 

significant limitation in their use as models; large animals are more appropriate for 

generating approaches that can be translated for human treatment. 

 

Large Animal Models 

Regarding large animals, the most prevalent in the field of in vivo bioreactors for 

mandibular reconstruction are sheep, minipigs, and non-human primates. One of the 

earliest of these models was the sheep21. In this model, tissue chambers made of 

polymethylmethacrylate (PMMA) were filled with scaffold material (typically morcellized 

autograft) and placed against the cambrium layer of the rib periosteum. Up to four of these 

chambers were implanted per animal on alternating ribs. Vascularized bone tissue grew 

into the chamber from the periosteum and ultimately took the shape of the chamber.  In 

this manner, tissues of complex geometry and clinically-relevant size were generated21,22. 

Using this model, investigators determined optimal prefabrication time23, optimal 

implantation site24, and investigated the use of biodegradable polymers as scaffold 

material in order to mitigate the need for autologous donor tissue25. This strategy was 

translated into the clinic in a human patient26. In the future, it is envisioned that this 

periosteal in vivo bioreactor will be translated in combination with the two-stage 
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mandibular reconstruction approach27. In this strategy, a space maintainer is inserted at 

the time of mandibular resection. The space maintainer acts as a template for soft tissue 

regrowth, maintains facial contours, and prevents scarring within the defect space28.  It is 

worth noting that others have also used the sheep for prefabricated mandibular flap 

generation, with implantation in the latissimus dorsi29,30.  

Another well-established in vivo bioreactor large animal model is the minipig. In 

this model, titanium cages were loaded with bovine hydroxyapatite (Bio-Oss®) as a 

scaffold with the addition of BMP7. These constructs were implanted in the latissimus dorsi 

of minipigs for the generation of ossified tissue31. This prefabricated flap was transferred 

into a minipig mandibular defect with great success. In fact, when the contralateral 

mandible was treated with primary reconstruction using the same ceramic scaffold and 

growth factor regimen, the prefabricated flap resulted in bone of better quantity and 

quality31,32. As evaluated by mechanical testing, these autologously generated tissues had 

similar compressive properties to native mandibular bone33. The strategy applied in 

minipigs was also clinically translated in a human patient12,33. 

Non-human primates have also been used as a model for the development of in 

vivo bioreactors, specifically to compare reconstruction of a mandibular defect with tissue 

from a bioreactor implanted in the latissimus dorsi treated with BMP2 to primary defect 

repair with BMP2. In this model, the in vivo bioreactor approach demonstrated better bone 

formation in both quantity and quality34. While primates most closely approximate the 

human condition, this research is very costly and raises complex ethical questions. 

 

Prefabrication Site 

One important consideration for the in vivo bioreactor strategy is the site of 

bioreactor implantation. Implantation in different environments may result in the 

recruitment of different types of factors, such as blood vessels, nerves, progenitor cells, 

and signaling proteins. An ideal ectopic site also minimizes inflammation, pain on 

implantation, and complications upon harvest7,21. For the purposes of bone tissue 

engineering, bioreactor implantation against the periosteum has been demonstrated as a 

successful environment for ossified tissue generation6,21-25. In a study in which identical 

tissue chambers (filled with morcellized bone graft) were implanted against either the rib 

periosteum or the fascia of the latissimus dorsi muscle in sheep, both sites were able to 

generate vascularized tissue. However, the intramuscular implants had significant graft 

resorption and resulted in primarily fibrovascular tissue. Chambers implanted against the 
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periosteum had active bone formation with increased calcified tissue area24. Nevertheless, 

with the addition of exogenous growth factors, intramuscular implantation can result in 

ectopic bone formation within a bioreactor18,19,35.  

 

Prefabrication Time and Geometry 

For the formation of ossified tissue in particular, the time of implantation has a 

significant impact on the tissue quality. In the sheep rib periosteum model, it was 

demonstrated that there is a specific window at which ossified tissue was at peak quantity 

and quality (6-9 weeks), after which resorption occurred within the bioreactor22,23. The 

shape of the bioreactor chamber, so long as it can fit within its prefabrication site, appears 

to be flexible and can be designed to conform to the geometry of the defect21,22. However, 

the composition of the bioreactor chamber itself may play a significant role in tissue 

development. In the minipig model, chambers constructed from biodegradable polymers 

were not able to maintain their pre-defined shape over the implantation period33. As control 

over geometry is one of the key advantages to the in vivo bioreactor strategy, this suggests 

that chambers should be composed of non-biodegradable materials such as titanium or 

poly(methylmethacrylate) (PMMA). 

 

Scaffold Material, Growth Factors, and Seeded Cells 

In addition to prefabrication site and implantation time, the three aspects of the 

classic tissue-engineering paradigm (cells, chemical cues, and scaffolds) are also critical 

in the design of the in vivo bioreactor strategy. In preclinical models, a variety of 

combinations have been demonstrated to promote the growth of a prefabricated tissue 

flap. In one study, in vivo bioreactors filled with different scaffold materials (morcellized 

autograft, decellularized autograft, and empty chambers) were implanted against sheep 

rib periosteum for comparison23. Morcellized autograft generated significantly more bone 

tissue than either of the other groups. Otherwise, as there have not been additional studies 

in which different scaffold materials have been compared within the same animal model, 

there is little evidence regarding which scaffold material is optimal for the generation of 

ossified tissue. While it has been suggested that osteogenic growth factors are required 

for bone tissue formation in intramuscular implants, the addition of exogenous growth 

factors in bioreactors implanted against the periosteum is not required for bone growth21-

25. Lastly, while cell seeding is an absolute necessity for in vitro approaches, cells can be 

locally recruited using in vivo bioreactors (although bone marrow aspirates can also be 
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used to seed the bioreactors upon implantation)7,23. The lessons learned from preclinical 

models have resulted in the translation of this technology to human patients. 

 

HUMAN CASE REPORTS 

As an exciting development in the field, five different in vivo bioreactor approaches 

in human patients for mandibular reconstruction have been reported in the literature. The 

first of these cases occurred in 1990 (although it was not reported until 1999). In this 

landmark case, a patient who had lost their mandible due to recurrent ameloblastoma was 

treated with a mandibular-shaped Dacron-polyurethane tray packed with autologous bone 

graft and exogenous growth factor11. This tray was implanted in the fascia above the 

scapula and retrieved after four months (skin grafting over the retrieval site was required). 

The patient’s lower lip was also reconstructed using strips from the harvested tensor 

fasciae latae. While the patient tolerated the procedure well, the reconstruction did not 

permit oral feeding and was not sufficient to support dental implants. Eventually, a revision 

was performed to improve function as well as augment the bone with grafts for the 

insertion of dental implants. The patient never regained the ability to swallow solids and 

unfortunately passed away due to disseminated disease. 

The next reported case was presented by Warnke et al., the same group that 

developed the minipig model31-33. In this case, a patient with a history of oral tumor was 

treated with a titanium cage filled with Bio-Oss® and BMP712. This bioreactor was 

implanted intramuscularly within the latissimus dorsi. Bone growth and remodeling within 

the bioreactor was confirmed before harvest by use of skeletal scintigraphy. After 7 weeks, 

the prefabricated flap was harvested and transferred along with the accompanying 

titanium mesh. Scintigraphy was repeated after transfer and revealed further bone 

remodeling, indicating integration with native bone. The patient had restored aesthetics 

and function, and regained the capacity to enjoy solid foods 36. The authors of the study 

particularly comment on the sociopsychological effects of this treatment on the patient, 

noting “[the patient’s] mood turned from one previously of depression and suicidality to 

one of excitement and optimism.” Ultimately, after 13 months, the titanium mesh fractured 

and the soft tissue overlying the construct failed. This resulted in infection and necrosis of 

the transferred bone. Two subsequent revisions were performed, and eventually the 

patient died as a result of cardiac arrest. 

Using the same strategies as developed in the sheep periosteal model, Cheng et 

al. augmented a mandibular reconstruction with an in vivo bioreactor approach26. In brief, 
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a patient presented with numerous reconstructions of both hard and soft tissue in order to 

restore function after removal of an oral squamous cell carcinoma. However, these 

reconstructions did not generate mandibular bone of sufficient height to accommodate 

dental implants. Thus, a PMMA chamber was filled with harvested autograft and implanted 

against the periosteum of the iliac crest. After 8 weeks, the tissue was harvested and 

donor periosteum was sutured to mandibular periosteum to re-establish blood supply. The 

patient eventually died of hepatocellular carcinoma but the transferred tissue was 

functional and retained dental implants at 16 months. 

In an effort to reduce donor site morbidity, Heliotis et al. designed an in vivo 

bioreactor approach without the use of harvested autologous bone or bone marrow cells13. 

BMP7 was added to hydroxyapatite blocks and implanted in the pectoralis major muscle 

of a patient who had suffered from oral squamous cell carcinoma. After three and a half 

months, bone scintigraphy revealed bone formation in the construct. After six and a half 

total months of implantation time, the construct was harvested, along with muscle tissue, 

for transfer into the mandibular defect. The tissue was covered with a split skin graft. Unlike 

previous studies, a biopsy was taken from the tissue at the time of transfer. The transferred 

construct was 17% bone, 37% hydroxyapatite, and 46% fibrovascular tissue. After five 

weeks, the transferred tissue became infected and the flap was removed. This case is 

notable for its histological analysis of prefabricated clinical tissue and lack of need for 

donor tissue in flap generation.  

Finally, a recent case was reported in which cylinders of beta-tricalcium phosphate 

were loaded with cells and morcellized autologous bone graft from the iliac crest29. Four 

of these cylinders were implanted in the latissimus dorsi of a patient who had been 

suffering from chronic mandibular osteomyelitis requiring resection. After six months, 

these cylinders were harvested, shaped by piezoelectric surgery, and transferred to the 

defect. Before transfer, vascularization of these cylinders was confirmed by angio-

computed tomography. Gaps between cylinders were filled with additional iliac crest graft. 

At twelve months of follow-up, the reconstructed mandible was still viable.  

Table 2.2 summarizes the use of autologously-harvested scaffold, bone marrow-

derived seeded cells, and exogenous growth factors in each case. These in vivo 

bioreactors were implanted for a minimum of 7 weeks and maximum of 6 and a half 

months before transfer. All approaches resulted in at least temporarily successful 

reconstruction (although it is possible that additional failed approaches have gone 

unreported). In two out of five of these cases, the reconstructed mandible failed or 
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otherwise required significant revision. It is worth noting that in both of these cases, 

infection was involved with failure.  

 

Table 2.2. Summary of case report strategies and outcomes. 

Prefabrication 
Site (Time) 

Scaffold 
Material 

Growth 
Factors 

Seeded 
Cells 

Outcome Author 
 

 

Scapular fascia 
 (4 months) 

Dacron-
polyurethane 

cage + 
autograft 

BMP 
(Undefined) 

Bone 
marrow 
aspirate 

N/A (Died of 
recurrence after  

~2 years) 

11  

Latissimus 
dorisi 

(7 weeks) 

Titanium cage + 
decellularized 

xenograft 

BMP7 Bone 
Marrow 
aspirate 

Infection and 
revision 

 (13 months) 

12,36  

Iliac crest 
periosteum  
(8 weeks) 

Autograft None None N/A (Died of 
unrelated cancer 

after ~ 16 months) 

26  

Pectoralis major  
(6.5 months) 

Hydroxyapatite BMP7 None Infection 
(5 months) 

13  

Latissimus 
dorisi  

(6 months) 

Beta-tricalcium 
phosphate + 

autograft 

None None N/A (13 months) 29  

 

CLOSING REMARKS AND FUTURE DIRECTIONS 

These initial results demonstrate early promise in the use of an in vivo bioreactor 

strategy for the reconstruction of large mandibular defects, although significant research 

is still required. While mandibular reconstruction is difficult due to complex geometry, in 

vivo bioreactors can produce bone tissue with dimensions of high fidelity and mitigate 

donor site morbidity. Preclinical models, including non-human primates, have 

demonstrated that reconstruction performed with prefabricated tissue compared with 

primary definitive repair resulted in higher quantity and quality. Case reports in the 

literature have demonstrated some short-term efficacy of these therapies in human 

patients. However, as two out of the five reported cases resulted in tissue failure, it is clear 

that more study needs to be done for this approach to be performed in the clinic on a 

regular basis. 

In regards to preclinical data, small animals have limited utility in investigating the 

generation of tissue for reconstruction of large mandibular defects due to the lack of 

diffusional challenge to tissue growth. Out of the large animal models presented, the two 

most established are the minipig latissimus dorsi and sheep periosteal implant models. 
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These two models represent both the intramuscular and periosteal implantation strategies 

that have been used in the clinic to generate tissue for mandibular repair. As these models 

have been used to compare factors such as implantation time, scaffold material, chamber 

material, chamber dimensions, and prefabrication versus primary reconstruction, it would 

be beneficial for future work to continue to make use of these well-established models.  

For future preclinical work, it would advance the field to explore the effects and 

necessity of cell seeding on tissue growth. In addition, synthetic ceramic particles should 

be compared to morcellized autologous graft in order to potentially reduce the need for 

any harvested donor tissue. As some biphasic ceramics have been described as 

osteoconductive and osteoinductive, it may be possible that the use of these scaffolds 

may circumvent the need to use autologous morcellized bone. In addition, more preclinical 

studies need to demonstrate tissue transfer into mandibular defects. As the average time 

to failure in the human reported cases was approximately nine months, the long term 

efficacy of prefabricated tissue needs to be examined in preclinical models as well. 

Despite the available preclinical studies, the ideal implantation site for tissue 

generation remains unclear. Intramuscular sites facilitate relatively easy transplantation 

and allow for constructs of large volume to be implanted. However, intramuscular 

implantation commonly requires the addition of exogenous osteogenic growth factors to 

produce ossified tissue; this may be concerning for use in patients with a history of oral 

cancer and introduces additional regulatory hurdles in clinical translation. While the 

periosteum is a deeper implantation site with less available volume, ossified tissue can 

easily be generated without any additional growth factors. 

Ultimately, one of largest barriers to universal translation of the in vivo bioreactor 

strategy for mandibular repair is the lack of unified approach, as illustrated by the variety 

of factors in Table 2.2. Choice of scaffold, inclusion of growth factors and seeded cells, 

prefabrication site, and prefabrication time are all variables in both preclinical and clinical 

cases. Based on these case reports, a single approach may be developed and applied in 

a clinical study. After this point, individual variables could be examined and tuned to further 

optimize outcomes. Until a single approach is rigorously applied in a clinical study, the 

strategy lacks the evidence needed to impact the field.  

In conclusion, the in vivo bioreactor has seen limited success in a small number of 

case reports. In these select patients, at least temporarily, there was restoration of 

aesthetics and function. With the developments in areas such as growth factor delivery 

and synthetic scaffolds, new technologies may enable greater success in the in vivo 
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bioreactor strategy. The face plays an essential role in the sense of self; we look forward 

to the advancement of therapies to restore the mandible even in the most difficult of cases.  
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Chapter 3 

 

 

Infected Animal Models for 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 

chapter, considerations for selecting an animal model, established models of infection, 

and areas that require further model development are discussed with regard to cutaneous, 

fascial, and orthopaedic infections. 

 

 

 

 

  

                                                           
2This 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).  
*These authors contributed equally to this work.  
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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 phenotype37. Foreign objects, such as 

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

bacteria and can result in pathogenic colonization38,39. In addition, the regenerative effects 

of delivered growth factors, such as BMP2, have been shown to be mitigated in patients 

with infection40. 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 approval for clinical trials41. This chapter will cover 

considerations when choosing an infected animal model as well as discuss established 

models available in several defects (cutaneous, fascial, and orthopaedic) as examples. 
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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 chapter, 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 infection42.  

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 imbalances43,44. 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 real-time45. 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 
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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 prevention46. 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 translation47. 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 

infection48. External drugs may need to be delivered to create metabolic imbalances49 or 

immune suppression50,51. After deciding on the appropriate defect for the animal model, 

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

 

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)52. In addition, the role of anaerobic species in wound infection is becoming 

increasingly recognized53. 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 species54. 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 aureus38. 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 

microbe51,55.  
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 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 production56. Biofilm, the extracellular matrix produced by 

microbes, inhibits the local immune response57 and increases antibiotic resistance58. As 

many foreign body infections are caused by biofilm-producing pathogens59, 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 developed39, animal models of infected tissue defects with emphasis on biofilm 

formation have been established and continue to be improved60-63. 

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 logarithmically64,65. 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 sponge64, infected dextran beads66, or a pre-formed 

biofilm60,67. While hematogenous bacterial seeding of implanted materials has been 

attempted, this approach was unsuccessful in a rat model68. 

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 communities54,69. In addition, multiple species have been 

demonstrated to show synergistic effects and alter bacterial phenotype in animal wound 

models70. Efforts continue to develop animal models of infection with polymicrobial 

populations that remain stable over time67. 
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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 useful. In addition, in infections of deep tissues such as bone, 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 (RT-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 dilution71. 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 variable71,72. 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 RT-qPCR using pathogen-specific primers. The results can be normalized to host 

animal DNA to compare across groups for a quantitative marker of bacterial presence61,73. 

By using primers unique to different pathogenic species, RT-qPCR can quantitate the 

ratios of different bacteria in relation to one another in polymicrobial infections67. 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 
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can then be collected and plated for a bacterial count which can be approximately 

correlated with infection of the wound74. 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-time61. 

However, the most 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 wounds75, 

subcutaneous wounds76, deep soft tissue wounds77, and even orthopaedic defects61,78. 

 

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 3.1. This is 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 chapter will explore infected 

animal models using cutaneous, fascial, and orthopaedic 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 3.1. Summary of several key considerations in choosing or developing infected 

animal models for evaluation of tissue engineering-based strategies. 

Considerations 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 CUTANEOUS DEFECTS 

 The skin is often viewed as the first line of defense against a hostile environment. 

Therefore, it is unsurprising that damage to the skin frequently results in infection. While 

these infections are trivial in a healthy host, local or systemic immune suppression can 

result in significant morbidity and even lead to lethality. Acute infected skin defects 

relevant to tissue engineering include burns, trauma, and infection of surgical sites. 

Chronic infected skin defects include diabetic ulcers- these ulcers occur in up to 25% of 

diabetic patients (22.3 million Americans were estimated to have diabetes as of 2012) and 

become frequently infected, greatly increasing treatment costs and patient morbidity79-81. 

Based on these disease states, there has been great interest within the tissue engineering 

community to create strategies to regenerate cutaneous wounds82. In addition to modeling 

human disease, infected cutaneous wound models are useful due to their ease of surgery 

(compared to internal tissues) and often used to test new antimicrobial biomaterials and 

strategies. In addition, due to their easy access, infected cutaneous wounds are have 



29 
 

been used to visualize response of infection to therapeutics in real-time75 as well as 

evaluate the efficacy of photodynamic treatments that may not otherwise penetrate to 

deep layers76. 

Infected cutaneous defects range in severity from superficial infections of the 

epidermis83 to full thickness wounds that can result in lethality under certain conditions 

(such as high inoculum concentration)65,84. A wide variety of pathogens have been studied 

in cutaneous wounds, including gram positives and negatives, anaerobes and 

polymicrobial infections67,70, and even fungi85. While dozens of papers have been 

published with different models, several variations commonly occurring in the literature will 

be discussed. 

 

Small Animal Models 

 A plethora of small animals have been used to model infected cutaneous defects, 

including mice, rats, guinea pigs, and rabbits. While mice and rats are the most common 

species selected, there is some controversy surrounding the differences in human and 

rodent cutaneous healing. Specifically, wound contracture, rather than re-epithelialization 

or new tissue deposition, dominates the healing process in rodents. Specific models have 

been developed that inhibit wound contracture by splinting in order to more faithfully 

recapitulate human healing86. However, as wound contracture is delayed in rodents during 

infection87, the necessity of splinting in infected models is unclear. One of the earliest 

infected cutaneous defect models was the infected mouse dorsal burn wound, as 

established by Stieritz et al.65. In this model, approximately 30% of the total body surface 

area of a mouse was burned by exposure to a flame for 10 s followed by inoculation with 

Pseudomonas aeruginosa. This procedure was modified by Rumbaugh et al. and others 

to create a burn wound by use of scalding water (90oC) rather than open flame88 and also 

applied to rats89. The dorsal cutaneous burn wound models have been used to explore 

pathogen quorum sensing88, bacterial migration and development of sepsis from infected 

burn wounds65, and different therapies90-92. Infected surgical excision sites have also been 

widely explored in small animal models (infected incisional models are not as relevant to 

tissue engineering due to the small size of the defect). These excisions are typically 

created by a scalpel, surgical scissors, or punch biopsy in the dorsum (and sometimes 

include splinting to prevent healing by contraction86), followed by inoculation. In addition 

to splinting, Lundberg et al. developed an infected rat model93 where a sterile chamber 

with a window was placed over the wound for observation of granulation tissue throughout 
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the course of infection75. In certain cases of localized cutaneous infection, multiple 

excision sites in the dorsum can be created and infected to act as different groups, such 

as different localized therapy arms94. While the majority of infected burn models utilize P. 

aeruginosa as the pathogen of choice, excisional wound models have explored a wider 

variety of pathogens including S. aureus44,45,51,55,67,76, P. aeruginosa51,55,67, Escherichia 

coli75,94, Enterococcus faecalis67, Acinetobacter baumanii55, Proteus mirabilis51, Finegoldia 

magna67, and Clostridium perfringens55.  There have also been efforts to emulate the 

chronic polymicrobial cutaneous wounds observed in diabetic patients with small animal 

models. For example, the infected excisional cutaneous wound model has also been 

studied in diabetic mice44. Due to the polymicrobial nature of infected diabetic ulcers, a 

murine model was established that allows for inoculation with up to four species (gram 

positive, gram negative, and anaerobic) and maintains infection with all species for at least 

12 days67. 

 

Large Animal Models 

 There is a relative dearth of large animal models of infected cutaneous wounds 

currently in the literature. As porcine skin shares many similarities to human skin95,96, pigs 

are the most common large animal model for infected cutaneous wounds. Due to their 

large size, numerous excisions can be made per animal as either full thickness49,97 or 

partial thickness wounds62, limiting the total number of animals needed for study. As in the 

small animal models, pigs can be rendered diabetic and wounds can be fitted with 

chambers for observation of healing (as well as irrigation CFU counts)49. The porcine 

dorsal excisional model has been utilized to study biofilm production in cutaneous 

wounds62, polymicrobial infection97, different wound dressing therapies97, and infection 

progression and healing in diabetic versus metabolically-normal hosts49. 

 

INFECTED FASCIAL DEFECTS 

A hernia develops when a congenital or acquired defect in the internal wall 

surrounding an organ leads to regions of absence or weakness in the fascia. This defect 

allows internal organs to protrude through the fascia, causing swelling and discomfort 

beneath the skin. Though there are many different types of hernias, the most common 

occur through the abdominal wall and include inguinal, femoral, groin, incisional, and hiatal 

hernias98. Due to factors such as infection and foreign body reaction, hernias have a 
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relatively high reoccurrence rate (46%). As such, there is a clinical need for effective and 

reliable biomaterials to improve surgical outcomes99. 

Though there is no single gold standard for hernia repair, most surgical techniques 

today use synthetic mesh held in place by a small number of sutures to repair and reinforce 

the abdominal wall100. Synthetic meshes are effective at reducing infection, pain, and 

hernia reoccurrence after surgery. The first synthetic meshes commonly used for hernia 

repair were composed of non-absorbable polymers, including polyester, polypropylene, 

and polytetrafluoroethylene. In recent years, newer meshes made out of absorbable 

and/or non-synthetic materials, such as poly(glycolic acid), polyglactin, and porcine 

dermis, have been developed101. However, most meshes still result in at least a 5% 

postoperative infection rate, which often requires surgical revision. Therefore, the 

development of infection resistant meshes for hernia repair is becoming increasingly 

important to the field102. Accordingly, animal models have been developed to study hernia 

mesh infection, giving special consideration to the wide variety of biomaterials that are 

currently being used in clinical repair. To date, rodents, rabbits, pigs, and primates have 

all been used as models for investigation of hernia repair103.  

 

Small Animal Models 

Due to their small size, rodents are most often used to test the capabilities of mesh 

to prevent infection through subcutaneous pouches, a defect created immediately 

underneath the skin in which a biomaterial can be incubated. While this model does not 

reflect repair and is not under mechanical duress, as the mesh is not sutured over a fascial 

defect, it can reflect infection in an in vivo environment and compare different antimicrobial 

strategies. For instance, a rat subcutaneous pouch model was utilized to determine the 

efficacy of coating polypropylene mesh grafts with gold and palladium particles for 

clearance of Staphylococcus epidermidis infection over 8 days46. This model has also 

been used to compare infection rates between polypropylene monofilament and 

polypropylene/polyglactin multifilament meshes after inoculating these meshes with S. 

aureus and examining the amount of bacterial adherence to these meshes after 7 days104.  

Though many studies utilize rodents for subcutaneous mesh incubation, some 

studies have also examined the properties of mesh when used for hernia repair. For 

example, a rat ventral hernia repair model compared the infection rates between four 

different biological grafts. These grafts were inoculated with Green Fluorescent Protein 

(GFP)-labeled S. aureus and evaluated 30 days after ventral hernia repair with 
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fluorescence imaging to determine the amount of bacterial clearance from the grafts105. In 

addition to labeling bacteria with GFP, bacteria expressing bioluminescence have also 

been utilized in surgical mesh models to monitor in vivo infection in real-time with non-

invasive imaging in a mouse model106.  

 Though not used as frequently as the rat model, rabbit models have also served 

as viable options to model mesh repair of hernias. While the subcutaneous pouch model 

has also been implemented in rabbits (for example, to examine the infection mitigation of 

gelatin-coated polymer meshes impregnated with antibiotics107), rabbits are large enough 

that more robust models featuring repair of abdominal wall defects have been created. 

Milburn et al. compared the ability of acellular dermal matrix grafts and synthetic grafts to 

resist infection for in vitro hernia repair of the ventral central abdominal wall108. This study 

took place over a period of 1 to 3 weeks and examined meshes that were inoculated with 

S. aureus. Due to the repair method, this study was also able to determine the extent to 

which acellular dermal matrices could vascularize the site of repair, an important factor in 

infection clearance108. Other studies also examined the ability of meshes to integrate the 

mesh into the repair site and to minimize foreign body reactions. For example, Greenawalt 

et al. evaluated adhesion formation, tissue integration, and overall cellular response to an 

implanted mesh in the cecum wall after 28 days of implantation in a rabbit model109.   

 

Large Animal Models 

While small animal models have proven useful for evaluating the antimicrobial 

properties of meshes for use in hernia repair, their ability to model the performance of the 

material in a surgical setting is limited due to the small size of the animals used. Therefore, 

further studies have utilized larger animal models to produce more anatomically-accurate 

platforms for evaluating infection clearance and integration with host tissue.  

Porcine models are advantageous because they allow researchers to more 

accurately measure how various meshes will react in physiologically realistic hernia repair. 

The study of adhesion formation, a frequent sign of infection, is one way to evaluate the 

effectiveness of a biomaterial for hernia repair110. For example, Duffy et al. utilized a 

porcine model to examine differences between adhesion and ingrowth in two types of 

mesh (a collagen-coated polyester mesh and polytetrafluoroethylene-polypropylene 

composite mesh) during sutureless laparoscopic ventral hernia repair111. This 

laparoscopic procedure would be difficult to perform on a smaller animal. In another 

porcine laparoscopic repair model, Borrazzo et al. implanted prosthetic meshes coated 
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with a bioresorbable adhesion barrier versus plain polypropylene meshes and 

polytetrafluoroethylene meshes and compared the meshes after 28 days for evaluation of 

adhesion formation to the periosteum112.  

 While several large animal studies have been done in porcine models, even fewer 

studies have been done in primate models. Though primates physiologically resemble 

humans to a great extent, their large cost and time required for upkeep provide a 

substantial barrier to their use. However, Xu et al. successfully used a primate model 

(Caribbean vervets) of ventral hernia repair to function as a surrogate for a clinical study 

to examine the use of human acellullar dermal matrix as a replacement for common 

synthetic meshes113. In this study, defects in adult male monkeys were repaired with 

acellular dermal matrix and after 10, 20, 35, and 120 days the graft and surrounding tissue 

were excised and evaluated for healing strength, angiogenesis, cell repopulation and the 

presence of T- and B-lymphocytes, and macrophages. Additionally, immunohistochemical 

analysis was performed on the sample to determine cytokine and antibody presence. This 

study showed promising results for the use of the Caribbean vervet in future studies of the 

immunologic response of a host to biologic materials113. 

 

INFECTED ORTHOPAEDIC DEFECTS 

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

orthopaedics and orthopaedic 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 orthopaedic 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 

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 hardware38,114,115. Coagulase-
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negative S. aureus, P. aeruginosa, and methicillin-resistant S. aureus are also implicated 

in osteomyelitis38,114, 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 0.6 mm Kirschner into the femoral intramedullary canal with 1 mm left protruding 

into the joint space and pipetting the inoculum into the joint space116. 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 joints116,117. Pribaz et al. 

found that, of four luminescent bacterial strains tested, Xen36 induced the least amount 

of inflammation117. 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 assessment118. 

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 

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 methods64,119-

121. 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 weeks120. The efficacy of local antibiotic delivery from a 

variety of non-degradable and degradable polymer vehicles including PMMA122 and 

polyurethane123 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 
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rat femoral defect, finding that D-amino acids may potentially aid in the reduction of 

infection by dispersing biofilms on implanted biomaterials121. 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 scaffold124. 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 BMP2 with vancomycin from an injectable 

polyurethane scaffold in a S. aureus infected femoral defect, which resulted in significantly 

greater bone formation than delivery of BMP2 alone125. 

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 wax126,127. 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 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 tibiae128. 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 organism129. 

 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 organisms130-132. Building upon a preliminary report of acute rabbit tibial 

osteomyelitis by Scheman et al. in 1941133, 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 agent134. 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 SMH134. Andriole et al. further 

developed the chronic osteomyelitis model by introducing stain steel pins into the defect, 
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mimicking the presence of fixation hardware135. Since then, tibial models of osteomyelitis 

have been widely used to evaluate treatment with various treatment modalities115. In 

addition to the tibial defect model, radial defect models have also been developed131. 

Ambrose et al. used a S. aureus-infected radial defect model to test tobramycin-releasing 

poly(lactic-co-glycolic acid) microparticles and showed that the infection rate decreased 

from 64% in rabbits with control implants to 0% in rabbits with tobramycin microparticles136.  

 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 treatment130,137. 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 alone130. In a 

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. aeruginosa137. 

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 

gentamicin138. 

 

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 

conclusions139. 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 orthopaedic 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 days140. Another series 

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

aureus141,142. Both Thomas et al. and Beardmore et al. performed infected non-treated 

control groups in order to show that an infection could be established141,142. Lalliss et al. 
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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 compartment143. The defects were inoculated with 

either P. aeuruginosa (lux) or S. aureus (lux)143.   

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

osteotomy144,145 or a medial femoral condyle defect146 inoculated with S. aureus. Control 

groups in these studies also indicate that it is possible to induce a S. aureus infection in 

the tibia of sheep, making them an acceptable large animal for osteomyelitis studies.   

 

CONCLUDING REMARKS 

 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 4 

 

Factors Affecting Patient Outcome in 

Primary Cutaneous Aspergillosis‡ 

 

ABSTRACT 

Primary cutaneous aspergillosis (PCA) is an uncommon infection of the skin. 

There is a paucity of organized literature regarding this entity in regards to patient 

characteristics, associated Aspergillus species, and treatment modalities on outcome 

(disease recurrence, disease dissemination, and mortality). We reviewed all published 

reports of PCA from 1967-2015. Cases were deemed eligible if they included the 

following: patient baseline characteristics (age, gender, underlying condition); evidence 

of proven or probable PCA; primary treatment strategy; and outcome. We identified 130 

eligible cases reported from 1967-2015. The patients were predominantly male (63.8%) 

with a mean age of 30.4 +/- 22.1 years. Rates of PCA recurrence, dissemination, and 

mortality were 10.8%, 18.5%, and 31.5%, respectively. In half of the cases, there was an 

association with a foreign body. Seven different Aspergillus species were reported to 

cause PCA. Systemic antifungal therapy without surgery was the most common form of 

therapy (60% of cases). Disease dissemination was more common in patients with 

underlying systemic conditions and occurred on average 41.4 days after PCA diagnosis 

(range of 3-120 days). In a multivariate linear regression model of mortality including 

only patients with immunosuppressive conditions, dissemination and HIV/AIDS were 

statistically significantly associated with increased mortality. Nearly one third of patients 

with PCA die with the disease. Dissemination and host status are critical in patient 

outcome. 

                                                           
‡This chapter is adapted from work published as A.M. Tatara, A.G. Mikos, and D.P. 
Kontoyiannis, “Factors Affecting Patient Outcome in Primary Cutaneous Aspergillosis,” 
Medicine, 95, e3747 (2016).  
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INTRODUCTION 

Primary cutaneous aspergillosis (PCA) is a rare but life-threatening invasive fungal 

infection of the skin caused by the mold Aspergillus. PCA is defined as aspergillosis in 

which an infected skin lesion is the initial source of disease147. This is in contrast to 

secondary cutaneous aspergillosis, the more common form, which involves the 

hematogenous spread of Aspergillus infection from a distal site (such as the lungs) to the 

skin. Particularly in immunocompromised patients, PCA has the potential to progress to 

systemic infection (disease dissemination) and is frequently lethal147,148. As the population 

of immunocompromised patients is expanding, it is expected that PCA will also rise in 

prevalence148. Due to the challenges associated with diagnosing fungal disease, 

especially in complex patients with multiple co-morbidities, it is likely that PCA is 

underdiagnosed and underreported in the literature149,150.  

Due to the rarity of the disease, the patient characteristics, rates of disease 

recurrence, dissemination, and mortality are understudied. To that end, we undertook a 

systematic review of the epidemiological, clinical, diagnostic, and therapeutic aspects of 

this serious infection with particular emphasis on the underlying condition, associated 

species of Aspergillus, primary treatment strategy, and rates of recurrence, dissemination, 

and mortality. Our underlying hypothesis is that factors such as host condition and disease 

dissemination may significantly affect patient outcome in PCA. 

 

METHODS 

A MEDLINE search using the phrase “primary cutaneous aspergillosis” was 

conducted as recently as 3/12/16. All English-language manuscripts from this search were 

then reviewed for cases of PCA. Only cases which provided the following information were 

included in this analysis: 1) Patient baseline characteristics (age, gender, underlying 

condition); 2) evidence of proven or probable PCA151 with no indications of primary 

infection at another site; 3) primary treatment strategy; and 4) patient outcome (mortality 

with disease). As a systemic review and analysis of the literature, no institutional review 

board approval was required for this study. 

 

Database Development 

JMP® Pro 11.0.0 (SAS Institute Inc., Cary, NC) was utilized to build a database of 

patients eligible as described above. The following information was recorded in the 

database as was available in the literature: Year of publication; patient age at presentation, 
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underlying condition (further divided into local underlying condition, systemic underlying 

condition, and no underlying condition), and patient gender; diagnosis modality; 

associated Aspergillus species; noted association with a foreign body (such as catheter, 

wound dressing, etc.); primary treatment method (none, antifungal, surgical, antifungal, or 

combination); occurrence of disease recurrence, dissemination, and mortality with 

disease; time from appearance of disease until mortality; dissemination diagnosis 

modality, time from PCA diagnosis to dissemination diagnosis, and site of dissemination. 

We excluded cases in which the age, gender, or underlying host condition were unclear; 

in which diagnosis could not be confirmed; case reports with diagnoses but no discussion 

of treatment and outcome; and patients lost to follow-up before outcome was noted.  

 

Statistical Analyses 

JMP® Pro 11.0.0 was utilized for all statistical analyses performed. For univariate 

analysis, categorical data were compared by a two-tailed Fisher’s Exact Test (α=95%). To 

study which factors affect mortality in immunocompromised patients, a multivariate linear 

regression model was built with the inclusion of all variables that had p<0.2 in univariate 

analysis152. Patients with no known immunodeficiencies in the database were excluded 

from this model. 

 

RESULTS 

 Out of 113 manuscripts resulting from the literature search, 78 contained eligible 

patients, resulting in 130 unique eligible PCA cases total153-230. The cases were reported 

from the years 1967-2015 (Table 4.1). Most of the manuscripts consisted of single case 

reports or small case-series. When manuscripts reported multiple patients, most often 

these patients shared the same risk factor (blood malignancy, stem cell transplantation, 

etc.) and occasionally the same species (particularly in cases of outbreak)155.  
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Table 4.1. Characteristics of the examined literature. 
 

Literature Characteristics 

Reported Cases 
 

n  
Total 

Mean Cases Per Manuscript 
Median Cases Per Manuscript  

Standard Deviation 
Range 

130 
1.7 
1 

1.9 
1-11 

Reported Cases Per Decade Decade N  
1960-1969 
1970-1979 
1980-1989 
1990-1999 
2000-2009 
2010-2015 

1 
1 

24 
32 
48 
24 

Reporting Period 
 

Year  
Range 1967-2015 

 

Patient Characteristics 

 The majority of the patient population was male (63.8%) (Table 4.2).  The mean, 

median, and standard deviation was 30.4, 30, and 22.1 years of age, respectively. Ages 

ranged from neonatal to 81 years. The majority (61.5%) of patients were adults (between 

18 and 65 years of age).  

 A variety of underlying conditions were encountered, the most common being 

blood malignancy (28.5%), followed by HIV/AIDS (15.4%), and neonatal status (12.3%). 

11.5% of cases were reported with no diagnosed risk factors (presumably 

immunocompetent). Other risk factors included solid organ transplantation (SOT) (9.2%), 

burns (6.2%), corticosteroid use (4.6%), stem cell transplantation (SCT) (3.8%), and 

diabetes mellitus and trauma (2.3% each). In the three patients with diabetes, poor control 

was suggested190,204. In 64/130 cases (49.2%), the infection was noted to be associated 

with a foreign body (most commonly catheters or wound dressings). In the 10 adults (ages 

18-65) with no diagnosed immunodeficiencies or risk factors, occupational information 

was provided in 5/10 cases. Four of these patients were agricultural workers164,188,219,222 

and one was a researcher in a laboratory studying Aspergillus infection225. Infection was 

noted to be preceded by minor trauma in 3/10 of these cases219,222,225. 
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Table 4.2. Characteristics of patients reported with PCA. 

Characteristic Patients 

Sex  

Male 83/130 (63.9) 

Female 47/130 (36.2) 

Age  
x < 1 y/o 18/130 (13.8) 

1>x>18 y/o 26/130 (20.0) 

18>x>65 y/o 80/130 (61.5) 
> 65 y/o 6/130 (4.6) 

Systemic Underlying 
Condition 

102/124 (78.5) 

BM 37/130 (28.5) 

HIV/AIDS 20/130 (15.4) 

Neonate 16/130 (12.3) 

SOT 12/130 (9.2) 

Corticosteroid 6/130 (4.6) 

SCT 5/130 (3.8) 

DM 3/130 (2.3) 

Othera 3/130 (2.3) 

Local Underlying  
Condition 

13/130 (10.0) 

Burn 8/130 (6.2) 

Trauma 3/130 (2.3) 

Otherb 2/130 (1.5) 

No Diagnosed Risk Factors 15/130 (11.5) 

Outcomes  

Recurrence 14/130 (10.8) 
Dissemination 22/119 (18.5) 

Death 41/130 (31.5) 

BM = blood malignancy; DM = diabetes mellitus; HIV/AIDS = Human Immunodeficiency 
Virus/Autoimmune Disease Syndrome; SCT = stem cell transplantation; SOT = solid 

organ transplantation 
aChronic granulomatous disease, systemic lupus erythematous,  

and TNFα inhibitor use (n=1 each) 
bCutaneous lymphoma and skin graft (n=1 each) 

 

Outcomes appear to be associated with specific patient characteristics (Table 4.3). 

Compared to patients from all other age groups, adults were significantly more likely to 

have disease recurrence (16%, p = 0.0095). Patients with an underlying condition were 

more likely to suffer from disease dissemination (24.7%, p = 0.0035) and death (39.2%, 

p=0.0056). Patients with diabetes mellitus was significantly associated with increased 

disease recurrence (66.7%, p=0.0335), blood malignancy was significantly associated 
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with disease dissemination (34.4%, p=0.0395), and SCT was significantly associated with 

both disease dissemination (80.0%, p=0.0066) and death (80.0%, p=0.0407). In 24/41 

(58.5%) cases of fatal PCA, information pertaining to time from PCA appearance to death 

was included. The median, mean, and standard deviation was 46.4, 79.1, and 99.27 days, 

with a range of 3 to 420 days. 
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Table 4.3. Patient characteristics and relationships with outcomes (univariate analysis)  

Characteristic Recurrence p Dissemination p Death p 

Sex       

Male 8/83 (9.6) 0.5709 16/79 (20.3) 0.6195 24/83 (28.9) 0.4350 
Female 6/47 (12.8) 0.5709 6/40 (15.0) 0.6195 17/47 (36.2) 0.4350 

Age       

x < 1 y/o 2/18 (11.1) >0.99 2/15 (13.3) 0.7328 7/18 (38.9) 0.5854 

1>x>18 y/o 0/26 (0.0) 0.0711 4/25 (16.0) 0.7800 6/26 (23.1) 0.3527 
18>x>65 y/o 13/80 (16.3) 0.0095 17/76 (22.4) 0.4806 25/80 (31.3) >0.99 

> 65 y/o 0/6 (0.0) >0.99 1/5 (20.0) >0.99 3/6 (50.0) 0.3789 

Systemic 
Underlying 
Condition 

 
12/102 (11.8) 
 

 
0.7330 

 
22/94 (23.4) 

 
0.0068 

 
38/102 (37.3) 

 
0.0104 

BM 2/37 (5.4) 0.3475 11/36 (30.6) 0.0384 12/37 (32.4) >0.99 

HIV/AIDS 3/20 (15.0) 0.4517 3/19 (15.8) >0.99 9/20 (45.0) 0.1929 
Neonate 1/16 (6.3) >0.99 2/13 (15.4) >0.99 7/16 (43.8) 0.2654 

SOT 3/12 (25.0) 0.1219 2/11 (18.2) >0.99 4/12 (33.3) >0.99 
Corticosteroid 0/6 (0.0) >0.99 0/5 (0.0) 0.5826 2/6 (33.3) >0.99 

SCT 0/5 (0.0) >0.99 3/4 (75.0) 0.0197 4/5 (80.0) 0.0351 
DM 2/3 (66.7) 0.0305 0/3 (0.0) >0.99 0/3 (0.0) 0.5512 

Othera 1/3 (33.3) 0.2915 1/3 (33.3) 0.4615 0/3 (0.0) 0.5512 
Local 
Underlying 
Condition 
 

 
0/13 (0.0) 

 
 

 
0.3585 

 

 
0/10 (0.0) 

 
0.2048 

 
3/10 (30.0) 

 
0.7539 

Burn 0/8 (0.0) 0.5981 0/5 (0.0) 0.5826 3/8 (37.5) 0.7066 
Trauma 0/3 (0.0) >0.99 0/3 (0.0) >0.99 0/3 (0.0) 0.5512 
Otherb 0/2 (0.0) >0.99 0/2 (0.0) >0.99 0/2 (0.0) >0.99 

       

No Diagnosed 
Risk Factors 

 
2/15 (13.3) 
 

 
0.6648 

 
0/15 (0.0) 

 
0.0702 

 
0/15 (0.0) 

 
0.0028 

       
Outcome       

Recurrence - - 2/20 (9.1) >0.99 4/41 (9.8) >0.99 
Dissemination 2/13 (15.4) >0.99 - - 13/30 (43.3) 0.0002 

Death 4/14 (28.6) >0.99 13/22 (59.1) 0.0002 - - 

       

BM = blood malignancy; DM = diabetes mellitus; HIV/AIDS = Human Immunodeficiency 
Virus/Autoimmune Disease Syndrome; SCT = stem cell transplantation; SOT = solid 

organ transplantation 
aChronic granulomatous disease, systemic lupus erythematous,  

and TNFα inhibitor use (n=1 each) 
bCutaneous lymphoma and skin graft (n=1 each) 
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Aspergillus Species 

  In 111/130 (85.4%) of reported cases, the associated species of Aspergillus was 

identified with a total of seven unique species (Table 4.4). In one case, a co-infection with 

both A. flavus and A. terreus was reported226. Out of the cases in which the species was 

identified, the most commonly reported species were A. fumigatus (42.3%), A. flavus 

(35.1%), and A. niger (10.8%).  In addition to the species reported in Table 4.4, A. glaucus 

was identified in one case but was excluded from this analysis as the patient was lost to 

follow-up231. Compared to other species, A. ustus was significantly associated with greater 

mortality (80%, p = 0.0341). Particularly in immunocompromised patients, it was not 

unusual to have concomitant infections such as concurrent dissemination (Mycobacterium 

tuberculosis154, Escherichia coli and Pneumocystis jirovecii182, cytomegalovirus186, and 

Mycobacterium avium complex202), localized PCA during dissemination of other 

pathogens (Mycobacterium avium complex186, Pseudomonas aeruginosa and 

cytomegalovirus223), and localized co-infection (Staphylococcus capitis158). 

Table 4.4. Associated Aspergillus species and relationships with outcomes (univariate 

analysis). 

Aspergillus 
Species 

 

 
All Patients 

 

 
Recurrence 

 

 
p 

 
Dissemination 

 
p 

 
Death 

 
p 

Fumigatus 47/130 (36.2) 5/47 (10.6) >0.99 9/45 (20.0) >0.99 17/47 (36.2) 0.4350 

Flavus 39/130 (30.0) 4/39 (10.3) >0.99 8/35 (22.9) 0.6200 11/39 (28.2) 0.6826 
Niger 12/130 (9.2) 2/12 (16.7) 0.6181 2/11 (18.2) >0.99 3/12 (25.0) 0.7518 
Ustus 5/130 (3.8) 1/5 (20.0) 0.4397 1/4 (25.0) >0.99 4/5 (80.0) 0.0341 

Terreus 4/130 (3.1) 1/4 (25.0) 0.3696 1/4 (25.0) >0.99 0/4 (0.0) 0.3074 

Nidulans 2/130 (1.5) 0/2 (0.0) >0.99 0/2 (0.0) >0.99 1/2 (50.0) 0.5330 
Tamarii 1/130 (0.8) 0/1 (0.0) >0.99 0/1 (0.0) >0.99 0/1 (0.0) >0.99 

Flavus and 
terreus 

1/130 (0.8) 
 

0/1 (0.0) 
 

>0.99 0/1 (0.0) >0.99 0/1 (0.0) >0.99 

Unspecified 19/130 (14.6) 1/19 (5.3) 0.6915 3/18 (16.7) >0.99 5/19 (26.3) 0.7904 
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Primary Treatment Strategy 

The most common treatment strategy was systemic Aspergillus-active antifungal 

therapy with no surgery (60.5%), followed by antifungals in combination with surgery 

(21.8%), surgery alone (12.9%) and no treatment (4.8%) (Table 4.5). Compared to the 

other treatment modalities, surgery alone was significantly associated with increased 

disease recurrence (37.5%, p = 0.0022) and a combination of surgery and systemic 

Aspergillus-active antifungal therapy was significantly associated with decreased mortality 

(13.8%, p = 0.0230). Patients receiving no treatment had greater mortality (71.4%, p = 

0.0318).  

 

Table 4.5. Primary treatment strategy and relationships with outcomes (univariate 

analysis).  

Treatment 
 

All Patients 
 

Recurrence 
 

p Dissemination p Death p 

Antifungal 
 

78/130 
(60.0) 

 

6/78 (7.7) 
 

0.2474 17/73 (23.3) 0.1444 28/78 
(34.6) 

0.4417 

Combination 
 

29/130 
(22.3) 

 

1/28 (3.5) 
 

0.1908 2/29 (6.9) 0.0968 4/29 
(13.8) 

0.0230 

Surgical 
 

16/130 
(12.3) 

 

6/16 (37.5) 
 

0.0022 1/12 (8.3) 0.4619 5/16 
(31.3) 

>0.99 

None 7/130 (5.4) 1/7 (14.3) 
0.5586 2/5 (40.0) 0.2298 5/7 

(71.4) 
0.0318 

 
Dissemination 

In instances in which dissemination was described, the modality for making a 

diagnosis of PCA dissemination was reported in 20/22 (90.9%) of cases and included 

histological analysis through means such as biopsy or sputum culture (50.0%), chest x-

ray (25.0%), computed tomography (10.0%), and a high index of clinical suspicion 

(10.0%)162,185. The site of dissemination was described in 20/22 cases. Of these, the most 

common site of dissemination was the lungs (70.0%). In the cases of multiple organ 

dissemination, dissemination occurred in the lungs, pericardium, stomach, liver, thyroid 

gland, and brain187, and in the lungs, spleen, and mesentery208. In individual cases, there 

were reports of dissemination to the bone marrow154, and kidney196. The time to 

dissemination (time from initial PCA diagnosis until diagnosis of dissemination) was 

reported in 10/22 cases (45.5%) and varied widely with a range of 3 to 120 days. The 

mean, median, and standard deviation were 41.4, 26.5, and 39.8 days, respectively.  
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Serum galactomannan antigen, a component of the Aspergillus cell wall, can be 

assayed for diagnosis of hematological involvement of disease232. Use of this assay was 

only reported in 8/130 (6.15%) of cases. Of those cases, the assay was positive in 5/8 

(62.5%)160,162,205. In two of those cases, increasing levels of serum galactomannan antigen 

correlated with clinical signs of disease dissemination162,205. No dissemination was 

observed in the other 3 positive cases160. 

 

Multivariate Model of Disease Mortality in Immunocompromised Patients 

Factors which affected occurrence of mortality (in a positive or negative fashion) 

in univariate analysis with p < 0.2 were included in a multivariate linear regression model152 

(Table 4.6). Patients with no diagnosed risk factors (otherwise known to be 

immunocompetent) were excluded from the model, resulting in a total n=115. HIV/AIDS 

and disease dissemination were statistically significantly associated with greater mortality 

in this model of immunocompromised patients with PCA. The odds ratio (and 95% 

confidence interval) was 5.0736 (1.3781-29.4174) for HIV/AIDS and 5.3821 (1.7503-

17.3991) for dissemination. 

Table 4.6. Multivariate model of factors on immunocompromised patient mortality. 

Factor Univariate p Multivariate p Odds Ratio (95% CI) 

SCT 0.0351 0.1667 5.2714 (0.5118-122.8225) 

HIV/AIDS 0.1929 0.0147 5.0736 (1.3781-20.4174) 
Dissemination 0.0002 0.0034 5.3821 (1.7503-17.3991) 

A. ustus 0.0341 0.0544 11.0377 (0.9530-254.4220) 

No Treatment 0.0230 0.1087 7.4319 (0.6409-176.7256) 

Combination Treatment 0.0318 0.1310 0.3531 (0.0729-1.3390) 

 

DISCUSSION 

 This is the largest and most comprehensive analysis of published PCA cases to 

date, comprised of 130 patients. The largest previous database of PCA patients collected 

from the literature consisted of 14 patients and focused on underlying patient diseases, 

associated Aspergillus species, and histological features but not on outcome160. In this 

current study, the age and gender distribution is consistent with other large collections of 

case reports in the literature of aspergillosis in general233,234. However, the proportion of 

PCA patients with no apparent risk factors (15/130, 11.5%) in our study was higher than 

what has been reported in other forms of aspergillosis (such as pulmonary, sinus, cerebral, 

or bone/joint aspergillosis). It is possible that colonization of the skin is more common than 

other organ systems given its high exposure to environmental conidia; this is supported 
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by our finding that cases of PCA in immunocompetent patients were associated with 

occupation (agricultural work) and in some cases, local trauma preceding infection. Prior 

minor injury may have been underreported due to recall biases. 

 Aspergillosis remains a disease with high lethality. In other large collections of 

patient cases from the literature, mortality with disease for cerebral aspergillosis, sinus 

aspergillosis, pulmonary aspergillosis, and bone/joint aspergillosis has been reported as 

88.1%233, 65.6%235, 60.2%233, and 25%234, respectively. In this study, mortality in patients 

with PCA was found to be 31.5% (or 35.7% with the exclusion of immunocompetent 

patients). Of note, none of the 15 cases of patients with presumed immunocompetence 

reported dissemination or death. In univariate analysis, systemic underlying conditions 

(often with accompanying immunodeficiencies) were significantly associated with 

increased likelihood of mortality (p = 0.0104). These findings further support the 

recommendation that reversal of immunosuppression is key to improving outcomes in 

Aspergillus-related disease151.  

 Only 42.3% of identified isolates were due to A. fumigatus in our review of PCA 

(35.1% of identified isolates were A. flavus). This is in contrast to other forms of invasive 

aspergillosis. For example, in one large collection of 261 cases of invasive aspergillosis 

(including pulmonary, skin, sinus, central nervous system, and disseminated cases), 66% 

of those identified were A. fumigatus (14% were A. flavus)236. It has been hypothesized 

that A. fumigatus is the predominant pathogen associated with pulmonary aspergillosis 

(the most common form of aspergillosis233) due to the ability of its relatively smaller conidia 

to evade pulmonary clearance237. As PCA occurs due to direct fungal inoculation after 

disruption of the epithelial barrier148, conidia size differences between species of 

Aspergillus may have less relevance in developing primary skin infection. Understanding 

the increased distribution of species associated with PCA might be important for 

treatment, as resistance patterns differ between species; for example, A. terreus is 

generally considered resistant to amphotericin B and A. ustus has demonstrated 

increased azole resistance151,238. In this study, A. ustus was significantly associated with 

greater mortality in univariate analysis (p = 0.0341). However, as A. ustus was only 

involved in 5/130 cases, further investigation is required. 

 The most current treatment guidelines discuss both surgical intervention as well 

as systemic antifungal therapy for cutaneous aspergillosis151. In this study, univariate 

analysis indicated that a combination of systemic Aspergillus-active antifungal therapy and 

surgery was associated with significantly less mortality (p = 0.0230) and no treatment at 
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all was associated with significantly greater mortality (p = 0.0318). PCA often results in a 

necrotic lesion, and Aspergillus has been demonstrated to both destroy blood vessels as 

well as mitigate host angiogenesis and wound healing239. Combined, these factors may 

inhibit systemic delivery of antifungals to the wound bed. Therefore, reducing as much 

fungal burden as possible by surgical resection and debridement of the cutaneous lesion 

may synergistically improve patient outcome. Surgery alone was associated with 

significantly increased rates of recurrence (p = 0.0022). Others have observed that 

surgical treatment alone in the absence of immunocompetency is often ineffective in the 

treatment of cutaneous aspergillosis240. Analogous to tumor resection, it is possible that 

surgery without systemic antifungal use may allow the survival of trace amounts of 

pathogen located at the wound margins or already spread distal to the wound through the 

vasculature or lymphatics. Surgical resection of large lesions was often associated with 

significant scarring and disfiguration163,167,169,175,184,214,218,221. Ultimately, the optimal timing 

and extent of surgery remains unclear as patient selection is a confounding variable for 

better outcomes with surgery.  

 Angioinvasion and dissemination of Aspergillus to other organ systems is 

predictive of poor response to therapy and is associated with increased mortality233,236. In 

this study, 59.1% of PCA patients with dissemination died and in univariate analysis, 

dissemination was significantly associated with mortality (p = 0.0002). Immune status and 

dissemination are clearly linked; there were cases in which immunocompetent patients in 

resource-poor settings had PCA lesions without treatment for over 10+ years without 

disease dissemination191,199. The most common site of dissemination was the lungs 

(70.0% of cases), but a wide range of organs have been reported. The time to 

dissemination varied greatly, with a median of approximately one month, standard 

deviation of 39.8 days, and range from 3 to 120 days. From a clinical standpoint, these 

data in sum (high lethality associated with dissemination and high variance in the timeline 

of dissemination development) supports aggressive vigilance for dissemination 

throughout the treatment of PCA, especially as it may not be clear when a patient’s primary 

lesion began developing. Serum galactomannan antigen was only assayed in only eight 

patients; in the five patients with a positive assay, only two had signs of disseminated 

disease. Based on these limited data, it is unclear if serum galactomannan antigen is 

useful for monitoring dissemination in PCA.  

 In our multivariate linear regression model of immunocompromised patients, 

HIV/AIDS (p = 0.0147) and disease dissemination (p = 0.0034) were significantly 
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associated with increased mortality. In a previously published multivariate model of factors 

affecting mortality in immunocompromised patients with invasive aspergillosis in general, 

dissemination and underlying host disease were also significantly correlated with mortality 

(in addition to other factors such as creatinine clearance, steroid usage, and monocyte 

count)241. Of note, in multivariate analysis, no therapeutic modality demonstrated 

improved patient outcome compared to the others. Due to the complexity of Aspergillus 

infection pathophysiology (such as the aforementioned host angiogenic suppression239), 

development of novel therapies which improve wound healing and reverse these disease 

phenotypes may be warranted.  

 

Strengths and Limitations 

One of the main strengths of the study is the number of cases included that allowed 

us to develop a robust multivariate model that showed that dissemination of disease and 

underlying host diseases (HIV/AIDS) are significant in contributing to patient mortality. In 

addition, we were able for the first time in PCA to characterize key disease outcomes in 

addition to mortality, such as recurrence and dissemination. However, this study is not 

without limitations, chiefly because of publication, ascertainment, and classification 

biases. Due to the complexity of the patient population that is afflicted by PCA, it was hard 

to dissect PCA attributable mortality. As occurs whenever patient data is collected from 

multiple studies across multiple decades, inconsistencies occur in the literature as 

medicine evolves. New diagnostic technologies (such as computed tomography, 

polymerase chain reaction, and galactomannan assays) as well as therapeutic modalities 

(such as the introduction of potent new triazoles such as voriconazole) were introduced 

between the first and last cases reported (1967-2015). Likewise, resistance patterns in 

Aspergillus species have also evolved over this time period and patient outcome 

associated with resistant species is poor242. In one case series, several patients were 

diagnosed via histopathology but cultures were negative170. This may introduce 

classification bias as other hyalohyphomycetes, such as Fusarium, have been mistaken 

as Aspergillus by histopathology243. Cutaneous mucormycosis, another skin-based fungal 

disease accompanied by local necrosis, shares a similar clinical presentation to PCA but 

can be differentiated via immunohistologic and/or molecular analysis244,245. 

PCA diagnosis was made by evidence of a cutaneous lesion infected with 

Aspergillus in the absence of infection elsewhere. It is possible that some cases of PCA 

were in fact secondary cutaneous aspergillosis that had become disseminated from 
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undetected lesions in the lungs or elsewhere. This possibility was largely excluded by lack 

of radiologic findings; however, it is impossible to definitely rule out spread from a nidus in 

the lungs too small to detect. Likewise, the time between PCA diagnosis and 

dissemination diagnosis may not be a reliable indicator of the timescale of dissemination, 

as it is not always clear when the primary lesion first developed or when dissemination 

actually occurred. Lastly, reporting on patient immune status as reflected by markers such 

as white blood cell count at different stages of disease would have complemented many 

of the findings in this study. However, given the variation of detail surrounding 

immunocompetence presented in the literature, these markers were not included in this 

analysis. 

 

CONCLUSION 

While relatively uncommon, PCA is a condition associated with extensive morbidity 

and mortality and significant rates of disease recurrence and dissemination in a 

heterogeneous group of patients with varying degrees of immune suppression. 

Dissemination and HIV/AIDS status were significantly associated with increased mortality. 

Early diagnosis and prevention of dissemination of PCA is key to improved outcomes. 

While further investigation is required, these findings suggest that aggressive therapy, 

stimulating immunocompetency, holding a high suspicion for dissemination even early in 

the disease process, and the development of new therapeutic modalities are of importance 

in the treatment of primary cutaneous aspergillosis. 
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IN VIVO BIOREACTORS  
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Chapter 5 
 
 

Autologously Generated Tissue-
Engineered Bone Flaps for 

Reconstruction of Large Mandibular 
Defects in an Ovine Model§

 
 

 

ABSTRACT 

 The reconstruction of large craniofacial defects remains a significant clinical 

challenge. The complex geometry of facial bone and the lack of suitable donor tissue often 

hinders successful repair. One strategy to address both of these difficulties is the 

development of an in vivo bioreactor, where a tissue flap of suitable geometry can be 

grown orthotopically within the same patient requiring reconstruction. Our group has 

previously designed such an approach using tissue chambers filled with morcellized bone 

autograft as a scaffold to autologously generate tissue with a pre-defined geometry. 

However, this approach still required donor tissue for filling the tissue chamber. With the 

recent advances in biodegradable synthetic bone graft materials, it may be possible to 

minimize this donor tissue by replacing it with synthetic ceramic particles. In addition, 

these flaps have not previously been transferred to a mandibular defect. In this study, we 

                                                           
§This chapter is adapted from work published as A.M. Tatara, J.D. Kretlow, P.P. Spicer, 
S. Lu, J. Lam, W. Liu, Y. Cao, G. Liu, J.D. Jackson, J.J. Yoo, A. Atala, J.J.J.P. van den 
Beucken, J.A. Jansen, F.K. Kasper, T. Ho, N. Demian, M.J. Miller, M.E. Wong, and A.G. 
Mikos, “Autologously Generated Tissue-Engineered Bone Flaps for Reconstruction of 
Large Mandibular Defects in an Ovine Model,” Tissue Eng. Part A, 21, 1520-1528 
(2015). 
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demonstrate the feasibility of transferring an autologously generated tissue-engineered 

vascularized bone flap to a mandibular defect in an ovine model, using either morcellized 

autograft or synthetic bone graft as scaffold material. 
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INTRODUCTION 

 Large mandibular defects pose substantial challenges to reconstructive surgeons 

due to several factors, including the aesthetic need to preserve the natural contours of the 

face, high infection rates due to proximity to the oral flora, and the significant size of the 

defects246,247. Furthermore, these patients often have additional complicating factors, such 

as irradiation of the site in oncologic patients and massive composite defects of soft tissue, 

nerve, and bone in trauma and military populations246,248,249. Most commonly, these 

defects are reconstructed with autograft bone as either a flap (transferred with native 

vasculature) or as a graft (without vasculature)250. While flaps are preferred, flap harvest 

and transfer is more technically demanding than grafting and there are less available 

donor sites for potential flaps250-252. In either case, the donated tissue often does not 

conform to the geometry of the defect site and the surgeon will attempt to shape it as best 

as possible in order to retain facial aesthetics. 

 Due to the importance of the shape of the donor tissue and the lack of potential 

donor sites, autologously generated flaps from in vivo bioreactors have been explored as 

an alternative tissue source for large craniofacial defects253. In vivo bioreactors are 

chambers and/or scaffolds placed in an orthotopic site in the patient’s body where tissue 

can be grown and harvested for later transfer7. This in vivo bioreactor approach particularly 

lends itself to the two-stage mandibular reconstruction strategy, as new tissue can be 

grown in the bioreactor while a space maintenance device preserves the anatomical 

planes within the mandibular defect254. In combination with growth factors and scaffold 

material, the in vivo bioreactor approach has been utilized in humans to repair large 

mandibular defects in pilot studies11-13. However, the introduction of growth factors to a 

system for use in the craniofacial region carries risks of tissue overgrowth, nerve 

impingement, and additional regulatory challenges255. To that effect, strategies utilizing in 

vivo bioreactors without exogenous growth factors are being explored. Specifically, 

PMMA-based chambers have been filled with different scaffold materials and implanted 

against the periosteum of sheep rib for tissue generation21-25. After tissue ingrowth, the 

chamber can be harvested with the accompanying intercostal artery and vein, resulting in 

a flap that matches the dimension of the implanted tissue chamber21,22. While morcellized 

autologous bone graft, devitalized autograft, and poly(lactic-co-glycolic acid) scaffolds 

have all been explored previously as scaffold material, autograft resulted in the greatest 

amount of generated bone23,25. In addition, these tissue chambers have been harvested 

from the rib at different time points, and nine weeks has been established as an optimal 
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time for ossified tissue growth22,23. This approach has been successful in generating 

vascularized bone flaps in both a sheep model21-25 and in a reported clinical case26. 

Although this system has been shown to be successful in generating ossified tissue with 

specific dimensions, this tissue had not previously been transferred to a defect in the 

sheep model. 

 While morcellized autograft bone may be beneficial due to endogenous growth 

factors within the extracellular matrix, its harvest increases donor site morbidity. It may be 

possible that the combination of synthetic bone graft with autograft can reduce the amount 

of donor tissue needed for the scaffold within the bioreactor. Synthetic ceramic bone grafts 

are currently available to clinicians to aid in the reconstruction of defects as cellular 

scaffold material256,257. For example, biphasic ceramic synthetic graft materials can be 

composed of different ratios of beta-tricalcium phosphate and hydroxyapatite and have 

shown efficacy in the repair of craniofacial bone258,259. Therefore, in this feasibility study, 

tissue chambers were filled with different ratios of synthetic graft particles (85% beta-

tricalcium phosphate/ 15% hydroxyapatite) to morcellized rib autograft and implanted 

against the periosteum of sheep rib. These tissue chambers were harvested after nine 

weeks of growth and evaluated by microcomputed tomography (microCT) and histology 

to determine the effect of initial synthetic graft incorporation on the quantity and quality of 

tissue growth. In three animals, the contents of these in vivo bioreactors were transferred 

as vascularized free flaps to a mandibular angle defect. After twelve additional weeks, 

these mandibles were harvested and histologically evaluated to determine the viability of 

the tissue and integration with the native bone. Overall, the objective of this work was to 

determine the feasibility of transferring tissue generated from an in vivo bioreactor to a 

mandibular defect as a vascularized free flap and to evaluate the effect of synthetic bone 

graft on tissue growth. 

 

MATERIALS AND METHODS 

Sheep and Tissue Chambers  

Four skeletally mature female sheep were used in a protocol approved by the 

Wake Forest University Institutional Animal Care and Use Committee. Tissue chambers 

were prepared as described previously25. Briefly, these chambers were fabricated from 

PMMA in dimensions of 4 cm x 1 cm x 1 cm (length x width x height), with a single open 

face (4 cm x 1 cm). An ethylene-vinyl acetate cuff (1 cm overhang) was heat-molded 
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around a metal bar of the same dimensions (4 cm x 1 cm x 1 cm) so that the PMMA 

chamber fit tightly inside to allow for suturing around the chamber exterior (Fig. 5.1). 

 

 

Figure 5.1. A) PMMA-based tissue chamber. The open face (in the Z direction) is 

implanted against the periosteum. B) A loaded tissue chamber with both synthetic bone 

graft and morcellized autograft. Below is an excised portion of the rib which is removed 

to generate morcellized autograft and to generate space for chamber implantation. 

 

The chambers were sterilized by ethylene oxide. Each sheep was assigned to 

receive four chambers filled with different proportions (V/V) of morcellized autograft (AG) 

or synthetic graft (SG) (MasterGraft Resorbable Ceramic Granule®; Medtronic, 

Minneapolis, MN): 1) 100% AG, 2) 75% AG/25% SG, 3) 50% AG/50% SG, 4) 25% AG/ 

75% SG, or 5) 100% SG. The four sheep were randomly assigned the chambers as 

shown in Table 5.1. 

 

Table 5.1. Tissue chamber initial composition (%AG/%SG V/V).  

Chamber # Sheep 1 Sheep 2 Sheep 3 Sheep 4 
Chamber 1 25/75 25/75 25/75 50/50 
Chamber 2 75/25 100/0 100/0 50/50 
Chamber 3 50/50 0/100 100/0 0/100 
Chamber 4 0/100 75/25 75/25 100/0 

 

Chamber Implantation 

Sheep were anesthesized and intubated. Two incisions (approximately 12 cm) 

were made on the left flank, parallel to rib orientation. Through these incisions, the rib 

periosteum was accessed. On alternating ribs, beginning with either the second or third 

rib, four rib sections (5-6 cm in length) were removed. These sections were placed in a 

bone mill (KLS Martin, Mühlheim, Germany) in order to generate morcellized autograft 
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(Fig. 5.1B). The morcellized autograft was packed at a consistent volume (0.55 g/L) for 

each group.  

These chambers were sewn to the periosteum of the rib with the open face in 

contact with the periosteal cambium. Chambers of 100% SG were wet with saline in order 

to minimize spillage during placement. In the case that the pleura was violated while 

removing a rib segment (occurred in 1 out of 4 animals), the pleura was repaired with a 

figure-of-8 stitch and the next alternating rib was used for the placement of the last 

chamber. After tissue chamber placement, the muscle, fascia, and skin were closed. 

 

Chamber Harvest and Flap Transfer 

Nine weeks after implantation, the chambers were harvested with the animals 

under anesthesia. Briefly, the skin, fascia, and muscle were dissected for access to the 

ribs. Three of the chambers were removed by rongeur without pedicle. In three animals, 

the remaining chamber (100% SG, 100% AG, and 100% AG, respectively) was utilized as 

a flap for a created mandibular defect in the same animal from which the chamber was 

harvested. The intercostal artery and vein were isolated from one side of the flap, and the 

pedicle on the other side remained attached until the mandibular defect was prepared. 

This defect was created in the angle of the right mandible (4 cm in length x 1 cm in height) 

by using a dental bur (Fig. 5.2). An incision in the neck allowed for access to the great 

vessels and the flap was transferred into the defect. Anastomoses were performed under 

surgical microscopy (Leica Microsystems, Wetzlar, Germany) to attach the arterial 

(approximate diameter of 1.5 mm) and venous (approximate diameter of 0.5 mm) pedicles 

to a branch of the external carotid artery (transverse facial artery, internal maxillary artery, 

superficial temporal artery, or lingual artery depending on vessel size and availability) and 

accompanying vein in a side-to-side and end-to-side orientation. After confirming patency 

by observing pulsations, the flap was fixed by a small midface plate (KLS Martin, 

Mühlheim, Germany) with standard bone screws and plating technique. The mandible and 

neck incisions were closed. The fourth sheep was euthanized for chamber harvest with 

no flap transfer. Harvested chamber contents were placed in 10% neutral buffered 

formalin (NBF) for fixation. 
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Figure 5.2. Diagram of a sheep mandible. The red box represents the created angular 

defect. 

 

Mandibular Harvest 

Twelve weeks following the transfer of the flap to the mandibular defect, the 

remaining three animals were euthanized for harvest of the mandibular angles. The 

mandibular angles and contralateral controls were removed by dental bur and fixed in 10% 

NBF for processing and analysis. 

 

Microcomputed Tomography 

In order to perform nondestructive imaging and assessment of bone quality, a 

SkyScan 1172 microCT imaging system (SkyScan, Aartselaar, Belgium) was used to scan 

the tissue chamber specimens. Briefly, wet specimens were wrapped in parafilm and 

imaged with an X-ray tube voltage of 100 kV and current of 100 µA. Volumetric 

reconstruction and analysis was conducted using the software NRecon and CTAn as 

provided by SkyScan with 50% beam-hardening correction and a binary threshold of 40 

to 255 with voxel size of 10 µm. To examine the quality of bone, a region of interest was 

chosen within the specimen containing no overlap with areas outside of the chamber. The 

percentage of bone volume to total volume (BV/TV), trabecular number (Tb.N.), trabecular 

spacing (Tb.Sp.), and trabecular thickness (Tb.Th.) was calculated with CTAn software.  

 

Histology 

 After scans, all samples were dehydrated in 70% ethanol. The tissue chamber 

specimens were embedded in methylmethacrylate, sliced in 10 µm sections along the Y 

axis of the tissue chamber (Fig. 5.1) using a microtome with a diamond blade (Leica 

Microsystems SP 1600, Nussloch, Germany), and subsequently stained with methylene 

blue/basic fuchsin. The mandibular specimens were embedded in methylmethacrylate, 

sliced in the coronal plane in 10 µm thick sections, and also stained with methylene 
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blue/basic fuchsin. The sections were analyzed using light microscopy (Zeiss Axio Imager 

Z1 and AxioCam MRc 5; Carl Zeiss AG, Oberkochen, Germany). Fractional depth 

measurements were computed as described previously21. Briefly, the periosteum (or 

tissue at the open face of the chamber) was oriented as the X-axis. Perpendicular lines at 

1/3, 1/2, and 2/3 the length of this line were drawn and the distance from the X-axis to the 

furthest living bone, as defined by viable osteocytes in lacunae, was measured at each 

point. These values were averaged and taken across three sections of each sample. The 

total average was taken per specimen and normalized by the height of the chamber (1 

cm), resulting in the fractional depth measurement for that specimen. In addition, 

histomorphometry was performed to measure the percent surface area of remaining SG 

and newly-formed bone. Briefly, the surface area of remaining SG and newly-formed bone 

was traced and measured with ImageJ (National Institutes of Health, Washington, DC) 

and divided by the total surface area of the tissue specimen grown within the implanted 

chamber. These measurements were performed on three sections per specimen and 

averaged to calculate the reported values of surface area of remaining SG and surface 

area of newly-formed bone. 

 

RESULTS 

Surgical Recovery 

All sheep recovered from the first surgery without complications. After the second 

surgery, 1 of the 3 sheep (100% AG flap) showed some facial edema, which resolved in 

approximately one week with no further intervention. All animals were able to ambulate 

and consume solid food the day following surgery. 

 

Gross Specimens 

Two of the 16 of the rib chambers (chamber 1 in sheep 2 and chamber 3 in sheep 

4) contained serous fluid upon harvest with no tissue ingrowth. Tissue filled the remaining 

chambers, roughly conforming to the dimensions of the chamber (Fig. 5.3A). Robust tissue 

growth occurred underneath the chambers and followed the contour of the chamber flap 

(Fig. 5.3B). The ossified tissue of chamber 4 in sheep 3 was accidently broken into two 

pieces upon chamber harvest. The larger piece was scanned by microCT, but this 

specimen was not used for fractional depth calculations. The intercostal artery and vein 

were able to be isolated and harvested as the flap pedicle (Fig. 5.3C). In all but one of the 

chambers with tissue, specimens had bone-like quality upon handling and were capable 
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of supporting screws for plating (Fig. 5.3D). The contents of chamber 4 in sheep 4 were 

of fibrous consistency, which was later corroborated by microCT and histologic results 

(data not shown). 

 

Figure 5.3. Representative gross specimens after 9 weeks of implantation. A) Top view 

of a 100% SG specimen B) Bottom view of a 100% SG specimen. Notice the SG particles 

remaining on the underside of the specimen. C) A flap and its subsequent transfer.  F = 

Flap, M = Mandibular bone removed from defect creation, Arrow = vascular pedicle. D: 

Transferred and plated flap. F = Flap, N = Native bone. 

 

Microcomputed Tomography  

Specimens were scanned by microCT (Fig. 5.4) and analyzed to calculate 

%BV/TV, Tb.N., Tb.Sp., and Tb.Th. (Fig. 5.5).  Representative scans of specimens from 

each group of SG/AG ratio are presented in Figure 5.4. Significant differences between 

groups cannot be determined as the sample size of this pilot study is insufficient to perform 

statistical analysis.  

 

Figure 5.4. Representative scans of tissue chamber specimens after nine weeks of 

implantation. Scale bars = 2000 µm. 
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Figure 5.5. MicroCT data as a function of initial SG composition (n = 2, 2, 3, 2, and 1 for 

groups with initial SG composition 0%, 25%, 50%, 75%, and 100%, respectively). A) 

Percent bone volume/total volume (BV/TV). B) Trabecular spacing (Tb.Sp.). C) Trabecular 

thickness (Tb.Th.).  D) Trabecular number (Tb.N.). 

 

Histology 

Histological examination of the specimens from the tissue chambers revealed that 

ossified tissue generation occurred in all groups (Fig. 5.6). In specimens containing 

synthetic graft, there were grey regions within the tissue (Fig. 5.7) that resemble the 

histologic staining of beta-tricalcium phosphate-based materials seen in the literature260. 

These gray particles were absent in 100% AG-containing specimens (Fig. 5.8). In some 

regions, there appeared to be little new bone growth. For example, as seen in Figure 5.8A, 

sections of fragmented bone with no viable osteocytes surrounded by soft tissue could be 

seen in the apical region of the specimen, along with fibrous bands. In the same specimen, 

more robust bone growth can be seen in other regions (Fig. 5.8B). In many of the 

specimens, there was healthy growth of bone throughout the sample (Fig. 5.6). The 

synthetic graft particles appear to have become osteointegrated with the newly formed 

bone (Fig. 5.7). There does not appear to be a large effect of initial SG composition on the 

fractional depth, or height of viable bone grown within the chamber (Fig. 5.9), although 

this cannot be statistically calculated from the pilot study. Likewise, the percent surface 

areas of newly-formed bone and remaining SG are reported in Figure 5.10. 
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Figure 5.6. Representative histologic images. These tissue chamber specimens have 

been implanted against rib periosteum for nine weeks. The sections are oriented so that 

the left hand side of each specimen was the side adjacent to the periosteum and the right 

hand side was the most distal to the periosteum upon implantation. Scale bars = 2000 µm. 

 

Figure 5.7. Tissue chamber specimen with initial SG composition of 100%.  Top:  Low 

magnification view. For orientation, the bottom side was adjacent to the periosteum and 

the top side was most distal to the periosteum upon implantation. Scale bar = 2000 µm. 

Bottom: High magnification section to demonstrate the osteointegration of SG particles 

with newly-formed bone. Scale bar = 500 µm. 
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Figure 5.8. Tissue chamber specimen with initial SG composition of 0%. Top: Low 

magnification view. For orientation, the bottom side was adjacent to the periosteum and 

the top side was most distal to the periosteum upon implantation. Scale bar = 2000 µm. 

A) Example of fragmented area with no live bone. Scale bar = 500 µm. B) Example of area 

with new bone growth as demonstrated by viable osteocytes and osteoblasts. Scale bar 

= 500 µm. 

 

Figure 5.9. Fractional depth as a function of initial synthetic bone graft composition (n = 

1, 2, 3, 2, and 1 for groups with initial SG composition 0%, 25%, 50%, 75%, and 100%, 

respectively). The specimen scoring higher than 1 had such robust growth that new tissue 

displaced the chamber forward. 
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Figure 5.10. Percent surface area of bone within the chambers (white markers) and 

remaining SG (black markers). 

 

Coronal sections of the mandibular flap reveal successful incorporation into the 

native bone (Fig. 5.11). In fact, it is difficult to distinguish native bone from the implanted 

flap at the defect borders. Compared to the contralateral control (left mandibular angle), 

the flap is much wider. This conforms to the initial geometries; the width of the tissue 

chamber is 1 cm, whereas the thickness of the sheep mandibular angle is approximately 

0.5 cm. Grossly, there do not appear to be differences between the two 100% AG flaps 

and the one 100% SG flap in terms of integration. Both types of flaps exhibit small void 

spaces. SG particles can be seen remaining in the 100% SG flap (Fig. 5.11A). The SG 

appears to be osteointegrated with the newly-formed bone, as demonstrated by bone 

growth around SG particles and within SG pores (Fig. 5.12). 
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Figure 5.11. Mandibular angles 12 weeks after free flap transfer. A) 100% SG flap. P = 

Plate, V = Void space. The left mandible is a contralateral control. Scale bar = 2000 µm. 

B) 0% SG flap. P = Plate, V = Void space. The left mandible is a contralateral control. 

Scale bar = 2000 µm. 
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Figure 5.12. Examples of bone growth within SG pores. Scale bars = 500 µm. Arrow = 

Pore.  A) SG within a transferred mandibular flap. B) SG within a tissue chamber 

specimen. 

 

DISCUSSION 

 The ability to autologously generate a tissue-engineered bone flap of customizable 

dimensions for transfer into craniofacial defects, without the aid of exogenous growth 

factors, would represent a major advancement in the field. While the feasibility of 

generating these flaps orthotopically has previously been described and optimized in this 

sheep model21-25, transfer into a mandibular defect had not been demonstrated in the 

literature. In addition, the use of synthetic bone graft as a scaffold in place of autograft 

could result in the mitigation of donor site morbidity for the clinical translation of this 

approach. In this study, tissue chambers with different ratios of autograft and synthetic 

bone graft were prepared and implanted on the periosteum of sheep rib for 9 weeks. While 

this pilot study did not have a sufficiently high sample size to perform statistical 

comparisons, the use of synthetic bone graft did not appear to diminish the quantity or 

quality of bone generated as assessed by microCT parameters and histological 

measurements (Figs. 5.5, 5.9, and 5.10).  

When analyzing the microCT data (Fig. 5.5), it is important to note that the 

trabecular indices (Tb.Sp., Tb.Th., and Tb.N) are intended for trabeculae and not 

necessarily the ossified tissue-engineered construct that is grown within these implanted 

chambers. In another ovine study, trabecular bone samples were obtained from sheep 

femoral condyles and grouped by mechanical strength. It was found greater trabecular 

bone strength is positively correlated with BV/TV, Tb.N., Tb.Th., and negatively correlated 

with Tb.Sp.261. Similar relationships have been reported in human bone studies262. The 
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mean values of the ovine measurements, pooling all groups together (n=45), was reported 

as 28 ± 7%, 1.70 ± 0.13 mm-1, 0.53 ± 0.05 mm, and 0.19 ± 0.05 mm for BV/TV, Tb.N., 

Tb.Sp., and Tb.Th., respectively261. When pooling together specimens from all groups in 

this pilot study (n=10), the mean values were 46 ± 13%, 2.25 ± 0.35 mm-1, 0.27 ± 0.13 

mm, and 0.20 ± 0.04 mm for BV/TV, Tb.N., Tb.Sp., and Tb.Th., respectively. Comparing 

these results, the tissue grown in the chamber had greater BV/TV and Tb.N., similar 

Tb.Th., and smaller Tb.Sp than the average values of tissue from sheep femoral condyles. 

Based on the correlation of bone strength with these microCT parameters, it is possible 

that the tissue generated in the implanted chambers has greater mechanical strength than 

pure trabecular bone and may be more similar to corticocancellous bone. In future studies, 

mechanical testing will be performed on specimens to further explore the nature of the 

generated tissue. 

The fractional depth measurements reported in this study (Fig. 5.9) are within the 

values previously reported for morcellized autologous bone and exceed the values 

reported for empty chambers and devitalized bone23. The SG particles appear to partially 

degrade over time, as illustrated by the minimization of SG and appearance of new bone 

in tissue chambers that were initially filled completely with SG particles (Fig. 5.7). While 

statistics cannot be performed due to the small sample size, the inclusion of SG does not 

appear to diminish the percent surface area of bone formed within the chambers (Fig. 

5.10).   

In our study, regions of SG remain in tissue chambers at 9 weeks and in a flap 

transferred to the mandible after a total of 21 weeks (~5 months) in vivo.  These regions 

demonstrate osteointegration of the SG by newly-grown bone and appear to incorporate 

well into the native bone architecture (Figs. 5.11 and 5.12). This corroborates with other 

in vivo studies which have noted the continued presence of this SG with some degradation 

over a similar time scale258,263. As these particular SG particles composed of 85% beta-

tricalcium phosphate and 15% hydroxyapatite, it is possible there was some early 

resorption as this biphasic material is more readily-degradable than pure hydroxyapatite 

graft256. The release of calcium and phosphates from this degradation may aid 

osteoconduction and osteoinduction259, resulting in the bone formation seen in these 

results. In the two chambers with serous fluid and limited tissue ingrowth, it is possible 

that the fragile cambium layer of the periosteum, where the majority of mesenchymal stem 

cells reside264, was damaged during insertion of the tissue chamber. Experience with this 

procedure may reduce this negative outcome (seen in 2/16 chambers).  
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 In this study, flap transfer from these tissue chambers was successful in all animals 

(3/3), regardless of initial scaffold composition within the chambers. Flap integration with 

native bone after insertion into a mandibular angle defect was observed by histology. 

While central necrosis is often seen in large bone grafts due to lack of nutrient and oxygen 

diffusion, the anastomosis of the flap with local vasculature allowed for viable tissue almost 

completely throughout the region, with only a small void space (Fig. 5.11). In this study, 

all sheep tolerated both stages of the procedure well. The flap transferred with SG showed 

healthy integration, with bone encapsulating particles and growing within particle pores 

(Figs. 5.11 and 5.12). As demonstrated by the width of the right mandible compared with 

the contralateral control side, the transferred tissue retained some of its initial geometry. 

However, when grossly comparing the contents of the tissue chambers at nine weeks to 

the mandibular flaps twelve weeks later, it is clear that significant remodeling had taken 

place within the flap. In order to minimize potential tissue disturbance, the surgical plate 

was kept in place for histology and therefore microCT was not successfully performed due 

to scanning artifacts from the plate. However, in future studies, the plate will be removed 

after harvest and the mandibles will be subjected to microCT, allowing for more 

quantitative data on flap remodeling by measurements such as BV/TV and mandibular 

ridge width compared to the contralateral control. 

 

CONCLUSION 

This study demonstrates the feasibility of transferring a tissue-engineered 

vascularized bone flap grown in an autologous in vivo bioreactor to a defect site. Flap 

generation was possible using either autologous bone, synthetic bone graft, or a 

combination of the two. After transferring flaps that were originally either 100% autologous 

bone or 100% synthetic bone graft into a mandibular angle defect, it was seen that both 

types of flaps remained viable after twelve weeks in 3/3 animals. This growth factor-free 

strategy is an appealing approach to the complex problem of large craniofacial defect 

reconstruction. 
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Chapter 6 

 

Reconstruction of Large Mandibular 
Defects Using Autologous Tissues 

Generated from In Vivo Bioreactors**

 
 

 

ABSTRACT 

Reconstruction of large mandibular defects is clinically challenging due to the need 

for donor tissue of appropriate shape and volume to facilitate high fidelity repair. In order 

to generate large vascularized tissues of custom geometry, bioreactors were implanted 

against the rib periosteum of 3-4 year-old sheep for nine weeks. Bioreactors were filled 

with either morcellized autologous bone, synthetic ceramic particles, or a combination 

thereof. Tissues generated within synthetic graft-filled bioreactors were transferred into a 

large right-sided mandibular angle defect as either avascular grafts (n=3) or vascularized 

free flaps (n=3). After twelve additional weeks, reconstructed mandibular angles were 

harvested and compared to contralateral control angles. Per histologic and radiologic 

evaluation, a greater amount of mineralized tissue was generated in bioreactors filled with 

autologous graft although the quality of viable bone was not significantly different between 

groups. Genetic analyses of soft tissue surrounding bioreactor-generated tissues 

demonstrated similar early and late stage osteogenic biomarker expression (Runx2 and 

Osteocalcin) between the bioreactors and rib periosteum. Although no significant 

differences between the height of reconstructed and control mandibular angles were 

observed, the reconstructed mandibles had decreased bone volume. There were no 

differences between mandibles reconstructed with bioreactor-generated tissues 

                                                           
**This chapter is adapted from work published as A.M. Tatara, S.R. Shah, N. Demian, T. 
Ho, J. Shum, J.J.J.P. van den Beucken, J.A. Jansen, M.E. Wong, and A.G. Mikos, 
“Reconstruction of Large Mandibular Defects Using Autologous Tissues Generated from 
In Vivo Bioreactors,” Acta Biomaterialia, 45, 72-84 (2016).  
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transferred as flaps or grafts. Tissues used for mandibular reconstruction demonstrated 

integration with native bone as well as evidence of remodeling. In this study, we have 

demonstrated that synthetic scaffolds are sufficient to generate large volumes of 

mineralized tissue in an in vivo bioreactor for mandibular reconstruction. 

 

  



 
 

72 
 

INTRODUCTION 

Loss of mandibular bone can occur due to tumor resection, trauma, or congenital 

malformation and presents a clinical challenge to repair. The free fibular flap is the current 

standard-of-care for the reconstruction of large mandibular defects265. In this procedure, a 

piece of fibular bone with accompanying artery and vein is harvested from the patient. The 

harvested tissue is then trimmed and shaped in the operating room such that its 

dimensions roughly approximate that of the mandibular defect. The flap can then be 

inserted into the defect and vascularized by anastomoses to local facial arteries and veins. 

Cases of large defects and/or defects of complex geometry can be difficult to repair with 

the free fibular flap265. In addition, harvest of the fibula can result in donor site morbidity, 

including nerve damage, pain with activity, decreased range of motion, and lower 

extremity ischemia266. 

 To mitigate these complications, in vivo bioreactor approaches are currently being 

explored for repair of large craniofacial defects253. In this strategy, bioreactors of 

customizable size and geometry are implanted at a site distal to the defect with the goal 

of stimulating the growth of mineralized tissues. These tissues can then be harvested and 

transferred to the craniofacial defect as autologous, vascularized free tissue flaps of 

customizable geometry for high fidelity repair. In combination with exogenous growth 

factors, this strategy has been employed in a clinical setting with some limited 

success36,253. However, malignancy is a contraindication for the use of growth factors267, 

and malignant tumor resection is a common cause of large mandibular defects268. 

Therefore, in order to clinically translate this strategy, an in vivo bioreactor approach 

generating mineralized tissues in the absence of exogenous growth factors is desirable. 

Lastly, bioreactors must be filled with appropriate scaffold material in order to support 

viable tissue growth23. Morcellized autologous bone from a donor site, such as the iliac 

crest, is the most common source of scaffold material269. It would be advantageous to 

reduce or eliminate the need for autologous bone to minimize donor site morbidity. 

 Here, we report on the design of a strategy that generates vascularized free tissue 

flaps from bioreactors implanted against the periosteum of the rib using morcellized 

autologous bone, synthetic graft, or a combination thereof as scaffold material. The 

feasibility of this approach for the generation of tissues as well as the use of these tissues 

in reconstruction of a large mandibular defect in an ovine model was demonstrated in a 

study with 4 month-old sheep270. However, the previous study was conducted in young 

sheep and was underpowered for statistical analyses. In the present study, the effect of 
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scaffold material (autologous graft versus synthetic graft) on the quality and quantity of 

hard and soft tissues (as well as the soft tissue envelope surrounding these tissues) grown 

in implanted bioreactors was characterized by radiologic, histologic, and molecular 

methods in 3-4 year-old animals. Although not a direct comparison, the effect of sheep 

age on bioreactor tissue generation was studied given that the same strategy was 

previously applied in 4 month-old sheep270. In addition, tissues grown from bioreactors 

filled with synthetic graft were transferred as either avascular grafts or vascularized free 

tissue flaps to a large defect of the right mandibular angle. The reconstructed mandibular 

angle was compared by radiologic and histologic methods to the undisturbed contralateral 

angle to measure the effect of reconstruction with vascularized tissues versus avascular 

grafts.  

In this study, we hypothesized that 1) both autologous bone (the current graft gold 

standard) and synthetic graft would be capable of supporting formation of viable 

mineralized tissue within in vivo bioreactors and that 2) bioreactor-generated tissues 

transferred as vascularized free flaps would result in repaired mandibles more similar to 

native mandible than avascular grafts. The objectives of the current study were to 1) 

evaluate the capacity of different scaffold materials to form viable mineralized tissue in an 

in vivo bioreactor setting and 2) to determine the efficacy of repairing a large mandibular 

defect with tissues generated in an in vivo bioreactor initially filled with synthetic graft 

scaffold, with tissue transferred as either an avascular graft or vascularized free flap. 

Tissues from bioreactors filled with synthetic graft were chosen for use in reconstruction 

as synthetic scaffold minimizes the need for autologous tissue harvest and potential donor 

site morbidity.  

 

METHODS AND MATERIALS 

Bioreactor Implantation 

Six female sheep (age 3-4 years, ranging from 34.6-55.5 kg in weight) were used 

in a protocol approved by the Animal Welfare Committee of the University of Texas at 

Houston Health Science Center and the Animal Care and Use Review Office of the 

Department of Defense. Bioreactor implantation was performed per established 

methods21,23,270. Briefly, animals were anesthetized and intubated. Under sterile operating 

conditions, two incisions of up to 15 cm in length were made over the rib cage of the right 

flank. After dissecting through abdominal fat, fascia, and muscle, the periosteum of the 

ribs was lifted and 5-6 cm segments of rib were removed with care to minimize disturbance 
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to the cambium. Segments were removed from either the 2nd, 4th, 6th, and 8th rib, or 3rd, 5th, 

7th, and 9th rib. Portions of removed rib were morcellized in a bone mill (R. Quéntin Bone 

Mill, KLS Martin, Mühlheim, Germany). Bioreactors consisted of an open-faced 1 cm x 1 

cm x 4 cm chamber of PMMA with an ethylene-vinyl acetate cuff with ~1 cm overhang on 

each side for suturing (Fig. 6.1). These bioreactors were implanted against the periosteum 

of the removed rib segments with the open face adjacent to the periosteum. Each animal 

received four bioreactors; the scaffold used in these bioreactors was either morcellized 

AG, SG, or a 50/50 v/v mixture of AG and SG (Mix). AG was packed at a consistent volume 

of 0.55 g/L. SG consisted of 85% beta-tricalcium phosphate/15% hydroxyapatite biphasic 

ceramic porous granules with average diameter of 1.6-3.2 mm, porosity of 80%, and 

average pore size of 500 µm, as reported by the manufacturer (MASTERGRAFT® 

Granules, Medtronic, Dublin, Ireland). Each animal received bioreactors filled with AG (1), 

Mix (1), and SG (2), assigned in randomized rib order. Bioreactors were sutured such that 

the open face was against the cambium of the periosteum. The muscle, fascia, and skin 

were closed and animals were monitored post-operatively for signs of discomfort or 

adverse events. 

 

Figure 6.1. Empty bioreactors. A) Top view (implanted orientation). B) Bottom view (open 

face adjacent to periosteum). C) Ethylene-vinyl acetate cuff with bioreactor chamber 

removed (side view). Note the ability of the cuff to hold suture (arrow). D) Bioreactor 

chamber (side view) with removed cuff. Scale bar = 10 mm. 

 

Mandibular Reconstruction 

 Nine weeks following bioreactor implantation, animals were anesthetized and 

intubated for bioreactor tissue harvest and mandibular reconstruction. Two incisions of up 

to 15 cm in length were made over the rib cage of the right flank. A dissection was 

performed to uncover the implanted bioreactors. The AG, Mix, and one of the two SG 

bioreactors were harvested. Sterile disposable 3 mm biopsy punches (Integra 

LifeSciences, Plainsboro, NJ) were used to take a sample of the soft tissue envelope 
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covering the tissues within the bioreactors from the face of the tissue adjacent to the 

periosteum (“bottom”), from the face of the tissue adjacent to the top of the bioreactor 

(“top”), and from a face of the tissue adjacent to the side of the bioreactor (“side”). In some 

instances, tissue was unable to be sampled from a face due to thinness of the envelope 

or tissue (total n per group listed in Table 6.3). These biopsies were placed in RNALater 

Stabilization Solution (Qiagen, Hilden, Germany) and stored per the manufacturer’s 

instructions until further analysis. The remainder of the bioreactor-generated tissues were 

placed in 10% NBF (VWR International, West Chester, PA). The tissue from the remaining 

SG bioreactor was harvested as an avascular graft in the “graft” group (n=3 animals) or 

as a vascularized free tissue flap with accompanying pedicle (internal mammary artery, 

vein, and nerve) in the “flap” group (n=3 animals). 

 In order to resect the right mandibular angle, a 6 cm incision along the right inferior 

border of the mandible was made. After dissection to the bone, a 4 cm in length x 1 cm in 

height section of the angle was removed by dental bur as previously described270. The 

mandible was then reconstructed by plating the harvested flap or graft into the defect with 

a titanium midface plate and self-tapping titanium screws (KLS Martin, Mühlheim, 

Germany). As the angular defect was under minimal biomechanical load and not 

segmental, a single plate was considered sufficient for fixation. The bioreactor-generated 

tissues were fixed into the defect by tightly suturing the tissues to the plate. For animals 

in the flap group, an incision of up to 5 cm was made in the neck for vascular access. In 

side-to-side and end-to-side orientation, surgical anastomoses were performed under 

surgical microscopy (Leica Microsystems, Wetzlar, Germany) to attach the artery (~1.5 

mm in diameter) and vein (~0.5 mm in diameter) of the free tissue flap to a branch of the 

external carotid artery and accompanying vein. Patency was confirmed by observing 

arterial pulsations. No anastomoses nor neck incisions were performed for animals in the 

graft group. The mandible and neck were closed and animals were monitored post-

operatively for signs of discomfort or adverse events. 

 Twelve weeks after reconstruction, animals were euthanized. One animal was 

euthanized several days after twelve weeks in order to euthanize animals such that none 

would be housed alone, a requirement of housing sheep. Mandibles were harvested and 

placed in 10% NBF. All harvested tissues placed in 10% NBF were transferred to 70% 

ethanol (Koptec, King of Prussia, PA) after one week and stored at 4oC until further 

processing. 
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Microcomputed Tomography 

 MicroCT, a non-destructive imaging modality, was performed with a SkyScan 1172 

microCT imaging system (SkyScan, Aartselaar, Belgium). From each hemi-mandible, a 

section of approximately 6 cm in length and 2 cm in height was created by diamond blade 

saw (South Bay Technologies, San Clemente, CA) to recover the reconstructed angle 

(right side) and contralateral control angle (left side). Bioreactor-generated tissue 

specimens and mandibular angles were imaged using an x-ray tube voltage of 59 kV and 

current of 167 µA with a 1 mm aluminum filter at a voxel size of 15.1 µm (bioreactor 

specimens) and 17.1 µm (mandibular specimens). The images were reconstructed for 

analysis using the software NRecon (version 1.6.9.18, SkyScan) and CTAn (version 

1.15.4.0, SkyScan) with a 15% beam-hardening correction and a 65-255 binary threshold. 

 For bioreactor-generated tissue specimens, a rectangular region of interest (ROI) 

was chosen such that the ROI had no overlap with area outside of the generated tissues. 

For mandibular specimens, a rectangular ROI within the cortex of the inferior border of the 

angle was chosen, such that there was no overlap with the trabecular bone outside of the 

cortex, inferior alveolar canal, nor soft tissue/muscle inferior to the inferior cortex (in other 

words, the most inferior mineralized border of the angle). BV/TV, Tb.N., Tb.Sp., and Tb.Th. 

for each ROI were calculated with CTAn software. 

 

Histology 

After non-destructive radiographic analysis, specimens were subjected to 

histology. All tissue specimens were embedded in PMMA. Briefly, non-decalcified 

specimens were serially dehydrated in ethanol solutions of increasing concentration (70-

100%) and then placed in a modified methylmethacrylate solution (300 mL 

methylmethacrylate, 30 mL dibutylphthalate, and 5 g 2,-2’azobisisobutyronitrile) and 

allowed to polymerize over 1-2 weeks. Following polymerization, embedded specimens 

were sliced into 10 μm sections by a microtome with a diamond blade (Leica Microsystems 

SP 1600, Nussloch, Germany), and stained with methylene blue/basic fuchsin. Sections 

were taken from the midpoint of the bioreactor-generated tissue specimens and from the 

midpoint along the length of the harvested mandibular angle such that the alveolar canal 

could be visualized along the superior border of the tissue. Three to four sections were 

made from each specimen. Images of sections were taken with a BX51 Olympus 

Slidescanner (Olympus Corporation, Tokyo, Japan). 
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Quantitative Histological Scoring 

A quantitative histological scoring system was developed to further characterize 

scaffold properties (Table 6.1) as well as tissue properties (Table 6.2). Scoring of a 

randomly selected section from each bioreactor specimen (n=6 per group) was performed 

by three blinded evaluators (SRS, EW, and BTS). 

 

Table 6.1. Scaffold histological scoring guide. 
 

Category Score Description 
SG Intactness   
 0  

1 
 

2 
3 
4 

No SG present 
Synthetic scaffold shows signs of degradation; no viable 
bone tissue 
Synthetic scaffold intact; no viable bone tissue 
Synthetic scaffold intact; viable bone tissue 
Synthetic scaffold shows signs of degradation; viable 
bone tissue 

SG Substrate   
 0 

1 
2 
 

3 
 

4 

No scaffold present 
Scaffold present; no viable bone tissue 
Scaffold present; viable bone tissue on <25% of available 
scaffold surface area 
Scaffold present; viable bone tissue on 25-75% of 
available scaffold surface area 
Scaffold present; viable bone tissue on >75% of available 
scaffold surface area 

AG Substrate   
 0 

1 
2 
 

3 
 

4 

No scaffold present 
Scaffold present; no viable bone tissue 
Scaffold present; viable bone tissue on <25% of available 
scaffold surface area 
Scaffold present; viable bone tissue on 25-75% of 
available scaffold surface area 
Scaffold present; viable bone tissue on >75% of available 
scaffold surface area 
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Table 6.2. Tissue histological scoring guide. 
 

Category Score Description 
Type   
 0  

1 
2 

Significant presence inflammatory 
cells 
Primarily fibrovasculature tissue 
Presence of any amount of viable 
bone tissue 

Maturity   
 0 

1 
2 
3 

No viable bone tissue 
Presence of any viable osteoid 
Presence of any viable woven bone 
Presence of any viable lamellar bone 

Presence of Osteoclast-like Cells 
 0 

1 
No osteoclast-like cells observed 
Osteoclast-like cells observed 

 

Histomorphometry 

A randomly selected section from each bioreactor specimen (n=6 per group) was 

subjected to histomorphometric analysis via ImageJ (National Institutes of Health, 

Bethesda, Maryland). Fractional depth as well as Synthetic Graft Surface Area and Bone 

Surface Area were calculated as described previously270. Fractional depth is a two-

dimensional measurement reflecting the height of bone grown into the bioreactor21,23,270. 

Briefly, the open face of the chamber (adjacent to the periosteum) was defined as the X-

axis. The mean of distances between the furthest viable osteocyte perpendicular to the X-

axis along 1/3, 1/2, and 2/3 the length of the bioreactor, normalized by the height of the 

bioreactor (1 cm), was defined as the fractional depth. Specimens containing no viable 

mineralized tissue (as scored by three independent reviewers) were excluded from 

fractional depth analysis.  

Angle height is a two-dimensional measurement taken from a randomly selected 

mandibular section (n=3 per experimental group, n=6 per contralateral control angle 

group). The inferior edge of the inferior alveolar canal was defined as the X-axis. The 

mean of the distances between the furthest viable osteocyte along an axis parallel to the 

cortical plates and perpendicular to the edge of the inferior alveolar canal was measured 

at 1/3, 1/2, and 2/3 the width of the inferior alveolar canal was defined as the angle height. 

Thresholding was used to select and calculate the surface area of remaining SG 

and mineralized tissue. These surface areas were then normalized by the total surface 

area of the tissue generated in each bioreactor to calculate SG Surface Area and Bone 

Surface Area. 
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Quantitative Reverse Transcriptase Polymerase Chain Reaction 

 To determine osteogenic gene expression levels, mRNA was isolated from 

biopsies of the soft tissue envelope surrounding the generated tissue in the bioreactors. 

RT-qPCR was performed on 3 mm biopsy samples from the top, side, and bottom of 

tissues by standard methodology. Samples of periosteum taken from native rib (three 

samples from two sheep each, n=6) were used as controls. Briefly, to recover and isolate 

mRNA, biopsy specimens were flash frozen in liquid nitrogen, crushed, placed in lysis 

buffer for 5 minutes (Buffer RLT, Qiagen, Hilden, Germany), shredded (QIAshredder, 

Qiagen) and collected (RNeasy Spin Column, Qiagen). Isolated mRNA was washed with 

Buffer RW1 (Qiagen), Buffer RPE (Qiagen), and 70% ethanol, followed by elution in 

RNAse-free water and stored at -80oC until cDNA synthesis. 

 Runx2 and Osteocalcin (OC) were chosen as genes of interest due to expression 

in early and late osteogenesis, respectively271, with GAPDH as a housekeeping gene. The 

forward and reverse primer sequences, validated for sheep in the literature272,273, were as 

follows: Runx2, 5’ TCGCCTCACAAACAACCA 3’, 5’ AGGGACCTGCGGAGATTA 3’; OC, 

5’ AGATGCAAAGCCTGGTGATGC 3’, 5’ CTCCTGGAAGCCGATGTGGT 3’; and 

GAPDH, 5’ GCAAGTTCCACGGCACAG 3’, 5’ GGTTCACGCCCATCACAA 3’. Reverse 

transcription was performed following manufacturer’s instructions using Oligo(dT) 15 

Primer (Promega, Madison, WI) and VeriScript Reverse Transcriptase (Affymetrix, Santa 

Clara, CA). With the subsequently generated cDNA, Quantitative PCR was then 

performed using forward and reverse primers and VeriQuest Fast SYBR Green 

(Affymetrix) with a 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA). 

 

Statistical Analysis 

 All statistics were performed in JMP Pro 11 (SAS Institute, Cary, NC). All tests 

were conducted with a 95% confidence interval (α = 0.05). Differences between groups 

for microCT measurements (n=6 per group for bioreactor specimens; n=3 per 

reconstructed mandibular angle groups and n=6 per control mandibular angle group), 

histomorphometric measurements (n=6 per group for bioreactor specimens; n=3 per 

reconstructed mandibular angle groups and n=6 per control mandibular angle group), and 

RT-qPCR data (n per group reported in Table 6.3) were compared using analysis of 

variance (ANOVA) combined with posthoc analysis via Tukey’s Honestly Significant 
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Difference test. Scores from quantitative histological scoring (n=6 per experimental group) 

were compared by Kruskal-Wallis with posthoc analysis via the Steel-Dwass test. 

RESULTS 

Animal Care and Gross Observation 

Bioreactors were filled with scaffold material and successfully implanted in each 

animal (Figure 6.2). Implantation was well tolerated in all animals with no adverse events. 

After nine weeks of implantation, bioreactors were harvested with accompanying tissue 

and biopsies were taken from the soft tissue envelope (Fig. 6.2B-D). Tissues generated 

from SG-filled bioreactors were transferred into a mandibular angle defect (Fig. 6.2E and 

6.2F). Following bioreactor harvest and mandibular reconstruction, two sheep (one in the 

graft group and one in the flap group) had edema at the site of reconstruction that resolved 

without intervention after several days. Animals and surgical sites were closely monitored 

but exhibited no signs of pain or infection.  

 

Figure 6.2. Gross surgical photographs: f = flap; nb = native bone; and p = pedicle. A) Mix 

bioreactor filled with a 50/50 v/v mixture of AG and SG before implantation against the 

periosteum of the rib. B) After nine weeks, the bioreactors were removed to reveal 

vascularized tissues in the shape of the bioreactor. C) These tissues could be harvested 

as vascularized flaps with pedicles, or as avascular grafts of custom geometry. D) 3 mm 

biopsies of the soft tissue envelope surrounding the tissues were harvested for RT-qPCR 

analysis. E) A large (4 cm in length, 1 cm in height) defect was created in the right 

mandibular angle. F) Using tissue from an SG bioreactor, this defect was reconstructed 



 
 

81 
 

as an avascular graft (n=3) or vascularized free tissue flap (n=3). After an additional twelve 

weeks, animals were euthanized and the mandibles were harvested. 

Upon euthanasia and tissue harvest, one animal presented with dislocation of the 

implanted tissue into the fascia of the neck (flap group, Fig. 6.3). It was unclear at which 

point over the twelve-week period that the tissue became dislocated. All other animals 

showed retention of the implanted tissue at the mandibular defect site. 

 

Figure 6.3. A) During necropsy, a flap (white arrow) was found to have been dislocated 

into the neck of one animal. B) A plain film x-ray was taken of the hemi-mandible to confirm 

radio-opacity of the dislocated tissue (white arrow). C) Histological sections demonstrated 

viable bone within a thick fibrous capsule. Scale bar = 2 mm. 

 

Bioreactor-generated Tissues 

Microcomputed Tomography 

MicroCT was performed on bioreactor specimens (Fig. 6.4A) to calculate BV/TV, 

Tb.N., Tb.Sp., and Tb.Th (Fig. 6.5). In bioreactor specimens, BV/TV was significantly 

greater for AG compared to SG (50.7% versus 37.2%; p = 0.029). Tb.N. was also 

significantly greater for AG compared to both Mix and SG (3.26 mm-1 versus 1.83 and 1.47 

mm-1, respectively; p <0.001 and p <0.001). Tb.Sp. and Tb.Th. were significantly greater 

in Mix and SG groups compared to AG groups (0.37 and 0.39 mm versus 0.16 mm; p = 

0.012 and p = 0.006, and 0.23 and 0.26 mm versus 0.16 mm, respectively; p = 0.012 and 

p = 0.002). 
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Figure 6.4. Representative bioreactor specimen A) microCT reconstructions after 

thresholding and B) histological sections. Scale bar = 2 mm. 

 

 

Figure 6.5. Mean microCT measurements of bioreactor specimens (n=6 per group) for A) 

bone volume/total volume (BV/TV), B) trabecular number (Tb.N.), C) trabecular spacing 

(Tb.Sp.), and D) trabecular thickness (Tb.Th.), where error bars represent standard 

deviation. Those that do not share the same letter are statistically significantly different (p 

< 0.05). 
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Histologic Analyses 

Histologic sections were taken from the center of bioreactor specimens (Fig. 6.4B). 

High magnification images demonstrate new viable bone formation in specimens from the 

AG (Fig. 6.6A), Mix (Fig. 6.6B), and SG (Fig. 6.6C) groups. However, not all specimens 

demonstrated new viable bone. In Figure AB6, high magnification images are shown from 

within the Mix group to compare specimens in which new viable bone formation occurred 

(Fig. 6.7A) to specimens with only fibrovascular infiltration (Fig. 6.7B). Several bioreactor 

specimens presented cartilaginous tissue suggestive of endochondral ossification (Fig. 

6.7C). 

 

Figure 6.6. Representative high magnification histological images of bioreactor 

specimens with viable bone from the A) AG group, B) Mix group, and C) SG group: SG = 

Synthetic Graft; AG = Autograft; * = new viable mineralized tissue. SG group. Scale bar = 

100 µm. 
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Figure 6.7. Representative high magnification histological images from bioreactor 

specimens comparing mineralized tissues to fibrovascular tissues: SG = Synthetic Graft; 

AG = Autograft; * = new viable mineralized tissue; fr = fibrous tissue; and black arrow = 

cartilaginous tissue. A) Both SG and AG were capable of supporting new bone tissue. B) 

No new mineralized tissue was observed in some bioreactors. C) Cartilaginous regions 

(black arrow) were occasionally observed at the border between mineralized tissue and 

fibrous tissue. Scale bar = 100 µm. 
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By quantitative histological scoring, SG and Mix groups showed significantly 

greater SG Intactness and SG Substrate scores compared to AG groups (Fig. 6.8A and 

6.8B). Likewise, Mix and AG groups showed significantly greater AG Substrate scores 

compared to SG groups (Fig. 6.8C). AG, Mix, and SG bioreactors contained new viable 

mineralized tissue in 2/6, 3/6, and 4/6 of specimens, respectively. However, there were no 

statistically significant differences between any scaffold groups for any of the tissue scores 

(Fig. 6.8D-F). 

 

Figure 6.8. Quantitative histological scoring results. The top row contains the scaffold 

scores, including (A) SG Intactness, (B) SG Substrate, and (C) AG Substrate scores. The 

bottom row contains the tissue scores, including (D) Type, (E) Maturity, and (F) Presence 

of Osteoclast-like Cells. * = statistically significant differences (p<0.05). 
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Fractional depth of the bioreactors showed similar results, irrespective of graft 

material (Fig. 6.9A). SG and Mix groups showed significantly greater remaining SG 

Surface Area compared to AG groups (23.4 and 21.6% versus 1.9%; p <0.001 and p = 

0.002) (Fig. 6.9B). The non-zero average in the AG group (1.9% +/- 2.1%) is attributed to 

slight staining/thresholding artifacts and has been previously noted270. AG showed 

significantly greater Bone Surface Area than SG (23.3% versus 8.0%; p = 0.014) (Fig. 

6.9C). 

 

Figure 6.9. Histomorphometric analysis (n beneath each group) reported as mean with 

error bars representing standard deviation, except where n=2, where the error bar 

represents range. (A) Fractional depth of bioreactors determined to contain viable new 

bone. (B) SG Surface Area and (C) Bone Surface Area of bioreactor specimens after 9 

weeks of implantation against the rib periosteum. Those that do not share the same letter 

are statistically significantly different (p < 0.05). 
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RT-qPCR 

In order to better characterize the soft tissue envelope surrounding the tissues 

generated within the in vivo bioreactors, RT-qPCR was performed on two biomarkers 

expressed by early pre-osteoblasts (Runx2) as well as mature functional osteoblasts (OC) 

271. For either gene, there were no statistically significant differences between groups 

based on sampling site (top, bottom, or side) or scaffold type, nor statistically significant 

differences between the soft tissue envelope and the native periosteum (Fig. 6.10 and 

Table 6.3). 

 

Figure 6.10. RT-qPCR analysis (ΔCt) of Runx2 and OC expression in the soft tissue 

envelope generated around tissues within the in vivo bioreactors after 9 weeks of 

implantation (top = white, bottom = gray), as well as periosteum harvested from ribs not 

used for implantation (black). Not pictured: relative expression of biopsies taken from the 

side of bioreactors (Table 6.3). Gene expression has been normalized to GAPDH and is 

shown as mean + standard error. There were no statistically significant differences 

between any groups (p < 0.05). 
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Table 6.3. RT-qPCR analysis (ΔCt) of Runx2 and OC expression in the soft tissue 

envelope generated around tissues within the in vivo bioreactors after 9 weeks of 

implantation, as well as periosteum harvested from ribs not used for implantation (n=6, 3 

samples taken from 2 animals). Data per each scaffold type regardless of geometry were 

averaged together in the “All” category. Gene expression has been normalized to GAPDH 

and is shown as mean +/- standard error. There were no statistically significant differences 

between any groups (p < 0.05). 

Group Geometry n Runx2 Expression OC Expression 
AG Top 5 0.56 ± 0.25 0.24 ± 0.13 
 Side 6 0.21 ± 0.07 0.32 ± 0.17 

 Bottom 5 0.72 ± 0.58 0.31 ± 0.26 

 All 16 0.50 ± 0.20 0.29 ± 0.10 

Mix Top 6 0.73 ± 0.45 0.17 ± 0.12 
 Side 6 2.27 ± 1.37 0.09 ± 0.04 
 Bottom 5 0.37 ± 0.12 0.15 ± 0.06 
 All 17 1.17 ± 0.52 0.14 ± 0.05 
SG Top 6 0.33 ± 0.14 0.86 ± 0.55 
 Side 5 0.20 ± 0.05 0.13 ± 0.07 
 Bottom 5 0.57 ± 0.31 0.50 ± 0.30 
 All 16 0.37 ± 0.11 0.52 ± 0.23 
Periosteum - 6 1.19 ± 0.19 0.29 ± 0.27 

 

Reconstructed Mandibles 

Microcomputed Tomography 

 The inferior cortex of the reconstructed and control mandibular angles was 

analyzed by microCT (Figs. 6.11A and 6.12). Control mandibular angles showed 

significantly greater BV/TV than either reconstructed groups (99.89% versus 82.91 and 

78.73% for grafts and flaps, respectively; p=0.018 and p=0.005). Angles reconstructed by 

flap transfer showed significantly greater Tb.Sp. than control (0.30 mm versus 0.05 mm; 

p = 0.002). Similar Tb.N. and Tb.Th values were observed between reconstructed and 

control angles. 
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Figure 6.11. Representative mandibular angle specimen A) microCT reconstructions after 

thresholding and B) histological sections (coronal plane). All reconstructions (graft and 

flap) were performed with tissues generated in SG-filled bioreactors after nine weeks of 

implantation against the periosteum. Scale bar = 2 mm. 

 

Figure 6.12. Mean microCT measurements of mandibular angle specimens (n=6 for 

control group, n=3 for graft and flap groups) for A) bone volume/total volume (%BV/TV), 

B) trabecular number (Tb.N.), C) trabecular spacing (Tb.Sp.), and D) trabecular thickness 

(Tb.Th.), where error bars represent standard deviation. Those that do not share the same 

letter are statistically significantly different (p <0.05). 
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 As all transferred tissues were generated using SG bioreactors, SG tissues 

(harvested at nine weeks) were compared to the inferior cortex of reconstructed mandibles 

(transferred after nine weeks in bioreactors, followed by twelve weeks in the mandible) 

(Fig. 6.13). Compared to SG, grafts and flaps both showed significantly greater BV/TV 

(82.9 and 78.7% versus 37.2%; p <0.001 and p <0.001) and Tb.Th (0.40 and 0.49 mm 

versus 0.26 mm; p = 0.007 and p <0.001). The graft group showed significantly lower 

Tb.Sp. (0.18 mm versus 0.39 mm; p = 0.024) and significantly greater Tb.N. (2.07 mm-1 

versus 1.47 mm-1; p = 0.012) compared to SG. 

 

Figure 6.13. Comparison of mean microCT measurements of tissues generated from SG 

bioreactors after nine weeks of implantation against the periosteum (SG; n = 6) followed 

by twelve weeks of implantation in a mandibular defect with as avascular grafts (Graft; n 

= 3) or vascularized free tissue flaps (Flap; n = 3). Measurements include A) bone 

volume/total volume (BV/TV), B) trabecular number (Tb.N.), C) trabecular spacing 

(Tb.Sp.), and D) trabecular thickness (Tb.Th.), where error bars represent standard 

deviation. Those that do not share the same letter are statistically significantly different (p 

<0.05). 
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Histologic Analysis 

Coronal sections were taken from the mandibular angle for histologic analysis (Fig. 

6.11B). After a total of twenty-one weeks of implantation, there remained unresorbed SG 

in reconstructed mandibular angles as demonstrated in high magnification images (Fig. 

6.14). The dislocated tissue found in the neck fascia of a single flap animal contained 

viable mineralized tissue as well as unresorbed SG (Fig. 6.3C). The angle height of 

reconstructed mandibular angles and controls (Fig. 6.15) showed similar results, 

irrespective of type of reconstruction technique. 

 

Figure 6.14. Representative high magnification histological image from a reconstructed 

mandible (SG = Synthetic Graft). After twenty-one weeks of total implantation (nine weeks 

against the rib periosteum and twelve weeks in the mandibular angle), SG was still 

present. Scale bar = 100 µm. 

 

Figure 6.15. Histomorphometric analysis (n beneath each group) reported as mean with 

error bars representing standard deviation of angle height of contralateral (left) angle and 

reconstructed (graft or flap) right angle. There were no statistically significant differences 

between any groups (p <0.05). 



 
 

92 
 

 

DISCUSSION 

The ability to consistently generate an autologous free tissue bone flap of custom 

geometry with minimum donor site morbidity would be a major advancement for 

reconstructive surgery. In this study, we evaluated the effects of scaffold (autologous 

versus a synthetic ceramic) on generated tissues, as well as reconstruction of a large 

mandibular defect using tissues generated in bioreactors filled with synthetic graft as either 

avascular grafts or vascularized flaps. Specimens were evaluated radiologically and 

histologically. In addition, the soft tissue envelope surrounding bioreactor-generated 

tissues was molecularly analyzed for expression of early and late osteogenic markers. In 

brief, bioreactors filled with autologous graft generated more mineralized tissue but there 

were no differences by histological scoring of tissue quality between scaffold types. 

Although mandibular angles reconstructed with bioreactor-generated tissues had 

decreased height compared to contralateral native angles, these differences were not 

statistically significant. The cortex of mandibles reconstructed as vascularized flaps was 

less dense than native mandibulocortex.  

 In contrast to other work in the field in which bioreactors are implanted 

intramuscularly253, the rib periosteum was chosen as the site of in vivo bioreactor 

implantation in this study. While the muscle is a highly vascularized tissue, bioreactors 

implanted within the muscle in this model without addition of exogenous growth factors 

resulted in the generation of fibrovascular tissue, rather than mineralized tissue24. In 

addition, by implanting a non-porous, non-permeable bioreactor consisting of five solid 

faces and one face communicating with the periosteum, this experimental design allows 

for infiltration of cell populations from only one direction. It was found that after nine weeks 

of implantation, without the use of any exogenous growth factors, cell populations 

(speculated to originate from the periosteum) were able to migrate through the bioreactors 

and produce new tissues (Figs. 6.6 and 6.7). While this study was not designed to analyze 

the mechanism of bone formation within the bioreactors, cartilaginous tissue suggesting 

endochondral ossification was observed at the border between fibrous tissue and 

mineralized tissue in several specimens (Fig. 6.7C). Although it is known that 

mesenchymal stem cells from rib periosteum undergo endochondral ossification during 

the normal fracture repair process274, additional studies will need to be performed to further 

elucidate the mechanism of bone formation within bioreactors placed against the rib. If 

these tissues demonstrate integration with native bone and remodeling after transfer to a 
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mandibular defect, the mechanism of bone formation during bioreactor implantation may 

be of lesser clinical importance.  

While autologous bone is considered the gold standard for graft material, the 

harvest of autograft requires an additional procedure and is associated with donor site 

morbidity269. Therefore, synthetic grafts have been explored to expand or even entirely 

replace autograft with success in craniofacial surgery275,276. In this study, specimens from 

the SG group showed significantly less BV/TV (Fig. 6.5A) compared to the AG group.  

The AG group also demonstrated significantly greater Tb.N. and significantly less 

Tb.Sp. and Tb.Th. compared to the synthetic-graft containing groups (Fig. 6.5B-D). One 

explanation for these differences is the inherent differences in the scaffold materials used 

in this study. As can be seen histologically in the Mix and SG specimens in Figure 6.6, the 

width of radiopaque synthetic scaffold between pores within the particles can be wide, 

especially compared to the distance between trabeculae or morcellized autograft particles 

(demonstrated in the AG specimen in Figure AB2). Therefore, while there is a greater 

number of trabeculae or particles in AG specimens (Tb.N.), the average thickness of 

radiopaque particles is higher in synthetic-graft containing groups (Tb.Th.) given the wide 

“struts” between pores in the ceramic architecture. Similarly, the thinner and more 

numerous radiopaque objects in AG groups pack more densely than the unresorbed 

synthetic graft, resulting in less space (Tb.Sp.) between individual objects in the AG group 

compared to synthetic graft-containing groups. Compared to previously reported sheep 

trabecular bone values261, the bioreactor groups in the present study generally had greater 

BV/TV, Tb.N., and Tb.Th., and decreased Tb.Sp. In an analysis of the correlation between 

microCT parameters and mechanical strength in ovine bone, BV/TV, Tb.N., and Tb.Th. 

were found to be positively correlated with increasing mechanical properties, and Tb.Sp. 

was negatively correlated with increasing mechanical properties261. This suggests that the 

tissues grown within the bioreactor may behave similarly to corticocancellous bone, but 

mechanical analysis will need to be performed for definitive analysis. 

In addition to decreased BV/TV, the SG group also had significantly less Bone 

Surface Area (Fig. 6.9C) compared to the AG group. However, neither measurement 

distinguishes viable bone tissue from non-viable bone graft. Fractional depth, a 

measurement of the distance between the base of the bioreactor and the furthest viable 

osteocyte normalized by the height of the bioreactor, showed no significant differences 

between groups (Fig. 6.9A). Under a scoring system designed to differentiate between 

viable and non-viable mineralized tissue (Table 6.2), there were no statistically significant 
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differences in tissue scores between scaffolds (Fig. 6.8D-F). In fact, although not a 

statistically significant finding, bioreactors filled with SG more often contained viable 

mineralized tissue than Mix or AG groups (4/6, 3/6, and 2/6, respectively). These data are 

corroborated by a previous study using in vivo bioreactors in an ovine model in which a 

greater ratio of SG:AG was correlated with increasing fractional depth of bone270. A greater 

degree of mineralization may occur in SG-containing bioreactors due to local release of 

calcium and phosphate ions during the degradation of beta-tricalcium phosphate, which 

degrades much more rapidly than morcellized autologous bone. Similar biphasic beta-

tricalcium phosphate/hydroxyapatite particles (40:60) have previously been demonstrated 

to be osteoinductive in ectopic ovine models277. Overall, all three scaffold groups were 

capable of supporting growth of mineralized tissue inside of the bioreactor. 

 In this study, it was noted that a distinct soft tissue envelope developed around the 

inner tissues supported by the scaffold (Fig. 6.2D). Biomaterials can induce a variety of 

different soft tissue responses, ranging from scar-like fibrous capsules to osteogenic 

membranes278. The inner walls of the bioreactors, which have contact with the growing 

tissues, are made of PMMA. As part of a two-stage reconstruction strategy, space 

maintainers made of PMMA have been demonstrated to generate an osteogenic 

membrane when placed in a bony defect278. Therefore, genetic analysis of the soft tissue 

envelope was undertaken to measure osteogenic gene expression. Samples were taken 

from different distances to the periosteum: adjacent to the periosteum (bottom); along the 

side of the bioreactor (side); or at the face most distal from the periosteum (top). There 

were no statistically significant differences in Runx2 or OC expression between scaffold 

types nor between spatial geometries (Table 3). In addition, there were no significant 

differences between expression in soft tissue envelopes and periosteal tissue. This may 

indicate that the soft tissue envelope surrounding the tissues grown in the bioreactor has 

osteogenic potential similar to the periosteum; however, only two biomarkers were 

analyzed. Further molecular analysis for additional genes, surface markers, and isolating 

these cell populations for in vitro culture and expansion would further characterize the 

nature of this soft tissue envelope. 

With the goal of minimizing the need for autologous donor tissue, only tissues 

grown in SG-filled bioreactors were used for mandibular reconstruction. These tissues 

were transferred as vascularized flaps or avascular grafts after nine weeks of bioreactor 

implantation, which has been shown to be the optimal time period for the generation of 

mineralized tissue in this model23. After twelve weeks, a time previously established to be 
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appropriate for evaluating tissue engineering strategies in the ovine mandibular angle 

model270,279, animals were euthanized and the angles were harvested. During defect 

creation, the inferior cortex of the angle was removed in the 4 x 1 cm resection. Per angle 

height, a measurement of the length from the inferior alveolar canal to the farthest viable 

osteocyte along the inferior cortex, there were no significant differences between 

mandibles. However, microCT analysis of the inferior cortex demonstrated significantly 

lower BV/TV of reconstructed mandibles and flap specimens had significantly greater 

Tb.Sp. than the contralateral control specimens. The increased spacing and decreased 

bone volume suggest that the reconstructed mandibles are less dense in structure than 

native mandibulocortical bone. However, it is possible that the integrated tissues can 

continue remodeling after implantation. In fact, the radiologic changes the tissues undergo 

from when they are harvested from bioreactors (SG) to twelve weeks later when harvested 

from reconstructed mandibles (grafts and flaps) are significant and suggest active tissue 

remodeling (Fig. 6.13). It is also of note that the flaps and grafts were transferred as 

rectangular blocks (the given shape of the bioreactors, as seen in Figures 6.1 and 6.2) 

without additional trimming. Nevertheless, after twelve weeks of implantation, the 

transferred bone had contours more similar to the native angle (Fig. 6.11B) than the initial 

rectangular specimens (Fig. 6.4B) which further suggests tissue remodeling. The SG 

found within the reconstructed mandibular angles serves as evidence of tissue integration 

between the native bone and the engineered tissues; the individual SG pieces appeared 

smaller in size with roughened edges after twelve further weeks of implantation (Fig. 6.14). 

By the measurements used in this study, there were no statistically significant 

differences between angles reconstructed as avascular grafts or free flaps. Avascular graft 

techniques have resulted in success in critical-sized mandibular angle defects in sheep279 

and recruitment of local vessels to avascular grafts via growth factors significantly 

increased healing in large mandibular angles in goats280. While a defect of large volume, 

the mandibular angle is a relatively well-perfused area and these sheep had no other risk 

factors. A more stringent model, such as an irradiated defect or animal with 

vasculopathies, may better clarify the impact of transferring bioreactor-generated tissues 

as avascular grafts or vascularized flaps. 

 In one animal in the flap group, the transferred tissue became dislocated from the 

defect (Fig. 6.3) into the fascia of the neck at some point within the twelve weeks between 

reconstruction and tissue harvest. As histological analysis of the reconstructed mandibular 

angle demonstrated new bone formation, it was unclear if a section or the entire flap 
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dislocated; therefore, the mandible was still included in the histologic and radiologic 

analyses. The thickness and maturity of the fibrous capsule surrounding the ectopic tissue 

suggests earlier rather than later dislocation (Fig. 6.3C). After nine weeks of growth within 

a bioreactor, and twelve weeks after anastomoses, the specimen continued to contain 

viable bone tissue despite its ectopic position in the neck fascia. While a non-optimal 

surgical outcome, this finding demonstrates the ability of bioreactor-generated free flaps 

to retain mineralization despite an unfavorable and mechanically unloaded environment. 

 A previous study using the same scaffold materials, bioreactors, and lead 

personnel resulted in a higher percentage of bioreactors containing viable mineralized 

(76.9% versus 50.0%) and greater height of produced bone (fractional depth of ranging 

from 0.68-1.13 versus 0.34-0.54) compared to the current study270. However, the current 

study was performed in older sheep (3-4 years) versus adolescent animals (4 months) in 

the previous study. The osteogenic potential of periosteum, i.e. the source of stem cells 

for this bioreactor system, has been shown to diminish with host age in murine and human 

studies281,282 and may be a cause for the discrepancy between studies. Large mandibular 

defects are also encountered in the pediatric population and the challenges in 

reconstruction are similar to those seen in adults283. Pediatric patients are significantly 

more likely to suffer from ankle deformity compared to adults after fibular harvest for flap 

transfer 284. Given the increased periosteal osteogenic potential, as well as need for 

alternatives to fibular harvest, the in vivo bioreactor strategy may have even more benefits 

in the pediatric population. 

This study had several limitations. To minimize the loss of animal life, a non-treated 

control group was not used. This decision was supported by the literature; ovine 

mandibular segmental defects smaller in length (3.5 cm) and a similar mandibular angle 

(3 cm in length and 3 cm in height) were demonstrated to be critical-size (non-

healing)279,285. There was also no sham vascular surgery performed in graft groups; it is 

possible that incision into the neck, handling of vessels, and prolonged surgical time may 

have resulted in unintended differences between outcomes in graft and flap groups. While 

there have not been previous studies in which graft versus flap reconstruction have been 

directly studied in an ovine mandibular angle model to make comparisons to this study, it 

is possible that more differences may have been seen between groups with increasing 

number of animals. As one of the objectives of the study was to produce solid tissues of 

customizable geometry for implantation, there was no control group in which mandibular 

defects were treated using graft without prior bioreactor implantation. In addition, the 
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defect chosen is under relatively little mechanical load. It was chosen given its large 

volume, proximity to the vessels of the neck for ease of anastomoses, and prior 

establishment in the literature270,279. Given its high clinical relevance, increased 

biomechanical load, and proximity to other important craniofacial structures such as the 

oral mucosa, it will be critical to evaluate the success of this strategy in a mandibular 

segmental defect; however, an unloaded defect is still of value to evaluate osteointegration 

with native tissues. As this defect was biomechanically unloaded and mechanical testing 

of mineralized tissue is generally a destructive assay, priority was given to histologic 

analysis. However, as tissue mechanical properties are functional measurements with 

clinical significance in mandibular reconstruction, future studies should incorporate 

mechanical analysis of tissues generated from in vivo bioreactors. Finally, only two 

markers of osteogenesis were studied in the soft tissue envelope. Other genes of interest, 

such as angiogenic growth factors, inflammatory cytokines, and other osteogenic markers, 

may be of future interest to further characterize the soft tissue envelope produced within 

in vivo bioreactors.  

This study also possessed a number of strengths. This approach was able to 

generate autologous mineralized tissue of custom geometry without any exogenous 

growth factors. With the ability to implant multiple bioreactors per animal, different 

biomaterials were able to be evaluated in a head-to-head fashion. In addition, tissues were 

functionally evaluated by transfer to a large bony defect. One of the major challenges 

facing tissue engineering is overcoming oxygen diffusion limitations when generating large 

volumes of tissue286. In this study, tissue constructs of up to 4 cm3 in volume were 

generated and could maintain viability via an arterial and venous connection to the 

systemic circulatory system. Furthermore, by using a large animal model, treatment of a 

mandibular defect of clinically-relevant size was performed. Twelve weeks following 

reconstruction, there was integration between the transferred tissues and the native 

mandible and evidence of tissue remodeling. 

  

CONCLUSION 

To optimize high fidelity mandibular reconstruction with minimal donor site 

morbidity, we have investigated use of different scaffold materials to produce mineralized 

tissues of large volumes and customizable geometries in an in vivo bioreactor strategy. In 

this study, it was demonstrated in an ovine model that in vivo bioreactors filled with scaffold 

material and implanted against periosteum can generate large vascularized tissues 
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without exogenous growth factors, using scaffold material of either autologous bone, 

synthetic graft, or a combination. Synthetic graft allowed for formation of mineralized tissue 

of similar quality to autologous graft, although less quantity by radiographic and histologic 

metrics.  In this study, tissues generated within in vivo bioreactors filled with synthetic graft 

were successfully used to reconstruct large mandibular angle defects in an ovine model 

with no significant differences between transfer as avascular grafts or vascularized free 

flaps. 
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Chapter 7 
 

 

Effects of Electron Beam Sterilization  

on Mechanical Properties of a Porous 

Polymethylmethacrylate Space  

Maintenance Device††

 
 

 

ABSTRACT 

Sterilization is a vital component of the manufacturing process for any medical 

device. However, some sterilization techniques may alter device properties. While it is 

known that electron beam sterilization can change the mechanical properties of solid 

PMMA constructs, its effect on porous PMMA has not been explored. Therefore, porous 

PMMA space maintainer constructs designed for the treatment of craniofacial bone 

defects were sterilized at dosages of 30 kGy and 40 kGy. Electron beam sterilization was 

shown to increase the compressive properties of porous PMMA space maintainer devices.

  

                                                           
††This chapter is adapted from work published as A.M. Tatara, S.R. Shah, M. Sotoudeh, 
A.M. Henslee, M.E. Wong, A. Ratcliffe, F.K. Kasper, and A.G. Mikos, “Effects of Electron 
Beam Sterilization on Mechanical Properties of a Porous Polymethylmethacrylate Space 
Maintenance Device,” J. Med. Dev., 9, 024501 (2015).  
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INTRODUCTION 

Sterilization is a key component to translating a medical device from the benchtop 

to the bedside. In addition to eliminating potential pathogens and other hazards, 

sterilization can have secondary effects on materials, such as altering mechanical 

properties. In implantable devices intended for craniofacial or orthopaedic applications, a 

decrease in mechanical properties can increase the risk of device failure. In recent years, 

oral surgeons have utilized PMMA-based bone cements in order to temporarily hold open 

large cranial defects for several weeks to months, until the site is capable of supporting a 

bone graft287. These PMMA space maintainers have clinically improved functional and 

esthetic outcomes in otherwise difficult procedures. However, devices implanted in 

craniofacial bone are at particular risk for dehiscence or breakdown of the overlying soft 

tissue in the oral cavity. Introducing porosity to PMMA space maintenance devices results 

in less soft tissue breakdown than solid devices in animal models288. Because overlying 

soft tissue is crucial as both a vascular supply and barrier to infection for the subsequently 

implanted flap or graft, it is important to promote robust soft tissue growth over the space 

maintainer. Porous PMMA space maintenance devices can be fabricated by incorporating 

non-toxic leachable porogens288-292. Previously, the physicochemical properties of porous 

PMMA as a function of concentration of porogen were characterized in accordance to 

International Organization for Standardization (ISO) and ASTM protocols293. However, in 

order to successfully translate this device into a commercial product, it must be properly 

sterilized. It has been previously demonstrated that after low levels of electron beam 

radiation exposure, solid PMMA constructs have reduced mechanical properties due to 

scission of carbon chains294-296. However, at higher dosages of radiation, the mechanical 

properties of solid PMMA constructs increase due to additional crosslinking295,296. The 

effects of electron beam radiation on the mechanical properties of porous PMMA at 

dosage levels typical for medical device sterilization are unknown and will need to be 

explored in order to bring this medical device to market. While 15 kGy and 25 kGy are 

dose levels commonly applied to ensure medical device sterilization per ISO 11137, 30 

kGy and 40 kGy were the levels chosen for this study to robustly challenge the device. 

 

  



 
 

102 
 

MATERIALS AND METHODS 

Electron Beam Sterilization 

Porous PMMA constructs (Synthasome, Inc., San Diego, CA) were prepared and 

synthesized by the porogen leaching method as described previously288,293. Briefly, a 

leachable gel (carboxymethylcellulose (CMC) in 9% (w/v) distilled water) was mixed into 

bone cement powder (polymerized methylmethacrylate/methylacrylate copolymer, benzyl 

peroxide, and zirconium dioxide) at 30% (w/w) leachable gel and for approximately 1 

minute. The bone cement liquid phase (methyl methacrylate monomer, N,N-dimethyl-4-

toluidine, and hydroquinone) was then added at a mass ratio of 2.12:1 powder phase: 

liquid phase. This mixture was stirred until doughing time was reached. At that point, the 

mixture was placed into polytetrafluoroethylene molds and allowed to cure for at least 24 

hours. For compressive testing, cylindrical specimens were fabricated of 6 mm in diameter 

and 12 mm in height (Figure 7.1A). For 4 point bending, rectangular specimens were 

fabricated of 75 mm in length, 10 mm in width, and 3.3 mm in thickness (Figure 7.1B). The 

specimens were then washed for 2 days in 3.5 L of distilled water and dried to remove the 

leachable gel. 

 

Figure 7.1. Specimens utilized for mechanical analysis. The electron beam sterilized 

groups changed from white to yellow in color after sterilization. No gross visual differences 

were detectable between the 30 and 40 kGy groups. A) Cylindrical specimens before (a) 

and after (b) compressive testing. B) Rectangular specimens for 4 point bending after 

failure.  
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These devices were sent to Sterigenics International LLC (San Diego, CA), a 

commercial firm specializing in contract sterilization. Groups placed in packaging were 

exposed to a two-sided dose of electron beam radiation at a minimum nominal dose of 15 

kGy or 20 kGy per pass, resulting in 30 kGy and 40 kGy of total dosage, respectively. The 

actual dose per pass varied; in a typical experiment with the 30 kGy nominal dose, 

dosimeters placed on the front of the packages recorded 15.5 kGy (first pass) and 15.7 

kGy (second pass) and dosimeters placed on the bottom of the packages recorded 18.6 

kGy (first pass) and 17.4 kGy (second pass). These groups will be referred to as the 30 

kGy and 40 kGy groups. Another set of samples that was not exposed to electron beam 

radiation will be referred to as the 0 kGy (or non-sterile) group.  

 

Compressive Strength and Modulus 

Compressive testing was completed in accordance with ISO 5833. Briefly, 

cylindrical specimens of diameter of 6 mm and height of 12 mm (Figure 7.1A) were 

fabricated and conditioned at 23 ± 1 oC for at least 24 hours. Each group had n = 6. Using 

a Mini Bionix 858 (MTS Systems Corporation, Eden Prairie, Minnesota) with a 10 kN load 

cell, compressive force was applied at a cross-head speed of 20 mm/min until either 

fracture or passing of the upper yield point. Data were analyzed using the software 

TestWorks 4 as provided by MTS Systems Corporation. Compressive strength was 

determined from the 2% offset load. 

 

Bending Modulus and Strength 

Bending modulus and strength was measured in accordance to ISO 5833 with a 

modification in the calculation of modulus as explained below. Briefly, rectangular 

specimens of length of 75 mm, width of 10 mm, and thickness of 3.3 mm (Fig. 7.1B) were 

fabricated and conditioned at 23 ± 1 oC for at least 24 hours. Each group had n = 4. The 

distance between the inner and outer loading points was 20 mm and the distance between 

the two outer loading points was 60 mm. Using a MTS Systems Corporation Mini Bionix 

858 with a 10 kN load cell, compressive force was applied at a cross-head speed of 5 

mm/min until specimens failed. Data were collected using the software TestWare-SX as 

provided by MTS Systems Corporation. Bending modulus, as calculated from ISO 5833, 

requires the slope of force/displacement data between a force of 15 and 50 N. However, 

as porous PMMA had an ultimate compressive force of less than 50 N (approximately 30 

N), the slope of force/displacement from tare force to yield force was used to calculate 
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modulus. Otherwise, bending strength and modulus were calculated from the equations 

described in ISO 5833. 

 

Microcomputed Tomography 

In order to perform nondestructive imaging and assessment of construct porosity, 

a SkyScan 1172 microCT imaging system (Aartselaar, Belgium) was used as reported 

previously289. Cylindrical specimens (diameter of 10 mm and height of 6 mm) were imaged 

with an X-ray tube voltage of 100 kV and current of 100 µA. Each group had n = 4. 

Volumetric reconstruction and analysis were conducted using software NRecon and CTAn 

as provided by SkyScan with 50% beam-hardening correction and a binary threshold of 

40 to 255 for porosity calculations. 

 

Molecular Weight 

Specimens were dissolved in chloroform (Sigma-Aldrich, St. Louis, MO) at a 

concentration of 20 mg/mL under mild agitation at room temperature for 24 hours. This 

solution was filtered by injection through a 0.45 µm filter (Whatman, Kent, UK) and 

measured for molecular weight by Gel Permeation Chromatography (GPC) based on 

previously reported methods293. The GPC system (Waters, Milford, MA) consisted of a 

pump (Waters Model # 155), injection module (Waters # 717), and refractive index 

detector (Waters Model # 410). GPC was performed (n = 3) at a flow rate of 1 mL/min and 

temperature of 30oC using a Phenogel column (300 x 7.80 mm, 5 µm particle size, Waters) 

and calibrated using linear PMMA standards with molecular weights ranging from 2.58 to 

981 kDA (Waters, Milford, MA). Number average molecular weight (Mn), weight average 

molecular weight (Mw), and polydispersity index (PI) were measured and reported. 

 

Statistical Analysis 

Differences across groups in mechanical properties, porosity, and GPC results 

were compared using one-way ANOVA with posthoc analysis via Tukey’s Honestly 

Significant Difference test (α = 0.05%).  

 

  



 
 

105 
 

RESULTS 

Gross Appearance 

After electron beam sterilization, all constructs had noticeably undergone a color 

change from white to yellow (Fig. 8.1). There were no noticeable differences in color 

between 30 kGy and 40 kGy groups.  

Mechanical Properties 

Electron beam sterilization of porous PMMA resulted in a statistically significant 

40% increase in compressive strength and 64% increase in compressive modulus 

(Table 7.1). Representative stress-strain curves at each level of sterilization (Fig. 7.2) 

demonstrated plastic deformation after yielding. There was no statistical difference in 

either compressive property between the 30 kGy and 40 kGy samples. While there was 

a trend of increasing bending strength and modulus from 0 to 40 kGy, there were no 

statistically significant differences between any of the groups (Table 8.1). 

Table 7.1. Mechanical testing and microcomputed tomography data from analysis of 0 

kGy, 30 kGy, and 40 kGy porous PMMA groups, reported as average ± standard 

deviation. 

Group Compressive 
Strength (MPa) 

Compressive 
Modulus (MPa) 

Bending Strength 
(MPa) 

Bending Modulus 
(MPa) 

Porosity (%) 

0 kGy 31 ± 2 597 ± 75 20 ± 7 1131 ± 544 25.2 ± 1.9 
30 kGy 43 ± 3* 978 ± 156* 22 ± 5 1497 ± 584 30.7 ± 6.9 
40 kGy 43 ± 3* 964 ± 181* 24 ± 3 1551 ± 293 30.3 ± 1.8 

* Significantly different than 0 kGy group (p <0.05)  

 

Figure 7.2. Representative stress-strain curves (0 kGy- short dash, 30 kGy- long dash, 

and 40 kGy- solid line) from compressive testing.  
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Microcomputed Tomography 

Construct porosity ranged from 22.4-32.9% (Table 7.1). There were no statistically 

significant differences in porosity between groups. Representative cross-sectional binary 

images from each group are shown in Figure 7.3 and demonstrate no qualitative visual 

differences. 

 

Figure 7.3. Representative microcomputed tomography binary images of porous PMMA 

constructs (cross-section). Specimens had a cross-sectional diameter of 10 mm. Black 

color represents void space. 

 

Molecular Weight 

Sterilization produced no significant differences in Mw (Table 8.2). Mn increased in 

both sterilized group but did not show statistical significance. PI decreased significantly in 

both sterilized groups.  

 

Table 7.2. Molecular weight values (number average molecular weight (Mn), weight 

average molecular weight (Mw), and polydispersity index (PI)) as determined by GPC and 

reported as average ± standard deviation. * = significantly different than the 0 kGy group 

(p <0.05).  

Group Mn (kDa) Mw (kDa) PI 
0 kGy 64 ± 2  119 ± 8  1.8 ± 0.1  
30 kGy 78 ± 5  119 ± 8  1.5 ± 0.1* 
40 kGy 75 ± 10  114 ± 12 1.5 ± 0.0* 
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DISCUSSION 

Previously, we had demonstrated that a porogen could be incorporated into PMMA 

in order to create a porous space maintainer device appropriate for craniofacial 

applications289,293. Introducing porosity into space maintenance devices used in 

craniofacial bone defects resulted in less soft tissue dehiscence at the device/host 

interface in animal studies288. Ultimately, this medical device needs to be sterilized by 

techniques deemed acceptable by regulatory bodies in order to translate to the clinic. 

Electron beam sterilization possesses several advantages over other sterilization 

methods, including good material penetration, ability for device pre-packaging, high 

throughput, and improved efficiency and reliability297,298. However, it has been previously 

demonstrated in the literature that electron beam sterilization can alter the mechanical 

properties of solid PMMA constructs. Specifically, low dosages of radiation decrease 

mechanical properties through carbon-carbon cleavage while high dosages of radiation 

increase mechanical properties through increased polymerization and crosslinking295,296. 

We found that electron beam sterilization at dosages of 30 kGy and 40 kGy significantly 

increased the compressive strength and compressive modulus of porous PMMA space 

maintainer constructs. All groups demonstrated plastic deformation after yield under 

compression (Fig. 7.2) as well as physical barreling of the cylinders (Fig. 7.1A). This 

compressive testing regimen was done in accordance with ISO 5833 as unconfined 

uniaxial compression. While the stress-strain curves (Fig. 7.2) demonstrated similar shape 

to those in the literature for solid PMMA under unconfined compression, it has been 

observed that solid PMMA also exhibits ductility when subjected to confined compression 

at a constant strain299. While there was a positive trend with increasing dosage, there were 

no significant increases in bending strength or bending modulus. The non-sterilized 

samples had equivalent mechanical properties as those previously reported for non-

sterilized porous PMMA constructs293. However, it should be noted that the 4 point bending 

tests were performed based on a modification of ISO 5833. Because the introduction of 

porosity decreases the bending strength of specimens293, the slope of force/displacement 

data could not be taken at the standard interval between 15 N and 50 N (these porous 

specimens had an ultimate bending force of less than 50 N). In order to obtain meaningful 

measurements, the slope of force/displacement was measured between the tare force 

and yield force (a linear region). While this serves the current study by allowing for 

comparison of differences between sterile and non-sterile groups of porous PMMA, these 
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4 point bending results should be interpreted with caution when compared to data obtained 

from methodology based on the unmodified ISO 5833 protocol. 

As tension is not a predominant source of stress in the envisioned clinical 

application, it was not chosen as a material property to examine in this study. While 

average porosity ranged from 25.2-30.7%, there were no statistically significant 

differences or trends between groups (Table 7.1). These porosity values are consistent 

with those previously reported with this synthesis method293. 

 Decreases in mechanical properties suggest polymer degradation at the 

molecular level. As electron beam sterilized PMMA constructs showed no decreases in 

measured mechanical properties (in fact, compressive strength and modulus increased), 

GPC was performed in order to evaluate changes in molecular weight. After sterilization, 

constructs showed no significant changes in Mn or Mw, although Mn increased in both 

groups after sterilization. Polydispersity (Mw/Mn) significantly decreased in both sterilized 

groups (Table 7.2). As Mw increases with increased crosslinking, electron beam 

sterilization at 30 kGy and 40 kGy did not appear to significantly increase polymer 

crosslinking. The increase (not statistically significant) in Mn and decrease (significant) in 

polydispersity may be attributed to the polymerization of unreacted monomer and other 

small chains by chain-growth polymerization. While this effect has not been reported in 

solid PMMA, porous PMMA possesses more total unreacted monomer available for chain-

growth polymerization293. Based on this evidence, it is reasonable to speculate that the 

mechanism of increased porous PMMA construct compressive properties may be due to 

increased polymerization after electron beam sterilization. 

 

CONCLUSION 

Under electron beam sterilization dosages appropriate for medical devices (30 kGy 

and 40 kGy), porous PMMA constructs exhibit increased compressive properties. For its 

intended clinical application as a space maintenance device in craniofacial bone defects, 

this consequence of electron beam sterilization may prove to be beneficial rather than 

detrimental. While more studies will need to be performed to elucidate the mechanism by 

which electron beam radiation results in improved compressive properties, it is possible 

that its effect is a result of increased material polymerization. We have demonstrated that 

electron beam sterilization does not degrade porous PMMA constructs intended for use 

as medical devices and may in fact enhance certain mechanical properties. 
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Chapter 8 

 

Space Maintenance and 3D Printed In 

Vivo Bioreactors for High Fidelity 

Mandibular Repair in an Ovine Model: 

Surgical and Radiological Outcomes 

 

ABSTRACT 

The in vivo bioreactor strategy permits the generation of large autologous bony 

flaps without the addition of exogenous growth factors or cells. Prior work has 

demonstrated that these tissues can be used to reconstruct a non-loaded mandibular 

defect in a large animal model.  In order to translate this technology to treat patients with 

craniofacial wounds, it must be validated in a more challenging and realistic mandibular 

defect, such as one adjacent to the oral mucosa (increasing infection risk) and subjected 

to biomechanical loading.  

In this study, tissues generated from the in vivo bioreactor were transferred to a 

superior marginal defect in the diastema of the sheep mandible created nine weeks prior 

to reconstruction. To facilitate repair, porous space maintenance technology was 

leveraged to maintain the defect site and promote healthy soft tissue growth over the 

defect. Furthermore, as proof-of-principle that the in vivo bioreactor strategy can be 

personalized for high fidelity repair, the bioreactors utilized were fabricated using 3D 

printing technology. Twelve weeks after reconstruction, mandibles were harvested for 

evaluation based on surgical outcome and radiographic analysis. 
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INTRODUCTION 

 From a functional, psychological, and socioeconomic standpoint, large mandibular 

defects can have devastating effects on patient quality of life. Restoring both mandibular 

function as well as aesthetic structure is key to a successful outcome. Currently, the gold 

standard for mandibular reconstruction is the fibular flap, in which a segment of the fibula 

is harvested, manually shaped to the size and shape of the mandibular defect in the 

operating room, and transferred as a free bone flap to the mandible246,247. This approach 

is limited by the volume and geometry of the donor tissue. In addition, patients may present 

with donor site morbidity at the site of the harvested tissue266. Therefore, there is a clinical 

need for new strategies to facilitate mandibular reconstruction. 

 To that effect, we and others have investigated in vivo bioreactors for the 

generation of autologous vascularized free flaps253,270,300. These bioreactors can be 

implanted at a site ectopic to the defect, such as against the periosteum of the rib cage. 

By filling the bioreactors with osteoconductive scaffold, native cell populations can be 

stimulated to migrate into the bioreactors and produce bony tissue. As these tissues grow 

to fill the size and shape of the bioreactor270,300, customized vascularized flaps can be 

designed for specific geometries on a patient-to-patient level.   

 In addition to the in vivo bioreactor strategy, we have leveraged porous space 

maintenance technology to facilitate the reconstruction of large mandibular defects in 

preclinical and clinical settings254,288. Porous space maintainers are engineered 

biomaterials that can be fabricated in situ or before implantation and maintain the anatomy 

of a bony defect while promoting healthy soft tissue regeneration of the wound 

bed254,288,290. Space maintainers are intended for temporary use within a bony defect and 

can be safely removed during definitive reconstruction. The soft tissue envelope formed 

around space maintainers may even function as an extended periosteum, with production 

of growth factors and cell populations to further stimulate healthy bone healing after 

definitive reconstruction278.  

 Lastly, efforts have been made to utilize new developments in fabrication for use 

in craniofacial tissue engineering. Specifically, the advent of 3D printing has allowed for 

the customization of biomaterial geometry to create devices of complex size and shape 

based on a specific patient’s anatomy/anatomical pathology301,302. Using data obtained 

from radiographic scans of patients, 3D printing holds the promise of a “personalized 

medicine” approach to the fabrication of surgical implants and devices for patients with 

irregularly-shaped tissue defects. 
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 In sum, our vision for biomaterials-aided high fidelity mandibular reconstruction is 

captured in Figure .1. Briefly, 1) a patient presents with a large mandibular defect due to 

pathological injury such as trauma, tumor resection, or infection303. 2) A three-dimensional 

scan of the patient is tak8en by means such as computed tomography or magnetic 

resonance imaging. 3) Using the data obtained from radiology, bioreactors can be 3D 

printed with the precise volume and geometry of the patient’s defect302. 4) These 

bioreactors can then be filled with scaffold material and implanted against the periosteum 

of the patient’s rib cage or ileum253. During the same operation, a porous space maintainer 

can be implanted into the defect space to stimulate healthy soft tissue healing to prime 

the wound site for reconstruction while preventing scar tissue from collapsing the defect 

space and maintaining the patient’s native facial contours. Ultimately, it is envisioned that 

Steps 2-4 could take place within hours of the patient’s initial injury. 5) Following two to 

three months of tissue growth within the bioreactor and formation of a healthy tissue 

envelope around the bioreactor, the space maintainer can be removed and the mandible 

reconstructed with tissue generated in the in vivo bioreactor in its place. 6) After definitive 

reconstruction, the transferred tissue will integrate with the surrounding native mandible 

for regeneration of the defect.  

 

 

Figure 8.1. Envisioned total strategy for biomaterials-aided high fidelity mandibular 

reconstruction.  

 

 In this study, the feasibility of this approach was evaluated in a large animal model 

of disease. Sheep with a superior marginal mandibular defect were implanted with four 3D 

printed bioreactors each. Unlike previous ovine models in which bioreactor-generated 

flaps were used to reconstruct an angular mandibular defect270,300, the superior marginal 

defect is challenging due to its increased biomechanical load as well as proximity to the 

oral mucosa, posing a potential contamination source for implanted space maintainers304. 

Bioreactors were filled with either synthetic or autologous scaffold material. At the same 
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time, a porous space maintainer was implanted at the site of the defect. After nine weeks 

of implantation, the space maintainers were removed and tissue grown from the 

bioreactors were transferred to the mandibular defect. Twelve weeks later, the animals 

were euthanized and the mandibles were harvested. Tissues generated in bioreactors and 

reconstructed mandibles were evaluated for surgical outcome and by radiographic 

analysis. Our hypothesis was that use of synthetic scaffold will result in equivalent 

generation of mineralized tissue compared to autologous scaffold, and that the 

combination of space maintenance and 3D printed in vivo bioreactors will result in 

successful mandibular reconstruction by clinical and radiographic metrics.  

 

MATERIALS AND METHODS  

Bioreactor and Porous Space Maintainer Fabrication 

 Bioreactors were 3D printed by STP Modeling (Haalderen, the Netherlands) from 

PMMA, resulting in hollow rectangular blocks with inner dimensions of 2 cm in length, 1 

cm in width, and 0.5 cm in height. A sheet of ethylene-vinyl acetate was formed around 

each bioreactor to create a cuff capable of holding suture with ~0.5 cm overhang on each 

edge of the bioreactor. Bioreactors were labeled “1” – “4” and sterilized by exposure to 

ethylene oxide gas. 

 Porous space maintainers were fabricated from PMMA and carboxymethylcellulose 

gel as previously described254,293,305. These space maintainers were created in the shape 

of a whole mandible (Fig. 8.2). The space maintainers were sterilized by electron beam 

irradiation305. Sections were cut to the size of the intended sheep defect under sterile 

conditions by diamond blade saw (South Bay Technologies, San Clemente, CA) and 

stored in a sterile conical until implantation. 

 

Figure 8.2. Whole porous space maintainer (left) and example of a section of space 

maintainer to be used in a mandibular defect fabricated from a radiographic reconstruction 

of a patient’s defect (right).  
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Bioreactor and Space Maintainer Implantation 

 All animal use was approved by the Animal Welfare Committee of the University of 

Texas Health Science Center and Animal Care and Use Review Office of the Department 

of Defense. Bioreactors and porous space maintainers were implanted in six female sheep 

(4 months of age, 35.4-52.2 kg). In brief, animals were anesthesized, prepped, and 

intubated. Two incisions of up to 15 cm in length were made on the right flank over the rib 

cage. After periosteal dissection, bony segments of 3-4 cm in length were harvested from 

the second, fourth, sixth, and eighth rib. Pieces of these segments were morcellized to 

create autograft (AG). Bioreactors were filled with AG or synthetic graft (SG) composed of 

85% beta-tricalcium phosphate/15% hydroxyapatite biphasic ceramic particles 

(MASTERGRAFT Granules®, Medtronic, Dublin, Ireland). The bioreactor implanted on 

the second and fourth rib were always AG-filled bioreactors. The sixth rib was always 

implanted with an SG-filled bioreactor. The eighth rib was randomized to be implanted 

with either an AG- or SG-filled bioreactor (n = 3 and n = 3). As the mandibular defect was 

always reconstructed with tissue from an AG-filled bioreactor and therefore one AG-filled 

bioreactor per animal was unavailable for analysis, this approach allowed for an equal 

number of AG- and SG-filled bioreactor-generated tissues for analysis (n = 9 per scaffold 

type). Bioreactors were secured by suturing the cuff to the periosteum such that the open 

face of the bioreactor was in communication with the cambium. After bioreactor 

implantation, the incisions were closed. 

 Simultaneous to bioreactor implantation, a second surgical team performed a 

mandibular resection and implantation of the porous space maintainer. An incision of up 

to 4 cm was made along the inferior border of the right hemi-mandible at the diastema (the 

edentulous region of the sheep mandible). The superior border of the diastema was 

exposed and a defect of up to 2 cm in length was created (Fig. 8.3) by bur (NSK Surgery, 

Tokyo, Japan). The resection included both the buccal and lingual plates. The porous 

space maintainer was trimmed by surgical bur under irrigation to match the dimensions of 

the resected bone. The porous space maintainer was secured into the defect by a titanium 

midface plate (KLS Martin, Tuttlingen, Germany) with two self-tapping titanium screws 

holding the space maintainer and two additional screws on either side of the defect holding 

the plate to the native mandible. After irrigation, the mandible was then closed.  
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Figure 8.3. Schematic of the superior marginal defect located within the right-sided sheep 

diastema. 

 

Mandibular Reconstruction 

 Nine weeks following implantation of the bioreactors and porous space maintainer, 

the mandible was definitively repaired using tissue generated from AG-filled bioreactors. 

Briefly, under general anesthesia, bioreactors were located through two incisions of up to 

15 cm in length along the right flank of the rib cage. The AG-filled bioreactor on the second 

rib was always used for transfer, with the AG-filled bioreactor implanted on the fourth rib 

as a suitable second option depending on the availability of viable vasculature for 

anastomoses and in the event that mineralized tissue was not formed within the second 

rib bioreactor. The remaining bioreactors were harvested without vasculature for 

subsequent fixation and radiographic analysis. Tissues were fixed in 10% NBF for one 

week and then stored at 4oC in 70% ethanol. The chest incisions were closed after the 

harvest of all four bioreactors. 

 The mandible was reopened using the same approach as in the first surgery. The 

porous space maintainer was removed from the defect. In its place, the autologously-

generated bony free tissue flap generated in an in vivo bioreactor was implanted along 

the same titanium midface plate, using 1-2 titanium self-tapping screws (KLS Martin). 

Vascular anastomosis was performed with the aid of a surgical microscope (Leica 

Microsystems, Wetzlar, Germany); the intercostal artery and vein were harvested with the 

free flap and joined side-to-side end-to-side orientation with branches of the facial artery 

and vein, with confirmation of patency by observation of arterial pulsations. 

 

Mandibular Harvest 

 Twelve weeks following reconstruction of the mandible, animals were euthanized and 

the entire mandible was harvested. Briefly, animals were euthanized by an intravenous 

pentobarbital/phenytoin cocktail. The skin was dissected from the mandible with care to 

preserve the oral mucosa. Mandibles were harvested by dissection of attached tendons, 
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ligaments, and then removal of the condyles from the temporomandibular joint. Mandibles 

were cleaved into hemi-mandibles using a diamond blade. The diastema was then isolated 

by diamond blade saw, fixed in NBF for one week, and stored in 70% ethanol at 4oC.  

 

Radiologic Analysis 

 Bioreactor and mandibular specimens were subjected to microCT using a SkyScan 

1172 microCT imaging system (Aartselaar, Belgium) as previously described270,300. Briefly, 

specimens were scanned with an X-ray source of 59 kV and current of 167 µA with an 

aluminum/copper filter at a voxel size of 17.1 µm. Using NRecon (version 1.6.9.18, 

SkyScan), reconstruction was performed with a threshold of 0.002-0.116300. To measure 

the quantity and quality of mineralized tissue, reconstructed images were analyzed using 

CTAn (version 1.15.4.0, SkyScan).  

For analysis of tissue specimens generated from in vivo bioreactors, bone density 

measurements such as BV/TV, Tb.Th., Tb.Sp., and Tb.N. were measured. Briefly, an ROI 

was selected for each bioreactor specimen such that it did not overlap with the void space 

outside of the edges of the specimen. The ROIs were converted to binary and a binary 

threshold of 40-255 was applied to select mineralized tissue. In addition to specimens 

harvested from bioreactors after nine weeks of implantation, bioreactors filled with SG (n 

= 6) and bioreactors filled with AG from harvested rib (n = 6, one rib per animal) were 

scanned before implantation.  

For analysis of mandibular specimens, the right-sided (reconstructed) mandibular 

diastema and left-sided (contralateral control) mandibular diastema were also analyzed 

for BV/TV, Tb.Th., Tb.Sp., and Tb.N. A ROI was selected within the reconstructed defect 

region at the superior border of the diastema, superior to the inferior alveolar canal, and 

medial to the screws and plates implanted along the buccal surface of the mandible. A 

total of six reconstructed and six contralateral control diastemas were analyzed.     

 

Statistics 

 All microCT measurements were analyzed using one-way ANOVA with posthoc 

analysis via Tukey’s Honestly Significant Difference test (α=0.05). All statistics were 

performed using JMP Pro 11.0 (SAS, Cary, NC). 
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RESULTS 

Bioreactor Surgical Outcomes  

Bioreactors were filled with either morcellized AG or commercially-available SG 

(Fig. 8.4A) and four bioreactors per animal were implanted successfully against the 

periosteum of alternating ribs (Fig. 8.4B). Upon harvest at twelve weeks, the majority of 

bioreactors had generated bony tissue (Fig. 8.4C).  In the third animal, two bioreactors 

(located on Ribs 4 and 6 and filled with AG and SG, respectively) were filled with an 

exudative pus-like material and were found to have no calcified tissue by microCT 

analysis. This material was collected in a sterile vial and cultured overnight in Mueller 

Hinton broth (Sigma-Aldrich, St. Louis, MO) under mild agitation at 37oC. The resulting 

culture was subjected to gram stain (Sigma-Aldrich) as well as used to streak blood agar 

plates. By bright field microscopy (Fig. 8.5), gram stain revealed homogenous gram 

positive cocci. Culture on blood agar plates indicated non-hemolytic bacteria. A single 

bioreactor in the fifth sheep (Rib 4, filled with AG) was found to only contain serous fluid 

with no tissue and a single bioreactor in the sixth sheep (Rib 4, filled with AG) was found 

to only have a small thin sheet of mineralized tissue, rather than a whole tissue block 

conforming to the size of the bioreactor. Six bioreactors (AG-filled) were transferred to the 

mandibular defect. In total, 6 AG-filled bioreactors and 8 SG-filled bioreactors generated 

tissue blocks appropriate for microCT analysis. Thus, including the six AG-filled 

bioreactors transferred to the mandibular defect, 20/24 (83.3%) of implanted bioreactors 

generated blocks of tissue with surgical handling properties sufficient for surgical 

reconstruction.  

 

Mandibular Surgical Outcomes 

The size of the superior marginal defect was dependent on the individual anatomy 

of the animal. In the first animal, the mandibular defect was made anterior rather than 

posterior to the mental foramen. After discovering that this anterior location resulted in a 

high amount of tension on the defect (as well as was limited in length by the roots of the 

incisors), the defect was made posterior to the mental foramen in the remaining five 

animals. Specifically, the defect was created posterior to the mental foramen and anterior 

to the roots of the first molar (Fig. 8.6A). The approximate size (defects were created by 

hand-guided surgical burs and not perfectly rectangular) of the defects can be found in 

Table 8.1. All six sheep tolerated the implantation procedure well and resumed normal 

solid diet the following day with no clinical signs of discomfort or pain upon mastication. 
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Figure 8.4. A) 3D printed bioreactors were filled with either autologous graft (left) or 

synthetic graft (right). B) Filled bioreactors were implanted with their open face against rib 

periosteum. C) After nine weeks of implantation, tissue had grown within the implanted 

bioreactors and conformed to the dimensions of the 3D printed bioreactor. 

 

 

Figure 8.5. Gram stain of bacteria cultured from purulent material in two bioreactors found 

in the third sheep (10X magnification). 
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Figure 8.6. A) Superior marginal defect created in the diastema between the mental 

foramen and molars. B) The porous space maintainer block adjacent to the resected 

mandibular specimen. C) Trimming of the porous space maintainer to fit the defect. D) 

Trimmed space maintainer and resected mandibular specimen. E) Implantation of the 

porous space maintainer. 

 

Table 8.1. Approximate size of the superior marginal defect per sheep. 

Animal # Length (mm) Width (mm) Height (mm) Volume (mm3) 

1 16.1 7.4 5.4 644.7 

2 15.0 8.2 5.4 664.7 

3 15.6 9.4 5.7 833.3 

4 19.0 7.0 6.1 811.3 

5 15.6 6.3 5.5 544.0 

6 14.5 6.1 5.1 456.1 

 

 During mandibular reconstruction, the mandibular defect was re-opened for the 

second stage of the two-stage operation. There was no dehiscence of the oral mucosa 

over the porous space maintainer observed in any of the six animals. In fact, the porous 

space maintainers had successfully preserved the bony defect from distortion by scar 

tissue while healthy soft tissue enveloped the porous space maintainer. Space 

maintainers were able to be removed with minimal disturbance to soft tissue around the 



 
 

119 
 

defect. Harvested space maintainers were observed to have soft tissue incorporated 

within pores and along the surface of the retrieved devices (Fig. 8.7).  

 

Figure 8.7. Gross photographs of harvested porous space maintainers illustrating the 

growth of soft tissue A) within device pores and B) along sections of the surface. White 

arrows = tissue. Scale bar = 5 mm. 

 

In the place of the preserved defect space, tissues generated from in vivo 

bioreactors were transferred for definitive mandibular reconstruction (Fig. 8.8). In two 

animals (Sheep 2 and 3), tissue transfer occurred as an avascular graft rather than free 

tissue flap due to the absence of suitable recipient (facial) vasculature for anastomoses. 

In all animals except for Sheep 2, the tissue generated in the bioreactor implanted on the 

second rib had suitable vasculature for transfer; in Sheep 2, the tissue generated in the 

bioreactor on the fourth rib (also an AG-filled bioreactor) was transferred instead. 

Several days following surgery, Sheep 3 and Sheep 5 were observed to have 

moderate swelling and erythema at the site of the mandibular surgical incision. The 

animals were given an additional course of post-operative enrofloxacin. Sheep 5 was 

noted to have poor appetite. Within three to four days of treatment, both sheep had 

resolution of symptoms and regained normal appetite. The other four sheep tolerated the 

reconstruction procedure well and resumed normal solid diet the day following the surgery. 

Upon euthanasia and harvest, the oral mucosa overlying the diastema and 

reconstructed bone in Sheep 1-4 was healthy and intact (Fig. 8.9A). However, there was 

a large mucosal dehiscence over the superior and buccal surfaces of the diastema in 

Sheep 5 with protruding bone (Fig. 8.9B). A small defect was noted on the superior surface 

of the oral mucosa in Sheep 6 with no protruding bone (Fig. 8.9C). Neither Sheep 5 or 

Sheep 6 had lost significant amounts of weight nor had any observed loss of appetite or 

clinical signs of pain/discomfort in the ten weeks preceding euthanasia.  

 

  



 
 

120 
 

 

Figure 8.8. Mandibular reconstruction. A) The mandible was re-opened to reveal the 

porous space maintainer within the defect. The space maintainer was easily removed 

without damage to the soft tissue envelope. B) The tissue generated from an in vivo 

bioreactor possessed approximately the same volume and geometry as the space 

maintainer and defect site and was harvested with pedicle, containing the artery, nerve, 

and vein. C) The tissue was transferred to defect and anastomosis to local facial 

vasculature was performed. 

  

 

Fig. 8.9. Harvested mandibles from A) Sheep 4 (similar in gross appearance to the 

mandibles of Sheep 1-3), B) Sheep 5, and C) Sheep 6. White arrow = general region of 

the reconstructed diastema. Black arrow = dehiscence of the oral mucosa. 
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Bioreactor Radiological Outcomes 

MicroCT was used to analyze tissue specimens harvested from in vivo bioreactors 

implanted against the periosteum of the ribs for nine weeks and harvested from the 

mandible twelve weeks after reconstruction.  Representative cross-sections of scaffold in 

bioreactors before implantation as well as tissue generated in bioreactors after 

implantation are shown in Figure 8.10. Three-dimensional reconstructions of bioreactor 

contents before and after implantation can be seen in Figure 8.11. Reconstructed scans 

were analyzed for parameters reflecting the architecture of the mineralized tissue (Fig. 

8.12). Average BV/TV ranged from 7.05 to 43.72% (AG at 0 weeks and SG at 9 weeks, 

respectively). BV/TV increased over the course of implantation (statistically significant in 

the AG groups) (Fig. 8.12A). Tb.Th. ranged from 0.12 to 0.27 mm (AG at 0 weeks and SG 

at 0 weeks, respectively) and significantly increased in the AG group (no change in the 

SG group) (Fig. 8.12B). Tb.N. ranged from 0.53 to 2.12 mm-1 (AG at 0 weeks and AG at 

9 weeks, respectively) and increased during implantation for both AG and SG (Fig. 8.12C). 

Tb.Sp. ranged from 0.33 to 0.49 mm (AG at 9 weeks and SG at 0 weeks, respectively) 

and decreased for both groups (but only statistically significantly for SG) (Fig. 8.12D). 

After nine weeks of implantation against the periosteum, there were no statistically 

significant differences when comparing tissuee generated from AG- or SG-filled 

bioreactors by microCT measurements (Fig. 8.12). 

 

Figure 8.10. Reconstructed cross-sectional images of bioreactors initially filled with AG 

(left) or SG (right), before (top) and after (bottom) nine weeks of implantation against the 

periosteum. Scale bar = 2 mm.   
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Figure 8.11. Three-dimensional reconstructions (lateral view) of bioreactors initially filled 

with AG (left) or SG (right), before (top) and after (bottom) nine weeks of implantation 

against the periosteum. Blue = bone (both morcellized AG and viable bone tissue). Red = 

synthetic biphasic graft particles. Scale bar = 2 mm.   

 

Figure 8.12. MicroCT measurements of bioreactor-generated tissues before (0 weeks; n 

= 6 for AG and n = 6 for SG) and after (9 weeks; n = 6 for AG and n = 8 for SG) implantation 

for AG- and SG-filled bioreactors, including A) BV/TV, B) Tb.Th., C) Tb.N., and D) Tb.Sp. 

Error bars represent standard deviation. Those not sharing the same letter are significantly 

different (p <0.05).  
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Mandibular Radiological Outcomes 

Both the reconstructed diastema from the right hemi-mandible and control 

diastema from the left hemi-mandible were harvested and subjected to microCT analysis. 

Reconstructed views facing the buccal side, superior side, and cross-section through the 

defect site can be viewed in Figure 8.13 of a representative contralateral control diastema 

(Sheep 4, “S4 Control”), representative reconstructed diastema (Sheep 4, “S4 Treated”), 

and the reconstructed mandible that demonstrated a large tissue dehiscence with bony 

protrusion (Sheep 5, “S5 Treated”). A clear void space (area not filled with mineralized 

tissue) can be observed between the center of the transferred tissue and the native right 

hemi-mandible of Sheep 5. 

 

Figure 8.13. Representative reconstructions of mandibular diastemas. From left to right, 

the contralateral control diastema of Sheep 4, the reconstructed diastema of Sheep 4, and 

reconstructed diastema of Sheep 5 are displayed. From top to bottom, the mandibles are 

shown from the buccal (side) view, superior (top) view, and from a cross-section indicated 

by the dotted white arrow. * = mental foramen. 

  

 Bone within the reconstructed diastema was analyzed by microCT by the same 

parameters used to analyze the bioreactor-generated tissues (Fig. 7.14), as has been 

performed previously300. BV/TV and Tb.Th. were significantly decreased in treated versus 

control diastemas (89.86 versus 99.55% and 0.71 versus 1.17 mm, respectively) (Fig. 
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8.14A-B). Tb.N. was significantly increased in treated animals (1.33 versus 0.88 mm-1) 

(Fig. 8.14C). There were no differences between groups for Tb.Sp. (Fig. 8.14D). 

 

Figure 8.14. MicroCT measurements of the reconstructed right-sided mandibular (treated; 

n=6) diastema and contralateral left-sided control mandibular (control; n = 6) diastema, 

including A) BV/TV, B) Tb.Th., C) Tb.N., and D) Tb.Sp. Error bars represent standard 

deviation. Those not sharing the same letter are significantly different (p <0.05). 

 

Lastly, all specimens originating from AG-filled bioreactors were compared across 

time. Specifically, AG scaffold before implantation (0 weeks), tissue from AG-filled 

bioreactors after implantation against the periosteum of the rib (9 weeks), and tissue from 

AG-filled bioreactors that had been transferred to a defect in the mandibular diastema for 

twelve weeks following implantation against the rib periosteum for nine weeks (21 weeks) 

were all compared to one another as well as bone from the native contralateral diastema 

(Fig. 8.15). Over time, AG groups significantly increased in BV/TV and Tb.Th. (Fig. 8.15A-

B). Tb.N. significantly increased during implantation, and then decreased after transfer to 

the mandibular diastema (Fig. 8.16C). Tb.Sp. decreased over time (Fig. 8.15D). 
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Figure 8.15. Evolution of microCT parameters for tissues generated in bioreactors initially 

filled with AG, including before implantation (0 weeks; n = 6), after nine weeks of 

implantation (9 weeks; n = 6), after twelve additional weeks following transfer to a 

mandibular defect in the diastema (21 weeks; n = 6), all compared to the healthy 

mandibular bone of the contralateral diastema (control; n = 6). Error bars represent 

standard deviation. Those not sharing the same letter are significantly different (p <0.05). 

   

DISCUSSION 

 The current state-of-the-art treatment for large mandibular defects, the fibula flap, 

is limited by the size and shape of the donor tissue. Therefore, we have developed a 

strategy in which autologous flaps can be generated distal to the defect (such as against 

the periosteum of the rib) with customizable dimensions270,300. In this study, we leveraged 

new advances in biomaterials (3D printing and porous space maintenance technology) to 

1) create bioreactors with geometry and volume conforming to a mandibular defect and 2) 

maintain the defect space and native anatomical tissue planes while promoting healthy 

soft tissue envelope formation during the period of time in which tissues can be generated 

from in vivo bioreactors for definitive reconstruction. This strategy was applied in a 

challenging mandibular defect located adjacent to the oral mucosa along the superior 

margin of the sheep diastema (Fig. 8.3 and Fig. 8.6A).  

 In the first of two surgeries, the defect was created and four bioreactors were 

implanted per animal. It is not a clinically unrealistic scenario to both create the defect and 



 
 

126 
 

implant bioreactors during the same surgery; tumor resection is the most common 

indication for repair of large mandibular defects251. Porous space maintenance has been 

utilized to facilitate staged reconstruction successfully in this clinical population254. Ideally, 

bioreactors would be printed based on imaging data of the patient’s mandible/tumor and 

would be implanted during the same operation as tumor resection, in which a porous 

space maintainer would be placed into the defect (Fig. 8.1). In our study, the first 

procedure was well-tolerated by all animals. In human patients, a liquid diet would be 

advised for 10 days after space maintainer implantation, followed by a soft food diet until 

the second surgery (definitive reconstruction). As ruminants, these animals were permitted 

to resume their normal diet (hard pellet food and hay) the day following surgery. Although 

this additional mechanical challenge could potentially disrupt the vulnerable oral mucosa 

overlying the porous space maintainers, none of the sheep demonstrated soft tissue 

dehiscence over the space maintainers by the time of the second surgery. In fact, soft 

tissue had integrated well with the pores space maintainers, filling superficial pores and 

covering sections of the spacer surface (Fig. 8.7). It has been shown that porous space 

maintainers are less likely to be associated with dehiscence compared to solid space 

maintainers288; although this current study was not designed to compare solid versus 

porous space maintenance, it is possible that this porosity prevented dehiscence of the 

oral mucosa during the space maintenance phase of the study.  

Infection was observed as an adverse event within two bioreactors. Infection is a 

common adverse event associated with implantation of PMMA-based devices (the 

bioreactors in this study were printed using PMMA) in craniofacial surgery306; however, 

infection had not been reported in previous studies using the ovine in vivo bioreactor 

model, including those involving the same scaffold materials, sterilization methods and 

technique, and surgical team as the current study270,300. The organism recovered was a 

gram positive, non-hemolytic cocci. The most common pathogens fitting this description 

are the viridans streptococci. This diverse family is most prevalent in the oral cavity but 

has also been found to colonize the skin307. Two teams of surgeons were working 

simultaneously during the first surgery; one team at the mandible and one team at the rib 

cage. Although effort was made to prevent shared use of instruments between sites, it is 

possible that the infection was the result of contamination originating from the oral cavity 

and spread during the course of surgery to the bioreactors. As bioreactors are initially 

implanted as acellular avascular chambers filled only with scaffold material, they are highly 

vulnerable to infection. Despite the loss of two bioreactors to infection, overall, twenty 
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bioreactors were found to be filled with viable bony tissue. This is an improvement 

compared to previous ovine bioreactor studies (83.3% versus 50.0%300 and 76.9%270). 

In this study, tissue generated in bioreactors implanted against sheep periosteum 

was compared to scaffold within bioreactors before implantation, using either autologous 

or synthetic scaffold material. Subjectively, a network of trabecular-like bone can be 

observed within bioreactors containing either scaffold after nine weeks of implantation 

(Fig. 8.12). It is important to note the physical characteristics of morcellized autograft 

versus particulate-based biphasic synthetic ceramic graft. At baseline, AG is a very thin 

material with significant distance between radiopaque hydroxyapatite. This may be 

attributed to the soft tissue and marrow mixed with the cortical bone during the 

morcellization process. On the other hand, SG consists of very dense microparticles with 

large pores. Between pores, there are large struts consisting of 85% beta-tricalcium 

phosphate/15% hydroxyapatite, with widths greater than normal bone trabeculae.  

Over the course of nine weeks of implantation, cell populations from within the 

periosteum migrated into the bioreactors and began depositing tissue and remodeling the 

scaffold material (Fig. 8.10). By microCT analysis, BV/TV increased significantly in AG 

groups; the increase in SG groups was not statistically significant (Fig. 8.12A). However, 

SG-filled bioreactors had greater BV/TV than AG before implantation; as SG is more 

radiopaque than even healthy normal bone, BV/TV of SG alone may be misleading in 

terms of tissue production. Over time, the trabecular thickness increased in AG groups as 

tissue was deposited on the encapsulated morcellized pieces (Fig. 8.12B). While not 

statistically significant, trabecular thickness actually decreased in the SG group, 

suggesting that SG particles were beginning to be remodeled and resorbed by local cell 

populations. The resorption of SG within in vivo bioreactors during new bony tissue 

formation has previously been reported in this model300. Given that a major component of 

the SG is beta-tricalcium phosphate, this degradation may release local calcium and 

phosphate ions to promote osteogenesis within the bioreactor270,300. The number of 

trabeculae significantly increased for both scaffold types (Fig. 8.12C), further suggesting 

deposition of new tissues. Lastly, trabecular spacing decreased for both AG and SG 

(although only statistically significantly for SG groups). This decrease in the space 

between trabeculae indicates tissue re-organization and has been correlated with 

increased mechanical properties in the sheep model261. 

Despite differences in initial scaffold architecture per radiological measurements, 

the bony tissues generated within the bioreactors after nine weeks of implantation had 
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statistically equivalent BV/TV, Tb.Th., Tb.N., and Tb.Sp regardless of scaffold material 

(Fig. 8.12). This demonstrates the ability of the invading cell populations to remodel 

different scaffold materials within a bioreactor to form native vascularized bony tissue. 

Biphasic ceramics have previously seen success as in generating vascularized bony 

tissue within the ovine in vivo bioreactor model270,300; however, biodegradable polymer-

based scaffolds have resulted in the generation of fibrovascular tissue25. 

The second stage of surgery involves the removal of the space maintainer and the 

transfer of bioreactor-generated tissue for definitive reconstruction of the mandibular 

defect. As AG is more widely used as grafting material than SG in today’s clinic, tissue 

generated bioreactors initially filled with AG were selected for transfer; it is worth noting 

that tissues generated from bioreactors initially filled with either AG or SG have been 

successfully used to reconstruct large mandibular defects in this model previously270,300. 

In these previous studies, the mandibular defect was located at the angle of the mandible. 

This defect site is relatively shielded from biomechanical load, is not adjacent to the oral 

mucosa, and is located near the major vessels of the neck, enabling clear access for 

anastomoses during tissue transfer. In the more rigorous superior marginal defect created 

in the diastema during this study, vascular access was more challenging. In two animals, 

anastomosis was unsuccessful and the tissues were plated as avascular grafts. In one of 

these two animals, signs of infection were observed (Sheep 2). In one of the four animals 

with successful vascular anastomoses of the flap, signs of infection were also noted in 

addition to suppression of appetite (Sheep 5). These animals were treated with additional 

post-surgical antibiotics and symptoms resolved. At euthanasia, one of these animals 

(Sheep 5) had a large dehiscence of the oral mucosa over the transferred tissue (Fig. 8.9). 

While a sub-optimal surgical outcome, the animal did not demonstrate any clinical signs 

of discomfort or weight loss between resolution of infection and euthanasia (approximately 

ten weeks), so this event was not considered catastrophic.  

Following definitive reconstruction, all animals immediately resumed normal diet 

(hard pellet food and hay). In human patients, liquid diet with transition to soft food diet 

would be strongly recommended in the weeks following reconstruction to prevent 

biomechanical trauma from disrupting the transferred tissue as it osteointegrates with the 

adjacent native bone. In fact, failure of a well-documented human case of mandibular 

reconstruction using an in vivo bioreactor strategy was attributed to dehiscience thought 

to be caused by the patient eating hard solid foods against medical advice. Mucosal 

dehiscience was followed by infection and eventually loss of the tissue-engineered 
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reconstructed graft36. In two out of five human cases in which the in vivo bioreactor 

strategy was used in mandibular reconstruction, infection was associated with tissue 

failure253. In our study, the sheep with the large mucosal dehiscence also demonstrated a 

large gap in mineralized tissue between the native mandible and the transferred flap (Fig. 

8.13). The sheep was still included in subsequent microCT analysis (Fig. 8.14). In addition 

to the large tissue dehiscence observed in Sheep 5, Sheep 6 had a small dehiscence 

noted as well. However, there were no radiologic signs of resorption or flap failure, so this 

animal was still regarded as still having a successful surgical outcome. In humans, small 

mucosal dehiscences occurring over mandibles reconstructed using flaps can self-resolve 

by secondary intention308. 

By microCT measurements (8.14), reconstructed diastema were less dense 

(significantly lower BV/TV) and had less thick individual features (significantly lower Tb.Th) 

(8.14A-B). In addition, there were greater individual number of trabeculae (Tb.N.) in 

reconstructed mandibles (8.14C). This suggests that the tissue generated within the 

bioreactors (corticocancellous bone270,300) may still have been actively remodeling into 

mandibulocortical bone, a denser structure. By comparing autologous graft 1) before 

implantation, 2) after implantation for nine weeks in bioreactors against the periosteum, 

and 3) after subsequent transfer to a mandibular diastema defect for twelve additional 

weeks, the progression of tissue remodeling can be quantitatively tracked (Fig. 8.15). 

Remodeling continues to occur throughout the 21 weeks: BV/TV and Tb.Th. steadily 

increases (Fig. 8.15A-B) and trabecular spacing steadily decreases (Fig. 8.15D) as tissue 

remodels to form thicker, denser mandibulocortex. This remodeling is most dynamic when 

looking at the number of trabeculae present (Fig. 8.15C). The tissue begins as acellular, 

loosely packed autograft. Over nine weeks of implantation, these pieces of autograft 

become encapsulated in a trabecular network formed by migrating cells from the 

periosteum. Once transferred to the diastema, the bone continues to remodel and evolve; 

the number of trabeculae decreases as trabecular plates merge during transformation to 

cortex. It is unclear what signals are present within the environment diastema that cause 

this transformation; it is known that if kept implanted against the periosteum over 21 

weeks, tissues within bioreactors filled with autograft de-mineralize over time and become 

fibrovascular23. Tissues within the bioreactors do not experience biomechanical load; as 

mechanical signals are key in the regulation of bone development309, perhaps these are 

at least in part responsible for the changes observed after flap transfer. 
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The failed flap in Sheep 5 was included in the microCT analysis as part of the 

average of the reconstructed diastema. However, it is worth noting that its microCT values 

fell somewhere between the bioreactor-generated tissues and the native diastema 

(75.42%, 0.38 mm, 1.97 mm-1, and 0.24 mm for BV/TV, Tb.Th., Tb.N., and Tb.Sp., 

respectively). This may suggest that the flap underwent some degree of post-implantation 

remodeling and therefore failed sometime after transfer; otherwise, we would expect 

values more similar to bioreactor-generated tissues at the time of harvest if the transfer 

failed immediately.  

 

CONCLUSION 

A combination of porous space maintenance and 3D printed in vivo bioreactors 

was used to reconstruct a mandibular defect in a large animal model. Space maintainers 

integrated well with local soft tissue and successfully preserved a superior marginal bony 

defect in the ovine diastema during the generation of autologous vascularized tissue flaps 

of custom geometry from 3D printed in vivo bioreactors implanted against the periosteum 

of the rib. Bony tissue was generated using either autologous or synthetic scaffold within 

the bioreactors; there were no statistically significant differences in radiological markers 

of bone architecture between tissues generated in bioreactors filled with either autologous 

or synthetic scaffold. Tissues generated from autologous scaffold were transferred to 

defect after removal of the space maintainer. In sum, by surgical and radiological 

outcomes, this high fidelity strategy was successful in facilitating reconstruction in a 

challenging large tissue defect in 5/6 (83.3%) animals; as is often the case in human 

patients, infection was associated with the single instance of failure. While these initial 

results are promising, future work should incorporate elements to prevent infection of 

vulnerable tissues during the regenerative process. 
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Chapter 9‡‡ 

 

Porous Antimicrobial Space Maintainers 

for Treatment of Fungal Periprosthetic 

Joint Infection and Osteomyelitis 

 

 

ABSTRACT 

While antibiotic-eluting PMMA space maintainers have shown efficacy in the 

treatment of bacterial periprosthetic joint infection and osteomyelitis, antifungal-eluting 

space maintainers are associated with greater limitations in fungal musculoskeletal 

infections. Antifungals have limited elution concentration and fungal infections have been 

associated with co-infection by Staphylococcus species. In this study, we have designed 

a porous econazole-eluting space maintainer capable of greater inhibition of fungal and 

bacterial growth than traditional solid space maintainers. The eluted econazole 

demonstrated bioactivity in a concentration-dependent manner against the most 

common species responsible for fungal periprosthetic joint infection as well as 

staphylococci. Lastly, these porous space maintainers retained compressive mechanical 

properties appropriate to maintain space before definitive repair of the joint or bony 

defect.  

 

                                                           
‡‡This chapter is adapted from work presented as A.M. Tatara, A.J. Salter, P.D. 
Kontoyiannis, E. Watson, N.D. Albert, G.N. Bennett, and A.G. Mikos, “A Novel Porous 
Antimicrobial Space Maintainer Eluting Econazole Has Activity Against Candida and 
Aspergillus,” American Society of Microbiology 2016, Boston, Massachusettes, June 16-
20th (2016). 
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INTRODUCTION 

In order to facilitate musculoskeletal reconstruction, space maintainers have been 

leveraged to preserve anatomy while also functioning as local drug depots to treat bony 

infection. Space maintainers have been used in a variety of anatomical defects, including 

cranial, mandibular, and joint spaces254,278,310. These devices have been loaded with a 

variety of antimicrobials for the local treatment of osteomyelitis as well as periprosthetic 

joint infections311. 

While relatively rare, fungal periprosthetic joint infections (FPJIs) are a clinically 

challenging condition that often results in significant patient morbidity, mortality, and 

economic burden. Resection arthroplasty, a major surgical procedure involving the 

removal of the prosthesis, is required in up to 94% of cases312. Persistent infection, 

disease progression leading to amputation, and mortality have been reported in up to 32%, 

13-16%, and 3-5% of cases, respectively310,312.  

Candida species are by far the most commonly reported in FPJIs, making up 80%-

90% of infections312-314 with C. albicans as most prevalent312-314. Aspergillus species are 

the next most commonly reported species with A. fumigatus as most prevalent312. In 

addition to FPJIs, Candida and Aspergillus are also the two most common species 

associated with fungal osteomyelitis315. Beyond to fungal infection, another major 

complication arising in FPJI is co-infection with bacterial species (occurring in as many as 

16-55% of cases312,316). Staphylococci are the most common co-infecting bacterial 

species, reported in 34-80% of patients with bacterial co-infection312,316.  

The current state of the art for treating FPJI is two stage resection arthroplasty315. 

In the first stage, the infection is treated with extended systemic antifungals, the infected 

prosthesis is surgically removed, the area is debrided of pathogens and biofilm, and in 

some cases, a space maintainer is implanted in the joint space (in addition to treatment 

with systemic antifungal therapy). The second stage is definitive prosthesis re-implantation 

and follows after infection is cleared (typically 6-24 weeks after the first stage313). The 

space maintainer is made of bone cement (PMMA) and may be loaded with antimicrobials 

for local drug release. Antibiotic-loaded PMMA space maintainers have been shown to be 

effective in the clinical treatment of bacterial periprosthetic joint infections311. However, 

there have been several key disadvantages in the use of antifungal-loaded PMMA space 

maintainers. 

Many typical antifungals show very low elution from PMMA317,318. For example, in 

a study of amphotericin B release from PMMA, only 0.03% of loaded drug was observed 
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to be released and no drug was detectable after 1 week of elution319. Minimal antifungal 

elution from PMMA is most likely due to a combination of factors: 1) As PMMA is solid and 

non-biodegradable, release is limited to drug bound on its surface while the majority of 

drug remains encapsulated and unavailable for release; 2) heat generated from the 

exothermic reaction of PMMA polymerization may degrade or otherwise deactivate some 

antifungals; and 3) certain chemical groups within antifungals, such as the unsaturated 

carbon bonds within amphotericin B, may be disrupted during PMMA polymerization, 

resulting in limited bioactivity. Furthermore, space maintainers releasing traditional 

antifungals are at risk for bacterial co-infection310,312,316. 

In order to address these shortcomings, we have designed porous space 

maintainers capable of eluting antimicrobial agents at greater concentration and for longer 

duration than current solid space maintainers291,304. This porous space maintainer 

polymerizes at a lower temperature293 and has been shown in a rabbit mucosal defect to 

promote healthy soft tissue interactions288. In this study, porous space maintainers were 

loaded with econazole, an antifungal agent that has activity against Candida, Aspergillus, 

and Staphylococcus species320-322. Potential chemical interactions between econazole 

and PMMA were characterized by proton nuclear magnetic resonance spectroscopy (1H-

NMR) and size exclusion chromatography (SEC). Compared to solid space maintainers, 

porous space maintainers were evaluated for radiographic features, antimicrobial 

bioactivity, and mechanical properties.  

    

METHODS 

Space Maintainer Fabrication  

PMMA econazole-loaded space maintainers (porous and non-porous) at three 

different loading concentrations (Table 9.1) were prepared by established methods293. All 

constructs were prepared using a 2:1 power phase bone cement: liquid phase bone 

cement (Great Lakes Orthodontics Limited, NY) wt/v ratio. Briefly, econazole (Econazole 

Nitrate, Sigma-Aldrich, St. Louis, MO) was stirred in powder bone cement in a 5 wt% 

(“High”) or 2.5 wt% (“Low”) ratio. No econazole was added to “Blank” groups. For porous 

groups, a 9 wt% aqueous CMC gel was created by dissolving sodium 

carboxymethylcellulose (Spectrum Chemical, New Brunswick, NJ) in di-ionized water. 

CMC gel was mixed into porous groups in a 30 wt/wt% CMC/PMMA concentration293. After 

mixing, liquid phase bone cement was added and stirred vigorously. Upon doughing, the 

mixture was added to polytetrafluoroethylene molds and allowed to cure for 24 hours. For 
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elution and bioactivity assays, space maintainer discs of 6 mm in diameter and 1 mm 

height were fabricated. For mechanical compressive evaluation, cylinders of 6 mm in 

diameter and 12 mm in height were fabricated (per the standard ISO 5833). All constructs 

were conditioned at room temperature for at least 24 hours before any testing was 

performed 

 

Table 9.1. Factors (porosity and econazole loading concentration) investigated, resulting 

in a total of six different groups. 

Factors Porosity Loading Dose 
# Levels 2 3 
Levels Solid 

Porous 
Blank 
Low 
High 

 
 
Polymer Characterization  

 To better elucidate any potential interactions between loaded drug (econazole) and 

PMMA during polymerization, 1H-NMR spectroscopy was performed to determine any 

changes in chemical groups and size exclusion chromatography was performed to 

determine any changes in chain length. Given that potential interactions between CMC 

and PMMA have already been extensively evaluated in previous work293,305, solid space 

maintainers with a high loading dose of econazole (5 wt%) and with no econazole (blank) 

were evaluated. 

 

1H-NMR Spectroscopy 

10 mg of fabricated solid blank space maintainer, solid high-dose space 

maintainer, and econazole alone were dissolved in 1 mL of deuterated chloroform (Sigma-

Aldrich, St. Louis, MO) each. These samples were subjected to 1H-NMR spectroscopy 

using a 400 MHz spectrometer (Bruker, Billerica, MA) and analyzed with TOPSPIN 3.0 

software (Bruker).   

 

Size Exclusion Chromatography 

Specimens were dissolved in chloroform (Sigma-Aldrich, St. Louis, MO) at a 

concentration of 20 mg/mL under mild agitation at room temperature and filtered by 

injection through a 0.45 µm filter (Whatman, Kent, UK). The resulting solution was assayed 

for molecular weight by GPC based on previously reported methods293,305. The GPC 
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system (Waters, Milford, MA) consisted of a pump (Waters Model # 155), injection module 

(Waters # 717), and refractive index detector (Waters Model # 410). GPC was performed 

(n = 3) at a flow rate of 1 mL/min and temperature of 30oC using a Phenogel column (300 

x 7.80 mm, 5 µm particle size, Waters) and calibrated using linear PMMA standards with 

molecular weights ranging from 2.58 to 981 kDA (Waters, Milford, MA). Mn, Mw, and PI 

were measured and reported. 

 

Radiographic Characterization 

 MicroCT was performed on discs (6 mm in diameter and 1 mm in height) from each 

group in Table 9.1 (n=3 per group) with an x-ray tube voltage of 80 kV and current of 124 

µA with no filter and at a voxel size of 17.1 µm. The images were reconstructed for analysis 

using the software NRecon (version 1.6.9.18, SkyScan) and CTAn (version 1.15.4.0, 

SkyScan) with a 15% beam-hardening correction and an 85-255 binary threshold. Total 

porosity and percentage open pores was calculated in CTAn.  

 

Antimicrobial Characterization 

 Zone of inhibition analysis was performed on clinical isolates of fungi (C. albicans 

Y4215 and A. fumigatus Af293) and on a commercially-available methicillin-susceptible S. 

aureus (S. aureus ATCC29213). Discs (6 mm in diameter x 1 mm in height) from all groups 

in Table 9.1 (n=3 per group per organism) were evaluated. Discs were tested based on 

standardized methods as defined by the Clinical and Laboratory Standards Institute 

(Standard M44-A for fungal testing and Standard M02-A12 for S. aureus). Briefly, discs 

were placed on plates seeded with 1-2 x 108 CFU/mL of each organism (one type of 

organism per plate). These plates were incubated at either 35oC (C. albicans) or 37oC (A. 

fumigatus and S. aureus). After either 18 hours (S. aureus) or 24 hours (C. albicans and 

A. fumigatus) of incubation, plates were examined for zone of inhibition. The diameter of 

the zone of inhibition was measured and rounded to the nearest millimeter.  

 

Mechanical Characterization 

 Cylinders from all 6 groups in Table 9.1 (n = 5 per group) were placed in 1 L di-

ionized water at room temperature under mild agitation for 48 hours to remove soluble 

CMC and then dried by lyophilization293,305. Compressive and bending testing was then 

performed as specified by ISO 5833. Briefly, a Mini Bionix 858 Mechanical Testing System 

(MTS Systems Corporation, Eden Prairie, Minnesota) with a 10 kN load cell was utilized 
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for both compression and bending assays. For compression testing, a compressive force 

at a cross-head speed of 20 mm/min was applied until either fracture or passing of the 

upper yield point (n = 5 per group in Table 9.1). The compressive strength (determined by 

2% offset yield) and compressive modulus was measured using TestWorks 4 (MTS 

Systems Corporation).  

Bending modulus and strength was measured in accordance to ISO 5833 with a 

modification in the calculation of modulus as explained below. The distance between the 

inner and outer loading points was 20 mm and the distance between the two outer loading 

points was 60 mm. Force was applied at a cross-head speed of 5 mm/min until specimens 

failed (n = 4 per group in Table 9.1). Data were collected using the software TestWare-SX 

as provided by MTS Systems Corporation. Bending modulus, as calculated from ISO 

5833, requires the slope of force/displacement data between a force of 15 and 50 N. 

However, as porous PMMA had an ultimate bending force of less than 50 N, the slope of 

force/displacement from tare force to yield force was used to calculate modulus. 

Otherwise, bending strength and modulus were calculated as described in ISO 5833. 

 

Statistical Analysis 

 Total porosity, percentage open porosity, diameter of zones of inhibition, 

compressive offset yield strength, and compressive modulus were compared by a one-

way analysis of variance with post hoc analysis by Tukey’s honestly significant difference 

(α=0.05) and molecular weights (number average, weight average, polydispersity index) 

were compared by a two-tailed T-test (α=0.05). All statistics were performed using JMP 

Pro 11.0 (SAS, Cary, NC). 

 

RESULTS 

Space Maintainer Fabrication 

 Space maintainers were successfully fabricated as both discs (6 mm diameter x 1 

mm height) and cylinders (6 mm diameter x 12 mm height). On gross inspection, solid 

PMMA space maintainers were smoother in surface texture (Fig. 9.1). Increased 

econazole loading resulted in greater space maintainer opacity. 
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Figure 9.1. Gross image of solid (top row) and porous (bottom row) discs. Loading 

conditions from left to right are blank, low, and high. Scale bar = 10 mm. 

 

Polymer Characterization 

1H-NMR Spectroscopy 

 Upon analysis of PMMA polymerized in the presence and absence of econazole, 

no changes in chemical structure of either the polymer or the antimicrobial were noted. 

Representative sections of scans are shown in Figure 9.2. 

 

Figure 9.2. Representative 1H-NMR data from A) 0-8 ppm with magnified views from B) 

4.1-5.1 ppm and C) 6.6-7.9 ppm. Econazole alone = green, PMMA polymerized in the 

absence of econazole = red, and PMMA polymerized in the presence of econazole = blue.  
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Size Exclusion Chromatography 

 The Mn, Mw, and PI of space maintainers made from PMMA polymerized in the 

presence or absence of econazole (5 wt%) can be found in Table 9.2. There were no 

statistically significant differences in any molecular weight values between PMMA 

polymerized in the presence or absence of econazole.  

 

Table 9.2. Molecular weight (number average, weight average, and polydispersity index) 

of polymer chains in space maintainers (n = 3). 

Group Mn (kDa) Mw (kDa) PI 

Polymerized Without Econazole 157.3 ± 24.3 588.7 ± 91.3 3.2 ± 0.1 

Polymerized With Econazole 185.1 ± 27.8 638.6 ± 118.0 3.4 ± 0.1 

p value 0.89 0.59 0.08 

 

Radiographic Characterization 

 All groups in Table 9.1 (n = 3 per group) were radiographically scanned and 

reconstructed by microCT (Fig. 9.3). Reconstructed constructs were analyzed to 

determine total porosity as well as the proportion of open to closed pores (Fig. 9.4.). Non-

porous space maintainer groups had total porosity (Fig. 9.4A) ranging from 0.29-0.55% 

regardless of econazole loading (no significant differences amongst non-porous groups). 

Porous groups had a total porosity ranging from 19.34-26.43% regardless of econazole 

loading (no significant difference amongst porous groups). At each level of econazole 

loading, all porous groups had significantly greater total porosity than their non-porous 

counterparts.  

 Open pores are those that communicate with other pores and the outside 

environment through an interconnected network. Closed pores are void spaces that do 

not communicate. Open pores (%) is a measurement of the relative amount of open pores 

out of all total available pores (Fig. 9.4B). The open pores (%) of non-porous groups 

ranged from 10.34 to 56.32%; the high loading group had significantly greater open pores 

than the blank and low loading group. The open pores (%) of the porous groups ranged 

from 96.79-99.13% regardless of econazole loading (no significant difference amongst 

porous groups). At each level of econazole loading, all porous groups had significantly 

greater open porosity than their non-porous counterparts.  
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Figure 9.3. Representative microcomputed tomography reconstructions of non-porous 

(top) and porous (bottom) space maintainers, loaded with 0, 2.5, or 5.0 wt% econazole 

(blank, low, and high, respectively). Scale bar = 2 mm. 

 

Figure 9.4. Microcomputed tomography-generated radiographic data (n = 3 per group). 

A) Total Porosity (%). B) Proportion of open pores (%). Error bars represent standard 

deviation. Those not sharing the same letter are significantly different (p <0.05).  

 

Antimicrobial Characterization 

 Antimicrobial bioactivity was assayed by disc diffusion assay against the two most 

common FPJI species (C. albicans and A. fumigatus) as well as the most common 

bacterial species associated with superinfection (S. aureus).  The zone of inhibition (Fig. 

9.5) produced by the discs was measured and compared across groups to determine the 

effect of porosity and econazole loading on antimicrobial activity. 
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Figure 9.5. Example of zones of inhibition (S. aureus). Left to right: blank, low, and high 

loading dosage. Top row: Non-porous. Bottom row: porous. Scale bar = 20 mm. 

  

 

Figure 9.6. Zone of inhibition data for A) C. albicans, B) A. fumigatus, and C) S. aureus 

(n = 5 per group per species). No zone of inhibition was observed for any of the blank 

groups. Error bars represent standard deviation. Those not sharing the same letter are 

significantly different (p <0.05). 

  

Inhibition ranged from 0 to 32 mm, based on species, porosity, and loading dosage 

(Fig. 9.6). Regardless of porosity, no unloaded space maintainers (blank groups) 

demonstrated any inhibition against the three pathogenic species. For all species, there 

were no significant differences between porous and non-porous groups at the low loading 

dose. For all groups, high loading groups demonstrated significantly greater inhibition than 

low loading groups. For all groups, the porous high loading group demonstrated 

significantly greater inhibition than the non-porous high loading group.  
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Mechanical Characterization 

 Cylinders (6 mm in diameter, 12 mm in height) underwent compressive and 

bending testing per the standard ISO 5833 (Fig. 9.7). 

 
Figure 9.7. Compressive (n = 5) yield strength (A) and modulus (B) and bending (n = 4) 

yield strength (C) and modulus (D) (n = 4 per group) of porous and non-porous econazole-

loaded space maintainers. Error bars represent standard deviation. Those not sharing the 

same letter are significantly different (p <0.05). 

 

 Compressive yield strength ranged from 95.1 to 99.0 MPa for non-porous groups 

and from 29.5 to 30.8 MPa for porous groups (Fig. 9.7A). Compressive modulus ranged 

from 2077.0 to 2329.6 MPa for non-porous groups and from 703.9 to 780.7 MPa for porous 

groups (Fig. 9.7B). Porous groups had significantly decreased strength and modulus 

compared to non-porous groups with no significant effects based on econazole loading at 

either low or high dosage. The addition of econazole at either loading dose did not 

significantly affect either of the mechanical properties. This held true for both non-porous 

and porous groups. Similarly, porous groups had significantly decreased bending strength 

(Fig. 9.7C) and modulus (Fig. 9.7D) compared to non-porous groups under the same 

econazole loading conditions. Bending yield strength ranged from 69.7 to 89.6 MPa for 

non-porous groups and from 27.4 to 33.8 MPa for porous groups. Bending modulus 
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ranged from 5682.4 to 7557.9 MPa for non-porous groups and from 2734.7 to 4268.6 MPa 

for porous groups. 

 

DISCUSSION 

 In this study, the effect of porosity and drug loading on antifungal-eluting space 

maintainers was studied by chemical, radiographic, microbial, and biomechanical means. 

Imidazole-based compounds have been utilized as chemical initiators for free radical 

polymerization of PMMA and other polymer systems323. Therefore, the first objective of 

this study was to polymerize PMMA in the presence of econazole to determine if there are 

any interactions between the compounds at a molecular and macromolecular level. By 1H-

NMR spectroscopy and size exclusion chromatography, polymerizing PMMA in the 

presence of econazole (5 wt%) did not affect the function either the antifungal drug or the 

polymer (Fig. 9.2 and Table 9.2).  

 While the effects of introducing CMC as a leachable porogen to PMMA are well-

described253,293,305, it was important to determine if the introduction of econazole had any 

effect on the architecture and topography of the final porous space maintainer. It was 

determined that econazole had no effect on the total porosity of these constructs (Fig. 

9.4A), and that the total porosity was similar to that found in other studies using the same 

amount of CMC305. Introduction of CMC greatly increased the total porosity of constructs 

from less than 1% to greater than 20%. However, total porosity is not the only important 

metric when evaluating the additional surface area created for additional elution of drug. 

A greater percentage of open pores suggests formation of an interconnected network with 

communication to the environment. Porous groups had much greater open porosity than 

non-porous groups (Fig. 9.4B). While econazole loading had no statistically significant 

effect in porous groups on open porosity, the highest loading dose resulted in significantly 

greater open porosity among non-porous groups. It is possible that the addition of greater 

amounts of econazole may alter the mixing and/or packing of PMMA during 

polymerization, resulting in a greater degree of open pores (total porosity did not change).  

 As an antimicrobial device, econazole-loaded space maintainers were effective in 

inhibiting the growth of the most common fungal species associated with FJIPs and fungal 

osteomyelitis315 as well as the most common bacterial species associated with 

superinfection312,316. At the high loading dose, porous space maintainers were superior to 

non-porous space maintainers in microbial inhibition (Fig. 9.6). While not commonly used 

since the advent of more effective antifungal drugs, econazole has well-characterized 
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activity against Candida and Aspergillus320-322. Against fungal pathogens, econazole 

prevents the synthesis of ergosterol (through 14α-demethylase inhibition), a critical 

component of the fungal membrane322. However, sterols are not thought to have 

significant roles in the bacterial structure and are therefore not considered antibacterial 

agents324. Despite this, we observed a zone of inhibition observed against S. aureus (17 

mm in the porous high dose group) (Fig. 9.6C). As blank groups demonstrated no 

inhibition, this effect cannot be attributed to PMMA or CMC. It has previously been 

demonstrated that econazole nitrate has in vitro activity against S. aureus; in one study, 

econazole nitrate was found to be effective against several clinical isolates of S. aureus 

(as well as other common gram positive species, such as streptococci) with minimum 

inhibitory concentrations as low as 0.03 μg/mL325. However, the drug was not effective 

against gram negative species, including P. aeruginosa, P. mirabilis, E. coli, and Klebsiella 

pneumoniae, suggesting that the mechanism of action of econazole against bacteria may 

be related to components of the bacterial cell wall. Other speculated mechanisms of action 

include increased membrane permeability to potassium ions and inhibition of nitric oxide 

dioxygenase324,326. Further studies must be performed to elucidate the mechanism of 

econazole against S. aureus. In this study, it was found that econazole is an attractive 

therapeutic option to elute from the porous space maintainer given its activity against the 

most common fungal species and most common bacterial species responsible for 

superinfection in FPJI and fungal osteomyelitis.  

 Lastly, porous econazole-loaded space maintainers were tested under 

compressive and bending forces, per ISO 5833. As tension is not considered a major 

element of the typical biomechanical stresses on space maintainers, it is not included in 

ISO 5833 and thus was not examined in this study. Even at the highest loading dose (5 

wt%), there were no significant differences between groups based on econazole loading 

(Fig. 9.7). In studies using solid PMMA, it has previously been noted that antibiotics loaded 

up to 5 wt% often result in negligible changes in space maintainer mechanical 

properties311. As has been found in previous studies involving porous space 

maintainers293,305, introducing porosity significantly decreased space maintainer 

mechanical properties (Fig. 9.7). However, even with decreased mechanical properties, 

these space maintainers may still be sufficient for their intended application. Given the 

temporary nature of space maintainers, it has been argued that diminished mechanical 

properties are acceptable in light of increased antimicrobial activity327. Furthermore, space 

maintainers are often mechanically reinforced when implanted. In the majority of clinical 
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studies of antibiotic-loaded PMMA for use in hip arthroplasty, space maintainers had 

additional mechanical support from surgical hardware311. In instances in which CMC-

based porous PMMA bone space maintainers were implanted in preclinical animal 

models288,291,304 and human patients254, there were no reports of mechanical failure. 

Therefore, despite diminished mechanical properties, econazole-loaded porous space 

maintainers may still be appropriate for temporary space maintenance in an infected tissue 

defect. 

 

CONCLUSION 

 In this study, we have developed econazole-releasing porous space maintainers 

that are capable of inhibiting the growth of C. albicans, A. fumigatus, and S. aureus. 

Econazole, with activity against fungi and gram positive bacteria, is a desirable choice for 

the treatment of FJPI and fungal osteomyelitis. Compared to traditional solid space 

maintainer devices, we found that porous space maintainers were capable of greater 

pathogen inhibition. This may be due to increased surface area available for drug elution, 

as both total porosity and percentage open pores increased with incorporation of a 

leachable porogen into the space maintainer. While decreased, the mechanical properties 

of the econazole-releasing porous space maintainers are still sufficient for their intended 

biological function. Future directions include validation in an animal model of fungal 

osteomyelitis.  

. 
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Chapter 10§§ 

 

A Murine Model of Primary Cutaneous 

Aspergillosis in a Large Dermal Defect 

 

ABSTRACT 

Cutaneous aspergillosis is a clinically challenging condition to treat, resulting in 

large necrotic ulcers with poor innate regenerative capacity. In addition to displaying 

angiotropism and destroying local vasculature, it has been demonstrated that Aspergillus 

infection results in local downregulation of host angiogenesis which further mitigates 

wound healing in the patient. In order to better understand this disease process, as well 

as build a platform for developing improved therapeutic strategies, we have created a 

novel murine model of cutaneous aspergillosis featuring a large skin defect. In this study, 

we demonstrate that this neutropenic model recapitulates the impaired wound healing and 

chronic Aspergillus infection seen in immunocompromised patients in an inoculum-

dependent manner.  

                                                           
§§This chapter is adapted from work presented as A.M. Tatara, N.D. Albert, A.G. Mikos, 
and D.P. Kontoyiannis, “A New Murine Model of Cutaneous Aspergillosis in a Large Skin 
Defect,” American Society of Microbiology 2016, Boston, Massachusettes, June 16-20th 
(2016). 
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INTRODUCTION 

 Primary cutaneous aspergillosis is a devastating infection caused by Aspergillus 

species that predominantly affects immunocompromised patients. Beginning as a 

cutaneous lesion, PCA can progress to systemic dissemination, often causing significant 

morbidity and mortality147,148,328. Of patients with PCA, nearly one third will die with 

disease328. Due to the expanding population of immunocompromised patients, PCA is 

becoming an increasingly relevant issue in healthcare148. PCA is typically treated by either 

surgical excision, systemic antifungal therapy, or a combination of the two. However, in a 

meta-analysis of patient outcomes, none of these treatment options were superior in 

preventing mortality with disease328. In fact, surgical treatment (without additional systemic 

antifungal therapy) has been significantly associated with disease recurrence328. However, 

systemic antifungal therapy is not superior to surgical treatment in terms of survival. This 

may in part be due to the tendency of Aspergillus to invade and destroy local vasculature, 

preventing effective penetration of systemic drugs to the nidus of infection239. Given its 

lethality and current lack of effective treatment options, there is a need for development of 

platforms to validate new PCA therapeutic strategies. 

 Therefore, new animal models are required that recapitulate the challenging 

conditions associated with PCA. Previously, a murine model of PCA was reported that 

specifically allowed for investigation of the effect of PCA on tissue angiogenesis85,239. That 

model also allows for evaluation of antifungal therapy. However, the cutaneous ulcer that 

develops from this subcutaneous inoculation is inconsistent in size and does not often 

present with a necrotic tissue defect as is often seen in clinical cases. In this study, we 

have modified the model to include a large tissue defect. By creating an infected 

standardized dermal defect of reproducible size, the effect of PCA on tissue regeneration 

can be investigated. Furthermore, this model replicates surgical treatment (and failure) 

with disease recurrence, a common clinical mechanism of failure.  

 

METHODS 

Animal Model 

Neutropenia was induced in female BALB/c mice of 18-22 g by a 

cyclophosphamide/cortisone acetate immunosuppression protocol as previously 

validated85,239. Briefly, mice were given 200 μl intraperitoneal injections of 

cyclosphosphamide (100 mg/kg) on Days -4, -1, +2, and +6, and a single subcutaneous 

dose of 100 μl cortisone acetate (250 mg/kg) on Day -1. Throughout immune suppression, 
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mice were prophylactically treated with sucrose water with doxycycline to prevent 

superinfection. Mice were divided into 4 groups (n = 5 per group) based on level of fungal 

inoculation: saline, 1.75 x 106 conidia, 1.75 x 107 conidia, and 1.75 x 108 conidia (labeled 

as saline, 106, 107, and 108, respectively). Mice were caged in groups of five and cages 

were randomly assigned to the different groups. 

 On Day 0, the mice were shaven, prepped, and given 200 μl subcutaneous 

injections of saline or Aspergillus fumigatus Af293 conidia over the right dorsal flank (Fig. 

10.1). The site of inoculation was marked for later reference. On Day +3, a 6 mm biopsy 

punch was used to create a cutaneous defect over the site of inoculation. Briefly, Mice 

were prophylactically given subcutaneous injections of 100 μl meloxicam (0.3 mg/kg) and 

50 μl 0.25% bupivacaine. Cutaneous biopsy was performed with mice anesthetized via 

isoflurane. The wound was covered with a sterile strip of TegadermTM (3M, St. Paul, MN) 

surgical tape. The wound was then re-inoculated by injection under the wound dressing 

with the same number of conidia as originally given in 100 μl of volume. For analgesia, 

mice were given daily doses of meloxicam for three days following surgery. Mice were 

euthanized on Day +9 (nine days after initial infection, six days after surgical excision and 

re-inoculation). After euthanasia, the wound on each mouse was photographed for 

analysis of wound surface area by ImageJ (National Institutes of Health, Bethesda, MD). 

A 10 mm x 10 mm section of tissue around the wound bed was harvested by dissection 

and fixed in 10% NBF (Fig. 10.1). Tissues were paraffin embedded, sectioned, and stained 

by hematoxylin and eosin (H&E) and Grocott's methenamine silver stain (GMS).  

 

Statistics 

 Animal weight and final wound area were compared using a one-way analysis of 

variance with posthoc analysis via Tukey’s Honestly Significant Difference test. Kaplan-

Meier analysis was performed to determine differences in survival rates with the log-rank 

test. All statistics were performed using JMP Pro software (version 11.0; SAS Institute, 

Cary, NC) and conducted with a 95% confidence interval (α = 0.05). 
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Figure 10.1. Schematic of tissue defect and harvested tissue as well as timeline of events.  

 

RESULTS 

Surgical Outcome 

 Mice lost significant weight due to the immunosuppression protocol (between Days 

-4 and 0). For this reason, Day +2 cyclophosphamide was withheld. Upon wound creation 

on Day 3, all wounds were covered with a clinically-available sterile wound dressing (Fig. 

10.2). Approximately 2/3 of mice retained tape over the wound site over the course of the 

study; all instances of tape removal occurred within the first 48 hours of application. During 

observation, mice were never observed chewing, clawing or otherwise attempting to 

remove the tape. Tape removal did not appear to disrupt the wound (Fig. 10.2).   

After surgery, several mice had initial lameness on Day +3. Due to clinical signs of 

pain, these mice were given extended buprenorphine (SR Veterinary Technologies, 

Windsor, Colorado) by the veterinary staff on Day +4 as needed.  

 

 
Figure 10.2. Representative cutaneous wound at Day +9 before A) and after B) removal 

of surgical tape. 

 



 
 

150 
 

Survival 

 While most mice demonstrated improvement, six mice were required to be 

euthanized before Day +9 due to lack of recovery from initial lameness or progressive 

lameness. A Kaplan-Meier survival curve can be found in Figure 10.3. One mouse in the 

107 group passed away without being euthanized on Day +2 (speculated to be due to 

complications from immunosuppression). One mouse in the Saline group and two mice in 

the 108 group were euthanized due to lameness of the right hind limb on Day +4. Two 

mice in the 108 group were euthanized due to lameness of the right hind limb on Day +6. 

Upon autopsy, animals that demonstrated persistent lameness had necrotic bands of 

tissue in the wound bed (Fig. 10.3A) as well as in the underlying muscle of the leg (Fig. 

10.3B). Some purulent material was also noted surrounding these necrotic bands.  

 

 

Figure 10.3. Representative gross photographs of A) cutaneous wound and B) underlying 

muscle of animals that were euthanized due to persistent lameness. White arrow = 

necrotic bands of tissue.   

 

In summary, 4/5 mice in Saline, 5/5 mice in 106, 4/5 mice in 107, and 1/5 mice in 

108 survived to Day +9 (Fig. 10.4). The 108 group demonstrated statistically significantly 

less survival than the 106 group in this murine model of PCA in a large tissue defect (Fig. 

10.4B).  
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Figure 10.4. A) Kaplan-Meier survival curve. B) Statistical comparisons between groups 

based on survival. 

 

Signs of Dissemination 

 Mice were actively monitored and observed for clinical signs of dissemination, 

including reduced motor activity, lethargy, shivering, and piloerection329.  None of these 

signs were demonstrated by mice throughout the duration of the study. In addition, weight 

loss is a nonspecific indication of systemic infection329. Weight was recorded at Day 0, 

Day +3, and every day thereafter (Fig. 10.5). Weights were recorded in the morning. On 

days when euthanasia was required, animal weight was recorded and included before 

euthanasia (and not included for subsequent days). While groups trended towards 

increased weight over length of study (possibly due to recovery from the stringent 

immunosuppression protocol), there was no significance between weight at Day 0 and 

Day +9 (108 could be not be compared due to n = 1 at Day +9). 

 
Figure 10.5. Average weight per group over time. Error bars represent standard deviation. 
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Wound Healing 

 All mice maintained a cutaneous defect by Day +9, six days after defect creation 

(Fig. 10.6A). Photographs of the wound were analyzed for measurement of the wound 

area (Fig. 10.6B). The 106 and 108 groups had significantly greater wound size compared 

to the saline group. The 107 group trended towards greater area than Saline, but was not 

statistically larger. 

 

 
Figure 10.6. A) Representative cutaneous wounds from each group on Day +9. B) 

Average wound area at Day +9 (n = 4, 5, 4, and 1 for Saline, 106, 107, and 108, 

respectively). With a 6 mm biopsy punch, initial wound area is expected to be 28.3 mm2 

(dotted red line). Error bars represent standard deviation. Groups which do not share the 

same letter are significantly different (p <0.05). 

 

Histology 

Histological sections were taken from each group and stained for the presence of 

fungi (GMS) and inflammatory cells (H&E). Representative histological sections from the 

dermis can be found in Figure 10.7. A large amount of inflammatory cells was observed 

in the 108 group. Fungi (stained black by GMS) were present in all animals in inoculation 

groups and no animals in saline groups. In addition, fungal hyphae were present in the 

tissues (Fig. 10.8) rather than only the injected conidia.  

Histological sections were also taken from the mice that were euthanized 

prematurely due to lameness in the 108 group on Days +4 and +6, in addition to those 

terminally euthanized at Day +9 (one day, three days, and six days after surgery, 

respectively) (Fig. 10.9). Qualitatively, the amount of fungal burden appeared to decrease 
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over time in these serial infections (with the caveat that the sections presented in Day +4 

and Day +6 were from animals with infection severe enough to require euthanasia).  

 

 
Figure 10.7. Representative histological sections stained with GMS (top) and H&E 

(bottom) of saline, 106, 107, and 108 groups. Scale bar = 100 μm. 

 

Figure 10.8. High magnification image (GMS stain) taken from a 108 animal on Day +9. 

White arrow = A. fumigatus hyphae. Black arrow = cluster of A. fumigatus conidia. Scale 

bar = 50 μm. 
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Figure 10.9. GMS stain of sections taken from animals from the 108 group that were 

euthanized on Day +4, +6, and +9. Scale bar = 100 μm. 

 

DISCUSSION 

In this study, a model of primary cutaneous aspergillosis was created by 

introducing A. fumigatus Af293 conidia to neutropenic mice by subcutaneous injection, 

followed by the creation of a large cutaneous defect and re-inoculation after the infection 

had been given three days to mature. In addition to presenting a very stringent model of 

infection, this re-inoculation also recapitulates PCA recurrence often seen in clinical cases 

of surgical treatment. Mice were divided into groups based on inoculation concentration. 

The goals of the study were to produce a primary localized, chronic infection that did not 

become systemic to study the effects of inoculation on wound healing and mouse survival.  

One mouse (107 group) passed away before surgery on Day +2. Due to lack of 

signs of systemic infection, it is postulated that the mouse died from complications from 

the immunosuppressive protocol. 

Five mice required euthanasia before the study’s terminal time point after the 

surgery (one in the Saline group and four in the 108 group). These mice experienced 

lameness in the right hind limb. It is worth noting that in two of these five mice, this 

lameness was progressive; the mice were eventually euthanized on Day +6, three days 

after the initial surgery. Both of these mice were in the group featuring the highest 

inoculation dose (108). This is suggestive of locally invasive disease. It is well-documented 

that PCA can become locally invasive and spread to muscle tissue163. Upon dissection, 

these mice were noted to have necrotic tissue surrounded by purulent material in the 

muscle directly underneath the cutaneous defect, further suggestive of local invasion and 

tissue damage (Fig. 10.3) However, A. fumigatus can be locally aggressive and invasive 

without systemic involvement in human hosts163. 
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None of the mice appeared to lose significant weight due to infection (Day 0) or 

surgery (Day +3) (Fig. 10.5). Weight loss can be a sign of dissemination and systemic 

infection329. The lungs are the most common organ system to which A. fumigatus spreads 

during the transition from primary infection to systemic infection in human PCA328 and 

future studies should analyze harvested lung tissue to more definitively determine whether 

systemic dissemination of infection occurs in this model. 

Importantly, mice continue to demonstrate active fungal disease on histology nine 

days after initial inoculation (Fig. 10.7). In the life cycle of Aspergillus, the spore form is 

called the conidium. If the conidiium is in a favorable environment, it will undergo 

germination and produce structures known as germlings. These germlings will further 

mature into hyphae, the filamentous structure often associated with active disease. 

Hyphae and germlings were filtered from culture during the collection of conidia for mouse 

inoculation; thus, the hyphae found on histology demonstrates development of active 

aspergillosis disease as seen in immunocompromised human hosts. In Figure 10.9, 

“serial” sections from mice in the highest inoculation group (108) are shown from mice 

euthanized on Day +4, Day +6, and Day +9. These sections suggest that fungal burden 

may diminish over time. However, this may be an artifact; animals were euthanized early 

because of invasion of the fungi into local muscle tissue resulting in lameness. These 

sections are therefore biased (the increase in fungal burden may be correlated with more 

significant disease rather than inversely correlated with time). Ultimately, this study was 

not designed to analyze fungal burden over time. As PCA can present as a chronic lesion 

in immunocompetent hosts328, a potential future direction may be investigating the 

longevity of this infection model.  

As noted in human cases of PCA, wound infection significantly affected tissue 

regeneration in this murine model (Fig. 10.6). In a study of cutaneous S. aureus infection 

in mice with a similar-sized defect (25 mm2)330, a ~20 mm2 wound was observed at Day 

+6, comparable to the 106 and 107 group results in this study (and smaller than the wound 

size in the n=1 108 animal) (Fig. 10.6B). As sterile wounds resulted in faster healing than 

infected wounds, this model may serve as a profoundly-needed platform for the validation 

of novel therapeutic strategies. Especially for the field of tissue engineering, there is a 

dearth of models of tissue defects with accompanying fungal infection331 despite relevance 

to the clinical population. 
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CONCLUSION 

     In this work, a new murine model of primary cutaneous aspergillosis featuring a 

large dermal defect was validated. Similar to human disease, animal morbidity was 

dependent on fungal burden with increasing amounts of inoculum resulting in local tissue 

invasion. Histologically-confirmed active fungal disease persisted for at least nine days 

following initial inoculation. Infection of the wound significantly affected tissue 

regeneration. This model may function as a platform to further investigate regenerative 

medicine technologies that either treat fungal infection, stimulate wound healing, or both 

simultaneously. 
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Chapter 11*** 

 

Synthesis and Characterization of Diol-

based Unsaturated Polyesters: Poly(Diol 

Fumarate) and Poly(Diol Fumarate-co-

Succinate) 

ABSTRACT 

Given their ability to be modified by free radical addition, biodegradable 

unsaturated polyesters serve as important macromers in the design of devices such as 

drug delivery vehicles and tissue scaffolds. Terminal diols, or saturated aliphatic chains 

beginning and ending with alcohol groups, can be reacted with unsaturated dicarboxylic 

acids to form unsaturated macromers by esterification. The degree of unsaturation can be 

controlled by combining different ratios of unsaturated and saturated dicarboxylic acids 

(such as fumaric acid and succinic acid, respectively). The resulting polymers, termed the 

poly(diol fumarates) and poly(diol fumarate-co-succinates), have tunable physicochemical 

properties based on diol length and degree of unsaturation. In this work, we describe the 

synthesis and characterization of different variants of these new polymers, as well as 

demonstrate their ability to be incorporated in crosslinked networks with tunable 

properties.  

  

                                                           
***This chapter is adapted from work presented as A.M. Tatara, E. Watson, T. Satish, 
D.P. Kontoyiannis, and A.G. Mikos, “Poly(diol fumarates); A New Class of Tunable 
Antimicrobial Polymers,” World Biomaterials Congress 2016, Montreal, Quebec, May 17-
22nd (2016). 



 
 

158 
 

INTRODUCTION 

Biodegradable synthetic macromers serve as useful platforms for the design of 

drug delivery vehicles and tissue scaffolds in biomedical settings. Aliphatic polyesters are 

seeing increasing use in biomedical devices due to their ability to be degraded 

hydrolytically under physiologic conditions. Specific aliphatic polyesters such as 

poly(propylene fumarate) and oligo(poly (ethylene glycol) fumarate) contain carbon-

carbon double bonds within the polymer backbone332,333. These unsaturated bonds act as 

potential sites for modification and/or crosslinking to build three dimensional polymer 

networks. It is generally understood that the distance between unsaturated bonds within 

the polymer backbone can have effects on polymer physicochemical characteristics334. 

However, the relationship between the distance separating unsaturated bonds at the scale 

of single carbon units on polymer properties is unclear. 

To that effect, we have synthesized and characterized a class of unsaturated, 

hydrolytically-degradable, aliphatic polyesters based on terminal diols. Straight chain 

terminal diols are aliphatic carbon chains with alcohol groups on both the initial and 

terminal carbon. These diols can range in length, from 1,3-propanediol to 1,20-

eicosanediol and beyond. Straight chain terminal diols ranging from 6 to 12 carbons in 

length have been demonstrated to be non-cytotoxic in cell culture and biocompatible upon 

implantation in animal models as part of a saturated, citric-acid based macromer network 

(the poly(diol citrates))335. Different terminal diols resulted in different macromer 

physicochemical properties. In addition to biocompatibility, straight chain terminal diols 

have demonstrated antibacterial and antifungal properties as monomers in both in vitro 

and clinical studies336-338.  

In order to build an unsaturated macromer chain with terminal diols, we designed 

a solvent-less Fischer esterification scheme between different terminal diols and 

dicarboxylic acids. Fumaric acid, a dicarboxylic acid, contains an unsaturated carbon-

carbon double bond and has been incorporated into biocompatible, biodegradable 

macromers and macromer networks previously339,340. Succinic acid, another dicarboxylic 

acid, shares nearly identical structure to fumaric acid but contains single carbon-carbon 

bond in its backbone rather than an unsaturated bond. By using different ratios of fumaric 

acid and succinic acid, the amount of unsaturated bonds within the final macromer 

backbone can be tuned. The combination of altering terminal diols and dicarboxylic acid 

ratios results in a class of unsaturated, biodegradable polyester-based macromers with a 

wide variety of physicochemical properties, identified as the poly(diol fumarates) (PDFs) 
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and poly(diol fumarate-co-succinates) (PDFSs). In this work, a variety of diol-based 

polymers were synthesized and characterized to demonstrate the effect of terminal diol 

length and FA:SA ratio on macromer physicochemical properties in a multifactorial study 

design. As proof of principle, macromers were then incorporated into networks by 

photocrosslinking and the effects of terminal diol length and dicarboxylic acid ratio on 

network properties such as swelling, sol fraction, and mechanical compression were 

analyzed. 

 

METHODS 

Materials 

Fumaric acid (FA), succinic acid (SA), 1,6-hexanediol, 1,8-octanediol, 1,10-

decanediol, toluene (laboratory reagent grade), polystyrene standards, 1-Vinyl-2-

pyrrolidinone (NVP), and p-toluenesulfonic acid monohydrate (PTSA) were purchased 

from Sigma-Aldrich (St. Louis, MO). Ethyl ether anhydrous and chloroform (HPLC grade) 

were purchased from EMD Millipore (Darmstadt, Germany). Dulbecco’s phosphate-

buffered saline (PBS) was purchased from Thermo Fisher Scientific (Waltham, MA), 

deuterated chloroform with 1% v/v tetramethylsilane (d-CHCl3) was purchased from 

Cambridge Isotope Laboratories, Inc. (Andover, MA), and Irgacure 819 was purchased 

from Ciba Specialty Chemicals Corporation (Tarrytown, NY). All materials were used as 

received unless otherwise noted. 

 

Macromer Synthesis 

PDFs and PDFSs were synthesized by Fischer esterification (Figure 11.1). Briefly, 

equimolar concentrations of diol and dicarboxylic acid with 1 mol% PTSA were stirred at 

120oC under a nitrogen atmosphere for 24 hours. The raw product of this synthesis was 

then purified by phase separation and ether precipitation. Raw polymer was dissolved in 

an excess of chloroform (1:20 w/v) to produce an organic phase. This organic phase was 

placed in a separation funnel, mixed with an excess of Millipore water (1:2 v/v), and 

vigorously shaken to remove unreacted dicarboxylic acids (as well as some water-soluble 

diols and low molecular weight chains). The organic phase was isolated and then reduced 

by rotary evaporation to recover the remaining polymer and unreacted organic-soluble 

diols. This powder was redissolved in chloroform (1:5 w/v) and added dropwise to an 

excess of chilled ethyl ether (1:200 v/v). The purified polymer precipitated out of the ether 

and was recovered by vacuum filtration with a Grade 50 Whatman® filter (Sigma-Aldrich). 
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The purified polymer was vacuum dried and stored at ambient temperature while shielded 

from light. To examine the impact of diol length and unsaturated bond density on 

macromer properties, polymers were synthesized using three different diols (1,6-

hexanediol, 1,8-octanediol, and 1,10-decanediol) and three different FA:SA ratios (1:0, 

1:1, and 1:2) to yield a 3 x 3 full factorial design (Table 11.1). All variants were synthesized 

and purified under the same methodology. 

 

Figure 11.1. Synthesis scheme for diol-based polymers. 

 

Table 11.1. The nine polymers synthesized, using three different diols and three different 

monomer feed ratios.  

Group Compound Diol Monomer 
FA:SA Ratio 

P6F Poly(hexanediol fumarate) Hexanediol 1:0 
P6FS Poly(hexanediol fumarate-co-succinate) Hexanediol 1:1 
P6FSS Poly(hexanediol fumarate-co-succinate) Hexanediol 1:2 
P8F Poly(octanediol fumarate) Octanediol 1:0 
P8FS Poly(octanediol fumarate-co-succinate) Octanediol 1:1 
P8FSS Poly(octanediol fumarate-co-succinate) Octanediol 1:2 
P10F Poly(decanediol fumarate) Decanediol 1:0 
P10FS Poly(decanediol fumarate-co-succinate) Decanediol 1:1 
P10FSS Poly(decanediol fumarate-co-succinate) Decanediol 1:2 

 

Proton Nuclear Magnetic Resonance Spectroscopy 

Purified polymer was dissolved in d-CHCl3 (~10 mg/mL) and subjected to 1H-NMR 

spectroscopy utilizing a 400 MHz spectrometer (Bruker, Billerica, MA) and analyzed with 

TOPSPIN 3.0 software (Bruker). To determine the actual polymer FA:SA ratio, integration 

on the spectra was performed on 3.60-3.70 ppm, 4.13-4.23 ppm, and 4.02-4.12 ppm 

(attributed to protons adjacent to the free alcohol group, fumarate ester bond, and succinic 

acid ester bond, respectively). To measure the ratio of FA:SA incorporated within the 

backbone of the polymer, the ratio of the integrated fumarate ester bond over the 

integrated succinic ester bond was calculated. 
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Size Exclusion Chromatography  

SEC was performed to determine chain length of all polymers in Table 11.1 using 

a Waters (Milford, MA) gel permeation chomatography system, consisting of pump 

(Waters Model No. 155), injection module (Waters No. 717), and refractive index detector 

(Waters Model No. 410) per established methods333. Briefly, purified polymer was 

dissolved in chloroform (15 mg/mL) and filtered through a 0.45 µm Whatman injection 

filter. SEC was performed (n=3 per group) at a flow rate of 1 mL/min and a temperature of 

30oC with a Styragel® HR2 THF 5 µm, 7.8 mm x 300 mm column (Waters) with Styragel® 

20 µm, 4.6 mm X 30 mm guard column. A calibration curve was constructed using linear 

polystyrene standards with weight average molecular weights ranging from 1.11 kDa – 32 

kDa. Mn, Mw, and PI were measured and calculated using the software Empower (Waters).  

 

Differential Scanning Calorimetry  

Differential Scanning Calorimetry (DSC) was performed to determine thermal 

properties of the groups in Table 11.1 per established methods341. Briefly, 1.5-3 mg of 

purified polymer (n=3 per group) was added to aluminum pans (DSC Consumables, Inc., 

Austin, MN), melted for several seconds at 120oC to maximize surface contact with the 

pan as well as encourage polymer amphorous state, and then immediately flash frozen in 

liquid nitrogen. The pans were then heated at 5oC/min between -70oC and 120oC for two 

cycles (starting at ambient temperature) in a TA Instruments (New Castle, DE) differential 

scanning calorimeter (Model No. 2920). Melting temperature (Tm), crystallization 

temperature (Tc), and glass transition temperature (Tg) were measured and analyzed with 

the software Universal Analysis 2000 (TA Instruments).  

 

Formation of Crosslinked Networks 

As a proof of principle, disc constructs were fabricated to demonstrate the ability 

of the PDFs and PDFSs to form crosslinked networks, using NVP as a crosslinker as has 

previously been explored in fumarate-based macromers342. Briefly, purified polymer was 

dissolved in NVP at a 1:1 wt/wt ratio. Photoinitiator (Irgacure 819) was added to the 

mixture (0.1 wt%). The mixture was then placed in polytetrafluoroethylene disc molds (6 

mm in diameter, 1 mm in height) and exposed to blue light from an LED-based dental 

curing system for 40 seconds to initiate crosslinking. These discs were then dried and 

stored under vacuum at room temperature. 
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Swelling and Sol Fraction of Networks 

The sol fraction, or soluble fraction, and swelling was measured and calculated per 

established methods343 in both an organic environment (toluene) and aqueous 

environment (PBS, pH = 7.4). Toluene was chosen due to its ability to swell PDF- and 

PDFS-based networks without disrupting their geometry or leading to degradation by 

hydrolysis. PBS was chosen due to its similar ionic composition to biological fluid. Briefly, 

discs (n=5 per group per solution) were individually incubated in an excess of solution (20 

mL) under mild agitation. For toluene, discs were incubated at ambient temperature for 

168 hours. For PBS, discs were incubated at 37oC (physiologic temperature) for only 24 

hours in order to minimize effects due to hydrolytic degradation. Discs were weighed 

before incubation (initial dry weight), immediately following incubation (swollen weight), 

and after being dried by vacuum at ambient temperature following incubation (final dry 

weight). The sol faction was calculated as the difference between the initial dry weight and 

final dry weight, over the initial dry weight. The swelling was calculated as the difference 

between the swollen weight and final dry weight, over the final dry weight.  

 

Compressive Modulus of Networks 

The bulk modulus, or modulus of compression, was measured in a non-destructive 

assay using a thermomechanical analyzer (TA Instruments) as described previously344. 

Briefly, discs which had been swollen in PBS for 24 hours at 37oC under mild agitation 

(n=5 per group) were subjected to a compressive force of 0.1 N/min over 0.01 N-0.25 N 

at 37oC. The rate of dimension change as a function of applied force was measured and 

the bulk modulus was calculated for each polymer in Table 11.1 using the software TA 

Advantage Control and Universal Analysis (TA Instruments). 

 

Statistics 

All statistics were performed with the software JMP Pro 11 (SAS Institute, Cary, 

NC). All tests were conducted with a 95% confidence interval (α = 0.05). An analysis of 

variance test was performed with posthoc analysis via Tukey’s Honestly Significant 

Difference test to evaluate the effects of diol length and FA:SA ratio on macromer Mn, Mw, 

PI, Tm, Tc, and Tg. In addition, the effects of diol length and FA:SA ratio on network 

swelling and sol fraction in toluene, swelling and sol fraction in PBS, and compressive 

modulus was also analyzed by ANOVA with Tukey’s Honestly Significant Difference test.   
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RESULTS 

Macromer Synthesis 

All variants in Table 11.1 were able to be synthesized and purified as described. 

The resulting purified products were opaque white powders of fine grain size. Yield ranged 

from 17.88 to 61.46% with P10FSS and P10F having lowest and highest yield, 

respectively (Table 11.2).  

 

Proton Nuclear Magnetic Resonance Spectroscopy 

1H NMR spectroscopy confirmed esterification, as demonstrated by a downfield 

shift in the protons adjacent to the carbon adjacent to the free alcohol group from 3.65 

ppm to either 4.10 ppm (succinic ester) or 4.20 ppm (fumaric ester). A representative 

spectrum can be seen in Figure 11.2A. As the FA decreased and SA increased in 

monomer feeds, the resulting integrated area under those respective ester peaks also 

changed to reflect the relative amounts of FA and SA in the final macromer backbone (Fig. 

1B-D). A comparison between the initial FA:SA monomer feed ratio versus incorporated 

macromer backbone FA:SA ratio is given in Table 2. The 1,6-hexanediol-based variants 

had a higher FA:SA ratio in the macromer than monomer feed at both the 1:1 and 1:2 

levels than the other diols. Both the 1,8-octanediol- and 1,10-decanediol-based groups 

had nearly the same FA:SA ratio at the 1:1 level and decreased FA:SA ratio (1:2.7 and 

1:2.6) at the 1:2 monomer feed. 

 

Table 11.2. Initial monomer FA:SA ratio feed versus final incorporated FA:SA ratio in 

macromer backbone and yield. 

Group Monomer FA:SA Ratio Yield (%) Macromer FA:SA Ratio 
P6F 1:0.0 33.7 1:0.0 
P6FS 1:1.0 27.0 1:0.8 
P6FSS 1:2.0 35.1 1:1.6 
P8F 1:0.0 47.3 1:0.0 
P8FS 1:1.0 25.7 1:1.1 
P8FSS 1:2.0 28.3 1:2.7 
P10F 1:0.0 61.5 1:0.0 
P10FS 1:1.0 26.8 1:1.0 
P10FSS 1:2.0 17.8 1:2.6 



 
 

164 
 

 

Figure 11.2. Labeled representative 1H-NMR spectra using decanediol-based polymers 

used as an example, demonstrating the A) entire spectrum of P10FS, as well as a 

magnified region with peaks relevant to protons on the dicarboxylic acid groups for B) 

P10F, C) P10FS, and D) P10FSS.   

 

Size Exclusion Chromatography 

By SEC, the number average molecular weight of the macromers ranged from 2.12 

kDa to 5.27 kDa and the weight average molecular weight ranged from 4.47 kDa to 8.10 

kDa (Table 11.3 and Fig. 11.3). In general, longer diols and incorporation of succinic acid 

resulted in longer chains. In Table 3, the average number of unsaturated bonds per 

polymer chain is given based on number average and weight average molecular weight 

as a reflection of available double bond density. This value was calculated by dividing the 

polymer molecular weight by the molecular weight of a single repeating unit (diol + 

dicarboxylic acid – water) and multiplying by the proportion of FA:SA in the polymer as 

found by 1H-NMR. The number average of unsaturated double bonds per chain ranged 

from 4.33 to 11.77 kDa and the weight average of unsaturated double bonds per chain 

ranged from 6.97 to 24.13 kDa. Double bond density increased with increasing diol length 

and decreased with greater substitution of succinic acid for fumaric acid.  
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Table 11.3. Molecular weight data and calculated number of unsaturated bonds per 

polymer chain reported as average ± standard deviation (PI and average unsaturated 

bonds per chain are unit-less). Within a column, those that do not share the same letter 

are significantly different (p <0.05).  

Group Mn (kDa) Mw (kDa) PI Number Average 
Unsaturated 
Bonds/Chain 

Weight Average 
Unsaturated 
Bonds/Chain  

P6F 2.12 ± 0.13e 4.47 ± 0.15e 2.11 ± 0.07a 9.80 ± 0.61b 20.67 ± 0.68b 
P6FS 2.76 ± 0.10d 4.85 ± 0.12e 1.68 ± 0.02b 7.30 ± 0.26c 12.26 ± 0.31d 
P6FSS 3.40 ± 0.05c 5.51 ± 0.10d 1.62 ± 0.01b,c 6.03 ± 0.08d 9.79 ± 0.18e 
P8F 2.76 ± 0.01d 5.83 ± 0.04d 2.11 ± 0.02a 11.31 ± 0.03a 23.86 ± 0.15a 
P8FS 4.99 ± 0.16a 7.58 ± 0.17b 1.52 ± 0.02d 9.68 ± 0.32b 14.70 ± 0.33c 
P8FSS 3.95 ± 0.07b 6.37 ± 0.13c 1.61 ± 0.01b,c 4.33 ± 0.07e 6.97 ± 0.15f 
P10F 3.21 ± 0.11c 6.57 ± 0.14c 2.05 ± 0.03a 11.77 ± 0.41a 24.13 ± 0.53a 
P10FS 5.22 ± 0.13a 8.10 ± 0.19a 1.55 ± 0.02c,d 9.55 ± 0.24b 14.82 ± 0.35c 
P10FSS 5.27 ± 0.12a 7.79 ± 0.26a,b 1.48 ± 0.02d 5.33 ± 0.12d 7.88 ± 0.26f 

 

Figure 11.3. A) Number average molecular weight and B) weight average molecular 

weight of polymers. Those that do not share the same letter are significantly different (p 

<0.05). Error bars represent standard deviation. 

 

Differential Scanning Calorimetry 

The melting temperature (Fig. 11.4A) of the diol-based polymers ranged from 

61.2oC to 97.3oC and the crystallization temperature (Fig. 11.4B) ranged from 42.0oC to 

80.2oC. Both melting and crystallization temperatures decreased with increasing diol 

length and decreased with decreasing FA:SA ratio. No glass transition temperature points 

were observed within the tested temperature range (-70oC to 120oC) for any variant 

(representative thermal curves of 1,10-decanediol-based variants are shown as an 

examples in Fig. 11.4C). 
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Figure 11.4. A) Melting temperature and B) crystallization temperature of polymers. Those 

that do not share the same letter are significantly different (p <0.05). Error bars represent 

standard deviation. C) Representative calorimetry curves (using decanediol-based 

polymers as an example), with negative heatflow representing melting and positive 

heatflow representing crystallization. 

  

Formation of Crosslinked Networks 

Crosslinked networks of PDF/PDFS variants were able to be formed through 

photopolymerization. In gross appearance, discs ranged from an opaque white color to 

translucent, with increasing translucency with decreasing FA:SA ratio and decreasing diol 

length (Fig. 11.5). Gross handling properties ranged from a stiff, non-brittle material to an 

elastomeric material, with increasing elasticity with decreasing FA:SA ratio. Both the 

relative translucency and gross elasticity of the material were observed to increase when 

discs were swollen. 
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Figure 11.5. Gross photograph of diol-based polymer network-based discs. 

 

Swelling and Sol Fraction of Networks 

Network swelling on toluene (at ambient temperatures for 168 hours) ranged from 

4.45 ± 0.46% to 49.70 ± 1.16% and generally increased with increasing diol length and 

decreased with decreasing FA:SA ratio (Fig. 11.6A). Network swelling in PBS (at 37oC for 

24 hours) ranged from 19.97 ± 0.98% to 38.79 ± 1.22% and followed the same trends as 

swelling in toluene (Fig. 11.6B). The sol fraction in toluene ranged from -0.46 ± 1.18% to 

10.7 ± 1.02% and was significantly greater in P8FSS, P10FS, and P10FSS (Fig. 11.6C). 

The sol fraction in PBS ranged from -0.21 ± 0.63% to 5.88 ± 0.30% (Fig. 11.6D). Increased 

substitute of fumarate with succinate increased sol fraction in PBS but there was no 

apparent effect of diol length on sol fraction in PBS.  

 

Fig. 11.6. Polymer network swelling in A) toluene and B) PBS as well as sol fraction in C) 

toluene and D) PBS. Those that do not share the same letter are significantly different  

(p <0.05). Error bars represent standard deviation. 
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Compressive Modulus of Networks 

Discs synthesized from diol-based photocrosslinked networks were swollen under 

simulated physiologic conditions (in PBS, pH=7.4, at 37oC under mild agitation) for 24 

hours. Swollen discs were compressed at 37oC to calculate compressive (bulk) modulus 

to determine the effect of diol length and double bond density on network mechanical 

properties. The measured moduli ranged from 69.70 ± 14.23 to 633.41 ± 214.09 (Fig. 

11.7). Groups containing succinate (either 1:1 or 1:2) had decreased mechanical 

properties. There was no clear effect of diol length on compressive modulus. 

 

Fig. 11.7. Compressive modulus of swollen photocrosslinked polymer networks after 24 

hours of incubation in PBS at 37oC. Those that do not share the same letter are 

significantly different (p <0.05). Error bars represent standard deviation. 

 

DISCUSSION 

Macromer Synthesis and Characterization 

In this study, a new class of diol-based polymers was synthesized from terminal 

diols and dicarboxylic acids. By altering the length of diol and the ratio of fumaric acid to 

succinic acid, different polymer variants were produced. Unreacted monomer was 

removed from reactions by phase separation (removal of dicarboxylic acids and water 

soluble diols) followed by polymer precipitation in chloroform (removal of unreacted 

terminal diols and short chain polymers). By 1H-NMR spectroscopy, polymer synthesis 

and purification was successful (Fig. 11.2). The initial feed ratio of FA:SA did not always 

correspond to the final FA:SA ratio within the macromer chains; for example, P10FSS had 

a 1:2 monomer feed ratio but the final polymer backbone had incorporated 1:2.6 FA:SA 
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(Table 11.2). This trend was also observed in P8FSS. At a molecular level, the difference 

between succinic acid and fumaric acid is the presence of a carbon-carbon double bond 

in fumaric acid versus a single bond in succinic acid. The presence of a π bond in fumaric 

acid may add stability to the fumaric cation compared to the succinic cation. Therefore, 

esterification of succinic acid may be more energetically favorable than esterification of 

fumaric acid. Given the relatively increased reactivity of succinic acid, this competitive 

reaction would be expected to result in a disparity between monomer feed ratio and final 

macromer backbone due to selective succinic acid incorporation. At 1:1 FA:SA ratios, the 

effect of this competitive interaction may be less pronounced as there are more available 

diols proportional to fumaric acid. As diols and dicarboxylic acids can only form co-

polymers (they cannot react with themselves to form polymers), the final polymer chain is 

a statistical alternating co-polymer for P6F, P8F, and P10F. However, as succinic acid is 

more reactive than fumaric acid, co-polymers synthesized in the presence of both 

dicarboxylic acids may contain segments with greater amounts of SA (formed in the 

beginning of the reaction when SA is plentiful and preferentially selected to esterify with 

diol) and segments with greater amounts of FA (formed at the end of the reaction when 

SA is scarce and FA is available to a greater degree). 

By size exclusion chromatography, polymer chain length ranged from 2.12 to 5.27 

kDa (Mn) and 4.47 to 8.10 kDa (Mw) (Table 11.3). This is a similar range compared to 

poly(propylene fumarate)332, another fumarate-based biodegradable polyester used in 

tissue engineering applications. Greater chain length was associated with greater diol 

length and greater incorporation of succinic acid (Fig. 11.3). However, if the molecular 

weight of the diol-based chains is normalized by the molecular weight of the single 

repeating units, this relationship diminishes. For example, the number average molecular 

weights of P6F, P8F, and P10F are 2.12, 2.76, and 3.21 kDa (Table 11.3). If these weights 

are divided by the weights of hexanediol, octanediol, and decanediol (0.12, 0.15, and 0.17 

kDa), the resulting unit-less ratios are 17.94, 18.87, and 18.41. Therefore, the increase in 

chain molecular weight with increasing diol length may be attributable to the fact that 

longer diols inherently produce longer chains. Incorporation of succinic acid into the 

backbone significantly increased the chain molecular weight compared to diol-based 

polymers with only fumarate for all diols. It is possible that this effect is also attributable to 

the increased reactivity of succinic acid compared to fumaric acid in a Fischer 

esterification. If succinic acid more readily forms ester bonds with terminal diols due to the 
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lack of a stabilizing double bond, this could result in increased polymerization and chains 

of greater length. 

Aliphatic polyesters that contain unsaturated carbon double bonds are of interest 

to the field as these bonds serve as sites for future chemistry, such as crosslinking or 

attachment of functional groups332,333,345,346. Therefore, these diol-based polymers are an 

attractive platform due to the ability to selectively incorporate double bonds by altering the 

ratio of FA:SA as well as control the distance between available double bonds by altering 

the length of the diol. As a surrogate for the relative amount of double bonds available per 

chain, the average number of fumaric acid groups per chain was calculated for each 

variant (Table 11.3). Because polymers with no succinic acid in their backbone had a 

greater amount of unsaturated bonds per polymer chain, one would predict these chains 

would have more available sites for chemistries such as crosslinking.  

Polymer melting temperature often reflects the fluidity of the molecular chains with 

highly packed crystalline phase polymers having higher melting temperatures (and higher 

crystallization temperatures as well). In this study, diol-based polymers with only fumaric 

acid had significantly greater melting and crystallization temperatures, regardless of diol 

(Fig. 11.4). Polymers with fumaric acid in their backbone have a greater degree of steric 

hindrance due to the double carbon bond. Succinic acid, on the other hand, provides a 

single carbon-carbon bond which can freely rotate within space. Therefore, less energy is 

required to break up interactions between chains and transition from a solid to liquid 

phase. Over the range of temperatures tested (25-105oC), a glass transition temperature 

was not observed (Fig. 11.4C) among any of the variants. This finding suggests that these 

diol-based polymers are crystalline rather than amorphous in nature.  

 

Network Formation and Characterization 

As proof-of-principle, diol-based polymers were crosslinked to form three-

dimensional networks to illustrate the versatility of this class of polymers and confirm the 

presence of double bonds. By combining the variants in Table 11.1 with a crosslinker 

(NVP), photoinitator, and exposing the mixture to light, photocrosslinked constructs were 

successfully fabricated (Fig. 11.5). These crosslinked constructs were not soluble in water, 

acetone, dichloromethane, chloroform, or toluene (uncrosslinked polymers were slightly 

soluble in acetone and soluble in dichloromethane, chloroform, and toluene).  

To measure swelling and sol fraction, these discs were incubated in an organic 

solution (toluene, room temperature, 168 hours) in which there was no potential 
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mechanism for chain degradation and a simulated physiologic solution (PBS at pH 7.4, 

37oC, 24 hours). The discs were only incubated for 24 hours in PBS to prevent 

confounding of results from hydrolysis of the network. As a surrogate for crosslinking 

density, network swelling decreases with increased amount of crosslinking within a 

network343,347,348. Greater amounts of succinic acid within the polymer backbone resulted 

in significantly greater network swelling in both toluene and PBS (Fig. 11.6A-B). As 

succinate cannot be used to form crosslinks between chains, networks with succinate 

substituting for fumarate may have a lower potential crosslinking density. Greater diol 

length also resulted in greater swelling. With greater diol length, there is a larger distance 

between potential crosslinking sites in a chain; for example, in P6F, there are 6 carbons 

between each fumarate group, while in P10F, there are 10 carbons between each 

fumarate group. Therefore, networks of P6F may have a greater crosslinking density as 

chains can pack more closely together due to proximity of fumarate groups. Sol fraction 

reflects the amount of polymer that is not crosslinked into a network and can freely diffuse 

out of the network once crosslinking is complete339,343. In this study, a greater amount of 

succinic acid incorporation in the backbone resulted in a greater sol fraction (Fig. 11.6C-

D). Again, as succinate does not have carbon double bonds available for free radical-

initiated crosslinking, it follows that there is a greater chance for polymer chains to not be 

incorporated into a network.  

Lastly, discs made from diol-based polymer networks were evaluated for 

mechanical properties under simulated physiologic conditions (swollen in PBS at pH 7.4, 

compressed at 37oC). The compressive modulus was measured and compared across 

groups (Fig. 11.7). Networks constructed from fumaric acid without succinic acid had 

greater compressive moduli than networks with incorporation of succinic acid (although 

this relationship was only statistically significant with P6F and P10F). This further suggests 

that the double bond density is greater in these polymers, allowing for more crosslinking 

and stronger network mechanical properties.  

 

CONCLUSION 

In this study, diol-based polymers were synthesized via a Fischer esterification 

between terminal diols and dicarboxylic acids. Different variants were created by selecting 

diols of different lengths and different ratios of saturated:unsaturated dicarboxylic acids. 

These polymers were characterized to determine the relationship between diol length and 

dicarboxylic acid ratio on physicochemical properties. Polymers were then crosslinked to 
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form three-dimensional networks. These networks were further characterized by 

measuring swelling and sol fraction in aqueous and organic solutions and the compressive 

moduli under physiologic conditions. It was demonstrated that by selecting different 

monomers and monomer ratios, polymers with a range of physicochemical properties 

could be successfully synthesized. This range of properties extended to the subsequent 

three-dimensional networks built from these polymers. Given the ability to control polymer 

properties based on synthesis parameters, these diol-based aliphatic polyesters may 

serve as a flexible platform for tissue engineering- and drug delivery-based strategies in 

the future. 
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Chapter 12 

 

Diol-based Polymers as Inherently 

Antimycotic Microparticle Delivery 

Systems for Treatment of Fungal 

Infection 

 

ABSTRACT 

Large tissue defects associated with cutaneous aspergillosis are difficult to treat 

and can progress to lethal dissemination of disease. Due to tissue necrosis and 

destruction of vasculature at the site of the lesion, traditional systemic antifungal therapy 

may not result in sufficient concentration penetrating the wound site to mitigate the fungal 

infection. Therefore, local delivery is an alternative strategy for delivering high 

concentrations of antifungal agents directly to the infected defect. Current microparticle-

based delivery systems produce benign byproducts upon biodegradation. We propose a 

novel diol-based polymer microparticle delivery system, as diols have been demonstrated 

to show modest antimycotic activity. Therefore, in addition to traditional antifungal payload 

delivery, these microparticles can generate monomers with inherent antifungal properties 

upon degradation. In this study, diol-based polymer microparticles were synthesized, 

fabricated, evaluated for in vitro drug release, and leveraged to successfully promote the 

healing of an infected tissue defect in a murine model of primary cutaneous aspergillosis.   
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INTRODUCTION 

 Fungal infection is a devastating disease with high morbidity and mortality in 

immunocompromised populations, such as patients suffering from cancer or recovering 

from organ transplantation. New therapies are direly needed to address the high lethality 

and increasing level of antimicrobial resistance associated with species such as A. 

fumigatus328,349.  

 To that effect, we have begun examining the use of diol-based biodegradable 

polyesters as delivery vehicles to 1) locally delivery large amounts of antifungal and 2) 

potentially enhance antifungal efficacy. Voriconazole is an effective drug against fungal 

infection, but resistant strains require high concentrations to inhibit growth349. Diols, 

aliphatic chains with two alcohol groups, have modest antimicrobial properties including 

activity against fungal species such as A. niger and C. albicans336,337. This bioactivity is 

dependent on the length of the diol336. Diols have also been used in a clinical study to treat 

cutaneous S. aureus infection and were found to significantly decrease bacterial burden 

in skin lesions338. In addition to possessing inherent antimicrobial activity, diols have also 

been demonstrated to enhance the efficacy of traditional antimicrobial compounds when 

used synergistically337. 

Given the propensity of Aspergillus to invade and destroy local vasculature239, 

tissue defects with fungal infection may be difficult to treat by systemic antifungal therapy 

due to lack of sufficient circulation carrying therapeutics to the site of infection. Systemic 

therapy is not superior to surgical therapy in preventing mortality in PCA, for example328. 

Therefore, targeted and/or local therapy is an attractive option for the treatment of tissue 

defects with fungal infection. Microparticle-based drug delivery systems have been 

explored for local delivery of antibiotics and have been successfully translated and 

commercialized for use in the clinic350,351. Currently, the most common biodegradable 

polymer used to fabricate drug microparticles, poly(lactide-co-glycolide), degrades into 

biocompatible but relatively inert byproducts (lactic and glycolic acid)352. By creating 

microparticles from diol-based polymers, the microparticles themselves can have 

therapeutic benefit as they degrade, in addition to their payload (traditional drugs). To that 

effect, we have synthesized new diol-based polymers from a Fischer esterification 

between terminal diols and fumaric acid. From these diol-based polymers, we have 

designed a microparticle-based delivery system that 1) locally delivers high concentrations 

of VRC and 2) can biodegrade into diols, which themselves may have an effect on 

mitigating fungal infection. 
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In this study, the antifungal activity of three terminal diols of different lengths was 

tested against three different pathogenic fungal species, including A. fumigatus. A diol-

based polymer was synthesized from the diol monomer with greatest bioactivity. This 

polymer was then fabricated into voriconazole-loaded microparticles using an oil/water 

emulsion technique. Finally, diol-based polymer microparticles were used to treat 

cutaneous aspergillosis in an immunocompromised murine model of fungal disease.  

 

METHODS 

In Vitro Diol Antifungal Activity 

A. fumigatus Af293, C. albicans Y4215 and Rhiozpus oryzae RO969, all clinical 

isolates of pathogenic species, were used to determine the antifungal activity of three 

different terminal diols: 1,6-hexanediol; 1,8-octanediol; and 1,10-decanediol (all 

purchased from Sigma-Aldrich, St. Louis, MO). Briefly, minimum inhibitory concentration 

(MIC) was determined following the Clinical Laboratory & Standards Institute (CLSI) M38-

A2 broth microdilution antifungal susceptibility testing method. Concentrations of diols 

from 1024 μg/mL to 0.0625 μg/mL were analyzed for fungal inhibition. The experiment 

was performed in triplicate for each species and each diol.  

 

Polymer Synthesis 

 All synthesis reagents were purchased from Sigma-Aldrich (St. Louis, MO). 

The diol which had the greatest antifungal activity was selected for polymerization via a 

Fischer esterification between the terminal diol and fumaric acid. Briefly, equimolar 

concentrations of diol and fumaric acid with 1 mol% PTSA were stirred under nitrogen at 

120oC for 24 hours. The raw product of this synthesis was then purified by phase 

separation and ether precipitation. Raw polymer was dissolved in an excess of 

dichloromethane (1:20 w/v) to produce an organic phase. This organic phase was placed 

in a separation funnel, mixed with an excess of Millipore water (1:2 v/v), and vigorously 

shaken to remove unreacted fumaric acid (as well as low molecular weight chain polymer). 

The organic phase was isolated and then reduced by rotary evaporation to recover the 

remaining polymer and unreacted organic-soluble diols. This powder was re-dissolved in 

dichloromethane (DCM) (1:5 w/v) and added dropwise to an excess of chilled ethyl ether 

(1:200 v/v). The purified polymer precipitated out of the ether and was recovered by 

filtration with a Grade 50 Whatman® filter. The purified polymer was vacuum dried and 

stored at ambient temperature while shielded from light. 10 mg of purified polymer was 
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dissolved in deuterated chloroform (Sigma-Aldrich) and subjected to 1H-NMR 

spectroscopy using a 400 MHz spectrometer (Bruker, Billerica, MA) and analyzed with 

TOPSPIN 3.0 software (Bruker).   

 

Microparticle Fabrication  

Diol-based polymer microparticles were prepared by the oil/water (O/W) 

method352. Briefly, 10 mg of voriconazole (VRC) (Sigma-Aldrich, St. Louis, MO) was added 

to 100 mg of purified polymer. One lot of polymer was randomly chosen from a total of 

three syntheses. For unloaded (“blank”) microparticle groups, no VRC was added. The 

powders were then dissolved at room temperature under mild agitation in 0.4 mL DCM 

(Sigma-Aldrich, St. Louis, MO), resulting in a clear solution (oil phase). 0.8 mL of chilled 1 

wt% poly(vinyl alcohol) (PVA) (Sigma-Aldrich, ST. Louis, MO) was added. The mixture 

was vortexed for 15 sec at room temperature, resulting in an opaque white suspension. 

This suspension was then poured into 25 mL of chilled 1 wt% PVA (water phase) stirring 

at 400 RPM. After pouring in the 1.2 mL of PDF/VRC/DCM/PVA, stirring rate was reduced 

to 200 RPM. The suspension was stirred for 3 hours to allow evaporation of DCM.  

 After 3 hours, microparticles were collected by centrifugation (3500 RPM for 3 

minutes) and washed and centrifuged 3 times in 35 mL of chilled distilled water (for 

removal of excess PVA). The microparticles were then flash frozen using liquid nitrogen 

and lyophilized overnight. Three separate lots of loaded and unloaded microparticles were 

fabricated to demonstrate reproducibility. Microparticle diameter was characterized by 

analysis of bright field microscopy images using ImageJ (National Institutes of Health, 

Washington, DC). 

 

In Vitro Drug Release 

 After drying, 20 mg of microparticles (n=3 per loaded and unloaded group, each 

from a distinct fabrication lot) were placed in 5 mL Eppendorf tubes (VWR, Radnor, PA). 

The microparticles were placed in 2 mL PBS at pH = 7.4 at 37oC under mild agitation. At 

6 hours, 12 hours, 24 hours, and every 24 hours thereafter, supernatant was collected 

and replaced with fresh PBS. The collected supernatant was filtered under sterile 

conditions and frozen until analysis by high performance liquid chromatography (HPLC).  

 Briefly, HPLC was performed using a 2695 separation module (Waters, Milford, 

MA), 2996 photodiode array detector (Waters), and a 250 mm x 4.6 mm XTerra RP 18 

column (Waters). Recovered supernatant was eluted through the column at a flow rate of 



 
 

177 
 

1 mL/min in an isocratic mobile phase (60% acetonitrile/40% 0.1% v/v trifluoroacetic acid) 

over 5 minutes per sample. Absorbance was measured at λ = 254. A standard curve with 

VRC concentrations ranging from 0.1-200 μg/mL was prepared by dissolving 2 mg of VRC 

in 10 mL of PBS and performing serial dilutions. Data was analyzed with the software 

Empower (Waters, Milford, MA) and the cumulative release (sum of amount of VRC eluted 

up to each time point) as well as cumulative release per mg microparticle was calculated 

for each group at each time point. 

 

Murine Model of Disease 

 All animal use was approved by the Animal Welfare Committee of the University 

of Texas MD Anderson Cancer Center. BALB/c mice of 18-22 g were subjected to a 

cyclophosphamide/cortisone acetate immunosuppression/neutropenia protocol as 

previously reported85. Briefly, mice were given 200 μl interperitoneal injections of 

cyclosphosphamide (100 mg/kg) on Days -4, -1, +2, and +6, and a single subcutaneous 

dose of 100 μl cortisone acetate (250 mg/kg) on Day -1. Throughout immune suppression, 

mice were prophylactically provided with sucrose water with doxycycline to prevent 

potential bacterial superinfection. Five mice were kept per cage and individually tracked 

by marked tails. Cages were divided randomly into 4 groups (n = 5 mice per group, 

performed in duplicate on different days, for total n = 10 per group) based on fungal 

inoculation and treatment strategy (Table 12.1).  

 

Table 12.1. Animal groups to evaluate the efficacy of diol-based polymer microparticle 

delivery for treatment of infected fungal defects (n = 10). VRC = voriconazole and MP = 

microparticles. 

 
Group Group # Description Inoculum Treatment 

NO INF, NO TX 1 Positive Control Saline None 

INF, NO TX 2 Negative Control 1.75 x 106 conidia None 

INF, BLANK MP 3 Material Control 1.75 x 106 conidia Blank MPs 

INF, VRC MP 4 Experimental Group 1.75 x 106 conidia VRC-loaded MPs 

 
 On Day 0, the mice were shaven, prepped, and given 100 μl subcutaneous 

injections of saline or 1.75 x 107 conidia/mL of A. fumigatus Af293 (for a total of 1.75 x 106 

conidia) over the right dorsal flank. A marker was used to denote the site of inoculation. 

On Day +3, a 5 mm biopsy punch was used to create a cutaneous defect over the site of 

inoculation. Mice were prophylactically given subcutaneous injections of 100 μl meloxicam 

(0.3 mg/kg) and 50 μl 0.25% bupivacaine. Cutaneous biopsy was performed with mice 
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anesthetized via isoflurane. The wound was covered with a sterile strip of transparent 

surgical wound dressing (TegadermTM, St. Paul, MN). The wound was then re-inoculated 

by injection under the wound dressing with 100 μl of 1.75 x 107 conidia/mL. For mice 

receiving blank or VRC-loaded microparticles, 5 mg of microparticles353 (sterilized by 

exposure to ethylene oxide gas) were added to the 100 μl of inoculum immediately 

preceding injection. Randomly selected specimens of harvested skin removed skin were 

placed dermis-side down on yeast extract agar glucose (YAG) plates for culture at 37oC 

to determine tissue infection at Day +3 (5 specimens from Group 1, 10 specimens from 

mice from inoculated Groups 2-4). Mice were given 100 μl meloxicam (0.3 mg/kg) every 

12 hours for three days following surgery. Mice were weighed daily starting on Day 0.  

 Twelve hours following surgery, photographs of the wound bed were taken of each 

mouse (Day +3). These photographs were repeated immediately preceding euthanasia 

(Day +9). Wound surface area was traced and measured with ImageJ. Mice were 

euthanized on Day +9 by CO2 asphyxiation. A 10 mm x 10 mm section of tissue around 

the wound bed was harvested by dissection under sterile conditions. Wounds were placed 

in 1.5 mL of sterile saline and homogenized under sterile conditions. 200 μl of a 1:100 

dilution of homogenized wound beds was spread on YAG plates and incubated at 37oC 

for 48 hours for CFU counting and analysis. Similarly, murine kidneys were harvested, 

stored in 1.5 mL saline, and homogenized. 200 μl (with no dilution) of homogenized kidney 

was spread on YAG plates and incubated at 37oC for 48 hours for CFU counting and 

analysis to assay for potential hematogenous dissemination328. 

  

Statistics 

 Weight, wound surface area, and CFU counts of murine groups were compared 

by a one-way ANOVA with posthoc analysis via Tukey’s Honestly Significant Difference 

test (α = 0.05) using JMP® Pro 11.0.0 (SAS Institute Inc., Cary, NC). 
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RESULTS 

In Vitro Diol Antifungal Activity 

The MIC of three diols of different lengths (6, 8, and 10 carbons) were tested 

against three pathogenic fungal species (A. fumigatus, C. albicans, and R. oryzae) in 

triplicate (Table 12.2). 1,6-hexanediol and 1,8-octanediol did not demonstrate activity 

against any species. 1,10-decanediol had MIC of 256 μg/mL against A. fumigatus and 

1,024 μg/mL against R. oryzae.  

 

Table 12.2. Minimum inhibitory concentrations of three terminal diols against three 

pathogenic fungal species, performed in triplicate. R = resistant (no inhibition observed at 

1,024 µg/mL or less).  

Diol C. albicans A. fumigatus R. oryzae 

1,6-Hexanediol R R R 

1,8-Octanediol R R R 

1,-10-Decanediol R 256 µg/mL 1,024 µg/mL 

 

Polymer Synthesis 

 Based on monomer antifungal activity (Table 12.2), 1,10-decanediol was selected 

for polymerization to synthesize poly(decanediol-co-fumarate) (PDF). Three separate 

syntheses were undertaken. PDF synthesis and purification was confirmed by proton 

spectroscopy (Fig. 12.1) and resulted in a white powder. After purification, the final product 

yield was 46.04% ± 2.83%.  
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Figure 12.1. Representative 1H-NMR spectroscopy of purified PDF. The peaks marked 

aFA and aOH represent protons on carbons adjacent to ester bonds and terminal alcohols, 

respectively. 

 

Microparticle Fabrication 

 Fabrication resulted in ~70-90 mg microparticles per lot. Upon inspection under 

bright field microscopy (Fig. 12.2), microparticles had a spherical form with average size 

of 26.6 ± 9.4 μm in diameter and ranged in size from 11.1 to 45.2 μm in diameter. 

 
Figure 12.2. Bright field microscopy of VRC-loaded PDF microparticles.  

Scale bar = 100 μm. 
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In Vitro Drug Release 

 Supernatant was collected and assayed over 6 days of incubation (the duration of 

treatment for subsequent murine studies) under physiologic conditions (PBS, pH=7.4, 

37oC). No VRC was detectable in blank microparticle groups. In VRC-loaded 

microparticles, a cumulative average of 180.78 μg has been released over the 6 days (Fig. 

12.3A). Cumulative average release per mg microparticle was 9.04 μg (Fig. 12.3B).  

 

Figure 12.3. Release kinetics of VRC from 20 mg of diol-based microparticles loaded at 

10 wt% VRC (n=3) displayed as A) average cumulative release and B) average cumulative 

release per mg microparticle. 

 

Murine Model of Disease 

 One day after after subcutaneous inoculation (Day +1), there were no visible signs 

of infection. However, by Day +2, mice in conidia-containing groups demonstrated visible 

swelling at the site of injection. This area of gross inflammation persisted at Day +3 at the 

time of defect creation. In some mice in Groups 2-4, purulent discharge was observed in 

the wound. All plated skin biopsies taken at Day +3 from inoculated groups demonstrated 

A. fumigatus growth on culture (no growth from Group 1 skin biopsies) (Fig. 12.4). 
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Figure 12.4. Mouse skin biopsies harvested during defect creation on Day +3. 

Representative tissue from A) non-inoculated animals and B) inoculated animals, with a 

black mark created on Day 0 to mark the point of inoculation. Biopsies were placed on 

sterile agar dishes and incubated for 24 hours at 37oC. C) All saline groups demonstrated 

no growth. D) All inoculated groups demonstrated growth. E) On wet mount of culture from 

inoculated groups, conidia and conidiophores were observed. Scale bar = 100 μm. 

 

During the course of the study, three mice died while under anesthesia (one each 

from Groups 1, 2, and 4) and one mouse had to be euthanized due to an injury sustained 

during a routine injection on Day +4 (Group 4). All other mice (N=36) survived until 

euthanasia at the terminal time point (Day +9). Mice tolerated the infected cutaneous 

lesion with no lameness or signs of systemic illness (reduced motor activity, lethargy, 

shivering, and piloerection329). There were no significant differences in weight between 

groups at Day +9 (average weight = 17.98 ± 1.56 g). In addition, no fungi were detectable 

by culture of harvested homogenized kidneys for animals in any group.  

 Photographs of the wound were taken 12 hours after surgery (Day +3) and 

immediately before euthanasia (Day +9) (Fig. 12.5A). Average wound size decreased by 

58.12, 19.40, 43.23, and 64.17% for Groups 1, 2, 3, and 4, respectively (Fig. 12.5B). While 

all groups demonstrated reduction in wound surface area on average, 2/9 mice in Group 

2 had an increase in wound surface area (+18.31% and +21.22%). All other mice 

demonstrated reduction in wound size. Mice treated with VRC-loaded microparticles 

(Group 4) and non-infected mice (Group 1) both had significantly greater reduction in 
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wound size compared to infected, non-treated animals (Group 2). Animals treated with 

blank microparticles (Group 3) demonstrated greater wound healing than Group 2 and 

less healing than mice in Groups 1 and 4; however, these trends with respect to Group 3 

were not statistically significant. 

 

Figure 12.5. Wound healing analysis. A) Gross photographs of murine cutaneous wounds 

12 hours after surgery (Day +3) and immediately preceding euthanasia (Day +9). Scale 

bar = 5 mm. B) Average percentage decrease in wound surface area (n = 9, 9, 10, and 8 

for Groups 1, 2, 3, and 4, respectively). Error bars represent standard deviation. Those 

that do not share the same letter are statistically significantly different (p <0.05). 

 

 A 10 mm x 10 mm section of tissue surrounding the cutaneous defect was 

harvested upon euthanasia and homogenized for CFU counting. In Figure 12.6, CFU 

counts are presented as CFU/mL (with tissue specimens homogenized in 1.5 mL of sterile 

saline) or CFU/mg harvested tissue. Non-infected animals (Group 1) grew no colonies. 

Normalized by volume, Group 2 (non-treated) had significantly greater fungal burden than 

Group 1, with no significant differences between Groups 3 and 4 and the others. 

Normalized by tissue weight, there are no statistically significant differences between any 

groups. However, the trend of Group 2 having greater fungal burden than Groups 3 and 4 

and no detectable fungi in Group 1 hold true in all instances. 
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Figure 12.6. CFU counting (n = 6, 6, 7, and 5 for Groups 1, 2, 3, and 4, respectively). A) 

CFU count normalized by volume (tissue harvested and homogenized in 1.5 mL sterile 

saline) shown on logarithmic scale. B) CFU count normalized by tissue weight shown on 

logarithmic scale. Error bars represent standard deviation. Those that do not share the 

same letter are statistically significantly different (p <0.05). 

 

DISCUSSION 

 In this study, we developed a new diol-based microparticle delivery platform and 

evaluated it in an immunocompromised murine model of cutaneous aspergillosis in a large 

tissue defect. First, terminal diols were analyzed for in vitro antifungal activity by MIC 

testing against three common fungal pathogens. The antimicrobial mechanism of action 

for diols is not clear, but it has been speculated that diols may disrupt the prokaryotic 

membrane354. Previously, Gershon and Shanks found C. albicans to be inhibited by 1,6-

hexanediol at 1,000 μg/mL and by 1,8-octanediol and 1,10-decanediol at 10,000 μg/mL, 

and A. niger to be inhibited by 1,8-octanediol and 1,10-decanediol at 10,000 μg/mL336. As 

it was not anticipated that local concentration of 1,10-decanediol would reach 10,000 

μg/mL during the degradation of a microparticle delivery system, concentrations ranging 

from 0.0625 to 1,024 μg/mL were analyzed in this study (Table 12.2). While we did not 

observe inhibition of C. albicans at any of the tested concentrations, it is important to note 

that in the previously discussed study, susceptibility of C. albicans was tested at pH 7.0 

rather than pH 7.4. Increased acidity can increase the efficacy of diols as inhibitors of 

fungal growth336. In our hands, 1,10-decanediol was more effective than 1,6-hexanediol 

and 1,8-octanediol; these results are in agreement with the literature, where it has been 

demonstrated that the activity of diols is length-dependent and often increases with 

increased size336,354,355. 

1,10-decanediol inhibited A. fumigatus (256 μg/mL) and R. oryzae (1,024 μg/mL), 

which are relatively high concentrations (Table 12.2). For sense of scale, the MIC of 
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voriconazole against A. fumigatus Af293 is 0.5 μg/mL356. While this MIC is high, local 

delivery to specific defect sites may facilitate efficacy. For example, 5 mg of PDF 

microparticles were delivered to a murine full-thickness cutaneous wound in this study. 5 

mg of PDF contains 3 mg of 1,10-decanediol (once fully degraded). The average thickness 

of mouse skin is ~400 μm357, and thus the average volume of a 5 mm diameter cutaneous 

defect would be 7.85 μL. Therefore, even if only 1% of total available 1,10-decanediol was 

made available per day during the degradation of the aliphatic polyester, this would still 

result in a daily concentration over 3,000 μg/mL within the defect site. Note that this 

simplified assumption does not include the loss of 1,10-decanediol to the tissue outside of 

the wound, nor solubility limitations. However, the point stands that it may be theoretically 

possible to achieve relatively high local concentrations of diol within a tissue defect, 

resulting in activity against fungal pathogens.  

It has previously been demonstrated that diols can synergistically be combined 

with traditional antimicrobial agents337. Future studies will evaluate the combination of 

voriconazole and 1,10-decanediol to determine if the two have any additive or 

multiplicative (synergistic) interactions against fungal pathogens.  

After determining that 1,10-decanediol had the greatest in vitro bioactivity against 

A. fumigatus, it was polymerized with fumaric acid, a natural component of citric acid cycle 

and component of other biodegradable aliphatic polyester systems332.  Following the 

synthesis and purification of PDF, microparticles were formed by the O/W technique for 

the encapsulation of VRC. Microparticles were then placed under simulated physiologic 

conditions and drug release kinetics were measured over six days, the treatment course 

planned for the in vivo component of the study (Fig. 12.3). As is typical for O/W 

microparticle-mediated drug delivery352, a burst release was observed from PDF 

microparticles in the first 24 hours of delivery. After this point, a linear release curve was 

observed, with daily release exceeding the MIC of VRC required to inhibit the growth of A. 

fumigatus (0.5 μg/mL)356. Release was sustained at least over six days, the duration of 

the in vivo study.  

After in vitro characterization, synthesis of diol-based polymers, and fabrication of 

VRC-loaded microparticles, the approach of local delivery from diol-based microparticles 

was validated in an in vivo model of cutaneous aspergillosis. As the only other murine 

model of cutaneous aspergillosis does not feature a consistent cutaneous defect85, the 

current model offers an exciting new platform to determine the effect of local drug delivery 

on wound healing in a fungal-infected tissue defect. In this study, an infection was first 
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established 3 days before defect creation through a subcutaneous injection of conidia in 

neutropenic mice. Via culture of the harvested skin biopsies, it was demonstrated that this 

early inoculation succeeded in establishing infection (Fig. 12.4). On the third day, a 5 mm 

defect was made at the site of the inoculation. As some of the fungal burden may have 

been alleviated by removal of infected tissue, the wound site was re-inoculated at the 

same concentration after surgery to ensure a robust infection. However, in general, 

surgery alone without use of antifungal drugs is associated with infection recurrence in 

primary cutaneous aspergillosis328; in future studies, it may be of interest to repeat this 

model with and without re-inoculation to determine the ability of the fungal disease to recur 

when treated with surgery alone. At the time of euthanasia, fungi were cultured from 

homogenized wound beds of all animals in the infected, non-treated group (Group 2), 

confirming that A. fumigatus infection persisted over the nine days.  

The average time of development from cutaneous lesion to dissemination infection 

for PCA is 26.5 days in humans328. In cases of human patients where dissemination does 

not occur, cutaneous defects infected by Aspergillus have been shown to persist for as 

long as ten years191,199. In the span of nine days of infection, the mice in this study did not 

display any signs of systemic illness. In addition, it has been demonstrated in murine 

models that hematogenous dissemination of aspergillosis results in fungal spread to the 

kidneys358. In the current model, no A. fumigatus was detectable in the kidneys of any 

animals, regardless of group. This suggests that no systemic dissemination of disease 

occurred during the study, recapitulating the initial localized cutaneous lesion that presents 

in human cases of PCA328. 

As hypothesized, non-infected cutaneous lesions healed at a faster rate than non-

treated wounds infected with Aspergillus (Fig. 12.5). The healing of 5 mm full-thickness 

cutaneous wounds in murine models have been shown to be delayed in the case of 

bacterial infection in a previous study of S. aureus infection, in which the mechanism of 

delayed healing was attributed to collagen destruction by S. aureus353. While the current 

study was not designed to determine the mechanism of A. fumigatus interference with 

cutaneous regeneration, we speculate based on previous data that fungal inhibition of 

angiogenesis may play a major role in impairment of wound healing239,359,360.  

VRC-loaded PDF microparticles were able to rescue the wound healing phenotype 

(significantly greater healing than non-treated infected groups, no significant difference in 

healing compared to non-infected controls) (Fig. 12.5B). Interestingly, mice treated with 

blank microparticles also demonstrated greater reduction in wound surface area 
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compared to non-treated animals, but this relationship was not statistically significant. 

Beyond potential antimycotic effects of antifungals, it is worth noting that derivatives of 

fumaric acid (the other degradation product of these diol-based polymers) may have anti-

inflammatory properties and have been used in clinical trials for the treatment of disease 

such as psoriasis and multiple sclerosis361-363. Further studies will need to be designed to 

fully elucidate if unloaded microparticles have an effect on wound healing, and if this effect 

is attributable to 1,10-decanediol, fumaric acid, or both.   

By CFU counting, VRC-loaded microparticles did not cure mice of their fungal 

disease. Even though the normal rate of wound healing was restored, all mice treated with 

VRC-loaded microparticles demonstrated some amount of recoverable fungi from 

homogenized wound beds (Fig. 12.6). And while the amount of fungi was lower than that 

of untreated mice, there was no statistically significant differences between groups. The 

total CFU recovered from the wound beds was still approximately one log less than the 

inoculation concentration (106 conidia/mL). Voriconazole is fungistatic against most 

Aspergillus isolates364. It is possible that local treatment with voriconazole inhibited the A. 

fumigatus present from further growth without causing cell death, in part explaining why 

healing occurred at a normal rate while fungi were still present in the wound bed in mice 

treated with VRC-loaded microparticles. Similarly, certain drugs such as statins may 

attenuate fungal virulence while not inhibiting fungal growth365. The ability of diols to 

attenuate fungal virulence, with or without inhibiting fungal growth, will be the focus of 

future work.  

 

CONCLUSION 

 In this study, diol-based polymer microparticles were synthesized, fabricated, 

evaluated for in vitro drug release, and leveraged to successfully promote the healing of 

an infected tissue defect in a murine model of PCA. In a species-dependent and length-

dependent fashion, diols were capable of inhibiting the in vitro growth of pathogenic fungi. 

Microparticles fabricated from diol-based polymers were capable of releasing antifungal 

drugs for at least six days at physiologically-relevant concentrations. Normal wound 

healing was restored in Aspergillus-infected animals treated with VRC-loaded 

microparticles. Future studies will investigate potential synergistic activity between 

voriconazole and 1,10-decanediol, as well as the mechanism of action of 1,10-decanediol 

antimycotic activity. Diol-based polymers are an intriguing new class of biodegradable 
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polymers that may hold great promise for tissue engineering in the setting of wound 

infection. 
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Chapter 13 

 

Conclusions 

 

 

As a convergence science, tissue engineering combines fundamental knowledge 

from fields such as biology, chemistry, physics, and applies the principles of disciplines 

such as materials science, chemical engineering, and mechanical engineering to produce 

strategies for the regeneration of living tissue. Given rapid advances at the interface of 

cell biology and biomaterials, tissue engineers have built an impressive toolset for the 

design of scaffolds and drug delivery systems that interact with cell populations in ways to 

stimulate tissue growth of specific organs and organ systems. Large tissue defects, 

particularly those that feature infection, are one of the greatest challenges in the field. The 

diffusional limitations to these large volumes of void or necrotic space prevent exchange 

of nutrients and gases from cells embedded within implanted scaffolds. While large 

volumes of tissue can be generated within bioreactors ex vivo, integrating these constructs 

with native vasculature upon transfer to a large defect is non-trivial.    

In addition to presenting diffusional challenges, large tissue defects are also at 

high risk of infection. The vasculature is the route of transportation for humoral and cell-

mediated immune responses. With this disruption of vasculature, large defects therefore 

become areas of local immune deficiency. Unfortunately, the addition of tissue-engineered 

scaffolds (especially in the absence of vascularization) can further compromise the defect 

by introducing a foreign body that can act as a nidus for pathogens. All of these issues are 

compounded in systemically immunocompromised hosts. In many cases, the patient 

populations that would most benefit from tissue engineering-based strategies are also the 

most inherently susceptible to infection. These include, for example, patients with loss of 

tissue due to malignancy/tumor resection, uncontrolled diabetes, massive trauma, burns, 

or need for organ transplantation. Therefore, tissue engineering approaches must take 

into consideration the risk of tissue/construct infection and adapt new strategies to ensure 

the success of tissue regeneration in the treatment of large defects.  
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In this body of work, we have designed a series of biomaterials-based strategies 

to treat large tissue defects and/or infection. By harnessing the body’s natural regenerative 

capacity, we have demonstrated that viable bony tissue flaps of custom size and shape 

can be generated from in vivo bioreactors and transferred for the repair of large 

craniofacial defects. By introducing porosity to space maintenance devices, soft tissue 

healing around a large bony defect can be enhanced and antimicrobial agents can be 

delivered locally with greater efficacy than traditional solid space maintainers. Lastly, a 

new class of diol-based biodegradable polymers was synthesized, characterized, and 

applied to treat infection in a large cutaneous defect.  

 

In Vivo Bioreactors 

 The in vivo bioreactor allows for the generation of autologous vascularized tissue 

within a host at a site distal to a large tissue defect. In a series of case reports, this strategy 

has been translated to treat disease in humans with some success. However, a 

standardized approach has not been designed. Various combinations of scaffold material, 

cell populations, and growth factors have been used to generate large autologous tissue 

within in vivo bioreactors. To reduce the need for donor tissue as well as mitigate risks 

associated with the use of potent growth factors, we have designed an in vivo bioreactor 

strategy leveraging synthetic scaffold materials with no need for exogenous cells or growth 

factors. In Specific Aim 1, we investigated this approach in a large ovine model.  

In Study 1.1., we demonstrated the feasibility of this approach in a series of 

implanted bioreactors filled with different ratios of autologous and ceramic-based synthetic 

graft. Unlike previous attempts in which polymer-based synthetic graft was investigated in 

this model, bioreactors filled entirely with biphasic synthetic ceramic materials were 

capable of generating viable bony tissue of large volumes. In Study 1.2., tissues generated 

from in vivo bioreactors filled with either autologous scaffold, synthetic scaffold, or a 

mixture were compared by radiographic and histologic analyses. In addition, tissues 

generated from bioreactors filled entirely with synthetic graft were transferred to a large 

tissue defect within the mandibular angle of older sheep. These tissues, generated from 

synthetic scaffolds with no further addition of exogenous cells or growth factors, were 

capable of integration with the native mandible for successful reconstruction.  

In this aim, we demonstrated the ability of the in vivo bioreactor platform to 

generate autologous, vascularized bony tissues suitable for the reconstruction of large 

mandibular defects. The previous dogma in the field was that the addition of potent growth 
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factors, such as BMP2 or BMP7, was required for the production and mineralization of 

such large volume constructs. By recruiting local stem cell populations within the 

periosteum, vascularized bone tissue was formed inside in vivo bioreactors filled with 

synthetic scaffold material. The migrating cell populations were capable of remodeling the 

scaffold to produce architecture more similar to native bone. Using microvascular surgical 

technique, these tissues were capable of being transferred to a large tissue defect and 

connected to local vasculature via anastomoses.  

Another exciting aspect of this work is that it was performed by synergistically 

combining several biomaterials that are currently available in today’s operating room. The 

bioreactors themselves were fabricated from PMMA, a bone cement that has been applied 

in the body for over sixty years. The synthetic scaffold was a commercially off-the-shelf 

available product consisting of 85% beta-tricalcium phosphate and 15% hydroxyapatite. 

By foregoing the addition of complex experimental components (such as genetically-

engineered mesenchymal stem cells, bioactive synthetic scaffolds with cell attachment 

sites, etc.), we have created a biomaterials-based strategy that can be leveraged by oral 

and maxillofacial surgeons at the present time to help improve the lives of their patients. 

 

Space Maintenance  

 In Specific Aim 2, a porous space maintainer device was evaluated for its ability 

to: 1) be commercially fabricated and sterilized while maintaining appropriate mechanical 

properties; 2) preserve a defect space in a large mandibular wound in combination with 

the in vivo bioreactor strategy; and 3) locally release antimicrobial therapeutics to mitigate 

the high risk of infection present in the large defect environment.  

 In collaboration with an industrial partner, porous space maintainers were 

fabricated per good manufacturing practice from PMMA using CMC as a sacrificial 

leaching gel. Electron beam irradiation, a scalable process commonly applied for the 

sterilization of medical devices, was performed on the porous space maintainers. As 

electron beam sterilization can result in changes to the structure of chemical polymers, 

including weakening of mechanical properties, the final sterilized devices were evaluated 

to analyze the effects of irradiation in Study 2.1. The ability of the porous space 

maintainers to withstand bending forces was maintained after irradiation, and the ability to 

withstand compressive forces was actually increased after electron beam sterilization. 

Based on chain length analysis, we speculated that this increase in mechanical properties 

occurred due to additional chain-growth polymerization caused by the irradiation.  
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 After analyzing commercially produced and sterilized porous space maintainers, 

the devices were implanted in a superior marginal defect in an ovine model in Study 2.2. 

In addition to porous space maintainer technology, these animals were also implanted 

with in vivo bioreactors that had been 3D printed as proof-of-principle that the in vivo 

bioreactor approach can be customized on a per patient level. Porous space maintainers 

were capable of preserving the bony defect, preventing distortion of anatomical planes by 

invasion of scar tissue, and promoting healthy soft tissue healing over the space of the 

bony defect. After generation of autologous tissues in the in vivo bioreactors, the porous 

space maintainers were removed and the superior marginal defect was reconstructed. 

This defect site was more challenging than the previous angular defect due to 

biomechanical loading and proximity to the oral mucosa, a potential source of 

contamination and infection. By surgical and radiological outcomes, the combined use of 

porous space maintenance technology and in vivo bioreactors was a success in five out 

of six animals. Infection at the site of tissue reconstruction was attributed to the single 

failure. These results highlight the ability to use multiple biomaterials-based strategies to 

facilitate the high fidelity reconstruction of large tissue defects; however, the instance of 

failure also underscores the susceptibility to infection of tissue-engineered constructs 

during the healing process. 

 Given the risks of infection associated with large defects (especially those near 

naturally-occurring microbial flora such as the craniofacial complex and skin), the ability 

of porous space maintainers to elute econazole, an antimicrobial agent, was evaluated 

and compared to traditional solid space maintainer devices. By using a leachable gel, a 

greater number and proportion of open pores were formed within the porous space 

maintainer groups. The porous space maintainers demonstrated greater inhibition of two 

common fungal and one common bacterial pathogen associated with infection of 

musculoskeletal tissue defects.  

 In this specific aim, porous space maintenance technology was evaluated for its 

ability to withstand commercial sterilization, enhance reconstructive surgery with the aid 

of 3D printed in vivo bioreactors, and mitigate the growth of pathogens via the local release 

of an antimicrobial agent. As a recurring theme, it can be noted that antimicrobial-eluting 

porous space maintainers are fabricated from widely-available components; PMMA, CMC, 

and econazole. By combining biomaterials that have a long-standing history as 

components of regulated products and/or therapies, novel properties may emerge. In 
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addition, the future regulatory pathway for such devices may be easier to navigate than a 

technology constructed from unproven elements.  

  

Antifungal Strategies 

Fungal disease presents unique challenges to the tissue engineer. Unlike other 

infections, many species of fungi specifically seek and target the vasculature for 

destruction. Furthermore, fungal pathogens such as Aspergillus secrete signals that result 

in the downregulation of host angiogenesis, preventing re-vascularization and wound 

healing of infected tissue defects. Therefore, there is a dire clinical need for novel 

strategies that eliminate fungal infection and restore native healing capacity. Biomaterials, 

as either local delivery vehicles, tissue-engineered scaffolds, or both, may serve an 

important role in the development of such therapies. In Specific Aim 3, a new animal model 

featuring a large cutaneous defect with fungal infection was developed, a novel class of 

diol-based polymers with inherently antifungal degradation products was synthesized and 

characterized, and these polymers were fabricated into microparticles for the treatment of 

cutaneous aspergillosis in a large tissue defect. 

Given the complexities of interactions between host and pathogen, physiologically-

relevant animal models of infection are required to evaluate biomaterials-based strategies 

for treating large infected tissue defects. In Study 3.1, an immunocompromised mouse 

model was developed by inoculating mice with different concentrations of A. fumigatus 

conidia and surgically creating a large reproducible cutaneous defect. As seen in 

immunocompromised human hosts, increased amounts of fungal burden resulted in 

increased morbidity and mortality in the animal model. In addition, infection prevented 

normal wound healing. A concentration that resulted in local disease and inhibition of 

wound healing without further local invasion or systemic dissemination was successfully 

established as a future platform for the validation of new treatment strategies.  

In Study 3.2, diol-based polymers were synthesized by a solvent-less Fischer 

esterification between terminal diol chains and dicarboxylic acids. By changing the length 

of the diol chain and the ratio of saturated to unsaturated bonds within the dicarboxylic 

acids, a family of diol-based polymers was produced with varying physicochemical 

properties. As diols have noted antimicrobial activity against gram positive and fungal 

organisms, these aliphatic polyesters were designed such that as the polymer chains are 

degraded, diol monomers are released into the environment to mitigate the growth of 

pathogens. As proof-of-principle, networks of diol-based polymers were photocrosslinked 
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and demonstrated to have tunable physicochemical properties. Given their tunability and 

unsaturated carbon-carbon double bond, the diol-based polymers may serve as useful 

components of cell scaffolds or drug delivery vehicles with inherently antimicrobial 

degradation products.  

Finally, diol-based polymers were fabricated into microparticles and loaded with 

traditional antifungal agents in Study 3.3. These microparticles were then used to treat a 

murine model of cutaneous aspergillosis in a large tissue defect. The microparticles were 

capable of extended release of traditional antifungals by in vitro assay. In vivo, treatment 

of the infected wound by the microparticles resulted in restoration of normal wound 

healing, compared to infected defects and non-infected defects as controls.  

Unlike the previous two specific aims, an experimental biomaterial was 

synthesized, characterized, and evaluated for therapeutic properties in Specific Aim 3. 

While leveraging currently available biomaterials is advantageous for rapid translation and 

commercialization, developing novel materials in parallel will ensure that a pipeline of new 

therapies continues to evolve. Given the high lethality associated with fungal infection in 

the immunocompromised population, this challenging clinical problem stands to benefit 

from radical new approaches.  

 

Summary 

 In this thesis, biomaterials-based strategies were applied to treat large infected 

tissue defects. The in vivo bioreactor strategy was leveraged to create vascularized 

tissues of customized geometry for craniofacial reconstruction. Porous space maintainers 

were demonstrated to facilitate defect repair in a large ovine model and be capable of 

mitigating common pathogens in vitro. A novel class of diol-based biodegradable polymers 

was produced as a platform for delivering traditional therapeutic drugs while also 

degrading into monomers with inherent bioactivity against pathogens. While some of the 

strategies presented herein require further characterization and validation in 

physiologically-relevant animal models, other strategies featuring biomaterials in this body 

of work are primed for translation to benefit our clinical populations with proper regulatory 

oversight and ethical consideration. While the challenges presented by of large infected 

defects are tremendous, new biomaterials-based technologies offer exciting tools to 

improve treatment outcomes and the lives of our patients.  
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