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Abstract

Infection is one of the most common complications associated with medical interventions and 

implants. As tissue engineering strategies to replace missing or damaged tissue advance, the focus 

on prevention and treatment of concomitant infection has also begun to emerge as an important 

area of research. Because the in vivo environment is a complex interaction between host tissue, 

implanted materials, and native immune system that cannot be replicated in vitro, animal models 

of infection are integral in evaluating the safety and efficacy of experimental treatments for 

infection. In this review, considerations for selecting an animal model, established models of 

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

cutaneous, fascial, and orthopedic infections.
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1.0 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 
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for the field. Tissue engineering strategies classically involve cells (either implanted or 

recruited), a scaffold (synthetic or natural), and chemical signals (such as growth factors). 

Infection prevents normal healing and inhibits the success of tissue-engineered constructs. 

The inflammatory environment caused by infection diminishes the natural capacity of tissue 

to heal and alters cellular phenotype [1]. Foreign objects, such as implanted scaffolds 

intended for cellular infiltration, may also act as a safe haven for bacteria and can result in 

pathogenic colonization [2, 3]. In addition, the regenerative effects of delivered growth 

factors, such as bone morphogenetic protein 2 (BMP-2), have been shown to be mitigated in 

patients with infection [4]. 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 trials [5]. This 

review will cover considerations when choosing an infected animal model as well as discuss 

established models available in several defects (cutaneous, fascial, and orthopedic) as 

examples.

2.0 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.

2.1 Host Animal and Defect

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

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

Larger species include pig, goat, sheep, dogs, and non-human primates. In addition to model 
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species, strain can be important given physiologic differences such as immune response to 

infection [6].

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

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

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

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

statistical conclusions. In addition, mouse models are appealing due to the genetic tools 

available that are relevant to infection, such as strains that have immune deficits or 

metabolic imbalances [7, 8]. 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-time [9]. 

Because mice are small, in vivo imaging of bacteria via bioluminescence or fluorescence is 

somewhat less challenging since the depth of light penetration is shorter than in larger 

animals. Finally, there is currently more literature available on small animal models of tissue 

infection, which is an advantage when selecting an infected model for study.

Larger species tend to more accurately reflect oxygen diffusion limitations, musculoskeletal 

loads, and permit infected defects more similar in volume and geometry to clinically-

relevant sized tissue defects. However, larger species are also more costly, have extra 

housing requirements, and raise additional ethical questions. In particular, the use of 

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

should be avoided if possible.

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

While the infected defect should recapitulate the intended human disease state as closely as 

possible, it may not be anatomically accurate, especially in smaller animals. For example, a 

subcutaneous pouch model has been established in rats to evaluate different hernia repair 

meshes for infection prevention [10]. While these meshes were not applied in their 

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

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

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

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

ultimately need to be utilized before translation [11]. Attention to detail in surgical protocol 

design is necessary. Seemingly minor decisions can alter infection in an animal model- for 

example, the choice of local anesthetic can impact the course of infection [12]. External 

drugs may need to be delivered to create metabolic imbalances [13] or immune suppression 

[14, 15]. After deciding on the appropriate defect for the animal model, the inoculum 

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

2.2 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) [16]. In 

addition, the role of anaerobic species in wound infection is becoming increasingly 

recognized [17]. These fastidious species present challenges in their culture and inoculation 
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due to sensitivity to atmospheric oxygen, but due to their role in chronic wounds and multi-

pathogen infection, infected animal models are more frequently incorporating anaerobic 

species [18]. Out of these three general classes (gram positive, gram negative, and 

anaerobic), the specific organism is chosen based on prevalence in human disease. For 

example, bone infection (osteomyelitis) in humans is most often caused by Staphylococcus 

aureus [2]. Therefore, the majority of established animal models of infected bone defects 

involve S. aureus as the primary pathogen. For infected tissue defects in which there is no 

clear most prevalent pathogen, multiple groups with different organisms are often utilized, 

such as a representative gram positive, gram negative, and anaerobic microbe [15, 19].

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

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

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

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

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

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

rates of biofilm production [20]. Biofilm, the extracellular matrix produced by microbes, 

inhibits the local immune response [21] and increases antibiotic resistance [22]. As many 

foreign body infections are caused by biofilm-producing pathogens [23], tissue engineering 

strategies which incorporate cell scaffolds may be particularly vulnerable to biofilm-

associated infection. As new therapies specific to biofilm-associated infections are being 

developed [3], animal models of infected tissue defects with emphasis on biofilm formation 

have been established and continue to be improved [24–27].

Regarding the inoculum, the concentration of pathogens and delivery vehicle must be 

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

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

pilot study where pathogen concentrations are increased logarithmically [28, 29]. In most 

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

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

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

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

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

pathogen-seeded collagen sponge [28], infected dextran beads [30], or a pre-formed biofilm 

[24, 31]. While hematogenous bacterial seeding of implanted materials has been attempted, 

this approach was unsuccessful in a rat model [32].

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

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

feature polymicrobial communities [18, 33]. In addition, multiple species have been 

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

models [34]. Efforts continue to develop animal models of infection with polymicrobial 

populations that remain stable over time [31].
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2.3 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 osteomyelitis, it may be impossible to observe any signs of 

local disease progression.

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

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

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

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

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

media and plated after serial dilution [35]. This gives an estimate of the quantitative 

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

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

[35, 36]. Histologic staining of defect tissue is another technique that can be performed after 

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

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

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

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

groups for a quantitative marker of bacterial presence [25, 37]. By using primers unique to 

different pathogenic species, qPCR can quantitate the ratios of different bacteria in relation 

to one another in polymicrobial infections [31]. A weakness of all of the terminal analysis 

techniques is inability to track infection over time in individual animals and necessity of 

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

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

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

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

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

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

with infection of the wound [38]. The irrigation technique is limited to infected defects that 

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

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

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

tomography can be used to track disease progression in real-time [25]. 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 wounds [39], 
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subcutaneous wounds [40], deep soft tissue wounds [41], and even orthopedic defects [25, 

42].

2.4 Summary of Considerations

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

infected animal model to evaluate tissue engineering strategies is presented in Table 1. 

These are not meant to be a complete list, but a guide when beginning to design a study with 

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

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

cutaneous, fascial, and orthopedic defects as examples. Because ethical, regulatory, 

financial, and translational considerations are often dominant drivers in choosing a particular 

animal model, the infection models presented here are arranged by species.

3.0 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 morbidity [43–45]. Based on these 

disease states, there has been great interest within the tissue engineering community to 

create strategies to regenerate cutaneous wounds [46]. 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 been used to visualize 

response of infection to therapeutics in real-time [39] as well as evaluate the efficacy of 

photodynamic treatments that may not otherwise penetrate to deep layers [40].

Infected cutaneous defects range in severity from superficial infections of the epidermis [47] 

to full thickness wounds that can result in lethality under the correct conditions (such as high 

inoculum concentration) [29, 48]. A wide variety of pathogens have been studied in 

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

infections [31, 34], and even fungi [49]. While dozens of papers have been published with 

different models, several variations commonly occurring in the literature will be discussed.

3.1 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 
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human healing [50]. However, as wound contracture is delayed in rodents during infection 

[51], 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. [29]. 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 (90°C) rather than open flame [52] and also 

applied to rats [53]. The dorsal cutaneous burn wound models have been used to explore 

pathogen quorum sensing [52], bacterial migration and development of sepsis from infected 

burn wounds [29], and different therapies [54–56]. 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 contraction [50]), followed by inoculation. In 

addition to splinting, Lundberg et al. developed an infected rat model [57] where a sterile 

chamber with a window was placed over the wound for observation of granulation tissue 

throughout the course of infection [39]. 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 arms [58]. 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. aureus [8, 9, 15, 19, 31, 40], P. aeruginosa [15, 19, 

31], Escherichia coli [39, 58], Enterococcus faecalis [31], Acinetobacter baumanii [19], 

Proteus mirabilis [15], Finegoldia magna [31], and Clostridium perfringens [19]. 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 mice [8]. 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 days [31].

3.2 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 skin [59, 60], 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 thickness [13, 61] or partial 

thickness wounds [26], 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) [13]. The porcine dorsal 

excisional model has been utilized to study biofilm production in cutaneous wounds [26], 

polymicrobial infection [61], different wound dressing therapies [61], and infection 

progression and healing in diabetic versus metabolically-normal hosts [13].
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4.0 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 hernias [62]. Due 

to factors such as infection and foreign body reaction, hernias have a relatively high 

reoccurrence rate (46%). As such, there is a clinical need for effective and reliable 

biomaterials to improve surgical outcomes [63].

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 wall [64]. 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 

developed [65]. 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 field [66]. 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 repair [67].

4.1 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 days [10]. 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 days [68].

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 fluorescence imaging to determine the 

amount of bacterial clearance from the grafts [69]. In addition to labeling bacteria with GFP, 
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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 model [70].

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 antibiotics [71]), 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 wall [72]. 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 

clearance [72]. 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 model [73].

4.3 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 repair [74]. 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 repair [75]. 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 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 periosteum [76].

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 meshes [77]. 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, 
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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 materials [77].

5.0 Infected Orthopedic Defects

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

orthopedic biomaterials. Osteomyelitis following trauma or routine joint repair surgery has 

devastating consequences, including weeks to months of potentially toxic systemic antibiotic 

therapy, repeat surgeries for debridement or removal of hardware, and in severe cases, 

amputation. Bone injuries are particularly susceptible to infection because they often require 

implantation of fixation hardware that can act as a substrate for bacteria to adhere and 

proliferate upon. Research in the orthopedic biomaterials field has sought to improve the 

treatment of musculoskeletal infections through the use of local delivery applications, and 

many models that have been developed are particularly well suited toward the evaluation of 

biomaterials designed to simultaneously treat infections and stimulate bone regeneration. 

Stringent and clinically relevant animal models are necessary to evaluate biological 

responses to infection, the efficacy of experimental treatments, and functional repair of 

infected defects. The majority of animal models of osteomyelitis are infected with S. aureus 

since the most common cause of long bone infection following trauma and surgical 

implantation of hardware [2, 78, 79]. Coagulase-negative S. aureus, P. aeruginosa, and 

methicillin-resistant S. aureus are also implicated in osteomyelitis [2, 78], though there are 

only a few models that address these organisms.

5.1 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 space [80]. Both Bernthal et al. and Pribaz et 

al. performed this post-arthroplasty S. aureus infection model with LysEGFP mice, which 

are genetically engineered to express green fluorescent myeloid cells, to evaluate the degree 

of inflammation present in infected knee joints [80, 81]. Pribaz et al. found that, of four 

luminescent bacterial strains tested, Xen36 induced the least amount of inflammation [81]. 

In addition, Xen29 and Xen36 had a shorter duration of inflammation at 14 days compared 

to Xen40 and ALC2906 at 21 days. Niska et al. have further characterized how this post-

arthroplasty infection model using LysEGFP mice can facilitate longitudinally monitoring 

through bioluminescent imaging for S. aureus Xen29, fluorescence imaging for neutrophils, 

and radiographic and histologic assessment [82]. 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 
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the efficacy of systemic and local antibiotic delivery vehicles, as well as regenerative 

strategies in the presence of infection. A key advantage of the rat femoral defect is that 

extensive model development has established that the inoculating dose needed to produce a 

S. aureus infection in the presence of hardware is as low as 102 CFU, though many studies 

use 105 CFU for stringent evaluation of treatment methods [28, 83–85]. Brown et al. 

demonstrated that early debridement in conjunction with local delivery of antibiotics via 

poly(methylmethacrylate) beads was more effective in reducing S. aureus bacterial counts 

than debridement alone after 2 weeks [84]. The efficacy of local antibiotic delivery from a 

variety of non-degradable and degradable polymer vehicles including PMMA [86] and 

polyurethane [87] have been evaluated in the rat femoral defect. Sanchez et al. investigated 

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

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

by dispersing biofilms on implanted biomaterials [85]. Chen et al. performed a study to 

evaluate bone regeneration induced by osteopontin-1 in a S. aureus-contaminated rat 

femoral defect without antibiotic treatment, and found that osteopontin was able to facilitate 

significantly more bone regeneration even without direct treatment of the infection or the 

presence of a bone scaffold [88]. More recent efforts have attempted to promote the 

regeneration of infected defects by concomitantly delivering an osteoinductive drug and an 

antibiotic. Guelcher et al. delivered BMP-2 with vancomycin from an injectable 

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

greater bone formation than delivery of BMP-2 alone [89].

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

methods of defect creation and induction of infection. The creation of this defect is simple: 

exposure of the tibia, creation of a hole in the bone to expose the marrow, injection of 

bacteria into the marrow, and sealing of the hole with bone wax [90, 91]. 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 tibiae [92]. There are few rat 

osteomyelitis models that do not use S. aureus as the infecting organism, so Nelson et al. has 

expanded the infected tibial defect model to include infection with P. aeruginosa, a less 

common but also virulent and difficult to eradicate organism [93].

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

studies have been published using different long bone sites and different infecting organisms 

[94–96]. Building upon a preliminary report of acute rabbit tibial osteomyelitis by Scheman 

et al. in 1941 [97], Norden et al. described the development of a chronic rabbit tibial 

osteomyelitis model using a clinical isolate of S. aureus in conjunction with a sclerosing 

agent [98]. 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 
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with less frequency than S. aureus SMH [98]. Andriole et al. further developed the chronic 

osteomyelitis model by introducing stain steel pins into the defect, mimicking the presence 

of fixation hardware [99]. Since then, tibial models of osteomyelitis have been widely used 

to evaluate treatment with various treatment modalities [79]. In addition to the tibial defect 

model, radial defect models have also been developed [95]. 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 microparticles [100].

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

infecting organisms in rabbit models than in murine models. Norden et al. published a model 

of P. aeruginosa osteomyelitis in the rabbit tibia in which 91–94% of rabbits have positive 

cultures after 70 days without treatment [94, 101]. The authors found that combination 

therapy with sisomicin and carbenicillin for 4 weeks is more effective at treating P. 

aeruginosa tibial osteomyelitis in the rabbit than either drug alone [94]. 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. aeruginosa [101]. Xie et al. have 

also described a model in which tibial defects are infected with E. coli and showed that 

gentamicin-loaded borate bioactive glass improved bone regeneration compared to 

gentamicin with pure bioactive glass and bioactive glass with no gentamicin [102].

5.3 Large Animal Models

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

clinical defects and implanted materials in goat and sheep models. However, model 

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

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

conclusions [103]. In addition, there are relatively few goat and sheep osteomyelitis studies 

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

infection model that has shown success with multiple investigators.

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

without associated orthopedic hardware. Voos et al. implanted pins into the iliac crests of 

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

pin-tract infection by S. aureus on a short time scale of 16 days [104]. Another series of goat 

studies utilized a unicortical 12-mm circular tibial defect infected with S. aureus [105, 106]. 

Both Thomas et al. and Beardmore et al. performed infected non-treated control groups in 

order to show that an infection could be established [105, 106]. Lalliss et al. developed a 

complex tibial defect goat model involving the removal of 10 mm of the medial cortex of 

the tibia, removal of 13–15 g of anterior compartment muscle, and thermal injury to 

remaining musculature of the anterior compartment [107]. The defects were inoculated with 

either P. aeuruginosa (lux) or S. aureus (lux) [107].

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

osteotomy [108, 109] or a medial femoral condyle defect [110] 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.
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6.0 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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Highlights

• Important considerations for selecting or designing infected animal models to 

evaluate tissue engineering-based strategies are underscored

• Established models of infection for cutaneous, fascial, and orthopedic defects 

are reviewed

• Areas that require further model development are discussed
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Table 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)
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