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Abstract

Increased use of implantable biomedical devices demonstrates their potential in treating a wide 

variety of ailments and disorders in bone trauma and orthopaedic, reconstructive, and craniofacial 

applications. However, the number of cases involving implant failure or malfunction due to 

bacterial infection have also increased in recent years. Implanted devices can facilitate the growth 

of bacteria as these micro-organisms have the potential to adhere to the implant and grow and 

develop to form biofilms. In an effort to better understand and mitigate these occurrences, 

biomaterials containing antimicrobial agents that can be released or presented within the local 

microenvironment have become an important area of research. In this review, we discuss critical 

factors that regulate antimicrobial therapy to sites of bone infection, such as key biomolecular 

considerations and platforms for delivery, as well as current in vivo models and current advances 

in the field.
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1. Introduction

Implantable medical devices have become an integral component of our lives, with over tens 

of millions of patients across the world and a market that is expected to reach $74 billion 

this year[1]. This high clinical activity has led to significant advances in the field, 

particularly with consideration towards the longevity and sustained performance of these 

devices. However, much less progress has been made towards mitigating infection and 

subsequent biofilm formation, and thus device-associated infection has become one of the 

leading causes of device failure[2].

Infections occurring from these orthopaedic devices have the potential to lead to a variety of 

complications. One of the most prominent diseases associated with orthopaedic device 

infection is osteomyelitis, which occurs in 2-5% of surgical interventions involving internal 
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fixation devices[3]. The most common pathogens associated with these types of infections 

are the Staphylococcus aureus and Staphylococcus epidermidis species of bacteria, which 

are gram-positive bacteria with high propensity towards forming biofilms on implanted 

materials and are responsible for over 50% of osteomyelitis cases[4]. Biofilm formation is a 

problematic issue in the medical field due to the increase in tolerance and resistance of the 

bacteria to therapeutics and antibiotics, as well as an enhanced ability to resist clearance 

from the host immune system[5]. Biofilm bacterial resistance to antibiotics leads to an 

overall increase in the minimum inhibitory concentration (MIC) of around 10-1000 times 

larger than its planktonic counterpart[6].

The most common clinical solution to these kinds of infection involves debridement 

combined with systemic antibiotic treatment[7]. In the case of implant-associated infections, 

it has been shown that debridement and implant retention (DAIR) for treatment of early 

infection has a success rate of over 80%[8, 9]. Additionally, one-stage exchange, in which 

the implant is removed and a new implant is introduced within the same surgery, and two-

stage exchange, in which the implant is removed and a new implant is introduced in two 

separate surgeries, have a success rate of over 87%[10, 11] and 91%[12, 13], respectively.

Whereas these techniques do show moderate levels of success, there are still several inherent 

issues which can be improved upon. It has been well established that the systemic 

introduction of antibiotics limits its overall performance, as there is a wide distribution of 

therapeutics that is collected at varying levels in different organs throughout the body, 

leading to poor delivery to the site of infection. This potential for off-targeting also restricts 

the overall amount of antibiotic that can be introduced, as high levels could lead to potential 

nephrotoxicity and hepatotoxicity for some antibiotics[14-16]. This toxicity limit eliminates 

the possibility of overcompensating dosage to make up for the loss of antibiotics to off-target 

effects. Additionally, nearly every type of antibiotic has been met with the development of 

resistance in the target bacteria, in what is sometimes referred to as the antibiotic “treadmill”

[17]. The economic cost of this resistance, which can be defined as the incremental cost of 

treatment involving antibiotic-resistant bacteria versus susceptible bacteria, has been 

estimated to be around $2.8 billion in the United States alone[18].

One potential solution to this major issue is to create biomaterials that can be introduced 

locally to the site of infection in order to release therapeutics in close proximity. In fact, the 

act alone of introducing therapeutics locally has already been shown to be a more effective 

method of treatment for infection[19]. This result has sparked interest from many different 

research groups who have studied different types of antimicrobial therapeutics and utilize a 

multitude of different drug delivery carriers in an effort to solve this monumental issue.

2. In vivo bone infection models

Before discussing drug delivery carriers and antimicrobial agents that are introduced along 

with them, it is important to establish what constitutes an accurate in vivo model for bone 

infection. Early studies of osteomyelitis in animal models simply injected Staphylococci, 

either intravenously or onto the surface of the bone, in an attempt to recapitulate the 

physiological progression of infection[20]. Since then, it has been recognized that either 
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introduction of a foreign substance or trauma to the bone is necessary for providing an ideal 

environment for bacterial seeding[21]. For cases such as modeling osteomyelitis, the 

location of injection can also play a role in the susceptibility of infection, as injection into 

the bone marrow cavity can potentially have a more substantial and relevant effect than 

injection onto the bone surface[22].

The choice of which animal model to use is an important consideration, and different animal 

models have different benefits and limitations. Rodent models make up the most extensively 

studied and well-understood animal models. This popularity is mostly due to the 

combination of low cost along with ease of handling and maintenance. However, these 

advantages come at the cost of small and fragile long bones that lack the Haversian-type 

remodeling that is typically seen in larger animal models[23]. Whereas rodents are the most 

well-studied animal models overall, rabbits are commonly used in musculoskeletal research, 

and were the first documented animal model for osteomyelitis[24]. Rabbits are a suitable 

model for bone infection applications due to their similar bone mineral density and fracture 

toughness compared to humans[25]. However, they still suffer in their small size and are 

known to be delicate and fragile post-surgery[26]. Larger animal models, such as pigs, 

sheep, dogs, and goats, make for a potentially appealing alternative model for bone infection 

due to their physiologically relevant size and weight of long bone. However, they are 

typically a much more expensive alternative as compared to small animal models, as they 

require larger housing, more attentive caring, and more specialized surgeons[27].

Another important consideration is the defect used to model bone infection. Most bone 

defect models fall into the following categories: sclerotherapic, open/closed fracture, and 

critical sized segmental defect (Fig. 1.).

2.1 Sclerotherapic

Sclerotherapy for bone applications is typically used as a means to induce injury at the 

surface of tissue without damaging the underlying vessels[28]. In the scope of bone 

infection, this provides a surface in which bacteria can prosper in order to more accurately 

model diseases such as osteomyelitis, while allowing for precise control over the area of 

injury and avoiding unnecessary complications and additional stabilization. Injury is 

typically induced through a solution, such as sodium morrhuate, that causes necrosis on the 

surface of the bone.

2.2 Open/closed fracture

Large trauma in the form of a fracture provide bacteria with a direct path into the body, and 

thus are very prone to infection. Infection rates for open fractures are typically higher than 

that of closed fractures, and can range from 10-50% depending on severity[29]. In animal 

models, fractures are typically generated transverse to the long bone, and in small animal 

model are typically generated through either 3-point bending (nondestructive) or 4-point 

bending (destructive)[30]. In this model, infection mitigation and bone healing are closely 

tied, as the increase of bacteria at the site of fracture is almost always correlated with a 

decrease in subsequent bone healing[31]. Mechanical tests can then be provided to quantify 
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the degree of healing, with compression, torsional, tensile, and bending all being valid tests 

depending on the application[32].

2.3 Critical sized segmental defect

Critical-sized defects, which are defects that do not fully heal by themselves, show impaired 

callus formation and mineralization when compared to smaller gap defects[33], which are 

exacerbated in the presence of bacteria[34]. An additional challenge comes along with 

providing reliable stabilization after the segment is removed. Researchers have overcome 

this barrier through using techniques such as external[35, 36] or internal[37] fixation, as well 

as targeting either the radius or ulna for segmental defect analysis, as the removal of one 

segment still provides adequate stabilization in murine model[38].

3. Antimicrobial therapeutics

3.1 Antibiotics

As one of the first and most prominent antimicrobial agents, antibiotics are widely 

considered one of the most successful and well-understood therapeutics for infection in the 

past century. Whereas the definition of antibiotic has not remained static over time, it can be 

loosely defined as the substance produced from a microorganism that inhibits another 

microorganism[39]. One of the first antibiotics used was penicillin, which was discovered by 

Alexander Fleming, who observed the phenomenon through an accidental encounter of the 

Penicillium fungus with his culture of staphylococcal bacteria[40]. From that moment on, 

the field of antibiotics has erupted to provide a wide range of different antibiotics suited to 

target different species of microorganisms with different mechanisms of action (Table 1).

Researchers can take advantage of these properties of antibiotics to create novel platforms 

for local targeting of infection. In fact, this general idea has been put in to practice since the 

1970’s, with Buchholz and Engelbrecht, who would incorporate antibiotics into a 

poly(methyl methacrylate) (PMMA)-based bone cement that would be introduced as a 

prophylactic for joint arthroplasty[41]. This idea allowed for a simple method of local 

release that was safe for the surrounding microenvironment, which could be loaded with 

multiple types of antibiotics to allow for effective results. This idea was later expanded by 

Klemm et al., who loaded gentamicin within PMMA beads, which would be incorporated 

into the open areas of the bone that were left after debridement[42]. This technique was 

applied to 128 patients suffering from severe chronic osteomyelitis, in which 91% 

experienced complete recession. This study shows the potential of this biomaterial to not 

only be used as a prophylactic, but also as a method for treating existing diseases.

An interesting development in recent years is the repurposing of existing therapeutics as 

antibiotics. Due to the significant investment of time and money that goes into drug 

development and subsequent FDA approval, the number of approvals has seen a drastic 

decrease of around 90% in recent years[43]. An alternative approach to circumvent this issue 

is to use current therapeutics that already have FDA approval and test them for potential 

antibiotic properties[44]. This method of testing FDA approved drugs has already seen 
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success, as commercial therapeutics such as auranofin[45], celecoxib[46], and niclosamide/

oxyclozanide[47] have shown promising results.

It is also important to note that one of the major limitations of antibiotics is that they can be 

met with resistance from bacteria. This has become a growing problem in the medical field, 

as each year resistant strains of bacteria are responsible for patient morbidity. For example, 

methicillin-resistant Staphylococcus aureus (MRSA) is responsible for the death of 19,000 

people and the hospitalization of 360,000 people each year in the United States alone[48]. It 

is for this reason that many microbiologists have strongly advised for the controlled use and 

lower dosage of antibiotics in the clinical setting[49].

3.2 Antimicrobial peptides

Typically considered to be a subset of modern antibiotics, antimicrobial peptides (AMPs) are 

oligopeptides containing a sequence of amino acids that can vary in length, which target a 

wide range of organisms with unique mechanisms of action that differ from conventional 

antibiotics[52, 53]. The use of antimicrobial peptides to treat orthopaedic infections has 

become an appealing alternative to antibiotics in recent years due in part because of the low 

levels of induced resistances against AMPs. While AMPs are inherently very diverse in 

structure and function, the amino acids found in AMPs tend to make them more cationic and 

amphipathic relative to the overall proteome[54]. The drawbacks of AMPs include their high 

cost for manufacturing and screening, their potential susceptibility to proteolysis[55], and 

their cytotoxicity tendencies towards mammalian cells[56]. AMPs can be further 

characterized by their structure: α helical, β sheet, and extended/flexible[57] (Fig. 2.).

3.2.1 Alpha helical—Alpha helical AMPs (aAMPs) are considered the most common 

and well-studied of the 3 subtypes. These peptides also display a wide range of efficacy in 

killing bacteria, as both gram-positive and gram-negative bacteria are susceptible 

targets[58]. These peptides have already been shown to be successfully integrated within a 

calcium phosphate cement carrier to assess the antimicrobial potential in an osteomyelitis 

model[59]. The results from this experiment showed that the local delivery of the aAMP to 

the site of infection showed greater efficiency in eradicating the biofilm in comparison to 

local delivery of antibiotics using the same conditions.

3.2.2 Beta sheet—Certain AMPs can be classified based to their β-sheet conformation, 

which occurs due to the cysteine residues that form disulfide bonds[60]. The largest subclass 

of β-sheet AMPs are the defensin family, which are endogenous peptides that were 

originally isolated from human skin. These peptides showed strong antimicrobial activity 

through targeting their cell membrane[61]. Varoga et al. has done extensive research on the 

human β-defensins (HBD), showing that the HBD-2 and HBD-3 are an active component of 

the host defense against the early onset of osteomyelitis[61-63].

3.2.3 Extended/flexible—This last subclass of AMPs is uniquely defined by its 

additional proline residues, which gives it a structure that strays away from both α-helix β-

sheet to form a more extended coil-like structure[57]. While these peptides make up some of 

the least prevalent and least studied AMPs, there is ongoing research tailored towards 
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utilizing them in orthopaedic applications. Hilpert et al. have looked at tethering indolicidin 

variants on a cellulose support to assess antimicrobial acitivity[64]. Optimal activity was 

seen when the hydrophobic residues were close to the N-terminus and the cationic residues 

were close to the linking site, making indolicidin an ideal choice of peptide (Fig. 2c). 

Results showed that by optimizing the linking chemistry and amino acid sequences of the 

variant, these tethered peptides were effective at eradicating gram-positive bacteria, gram-

negative bacteria, and yeast.

3.3 Antimicrobial polymers

Antimicrobial polymers are polymers in which the composition, length, hydrophobicity, and 

cationic charge can be optimized to promote passive and active bactericidal effects, as well 

as biocompatibility and efficacy[65]. Polymers can passively inhibit bacteria on the surface 

of biomaterials through providing minimal protein adsorption[66]. Active polymers include 

those that are functionalized with agents directed at killing bacteria. One of the most 

common active components is the positively-charged quaternary ammonium groups, which 

provides the polymer with a positive charge without the need for pH dependence. By 

containing both cationic groups and hydrophobic groups, these polymers are capable of 

attracting the anionic components of the bacterial cell membrane, where the hydrophobic 

residues can then insert themselves into the membrane and disrupt it[65]. An additional 

strategy for active functionalization involves tethering antimicrobial peptides to the polymer 

structure to immobilize and direct the activity of the peptides within the surface of a 

biomaterial, such as catheters[67].

3.4 Antimicrobial enzymes

Enzymes play a major role in antimicrobial activity in nature. As technology has advanced, 

researchers have been able to extract these enzymes to play a direct role in infection 

mitigation and biofilm eradication. They are an appealing alternative due to their ability to 

not only attack the microbe directly, but also to inhibit formation and promote dismantling 

of biofilms[68]. While antimicrobial enzymes are a promising therapeutic, they are typically 

less studied than alternative antimicrobial therapeutics and their application is limited by 

their high cost of production[69]. Key enzymes for antimicrobial activity include lysostaphin 

and bacteriophage lysins.

3.4.1 Lysostaphin—Lysostaphin is a bactericidal metalloendopeptidase derived from 

the gram-positive Staphylococcus simulans, which natively secretes enzymes like 

lysostaphin for peptidoglycan remodeling during its initial stages of growth[70]. Lysostaphin 

specifically targets the pentaglycine bridges on the cell membrane of staphylococcal species, 

making it an efficient disrupter of both planktonic bacteria and biofilm. This quality makes it 

an appealing agent for in vivo biofilm mitigation in orthopaedic infection. Johnson et al. 

utilized lysostaphin within a hydrogel carrier for controlled local delivery in a murine bone 

fracture model[71]. Their model tested the efficacy of their lysostaphin-encapsulated 

hydrogel alongside prophylactic antibiotic therapy and delivery of lysostaphin without the 

hydrogel carrier. Local delivery of lysostaphin via the hydrogel carrier significantly 

outperformed systemic delivery of oxacillin and resulted in complete healing of the fracture. 
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This system also showed the ability to mitigate methicillin-resistant S. aureus infection, 

making it an overall more appealing strategy for targeting orthopaedic implant infection.

3.4.2 Bacteriophage lysins—Bacteriophages are viruses that target bacteria with high 

specificity. The virus infiltrates the cell membrane of the bacteria and replicates inside of the 

bacteria, and will then either burst out of the bacteria, or continue replicating alongside the 

bacteria for many generations[72]. Lysins are utilized during this process to disrupt the 

peptidoglycan layer and thus initiating cell lysis. This mechanism can be recreating using 

recombinant lysin introduced exogenously to gram-positive bacteria, which sparked interest 

in the scientific community to utilize this enzyme for antimicrobial applications[73]. Since 

then, phage lysins have been extensively studied and have seen a wide range of uses for 

antimicrobial studies[74-78]. Becker et al. have shown potential to utilize lysin for treatment 

of orthopaedic infection[79]. Their research utilized the peptidoglycan hydrolases (PGH) 

derived from bacteriophage endolysins (LysK) fused with lysostaphin to create a chimeric 

molecule containing three lytic domains. The triple-acting chimeric fusion molecules were 

tested in an in vivo murine femur injury model of osteomyelitis, and showed drastic 

reduction of bacteria.

3.5 Current and ongoing clinical trials for osteomyelitis utilizing antimicrobial agents

Recent and ongoing clinical trials that utilize antimicrobial agents for treatment of 

osteomyelitis can be found in Table 2.

4. Drug Delivery Carriers

In designing a suitable delivery system for therapeutics to the site of infection, several 

criteria should be considered to optimize therapeutic delivery: characteristics of 

antimicrobial agent, invading bacterial species, anatomical location of the infection, and the 

therapeutic release dynamics of the biomaterial[80]. Each carrier has clear advantages and 

disadvantages, and while no single delivery vehicle is considered superior, selecting the right 

carrier is a critical step in designing the delivery system.

4.1 Bone Cement

Traditionally, bone cement is composed of a PMMA-based material, which is polymerized 

in the free space between the implant and bone to anchor it in place[81]. It is a useful carrier 

of antimicrobials and application is typically very easy to carry out, as the antimicrobial 

agent is mixed in with the powder component before mixing. For this reason, it is no 

surprise that bone cements were some of the first delivery vehicles of antimicrobial 

therapeutics for orthopaedic applications. In the 1970’s and 1980’s, PMMA bone cements 

were typically mixed with antibiotics for local treatment of infection[41, 42].

As technology advanced, these designs branched out to include cements composed of 

materials such as calcium phosphate, which sets as hydroxyapatite, making it a much more 

biocompatible alternate that can easily be replaced with bone over time[82, 83], and glass 

polyalkenoate, which is used in dental applications. Although these bone cements show 

promise as an antimicrobial implant, they do not have the ability to degrade, and removal 
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requires an additional surgery. As the field progressed, alternatives that provide antibiotic 

release through degradation became an appealing alternative. Antibiotic-loaded collagen 

sponges have been a popular biomaterial for this very reason, and have a popular alternative 

since the 1980’s. These biomaterials can either be introduced directly to the site of bone 

defect as a temporary scaffold, or can be manufactured as a film or membrane to be used as 

a coating for prosthetic or implant.[84-87]. The idea of biodegradable coating has also led to 

more sophisticated designs, such as the use of bioresorbable polymer films containing 

antibiotics, like poly(α-hydroxy acids)[88, 89], poly(ε-caprolactone)[90, 91], and 

poly(trimethylene carbonate)[92, 93]. The modular capabilities of these materials allow for 

precise control over its mechanical properties.

Bone cements have also shown the capability to be introduced in combination with other 

local therapeutic delivery vehicles to enhance its antimicrobial potential, such as polymer 

films[91], hydrogels[90, 94, 95], and nanoparticles[96, 97]. However, their main limitation is 

their propensity to fragmentation and creating wear debris, promoting inflammation at the 

site of the implant[81]. Additionally, the low surface area-to-volume ratio provides 

suboptimal elution characteristics that limit the amount of therapeutics that can be released 

from the bone cement and increasing the MIC for this vehicle[98, 99].

4.2 Collagen Sponges

Collagen is an excellent candidate for biomaterial applications due to its biodegradability, 

lack of toxicity, high tensile strength, and high abundancy in nature. Collagen can be 

prepared as a sponge by lyophilizing collagen solutions containing 0.1-5% w/v dry matter. 

The porosity can be modulated through altering the amount of dry matter or the rate of 

freezing[100]. Collagen sponges have since become commercialized, and are easy to access 

and affordable, making this platform an appealing candidate for antimicrobial delivery.

If one of the advantages of collagen sponges are the ease of access and affordability, it is 

only natural that the chosen antimicrobial to load into them is most often antibiotics. In 

applications involving orthopaedic infection, the collagen sponge is often paired with 

aminoglycosides, like gentamicin[84, 101, 102], due to the fact that aminoglycosides have 

been shown to be less detrimental to osteoblasts[103]. Similar to bone cements, collagen 

sponges can also benefit from having additional delivery vehicles introduced within the 

scaffold to provide stronger antimicrobial therapy. For example, Schlapp et al. showed that 

with gentamicin-loaded PLGA particles encapsulated within a collagen sponge matrix 

allowed for greater retention time and sustained antibiotic delivery for up to a week[104]. 

However, in comparison to bone cement, its poor mechanical strength may limit its 

application. Additionally, the use of animal-derived collagen may produce tissue irritation 

and an antigenic response from the patient.

4.3 Nanoparticles

The field of nanotechnology has seen a significant rise in popularity in recent years, as 

access to more sophisticated instruments has allowed more researchers to more easily 

manipulate, analyze, and functionalize systems in the nanoscale. Nanoparticles benefit from 

having unique transport qualities that can be manipulated for precise targeting. In the case of 
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biofilms, studies have shown that not only is the small size and large surface area-to-volume 

ratio of the particle a useful tool in the prevention and mitigation of biofilm formation, but 

also the geometric shape of nanoparticles can play a role in its resulting effectiveness[105]. 

Nanoparticles can also combat bacteria either through the encapsulation or tethering of 

antimicrobial agents or through their own composition.

4.3.1 Nanoparticles with inherent antimicrobial activity—The inherent 

antimicrobial activity of nanoparticles typically act through one of three mechanisms: 

induction of oxidative stress, release of metal ions, non-oxidative stress mechanisms[106]. 

The use of metal ions, such as silver, as an antimicrobial agent have been an intriguing 

alternative therapeutic; however, they suffer from both a short lifespan of antimicrobial 

activity, as well as the need to be within an aqueous environment for extended periods of 

time in order to function properly[107]. However, groups such as Qadri et al. have 

synthesized metal ion nanoparticles that can provide sustained activity using a synergistic 

effect of silver-copper-boron composites in a bone infection model[108]. These 

nanoparticles showed significant reduction in bacteria within a murine osteomyelitis model, 

as compared to an iron oxide control nanoparticle.

4.3.2 Nanoparticles as carriers of antimicrobial agents—Nanoparticles that act as 

antimicrobial carriers are typically either physically entrapping or linking the antimicrobial 

agent to itself. Ferreira et al. looked to use a pH-sensitive liposomal carrier of radiolabeled 

ceftizoxime, to assess the delivery of these particles to the site of bone infection[109]. These 

pH-sensitive liposome carriers allow for higher affinity to sites of infection, and subsequent 

release of contents. Microparticles have also shown the ability to perform similar actions, 

such as Sofokleous et al., who looked at the release of oxidative biocides from PLGA 

microparticles, which showed prolonged release and activity when introduced 

subcutaneously in Sprague Dawley rats[110].

4.4 Hydrogels

Hydrogels are water-swollen polymeric networks that possess tunable properties, including 

swelling, pore size, molecular weight, and stiffness[111]. The modular nature of most 

synthetic hydrogels also allows for the decoration of molecules within its matrix that can 

direct surrounding cell function, such as cell adhesion, proliferation, and differentiation. 

Antimicrobial agents can be introduced into hydrogels either through physical 

entrapment[95, 112] or through tethering directly onto the network[113]. Johnson et al. 

utilized a PEG-4MAL hydrogel, which takes advantage of Michael-type addition chemistry 

to allow for cross-linking of a 4-arm PEG macromer at high specificity, to physically entrap 

lysostaphin, an antimicrobial endopeptidase, and allow for controlled release through 

sustained degradable of the gel[71]. The hydrogel carrier proved to be an integral part of the 

therapeutic delivery system, as local delivery of lysostaphin alone showed significant 

reduction in infection mitigation (Fig. 3.). Hydrogels have also shown prominent 

antimicrobial properties utilizing inorganic metals[114, 115], AMPs[116], and 

antibiotics[117, 118]. Similar to collagen sponges, hydrogels are limited by their low 

mechanical strength which make them unusable for load-bearing applications. Additionally, 

due to the large pore size and water-swollen nature of hydrogels, small hydrophobic drugs 
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may require a carrier, such as liposomes or nanoparticles, in order to be utilized for long-

term release applications.

4.5 Surface coatings

Surface-coated biomaterials provide a unique means of disrupting bacterial adhesion to the 

surface of biomaterials, and have become a well-studied and fascinating approach that can 

take advantage of localization of antimicrobial molecules through methods such as physical 

adsorption, introduction into the polymer matrix, complexation, or conjugation[119]. They 

can not only provide a means of antimicrobial influence by directly interacting with the 

bacteria, but also indirectly by promoting tissue integration at the surface site of 

implantation, which is in competition with bacteria in what is coined as the “race for the 

surface”[120]. Antimicrobial polymers work well as a surface-coating agent as they can be 

tethered to biomaterial surfaces without losing functionality, and can incorporate other 

antimicrobial agents within itself[121]. In this way, antimicrobial agents, such as antibiotics, 

can be administered as a surface-coating over a biomaterial, with the benefit of providing 

direct interaction with the site of infection. Contrary to other vehicles that can be loaded 

with antibiotics, surface-coatings also benefit from higher efficacy due to the control of 

degradation, as well as the proximity of antibiotic release being constrained to the 

surface[98, 99].

5. Summary

Summary of the key research contributions addressed in this paper, including the platform 

and therapeutic used, is summarized below (Table 3):

6. Conclusion

Local and sustained delivery of antimicrobial therapeutics for bone infections has clear 

advantages to the clinical standard of debridement, followed by system administration of 

antibiotics. As technology has become more sophisticated, the field has evolved to support 

many different types of carriers, as well as providing choices for antimicrobial therapeutics. 

Whereas this field shows exciting promise and potential, critical challenges must be 

addressed for this field to progress as a viable platform. Importantly, the act of implanting a 

biomaterial, and thus both introducing a foreign body and performing a surgery, provide a 

potential for bacterial introduction, as well as aggregation and colonization on the implant 

surface. The colony of bacteria can lie in a dormant state and remain undetectable for long 

periods of time, and upon growth and identification, will most likely need to be treated 

through a revision surgery, which can potentially exacerbate the severity of infection if the 

bacteria is not completely cleared[122]. Surface-coated biomaterials are one potential 

method of addressing this issue within the field of antimicrobial biomaterials. As mentioned 

previously, surface-coated biomaterials have shown the potential to be capable of both 

infection mitigation as well as promotion of tissue regeneration around the surface of the 

biomaterial, thus favoring tissue integration in the remodeled microenvironment.

It is also important to realize that the choice of animal model, bone defect, biomaterial, and 

therapeutic must all be compatible and designed based on the specific application being 
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tested. While smaller animal models have had a longer history for bone infection 

applications, they lack some key traits that can be found in larger animal models. 

Additionally, the carrier plays a large role in the release kinetics of the therapeutic, as 

considerations such as ease of manufacturing, biodegradability, chemical tethering versus 

physical entrapment, and favorable transport properties can all greatly affect the overall 

therapeutic delivery. Lastly, the choice of antimicrobial therapeutic itself should not only be 

compatible with the carrier, but should also be tailored towards decisions such as cost, size, 

capabilities of synthesis, target bacterial strain, and ability to mitigate biofilm versus 

planktonic bacteria. As the field advances, these biomaterials will play a more prominent 

role in our daily lives, as some have already advanced to stages in which they are accepted 

into clinical trials.
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Figure 1. 
Common bone defect models for modeling infection study. (a) Sclerotherapy involves the 

introduction of compound such as sodium morrhuate, that causes necrosis at the surface of 

bone before introduction of bacteria (green). (b) Open fractures are typically induced 

through the use of a tool such as a 3-point bending (indicated with black triangles), after 

which is stabilized using either an internal or external fixation device. (c) Segmental defect 

occurs when a critically-sized segment of bone is removed, after which support is provided 

either through an internal or external fixation device (exception being when either the ulna 

or radius is involved).
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Figure 2. 
Antimicrobial peptides can be classified by their secondary structure: (a) α-helical, (b) β-

sheet, (c) extended/flexible. Red regions indicate hydrophobic residues for the configuration 

of magainin, defensin 5, and indolicidin, respectively. N refers to the N-terminus, while C 

refers to the C-terminus.
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Figure 3. 
(a) Schematic diagram detailing the model set-up for encapsulation of lysostaphin within a 

hydrogel matrix for localized infection mitigation and fracture healing in a bone defect 

model. (b) Bacterial counts 7 days postfracture of the tissue, femur, and stabilization needle 

for the following conditions: bacterial strain within hydrogel (UAMS-1), bacteria and 

lystostaphin within hydrogel (UAMS-1 + Lst), bacteria and lysostaphin without crosslinked 

hydrogel (UAMS-1 + soluble Lst), bacteria and prophylactic antibiotic injections (UAMS-1 

+ oxacillin), and a sterile control (sterile). (c) Histological sections of femurs stained with 

H&E, Saf-O/FG, and Gram. Arrows indicate sites of gram-positive bacteria. Reproduced 

with permission [71].
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Table 1.

List of clinically relevant classes of antibiotics, their main bacterial targets, and their mechanism of actions.

Class Main targets[50] Mechanism of action[50] Common
antibiotics[50,
51]

Aminoglycosides Gram-negative bacteria Disrupt protein synthesis Gentamicin, tobramycin, streptomycin

Carbapenems Gram-positive and gram-negative bacteria Disrupt cell wall synthesis Ertapenem, faropenem

Cephalosporins Wide range of targets: early generations 
target gram-positive bacteria, while later 
generations target gram-negative bacteria, 
Methicillin-resistance Staphylococcus aureus 
(MRSA)

Disrupt cell wall synthesis Cefixime, cefotaxime

Glycopeptides Gram-positive bacteria, MRSA Disrupt cell wall synthesis Teicoplanin, vancomycin

Lincosamides Gram-positive and gram-negative bacteria Disrupt protein synthesis Clindamycin, Lincomycin

Lipopeptides Gram-positive bacteria Disrupt cell membrane potential Daptomycin

Macrolides Gram-positive bacteria, some gram-negative 
bacteria

Disrupt protein synthesis Azithromycin, clarithromycin

Monobactams Gram-negative bacteria Disrupt cell wall synthesis Aztreonam

Oxazolidinones Gram-positive bacteria Disrupt protein synthesis Linezolid

Penicillins Streptococci, Staphylococci, Neisseria 
species

Disrupt cell wall synthesis Amoxicillin, ampicillin, penicillin G

Polymyxin Gram-negative bacteria Disrupt cell wall synthesis Polymyxin B, Polymyxin E

Quinolones Gram-positive and gram-negative bacteria Disrupt DNA synthesis Cinoxacin, nalidixic acid

Rifamycins Mycobacteria Disrupt RNA synthesis Rifabutin, rifampin

Streptogramins Gram-positive bacteria Disrupt protein synthesis Quinupristin, dalfopristin

Sulphonamides Gram-positive and gram-negative bacteria Disrupt folic acid synthesis Sulfamethizole, sulfamethoxazole

Tetracyclines Gram-positive and gram-negative bacteria Disrupt protein synthesis Tigecycline
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Table 2.

List of current clinical trials utilizing antimicrobial agents for treatment of osteomyelitis, including its current 

status and National Clinical Trial (NCT) number.

Responsible party Antimicrobial agent Status of trial NCT number

Kaplan et al. Ceftaroline Active NCT02335905

Oliveira et al. Tigecycline Active NCT03559530

Rappo et al. Dalbavancin Completed NCT02685033

Ramirez et al. Multiple antibiotics Active NCT02099240

Cubist Pharmaceuticals LLC Daptomycin Completed NCT00428844, NCT01922011

Luo et al. Vancomycin Completed NCT02968693

VA Office of Research and Development Rifampin Active NCT03012529

Harrington et al. Trimethoprim-sulfamethoxazole Unknown NCT00324922

Borens et al. Gentamicin Unknown NCT02128256

Martínez et al. Ciprofloxacin Unknown NCT01137903

Assistance Publique – Hôpitaux de Paris Multiple antibiotics Completed NCT00764114

Tourcoing Hospital Multiple antibiotics Completed NCT02123628

University of Aarhus Pamidronatdinatrium Active NCT02594878

Wyeth Tigecycline, Ertapenem Completed NCT00366249

Infectious Diseases Physicians, Inc. Dalbavancin Active NCT03426761

Miller et al. Tedizolid Active NCT03009045

Cempra Inc. Sodium fusidate (CEM-102) Active NCT02569541

Merck Sharp & Dohme Corp. Ertapenem sodium (MK-0826) Completed NCT01370616

Microbion Corp. MBN-101 Active NCT02436876
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Table 3.

Summary of key research, including delivery vehicle, therapeutic, and reference number.

Group Delivery vehicle Therapeutic Reference

Buchholz et al. PMMA bone cement Gentamicin [33]

Klemm et al. PMMA bone cement Gentamicin [34]

Luo et al. PMMA+Ca3(PO4)2 cement Vancomycin [36]

Fang et al. PCL+β-TCP composites Vancomycin [37]

Cometa et al. PEG hydrogels on Ti implant Vancomycin and ceftriaxone [38]

Romanò et al. Hydrogel + bone cement Gentamicin, vancomycin, and cefazolin [39]

Li et al. PEG hydrogel on Ti implant Vancomycin [40]

Perni et al. Bone cement + nanoparticles Propylparaben [41]

Shi et al. Bone cement + nanoparticles Chitosan, ammonium chitosan derivative, 
gentamicin

[42]

Susheel et al. Collagen sponge Gentamicin [44]

Han et al. Collagen sponge Gentamicin [45]

Ipsen et al. Collagen sponge Gentamicin [46]

Schlapp et al. Collagen sponge + PLGA particles Gentamicin [48]

Qadri et al. Ag-Cu-B nanoparticles Ag-Cu-B nanoparticles [52]

Ferreira et al. Liposomes Ceftizoxime [53]

Giavaresi et al. Hydrogel Vancomycin [55]

Yeo et al. Hydrogel PEI star copolymer [56]

Johnson et al. PEG-4MAL hydrogel Lysostaphin [57]

Wachol-Drewek et al. Collagen sponge Gentamicin, cefotaxim, fusidic acid, clindamycin, 
vancomysin

[60]

Ascherl et al. Collagen sponge Gentamicin [61]

Wernet et al. Collagen sponge Gentamicin [62]

Aviv et al. PLLA, PDLGA Gentamicin [63]

Price et al. PLGA Gentamicin [64]

Neut et al. PTMC Gentamicin [65]

Kluin et al. PTMC Gentamicin, vancomycin [66]

Melicherčík et al. Ca3(PO4)2 cement HAL-1, HAL-2, HAL-2 analogues [70]

Varoga et al. Expressed in osteoblasts HBD-2, MBD-3 [72]

Varoga et al. Expressed in healthy and osteoarthritic cartilage HBD-2 [73]

Varoga et al. Expressed in chondrocytes HBD-2 [74]

Hilpert et al. Cellulose support Indolicidin variants [75]

Nelson et al. Oral and nasal introduction C1 phage lysin [80]

Schuch et al. IP injection PlyG lysin [81]

Loeffler et al. In vitro introduction Pal, Cpl-1 lysin [82]

Loeffler et al. Intravenous Cpl-1 lysin [83]

Fernandes et al. In vitro introduction Lys168-Lys170 hybrid [84]

Acta Biomater. Author manuscript; available in PMC 2020 July 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Caplin and García Page 24

Group Delivery vehicle Therapeutic Reference

Becker et al. Direct introduction to femur injury Lysk-Lysostaphin [85]
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