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Abstract

The rise in antibiotic-resistant bacteria, including strains that are resistant to last-resort 

antibiotics, and the limited ability of antibiotics to eradicate biofilms, have necessitated 

the development of alternative antibacterial therapeutics. Antibacterial biomaterials, such as 

polycationic polymers, and biomaterial-assisted delivery of non-antibiotic therapeutics, such as 

bacteriophages, antimicrobial peptides and antimicrobial enzymes, have improved our ability to 

treat antibiotic-resistant and recurring infections. Biomaterials not only allow targeted delivery 

of multiple agents, but also sustained release at the infection site, thereby reducing potential 

systemic adverse effects. In this Review, we discuss biomaterial-based non-antibiotic antibacterial 

therapies for the treatment of community- and hospital-acquired infectious diseases, with a focus 

in in vivo results. We highlight the translational potential of different biomaterial-based strategies, 

and provide a perspective on the challenges associated with their clinical translation. Finally, we 

discuss the future scope of biomaterial-assisted antibacterial therapies.

Web summary—The development of antibiotic tolerance and resistance has demanded the 

search for alternative antibacterial therapies. This Review discusses antibacterial biomaterials and 

biomaterial-assisted delivery of non-antibiotic therapeutics for the treatment of bacterial infectious 

diseases, with a focus on clinical translation.

[H1] Introduction

The discovery of penicillin in the 20th century provided a transformative advantage in the 

fight against bacterial infections. However, non-judicious use of antibiotics, requirements of 

high antibiotic doses to kill bacteria within biofilms, and evolution of bacteria have led to the 
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development of antibiotic tolerance and resistance (Box 1).1–3 Antibiotic-resistant strains of 

bacteria are responsible for tens of thousands of global fatalities every year.4 In particular, 

the rise in multi-drug resistant strains of Gram-negative bacteria, such as Pseudomonas 
aeruginosa and carbapenemase-producing enterobacteriaceae (CPE), is alarming. These 

bacteria are not responsive to any antibiotic, except colistin, a last resort peptide-based 

antibiotic.5,6 Resistant strains of Gram-positive and Gram-negative bacteria are responsible 

for diverse community- and hospital-acquired infectious diseases, including osteomyelitis, 

respiratory infections, surgery- and implant-associated infections, and wound infections 

that are challenging to treat. TABLE 1 summaries the top pathogens that have resulted 

in healthcare-associated infections over a 7-year period (2011–2017), classified by the US 

Centers for Disease Control and Prevention (CDC).7–9

Another major challenge in the treatment of bacterial infections is the killing of bacteria 

within a biofilm.2,3 A biofilm is a densely packed community of bacterial cells attached to 

a surface and embedded within an extracellular matrix (FIG. 1a). Biofilms shield bacteria 

from antibiotics, antibodies and immune cells, and result in localized, chronic infections 

that are difficult to eradicate. In addition, bacteria within a biofilm remain dormant and 

can cause recurring infections. Notably, low local concentrations of antibiotics within a 

biofilm promote the development of tolerance and resistance to host defense mechanisms 

and drug recalcitrance.10 Importantly, high doses of antibiotics often need to be used to treat 

infections with persistent biofilms, which can lead to adverse side effects, including allergic 

reactions, off-target toxicity, disruption of intestinal and vaginal microflora, and overgrowth 

of opportunistic pathogens, such as Clostridium difficile.11 To limit non-judicious use of 

antibiotics, the US CDC has developed a Standardized Antimicrobial Administration Ratio 

(SAAR).12 SAAR provides a standardized, risk-adjusted benchmark of antibiotic use and 

aims to reduce adverse drug events and unnecessary healthcare costs.

Antibacterial agents, such as bacteriophages, antimicrobial peptides (AMPs) and 

antimicrobial enzymes, have been explored as alternatives to, or in conjunction with, 

antibiotic therapy to treat bacterial infections. These alternative therapies have shown 

promise in the treatment of antibiotic-resistant infections (TABLE 2). For example, 

treatment with an engineered phage mixture led to clinical improvements in a 15-year-

old patient with cystic fibrosis (homozygous for ΔF508 mutation in the CFTR gene) 

suffering from a drug-resistant Mycobacterium abscessus infection.13 Similarly, antibacterial 

enzymes, such as lysostaphin, and the bacteriophage lysin, have generated encouraging 

results in the treatment of bacterial infections.14,15 AMPs are cationic peptides that 

display antibacterial, antiviral and antifungal activity. Several peptide-like antibiotics 

are currently US Food and Drug Administration (FDA)-approved: vancomycin, colistin 

(N050356), telavancin (N022110), oritvacncin (N206334) and dalbavancin (N021883).16 

The Therapeutic Proteins Database (THPdb, http://crdd.osdd.net/raghava/thpdb/),17 a subset 

of the FDA database, lists two additional peptide-based antibacterials, gramicidin D 

(Neosporin® and Sofradex®) and daptomycin (Cubicin®), which exhibit promising 

antibacterial properties. However, limited stability of some of these agents under 

physiological conditions, challenges in their delivery to the infected site and difficulties 

in engineering a formulation while maintaining the activity of these agents have resulted 

in limited clinical translation beyond topical use (for example, Neosporin®), with the 
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exception of vancomycin, which has been approved for oral and intravenous administration 

to treat infections caused by S. aureus resistant to penicillin.

In this Review, we discuss biomaterials-assisted non-antibiotic therapies for the treatment of 

bacterial infectious diseases, with a focus on studies that have shown promising results in 

vivo and translational potential (TABLE 3). In particular, we investigate strategies based on 

bacteriophages, antimicrobial peptides, enzymes and polycationic biomaterials. Alternative 

strategies, such as antibodies and vaccines, are not covered in this Review, because of their 

prophylactic (non-therapeutic) mechanism of action.

[H1] Biomaterial-based antibacterial therapies

(Bio)materials have been engineered to assist the interactions between a living system and 

a therapeutic, with the aim to accelerate the restoration of homeostasis. Biomaterials, such 

as hydrogels and nano- or microparticles, facilitate the delivery of antibiotics and other 

antibacterial agents to the site of infection, and can be designed to provide release profiles 

suitable for maintaining effective local drug concentrations at the site of infection (FIG. 

1b). In addition to serving as a delivery vehicle for antibacterial agents, scaffolds and films 

of polycationic and zwitterionic polymers can also have bactericidal and bacterial-resistant 

properties, respectively. Thus, physical coating and covalent grafting of polymeric brushes 

enables the tuning of the properties of biomedical devices to render them resistant to 

infections. Biomaterial-assisted delivery can further protect the antibacterial agent from 

degrading enzymes and inactivating factors in the body. Moreover, biomaterials allow 

simultaneous delivery of two or more agents, potentially improving the efficacy of the 

therapy. Biomaterials can also improve the therapeutic efficiency of antibiotics and reduce 

adverse side effects, typically by decreasing the required systemic dose and therefore, 

off-target effects. Importantly, the choice of biomaterial is crucial to achieve the desired 

delivery outcomes and therapies (TABLE 4).

[H1] Delivery of bacteriophages

Bacteriophages (or phages) are viruses that infect and in many cases are lytic against 

a specific strain of bacteria. Treatment of bacterial infections with phages has many 

advantages, because phages infect and lyse specific bacteria and can degrade the biofilm 

matrix.18 Upon infecting the bacterium, phages hijack the bacterial machinery to produce 

multiple copies of itself, which ultimately leads to bacterial death (FIG 2).19 This 

mechanism of action, which is different than that of antibiotics, renders phage therapy 

effective against multidrug-resistant bacteria. In addition, phage therapy results in less 

endotoxin release, compared to antibiotics, and does not affect the commensal microbiota 

of the host.20,21 Phage therapy has been clinically used as a last resort to treat two 

patients infected with antibiotic-resistant bacteria in Europe and the USA, demonstrating the 

translational potential, efficacy and safety of phage therapy.22,23 Biomaterial-assisted phage 

therapy has shown promising preclinical results for the treatment of infectious diseases, 

including bone infections, lung infections, gastrointestinal infections, wound infections and 

catheter-related infections.
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[H2] Bone infection

Biomaterial-assisted delivery of bacteriophages has been explored to combat orthopaedic 

infections, which are often complicated by exposed wounds and trauma.24–27 For example, 

a synthetic hydrogel engineered from a 4-arm poly(ethylene glycol) (PEG) macromer can 

efficiently deliver bacteriophages that infect and kill the PsAer-9 strain of P. aeruginosa.24 

Phages encapsulated within the hydrogel achieved a 5-fold reduction in counts of P. 
aeruginosa compared to unleaded hydrogels in a radial segmental bone defect mouse 

model.24 Similarly, a metal wire containing phages and linezolid, coated with hydroxypropyl 

methylcellulose (HPMC), could mitigate methicillin-resistant Staphylococcus aureus 
(MRSA) in a femur fracture murine model.27 Thus, these engineered devices show potent 

antimicrobial activity against S. aureus and P. aeruginosa, the two bacteria responsible for 

most device-related orthopaedic infections.25,27

[H2] Lung infection

Bacteriophages have also shown promise for the treatment of bacterial lung infections. 

For example, a nebulizer has been tested for the aerosolized delivery of bacteriophages 

to the lungs.28,29 Such nebulizer-based delivery of phages is facile; however, the use of 

nebulizers or intranasal administration can affect phage stability and is limited by low 

patient compliance. Biomaterial-assisted delivery of bacteriophages has shown efficacy 

in treating various forms of respiratory infections.29–31 Intranasal delivery of liposome-

entrapped phages proved effective as a prophylactic against Klebsiella pneumoniae.31 

Porous poly(lactic-co-glycolic acid) (PLGA) microparticles loaded with phages can be 

formulated as an inhalable dry powder and delivered to infected murine lungs via the 

endotracheal route (FIG. 3a)32. These phage-loaded microparticles significantly reduced 

bacterial counts in infected wild-type and transgenic mice with cystic fibrosis, whereas 

delivery of free phages (that is, no microparticles) did not reduce bacteria counts and 

had equivalent bacteria levels as animals treated with bacteria alone.32 These PLGA 

microparticles, formulated as dry powder, maintain phage activity and can kill clinical 

strains of P. aeruginosa in the lungs.

[H2] Gastrointestinal infection

Bacteriophage-mediated treatment of gastrointestinal (GI) bacterial infections is challenging 

because of the susceptibility of phages to the extremely low pH levels in the stomach, as 

well as the presence of bile and intestinal tract enzymes. Therefore, biomaterials need to 

be used to deliver active phages to the GI tract. pH-responsive microparticles have been 

developed that can encapsulate and release phages at specific pH values.33,34 For example, 

Eudragit® S100, a poly(methyl methacrylate)-based polymer,35 and alginate particles 

have been shown to effectively deliver phage to treat Escherichia coli in the GI tract33 

and Clostridium difficile in the colon, respectively34. Calcium carbonate microparticles 

preserve phage efficacy in simulated gastric fluid.36 Salmonella-targeting phages can be 

encapsulated in alginate/CaCO3 microparticles, which can be orally delivered to broiler 

chickens infected with Salmonella.37 In this case, encapsulation protects phages against the 

acidic pH of gastric juice, and thus, improves treatment efficacy, compared to free phage 

delivery.37 Chitosan nanoparticles can also maintain phage efficacy, following oral delivery 
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for the treatment of E. coli infections in broiler chickens.38 Alternatively, a microemulsion-

based transdermal system has been designed for the systemic delivery of phages to treat 

gastrointestinal E. coli infections, bypassing the need to protect phages from the pH 

conditions in the GI tract.39,40 Here, phages are delivered to the bloodstream through the 

skin, and the transdermal system showed promising results in vivo in rodents, significantly 

improving the survival rate of treated mice.39

[H2] Wound infection

Biomaterials, such as fibrin glue, nanofibres or liposomes, can also facilitate bacteriophage 

delivery to treat dermal wound infections.41–45 For example, fibrin glue containing 

bacteriophages exhibit sustained release of high titers of phages and reduced the counts of 

P. aeruginosa in vitro.45 Phage-coated nanofibres can further be applied to treat E. coli and 

P. aeruginosa infections, improving wound healing in murine41 and rabbit42 models. In vitro 
antibacterial assays demonstrated that phage- and bee venom-loaded nanofibres composed 

of honey, polyvinyl alcohol and chitosan can almost entirely eradicate a multidrug-resistant 

P. aeruginosa wound infection,41 and polycaprolactone/collagen I (PCL-ColI) nanofibres 

loaded with phages inhibit E. coli growth by >90%.42 These studies have established 

the potential of phage-loaded antibacterial wound dressings to control the development of 

antibiotic resistance.

Liposomes have also been explored as phage delivery vehicle to treat wound infections. 

For example, two phages lytic against S. aureus, can be encapsulated in liposomes for the 

treatment of dermal wound infections in a diabetic mouse model.43 Encapsulation of phages 

increases phage persistence at the infection site, leading to improved wound healing and 

infection mitigation, as compared to free phage treatment.43 Similarly, a phage cocktail 

loaded into liposomes can target Klebsiella pneumoniae, a bacterium common to burn 

wound infections.44 The liposome-entrapped phage therapy mitigates infection and improves 

wound healing at a greater rate than treatment with free phages.44 Entrapment of phages 

in liposomes increases their retention time in vivo by enabling sustained release, which 

increases wound treatment efficacy in a murine model.43,44

[H2] Catheter-associated infection

Catheter-associated urinary tract infections (CAUTIs) constitute 75% of reported urinary 

tract infections.46 CAUTIs can be prevented by using antibacterial catheters; in particular, 

bacteriophage-loaded or -coated catheters have garnered considerable interest owing 

to the rise of antibiotic resistance. Treatment of catheters with phages reduces the 

formation of P. aeruginosa and Pseudomonas mirabilis biofilms, both clinically relevant 

bacterial infections.47,48 Infection-responsive catheters can be designed with pH-triggered 

bacteriophage release.49 These coated catheters release bacteriophages in response to an 

increase in pH triggered by the expression of bacterial urease. The bacteriophages control 

the infection and lower the pH, which reduces the precipitation of struvite and apatite 

crystals. This strategy proved to be effective in infection treatment and reduction of catheter 

blockage caused by the precipitation of these crystals.
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Intravascular catheter-related bloodstream infections occur in approximately 250,000 cases 

per year in the US.50 In addition, biofilms that form around intravascular catheters are more 

prone to the development of antimicrobial resistance.50 Bacteriophage-loaded or -coated 

catheters can mitigate and prevent bloodstream infections. For example, hydrogel-coated 

catheters, pre-treated with phages, significantly reduce biofilm formation by Staphylococcus 
epidermidis and P. aeruginosa.51,52 Similarly, the treatment of infected central venous 

catheters with phages significantly decreases bacterial activity and biofilm formation in 

a rabbit model.50 These results support the impetus for bacteriophage treatment as a 

prophylactic therapy to combat catheter-related bloodstream infections.

[H1] Antimicrobial peptide-containing materials

Antimicrobial peptides (AMPs) have been explored as antibacterial agents for infection 

treatment.53–55 Typically, AMPs are polycationic amphiphilic peptides with less than 50 

amino acids. Based on their secondary structure, AMPs can be classified into α-helix, 

β-sheet, cyclic or extended-loop peptides. These cationic AMPs display bactericidal action 

by disrupting the bacterial cell membrane and by binding to intercellular targets (FIG. 2). 

AMPs are active against a broad spectrum of bacteria; however, high manufacturing costs, 

short half-lives (~hours) and cytotoxicity represent challenges for clinical translation.56,57

Advances in biomaterial engineering have promoted the use of AMPs to treat 

systemic58 and local59,60 infections by reducing side effects associated with antibacterial 

treatments. Surface coating with AMPs has been investigated to prevent device-associated 

infections,61–63 including catheter-related infections.64–66 Biomaterials facilitate co-delivery 

of an AMP and an adjuvant, improving the efficacy of AMP treatment. For example, 

transformable chitosan–AMP nanoparticles enable accumulation and long-term retention 

of AMPs at the site of infection after intravenous delivery, resulting in enhanced binding 

and killing of bacteria (FIG. 3b).59 These nanoparticles consist of chitosan conjugated 

with an AMP and a peptide that can be cleaved by gelatinase, an enzyme secreted by a 

broad spectrum of bacteria. Upon cleavage of the peptide by gelatinase, the nanoparticle 

assembly collapses and the chitosan-AMP is reoriented into nanofibres, which accumulate at 

the site of infection and provide sustained release of AMPs.59 Similarly, a tandem peptide 

cargo consisting of a bacterial membrane-targeting peptide and an AMP can be loaded onto 

porous silicon nanoparticles. The nanoparticles efficiently deliver the two peptides into the 

lungs, where they can act synergistically to reduce P. aeruginosa infections. Importantly, this 

treatment strategy showed an improved safety profile, compared to free peptide treatment, 

when delivered via tracheal instillation in a mouse lung infection model.60

[H2] Bone infection

Modification of titanium surfaces with AMPs can prevent or eradicate bacterial infections at 

the site of bone injury treated with biomedical devices. Titanium can be functionalized with 

AMPs using various approaches, including covalent tethering of AMPs,67 nano-topological 

treatment of titanium followed by adsorption of an AMP within the nanopores,68,69 

and physical adsorption of an AMP-containing coating made of materials such as 

collagen, calcium phosphate, chitosan or fibrin.70,71 For example, AMPs, such as HHC36 
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(KRWWKWWRR) and its derivate with a terminal cysteine Tet213 (KRWWKWWRRC), 

can be loaded into calcium phosphate and coated onto titanium. The coating eradicates S. 
aureus and P. aeruginosa infections in vitro without impairing bone growth in a rabbit femur 

implant model.72 However, physical adsorption of single-layered coatings only provides 

antimicrobial activity for a limited time, which may not be sufficient to achieve complete 

clearance of infections in vivo. Alternatively, a layer-by-layer technique can be applied 

to coat a collagen-functionalized AMP on titanium, which achieves antimicrobial activity 

for more than a month against S. aureus and prevents biofilm formation in an in vitro 
assay.71 Similarly, covalent grafting of the AMP melimine on titanium surfaces reduces 

biofilm formation, achieves 100-fold more efficient clearance of P. aeruginosa and S. 
aureus, compared to unmodified surfaces, and allows the fabrication of robust antimicrobial 

implants that are stable upon ethylene oxide sterilization.67

Hydrogels and 3D scaffolds have been engineered to deliver AMPs for the treatment 

of osteomyelitis.73,74 Hydrogels based on RADA16 (COCH3-RADARADARADARADA-

CONH2) 75 can deliver AMPs over a period of 28 days.73 RADA16 is composed 

of hydrophilic and hydrophobic domains, arranged in a defined order that facilitates 

self-assembly of the peptide.75,76 RADA16 hydrogels complexed with an AMP form 

an interwoven nanofibre assembly, which allows sustained release of AMPs, reducing 

bacterial load and improving bone formation in a rabbit osteomyelitis model. Similarly, 

porous poly(ether ketone) scaffolds provide sustained delivery of mouse beta-defensin-14 

(MBD-14) to clear periprosthetic joint infections caused by S. aureus and P. aeruginosa in 

rodents.74

[H2] Wound infection

Hydrogels are the material of choice for the delivery of AMPs to wound infections.77–79 

For example, hydrogels based on citric acid, egg-shell membranes or DNA nanostructures 

have been used in the treatment of acute wound infections.80–82 This DNA hydrogel, 

encapsulating an L12 peptide (LKKL)3, resulted in a 3-orders-of-magnitude reduction in 

S. aureus infection, compared to empty (no AMP) hydrogels, in an ex vivo porcine skin 

infection model. The treatment of refractory wounds, which are characterized by chronic 

bacterial infections, is difficult owing to the presence of biofilms.83,84 Using luciferase-

expressing bacteria to track infection, a combination therapy of melittin, an AMP derived 

from honey bee venon, and tobramycin, loaded in an agarose hydrogel, achieves a 4-fold 

reduction of P. aeruginosa bioluminescence compared to mice treated with empty hydrogel 

or tobramycin treatment alone.85 A pH-switchable hydrogel has been designed based on a de 

novo synthesized AMP with alternating hydrophobic and hydrophilic amino acid sequences, 

and opposite charges at each end (FIG. 4a).86 At neutral pH, the AMP self-assembles into 

a supramolecular hydrogel matrix by non-covalent electrostatic interactions and hydrogen 

bonding. Lowering of the pH (pH = 5.5) leads to loss of electrostatic and hydrogen-bonding 

forces within the hydrogel and disassembly of the hydrogel network, and subsequently, the 

release of the AMP. Encapsulation of cypate, a photothermal agent, in this hydrogel, enables 

biofilm degradation upon heat activation, followed by mitigation of the infection by the 

AMP. This hydrogel system eradicated MRSA biofilms in vivo, and co-delivery of proline 

within the hydrogel improved wound healing in a diabetic mouse model.86
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In addition to the treatment of chronic bacterial infections, treatments that prevent excessive 

inflammation in refractory wounds are needed. A hydroxypropyl cellulose hydrogel 

has been designed to deliver a dual-function thrombin-derived peptide (TCP-25), which 

is an antibacterial peptide and a scavenger of pathogen-associated molecular patterns, 

for example, lipopolysaccharide (LPS). The hydrogel allows the peptide to undergo 

conformational changes and LPS binding to simultaneously modulate bacterial infection 

and inflammation. The TCP-25-loaded hydrogel significantly reduces bacterial counts and 

inflammation in murine subcutaneous wound and porcine partial thickness wound models, 

and improves wound healing.87

[H2] Ophthalmic infection

AMPs have also been explored as antibacterial agents to treat eye infections. For example, 

silicone hydrogel lenses covalently coated with melimine can reduce the incidence of 

microbial keratitis, contact lens-induced acute red eye, and contact lens-induced peripheral 

ulcers.88–90 Melimine-coated contact lenses reduced the incidence of non-infectious keratitis 

in a guinea pig model and P. aeruginosa–driven microbial keratitis in a rabbit model, by 

reducing the number of adherent viable bacteria on the lens.89,90 A randomized, double-

masked, one-day human clinical trial with follow-up visits after 1 and 4 weeks showed that 

melimine-coated contact lenses can be safely worn without any major adverse effects and 

that the lenses retained antimicrobial activity after wear.88 However, they were associated 

with increased corneal staining. Silicone hydrogel coated with Mel-4, a peptide derived from 

melamine, did not show signs of ocular irritation in a rabbit model.91

[H1] Delivery of antibacterial enzymes and proteins

Bacteriolytic enzymes produced by bacteria or bacteriophages have shown promise 

in the treatment of infections caused by pathogenic bacteria. Lysostaphin is a 

metalloendopeptidase produced by Staphylococcus simulans that is specific against 

Staphylococcal species. Lysostaphin is active against planktonic bacteria, sessile bacteria 

and MRSA, and it kills bacteria within a biofilm by cleaving the pentaglycine bridges in the 

peptidoglycan layer of Staphylococci (FIG 2).92 Therefore, lysostaphin is an ideal enzyme 

for the treatment of infections caused by Staphylococci. More than 66% of orthopaedic 

infections are caused by S. aureus and S. epidermidis, and thus, lysostaphin represents a 

potentially powerful therapeutic agent to combat orthopaedic infections.

Natural polymers, metals, bone cements and collagen matrices have been explored as 

carriers for lysostaphin.93–96 These materials can directly deliver lysostaphin to the infected 

site or deliver designer cells programmed to produce lysostaphin.97,98 Natural polymers, 

such as polysaccharides and collagen, are limited by batch-to-batch variability in structure 

and composition, which leads to inconsistencies in the physical and mechanical properties 

of the biomaterial, and limited control over polymerization kinetics. To overcome these 

limitations, synthetic hydrogels can be used; for example, hydrogels can be formed from 

4-arm PEG, with each arm terminating in a maleimide group (PEG-4MAL) (FIG. 4b).99 

The PEG-4MAL hydrogel system polymerizes through mild thiol-ene Michael addition 

chemistry, which can be carried out at physiological conditions. This synthetic hydrogel 
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enables the stoichiometric incorporation of bioactive peptides and can serve a carrier 

with well-defined mesh size and mechanical properties. Moreover, the small degradation 

products of the hydrogel are excreted via urine, which makes it minimally toxic. The 

efficacy of PEG-4MAL hydrogel-based delivery of lysostaphin was demonstrated in two 

clinically relevant infection murine models – a femur fracture model and a non-union 

radial segmental bone defect model.99,100 In both models, hydrogel-based lysostaphin 

delivery completely cleared the infection, outperforming standard-of-care antibiotic therapy, 

and restored complete bone healing. In the non-union segmental bone defect model, the 

synthetic hydrogel enabled co-delivery of lysostaphin and bone morphogenetic protein-2 

(BMP-2) to simultaneously eliminate S. aureus infection and promote bone regeneration 

to bridge the segmental bone defect. Notably, the lysostaphin-delivering hydrogel restored 

the inflammatory environment at the site of infection to a healthy (non-infected) 

microenvironment, as determined by inflammatory cytokine and immune cell levels, without 

causing local or systemic toxicity.

Lysins are a family of phage-encoded enzymes that bind and lyse the cell wall of bacteria 

with high specificity (FIG. 2).101 Lysins specific against Gram-positive and Gram-negative 

strains have been identified. Lysins can also kill antibiotic-resistant Gram-positive bacteria, 

such MRSA, and thus, have been explored in vivo and in clinical trials for the treatment 

of different types of infections. However, maintaining lysin stability and concentration at 

the site of infection remains a challenge, which can be addressed by biomaterial-assisted 

delivery. For example, encapsulation of LysRODI, an endolysin active against S. aureus, 

in pH-sensitive liposomes improves its stability.102 Loading Cpl-1, an antipneumococcal 

lysin derived from Cp-1 phage, into mucoadhesive chitosan nanoparticles increases its 

bioavailability, while it remains active against pneumococcal infection.102,103

[H1] Polycationic polymers

Polycationic polymers have broad-spectrum antimicrobial properties, anti-biofilm properties 

and bactericidal activity against multi-drug resistant bacteria.104–109 Although cationic 

polymers, such as polyethylene imine and polylysine, exhibit antimicrobial properties,105,110 

their cytotoxicity towards mammalian cells has been a major barrier to their use for 

the treatment of systemic infections. Nanoparticles prepared from quaternary ammonium 

substituted polymer show potent bactericidal activity without deleterious effects on 

mammalian red blood cells.111 Polycationic antimicrobial polymers have the advantage that 

their properties can be tailored to the type of infection. For example, nanoparticles made of a 

dextran-based cationic block-copolymer (DA95B5) kill bacteria within biofilms by a unique 

mechanism-of-action.112 These nanoparticles adhere to bacteria within the biofilm and 

promote their dissipation. Once the bacteria are removed from the biofilm, they are killed 

by the quaternary ammonium group present on the block copolymer. The nanoparticles are 

bactericidal against antibiotic-resistant bacteria within biofilms, and a hydrogel pad dressing 

containing DA95B5 nanoparticles outperformed vancomycin in a murine dermal wound 

model.112 Cationic polymers have also been used to modify the properties of implantable 

devices. For example, medical-grade catheters can be made antibacterial by coating with 

a biodegradable paint designed from quaternary chitin polymers, significantly reducing 

MRSA infection in mice.106
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Polycationic block copolymers display antimicrobial properties by virtue of their positive 

charge, which interacts with the negatively charged membrane of the bacterial cell 

membrane. The hydrophobic domain of the polymer then creates pores in the bacterial 

cell wall. Although the lack of selective toxicity toward bacteria has challenged clinical 

translation, an increased understanding of the mechanism(s) of action of these materials, 

as well as the development of chemistries, such as click chemistry and controlled radical 

polymerization, have allowed the precise modification of the structure of polycationic 

block copolymers, which has resulted in their re-emergence as valid candidates for 

treating bacterial infections.111,113 By tuning the ratio of hydrophobicity to positive charge, 

more selective antibacterial materials could be prepared, which have low toxicity against 

mammalian cells.114–116 Moreover, this new generation of materials has demonstrated lower 

propensity to trigger the development of bacterial resistance as compared to non-polymeric 

antibacterial therapies.117,118 The ability of these materials to treat antibiotic-resistant 

infections, including colistin-resistant infection in a mouse peritonitis model, has definitely 

expanded our arsenal to fight infectious diseases.118

[H1] Alternative antibacterial biomaterials

Alternative antibacterial therapies are being investigated in early stages of basic 

research.119–122 For example, magnetic robots and magnetically targeted composites 

are being explored for drug delivery to specific sites in the body. Magnetic catalytic 

antimicrobial robots (CARs) consisting of iron oxide nanoparticles can be engineered in a 

buffer containing hydrogen peroxide and extracellular polymeric substance (EPS)-degrading 

enzymes. The generation of bactericidal free radicals and the presence of degrading 

enzymes can mitigate bacterial infection and causes disruption of biofilms (FIG. 3c).123 

Subsequent application of a magnetic field then leads to the assembly of the nanoparticles 

into a plow-like structure, which removes the biofilm. The magnetic CARs eliminated 

biofilms in a controlled manner and prevented biofilm regrowth in an ex vivo human tooth 

infection model. Alternatively, microwave-assisted magnetic carbon nanotube composites 

can penetrate into tissue and deliver gentamicin, which can eradicate osteomyelitis caused 

by MRSA in a rabbit model.124

Inhibiting the transmission of infectious diseases is paramount to curb the spread of an 

epidemic or pandemic. To restrict transmission of emerging infections caused by Gram-

positive and Gram-negative bacteria, a reactive oxygen species (ROS)-releasing nanofibrous 

membrane has been developed, with a release mechanism sensitive to sunlight.125 These 

membranes are made of conjugated materials from benzophenones and polyphenols that 

allow electron transfer upon solar activation, which ultimately results in the release of 

ROS. The membrane showed 6 orders of magnitude higher killing efficiency against E. 
coli and Listeria innocua in <1h of day light irradiation compared to control poly(vinyl 

alcohol-co-ethylene) nanofibrous membranes. Good breathability, the capacity to filter fine 

particles, and high (>99.999%) bacterial and viral killing efficiency highlight the potential of 

these membranes to be used in masks and personal protective equipment.
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[H1] Choosing a biomaterial

The year 2020 marked the hundredth year of research in polymer science.126 One century-

long research has provided us with a variety of polymer materials, which can be used 

for antibacterial therapies. The choice of biomaterial is ultimately dictated by its desired 

role (TABLE 4); that is, delivery vehicle (nanoparticles, hydrogels); a material to modify 

the properties of a biomedical device (polymeric coatings and brushes); or a material 

with inherent antimicrobial properties (scaffolds or membranes of polycationic materials). 

In addition, the intended mode of delivery (systemic versus local), the site of infection, 

compatibility of the antimicrobial agent with the biomaterial, and desired rate of release 

should be considered. For example, systemic delivery requires materials that are stable 

in serum conditions, such as amphiphilic nanoparticles or liposomes.127 Similarly, for the 

treatment of local infections, the physiological environment at the site of infection needs 

to be considered. Biomaterials responsive to the local environment (pH, temperature, light, 

enzymes) can be used to achieve targeted delivery of antibacterial agents.37,125 Ideally, 

the goal should be to develop a formulation that not only treats the infection but that 

also restores the local physiological conditions to the pre-infection state. For example, 

hydrogel-based therapies can be used to treat bone infection, because they not only allow 

efficient release of the bactericidal agent but also be engineered to recruit osteogenic cells 

and inflammatory cells to promote bone regeneration 99,100

The compatibility of the antibacterial agent with the biomaterial is important to achieve 

sufficient loading efficiency without detrimental effects to the agent. Similarly, the 

biomaterial should be tunable so that the rate of release can be controlled by engineering 

its physical properties, mesh size and degradability.127 If delayed or extended release of 

the agent is desired, biomaterials with complementary chemical functional groups should 

be chosen, allowing the agent to be covalently conjugated to the biomaterial. Finally, 

injectable biomaterials should be considered for treatments, for which invasive surgeries 

are not desirable.

[H1] Outlook

[H2] Clinical translation of antimicrobial therapies

[H3] Development of chronic infection animal models—Most biomaterial-based 

therapies discussed in this Review are currently at different stages of preclinical evaluation 

in small animal models32,87,99,100. To achieve successful translation to the clinic, several 

important steps must be completed. First, antibacterial efficacy and safety need to be 

assessed in relevant infection models, especially in large animal models. The majority 

of biomaterial-based therapies have mainly been evaluated for antibacterial efficacy in 

vitro, and in vivo studies are often limited to the evaluation of biocompatibility or 

performed in models that do not consider important aspects of clinical settings, such as 

trauma, co-morbidities or established infections.72,73 Many preclinical studies evaluating 

antibacterial efficacy in vivo are limited to acute infection animal models, in which 

bacteria and treatment are delivered together or in close succession.99,100 Such studies 

are effective in evaluating the prophylactic efficacy of the antibacterial therapy, but do 

not encompass challenges associated with an established, chronic infection, such as an 
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altered inflammatory environment or the presence of a biofilm.128 To date, only few models 

exist with consistent chronic bacterial infections.129,130 Therefore, small and large animal 

models need to be developed with established infections and presence of a biofilm for 

the robust evaluation of these therapies in more relevant settings. In addition, bacterial 

strains are often used that have adapted to lab culture and have lost expression of virulence 

and other important factors.131 Thus, studies with clinical isolates of relevant species are 

required. Moreover, such clinical isolates should be grown in relevant media that mimics the 

diseased environment, before inoculation in animals, to recapitulate the genetic make-up and 

evolution of bacteria from a clinical setting132,133.

[H3] Evaluation of host immune response—A majority of preclinical studies have 

mainly evaluated antibacterial efficacy, not considering the overall physiological effect of a 

therapy.62,85 Evaluation of the immune cell response to the therapy, the biomaterial carrier 

and tissue and bacteria debris should also be performed. This consideration is especially 

important for therapies that employ antibacterial agents with a bacterial or viral origin, 

because such therapies have the intrinsic potential to trigger immunogenic responses in 

the host.134–136 For example, treatment with lysostaphin can result in the production of 

anti-lysostaphin antibodies, which can neutralize its efficacy.134,135 Although mutants of 

lysostaphin have been engineered to lower its immunogenicity,137,138 the presence of anti-

lysostaphin antibodies needs to be assessed in conjunction with antibacterial studies to 

demonstrate clinical potential of the therapy.

Host immune responses to the biomaterial carrier and therapeutic agent should also be 

evaluated. An ideal biomaterial should be non-toxic to mammalian cells and should not 

induce immunogenic responses at a therapeutically relevant concentration. The immune 

responses and toxicity profile of a biomaterial carrier can be influenced by the presence 

of a therapeutic agent and by the material formulation. For example, PEG is generally 

considered as a well-tolerated, safe material.139 However, the development of antibodies 

against PEG has been reported, and these antibodies can accelerate the clearance of a PEG 

formulation and reduce the efficacy of the therapy.140 The binding affinity of anti-PEG 

antibodies depends on the hydrophobicity of the terminal groups and on the length of the 

PEG backbone.141 Indeed, the PEG derivative oligo(ethylene glycol) (OEGMA), which 

has a hydrophilic PEG chain-end and multiple short PEG units attached to a methacrylate 

backbone, does not induce immunogenic responses when used to subcutaneously deliver a 

therapeutic peptide in a non-infection, diabetic mouse model.142 The potential significance 

of the presence of anti-PEG antibodies needs to be considered; however, it should be 

noted that these studies have focused on the systemic delivery of PEG chains covalently 

conjugated to the therapeutic. Additional research is necessary to ascertain whether anti-

PEG antibodies are also generated against other PEG formulations (for example, hydrogel 

networks) that deliver therapeutics, and importantly, whether these antibodies have adverse 

consequences.

In addition to these scientific challenges, technological and financial hurdles need to be 

overcome for these technologies to progress to the clinic. Biomaterial-based antibacterial 

therapies are currently produced on a lab scale and are relatively expensive compared to 

antibiotic therapies.53 The scale-up of biomaterial-based technologies will require the large-
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scale production of all individual components, including the antibacterial agent, biomaterial 

and the fabrication of the antibacterial formulation. Advances in the high-throughput 

production of bacteriophages143 and antibacterial peptides144, and the reduction in the 

production cost of lysostaphin with the development of advanced techniques145–147 provide 

encouraging results for the scale-up and clinical use of these technologies, in particular, 

for materials that are commercially available.148 However, additional studies need to be 

performed to develop efficient strategies to formulate these technologies on a large scale and 

at low cost.

The recent success of antibacterial agents, such as the phage lysin, in clinical trials149, and 

the use of bacteriophages as a last-resort drug13,22,23, provide optimism for their clinical 

translation. Lysin, in particular, showed superior activity in combination with antibiotics 

against S. aureus in patients with bacteremia and endocarditis, without any additional 

adverse side effects compared to standard-of-care antibiotics used in the study.149 Start-

up companies, such as ContraFect, GangaGen and Lysando GmbH, have also developed 

promising antibacterial technologies,150,151 and several encouraging antibacterial therapies 

are currently in clinical trials (TABLE 2).152–154

[H3] Approaches to reduce the development of resistance—A major rationale 

for the development of non-antibiotic therapies is the targeting of infections that are 

resistant to antibiotics. In response to non-antibiotic therapeutics, bacteria can undergo 

evolutionary changes and also develop mechanisms for resistance.129 Therefore, the 

potential development of resistance to these therapies should be investigated in preclinical 

studies. Moreover, combinatorial therapies could be applied to reduce the development of 

resistance. An advantage of biomaterial carriers is their ability to co-deliver two or more 

agents to the site of infection. This advantage could be exploited to minimize resistance 

development. The development of bacterial tolerance can be linked to bacterial resistance, 

and strategies have been explored to arrest this tolerance-resistance sequence by sustained 

delivery of the antibacterial at a dose above the minimum inhibitory concentration (BOX 1) 
1,10,155. Biomaterials are ideal candidates for sustained and targeted delivery of antibacterial 

agents, allowing maintenance of the required antibacterial dose for a long duration of 

time. In addition to the antibacterial agents discussed in this Review, antibodies156,157, 

vaccines158,159, immune-stimulating agents,160 and adjuvant peptides, such as host and 

innate defense peptides160,161 as well as anti-biofilm peptides162 are emerging as promising 

antibacterial candidates. Although some of these agents do not have antibacterial properties 

per se, they play an indirect role in fighting infection by modulating the levels of anti-

inflammatory chemokines and cytokines and/or by inhibiting pro-inflammatory cytokines, 

or by limiting biofilm formation in the case of anti-biofilm peptides.160–162 Currently, 

research on alternative antibacterial agents is mainly focused on designing therapies that 

are more efficacious than antibiotics, because this a key criterion to secure regulatory 

approval.53 Importance should also be given to the development of therapies that may not be 

as efficacious as antibiotics, but that may have less propensity to triggering the development 

of resistance.
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[H2] Beyond conventional antibacterial therapies

With the development of next generation antibiotics and antibacterial therapies, an in-depth 

understanding of the host immune response and the dual action of antibacterial and anti-

inflammatory formulations will pave way for the identification of new targets and strategies 

to combat infections.87,163–165 A better understanding of the mechanisms and factors that 

render some patients predisposed to certain infections remains an important area of research. 

For example, sepsis-induced inflammation has been linked to critical illness-related immune 

suppression.166,167 The underlying mechanism causing such immunosuppression has been 

identified; the inactivation of dendritic cells and alveolar macrophages leads to enhanced 

susceptibility of recovering patients to infections, such as hospital-acquired pneumonia.168 

Interestingly, the epigenetic inactivation of immune cells is not triggered by the pathogen 

that causes the primary infection, but by signaling chemicals secreted by the host after 

clearance of the primary infection. Thus, the identification of pathways reveals new targets, 

which can be explored for the development of innovative and effective therapies. Similarly, 

the role of mast cells in modulating the immune response to microbial infiltration has been 

investigated, and agents have been reported that activate mast cells to promote clearance 

of skin infections caused by S. aureus.121 We envision future therapies employing a 

combinatorial strategy by using an antimicrobial agent and an immune-modulating agent 

to combat bacterial infections.

In summary, the development of new antibacterial therapies is increasingly challenging, 

in particular, against Gram-negative bacteria, with only a few new therapies in 

the pipeline.169,170 Biomaterial-based therapies can improve the efficacy of existing 

antibacterial agents by enabling sustained release to provide local, effective concentrations 

with reduced off-target effects and toxicities, by increasing the stability and activity of 

the therapeutic agent, by facilitating co-delivery of other agents and adjuvants, and by 

modulating the local microenvironment. With the development of advanced materials, 

coupled with the promising bactericidal properties of new antibacterial agents, translation 

of biomaterials-based therapies will be attained in the near future. Advances in biomaterial 

engineering will further allow the co-delivery of different classes of antibacterial agents 

to maximize the therapeutic index and minimize the development of resistance and other 

adverse effects.
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Box 1| Antibiotic resistance and tolerance

Successful mitigation of bacterial infections by antibiotics depends on the concentration 

of the antibiotic and the time of exposure. 1,10,155 The minimum inhibitory concentration 

(MIC) is the minimum concentration required to prevent visible growth of a 

microorganism. The development of bacterial resistance is a result of genetic mutation or 

horizontal gene transfer in bacteria, ultimately preventing the antibiotic from binding to 

the bacteria.195 Therefore, an antibiotic dose significantly higher than the MIC is required 

to achieve a therapeutic effect. Antibiotic-tolerant bacteria usually remain susceptible 

to the antibiotic at the MIC; however, longer exposure time is required for infection 

mitigation.155

The development of antibiotic-tolerant bacteria is a result of a genetic mutation that leads 

to the development of phenotypes with a longer lag phase – the phase, in which bacteria 

are not rapidly growing.155 Such slow-growing bacteria can survive treatment with 

antibiotics, which require active bacteria to function. Initially, tolerance and resistance 

were considered to be unrelated; however, recent studies have shown that establishment 

of a tolerant phenotype often rapidly promotes the evolution of resistance has been 

reported in bacteria that are tolerant to antibiotics, in particular, following a treatment 

regimen, in which a high dose of antibiotic is initially given, followed by subsequent 

lower dosing of antiobiotics.1 Moreover, the presence of tolerant phenotypes in biofilms 

leads to challenging chronic infections.10 Thus, a constant dose of antibiotic, higher than 

the MIC, is required for an extended period of time to interrupt the tolerance/resistance 

cycle and to mitigate infection, highlighting the need for biomaterial-based delivery 

strategies.
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Figure 1. Biomaterial-based antibacterial therapies.
A) Challenges in the treatment of bacterial biofilm infections. Limited penetration of 

antibiotics into the biofilm owing to the presence of extracellular polymeric substances 

(EPS) limits the local concentration of the antibiotic at the site of infection, leading to 

inefficient mitigation of infection and to the development of tolerance and resistance. 

B) Optimal properties of biomaterial-assisted antibacterial therapies to treat challenging 

bacterial infections. The biomaterial can protect antibacterial agents from proteolytic 

enzymes in the body and facilitate the simultaneous delivery of multiple agents to treat 

infections, modulate immune responses and restore physiological conditions.
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Figure 2. Proposed mechanism-of-action of different non-antibiotic antibacterial agents.
Cationic antimicrobial peptides and polymers can cause bacterial cell lysis through 

membrane perturbation. Proposed models for the underlying mechanism are the barrel stave 

model, the toroidal pore model and the carpet model. Alternatively, some peptides are 

proposed to cause bacterial death through membrane translocation followed by disruption of 

natural processes, such as DNA and RNA synthesis, protein synthesis and protein folding, 

which leads to cell death. Lysostaphin binds to the peptidoglycan layer of the bacterial 

cell wall in Gram-positive bacteria, such as S. aureus, and cleaves the pentaglycin bridges, 

leading to lysis and cell death. AMP, antimicrobial peptides. Adapted from ref. 19,53
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Figure 3. Nano- and microparticle-based antibacterial therapies.
A) Poly(lactic-co-glycolic acid) porous microparticles can be used for bacteriophage 

delivery and can be formulated as dry powder. B) Chitosan-peptide composite nanoparticles 

prolong the retention time at the site of infection. C) Magnetic nanorobots enable 

biofilm degradation. EPS, extracellular polymeric substances; PEG, poly(ethylene glycol). 

Reproduced from ref.32,59,123
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Hydrogel-based antibacterial therapies.
A) A pH-switchable hydrogel can be assembled by an antimicrobial peptide (AMP) with 

alternating hydrophobic and hydrophilic amino acid sequences, and opposite charges at 

each end. At neutral pH, the AMP self-assembles into a supramolecular hydrogel matrix 

by non-covalent electrostatic interactions and hydrogen bonding. At low pH (pH = 5.5), 

the hydrogel disassembles and releases the AMP. B) Schematic of a 4-arm polyethylene 

glycol (4-arm PEG) hydrogel that can be used for the delivery of lysostaphin. A 10 

kDa 4-arm PEG macromer with maleimide functional groups can be cross-linked with 

a bi-thiol substituted degradable cross-linker and thiol-bearing, collagen-mimetic peptides 

(GFOGER). Lysostaphin is physically encapsulated within the hydrogel. Reproduced from 

ref.86,99
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Table 1.

Top pathogens that led to healthcare-associated infections in 2011–20177–9

Pathogen Year (% of total infection)

2015–2017 2015–2017 Pediatric infection (patients <18 years old) 2011– 2014

Escherichia coli 17.5 12.3 15.4

Staphylococcus aureus 11.8 15.4 11.8

Selected Klebsiella 8.8 9.3 7.7

Pseudomonas aeruginosa 8 5.8 7.3

Enterococcus faecalis 7.9 8.7 7.4

Coagulase-negative staphylococci 6.8 12.1 7.7

Enterobacter 4.6 6.5 4.2

Enterococcus faecium 3.8 1.8 3.7

Proteus 3.2 - 2.8
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Table 2.

Non-antibiotic antibacterial therapies in clinical trials.

NCT number/agent Status Bacteria Infection/Disease Study 
Director(s)/
Principal 
Investigator/
Reference

Bacteriophages

NCT00945087 Recruiting (last update 2013) Various (Staphylococcus, 
Enterococcus, Pseudomonas, 
Escherichia, Klebsiella, 
Proteus, Citrobacter, 
Acinetobacter, Serratia, 
Morganella, Shigella, 
Salmonella, Enterobacter, 
Stenotrophomonas, or 
Burkholderia)

Various (non-
healing postoperative 
wounds or bone, 
upper respiratory 
tract, genital 
or urinary tract 
infections)

Górski

NCT02116010 Terminated;
Prematurely terminated due to low 
number of eligible patients and 
low efficacy of phage cocktail 
compared

E. coli
P. aeruginosa

Wound infection 171 

NCT03140085 Completed;
Phage therapy was not superior 
to the placebo; however, it was 
not inferior to standard-of-care 
antibiotics either

Enterococcus spp., 
Escherichia coli, Proteus 
mirabilis, Pseudomonas 
aeruginosa, Staphylococcus 
spp., and Streptococcus spp.

Urinary tract 
infection

172,173

NCT04287478 Not yet recruiting E. coli and K. pneumonia Urinary Tract 
Infection

R.J. Hopkins

NCT02664740 Not yet recruiting S. aureus (MRSA or MSSA) Wound infection 
(Diabetic foot ulcers)

A. Sotto

NCT04323475
(PGX-0100)

Not yet recruiting S. aureus, P. aeruginosa, or 
K. pneumoniae

Wound infection 
(Burn wound)

J. Brown

NCT01640886
(MicroPhage 
diagnostic)

Terminated 2012;
Results did not meet the study 
requirement

S. aureus (MRSA or MSSA) Various (Blood 
infection 
identification)

D. Manna

NCT01184339
(MicroPhage 
diagnostic)

Completed
No results posted

S. aureus (MRSA or MSSA) Various (Blood 
infection 
identification)

T. Kirn; C. Qi; B. 
Reller; C. Savor-
Price

Antimicrobial peptides and enzyme

NCT03163446
Phage lysin (CF-301)

Completed phase II;
Demonstrated robust safety and 
tolerability profile

S. aureus Bacteremia and 
endocarditis

ContraFect149

NCT00027248
Omiganan
(CLS001/MBI226)

Phase II/III;
No results posted

- Venous catheter-
related infections

Pankovich, USA

NCT01746654
P128 (peptide)

Phase I & II Completed 2016;
No results posted

S. aureus Various (targeting 
nasal colonization)

D.A. Fisher; S. 
Kher

NCT02407106
BLIS (Bacteriocin-like 
Inhibitory Substance) 
K12

Not yet recruiting 2015 S. Salivarius Rheumatic Fever Y. Garty

NCT01855048
N-Rephasin®
SAL200

Completed;
Evaluation of pharmacokinetics, 
pharmacodynamics and tolerance. 
No severe adverse effect reported

174 

*NCT00800930
LL-37 and beta-

Completed;
Therapy resulted in reduced 

Shigella flexneri Shigellosis R. Raqib. 175,176
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NCT number/agent Status Bacteria Infection/Disease Study 
Director(s)/
Principal 
Investigator/
Reference

defensin (using sodium 
butyrate to upregulate 
LL-37)

inflammation, increased expression 
and release of LL-37

*NCT01580007
LL-37 (using vitamin 
D and sodium 
phenylbutyrate to 
upregulate LL-37)

Completed;
Phenylbutarate and Vitamin 
D promoted favorable 
immunomodulation to treat 
tuberculosis in conjunction with 
antibiotics

M. tuberculosis Tuberculosis 177 

Database: clinicaltrials.gov and dramp.cpu-bioinfor.orgl Search criteria: Condition or disease: “Infection, Bacterial”; Other terms: “Bacteriophage”, 
“LL-37”, “Cathelicidin”, “K12”, “P128”, “Lysostaphin”, “Bacteriocin”, “Antimicrobial Peptide”, “Antimicrobial enzyme”, “KR-12”, “Lysin”, 
“Phage.”

*
Clinical trials, in which a therapeutic was used to upregulate the production of antimicrobial peptides or enzymes.

MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-susceptible Staphylococcus aureus.
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Table 3.

Biomaterial-assisted delivery of non-antibiotic antibacterial therapies

Infection Type Bacteria Biomaterial Reference

Bacteriophage

Bone E. coli Hydroxyapatite and β-tricalcium phosphate ceramics 25 

E. faecalis Alginate-nanohydroxyapatite hydrogel 26 

P. aeruginosa PEG-4MAL hydrogel 24 

S. aureus HPMC-coated wire and/or linezolid coated K-wire 27 

Lung P. aeruginosa PLGA microparticle 32 

Lactose/lactoferrin 60 : 40 w/w matrix and deagglomerated 
respirable powder

30 

M. tuberculosis Nebulized particles 28 

S. aureus 29 

K. pneumoniae Liposomes 31 

Gastrointestinal E. coli Transdermal microemulsion 36 

pH-responsive microparticles (Eudragit® S100 and 
alginate)

33 

Chitosan nanoparticles 38 

Salmonella Alginate/CaCO3 microencapsulation 37 

S. aureus Calcium carbonate microparticles 36 

Clostridium difficile pH-responsive microparticles (Eudragit® S100 with and 
without alginate)

34 

Wound P. aeruginosa, E. coli, and S. aureus Nanofibers (honey, polyvinyl alcohol, chitosan) 41 

E. coli Nanofibers (polycaprolactone/collagen I (PCL-ColI)) 42 

S. aureus Liposomes (phosphatidylcholine, cholesterol, tween 80, 
stearyl amine)

43 

K. pneumoniae 44 

P. aeruginosa Fibrin glue 45 

Urinary tract P. mirabilis Silicone-coated catheter 178 

pH-sensitive catheter (PVA hydrogel layer and 
pH-responsive polymer poly(methyl methacrylate-co-
methacrylic acid) (EUDRAGIT®S 100) layer)

49 

P. aeruginosa and P. mirabilis Hydrogel-silicone-coated catheter 47 

P. aeruginosa Silicone catheters 48 

Catheter-related 
bloodstream infection

S. aureus Catheters 50 

S. epidermidis Hydrogel-silicone-coated catheters 51 

P. aeruginosa 52 

Various E. coli Paper (functionalized with carboxylic acid or chitosan) 179 

Salmonella Rissen Biomimetic hydroxyapatite nanocrystals 180 

Antimicrobial peptides

Bone S. aureus Titania nanopores 68 
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Infection Type Bacteria Biomaterial Reference

RADA16 hydrogel 73 

S. aureus and P. aeruginosa Coated titanium 67 

Calcium-phosphate-coated titanium 72 

Polyetheretherketone coating 74 

S. aureus and P. gingivalis Coated titanium 71 

Lung Infection P. aeruginosa Porous silicon nanoparticles 60 

Wound P. aeruginosa Modified hyaluronic acid nanogels 181 

Agarose hydrogels 85 

S. aureus and P. aeruginosa Non-charged hydrophilic hydrogels 87 

S. aureus pH-switchable antimicrobial hydrogel with nanofiber 
networks

86 

Crosslinked DNA nanostructures 82 

Hydrogel (biodegradable poly(ethylene glycol) maleate 
citrate and poly(ethylene glycol) diacrylate)

80 

Plasma surface activation-based practical β-peptide 
polymer modification to prepare antimicrobial surfaces

62 

S. aureus and E. coli Biocompatible composite membrane (biomimetic 
polydopamine-modified eggshell membrane nano- or 
microfibres, hyaluronic acid)

81 

E. coli, P. aeruginosa, S. aureus, and 
B. cereus

Tac, PhaP, and PHBHV surface coating 182 

P. aeruginosa and A. baumannii CM11 peptide and 1% silver-doped bioactive glass 183 

E. coli Glycopeptide hydrogel 79 

Urinary tract P. aeruginosa and S. aureus S. 
saprophyticus

Anti-adhesive hydrophilic polymer catheter coating 65 

S. aureus and P. aeruginosa Anhydrous polycaprolactone (PCL) polymer-based dual 
layer catheter coating

61 

Various S. aureus, E. coli, and P. aeruginosa Bottlebrush-like surface coatings 184 

S. aureus, P. aeruginosa Transformable polymer-peptide (composed of a chitosan 
backbone and two functional peptides)

59 

S. aureus ZnO Quantum Dots 185 

S. aureus, E. coli, P. aeruginosa and 
K. pneumoniae

Gold nanoparticles 58 

S. aureus and E. coli Cross-linked waterborne polyurethanes containing gemini 
quaternary ammonium salts

186 

E. coli Star-shaped polypeptides 187 

Eye infection S. aureus and P. aeruginosa Contact lenses 89 

91 

P. aeruginosa 90 

Antimicrobial enzymes and proteins

Bone S. aureus Hydroxyapatite/chitosan composite cement 95 

Injectable PEG hydrogel   99

PEG-4MAL hydrogel   100
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Infection Type Bacteria Biomaterial Reference

Coated titan implants 94 

S. mutans and E. faecali SrF2 nanoparticles, YSZ nanoparticles, and poly-ε-l-lysin 
in combination

188 

Lung S. Pneumoniae Chitosan nanoparticle 103 

Subcutaneous/dermal 
wound

S. aureus Chitosan gel 96 

Chitosan/collagen hydrogel 93 

Alginate-(poly-L-lysine) microcapsule encapsulated with 
Mammalian cells engineered to respond to bacterial 
infection

189 

P. aeruginosa Chitosan- and an aldehyde-modified PEG hydrogel 190 

B. subtilis Gelatin-chondroitin sulphate hydrogels 191 

Various S. aureus P128 as a chimeric protein (combines the muralytic 
enzyme of Phage K and the cell-wall-targeting-domain 
(SH3b) of lysostaphin)

192 

Modified E. coli releasing bacteriocin 98 

Nanocomposites 193 

Injectable polysaccharide hydrogels 194 

pH-sensitive liposomes 102 

PEG-4MAL, 4-armed poly(ethylene glycol) macromer with terminal maleimide groups. HPMC, hydroxypropyl methylcellulose. PLGA, 
poly(lactic-co-glycolic acid). PVA, polyvinyl acetate. Tac, tachyplesin I. Phap, polyhydroxyalkanoate-granule-associated protein. PHBHV, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate). PEG, poly(ethylene glycol). YSZ, Yttria-stabilized Zirconia.
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Table 4.

Key considerations for biomaterials

Biomaterial Parameters Comments

Delivery vehicles

Hydrogel Mesh size; Degradability; 
Mechanical properties; 
Injectability; Loading 
capacity

Local delivery of antibacterial agent to treat bone and wound infections. Parameters 
should be tailored to facilitate the desired release and to allow recruitment of immune 
cells and other physiological agents that promote restoration of physiological 
conditions. Injectable hydrogels should be considered to achieve non-invasive 
delivery.

Particles Particle size; Surface 
properties; Degradability; 
Loading capacity; 
Injectability

Local and systemic delivery of agents. Particle size should be optimized based on 
destination. For example, alveolar macrophages can rapidly eliminate particles with 
a diameter of 1–5 μm. Microparticles larger than 5 μm have shown acceptable lung 
delivery.
Particles with a hydrophobic surface are not ideal for systemic delivery because 
they can undergo opsonization, which results in accelerated elimination. By contrast, 
amphiphilic nanoparticles reside longer in serum. pH-responsive particles may be 
ideal for targeted delivery to the gastrointestinal tract.

Modification of properties of an existing biomedical device

Polymeric coatings 
or brushes

Physical adsorption; 
Covalent conjugation

Preventing device-related infections. The duration of device application determines 
the type of biomaterial. Metal implants (long duration) benefit from covalent grafting 
of biomaterials, whereas single-use devices (e.g., catheters) benefit from physically 
adsorbed polymer coatings.

Antimicrobial biomaterials

Scaffolds or films 
of polycationic 
materials

Ratio of hydrophobicity to 
positive charge

Treatment of topical or external infections; new materials show promise for invasive 
infection mitigation.
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