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Abstract

Despite advanced implant sterilization and aseptic surgical techniques, periprosthetic bacterial 

infection remains a major challenge for orthopedic and dental implants. Bacterial colonization/

biofilm formation around implants and their invasion into the dense skeletal tissue matrices are 

difficult to treat and could lead to implant failure and osteomyelitis. These complications require 

major revision surgeries and extended antibiotic therapies that are associated with high treatment 

cost, morbidity and even mortality. Effective preventative measures mitigating risks for implant 

related infections are thus in dire need. This review focuses on recent developments of anti-

periprosthetic infection strategies aimed at either reducing bacterial adhesion, colonization and 

biofilm formation or killing bacteria directly in contact with and/or in the vicinity of implants. 

These goals are accomplished through anti-fouling, quorum sensing-interfering or bactericidal 

implant surface topographical engineering or surface coatings through chemical modifications. 

Surface topographical engineering of lotus-leaf mimicking superhydrophobic anti-fouling features 

and cicada wing-mimicking, bacterium-piercing nanopillars are both presented. Conventional 

physical coating/passive release of bactericidal agents is contrasted with their covalent tethering to 

implant surfaces through either stable linkages or linkages labile to bacterial enzyme cleavage or 

environmental perturbations. Pros and cons of these emerging anti-periprosthetic infection 

approaches are discussed in terms of their safety, efficacy and translational potentials.
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1. Introduction

Any orthopedic surgical interventions involving implantation of biomaterials and application 

of fixation devices run the risk of implant related infections. Despite advancement in 

sterilization techniques and implementation of rigorous operating room protocols, the 

probability of periprosthetic joint infections (PJI), for instance, remains over 1% for primary 

arthroplasty and up to 30% in revision arthroplasty.1–4 The elderly and 

immunocompromised patients are at a higher risk for acquiring implant related infections.5 

Once infected, treatment for PJI could require multi-stage revision surgeries involving the 

removal of the infected implant and extensive surgical debridement of the surrounding 

tissues prior to the insertion of a replacement implant. These revisions, even in combination 

with prolonged high-dose systemic antibiotic therapies, could still fail to rectify the problem 

and result in amputations or even deaths.6–11 To date, no treatment strategies can guarantee 

the complete clearance of bacteria following PJI or prevent its recurrence.

Orthopedic implant related infections can be divided into three distinct categories based on 

the timing of infections with respect to implantation: early, delayed and late.12 Risk of 

bacterial infection is typically highest immediately following implant placement, with early 

infections generally detected within 3 months of implantation and often associated with 

bacteria such as S. aureus.9 This is due to the high tendency of implanted biomaterials, 

whether metallic alloys, polymers, ceramics or their combinations, to promote bacterial 

adhesion, colonization and the formation of biofilm, the dense extracellular matrices 

secreted by the colonized bacteria that are rich in viscous polysaccharides and proteins. The 

biofilm protects bacteria from host immune cells and is difficult to penetrate by 

conventionally administered antibiotics; it also prevents proper integration of the implant 

with surrounding tissues.13, 14 Delayed infections are manifested between 3 and up to 24 

months post implantation12, 15 while late infection could occur >2 years post implantation. 

Delayed and late infections could result from either low-virulence bacteria like coagulase-

negative Staphylococci9, 12 or due to bacteria invasion of the canalicular network of 

surrounding bone, a safe haven protecting them from immune cells until their eventual 

release upon the destruction of the invaded bone matrices. This later scenario has been 

recognized as a major cause for the difficulty in effectively treating osteomyelitis caused by 

S. aureus.16 Thus, development of implants with anti-fouling and/or bactericidal properties 

that minimize bacterial colonization and biofilm formation, timely eradicate them on implant 

surface and prevent their invasion and harboring within the periprosthetic tissue environment 

remains a top priority in combating periprosthetic infections.

Since the early 1970s, antibiotics have been incorporated into bone cement as local 

antibiotic prophylaxis in cemented total joint arthroplasty.17 However, the high doses of 

antibiotics incorporated, coupled with their suboptimal release kinetics, present both safety 

and efficacy issues, with rapid burst releases risking local tissue toxicity while inadequate 

releases risking the development of antibiotic resistance.18, 19 In addition, this strategy is not 

applicable to cementless orthopedics implants.20 Considerable progress has been made in 

developing anti-periprosthetic infection surface modification strategies in the past 20 years.
21–25 Conceptually, these surface modifications can be divided into two main categories: 

anti-fouling/anti-quorum sensing (QS) modifications designed to discourage bacterial 
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adhesion/colonization/biofilm formation on surfaces in the first place (Figure 1A), and 

bactericidal modifications designed to kill bacteria in direct contact with the surface or in its 

vicinity (Figure 1B). They can be achieved by either implant surface topography engineering 

or chemical manipulations of implant surface coatings.26, 27 In this review, we highlight key 

anti-fouling, QS-interfering and bactericidal implant surface modification strategies, used 

alone or in synergy, with an emphasis on those demonstrating in vivo promises for 

preventing or mitigating the severity of periprosthetic infections. An electronic search of 

Google Scholar and PubMed for literature describing implant surface modifications, implant 

related infection, anti-fouling surfaces, bactericidal surfaces, and smart drug delivery, 

published in English between 2000 and 2020, was performed. The results were then 

screened by title and abstract to only include those evaluating in vivo or in vitro efficacy of 

the surface modifications. Implant surface coatings of bactericidal metal ions, antibiotics and 

antimicrobial peptides (AMPs) via both stable covalent linkages and labile linkers cleavable 

by environmental triggers are presented. Pros and cons of these strategies, relative to 

conventional local and systemic antimicrobial deliveries, are discussed from both safety and 

efficacy perspectives. Strategies for regulating bacterial adhesion or viability through the 

alteration of mechanical properties (e.g. stiffness28) or chemical compositions (e.g. Zn and 

copper alloys29) of the bulk implant are not the subject of this review. Readers are also 

encouraged to refer to other recent reviews emphasizing the pathogenic mechanisms 

underlying implant-related infections30, biofilm dispersal strategies,31 antimicrobial 

biomolecules,32 or surface modification strategies specific to metallic implants33, 34 

including those focusing on mechanical/physical modification pf the implants.35

2. Anti-fouling Implant Surface Modifications

Since adhesion is the first step of biofilm formation, thus understanding bacteria-surface 

interactions is essential for designing anti-fouling surfaces. Bacterial cells approach implant 

surfaces by different means, including Brownian motion, sedimentation, movement with 

liquid flow, bacterial motility with cell surface appendages, and interaction with other cells 

to form aggregates.36 Bacterial attachment to the surface occurs through several 

mechanisms, among which hydrophobic and electrostatic interactions being the most 

common.37 The type of predominant interaction varies from one bacteria to another and may 

even change upon mutations. Although no single theoretical model alone can accurately 

predict bacterial adhesion on different surfaces due to the complex nature of bacteria-surface 

interactions, altering surface topographical and physiochemical properties have been 

pursued extensively in designing anti-fouling surfaces.38–42 Surface topography, roughness, 

hydrophilicity/hydrophobicity, and surface energy have all been recognized to play crucial 

roles in the initial adhesion of bacteria, non-specific adsorption of proteins and subsequent 

bacterial colonization and biofilm formation.43, 44 Some of the anti-fouling strategies 

reviewed here draw their inspirations from nature, such as the self-cleaning texture in lotus 

leaf, the superhydrophobic butterfly wings, mosquito eyes and shark skins.45 The anti-

fouling surface topographical modifications discussed here involve changes in surface 

structures at atomic, molecular or textural levels.26, 46–48 The anti-fouling surface coatings 

refer to the spreading and formation of an additional layer on the implant surface achieved 

physically, chemically or by a combination of both.49–51 QS interference will also be 
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discussed as they constitute an alternative means of mitigating biofilm formation on implant 

surfaces.

2.1 Superhydrophobic Anti-fouling Surface Topography

Surface topography and chemistry are known to alter microbial attachment to substrates.39 

Generally, surface roughness promotes bacterial adhesion and subsequent biofilm formation 

due to increased total surface areas.52 Theoretically, a bacterium will have a maximum 

number of attachment points when it fits perfectly within a micro-structured depression on a 

rough surface, which in turn may attract more cells to colonize around it, facilitating biofilm 

formation.5354

However, surface topography changes may also be accompanied with changes in surface 

hydrophobicity, a phenomenon first observed with natural biological surfaces. For example, 

lotus leaves always appear clean despite their mire environment. The self-cleaning behavior 

of the lotus leaf was later attributed to its hierarchical micro-nanostructures and hydrophobic 

wax crystalloids on its surface.55, 56 With air trapped within the rough surface topography, 

lotus leaf is superhydrophobic, significantly reducing the contact between water and the leaf 

surface as well as dirt particles and the leaf surface. When such a superhydrophobic surface 

tilts with a small sliding angle, water droplets roll off the surface with minimal spherical 

distortion, picking up loosely adhered foreign dirt particles as they roll.56 Typically, when 

the sliding angle (beyond which water droplets freely roll) of superhydrophobic surface is 

lower than 10°, the surface is considered to possess self-cleaning property.57 By contrast, a 

more spread water droplet on the normal surface just passes over the dust upon surface 

tilting.

Mimicking the lotus leaf self-clearing effect, superhydrophobic surfaces have been designed 

to reduce bacterial adhesion.58 Surface hydrophilicity or hydrophobicity is generally 

measured as liquid contact angle (θ) (equation 1)

Cos θ   = γsv − γsl
γlv

(1)

where θ is Young’s contact angle, γ is the surface tension and s, l, and ν represent solid, 

liquid and vapor, respectively. A water contact angle of 0° means complete wetting while a 

contact angle of 180° means that water does not wet the substrate surface. In general, a 

surface with a water contact angle of >150° is considered superhydrophobic.5, 45 These 

surfaces exhibit significantly low adhesion forces to hydrophilic liquids like water, causing 

droplets to roll over with minimal distortions when tilted. During this process, bacteria and 

other particles on surface will presumably be removed along with the rolling liquid droplet 

much like dusts on the lotus leaf. To test this hypothesis, superhydrophobic surfaces were 

designed and tested for their anti-fouling capacity.56

Tang et al.59 studied the adhesion of S. aureus on medical grade titanium surface-engineered 

with varying wettability through the generation of nanotube structured TiO2 surface films 

using electrochemical oxidation and self-assembly techniques. Specifically, the titanium 

were treated by surface anodic oxidation only (NT), perfluorooctyltriethoxysilane (PTES) 
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only (TiS), or PTES following the anodic oxidation (NTS), resulting in hydrophilic (water 

contact angle of 54°), hydrophobic (water contact angle of 133°), and superhydrophobic 

(water contact angle of 156°) surfaces, respectively. Figure 2 shows that although S. aureus 
adhered on all three surfaces after 2–4 h in vitro incubation, they were far more scattered on 

the hydrophobic and superhydrophobic surfaces, especially on the latter.

Besides the superhydrophobic micro- and nano-scaled surface topographical features, 

bacterial surface adhesions are also found to be affected by bacterial shape. For example, 

Fadeeva et al.58 used femtosecond laser ablation technique to produce superhydrophobic 

self-organized micro- and nano-structures mimicking those of the lotus leaf on titanium 

surfaces. The water contact angle was increased up to 166° upon the surface laser treatment 

(vs. 73° of the polished surface). Whereas the biomimetic superhydrophobic surface resisted 

the adhesion of rod-like P. aeruginosa, spherical S. aureus cells were found to still colonize 

on the superhydrophobic surface. The authors suggested that the spherical S. aureus may 

have required less attachment points to adhere on the surface compared to P.aeruginosa. 
Biophysical mechanisms underlying this phenomenon will need to be further investigated.

It should be noted that the air trapped within the periodical, lotus leaf-like micro/nano-

structured topographical features plays a significant role in affording these surfaces anti-

fouling properties. Huang et al.60 showed increased non-specific protein adsorption on 

superhydrophobic surface TiO2 nanotubes in the absence of the trapped air. Thus, the 

duration/longevity of the anti-fouling capabilities of such topographically engineered 

superhydrophobic surfaces in an aqueous physiological environment is a legitimate concern 

for their in vivo applications as the trapped air will eventually get excluded from the 

engineered surface over time.

2.2 Hydrophilic Anti-fouling Surface Coatings

Applying hydrophilic antifouling coatings to implants may also reduce bacterial attachment 

and biofilm formation by enabling the formation of a surface hydration shield37, 61–65 

(Figure 1A, top left). This is in contrast to the superhydrophobic surfaces that prevent 

biofouling by facilitating the ready detachment/cleaning of loosely adsorbed proteins or 

bacteria. Although the hydrophilic surface coatings are not bactericidal in nature, they are 

particularly effective in minimizing the initial bacteria-implant interactions. Non-ionic 

poly(ethylene glycol) (PEG), amphiphilic fluoropolymers, and zwitterionic polymers are 

among the most common hydrophilic polymers explored as anti-fouling surface coatings.
56, 66–68 Negatively charged polymers such as heparin, on the other hand, was shown to be 

able to promote biofilm formation by substituting extracellular DNA secreted by S. aureus,69 

thus should be used with caution.

2.2.1 PEG Coating—PEG has long been appreciated for its anti-fouling properties and 

has been reviewed extensevely.40, 70, 71 Each ethylene glycol repeating unit in PEG can 

strongly bind to one water molecule via H-bonding, with structural water molecules bridging 

the ether oxygens along the helical PEG chain.72–74 This results in a highly hydrated layer 

that serves as a steric barrier to approaching biofoulants such as proteins or bacteria.75 The 

high mobility and large exclusion volume of PEG chains further contribute towards the anti-
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fouling nature of PEG-coated surfaces.40 Khoo et al.76 used a high affinity titanium-binding 

22-mer peptide containing three repeats of HKH to graft PEG on a titanium surface. This 

peptide selectively binds titanium with sub-micromolar binding affinities over stainless steel, 

gold, polystyrene, or SiO2. The PEGylated-peptide coating on titanium surface efficiently 

blocked the adsorption of fibronectin and significantly reduced the extent of S. aureus 
attachment in vitro. Buxadera-Palomero et al.77 compared the anti-fouling properties of 

PEG-coated titanium surface prepared using three different techniques, plasma 

polymerization, electrodeposition and silanization. All three coatings significantly reduced 

non-specific protein adsorption (bovine serum albumin) and bacterial (S. sanguinis and 

Lactobacillus salivarius) adhesion. The tendency of PEG to be oxidized under sterilization 

conditions or in vivo78, 79 in the presence of oxygen and transition metal ions,80, 81 however, 

could lead to its eventual fouling and compromise their long-term anti-fouling performances.

2.2.2 Zwitterionic Coating—Zwitterionic polymers have been explored as alternative 

anti-fouling surface coatings due to their improved oxidative stability over PEG. 

Zwitterionic materials are characterized with an equal number of positively and negatively 

charged residues that maintain an overall electrical neutrality. The strong dipoles and 

electrostatic interactions of these charged residues facilitate the formation of a tightly bound 

hydration layer resisting biofoulant deposition. Naturally occurring zwitterionic lipid 

phosphatidylcholine that constitutes a significant fraction of the outer membrane of many 

cell types has long been recognized for its anti-fouling properties (e.g. anti-thrombogenic 

properties of the outer membrane of erythrocyte82, 83). Inspired by the zwitterionic 

membrane lipid, researchers have explored phosphorylcholine-based polymers84 and 

synthetic zwitterionic polymers to create anti-fouling surfaces for resisting bacterial 

adhesion.85–89 For example, Cheng et al.89 showed that zwitterionic poly(sulfobetadine 

methacrylate) (pSBMA) coated on gold or glass surfaces inhibited both Gram-positive (S. 
epidermis) and Gram-negative (P. aeruginosa) bacteria adhesion and biofilm formation in 
vitro. For orthopedic applications, another potential advantage of applying zwitterionic 

coatings as opposed to their non-ionic counterparts (e.g. PEG) to implant surfaces is the 

unique ability of zwitterions to attract oppositely charged precursor ions under pro-

mineralization conditions, thereby promoting templated biomineralization and 

osteointegration as we demonstrated on both 2D surfaces90 and within 3D matrices.91, 92

2.3 Synergy of Anti-fouling Coating and Systemic Delivery of Antibiotics

One limitation of anti-fouling coatings is that they are not bactericidal, thus cannot eradicate 

infections in the periprosthetic tissue environment. We recently demonstrated that 

zwitterionic anti-fouling implant coatings, however, can significantly enhance the efficacy of 

systemic antibiotic injections in combating periprosthetic infections.93 We first confirmed 

that zwitterionic polymer brush pSBMA surface-grafted from Ti6Al4V (Ti-pSBMA) 

significantly reduced S. aureus adhesion both in vitro and in vivo. However, Ti-pSBMA 

intramedullary (IM) pin inserted in S. aureus-inoculated murine femoral canal expectedly 

did not kill the bacteria to prevent bone infections, as evidenced by the significant increase 

in cortical thickness (Ch. T.) and reductions in bone volume fraction (BVF) and bone 

mineral density (BMD) compared with uninfected control femurs (Figure 3). Meanwhile, a 

single systemic vancomycin injection 7 days after inserting an uncoated IM pin into the S. 
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aureus-inoculated femoral canal (Ti6Al4V+VAN) also failed to prevent bone infections. 

However, when the pSBMA coating was combined with the single systemic vancomycin 

injection (Ti-pSBMA+VAN), it significantly inhibited both S. aureus colonization on 

implant surface and periprosthetic infections in the mouse femur (vs. Ti-pSBMA or 

Ti6Al4V+VAN, Figure 3). This study showed that the anti-fouling coating, by suppressing 

bacterial colonization/biofilm formation on implant surfaces, could make the planktonic 

bacteria within the periprosthetic tissue environment more susceptible to conventional 

systemic antibiotic treatment, thereby improving the efficacy and safety (reduced dose and 

frequency) of such treatments.

2.4 Coatings Interfering with Quorum Sensing (QS)

QS is a population density dependent cell-cell signaling that triggers changes in behavior 

when the population reaches a critical density.94, 95 In QS, bacteria produce and release 

chemicals termed autoinducers as a common signal whose external concentration increases 

with bacteria population density. Bacterial cells detect these changes and when minimal 

threshold stimulatory concentration of these autoinducers are reached, they alter gene 

expressions and behavior in response.95 In recent years, various QS inhibitors such as 

cinnamaldehyde,96, 97 hamamelitannin,98 baicalin,99 silver nitrate, furanone C-30100, 101 

have been used to interfere and disrupt the signaling processes in bacterial growth and 

subsequent biofilm formation. Kang et al.101 used poly(butyl methacrylate-co-

methacryloyloxyethyl phosphate) (PBMP)/PLGA microparticles encapsulating furanone 

C-30 on hydroxyapatite (HA) surfaces to prevent biofilm formation. PBMA contains Ca2+-

binding phosphomonoester groups to ensure good adherence to the HA surface and the 

PLGA-interacting butyl groups to encapsulate furanone C-30. The C-30-bearing PLGA/

PBMP microparticles effectively inhibited the growth of Streptococcus mutans and its 

ability to form biofilms on HA surface for up to 100 h, which was much longer than either 

furanone C-30 in its free form or when encapsulated in PLGA microparticles.

However, the use of QS interference as a potential therapeutic approach against biofilm 

formation has its own challenges. Despite the shared QS mechanism among various bacteria, 

it is often a species-specific process.102 The primary translational challenge will be to design 

and synthesize agents that interfere and disrupt QS across a diverse range of bacterial 

species.

3. Bactericidal Implant Surface Modifications

The interest in biomaterials exerting bactericidal activities has seen an upsurge in recent 

decades. The bactericidal activities can be endowed via surface topography engineering 

and/or bactericidal agents covalently tethered to stable coatings or released from labile 

coatings.

3.1 Bactericidal Surface Topography

Micro/nano scale surface topography can not only be engineered to inhibit bacterial 

adhesion and growth but also to physically lyse bacterial cells. The initial concept of 

nanostructured bactericidal topography originated from the unique nano pillar patterns of 

Ghimire and Song Page 7

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cicada (Psaltoda claripennis) wings that were postulated by Ivanova et al.103 to 

mechanically rupture bacterial cell walls. Later, Kelleher et al.104 studied three subspecies of 

cicada wings, Megapomponia intermedia, Ayuthia spectable, and Cryptotympana agulia, and 

found strong correlations between their bactericidal properties and their nanoscale surface 

topographies. Sharper and denser nanopillars on the Megapomponia intermedia wings were 

found to kill bacteria more efficiently, probably by inducing greater strains on the bacterial 

cell wall. Since this discovery, biomimetic bactericidal nanostructured surface architectures 

have been engineered with various biomaterials including titanium and its alloys.105–112

For example, Diu et al.107 investigated bactericidal properties of nanowires grown on 

titanium surfaces using an alkaline hydrothermal method. It was found that motile and 

Gram-negative bacteria are more susceptible to the killing by these surfaces compared to 

nonmotile and Gram-positive ones. The lack of mobility and the thicker cell wall found in 

Gram-positive bacteria have likely made them more resistant to being mechanically 

ruptured. Similar observations were reported by Sengstock et al.111 on titanium 

nanocolumnar surface structures produced using a glancing angle sputter deposition 

technique. It was observed that the Gram-negative, rod-shaped E. coli were killed more 

readily compared to the Gram-positive, sphere-shaped S. aureus. Apart from the cell wall 

difference, E. coli multiplies by elongation which requires in-plane movement of the 

bacterium attached to the surface nanostructures. The frictional force during cell division 

could result in damage or disruption of the cell wall. S. aureus, on the other hand, divides in 

three dimensions, leading to grape-like clusters or out of plane growth. This resulted in 

fewer daughter S. aureus cells in direct contact with the nanocolumnar titanium surface 

during the cell division, thus fewer cell death. Hasan et al.105 used a chlorine based reactive 

ion etching process to generate titanium nanopillars or black titanium. Within 4 hours of 

contact with the black titanium surface, 95±5% of E. coli, 98±2% of P. aeruginosa, 92±5% 

of M. smegmatis and only 22±8% of S. aureus attached were killed. The killing efficiency of 

the black titanium for S. aureus increased to 76±4% when the bacteria were allowed to 

adhere for 24 h (Figure 4).

The exact mechanisms of the bactericidal effect of these nanostructures are still under 

investigation. Besides the widely used explanation of physical deformation or rupturing of 

bacterial cell wall by the sharp nanostructures,113 physical entrapment of bacteria in-

between the nanostructures may have also contributed to impeding their proliferation.109 

The frictional forces exerted on the cell wall of Gram-negative bacteria during the cell 

division is another contributing factor to the bacterial cell death.111 A unique challenge for 

such bactericidal surface topographies to be implemented in vivo is to ensure their abilities 

to still support osteointegration. A typical reduction in bone cells proliferation on surfaces 

engineered with bactericidal topographies with high aspect ratio compared to unmodified 

implant surfaces has been reported.105, 107 A potential solution is to further functionalize 

these higher aspect ratio bactericidal topographies with cell receptor binding molecules. For 

example, Fraioli et al.114 used integrin-binding peptides to functionalize the bactericidal 

topographies to improve the adhesion of mesenchymal stem cells (MSCs) while preserving 

its bactericidal properties against P. aeruginosa. The in vivo efficacy of this approach as well 

as the universal adaptability (against different types of bacteria as well as “protection” 

against various host cells) remain established.
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3.2 Stable Bactericidal Surface Coatings

Small molecule bactericidal agents and AMPs have been covalently attached to implant 

surfaces to enable contact killing of bacteria.71, 115 In this approach, bactericidal agents are 

often tethered to the surface vis either a flexible linker or a polymer for contact killing, with 

the latter ensuring its penetration through the thick bacterial cell wall to reach and disrupt 

the cytoplastic membrane (e.g. by polycations).116

Vancomycin, for instance, has been covalently tethered to surfaces for contact killing by 

inhibiting cell wall synthesis via direct binding to the peptidoglycan stem unit within the cell 

wall. For instance, Edupuganti et al.117 demonstrated that a monolayer of vancomycin 

covalently attached to Ti6Al4V pin surfaces via a bis(ethylene glycol) linker was effective in 

reducing S. aureus colonization in vitro. Similarly, Antoci et al.118 showed that a monolayer 

of vancomycin covalently attached to Ti6Al4V IM pin surfaces via an ethylene glycol linker 

was effective in reducing the bacterial colonization of S. aureus in vitro and in vivo and 

mitigated the severity of osteolysis of the surrounding bone in the short term. The rodent 

femur receiving the bacterial inoculation and unmodified titanium pin implant showed 

extensive periosteal reactions, enlargement of the IM canal, compromised cortical bone 

integrity, and extensive abscess formation after 14 days that are characteristic of 

periprosthetic infections/osteomyelitis. In contrast, the femur inoculated with the bacteria 

but inserted with the vancomycin modified IM pin showed minimal disruption of the 

surrounding bone by 14 days. However, the monolayer of tethered antibiotics is limited by 

the achievable drug density and was only able to provide limited short-term protection.118

To overcome the limited surface density of bactericidal agents achievable by monolayer 

functionalization, we grafted polymers with vancomycin-terminated sidechains from 

Ti4Al4V implant22 to significantly reduce the colonization/growth of S. aureus on the 

implant surface. Alkynylated vancomycin was covalently coupled through copper-catalyzed 

azide–alkyne cycloaddition to the azide-terminated sidechains of polymethacrylates grafted 

from Ti6AlV by surface-initiated atom transfer radical polymerization. Using a mouse 

femoral canal S. aureus infection model, we showed that with the vancomycin-bearing 

polymer coating, the IM pins inserted in the femoral canal significantly suppressed S. aureus 
colonization on the implant surface (68 CFU/pin) compared to unmodified pins (~1500 

CFU/pin), >20-fold reduction, by 3 weeks. Furthermore, we showed that the bacterial counts 

from the retrieved pins remained low after 4 months, with 3 out of the 4 pins evaluated 

showing 0 CFU while one showing low counts (50 CFU/pin). However, this surface 

treatment did not prevent the infection from being developed in the surrounding bony tissue, 

underscoring the short-range protection by the vancomycin covalently tethered to surface 

polymer coating.

Zeng et al.119 designed an antibacterial and anti-fouling polymeric coating via a one-pot 

ring-opening reaction of antibiotic gentamycin and ethylene glycol species. The PEG 

moieties provided anti-fouling properties whereas the gentamycin exhibited antibacterial 

activities against both S. aureus and E. coli. However, this bifunctional surface coating still 

faced the same limitation of restricting the antibacterial activities to the immediate surface of 

the implant.
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AMPs have been explored as a promising alternative to antibiotics in combating implant 

related infections because of its high potency against a broad spectrum of bacteria and lower 

propensity to develop antibacterial resistance.71, 120 Chen et al.121 silanized titanium 

surfaces with an alkyne-terminated linker, which was then conjugated with azido-

functionalized cationic AMP (N3-PEG12-KRWWKWWRR) by copper catalyzed alkyne-

azide cycloaddition (CuAAC). The AMP-modified surface exhibited 88–90% inhibition 

against S. aureus and E. coli within 2.5-h in vitro incubation, and the bactericidal activity 

declined over longer incubations. The modified surfaces exerted some degree of cytotoxicity 

against murine MSCs in an AMP-dose dependent manner over 24-h culture. Using a rabbit 

tibial metaphysis drill-hole (3-mm) model infected with S. aureus (5×106 CFU inoculation), 

the AMP-coated implant was shown to mitigate (although not eradicate) the periprosthetic 

infection after 7 days compared to that treated with the uncoated control implant. Longer-

term bactericidal activity as well as potential cytotoxicity of the AMP coating against host 

cells need to be further evaluated. Godoy-Gallardo et al.122 used atom transfer radical 

polymerization to covalently attach a human lactoferrin protein-derived peptide hLF1–11, 

where the cationic AMP was functionalized with three 6-aminohexanoic acid (Ahx) residues 

as the spacer and a 3-mercaptopropionic acid (MPA) as the anchoring group [MPA-Ahx-

Ahx-Ahx-GRRRRSVQWCA-NH2], to titanium surfaces. These AMP-modified surfaces 

exhibited good inhibition of oral bacteria S. sanguinis and L. salivarius attachment and 

biofilm progression in vitro. However, the scope (human foreskin fibroblasts used) and 

duration of the cytocompatibility evaluation (24 h) of the coating was quite limited, and the 

in vivo bactericidal properties are yet to be evaluated. Given the potential interaction/

disruption of cationic AMPs with/to the negatively charged primary cell membranes, 

rigorous long-term cytocompatibility evaluations with a broad range of host cells 

surrounding the implant and in vivo biocompatibility evaluations of such coatings would be 

essential for their safe translational applications.

3.3 Labile Bactericidal Surface Coatings

An alternative approach for reducing implant related infections is through implant coatings 

that can release bactericidal agents.123, 124 The greatest benefits of such local release of 

bactericidal agents are the enhanced efficacy due to higher achievable local concentrations,
125, 126 minimized systemic side effects, and the ability of the released bactericidal agents to 

diffuse into the periprosthetic tissue environment, thereby killing bacteria on both the 

implant surface and within the surrounding tissue environment. The effectiveness of these 

coatings is strongly dependent on the release kinetics of the bactericidal agents.

3.3.1 Metal ion Releasing Coatings—Silver/silver nitrate has been used to treat burns 

and chronic wounds (e.g. ulcers) for centuries.127, 128 Although silver-based treatment of 

bacterial infections declined after penicillin was introduced in the 1940s,129, 130 Moyer et al.
131 reintroduced 0.5% silver nitrate solution to treat burn wounds in the 1960s as it was 

found to exert broad antibacterial property against S. aureus, P. aeruginosa, and E. coli 
without interfering epidermal cell proliferation. Indeed, silver/silver ion-bearing coatings 

have continued to attract attentions due to their broad-spectrum antimicrobial effects on both 

Gram-positive and Gram-negative bacteria. Although silver is chemically stable, silver ion is 

highly reactive and can incapacitate bacteria by binding to proteins (e.g. thiol-containing 
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enzymes), permeating bacterial cell wall, and causing DNA condensation.132 Yavari et. al. 
showed that silver nitrate loaded on porous titanium implant surfaces (TiO2 nanotubes) 

effectively prevented S. aureus biofilm formation and decreased the number of planktonic 

bacteria in vitro, especially at adequate loading concentrations.133 Li et al. also showed that 

porous titanium loaded with silver (Ag0)-bearing gelatin microspheres inhibited bacterial 

growth of both S. aureus and E. coli.134

Copper/copper (II) ions also exhibit broad spectrum antibacterial activities against 

microorganisms such as S. aureus, E. coli, S. enterica, C. jejuni, and M. tuberculosis.135–137 

In addition to the bactericidal effect, an appropriate dose of Cu2+ could also promote 

angiogenesis and osteogenesis.137, 138 Wang et al.139 studied the bactericidal activity of 

Cu2+-deposited titanium prepared using a polydopamine (PDA)-assisted surface 

modification technique. The obtained Ti-PDA-Cu substrate exhibited excellent antibacterial 

activity against S. aureus and promoted osseointegration in a rat tibia infection model.

Zinc/zinc (II) ions have also been exploited to combat orthopedic/dental implant related 

infections. Li et al.25 modified titanium surfaces with ZnO nanorods followed by 

polydopamine (PDA) and cell adhesive RGDC peptide. Using a S. aureus-infected rabbit 

femoral unicortical drill hole model, the Ti/ZnO/RGDC hybrid implant coating was shown 

to improve antibacterial efficacy, resulting in far less neutrophils and adherent bacteria in the 

surrounding tissue. The coating also accelerated new bone formation and implant 

osteointegration compared to unmodified titanium implant. Without additional controls, 

however, it is difficult to delineate the bactericidal contribution due to the physical 

puncturing of the bacteria by ZnO nanorods from that of the released Zn2+ or the osteogenic 

role of Zn2+ from that of PDA/RGDC.

Different mechanisms have been proposed to explain the bactericidal activity of metal ions. 

It has been suggested that the binding of metal ions to bacterial cell membrane, the primary 

site of action,140, 141 creates pits and holes.142 The increased bacterial membrane 

permeability results in leakage of intracellular material, shrinkage of cell membrane, and 

ultimately cellular lysis.143 The metal ions could also interfere with the bacterial gene 

replication and promote the generation of bacteria-killing reactive oxygen species (ROS).
144–146 For example, Li et al.146 investigated the mechanism of S. aureus inactivation by 

Cu2+ ions released from Ti6Al4V5Cu alloy. In addition to the disruption in bacterial cell 

membrane permeability, they observed an increase in ROS production and the interference 

to the replication of nuc (species-specific) and 16SrRNA genes (Figure 5). Finally, microbial 

susceptibility to Zn2+ toxicity is shown to be mediated by extracellular cation competitions 

that result in the inhibition of the bacterial acquisition of essential metal ions such as Mn2+ 

by competing for binding to solute binding proteins.147

Despite the promises of these metal ion-based coatings for combating implant related 

infections, it remains controversial whether metal ion-mediated antibacterial activity may be 

inactivated in physiological fluids148 and whether a sublethal concentration of ions like 

silver is a cause of concern for the development of drug resistance. Another important 

translational consideration for this strategy is the potential cytotoxicity of the metal ions 

exerted to host periprosthetic tissues/cells.149150
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3.3.2 Antibiotics Releasing Coatings—Local release of antibiotics,151 if 

accomplished timely and in adequate yet not excessive concentrations, could directly target 

peri-implantitis bacteria without significant systemic side effects.152 A broad range of 

synthetic polymers such as PLGA,153 α-ω-functionalized PEG nanoparticles and hydrogels,
154, 155 poly(2-hydroxyethyl methacrylate) (pHEMA),156 and heparin-dopamine157 have 

been used for localized antibiotics delivery. The effectiveness of an antibiotics-releasing 

system depends strongly on the rate and manner in which the drug is released, which in turn 

is dictated by the degradative properties of the polymeric coating or the responsiveness of 

the labile linkage tethering the antibiotics to its environmental trigger. Both hydrolytic 

degradation of polymer/hydrogel coatings and the cleavage of liable linkers sensitive to 

stimuli like pH or host/bacterial enzymes (e.g. nuclease and/or hyaluronidase) have been 

utilized.21, 158–160 Here we review a few bactericidal implant coatings based on passive, 

physical stimuli triggered, or enzyme triggered release of antibiotics.

3.3.2.1 Passive Release: Passive drug release systems utilize diffusion, osmotic potential, 

or concentration gradients as the driving forces for drug release from the coating material. 

For example, antibiotics release from polymethylmethacrylate bone cements is mainly 

achieved by diffusions through surface roughness, superficial pores, and surface erosion.
161, 162 Stighter et al.163 studied the release of carbenicillin, amoxicillin, cefamandole, 

tobramycin, gentamicin and vancomycin from carbonated hydroxyapatite coatings on 

titanium surfaces, with all showing inhibition of S. aureus growth. PLGA is also widely used 

as an antibiotic carrier because of its excellent biocompatibility and hydrolytic degradability 

in vivo.164 Antibiotics embedded in PLGA coatings can be released by both diffusion and 

through the hydrolytic degradation of the polymer. For example, Yeh et al.153 used plasma 

spraying to coat PLGA loaded with vancomycin and cefuroxime on Ti6Al4V surfaces. At an 

optimized loading dose, the PLGA coating released 8% of the cefuroxime in the first 24 h 

followed by a slower, continuous release over a period of 17 days. The initial burst release 

was due to diffusion while the subsequent slower release was due to diffusion under the 

influence of PLGA degradation. However, such passive bactericidal agent releasing systems 

may not be adequate for achieving rapid clearance of active infections. Furthermore, the 

slow, continued release of antibiotics from these coatings may also increase the risk for 

developing bacteria resistance,18, 19, 165–167 which is a huge concern for both Gram-positive 

and Gram-negative bacteria.

3.3.2.2 Physical Stimuli Triggered Release: Stimuli-responsive materials have been 

investigated in the biomedical field for several decades including as drug release systems.168 

Polymers or polymeric hydrogels can undergo volume changes, structural transformations or 

covalent bond cleavages in response to certain stimuli, causing subsequent release of 

encapsulated/tethered antibiotics.168 Physical stimuli such as pH, temperature, magnetic 

field, and ultrasound have all been used to trigger the release of bactericidal agents.169–175.

As bacterial metabolism produces lactic acid and acetic acid, the pH drops in the vicinity of 

bacterial infections can be used to trigger the release of bactericidal agents. Chemical bonds 

such as Schiff base,176 acetal linkage177 and metal ion coordination bonds159, 174, 178 that 

are stable under neutral conditions but labile at lower pH are often utilized to realize the pH-
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triggered release. Wang et al.159 designed a pH-responsive coordinated polymer (CP) / 

amine-functionalized titania nanotubes (TNTs-NH2) coating for titanium implants. The 

nanotubes were first filled with drugs like ibuprofen, vancomycin or Ag and then capped by 

CPs formed by 1,4-bis (imidazole-1-ylmethyl) benzene and Zn2+ or Ag+, where the metallic 

ions acted as coordination bonds between the polymer and the amino groups of the TNTs-

NH2. Under acidic conditions, the coating released Zn2+ or Ag+ as a result of the 

protonation of the amino groups and the weakening of the coordination bonds, exerting local 

antibacterial activities. Tao et al.179 deposited levofloxacin (Levo)-loaded zeolitic 

imidazolate framework-8 (ZIF-8@Levo) nanoparticles onto collagen-modified titanium 

substrates by cathode electrophoresis deposition. ZIF-8, a metal organic framework based on 

Zn2+-imidazole coordination, can fall apart under acidic pH to release its drug contents as 

well as the bactericidal Zn2+. Gelatin and chitosan multilayers were spin-coated layer by 

layer (ZIF-8@Levo/LBL) to reduce the hydrolysis rate of ZIF-8@Levo. ZIF-8, ZIF-8@Levo 

and ZIF-8@Levo/LBL coatings all exhibited bactericidal properties against E. coli and S. 
aureus in vitro. Using a rat femoral canal S. aureus infection model, metal pins with these 

coatings were also shown to significantly reduce bacterial counts on both the implant and in 

surrounding bone compared to uncoated implants or those only coated with type I collagen. 

The benefit of the LBL coating on the drug release control, however, was not adequately 

reflected in this study.

Unlike the background leaching often observed with pH-triggered releases,180 ultrasound 

triggered release could lead to more rapid release far above the background when the coating 

is designed to minimize passive release. Noble et al.181 achieved low background leaching 

of ciprofloxacin from pHEMA by co-polymerizing it with hydrophobic monomer 

hydroxylpropyl methacrylate and further coating it with self-assembled multilayers of C12–

C18 methylene chains that were predominantly crystalline and relatively impermeable. 

These added layers acted as a barrier for both water diffusion to and antibiotic release from 

the hydrogel. Upon ultrasound triggering, the ciprofloxacin release 14-fold more intense 

than background level was achieved.

3.3.2.3 Bacterial Enzyme Triggered Release: On demand release of antibiotics has the 

potential to provide timely protection of the periprosthetic tissue environment from infection 

while minimizing the risk for developing bacterial resistance by avoiding unwanted release 

of antibiotics. Proteases, lipases and nucleases have all been explored for the triggered 

release of antibiotics and antimicrobial agents. Johnson et al.182 engineered a PEG hydrogel 

for protease-triggered delivery of lysostaphin, an antimicrobial enzyme targeting the 

peptidoglycan of staphylococci and a known inhibitor of the growth of methicillin-resistant 

S. aureus (MRSA), to treat S. aureus infected, implant-fixed mouse femoral fractures. The 

hydrogels were prepared by mixing four-arm PEG macromers functionalized with terminal 

maleimide groups (PEG-4MAL), protease‐degradable 16-mer peptide crosslinker with 

terminal cysteines, and thiolated cell adhesive peptide RGD or GFOGER, with or without 

lysostaphin. The lysostaphin encapsulated in the hydrogel was shown to outperform 

prophylactic antibiotic or soluble lysostaphin therapy in reducing the infection in this model. 

However, the protease-triggered release of lysostaphin was not dependent on the presence of 
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bacteria; its cleavage by host proteases would not have prevented undesired releases of the 

antimicrobial agent.

Wang et al.160 designed vertically aligned mesoporous silica coating on the surface of 

stainless steel for pH- and bacterial lipase-triggered antibiotic release. Alkyne-terminated 

surface linkers were conjugated to the mesoporous silica coating via sequential amidation 

and esterification. After loading antibiotics cinnamaldehyde and ampicillin into the 

perpendicular mesochannels, β-cyclodextrins functionalized with monopyridine and azides 

were covalently tethered to the alkyne-terminated surface linkers using azide-alkyne 

cycloaddition “click” chemistry, resulting in the “capping” of antibiotic-loaded 

mesochannels by the monopyridine-functionalzied cyclodextrin. It was demonstrated that 

the lowering of pH triggered the opening of the cyclodetrin “valve” by reorienting the 

monopyridine from the interior of the cyclodextrin to the exterior, enabling the release of the 

smaller antibiotic cargo cinnamaldehyde. Meanwhile, lipase was shown to cause the 

irreversible cleavage of the functionalized cyclodextrin, leading to the release of both 

antibiotic cargos. This dual release system was shown to inhibit the growth of S. aureus, E. 
coli and MRSA in vitro. It is unclear, however, whether the lipase-triggered cleavage may be 

confounded by the presence of host lipase activities in vivo due to the lack of specificity in 

the labile linker design.

Yuan et al.158 applied catechol-functionalized multilayer coatings composed of dopamine-

modified hyaluronic acid and 3,4-dihydroxyhydrocinnamic acid-modified chitosan to 

titanium surfaces modified with TiO2 nanotubes (TNT) filled with vancomycin. The coating 

was designed to release vancomycin upon cleavage of hyaluronic acid by elevated 

hyaluronidase activities in the presence of bacterial infections. Using a rat femoral canal S. 
aureus infection model, the titanium IM implant applied with such coating was shown to 

mitigate the infections. Subsequently, this group183 also applied hyaluronic acid-gentamicin 

conjugates and chitosan polyelectrolyte multilayer coatings on deferoxamine (DFO) loaded 

TNT substrates. The coating was designed to release both the tethered gentamicin and the 

DFO encapsulated within the TNT upon cleavage by hyaluronidase, with the latter 

promoting osteogenesis and angiogenesis around the implant. In vitro cultures supported the 

antibacterial properties of the coating against E. coli and S. aureus, as well as the ability of 

the DFO-bearing coating to enhance the gene expression of osteogenic and angiogenic 

markers of rat bone marrow derived stromal cells. The in vivo performance of this coating in 

combating periprosthetic infections, however, was not evaluated. How hyaluronidases 

present in the host skeletal tissue environment may complicate the triggered release of 

antibiotics in these designs remains unaddressed.

We recently modified titanium surface using poly(ethylene glycol) dimethacrylate 

(PEGDMA) hydrogel to covalently attach vancomycin via an oligonucleotide linker 

sensitive to micrococcal nuclease (MN) of S. aureus. This design enabled the timely release 

of vancomycin in the presence of S. aureus to kill the bacteria both on the implant surface 

and within the periprosthetic tissue environment (Figure 6).21 By inoculating 40-CFU 

bioluminescent Xen-29 S. aureus in murine femoral canals prior to the insertion of Ti6Al4V 

IM pins coated with PEGDMA-Oligo control hydrogel (without vancomycin), we showed 

that the infection was established at 2 days post-operation and sustained over the course of 
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21 days as shown by bioluminescence imaging (Figure 6a, bottom panel). By contrast, no 

obvious bioluminescence was seen from the femurs inserted with the IM pins coated with 

PEGDMA-Oligo-Vanco at any time point during the 21 day follow-up (Figure 6a, top 

panel), and the quantification of bioluminescent signals confirmed significant reduction in 

intensity by >95% at 2 days post-operation compared to the control groups (Figure 6b). 

Consistent with the longitudinal imaging data, no bacteria were recovered from the retrieved 

IM pins with the PEGDMA-Oligo-Vanco coating, supporting complete eradication of 

surface-bound bacteria, while >500 CFU S. aureus were recovered from the retrieved IM 

pins with the PEGDMA-Oligo control coating (Figure 6c). Finally, μCT imaging of femurs 

treated with IM pins coated with the PEGDMA-Oligo control hydrogel showed clear signs 

of osteolysis at 3 weeks post-operation while those receiving PEGDMA-Oligo-Vanco coated 

IM pins exhibited completely normal cortical bone morphology (Figure 6d). This promising 

bacterial enzyme-triggered release strategy is being further optimized to further enhance the 

stability of the nucleotide linker to mammalian nucleases.

3.3.3. AMP releasing coatings—AMPs have also been released from implant coatings 

as free-diffusing bactericidal agents. For example, Kazemzadeh-Narbat et al.184 developed a 

multilayered coating consisting of TiO2 nanotubes (TNTs), a thin layer of calcium 

phosphate, and a phospholipid film for sustained delivery of broad-spectrum AMP HHC-36 

(KRWWKWWRR-NH2). The AMP was impregnated in each layer while the lipid layer was 

designed as a membrane-mimicking barrier to prevent burst release of AMP while ensuring 

good cytocompatibility of the coating. The coating showed controlled and sustained release 

of the AMP over the course of a few days and was shown to inhibit the growth of both 

Gram-positive (S. aureus) and Gram-negative (P. aeruginosa) bacteria in vitro. Short-

duration cell culture experiments (a few hours) showed good attachment of osteoblast-like 

cells MG-63, moderate platelet activation and adhesion, and low red blood cell lysis on the 

coated implant surface. Similarly, Shen et al.185 used TNTs on titanium substrates to load 

AMP cecropin B and sealed them with multilayer coatings of chitosan/sodium hyaluronic-

cecropin B. The in vitro release of the AMP from the coating could be triggered by 

exogenous hyaluronidase or the hyaluronidase secreted by S. aureus. The coating exhibited 

good bactericidal capacity against S. aureus and S. epidermidis over 72 h. For both coating 

systems and other similar strategies, however, more rigorous longer-term cytocompatibility 

evaluations with relevant primary cells (instead of immortalized cell lines), particularly as a 

function of the AMP release, and appropriate in vivo bactericidal efficacy and 

biocompatibility evaluations of the coating would be necessary to establish their 

translational potentials.

Overall, despite AMPs’ bactericidal activities against both Gram-positive and Gram-negative 

bacteria, their applications have been limited by their in vivo instability and cytotoxicity.
186, 187 Several approaches have been introduced in the AMP therapeutics design and 

delivery to address these limitations without compromising their bactericidal potencies. For 

examples, Carmona et al.188 used D-amino acids to synthesize AMPs which showed 

improved stability against trypsin digestion compared to those based on L-amino acids. Ron-

Doitch et al.189 used liposomes to encapsulate AMPs to reduce their cytotoxicity. Finally, 

AMPs have also been conjugated with antibodies for more targeted delivery to bacteria of 
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interest to reduce their systemic toxicity.190 Successful outcomes of these approaches may 

inspire their implementations in the design of more effective and safer AMP-releasing 

implant coatings.

3.4 Coatings Responsive to Photothermal/Photodynamic Therapy

The photothermal therapy (PTT) and photodynamic therapy (PDT) based on near infrared 

(NIR) irradiation have gained increasing attention for a range of medical interventions from 

cancer therapy to infection mitigation because of their minimal invasiveness and regional 

selectivity. PTT utilizes photothermal agents to transform optical energy into local heat 

(hyperthermia) while PDT delivers treatment through photochemical reactions (e.g. 

generation of ROS) triggered by photosensitizers. PTT has also been explored to destroy 

bacteria or biofilm via local hyperthermia.191–194 However, for the bactericidal efficacy to 

reach over 90%, local hyperthermia around 85 °C is required, which could cause significant 

tissue necrosis.195, 196 Combining NIR-based PTT and PDT, moderate local hyperthermia 

and the in situ generated ROS known for destructive actions on bacterial proteins or 

DNA197, 198 can be exploited to synergistically kill bacteria with reduced risk for tissue 

necrosis.

For example, Yuan et al.194 developed a multifunctional hybrid coating on titanium for 

combating established biofilms by PTT/PDT with NIR activation. Specifically, mesoporous 

polydopamine nanoparticles were immobilized onto amino modified titanium surface, 

functionalized with integrin-binding peptide RGDC to improve cytocompatibility and then 

loaded with photosensitizer Indocyanine Green (ICG) via π-π stacking. The functionalized 

surface reached a local temperature of ~50 °C after 300 s of NIR (808 nm) irradiation. Prior 

studies showed that local transient temperature increases should be kept below 70 °C to 

avoid potential skeletal tissue necrosis.199 The combination of the moderate PTT at 50 °C 

with the ICG-based PDT improved the in vitro inhibition of initial S. aureus adhesion on the 

substrate to nearly 99.7% from the 63% achieved by the moderate PTT alone. Importantly, 

the combinatorial PTT/PDT therapy eradicated S. aureus biofilm pre-formed on the implant 

in vivo with an efficiency of 95%, with the NIR treated implant still exhibiting good 

osteointegration, supporting mitigated negative impact on surrounding tissue. Similarly, Li et 
al.200 used red phosphorous (RP) and in situ generated peroxynitrite (•ONOO−), an 

oxidizing agent lethal towards pathogens, to eradicate MRSA biofilm on titanium surfaces 

via PTT/PDT. Poly(vinyl alcohol), chitosan and polydopamine and nitric oxide (NO)-

releasing S-nitrosuccinic acid (RSNO)-based hydrogel was used to coat and stabilize RP 

deposited on the titanium surface. Under NIR irradiation, the ROS reacted with the NO 

released from RSNO to generate peroxynitrite. The synergistic effects of hyperthermia, ROS 

and peroxynitrite led to the elimination of MRSA biofilm with a 93% efficiency in vitro. In 

addition, the in vivo results validated excellent biofilm eradication from the titanium 

surfaces under NIR irradiation without compromising osteogenesis, supporting the safety of 

the employed PTT/PDT strategy.
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4. Conclusions and Future Direction

The number of bactericidal and anti-fouling surfaces that has been designed and explored for 

anti-infection applications is quickly expanding. This review provides an overview of the 

technical developments in the past 2 decades for these translational efforts. Anti-fouling and 

QS-interfering surfaces have been designed to reduce/inhibit bacterial adhesion, colonization 

and biofilm formation in the first place. Bactericidal surfaces engineered with topographical 

features or stably tethered antibiotics or AMPs have been shown to disrupt bacterial cells 

that come in direct contact with the surface. These strategies, however, do not protect 

surrounding tissues from infections. The combination of anti-fouling/bactericidal surface 

modification with on-demand release of freely diffusing antibacterial agents, triggered by 

the presence of bacteria within the periprosthetic tissue environment, is highly desirable as it 

may provide timely bacterial clearance without suboptimal release of local bactericidal 

agents that could cause drug resistance. For such a design to successfully translate to 

practical uses, however, greater consideration should be given to designing scalable coating 

systems that can efficiently sense and respond to the bacterial presence and release 

bactericidal agents in response to enzymatic activities unique to the pathogen while remain 

stable against non-specific cleavages by host enzymes. Meanwhile, combining surface 

modifications that discourages bacterial colonization/biofilm formation with appropriately 

timed systemic injections of conventional antibiotics has the potential to improve both the 

safety (due to reduced injection dose and/or duration) and efficacy (due to greater 

susceptibility of planktonic bacteria to antibiotics) of the latter. Finally, strategies for 

combating established biofilms, such as photodynamic therapy and local delivery of biofilm 

matrix-degrading enzymes or surface tension-reducing surfactants that induce biofilm 

dispersal,31 may also find synergy with the anti-fouling/bactericidal surface modifications in 

discouraging the recolonization and survival of the remainder/dispersed bacteria. Overall, 

the need for multi-modality strategies32, 201, 202 that take into account of various stages of 

pathogenesis and translational considerations (cost and scalability) while minimizing 

negative impact on periprosthetic host tissues or encouraging implant-tissue integrations are 

increasingly recognized.

To expedite clinical translations, novel implant surface modification strategies should be 

rigorously examined for both short-term and long-term efficacies in preventing or 

eradicating periprosthetic infections using suitable animal infection models that replicate 

clinically relevant scenarios, from the type and inoculation doses of bacteria, design and 

anatomical location of the implant, choice of animals, to the duration and outcome measures 

of the studies. A number of reviews over the past 2 decades on the pros and cons of common 

small (e.g. rodents) and large animal (e.g. rabbits, dogs) models and prosthesis designs for 

evaluating therapeutic strategies against periprosthetic orthopedic infections203–207 will be 

of great values to such study designs. Other considerations include ensuring the 

cytocompatibility and biocompatibility of the implant surface modifications and the safety 

of the physical triggering methods (e.g. ultrasound, photo irradiation, hyperthermia) applied. 

These critical pre-clinical assessments will expedite the successful translation of these 

emerging implant surface modification strategies to combat PJI, not only significantly 

improving patients’ well-being but making a positive social and economic impact.
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Figure 1. 
(A) Anti-fouling or QS-interfering surface modification strategies designed to inhibit 

bacterial adhesion, colonization and biofilm formation. These strategies involve coating 

surfaces with hydrophilic polymers, engineering superhydrophobic nanostructured surface 

topography to emulates the lotus leaf effect or applying coatings that releases agents 

interfering QS. (B) Bactericidal surface modification strategies designed to kill bacteria in 

direct contact with the surface and/or those in its vicinity. These strategies involve 

engineering nanostructured surface topography capable of physically rupturing bacteria, 

covalently tethering bactericidal agents to the surface with stable linkages or linkages labile 

to bacterial enzyme cleavage or pH perturbations, physically encapsulating bactericidal 

agents in surface coatings for passive releases, or applying photothermal/photodynamic 

responsive coatings (e.g. in response to near-infrared, or NIR, irradiation) designed to 

destruct established biofilms.

Ghimire and Song Page 30

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
SEM images of bacteria colonies after 2h on (A) NT, (B) NTS, and (C) TiS, and after 4h (D) 

NT, (E) NTS, and (F) TiS (×10K). Reproduced with the permission from ref 59. Copyright 

2011 Hindawi.
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Figure 3. 
pSBMA grafted from the surface of Ti6Al4V IM pins combined with a single vancomycin 

injection (Ti-pSBMA+VAN) more effectively suppressed S. aureus periprosthetic infection 

in mouse femoral canals than pSMBA coating alone (Ti-pSBMA) or the single systemic 

vancomycin injection alone (Ti6Al4V+VAN). (a) μ-CT axial view of the femur at day 21 

(pins contoured out). (b) μ-CT quantitation of bone volume fraction (BVF), bone mineral 

density (BMD) and cortical thickness (C. Th) at day 21. *P<0.05, **P<0.01, ***P<0.001. 

All femurs were inoculated with 40-CFU Xen 29 prior to pin insertion. Reproduced with the 

permission from ref 93. Copyright 2020 American Chemical Society.
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Figure 4. 
(A-D) SEM and fluorescence images of S. aureus attached for 24 h on the control (top) and 

black titanium (bottom) surfaces. Insets in panels A and C: enlarged views of live and dead 

bacteria on the respective surfaces. Reproduced with the permission from ref 105. Copyright 

2017 Springer Nature.
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Figure 5. 
Schematic illustration of possible antibacterial mechanisms on the surface of Ti6Al4V5Cu 

implants. Ti6Al4V5Cu releases Cu ions. The released Cu ions could accumulate in the cell 

membrane affecting membrane permeability, disrupt the activity of respiratory chain, enter 

bacterial cells to generate ROS, and disrupt the gene replication of S. aureus. Reproduced 

with the permission from ref 146. Copyright 2015 Wiley Publication.
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Figure 6. 
(a) IVIS images of mouse femurs injected with 40 CFU Xen-29 S. aureus and inserted with 

IM pins with PEGDMA-Oligo-Vanco or PEGDMA-Oligo coatings at 2, 7, 14, and 21 days. 

(b) Quantification of longitudinal bioluminescence signals of mouse femurs injected with 40 

CFU Xen-29 S. aureus and inserted with the different hydrogel-coated pins at 2, 7, 14, and 

21 days (n = 14). (c) S. aureus recovery from explanted pins at 21 days (n = 11). (d) 3D μCT 

axial images of the distal femoral region 21 days after the insertion of Ti6Al4V IM pins 

(pins excluded during contouring) with different hydrogel coatings, with or without the 

inoculation of 40-CFU Xen-29 S. aureus. Error bars represent standard deviations. * p ≤ 

0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 (two-way ANOVA for part b; Student’s t-
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test for part c). Reproduced with the permission from ref 21. Copyright 2019 American 

Chemical Society.
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