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               Implant-associated infections 
 Implant-associated infections are a signifi cant healthcare 

problem and a major cause of post-surgical morbidity and 

mortality in patients. Over half of the two million cases of 

nosocomial infections that occur in the United States annu-

ally are associated with indwelling devices.  1,2   Catheters alone 

account for hundreds of thousands of infections each year 

resulting in a signifi cant cost and burden to the healthcare 

system.  3   Although less common than catheter-based blood-

stream infection, infections established on surgical implants 

and devices are considerably harder to treat because they 

require longer antibiotic regiments and repeated surgical 

procedures.  4   In the case of orthopedic trauma surgeries, up 

to 10% of fracture fi xators and 85% of external fi xators typi-

cally become infected and have to be managed with several 

weeks of systemic antibiotic therapy.  5–7   Surgical treatments 

usually involve the removal of the infected nail or pin fol-

lowed by insertion of a replacement. Infection of implanted 

devices with particularly virulent multiresistant strains, such 

as methicillin-resistant  Staphylococcus aureus  (MRSA), may 

necessitate multiple, and often traumatic, surgical procedures 

that can be psychologically devastating in older patients, with 
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additional risk and cost. Furthermore, infections are likely to 

play a larger role than is currently appreciated because low-

level infections are diffi cult to detect radiographically and 

because biofi lm bacteria resist culture, hindering traditional 

detection methods.  8,146

 The treatment of device-associated infections is far more 

complex than the simple administration of antibiotics. When 

an implant is inserted into the host tissue, small biomolecules, 

including extracellular matrix (ECM) proteins (e.g., fi bronectin, 

fi brinogen, and collagen), adsorb onto the material surface to 

form a conditioned protein layer conducive to the adherence 

of free-fl oating planktonic bacteria. The adhered bacteria then 

rapidly proliferate, recruit other cells, and produce sticky secre-

tions to form dense three-dimensional communities of attached 

(sessile) cells called biofi lms  1,9   (  Figure 1  ). Antibiotics and other 

antimicrobial compounds show greatly reduced antimicrobial 

activity against organisms living within biofi lm communities. 

Consequently, bacterial biofi lms are notoriously diffi cult to 

eradicate.     

 Despite decades of prophylactic antibiotic use, high 

infection rates continue, particularly with the emergence of 

lethal multi-drug-resistant strains. This is due, in part, to the 
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remarkable ability of bacteria to mutate and acquire resistance 

genes from other organisms, thereby developing resistance 

to an antimicrobial drug (because selective pressure favors 

organisms that are resistant to the drug’s action). In fact, anti-

microbial resistance has become a rapidly growing problem 

of national importance. Almost all strains of  Staphylococcus 

aureus  ( S. aureus ) in the United States are now resistant to 

penicillin, with many also resistant to newer methicillin-related 

drugs.  10   Strains of  S. aureus  with decreased susceptibility to 

vancomycin, for many years the only uniformly effective 

treatment, have also been reported.  11   ,   12   If this problem is left 

unchecked, effective and dependable treatment of infections 

may no longer be possible. Clearly, there is a pressing clini-

cal need for novel approaches to prevent and treat antibiotic-

resistant infections.   

 Therapeutic strategies 
 A large variety of molecules and macromolecules, both 

organic and inorganic, have been investigated 

as antimicrobial coatings that are capable of 

limiting or preventing bacterial growth and 

colonization on a surface. These coatings can 

be broadly classifi ed as either taking an active 

or passive route toward preventing infection 

(  Figure 2  ). Bactericidal and bacteriostatic 

agents have been extensively explored as 

active components of infection-resistant coat-

ings. Bactericidals (e.g., many antibiotics, anti-

septics, disinfectants) directly kill pathogens, 

whereas bacteriostatic agents inhibit bacteria 

growth and reproduction to allow the immune 

system to clear them from the body. An alter-

native, and more passive, approach is to block 

adhesion itself to the implant by altering its 

  
 Figure 1.      Schematic representation of biofi lm development and progression. This process 

occurs in fi ve stages: (1) Individual free-fl oating (planktonic) cells populate the surface. 

(2) Extracellular polymeric substance is produced, and attachment becomes irreversible. 

(3 and 4) Biofi lm architecture develops and matures. (5) Detachment and dispersion of 

individual cells from the biofi lm occur to repeat the process. Adapted from Peg Dirckx and 

David Davies, 2003. Center for Biofi lm Engineering, Montana State University.    

  
 Figure 2.      Prevention of microbial colonization of implant can be achieved through the use of 

(a) “active” bactericidal and bacteriostatic coatings that actively impair pathogens (spheres 

and rods) and (b) “passive” bacteriophobic coatings that block microbial adhesion onto 

surfaces.    

surface properties. The principal function of 

these adhesion-resistant coatings is to keep 

bacteria numbers suffi ciently low to impede 

the development of a biofi lm so that the host 

defensive mechanism can be effective.       

 Traditional approaches 
 Prevention and treatment of post-surgical infec-

tions following implantation typically involve 

systemic antibiotic prophylaxis. Antibiotics are 

a particular class of antimicrobials that dem-

onstrate potent antagonistic activity against 

selective microorganisms. However, systemic 

administration of antibiotics has the disadvan-

tages of relative low drug concentration at the 

target site as well as potential toxicity upon 

tissue accumulation. Thus, starting from the 

introduction of antibiotic-loaded bone cement 

in the 1970s, there has been growing interest 

in localized antibiotic prophylaxis through the 

use of antibiotic-releasing surface coatings.  13   In 

the past decade alone, antibiotic-laden silica sol-gels, porous 

hydroxyapatite (HA), and biodegradable polylactide coatings 

have been investigated as means to deliver broad spectrum anti-

biotics in a controlled fashion from titanium (Ti) implants.  14   –   16   

Although these coatings exhibit some infection prophylaxis, they 

release their antibiotic payloads in a matter of hours to days, far 

too quickly for long-term clinical effi cacy. Efforts have been 

made, therefore, to covalently immobilize antibiotics directly 

on implant surfaces. Vancomycin-grafted Ti has been shown to 

be stable in aqueous solutions and retains antibacterial activity 

against  S. aureus  and  Staphylococcus epidermidis (S. epidermi-

dis)  for at least 11 months, even upon multiple challenges.  17   –   19   

It is important to note that the covalently bound vancomycin is 

not released from the surface upon exposure to bacteria, which 

may contribute to long-term bactericidal activity and possibly 

circumvent side effects caused by drug leaching into body fl uids 

and tissues. However, the  in vivo  effi cacy of covalently bonded 

antibiotics on implants has yet to be conclusively determined. 
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 These strategies that involve the administration of antibi-

otics directly to the implant site may be simple and straight-

forward, but there are still many outstanding issues that limit 

their widespread adoption. It has been challenging to optimize 

a delivery system capable of sustained antibiotic release over 

therapeutically relevant periods (i.e., weeks to months), all 

the while maintaining antibiotic levels above the minimum 

inhibitory concentration (MIC). Long-term exposure to sub-

lethal doses of antibiotics has been linked to the development 

of drug-resistance in bacteria.  20   ,   21   Due, in part, to the rapidly 

escalating threat of antimicrobial resistance, non-antibiotic 

approaches have received much attention in recent years. 

The remainder of this article reviews the current status of 

non-antibiotic surface treatments against implant-associated 

infections, with an emphasis on treatment methods that are 

highly versatile and easily administered onto implant mate-

rial surfaces.  

 Exploring alternative antimicrobials 
 With the inherent diffi culties of maintaining prolonged anti-

microbial activity and the diminishing effectiveness of many 

systemic antibiotics, various other classes of antimicrobials, 

including silver ions,  22   nitric oxide,  23   bioactive antibodies,  24   

and naturally occurring biocidal compounds,  25   are now being 

considered as promising alternatives. These non-antibiotic com-

pounds, which include antiseptics and disinfectants, exhibit 

bactericidal or bacteriostatic activity against bacteria, and, in 

some cases, work in synergy with other existing antimicrobials 

to enhance effi cacy. 

 Inorganic dopants are attractive alternatives due to their 

broad bactericidal activity, excellent biocompatibility, adequate 

stability, and reduced likelihood of antimicrobial resistance.  21   ,   26   

Among the various dopants, silver (Ag) has been the most 

widely investigated for use as infection-resistant implant coat-

ings for a number of reasons. Silver shows long-lasting effi cacy 

against Gram-positive, Gram-negative, and some drug resistant 

organisms, even at low ppb concentrations.  22   ,   27   The relative 

stability of Ag also allows it to be introduced by many estab-

lished techniques such as physical vapor deposition (PVD) and 

magnetron sputtering. Coatings have been shown to effectively 

inhibit  in vitro  bacterial adhesion and growth with minimal 

toxicity.  28   –   30   Titanium/Ag hard coatings introduced via PVD 

showed signifi cant antimicrobial potency against  S. epidermidis  

and  Klebsiella pneumoniae (K. pneumoniae)  strains. At the 

same time, no cytotoxic effects of the coatings on osteoblast 

(bone-forming cell) and epithelial (cells that line tissue surface) 

cells were observed.  31   Polymeric urinary catheters impregnated 

with Ag showed substantial reduction of  S. epidermidis  adhe-

sion and proliferation on the surface of the catheter. Biofi lm 

production was also substantially reduced by the elution of free 

Ag +  ions from the catheter matrix.  32   Despite encouraging results 

 in vitro , Ag coatings have shown poor antibacterial activity 

 in vivo   33   and have been found to be considerably less effective 

than antibiotic coatings at reducing microbial colonization in 

an analysis of clinical data.  34   The increased use of Ag itself has 

also raised some concerns about the development of silver-

resistant bacterial strains. 

 Many natural and naturally derived substances also possess 

some inherent antimicrobial activity and may play a part in 

host defense against parasites or infection. A comprehensive 

study by Inoyue et al. on the antibacterial activity of 14 plant-

derived essential oils in the gaseous state against  Haemophilus 

infl uenzae ,  Streptococcus pneumoniae ,  Streptococcus pyogenes , 

and  S. aureus  suggests that a maximal vapor level of 0.1–0.9 

mg/L in air could suppress the growth of the bacterial pathogens 

of respiratory infection.  35   As judged from minimum inhibi-

tory concentration values, essential oils containing aldehyde 

or phenol as a major constituent (e.g., cinnamon bark, lemon-

grass, and thyme oils) were the most active, followed by those 

containing alcohol components. Farnesol, a natural terpene 

alcohol, has been shown to inhibit biofi lm formation and to 

compromise bacterial membrane integrity in a number of strep-

tococcal and staphylococcal strains.  36   In fact, farnesol concen-

trations above 200  μ M showed the same or higher bactericidal 

effect as vancomycin at peak serum conditions in both plank-

tonic and biofi lm  S. epidermidis  cells.  37   Such molecules have 

also been adapted for use as antibacterial surface treatments. 

Polyterpenol thin fi lms were prepared from terpinen-4-ol, 

a monoterpene alcohol constituent of tea tree oil with known 

antibacterial properties, using radio frequency plasma-enhanced 

chemical vapor deposition (RF-PECVD).  38   Polyterpenol fi lms 

on glass substrates demonstrated an inhibitory effect on the 

growth of  P. aeruginosa , which was attributed to the presence 

of intact terpinen-4-ol on the surface of the thin fi lms. Coat-

ings of berberine alkaloids, cationic antimicrobials produced 

by a variety of medicinal plants, have showed an inhibitory 

effect on  S. epidermidis  adhesion and biofi lm formation on the 

surface of titanium alloy disks.  39   More signifi cantly, berberine 

has been found to have an additive effect with ampicillin and 

a synergistic effect with oxacillin against various tested strains 

of MRSA and could potentially restore the effectiveness of 

 β -lactam antibiotics against MRSA.  40   

 Antimicrobial peptides (AMPs), or host defense peptides, 

are another group of naturally occurring molecules produced as 

part of the innate immune response.  41   ,   42   The best peptides show 

activity against a broad spectrum of Gram-negative and Gram-

positive bacteria, including some of the most diffi cult to treat, 

antibiotic-resistant pathogens.  43   ,   44   Magainin 2 greatly reduced 

the viable cell counts of several tested organisms ( S. aureus, 

E. coli, P. aeruginosa, K. pneumoniae, Bacillus subtilis, Candida 

albicans,  and  Aspergillus niger ) when immobilized on polymer 

surfaces.  45   Besides their excellent antimicrobial activity, the 

ability of AMPs to rapidly kill bacteria and the relative dif-

fi culty with which bacteria develop resistance are two reasons 

why these peptides and their mimics are attractive alternatives 

to antibiotics. However, these natural “peptide antibiotics” 

are expensive to prepare and diffi cult to produce on a large 

scale, hampering their widespread therapeutic acceptance.  41   

In response to this, a new class of antimicrobial polymers that 

mimics the physical and biological properties of AMPs, while 
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showing ease of preparation and improved stabilities, has 

been developed.  46   ,   47   DeGrado et al. fi rst reported the de novo 

design of antibacterial β-peptides, short polymers of β-amino 

acids. This class of formed secondary structures is analogous 

to those found in proteins composed of α-amino acids but with 

increased resistance to enzymatic degradation. Tew et al. later 

reported selective antimicrobial activity and low toxicity with 

a series of polymer-based oligomers. These classes of facially 

amphiphilic arylamide and phenylene ethynylene oligomers 

showed potent antimicrobial activity against a large panel of 

pathogenic bacteria with low MIC values.  48   ,   49   ,   147   

 Other non-antibiotic-based approaches include the impreg-

nation of chitosan nanoparticles into materials such as bone 

cement  50   and the development of coatings that release nitrous 

oxide (NO).  51   ,   52   Chitosan, a biopolymer derived from shells 

of crustaceans, demonstrates low toxicity toward mammalian 

cells as well as moderate antimicrobial properties, while NO 

is involved in chemical reactions that produce highly reactive 

species such as peroxynitrite (-OONO) that have been impli-

cated in bacterial membrane damage. Membrane-destabilizing, 

branched polycations chemically grafted to silica nanopar-

ticles and silicon rubber surfaces have also been shown to 

kill up to 99% of bacteria on contact.  53   ,   54   Tiller et al. reported 

that covalent attachment of  N -alkylated poly(4-vinylpyridine) 

groups ( N -alkyl PVP) to glass surfaces made those surfaces 

lethal on contact to both Gram-positive and Gram-negative 

microorganisms. This work has since been extended to a num-

ber of other commonly employed medical polymers, includ-

ing polyethylene, polypropylene, nylon, and poly(ethylene 

terephthalate).  55   ,   56   

 These alternative antimicrobial agents offer exciting pos-

sibilities in the face of the declining effi cacy of conventional 

antibiotics owing to the rise of antibiotic-resistant organisms. 

A surface treatment utilizing a combination of antibiotics and 

other antibacterial agents could potentially offer a means to 

enhance overall therapeutic effi cacy while minimizing the 

side effects of each agent. Nonetheless, better immobilization 

strategies and suitable coating materials for sustained delivery 

of these non-antibiotic agents are still urgently needed. More 

comprehensive studies to elucidate tissue toxicity and long-term 

biocompatibility within the body will also be essential for their 

eventual clinical acceptance.    

 Adhesion-resistant coatings: A passive 
approach 
 Anti-adhesive coatings provide a relatively simple and poten-

tially cost-effective means to reduce bacteria colonization of a 

surface without the need for antibiotics or other antibacterial 

agents. Implant-based infections develop primarily through 

the attachment of bacteria, which may already be present in 

the patient’s skin or body, or introduced to the implant site 

through the procedure itself. An adhesion-resistant coating, by 

repelling bacteria from the surface, can prevent the develop-

ment of an established biofi lm that may otherwise challenge 

the host defense mechanisms.  57   

 The surface characteristics of implants such as surface mor-

phology, roughness, wettability, and chemistry mediate the 

formation and properties of a protein adlayer. This resultant 

conditioning fi lm, in turn, infl uences the ensuing bacteria adhe-

sion and biofi lm formation.  21   An adhesion-resistant surface 

can be obtained by altering these surface characteristics (see 

the Renner and Weibel article). For example, surface topog-

raphy was shown to infl uence the extent of staphylococcal 

adhesion on polyurethane central venous catheters (CVCs). 

CVCs with rougher surfaces (as determined from profi le peak 

values using atomic force microscopy and scanning electron 

microscopy) exhibited signifi cantly higher bacteria colonization 

than their smooth counterparts.  58   This relationship holds true for 

a number of other substrates, including polymethyl methacry-

late,  59   titanium,  60   acrylic resin, and silicone, although only when 

the root-mean-square roughness was higher than 200 nm.  61   ,   148   

Other physical properties, such as substrate resistivity  62   and 

crystallinity,  63   have also been related to antibacterial activity. 

Liu et al. reported another novel approach to inhibit bacte-

rial adhesion, whereby a 10  μ A electric current was applied to 

polymeric catheters pre-doped with electroconductive carbon 

particles. A zone of inhibition was observed around the cathode 

for both  S. epidermidis  and  S. aureus , which was attributed to 

the establishment of electrostatic repulsions between the neg-

atively charged bacterial cell wall and the polymer.  64   

 The infl uence of specifi c surface functional groups on bac-

terial adhesion has also been extensively studied. It has been 

widely accepted that electrostatic interactions play an important 

role in the adhesion process, with surface charge and hydrophilic-

ity strongly infl uencing the extent of microbial adhesion (see the 

Renner and Weibel article). Harkes and co-workers examined the 

adhesion of three  E. coli  strains on six poly(methacrylates) with 

varying hydrophobicity and surface charge.  65   Signifi cantly more 

bacteria adhered to positively charged surfaces than to uncharged 

hydrophilic and negatively charged substrates. In another study 

by Yang et al., the grafting ratio of acrylic acid onto polypro-

pylene fabric was found to infl uence bacterial adhesion.  66   Cell 

numbers decreased with increasing acrylic acid grafting con-

tent, indicating that increased hydrophilicity and surface charge 

enhanced antibacterial activity. Similarly, Baumgartner and co-

workers found that the introduction of hydrophilic phosphonate 

groups in polyurethanes, by the use of glycerophosphorylcholine 

as a polymer chain extender, resulted in substantially reduced 

 S. aureus  attachment on surfaces.  67   These experimental fi ndings, 

plus others on the hydrophobic nature of bacterial surfaces, sug-

gest that hydrophilic polymer coatings could present a promising 

strategy for reducing microbial adhesion on surfaces.  68   In the 

past two decades, various coating molecules and techniques have 

been developed and explored to generate hydrophilic bacteria-

resistant implant surfaces.   

 Hydrophilic polymer coatings 
 Natural or naturally derived polymers with inherent hydrophi-

licity are obvious candidates for use as anti-adhesive surface 

coatings. Hyaluronic acid (HA), a highly hydrated natural 
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polysaccharide with excellent lubricity and bio-

compatibility, has been shown to be inhibitory 

to bacterial growth.  69   Hyaluronan coatings were 

determined to greatly reduce  S. epidermidis  

adhesion on polyurethane catheters.  70   Heparin 

has also been extensively investigated as an anti-

adhesive vascular catheter coating both  in vitro  

and  in vivo , with mixed results. Heparin imparts 

an overall negative charge to catheter surfaces, 

while at the same time reducing fi bronectin 

deposition and has had some success at reduc-

ing thrombosis and microbial colonization.  71   –   73   

However, a recent study highlighted the inability 

of heparin coatings to prevent bacteria adherence 

on ureteral stents, which suggests that the anti-

adhesiveness of heparin may be limited to certain 

microorganisms and substrates.  74   

 Synthetic hydrophilic polymers have been 

found to be excellent alternatives to natural 

macromolecules because of the ability to eas-

ily control and fi ne-tune their physicochemical properties. A 

polyurethane catheter utilizing a hydrophilic poly- N -vinylpyr-

rolidone (PVP) coating (Hydrocath) has been commercially 

available since the early 1990s; the reduction in bacterial 

attachment to the hydrated surface of this polymer has been 

well-documented.  75   –   77   Polyacrylamide and phospholipid-based 

coatings also have received much attention because they are 

hydrophilic polymers or have a hydrophilic region that yields 

a hydrated interface.  78   ,   79   Of the various types of hydrophilic 

polymer coatings that have been studied, poly(ethylene glycol) 

(PEG) and its derivatives have received the most attention.  80   –   82   

This particular polymer has been shown to be highly effective at 

limiting protein fouling and cell adhesion onto coated surfaces. 

Although the exact mechanism is unclear, it has been suggested 

that at suffi ciently high densities, PEG coatings form hydrated 

“brushes” that prevent proteins from penetrating the substrate 

surface while shielding secondary adsorption onto the outer sur-

face.  83   Heuberger et al. examined this subject in greater detail.  84    

 Oligo- and poly(ethylene glycol)-based coatings 
 Mori et al. fi rst investigated PEG as an anti-thrombogenic surface 

coating.  85   Poly(ethylene oxide) (PEO) chains of various chain 

lengths were photograft co-polymerized onto poly(vinyl chlo-

ride) (PVC) surfaces and shown to reduce the adsorption and 

denaturation of blood components. In the three decades since, 

marked progress has been made in the development of PEG-

based coating techniques for anti-microbial applications. These 

can be broadly divided into two distinct approaches: covalent 

attachment or passive adsorption. Covalent strategies rely on 

the formation of permanent chemical bonds to immobilize a 

reactive PEG functionality on the surface. Adsorptive strategies, 

on the other hand, involve chemisorptive or non-covalent (e.g., 

electrostatic and hydrophobic interactions) means to preferen-

tially anchor PEG chains onto a surface.   Figure 3   highlights 

representative examples of each modifi cation approach.     

  
 Figure 3.      Representative examples of the three dominant strategies for the immobilization 

of poly(ethylene glycol) (PEG) onto biomaterial surfaces. Covalent strategies rely on 

the formation of permanent chemical bonds, whereas chemisorptive and physisorptive 

strategies involve adsorptive mechanisms to preferentially anchor PEG chains onto a 

surface. PEO, poly(ethylene oxide); PPO, poly(propylene oxide).    

 Covalent grafting of PEG onto a surface has been well-

studied since the early 1980s and continues to be extensively 

used for PEGylation of surfaces. This approach calls for spe-

cifi c chemical reactions to occur between terminal functional 

groups (e.g., epoxide, amine, anhydride, or hydroxide) on 

PEG and the surface groups present on the substrate, result-

ing in the formation of strong covalent bonds. Roosjen and 

co-workers applied PEO chains onto glass slides by reacting 

surface silanol groups with vinyl-terminated polymers in a 

polymer melt to yield covalent silyl-ether bonds.  86   ,   87   This 

method has been shown to yield high surface grafting densi-

ties, where the PEO chains extend out into aqueous medium, 

adopting a brush-like conformation. PEO-modifi ed surfaces 

exposed to various bacteria strains over a 48-hour period 

yielded more than a 98% reduction in bacterial adhesion for 

most bacteria strains tested, with a lesser effect on the more 

hydrophobic  P. aeruginosa  strain. 

 Oftentimes, the substrate to be coated lacks the appropriate 

surface reactive groups for PEG grafting. As a result, chemical 

procedures and surface pre-treatments are commonly employed 

to introduce the necessary functionalities—a process that could 

require multiple steps. Park et al. utilized one such approach 

to covalently graft PEG chains (molecular weight, Mw, 1000 

and 3400) onto polyurethane fi lms.  88   Polyurethane was fi rst 

treated with hexamethylene diisocyanate (HDI) in toluene 

with stannous octoate at 40°C for one hour to introduce the 

appropriate reactive groups for further functionalization with 

PEG. Surfaces modifi ed with the longer PEG minimized bac-

teria adhesion regardless of culture medium (tryptic soy broth, 

brain heart infusion, and human plasma). In another multi-step 

approach, PEG-aldehyde was grafted onto poly(ethylene tere-

phthalate) (PET) substrates using an intermediate branched 

poly(ethylenimine) (PEI) linker layer containing free reac-

tive amino groups for subsequent PEG immobilization. PEI 

was covalently immobilized onto PET after the generation of 
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reactive hydroxyl and carboxyl groups through a wet-chemical 

method.  89   The PET−PEG surface displayed a fourfold decrease 

in bacterial adhesion after fi ve hours. 

 Glow discharge (plasma) deposition provides another direct 

method to lay down a PEG-like coating onto a surface. Highly 

reactive plasma is bonded directly to the surface to yield a thin 

fi lm approximately 10–30 nm thick. Lopez et al. fi rst reported 

the use of a tetra(ethylene glycol) dimethyl ether (TEGDME), 

also known as tetraglyme, vapor to generate a fouling-resistant 

ethylene glycol-rich surface coating on glass.  90   Others have 

expanded this technique to other substrates and have also 

demonstrated the ability of oligoglyme coatings to effectively 

inhibit bacteria adhesion.  81   ,   91   In one study, coated surfaces saw 

a reduction in  P. aeruginosa  colonization by 99% relative to 

uncoated controls. Radio frequency plasma deposition can be 

particularly useful and attractive in the preparation of large 

area fi lms or the modifi cation of substrates with more complex 

three-dimensional structures. 

 Unlike covalent grafting, adsorptive strategies such as 

chemisorption and physisorption rely on surface modifi cation 

through adsorption of the coating molecule from an aqueous 

solution. Since adsorptive processes can occur under compar-

atively mild conditions, this approach may be better suited for 

rapid and robust PEGylation of biomaterial surfaces. One of 

the most widely used chemisorptive approaches relies on PEG-

terminated self-assembled monolayers (SAMs). Alkanethiols 

consisting of an alkyl tail and a S-H head group have been func-

tionalized with PEG and used to create an anti-adhesive SAM 

coating on gold (Au) and silver (Ag) through the formation of 

strong S–Au or S–Ag bonds.  92   ,   93   TEG-terminated SAMs on Au 

reduced  E. coli  biofi lm formation by 99.5% for one day com-

pared to the biofi lm formation on a bare gold surface.  94   When 

surfaces were patterned with regions consisting of methyl-

terminated SAMs surrounded by TEG-terminated SAMs, 

biofilms were observed only on methyl-terminated pat-

terns. However, the thiol-metal bond is specifi c to the noble 

metals, thus limiting the substrate usage of alkanethiolate 

SAMs. PEG-silane SAMs have proven to be a good alterna-

tive for modifi cation of non-metallic oxides and potentially 

greater use for medical devices. Yang et al. modifi ed glass 

surfaces through silylation of surface silanol groups using 

PEG-modifi ed trimethoxysilanes.  95   Cox et al. functionalized 

silicon dioxide (SiO 2 ) wafers with  N -(triethoxysilylpropyl)-

 O -polyethylene oxide urethane (TESP) SAMs.  96   A better 

understanding of these specifi c chemistries is imperative to 

the development of new modifi cation strategies and more 

robust surface coatings. 

 Messersmith  97   and others  98   ,   99   have reported another unique 

chemisorptive approach based on proteins produced by marine 

mussels that allow strong adhesion to virtually any inorganic 

or organic surface. Lysine and catechol 3,4-dihydroxyphe-

nylalanine (DOPA) residues were identifi ed in high amounts 

at the adhesion interface and found to be responsible for the 

adhesive and cross-linking characteristics of these proteins. 

Linear monomethoxy-terminated PEG conjugated to 1–3 

DOPA residues (mPEG-DOPA) was found to readily adsorb 

onto Ti surfaces through the formation of a coordinated DOPA-

TiO 2  bond, rendering modifi ed surfaces resistant to proteins, 

cells, and bacteria.  97   ,   100   Model surfaces coated with mPEG-

DOPA strongly resisted both urinary fi lm formation and bac-

terial attachment  in vitro .  101   Subsequently, Fan et al. reported 

the use of a DOPA mimetic initiator as an anchor for surface 

initiated atom transfer radical polymerization of mPEG onto 

Ti and stainless steel substrates. This approach resulted in a 

thicker and denser polymer brush layer with improved anti-

fouling properties.  102   More recently, Lee et al. demonstrated 

the use of multiple catechols tethered on the backbone of PEG 

(versus end-functionalization) to obtain a signifi cant enhance-

ment of PEGylation capabilities on various types of mate-

rial surfaces, including metals, oxides, and polymers such as 

polytetrafl uoroethylene.  103   

 Physisorption, in contrast to chemisorption, is driven 

by non-covalent electrostatic and hydrophobic interactions 

between the exposed surface and the adsorbed species. The 

ease of application and relatively short coating times make 

this particular approach highly attractive for use in the clinic. 

Triblock copolymers of poly(ethylene oxide)-poly(propylene 

oxide)-poly(ethylene oxide) (PEO-PPO-PEO) are commonly 

used to passivate surfaces against non-specifi c adsorption and, 

in some cases, to tether biological recognition ligands for added 

surface bioactivity.  104   ,   105   The central PPO block adsorbs strongly 

via hydrophobic interactions to form a polymer brush layer 

on hydrophobic base substrates. These coatings effectively 

resist initial bacterial adhesion and are relatively stable even 

under fl uid shear in physiological environments.  106   ,   107   Marchant 

and co-workers developed surfactant polymers consisting of a 

poly(vinyl amine) backbone with hydrophilic PEO and hydro-

phobic hexanal (Hex) side chains (PVAm/PEO:Hex).  108   These 

polymers undergo spontaneous surface-induced assembly to 

form a hydrophilic PEO coating on hydrophobic polyethylene 

and highly oriented pyrolytic graphite substrates. Suppression 

of  S. epidermidis  adhesion was achieved for all modifi ed sur-

faces over the shear range of 0–15 dyn/cm 2 . 

 Poly-L-lysine (PLL) has been extensively characterized for 

use as a physisorptive anchor to graft PEG onto hydrophilic sub-

strates. PLL-grafted-PEG (PLL-g-PEG) rapidly adsorbs through 

electrostatic attraction onto negatively charged surfaces, such as 

metal oxides. These molecules orient themselves with the cat-

ionic lysine backbone resting on the anionic surface and multiple 

grafted PEG chains extending into the aqueous environment to 

create a fully hydrated PEG brush layer. Textor and co-workers 

investigated the ability of PLL-g-PEG to reduce adhesion of 

implant-associated pathogens on Ti. An 89–93% reduction in 

 S. aureus,  depending on the duration of incubation and length of 

the PEG chain employed, was reported on coated surfaces.  109   ,   110   

More recently, bi-functional PLL coatings containing both an 

anti-adhesive PEG moiety and a cell-adhesive RGD (Arginine-

Glycine-Aspartic acid) tripeptide were developed. Bacterial 

adhesion remained minimal even when mammalian cell-binding 

was recapitulated on these coated Ti surfaces.  111   
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 The adsorptive approaches just detailed present a simple and 

rapid means to modify biomaterial surfaces without the need for 

specifi c chemical reactions requisite for covalent modifi cation. 

For instance, stainless steel stents modifi ed via dip-coating in an 

aqueous PLL-g-PEG solution for a mere 30 s still demonstrated 

reasonable  in vivo  effi cacy against restenosis.  112   Additionally, 

the relatively mild reaction conditions for the formation of sur-

face bonds are compatible with sensitive functional groups and 

biological macromolecules such as polypeptides. However, the 

stability of bonds between the adsorbed species and the surface 

can be compromised over time by competing adsorptive and 

degradative processes, particularly in biological fl uids, resulting 

in eventual desorption and loss of the surface coating. 

 In recent years, several research groups have turned their 

interest to the identifi cation of polypeptide sequences that bind 

strongly to a given material. These peptides, by acting as a 

physisorptive anchor, offer a novel way to immobilize biomol-

ecules and other functional moieties on material surfaces. Using 

combinatorial phage and cell surface display techniques, high 

affi nity polypeptides binders have already been identifi ed for 

several classes of materials, including metals and metal oxides 

(e.g., Au, Ti, Pt, SiO 2  ZnO 2 ),  
113   –   116   natural and synthetic poly-

mers,  117   ,   118   and even specifi c biological cells  119   and tissues.  120   ,   121   

These high throughput screening methods are extensively used 

in the investigation of protein-protein, protein-peptide, and 

protein-DNA interactions, and have been instrumental to the 

process of drug discovery.  122   –   125   

 The development of a library of material-binding polypep-

tides would be extremely useful, since it would offer researchers 

a means to easily modify virtually any material of interest, inor-

ganic or otherwise. The compositions of the selected polypep-

tides could also provide valuable insight into the residues and 

motifs that contribute greatly to binding affi nity and specifi c-

ity on a given material. These data, combined with additional 

molecular modeling and bioinformatics screens, could yield 

a wealth of information to allow for rational 

design of better and improved peptide anchors 

for surface modifi cation. 

 Kenan and co-workers performed a series of 

phage display screens to identify polypeptides 

that bind strongly to polystyrene (PS) and Ti, 

two commonly used implant materials.  115   ,   126   

Polypeptides were subsequently assayed for 

binding affi nity to their targets and for cross-

binding to other materials. Peptides with the 

highest binding affi nity and lowest cross-reac-

tivity were then coupled to linear PEG (Mw 

3400) and used to coat PS and Ti substrates 

(  Figure 4a  ). Peptides spontaneously adsorbed 

from a dilute, aqueous solution onto substrates 

with the attached PEG chains extending into 

solution to form a non-fouling brush layer. 

Coated surfaces saw a signifi cant reduction in 

 S. aureus  attachment and biofi lm formation in 

the fi rst 16 hours of exposure as compared to 

  
 Figure 4.      (a) Schematic drawing of a PEGylated-peptide anchor, TBP-PEG, for the facile 

modifi cation of surfaces; PEG, poly(ethylene glycol); TBP, titanium binding peptide. (b) 

Evaluation of  S. aureus  biofi lm formation in response to various surface coatings using 

(top) a crystal-violet colorimetric assay and (bottom) direct phase contrast imaging. Scale 

bar = 35  μ m. ( n  = sample size = 3, * p  < 0.01,  p  is the  p -value). OD 595 , optical density 

measured at 595 nm. Adapted from Reference 127.    

uncoated surfaces and surfaces coated with non-PEGylated pep-

tides  118   ,   127   ( Figure 4b ). In a subsequent study, PEGylated-peptide 

anchors containing two and four repeats of the Ti-binding pep-

tides were synthesized and evaluated for bacteria resistance.  128   

Not surprisingly, tetravalent analogues showed the greatest 

 S. aureus  inhibition as well as signifi cantly improved serum 

stability. These results suggest that a cooperative multivalent 

attachment strategy could be used to obtain more robust and 

long lasting coatings with affi nities closer to those of ideal 

covalent bonds. The modularity of this approach, whereby two 

or more separate domains are assembled together to create a 

multifunctional coating, makes it an extremely versatile plat-

form for surface modifi cation. In support of this multifunctional 

coating idea, other functionalities besides PEG have been con-

jugated to these peptide anchors, including the cell-adhesive 

ligand RGD,  115   fl uorophores,  129   and enzymes.  130   These types 

of peptide coatings can be readily applied to Ti surfaces under 

mild conditions and demonstrated functionality, thereby lending 

this platform to the idea of a generalized one-step approach to 

device modifi cation.        

 Cross-linked PEG coatings 
 In contrast to previously introduced PEG grafting strategies, 

which typically rely on end point attachment of polymer chains 

to surfaces, new methods have been developed to obtain 

thicker and denser PEG coatings for improved coating stabil-

ity and durability. Elbert and co-workers used larger polymer 

aggregates (microgels) to achieve thin PEG hydrogel coatings 

on surfaces. A single incubation of the surface with a microgel 

solution reduced non-specifi c cell adhesion to an extent that 

was much greater than 20 layers of PEG applied via a covalent 

layer-by-layer method.  131   ,   132   Another approach involves the 

grafting of interpenetrating networks of a PEG to incorporate 

larger amounts of polymer onto the material surfaces.  133   ,   134   

A thin cross-linked PEG-based hydrogel coating (OptiChem) 
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has since been introduced commercially and 

has shown promising  in vitro  and  in vivo  effi -

cacy. OptiChem-coated silicone discs remained 

effective against bacterial adhesion upon  in 

vivo  re-implantation, and no bacteria were 

harvested from coated discs, demonstrating 

the effi cacy of the coating to resist biofi lm 

formation.  135   ,   136     

 Polyelectrolyte multilayer fi lms 
 The physisorptive approach has been further 

extended to the design of multilayer fi lms 

formed by the layer-by-layer (LbL) deposition 

of polyelectrolyte fi lms of alternating charge 

(  Figure 5  ). Boulmedais et al. incorporated 

PEG into thin polyelectrolyte fi lms on silica 

surfaces through the sequential electrostatic 

deposition of PLL and poly(L-glutamic acid)-

grafted PEG (PGA-g-PEG).  137   Multilayers 

topped with three PLL/PGA-g-PEG bilay-

ers saw a 92% reduction in  E. coli  adhesion, 

even in the presence of nutrient-rich media. 

This strategy also allows for the combination 

of multiple antimicrobial strategies to com-

bat bacteria more effectively. Anti-adhesive, 

antibiotic, and antiseptic compounds can be 

simultaneously incorporated into polyelectro-

lyte multilayer (PEM) coatings to develop a 

new class of multifunctional infection-resistant 

coatings. Hyaluronan/chitosan (HA/CH) poly-

saccharide PEMs with up to 10 bilayers offered an 80% reduc-

tion in the number of adherent  E. coli  on glass surfaces.  138   

PEM coatings containing the insertion of defensin, a potent 

antimicrobial peptide, were also shown to inhibit the growth 

of infectious pathogens.  139   The addition of leachable bacte-

ricides to these contact-killing PEMs can further enhance 

antibacterial effi cacy, as demonstrated by Li et al.  140   Silver 

nanoparticle-PEM composite fi lms showed very high initial 

bacteria-killing effi ciency from the release of Ag +  ions, and 

retained signifi cant antibacterial activity even after the deple-

tion of embedded Ag due to surface-immobilized quaternary 

ammonium salts. These dual-acting coatings present a viable 

strategy to impart long-term infection resistance to modifi ed 

surfaces.     

 Stimuli-responsive PEM fi lms have also been extensively 

researched, with several pH-tunable systems reported in the 

literature.  141   Hammond and co-workers developed weak hydro-

gen-bonded PEMs that disassemble at physiological pHs to 

release polymeric micelles containing the antimicrobial triclo-

san.  142   Release of bactericidal nanosilver from chitosan/hepa-

rin PEM fi lms containing photocatalytic titania has also been 

triggered using UV irradiation.  143   Films were shown to sustain 

the long-term antibacterial activity in low intensity UV light. 

This is a rapidly growing fi eld that could benefi t applications 

necessitating temporal and spatial control of anti-microbial 

  
 Figure 5.      (top) Polyelectrolyte multilayers (PEMs) formed by the layer-by-layer deposition 

of polyelectrolyte fi lms of alternating charge onto a substrate. (bottom) Three major classes 

of antibacterial coatings based on the PEM platform. Combinations of these approaches 

have been investigated and shown to combat bacteria more effectively. PEG, poly(ethylene 

glycol).    

activity, for example, devices that penetrate the skin surface by 

allowing for repeated on-demand “sterilization.”   

 Summary and outlook 
 In the past two decades, research and development efforts for 

infection-resistant coatings have seen considerable progress 

in the form of numerous publications and a handful of FDA 

approved devices. Antibiotic therapy continues to be at the 

forefront of the battle against device infection, although sig-

nifi cant efforts have been made to immobilize or confi ne the 

antibiotic to a localized region in order to combat systemic 

toxicity. Likewise, non-antibiotic-based agents have emerged 

as an attractive class of antimicrobials. Advances in chemical 

synthesis techniques in recent years have yielded a series of 

novel polymers and macromolecules, which can be fi nely tuned 

to modulate their interaction with bacteria. Clearly, the need for 

better infection-resistant coatings has resulted in many interest-

ing treatment strategies to replace or supplement the traditional 

antibiotic regimen. 

 Although a signifi cant reduction (>99%) in bacteria adhe-

sion has been achieved with existing antibacterial coating 

strategies, this success has mostly been limited to short-term 

 in vitro  environments and less so in the harsher  in vivo  milieu, 

where coatings are continuously challenged by conditioning 

proteins and degradative processes. The antibacterial effi cacy 
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of coatings has also been found to vary greatly with bacterial 

species. One promising strategy that has only very recently 

emerged utilizes bioactive substances (e.g., quorum-sensing 

peptides, enzymes, viruses) to either disrupt the integrity or 

to inhibit the formation of a protective biofi lm matrix,  144   ,   145   

thus leaving sessile bacteria susceptible to antibiotics and to 

host immune defenses. 

 With the limited  in vivo  experimental data currently 

available, it is not yet clear if any one coating strategy will 

emerge as a superior candidate for the inhibition of implant-

associated infection. Careful consideration of the desired 

drug elution and activity profi le is necessary to determine 

the type of coating material and processing technique most 

suited for a specifi c device. A comprehensive understanding 

of the target pathogen and extensive research into potential 

synergistic combinations of antibiotic, antiseptic, and anti-

adhesive agents will also be crucial to the development of 

better and improved devices. 

 However, as with many aspects of device development, 

there is no “one size fi ts all” approach for the selection of an 

infection-resistant implant coating. It is likely that a hybrid 

coating combining both active and passive strategies will be 

required in order to obtain a substantial reduction in clinical 

infection rates. Future advances will likely focus on more 

sophisticated “smart” surface coatings capable of triggerable 

and targeted antibacterial activity.     
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