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Abstract 

Antibacterial surfaces have been researched for more than 30 years and remain highly desirable. In 

particular, there is an interest in providing antimicrobial properties to commodity plastics, because these, 

in their native state, are excellent substrates for pathogens to adhere and proliferate on. Therefore, 

efficient strategies for converting surfaces of commodity plastics into contact-active antimicrobial 

surfaces are of significant interest. Many systems have been prepared and tested for their efficacy. Here 

we review the synthetic approaches to such active surfaces, with the restriction to only include systems 

with tested antibacterial properties. The review focuses on the synthetic approach to surface 

functionalization of the most common materials used and tested for biomedical applications, which 

effectively has limited the study to quaternary materials. For future developments in the field, it is evident 

that there is a need for development of simple methods that permit scalable production of active surfaces. 

Furthermore, in terms of efficacy, there is an outstanding concern of a lack of universal antimicrobial 

action as well as rapid deactivation of the antibacterial effect through surface fouling. 

 

Keywords: Antibacterial surfaces; surface functionalization; quaternary surfaces; synthesis; polymer 
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Abbreviations 
A. baumannii Acinetobacter baumannii 

A. niger Aspergillus niger 

AA Acrylic acid 

AIBN Azobisisobutyronitrile 

APC polycarbonate containing quaternary ammonium groups 

APTES 3-Aminopropyl)-triethoxysilane 

ATRP Atom transfer radical polymerization 

BBOx 3-((4-bromobutoxy)methyl)-3-methyloxetane 

B. cereus Bacillus cereus 

BiBB 2-bromoisobutyryl bromide 

BPBriBU Benzophenonyl 2-bromoisobutyrate 

BSA Bovine serum albumin  

C. albicans Candida albicans  

C. neoformans Cryptococcus neoformans 

CAUTI Catheter associated urinary tract infection  

CBMA Carboxybetaine methacrylate 

CFU Colony-forming unit 

ClogP 

CPAC 

Calculated partition coefficient 

2-Chloro-2-phenylacetyl Chloride 

DMAEMA 2-(dimethylamino)ethyl methacrylate 

DMBQPEI N,N-dodecyl methyl-co-N,N-methylbenzophenone methyl quaternary 

polyethyleneimine 

DNA Deoxyribonucleic acid 

E. aerogenes Enterobacter aerogenes 

E. cloacae Enterobacter cloacae 

E. coli Escherichia coli  

E. faecalis Enterococcus faecalis 

EGDE-PHMG Ethylene glycol diglycidyl ether-Polyhexamethylene guanidine hydrochloride 

adduct 

ETDA Ethylenediamine 

Et3N Triethylamine 

FBG Fibrinogen 
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FDA U.S. Food and Drug Administration 

FRP Free radical polymerization 

g- Gram negative 

g+ Gram positive 

HMDI 4,4-methylenebis(cyclohexyl isocyanate)  

HSA Human serum albumin 

iPrOH Isopropanol 

K. pneumonia. Klebsiella pneumonia  

LM 

L. monocytogens 

Laccase-maltodextrin 

Listeria monocytogens  

LbL Layer by layer 

M. luteus Micrococcus luteus 

ME2Ox 3-((2-(2-methoxyethoxy)ethoxy)methyl)-3-methyloxetane 

MPC 2-methacryloyloxyethyl phosphorylcholine 

MPEGMA 360 Poly(ethylene glycol) methyl ether methacrylate, Mn = 360 g/mol 

MPTMS Mercaptopropyltrimethoxysilane 

MRSA Methicillin-resistant staphylococcus aureus  

MRSE Methicillin-resistant staphylococcus epidermidis 

MSC Mesenchymal stem cells 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

MW Molecular weight 

PAA 

P. aeruginosa 

Poly(acrylic acid) 

Pseudomonas aeruginosa 

PBA 

PCBMA 

Poly(butylene adipate) 

Poly(carboxybetaine methacrylate) 

PCL Poly(ε-caprolactone) 

PDA Polydopamine 

P(DMAPS) Poly((2-(methacryloyloxy)ethyl)dimethyl-(3-sulfopropyl)ammonium hydroxide) 

PDMS Polydimethylsiloxane 

PE Polyethylene 

PEG Poly(ethylene glycol) 

PEGDMA Poly(ethylene glycol) dimethacrylate 

PEGMA Poly(ethylene glycol) methacrylate 

PEGDGE Diethylene glycol diglycidyl ether 
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PEI Polyethyleneimine 

PET Poly(ethylene terephthalate) 

PHGH 

PHMB 

Poly(hexamethylene guanidine hydrochloride) 

Poly(hexamethylene biguanide) 

PHMG Poly(hexamethylenediamineguanidine hydrochloride) 

PhMgCl Phenylmagnesium chloride 

PLA Poly(lactic acid) 

PMPC Poly(2-methacryloyloxyethyl phosphorylcholine)  

Poly(GMA-co-DVBAPS) 

 

PP 

Poly[glycidylmethacrylate-co-3-(dimethyl(4-vinylbenzyl)ammonium)propyl 

sulfonate] 

Polypropylene 

PP-g-PHMG Polypropylene-graft-poly(hexamethylene guanidine) 

PS Polystyrene 

PSBMA Poly(sulfobetaine methacrylate) 

PSf Polysulfone 

P(3HB-4HB) 

PTMO 

Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) 

Poly(tetramethylene oxide) 

PU Polyurethane 

PVA 

PVC 

PVDF 

Poly(vinyl alcohol) 

Poly(vinyl chloride) 

Poly(vinylidene fluoride)  

PVP Poly(4-vinylpyridine) 

P. vulgaris Proteus vulgaris 

QAS Quaternary ammonium salts 

QCS Quaternized chitosan 

RAFT Reversible addition−fragmentation chain-transfer 

S. aureus Staphylococcus aureus 

S. cerevisiae Saccharomyces cerevisiae 

S. enterica sv. Salmonella enterica 

S. enterica sv. Salmonella enterica sv. Typhimurium  

S. epidermidis Staphylococcus epidermidis 

S. mutans Streptococcus mutans 

S. saprophyticus Staphylococcus saprophyticus 

SBMA Sulfobetaine methacrylate 
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SEM Scanning electron microscopy 

SI-ATRP Surface initiated atom transfer radical polymerization  

SiCl4 Silicon tetrachloride 

TBEC tert-butylperoxy 2-ethylhexyl carbonate  

THF Tetrahydrofuran 

UTI Urinary tract infection 

UV Ultraviolet 

VI 1-vinylimidazole 

VRE Vancomycin-resistant Enterococci faecalis  

  

 

1 Introduction 
With a worldwide ageing population combined with an increase in antimicrobial resistance towards 

common antibiotic drugs, there is an increasing focus on infection prevention rather than treatment. As a 

single example, catheter associated urinary tract infection (CAUTI) is one of the most frequent types of 

infections related to medical devices. It is responsible for approximately 40% of all hospital-acquired 

infections and prolongs the mean bed time for patients by up to 2.4 days. This amounts to a total of 

900,000 additional hospital days per year in the US alone.1,2  

Finding ways to prevent or reduce the occurrence of CAUTI would reduce both cost and time associated 

with hospitalizationas well as significantly improve the quality of life for the patients. One route is to 

ensure that the surfaces in contact with the body do not allow pathogens to adhere and proliferate. 

However, since the majority of materials used in biomedical devices have surfaces that in their native 

state allow pathogens to adhere and proliferate, effective suppression requires surface modification. This 

consists of introducing groups on the surface that either suppress pathogen adhesion and biofilm 

formation or that actively kill them.3–5  

There are several excellent reviews on the action and optimization of antimicrobial polymers,6–10 as well 

as on surface modification of polymers.11,12 The aim of the current review is to present the reader to the 

processes used to render a given polymeric material antimicrobial. Here a particular emphasis will be on 

the applied chemistry, reviewing the primary methods used for different polymer materials. As such, it is 

the intent to provide scientists and engineers working in the field with a reference to what has been done 

to modify a given polymer material, and to correlate the chemical approach with the modified material’s 

performance in terms of antimicrobial action. Focus is on the preparation of antimicrobial surfaces where 
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the action is not dependent on release of small molecular-weight species. Due to this focus, materials with 

antimicrobial action relying on antimicrobial metals such as silver13 or copper,14 as well as materials 

generating antimicrobial species, such as reactive oxygen species in situ15 are excluded, despite the large 

potential lying in these areas. Interested readers are referred to specialized literature. 3,16,17 

Initially, the challenge of preventing pathogen adhesion and proliferation is briefly discussed. The main 

part of the review focuses on what procedures have been used to functionalize polymer materials. This 

main part of the review is divided into polymer types in order to present the reader with a quick reference 

to what has been done on a given polymer substrate. As part of this section, the resulting antimicrobial 

action of the surfaces is presented as far as possible to give the reader an idea of how well a given 

approach works. This is somewhat complicated by the different methods applied in testing as well as the 

relatively large amount of microorganisms the substrates have been tested on.  

On reviewing the literature, it became apparent that essentially all actively antimicrobial polymer surfaces 

with a proven activity involved modification with quaternary cationic groups. As a consequence, the 

review is focused on these systems.  

2 Surface fouling 
Bacteria and fungi have developed an efficient way to protect themselves against threats from the 

surrounding environment, by being able to adhere to both biotic and abiotic surfaces. The presence of a 

foreign element in the body in combination with longer residence times allows bacteria to settle and 

colonize on the surface of these materials. The bacteria then forms a conditioning film, a so-called biofilm, 

which consists of various biomolecules, such as proteins, polysaccharides, extracellular DNA and lipids. 

This serves to protect against the outside environment.18 Biofilm formation can be divided into 5 steps (see 

Figure 1): 

1) Reversible association with the surface 2) Irreversible attachment 3) Growth and proliferation 4) 

Maturation and 5) Dispersion. 
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Figure 1: Schematic representation of the steps involved in biofilm formation 1) Reversible association with surface 

2) Irreversible attachment 3) Growth and proliferation 4) Maturation and 5) Dispersion. 

 

Initially, free planktonic bacteria are able to move close to the surface by the use of tail/hair-like appendages 

located on the exterior of the cell. These are known as flagella or pili and are able to create a spinning 

motion that propel the bacteria forward or backwards.19 This type of bacterial movement is called 

locomotion and allows the cell to move along gradients, which is important for seeking out nutrients or to 

escape toxic chemicals.20 In the first step, the adsorption of cells to the surface is initially weak, with the 

strength of the association predominantly derived from van der Waals forces, electrostatic and steric 

interactions.21 In addition, bacterial appendages are able to assist in this first level of binding. In the second 

step, some of the bacteria commit to adhesion, becoming irreversibly attached. Here the repulsive forces 

between cell bilayer membranes and surfaces, such as electrostatic repulsion, are overcome by flagella or 

pili and the bacteria becomes sessile. Appendages have also been proven to be able to promote chemical 

oxidation and hydration of the bulk substrate, which further reinforces the adhesion.22 In the third step, 

quorum sensing molecules are released. These activate a cascade of different biological pathways for 

production of biofilm when high enough concentrations are reached.23,24 A conditioning film appears 

quickly (within hours) and grows both horizontally and vertically. In this stage the thickness can be up to 

10 µm.18 Typically, the matrix consists of various types of polysaccharides that are secreted from the sessile 

bacteria, but molecules from the surrounding environment can also be captured and used to reinforce the 

matrix. In the fourth step, maturation and growth of the biofilm continues. Restrictions to diffusion of 

nutrients and water increases with increasing biofilm growth, however a fully mature biofilm culture can 

be up to 100 µm thick. The final step in the cycle of biofilm is dispersion. This involves bacteria releasing 

themselves from the biofilm matrix and return to their planktonic state to find new surfaces to colonize. 



8 
 

The bacteria initiates this process by breaking down the biofilm through the production of specific enzymes 

that cleaves stabilizing bonds within the matrix molecules.21,25 The type of produced enzymes depends on 

the bacterial species due to differences in biofilm composition. An upregulation in flagella producing genes 

are also seen, making the bacteria ready to become motile again. Different factors can induce this kind of 

behavior such as nutrient and oxygen deficiency, increase in toxic products and accumulated cell death.25,26 

Simple shedding from shear stress can also release bacteria from their sessile state. 

Most bacteria are sessile and not in their free planktonic state, because the biofilm offers several layers of 

protection against many sorts of threats. For example, host immune systems in most cases fail to deal 

efficiently with biofilm as diffusion of toxic compounds from leukocytes are limited and the size of the film 

can become too large for macrophages to engulf them.27 Efficient antibiotic treatment can also be 

challenged by biofilm formation since bacteria, depending on nutrient and oxygen availability, show 

different gene expression.25 Despite the bacteria being genetically identical, various metabolic states may 

render antibiotics inefficient since they aim at specific biological targets, which may not be present or active 

due to downregulation.25,28 The restricted diffusion also creates areas with sub-inhibitory concentrations, 

leading to the creation of antibiotic resistant bacterial strains.18,29,30 In addition, biofilm colonies do often 

not only consist of a single organism but rather a combination of species. The colonies exist in a symbiotic 

state and provide nutrients and mutual protection for each other. The close approximation of bacteria also 

promotes rapid gene transfer, which helps to spread virulent strains.18,31,32 For example, in the urinary tract 

infections, a large variety of bacteria have been associated with these types of infections (see Figure 2). 

 
Figure 2: Distribution of bacterial populations typically found in UTI according to a study from West Bengal, 

India.33  

The primary pathogens found are gram negative (g-) bacteria, such as Escherichia coli (E. coli) and 

Klebsiella species, specifically Klebsiella pneumonia (K. pneumonia.)34, which represents around 67 and 
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22% of the bacterial population respectively. Other types of bacteria such as (g-) Pseudomonas, (g-) 

Citrobacter, gram positive (g+) Enterococcus and (g+) Staphylococcus aureus (S. aureus) are also found.33 

 

The combination of heterogeneous bacterial colonies and resilient biofilm makes for persistent infections 

and high reoccurrence rate have been observed.35 The medical field is in general dealing with a high number 

of nosocomial infections originating from contaminated equipment and implants.36 Since polymer surfaces 

are often used in this area, several studies on antimicrobial polymer coatings have been conducted in the 

search of a permanently sterile surface. Having coatings capable of killing microorganisms is potentially 

an efficient route to prevent infection, however, for medical devices and implants in direct contact with the 

body, it is imperative that such coatings are also biocompatible, leading to a very delicate balance between 

activity of the surfaces and acceptance in the biological environment. 

Positively charged surfaces have emerged as a way to actively induce bacterial cell death. Importantly, this 

happens without the use of any released substance. In particular, polymeric quaternary ammonium 

compounds are potent antimicrobial compounds and as such have been tethered to surfaces to induce 

contact-active bactericidal properties.37,38  

3 Antimicrobial action of positively charged surfaces 
Different theories exist on the mechanism behind the antimicrobial properties of positively charged 

surfaces. These are illustrated in Figure 3. Common to all the theories, is the assumption that attraction 

between the positive charges on the polymers and the negatively charged phospholipid bilayer membranes 

in the bacterial cell walls eventually causes cell lysis.  
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Figure 3: Proposed mechanisms for the antimicrobial property of positively charged polymer coatings. 

3.1 Polymeric spacer effect 
The mode of action proposed for what is called the polymeric spacer effect (Figure 3 A), is based on the 

cationic polymer having a chain or spacer that is long enough to penetrate the peptidoglycan cell wall. The 

polymer integrates into the cell membrane, which destabilizes it. The resulting disruption leads to leakage 

of intracellular constituents and ultimately cell death.8,39,40 Lewis and Klibanov41 showed that the molecular 

weight of N-alkylated polyethyleneimine (PEI) immobilized on glass, had significant impact on the 

antimicrobial properties. They claimed that the effect was due to the long-chain cationic polymer being able 

to reach beyond the peptidoglycan cell wall and into the phospholipid membrane. This evidence is not 

conclusive, since other possibly relevant parameters, such as charge density and amphiphilicity of the 

system, also changed with the length. The authors also mention that other types of quaternary ammonium 

species, which also show antimicrobial activity, cannot operate by this mechanism due to their much shorter 

chain length. This may suggest that different mechanisms applies depending on the polymer system.  
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3.2 Phospholipid sponge effect 
A second theory explains the activity by the close proximity of positive charges, causing electrostatic 

interactions strong enough to rip apart the negatively charged phospholipids from the cell membrane. This 

is termed the phospholipid sponge effect (Figure 3 B). Gao et al. found that a higher void volume of surface-

bound N,N-dodecyl methyl-co-N,N-methylbenzophenone methyl quaternary polyethyleneimine 

(DMBQPEI), resulted in higher killing efficiency.42 This was explained by a larger uptake capacity of 

phospholipid, i.e. a phospholipid sponge. 

3.3 Ion exchange effect 
The third possible mode of action is the ion exchange effect (Figure 3 C). The stability of the cell membrane 

depends on divalent cations, such as Ca2+ and Mg2+. These are responsible for neutralizing the negatively 

charged phosphate groups and prevents them from destabilizing repulsion. When bacteria come into close 

association with positively charged brushes the counter ions are displaced to raise the entropy of the system. 

The loss of these ions results in the disintegration of the membrane and leakage of cell content.8,43,44  

3.4 Factors influencing antimicrobial action 
The mechanisms described above are idealized. On real surfaces and with different pathogens, it is likely 

that more than one mechanism is involved. There are several factors that have been shown to be 

influential on the antimicrobial efficiency of cationic polymers and surfaces, as thoroughly reviewed by 

Timofeeva and Kleshcheva.8 For surface-functional polymers, in particular charge density, overall 

hydrophobicity and type of cation are relevant. In general, larger cation density leads to increased 

antimicrobial action. Specifically, a threshold for positive charge density in relation to contact active 

antimicrobial surfaces have been discussed on several occasions and is an important parameter to consider 

to achieve potent bactericidal effect.45–47 

The overall hydrophobicity is typically determined by the length of the aliphatic groups attached to the 

quaternary cation. The efficiency often appears to be governed by a goldilocks principle, where efficiency 

decreases if the chains are too long or too short; shorter chains limit the interaction between cell 

membrane and surface, whereas longer chains are able to shield the charges, thus limiting the effect. 

Specifically, it was demonstrated that cationic polymers based on protonated polyamines with calculated 

partition coefficients (ClogP) between 0 and 6 showed antimicrobial activity, whereas only polymers with 

a ClogP value higher than 2 led to hemolysis.49 

The most commonly used antimicrobial cations used are quaternary ammonium ions.6,8,48 However, 

phosphonium ions have been reported to exhibit a higher antimicrobial activity,6 and protonated 
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polyamines may provide facile routes to surfaces with cytotoxicity in combination with low hemolytic 

activity.8  

Although surfaces with cationic groups, in principle are non-exhaustive, and should be permanently 

antimicrobial, deactivation is observed nevertheless. The main cause is adhesion of fragments of the 

killed microbes to the surface, which leads to charge neutralization and in turn may provide a basis for 

biofilm formation.7   

4 Preparation of antimicrobial polymers from common polymer 

materials.  
Relatively few polymer materials are used for biomedical devices. Selection criteria includes cost and 

availability in a suitable grade, possibilities to sterilize as well as easy processability. The majority of 

these materials are hydrophobic and carry no charged groups in their native form. It is therefore necessary 

to modify their surfaces in order to render them antimicrobial, typically by introducing permanent 

cationic charges. The exact procedures used for surface modifications depend to some extent on the 

intrinsic chemistry of the polymer material, although a number of ‘universal’ methods have emerged. The 

introduction of charged groups is often a multi-step process, which typically involves an initial surface 

activation step followed by attachment of the charges in one or more additional steps. 

The methods used for preparing antimicrobial surfaces on commonly used polymer materials is presented 

below.  

4.1 Preparation of antimicrobial poly(dimethyl siloxane), PDMS 
PDMS is a popular choice for biomedical devices due to it being highly stable and inert towards 

biological fluids.50,51 This inertness however presents challenges in modifying its surface. A further 

complication lies in the ability of the soft matrix to relax, which means that the surface active groups 

become embedded in the bulk polymer, rendering the surface inactive.52 This sets some demands towards 

the timing of the surface functionalization.  

Although relatively inert, a number of procedures have been used to activate PDMS surfaces (see Figure 

4).52 As the figure shows, antimicrobial PDMS surfaces have been prepared through either various bond 

scission methods or using a ‘universal’ coating method based on polydopamine.  
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Figure 4: Routes to surface activation of poly(dimethyl siloxane), PDMS surfaces.  

4.1.1 Modification of PDMS surfaces using amination/hydrolysis 
The reaction between crosslinked PDMS and polyethyleneimine in aqueous solution to introduce primary 

amine functions on the surface has been reported by Wang et al.53,54 The exact nature of the bonding 

between PEI and PDMS was not investigated in detail. To our knowledge, the direct reaction between 

amines and siloxane has not been reported. The lack of reaction is further corroborated by the fact that 

amino-functional PDMS polymers are commercially available and thus stable. Thus, the likely attachment 

mechanism is that the basic aqueous solution of PEI hydrolyzes the PDMS surface and that positiviely 
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charged PEI adsorbs through electrostatic interaction with negatively charged silanolate ions. This 

proposed mechanism is emphasized in the figure and the table.    

Quaternary PDMS surfaces were prepared in a 4-step procedure with a focus on preparing materials for 

intraocular lenses:53 After treatment with branched polyethyleneimine, the primary amine groups were 

coupled to a RAFT agent containing a carboxylic acid group using carbodiimide coupling chemistry. 

Subsequently, a mixture of 2-(dimethylamino)ethyl methacrylate and 2-methacryloyloxyethyl 

phosphorylcholine in ethanol was polymerized off the surface using RAFT polymerization. Finally, the 

amino-groups were quaternized using 1-bromoheptane. The resulting surfaces exhibited low cytotoxicity 

towards human lens epithelial cells, while showing antimicrobial action towards S. aureus (see Table 1, 

entry 1).  

Using a similar approach, a switchable polymer system was prepared: Instead of MPC, N-

isopropylacrylamide monomer and a quaternized 2-(dimethylamino)ethyl methacrylate was polymerized 

off the surface to give thermoresponsive copolymer brushes;54 At physiological temperature, the brushes 

are hydrophobic, thus being able to capture bacteria. The presence of quaternized ammonium groups led 

to bactericidal activity towards S. aureus and E. coli (see Table 1, entry 2), while exhibiting relatively low 

cytotoxicity towards human lens epithelial cells. Lowering the temperature to 4°C made the brushes 

hydrophilic, which led to antifouling behavior and release of dead bacterial fragments. Thereby, this 

construction in principle circumvents the deactivation due to accumulation of bacterial fragments often 

seen on cationic surfaces.  

4.1.2 Modification of PDMS surfaces using polydopamine functionalization 
The oxygen-mediated surface polymerization of catechols, has proven one of the most versatile methods 

for surface activation due to its simplicity and universal applicability.55,56 Of particular relevance here is 

that a range of inherently antimicrobial catechol-modified polymers have been reported.57 Deposition of a 

catechol solution on a substrate, typically dopamine, followed by exposure to oxygen leads to the 

formation of a strongly adherent polydopamine film on the surface. The resulting film can be 

functionalized using a wide range of chemistries (see below). In particular, there are several examples of 

activation of PDMS using polydopamine: 

Thiol-terminated quaternary ammonium polycarbonates were prepared by copolymerization of a mixture 

of bromopropyl- and ethyl functional cyclic carbonate monomers from α-thio-ω-hydroxy poly(ethylene 

glycol).58 The pendant bromine was reacted with trimethylamine to give a thiol-functional PEG-

polycarbonate block copolymer with pendant quaternary ammonium groups. The terminal thiol group 

allowed grafting of the copolymer to a PDMS surface pretreated with polydopamine to give a surface 
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with quaternary ammonium groups.55 The resulting surfaces showed high antimicrobial and antifouling 

activity towards S. aureus and MRSA and suppressed biofilm formation (see Table 1, Entry 3). In 

addition, the surface did not lead to blood platelet adhesion, indicating potential uses in direct contact 

with blood.  

The same type of polycarbonates was attached to a fraction of the double bonds of tetraacrylate PEG star 

polymers through a thio-michael reaction.59 The residual acrylates were reacted with excess tetra-

sulfhydryl PEG star polymer to give a hydrogel network with pendant thiol groups, which showed high 

antimicrobial activity towards several common bacteria (see Table 1, Entry 5). The gel could also be 

formed on the surface of polydopamine-treated PDMS by first attaching the tetra-sulfhydryl PEG star 

copolymer to the surface, followed by gel formation between surface thiols and polycarbonate-

tetraacrylate PEG star polymer conjugates. The resulting gel-covered surfaces showed high antimicrobial 

activity (see Table 1, entry 5) 

Yang et al. copolymerized benzyl-chloride modified carbonates and PEG modified carbonates.60 The 

resulting functional polycarbonates were further modified by reaction first with the amine group of 

dopamine, followed by reaction with tertiary amines to give pendant quaternary ammonium groups. The 

resulting copolymers were coated onto PDMS, with the attachment secured through polydopamine 

formation.  The coated surfaces showed high antimicrobial effect towards S. aureus and E. coli, negligible 

cytotoxicity as well as antifouling behavior (see Table 1, Entry 4). 

The preparation of dopamine-functional cationic copolymers were demonstrated by Wang et al., who 

prepared a dopamine methacrylamide monomer, which was copolymerized with DMAEMA and MPC.61 

The resulting terpolymer was quaternized with 1-bromoheptane. The presence of the pendant dopamine 

functionalities allowed attachment to PDMS. The resulting functionalized PDMS surface showed 

antifouling and antimicrobial activity as well as low cytotoxicity (see Table 1, Entry 6).  

The direct functionalization of PDMS catheters was demonstrated in a multistep procedure: 62 First, the 

surfaces were treated with dopamine to form surface polydopamine. The surfaces were then treated with 

2-bromoisobutyryl bromide to give surfaces with pendant 2-bromoisobutyric groups. These were then 

used as ATRP initiators to form surface-tethered copolymers of (3-acrylamidopropyl) 

trimethylammonium chloride, quaternized polyethyleneimine methacrylate and PEGDMA. The resulting 

hydrophilic, quaternized surfaces were antimicrobial and antifouling, while maintaining low cytoxicity 

(see Table 1, entry 7). 
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4.1.3 Modification of PDMS surfaces using plasma functionalization 
Another approach to ‘universal’ activation of polymers is by exposure to a plasma.63 The energetic 

particles of the plasma (ions, free radicals, electrons and excited ions and molecules) typically modifies 

the surface to introduce reactive functionalities, without significantly affecting bulk properties. As such, 

various groups can be introduced on surfaces by changing the plasma gas composition and the conditions 

under which the plasma is generated.63 

Since the modification is highly surface-specific, the effect of plasma treatment on surfaces is in some 

cases seen to be temporary, i.e. over time the surface regains its initial properties. This is particularly 

relevant for PDMS, where the surface recovery is ascribed to diffusion of surface groups into the bulk 

material and to diffusion of low molecular mass materials (if present) to the surface.64 As the 

concentration of functional groups on the surface decreases over time, it is necessary to coordinate the 

plasma treatment and post-plasma treatment to introduce a lasting surface modification (such as the 

formation of a polymer film that cannot diffuse into the material over time).  

Gottenbos et al. activated PDMS surfaces by exposure to an argon plasma and then to atmospheric 

oxygen. 65 The resulting surfaces were then treated with 3-(trimethoxysilyl)-

propyldimethyloctadecylammonium chloride in water to create surface-quaternised substrates. The 

resulting substrates had excellent antimicrobial properties in vitro and in vivo (see Table 1, entry 8).  

The PDMS attachment of rosin that had been synthetically modified with quaternary ammonium and 

vinyl-PEG chains has also been demonstrated.66 First, the surfaces were activated with an argon plasma 

followed by exposure to the atmosphere. The resulting peroxide-functional surfaces were used to initiate 

polymerization of the vinyl groups on the rosin via irradiation with UV light. The resulting hydrophilic 

coatings showed antimicrobial and antifouling behavior and no toxicity in vitro and in vivo (see Table 1, 

entry 9). 

The grafting of short antimicrobial peptides to PDMS catheters was demonstrated by Pinese et al.67 First, 

antimicrobial peptides were modified with a silanol-functional spacer. The silanol-functional peptide was 

immobilized on a PDMS surface activated with an oxygen plasma by incubation in an acidic 

water/ethanol mixture. The resulting surfaces showed antimicrobial activity towards a variety of bacteria 

and no cytotoxicity (see Table 1, entry 10). 
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Table 1: Preparation of antimicrobial PDMS surfaces 

Entry Polymer structure Functionalization Bactericidal effect and details Ref. 

Hydrolysis and electrostatic interaction   

1  

 

1) PDMS surface hydrolysis with 
aq. PEI 
2) Peptide coupling of  RAFT agent 
3) RAFT polymerization 
4) Alkyl quaternization 

g(+) S. aureus: 88%. 
Resisted adhesion of S. aureus and BSA 
by 90 and 70.7% respectively. 
Low cytotoxicity and good 
biocompatibility 

53 

2  

 

1) PDMS surface hydrolysis with 
aq. PEI 
2) Peptide coupling of RAFT agent 
3) RAFT polymerization 
 

g(+) S. aureus: ∼3.5. g(-) E. coli : ∼2 log 
Low cytotoxicity. 

54 

Polydopamine functionalization   

3  

 

1) Polymer synthesis 
2) Thiol-ene coupling on PDA 

g(+) S. aureus: 100%, MRSA: 100% 
Showed significant antifouling properties 
against S. aureus, MRSA, platelets  and 
BSA and prevented biofilm formation for 
7 days. 
Blood compatibility 

58 

4  

 

1) Polymer synthesis 
2) PDA modification of polymer 
3) Quaternization 

g(+) S. aureus: 99.999% g(-) E. coli: 
99.999% 
Negligible cytotoxicity. Resisted BSA 
adhesion by 93%. 

60 

5  
           

Network 

1) Tetra sulfhydryl PEG 
2) Thiol-ene with APC conjugated 
tetra acrylate PEG 

g(+) S. aureus: 100% g(-) E. coli: 100% 
Negligible cytotoxicity 
The hydrogel before attachment to PDMS 
was able to kill 99.9-100% of MRSA, 
VRE, A. baumannii, C. albicans and C. 
neoformans. 

59 

6  

 

1) Polymer synthesis 
2) Dip coating 
3) Quaternization 

g(+) S. aureus: 72.2%. 
Had almost no adhesion of S. aureus and 
E. coli and reduced BSA by 32%. 
Low cytotoxicity. 

61 

7  

 

1) Preparation of ATRP initiator on 
surface 
3) Polymerization of quaternary 
ammonium monomers and 
PEGDMA 

MRSA > 98 %, VRE > 90 % in vitro and 
in vivo. 
MRSA and VRE adhesion significantly 
reduced. .  
Low cytotoxicity.  

62 
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Entry Polymer structure Functionalization Bactericidal effect and details Ref. 

Plasma modification   

8  

 

 
1) Silane coupling and curing in 
water 

g(+) S. epidermidis: 99.7 ±0.4% g(-) E. 
coli: 74 ±17%, P. aeruginosa: 81 ±4% 
In vivo study: In rats 0/4 samples had 
infections from S. aureus with no viable 
bacteria detected. 

65 

9  

 

1) Monomer synthesis 
2) UV grafting 

g(+) S. aureus: significant g(-) E. coli: 
significant, P. aeruginosa: significant 
Rodent In vivo study: Successfully 
prevented E. coli. Infections. 
Non-cytotoxic. 
Also showed low BSA, lysozyme, 
fibrinogen and platelet adhesion. 

66 

10  

 

1) Peptide synthesis 
2) Oxygen plasma 
3) Silane coupling 

g(+) S. aureus: 75% g(-) P. aeruginosa: 
75%, E. coli: 75% 
Non-cytotoxic 

67 

4.2 Preparation of antimicrobial polyolefins 
‘Polyolefin’ is a common term covering any polymer made from a simple olefin. Of major relevance are 

in particular polyethylene (PE) and polypropylene (PP). These polymers are cheap and resistant towards 

many common chemicals (including most solvents). In addition, they are available with a wide range of 

mechanical properties.68 The low cost and wide availability of properties makes the use of polyolefins 

attractive candidates for the preparation of biomedical devices.  However, as with PDMS, their surfaces 

are highly hydrophobic and chemically inert, why modification is required to render them antimicrobial. 

Methods used for modification are illustrated in Figure 5 and Table 2.  
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Figure 5: Routes to surface activation of polyolefin surfaces 

 

4.2.1 Modification of Polyolefin surfaces using radical-mediated hydrogen abstraction 
Treatment of polyolefins with a source of reactive free radicals may abstract hydrogens from the polymer 

chains, thus leaving highly reactive radicals on the chain backbone.69,70 Due to their high reactivity, 

radicals are typically generated by activation of an initiator in the presence of the reactive compound(s) 

that constitute the final functionalization. Both photochemical and thermal initiator activation has been 

reported (see Table 2).  

For example, Huang et al. functionalized polypropylene (PP) substrates with 2-(dimethylamino)ethyl 

methacrylate (DMAEMA) brushes via SI-ATRP (see Table 2, Entry 1).71 First, a benzophenone-based 

ATRP initiator was covalently attached to the surface through photochemical activation. ATRP of 

DMAEMA was then conducted in acetone at 25°C and the length of the brush was varied by termination 

at different reaction times. Subsequent quaternization of the side-chain amine was accomplished by the 

use of ethyl bromide. The various lengths of quaternized DMAEMA were shown to have different 

antimicrobial activity towards E. coli. In particular, molecular weights of 9,800, 21,300 and 35,100 g/mol 
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killed essentially all bacteria, whereas chains of 1,500 g/mol only killed 85%. A threshold for the charge 

density could be estimated from the MW of the polymer and grafting density on the substrate. It was 

found that the density required for 100 % bacteria killing efficiency was above 14 quaternary ammonium 

units/nm2.  

Antimicrobial polypropylene was prepared by Li et al. through coextrusion of an intrinsically 

antimicrobial poly(hexamethylendiamine-guanidine hydrochloride) copolymer with polypropylene.72 The 

extrusion mixture was treated with styrene and dicumyl peroxide (as a radical initiator) in the presence of 

supercritical carbon dioxide. The use of supercritical carbon dioxide allowed a lower reaction temperature 

which, in combination with the added styrene, suppressed polypropylene chain scission reactions. 

Although the resulting graft copolymer contained as little as 0.5 wt % antimicrobial copolymer, it showed 

high and rapid antimicrobial activity while not being a skin irritant (see Table 4, entry 2).  

The surface modification of polypropylene and polyethylene using maleic acid and a free radical initiator, 

AIBN, was demonstrated by Lin et al. 73 The resulting anhydride-functional surfaces were subsequently 

reacted with polyethyleneimine to give surfaces with excess amine groups, that were quaternized with 

bromohexane and iodomethane. The resulting surfaces showed relatively high activity towards a range of 

bacteria and one yeast (see Table 2, entry 5).  

4.2.2 Modification of Polyolefin surfaces using ozonolysis 
Exposing polyolefins to ozone is reported to lead to the introduction of peroxide groups.74,75 Extended 

exposure will eventually lead to bulk polymer degradation, while relatively brief, controlled exposure 

predominantly leads to surface activation. For example, Yao et al. modified PP membranes through SI-

ATRP with block copolymers of poly(ethylene glycol) methyl ether methacrylate (Mn = 360 g/mol, 

MPEGMA 360) and DMAEMA, which had simultaneous bactericidal and antifouling properties (see 

Table 2, entry 4).76 An ATRP initiator was attached to the surface in a multistep procedure: First the 

surface was treated with ozone to create surface peroxide groups. These were then converted to hydroxyl 

groups through reduction with potassium iodide. The resulting OH functionalities allowed for anchoring 

of a 2-bromoisobutyryl initiator, which was used to initially graft MPEGMA 360 followed by chain 

extension with DMAEMA. Finally, the PDMAEMA brushes were quaternized using 1-bromodecane. 

Longer PDMAEMA brushes showed better antimicrobial activity against both S. aureus and E. coli. The 

same level of activity was maintained after four repeated cycles of bacterial exposure, where scanning 

electron microscopy (SEM) revealed minimal adhesion of bacteria on the surface. 

Fadida et al. activated PE surfaces in a multi-step procedure.77 First, the surface was subjected to air-

ozonolysis (see Figure 5). The resulting surface groups were then reduced to hydroxy-groups, which 
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allowed reaction with trimethoxysilylpropyl octadecyldimethyl ammonium chloride. Here, a reduction of 

viability for both Bacillus subtilis, S. enterica and E. coli was found  (see Table 2, entry 5).  

4.2.3 Modification of Polyolefin surfaces using catechol and dopamine functionalization 
Polymerized catechol has a high affinity for polyolefins.56 Thus, the product of oxidized catechol and 

polyethyleneimine was demonstrated to be highly adhesive to polypropylene substrates, when reacted in 

situ.78 This allowed for a facile route to polyethyleneimine-functional surfaces. Treatment of these 

surfaces with methyl iodide led to quaternized surfaces that showed significant antimicrobial activity (see 

Table 2, entry 6).  

In a similar process, polypropylene was modified with a polydopamine layer, which was subsequently 

used as a platform for making coatings that were not only bactericidal, but also antifouling and capable of 

releasing adhered bacteria upon changing the salt strength.79 This was facilitated through the attachment 

of polylysine as bactericide, a zwitterionic poly[glycidylmethacrylate-co-3-(dimethyl(4-

vinylbenzyl)ammonium)propylsulfonate] as a salt-responsive component and diethylene glycol as an 

antifouling component. The resulting films showed high sustained antimicrobial activity over three 

killing/release cycles (see Table 2, entry 7). Such materials are promising for sustained activity and also 

demonstrates how multiple properties are conveniently combined into a single coating.  

4.2.4 Modification of Polyolefin surfaces using plasma functionalization 
Plasma activation of polyolefin surfaces has been used to prepare antimicrobial polyolefin surfaces using a 

number of strategies: 

Tiller et al. activated a range of substrates, including PE and PP by exposing them briefly to a torch, where 

the propane:butane gas mixture contained 0.6 % tetramethylsilane.80 This resulted in deposition of a dense 

SiO2 layer on the surface of the substrate. The resulting surface silanols were further reacted with 3-

aminopropyltriethoxysilane to give amino-functional surfaces. The amino-groups were then reacted first 

with 1,4-dibromoethane, then with poly(4-vinylpyridine) and finally with 1-bromohexane to give 

quaternary ammonium surfaces. The resulting surfaces showed antimicrobial activity against both 

waterborne and airborne bacteria (see Table 2, entry 8).  

A low pressure Helium plasma was used to generate radicals on the surface of polyethylene films.81 The 

generated radicals could be used to initiate free radical polymerization of a range of quaternary vinylic 

monomers from the surface. In particular, surface-initiated poly(diallyldimethylammonium chloride) 

showed a high antimicrobial activity towards M. Luteus and E. coli (see Table 2, entry 9).  

A similar surface functionalization procedure was use by McCubbin et al. who used an Argon plasma to 

generate free radicals on the surface. 82 However, instead of directly polymerizing a quaternary 

ammonium monomer from the surface, the radicals were used to initiate polymerization of acrylic acid.83 
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The resulting acid-functional surfaces were then converted into acid chlorides that efficiently react with 

the primary amine of N-(ω-aminoalkyl) piperidines. The resulting piperidine-functional surfaces were 

quaternized using 1-bromooctadecane. Surfaces based on N-(ω-aminoalkyl) piperidines with alkyl chains 

of 4, 6 and 10 carbons were screened for antimicrobial activity with the  C10 chain being the more active 

of the three (see Table 2, entry 10).  

4.2.5 Modification of Polyolefin surfaces using solvent coating 
The direct application of antimicrobial coatings by application of a solution or dispersion is attractive as it 

eliminates the need for one or more activation steps that often require more specialized and contained 

setups. The challenge with many surfaces is to ensure even distribution and long-term durability of the 

coating. This is traditionally difficult with polyolefin substrates that are poorly wetted.84–86 However, the 

use of polymers containing functional groups or blocks with a high affinity for polyolefins have led to 

promising results.   

Klibanov’s group prepared a copolymer of styrene, butyl methacrylate and allyl bromide by free radical 

polymerization.87 The resulting copolymer was coupled with poly(ethylene imine) through N-alkylation 

and the excess aminogroups were quaternized using first 1-bromoalkane followed by methyl iodide. The 

resulting copolymers could be applied to polyethylene slides by a dip-coating technique. The resulting 

slides showed high antimicrobial activity towards S. aureus and E. coli (see Table 2, entry 11). When 1-

bromododecane was used in the quaternization reaction, no leaching of polymer was found, which 

demonstrates that the antimicrobial effect was caused by immobilized polycations. However, leaching 

could not be excluded when 1-bromohexane was used in the quaternization reaction.  

The same group prepared a quaternary polyurethane by reacting 4,4’-methylene-bis(phenyl isocyanate) 

with N-protected serinol.88 After deprotection, the resulting amine groups were quaternized by reaction 

first with either excess 1-bromohexane or 1-bromododecane and then with methyl iodide. The resulting 

polymers were spray-coated onto polyethylene slides. Again, the slides coated with the polymer 

quaternized with the longer 1-bromododecane showed little sign of leaching. The resulting coated 

surfaces showed antimicrobial and antiviral activity (see Table 2, entry 12).  

Marini et al. used commercially available PE-PEO block copolymer as a substrate to make organic-

inorganic hybrid coatings.89 The terminal hydroxy group of PE-PEO was reacted with 3-

isocyanatopropyltriethyxosilane to give a silane-terminated polymer. In parallel, N-methylaniline was N-

alkylated with 3-chloropropyltriethoxysilane and the resulting product was quaternized with methyl 

iodide. The two silanes in combination with tetraethoxysilane were spin-coated onto polyethylene 

substrates and cured in the presence of acid. The resulting coatings showed activity towards S. aureus and 
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E. coli (see Table 2, entry 13), although a decrease in activity with time was observed. This decrease was 

assigned to a slow reaction of the quaternary ammonium salts with water.  

4.2.6 Modification of Polyolefin surfaces using blending 
The use of polymer blends, rather than surface-functional materials, may be attractive, as this potentially 

alleviates issue with loss of activity over time caused by surface ablation. However, since polymers are 

rarely miscible, blends often phase separate, which may adversely affect the polymer properties. Therefore, 

it is normally necessary to modify one or more of the blend constituents to optimize phase compatibility.90  

Blends of LDPE and so-called comb-like ionenes were reported by Zheng et al.91 Ionenes are ionic polymers 

with the charge located in the backbone. These typically exhibit poor compatibility with polyolefin blends. 

The authors reported an increased compatibility with LDPE by adding combs and aliphatic side-chains. 

The resulting blends exhibited high activity towards E. coli for the shortest ionenes with a side-chain of 

four carbons (see Table 2, entry 14).  
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Table 2: Preparation of antimicrobial polyolefin surfaces 

Entry Polymer Structure Functionalization Bactericidal effect and details Ref. 

Radical-mediated hydrogen abstraction  

1  

PP 

 

1) BPBriBU 
2) ATRP 
3) Alkylation  

g(-) E. coli: 100% 
DMAEMA polymers with higher MW 
proved more effective with same 
grafting density. 

71 

2  

 

Melt grafting in 
supercritical CO2 

g(+) S. aureus: 100% (PP pellets 10 
min.) g(-) E. coli: 100% (PP pellets 10 
min.), P. aeruginosa: >99% (PP fabric 
10 min.) 
Evaluation of skin irritation on rabbits. 
No skin irritation was observed after 
48 h. on a total of 6 rabbits. Killed 
almost all bacteria in only 10 min. 

72 

3  

 

1) FRP (AIBN) of 
Maleic anhydride  
2) PEI 
3) Quaternization  
 

PE/PPg(+) S. aureus: 98 ±1%/90 
±1%/, S. epidermidis: 97 ±1%/ 92 ±4% 
g(-) E. coli : 99 ±1%/ 96 ±1%, P. 
aeruginosa: 99 ±1%/94±1% Yeast C. 
albicans: 81 ±3%/ 80±6% 
 

73 

Ozonolysis 

4  

 

1) Ozone 
2) ATRP initiator 
3) ATRP of PEGMA 
and DMAEMA 
4) Alkylation  

g(+) S. aureus: 99.99. g(-) E. Coli: 
99.2% 
Longer ATRP time for DMAEMA 
increased antibacterial effect due to 
higher concentration of positive 
charges. The antibacterial activity was 
maintained over 4 repeated bacterial 
assays. 

76 

5  

PE 

 

1) Ozonolysis  
2) Reduction  
3) Silane coupling, 
grafting-to  

g(+) Bacillus subtilis: 2.65. g(-)  
E. coli: 3.1 log, S. enterica: 3.03 log 
. 

77 

Catechol/Dopamine functionalization 

6  

 

1) Catechol and PEI 
co-deposition 
2) PEI grafting 
3) Quaternization  

g(+) S. aureus: >95% g(-) E. coli: 
significant reduction  
Higher MW PEI gave better 
antimicrobial activity. 

78 
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1) Dopamine 
deposition 
2) Reaction with 
polylysine, PEGDGE 
and poly(GMA-co-
DVBAPS) 

First cycle: g(-) E. coli: 94.3 % g(+) 
S. aureus: 93.2 % 
Third cycle: g(-) E. coli: 91.2 % g(+) 
S. aureus: 86.3 % 

79 

Plasma modification 

8  

 

1) Silylation  
2) Amination with 
1,4-dibromobutane 
3) Alkylation 
3) PVP, Grafting to  

LDPE/PP, waterborne g(+) S. aureus: 
99 ±1%/97±2. g(-) E. coli: 98 
±2%/N.D.. 
PP, PET and Nylon surfaces were also 
tested. 

80 

9  

 

1) Helium plasma 
2) Free Radical 
Polymerization  
 

g(+) M. luteus: 105-106 CFU 
reduction g(-) E. coli: 105-106 CFU 
reduction  
Bacterial adhesion analysis by SEM 

81 

10  

 

1) Synthesis 
2) AA grafting to PE 
by glow discharge and 
chlorination 
3) Quaternization  

g(+) S. aureus: 100% g(-) E. coli: 
100% Yeast S. cerevisiae: 0-100% 
(depending on initial inoculum conc.) 
Toxic toward some mammalian cell 
lines. 

82 

Solvent Coating 

11  

 

1) Polymer synthesis 
2) Application by dip 
coating  
 

g(+) S. aureus: 100% g(-) E. coli: 
100% 

87 

12  

 

1) Polymer synthesis 
2) Electrospinning or 
solvent casting  
 

g(+) S. aureus: 7.5 log g(-) E. coli: 7.5 
log (Solvent cast on PE slides) Virus 
influenza (enveloped): 100%, 
poliovirus (non-enveloped): 
ineffective 

88 

13  

 

1) Silanization through 
urethane linkage 
2) Sol-gel reaction  

g(+) S. aureus: 99.1% g(-) E. coli: 
96.4% 
Prone to removal/release of QAS 
moieties by the nucleophilic attack of 
water. 

89 

Blending 

14  
 

Melt reactive blending  
 g(-) E. coli: 99.9% 91 

4.2.7 Preparation of antimicrobial polyurethanes 
By definition, a polyurethane is a polymer that contains the urethane group in the repeating unit. These 

are most frequently prepared from the reaction between alcohols and isocyanates (see Figure 5). This 

reaction is relatively tolerant towards the presence of many other functional groups, which allows the 

preparation of polyurethanes with a wide range of functionalities.92 The consequence is that, in contrast to 

PDMS and polyolefins that are chemically quite well-defined, polyurethanes are typically highly diverse 

and tailored to a very high degree. The benefit is that it is relatively straight-forward to introduce 

functional groups and that these will be present throughout the bulk of the material rather than only on the 

surface. On the other hand, it is difficult to predict materials properties as the synthetic modifications 
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cannot be considered minor perturbations to a material with known properties, but rather as an entirely 

new material.  

The majority of antimicrobial polyurethanes are prepared by the reaction between functional alcohols and 

isocyanates, which results in novel materials. In addition, there are examples of plasma-functionalization 

of pre-made polyurethane specimens (see Figure 6 and Table 3). The surface specificity of the plasma 

treatment leaves the bulk properties unchanged. In this case, the treatment may be considered a minor 

perturbation, in analogy with procedures used for other polymer materials.  

 

  

Figure 6: Routes to antimicrobial polyurethanes 

4.2.8 Synthesis of functional polyurethanes 
Introduction of quaternary ammonium groups into PU blends was done by Wang et al.,93 who first prepared 

a soft segment hydroxy-functional precursor (see Table 3, entry 1) by the reaction between 3-((4-

bromobutoxy)methyl)-3-methyloxetane (BBOx) and 3-((2-(2-methoxyethoxy)ethoxy)methyl)-3-

methyloxetane (ME2Ox). The soft segment was then used to make PU in a condensation reaction with 4,4-
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methylenebis(cyclohexyl isocyanate) (HMDI), poly(tetramethylene oxide) (PTMO) and 1,4-butanediol. 

The bromine functionality was subsequently N-alkylated using N,N-dimethyldodecylamine to produce 

quaternary ammonium functionalities along the chain. Finally the antimicrobial PU was blended with a 

commercial Tecoflex PU via solvent casting. The polymer effectively killed MRSE, S. aureus and E. coli. 

No cell death or morphological changes were observed when human mesenchymal stem cells (MSC) were 

exposed to the surface, indicating good biocompatibility. 

 

Gholami et al. prepared antimicrobial polyurethane based on epoxidized soybean oil and castor oil (see 

Table 3, entry 2).94 First, the epoxidized soybean oil was converted to an azide-containing polyol through 

reaction of the epoxides with sodium azide. The azide was reacted with propargyl alcohol under ‘click’ 

conditions and finally quaternized into a triazolium ion with methyl iodide. Polyurethanes were prepared 

through copolymerization with castor oil and isophorone diisocyanate. The resulting copolymer networks 

were cast as free-standing films, which were examined with respect to mechanical properties, water uptake 

and antimicrobial behavior. The optimized films were found to be durable, flexible and elastic, and able to 

absorb water without losing these advantageous properties. At the same time, they exhibited non-

cytotoxicity and high activity against bacteria and yeast. As such, they are promising candidates for wound 

dressings.  

Grapski and Cooper quaternized polyurethanes based on poly(tetramethylene oxide), N,N-bis(2-

hydroxyethyl)isonicotinamide and methylene diphenylene diisocyanate with 1-iodooctane, 1-

iodooctadecane and a highly fluorinated 1-iododecane (See Table 3, entry 3).95 Varying the ratio between 

flexible poly(tetramethylene oxide) blocks and rigid isonicotinamide groups allowed the preparation of 

polyurethanes with a range of mechanical properties and ion content. Polyurethanes quaternized with 

octadecane proved efficient in killing S. aureus but was less active against E. coli.  

The use of functional polyoxetanes as modifiers of polyurethanes based on 4,4‘-(methylene bis(p-

cyclohexyl isocyanate) and 1,4-butanediol was reported (see Table 3, entry 4).96 The heterotelechelic 

polyurethanes were prepared to have side-chains that were a combination of quaternary ammonium ions 

with C6 or C12 alkyl chains and either trifluoroethoxymethyl or 2-(2-methoxyethoxy)ethoxy chains. The 

copolymers were tested as contact-antimicrobial coatings on glass surfaces, where it was found that the 

polymers with a combination of fluorinated and C12-chains had the highest efficiency. 

Hazziza-Laskar et al. prepared polysiloxanes with pendant quaternary ammonium and hydroxy-groups (see 

Table 3, entry 5). 97 The hydroxy-groups allowed formation of a polyurethane network when mixed with a 

triisocyanate and the resulting polyurethane showed a significant reduction in E. coli.  

Terpene-based quaternary ammonium salts with pendant hydroxy-groups were prepared in a multistep 

procedure starting from a terpene-maleic ester-type epoxy resin (see Table 3, entry 6).98 Polyurethane 
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coatings were prepared by mixing this with a terpene-based polyol and a hydrophilic diisocyanide followed 

by solvent casting onto flat surfaces. The resulting coatings showed some antimicrobial activity.  

Zhu et al. reported antimicrobial shape memory polyurethanes based on poly(ε-caprolactone)diol, 1,4-

butanediol, N,N-bis(2-hydroxyethyl)-isonicotinamide and 4,4’-diphenylmethane diisocyanate with 

variable amounts of isonicotinamide. After the polycondensation reaction, the pyridinium group of the 

isonicotinamide was quaternized with 1-iodooctane.99 The resulting materials were analyzed with respect 

to mechanical behavior and tensile strength as a function of structure and crystallinity. Importantly, the 

materials with the highest amount of pyridinium ions showed significant antimicrobial activity towards S. 

aureus and K. pneumonia (see Table 3, entry 7). 

4.2.9 Modification of polyurethane surfaces using plasma functionalization 
Although less common, polyurethane surfaces have been functionalized by activation using plasma 

treatment. For example, Li et al. functionalized commercial PU films by first exposure of the surface to an 

oxygen plasma to introduce hydroxyl groups on the surface.100 The functional surfaces were then treated 

with dimercaprol and quaternized chitosan, which were fixed by UV irradiation via a so-called thiol-ol 

reaction.101 The resulting surfaces showed antimicrobial activity towards S. aureus and P. aeruginosa 

while being non-cytotoxic (see Table 3, entry 8). These properties were largely retained after autoclaving 

and repeated wiping with 70 % ethanol solutions.100  

The direct functionalization of commercial PU catheters has also been demonstrated.102 After treatment of 

the catheters using an Argon plasma, acrylic acid was grafted off the functional surface. Finally, the 

poly(acrylic acid) (PAA) surfaces were exposed to a 3-(trimethoxysilyl)-

propyldimethyloctadecylammonium chloride solution, which was immobilized by heat curing. The 

resulting catheters showed high activity against E. coli in vitro (see Table 3, entry 9). 
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Table 3: Preparation of antimicrobial PU surfaces 

Entry Polymer Structure Functionalization Bactericidal effect and 
details Ref. 

Functional polyurethane 

1  

 

1) Monomer synthesis 
2) Copolymerization 
3) Copolymerization/blend with 
PU 
4) Quaternization 

g(+) MRSE: 3.7 log, S. 
aureus: 100%. g(-) E. coli: >4 
log 
Good biocompatibility. 

93 

2  

 

1) Copolymerization 
2) Solvent casting 

g(+) S. aureus: 100% g(-) P. 
aeruginosa: 100% Yeast 
C. albicans: 100% 
Non-cytotoxic 

94 

3  

 
 

Copolymerization g(+) S. aureus: 95% g(-) E. 
coli: 10% 

95 

4  

 

1) Copolymerization 
2) Spin coating 

g(+) S. aureus: 3.57 log g(-) 
E. coli: 4.38 log, P. 
aeruginosa: 4.33 

96 

5  

 

1) Condensation curing 
2) Solvent cast 

g(-) E. coli: 4.1 /3,7 
before/after 30 days in water 

97 

6  

 

1) Polymer synthesis 
2) Solvent cast 

g(+) S. aureus 55.0% g(-) E. 
coli: 45.2% 
Various alkyl lengths were 
investigated. 

98 

7   
 

1) Copolymerization 
2) Alkylation 

g(+) S. aureus: 100% g(-) K. 
Pneumoniae: 90.7% 

99 

Plasma modification 

8  

 
Crosslinked 

1) Oxygen plasma 
2) UV spin coating of 
dimercaprol and QCS 
 

g(+) S. aureus: >95% g(-) P. 
aeruginosa: >95% 
Non-cytotoxic 

100 

9  

 

 

1) Argon plasma 
2) Vapor phase polymerization of 
AA 
3) Dip coating 
4) Heat curing 

g(-) E. coli: 100% 102 
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4.3 Preparation of antimicrobial polyesters 
A variety of common polyesters, most notably poly(ethylene terephthalate) and poly(ε-caprolactone) have 

been rendered antimicrobial by various means. As was the case with PDMS and polyolefins described 

above, it is necessary to activate the hydrophobic polyesters in order to render them antimicrobial (Figure 

7). As discussed below, ‘universal’ activation tools such as plasma-treatment and hydrogen-abstraction 

can be used. In addition, the ester bonds are prone to aminolysis and hydrolysis and this reaction has been 

used to introduce additional groups such as amines or carboxylate groups on the surface.  
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Figure 7: Routes to surface activation of polyethylene terephthalate surfaces 

4.3.1 Modification of poly(ethylene terephthalate) surfaces using silane functionalization 
El Ola and coworkers treated PET fabrics with 3-(trimethoxysilyl)-propyldimethyloctadecyl ammonium 

chloride under both acidic and basic conditions where the trialkoxysilanes hydrolyze. This was followed 

by lowering the pH, where the resulting hydrolysis products polymerize to form an interpenetrating 

network with the polyester (see Table 4, entry 1).103 Hydrolysis under acidic conditions, led to the 

formation of relatively hydrophobic fabrics, whereas much more hydrophilic coatings formed when 

polymerized at high pH. This effect was explained by a larger accessibility of hydroxyl groups and 

quaternary ammonium groups, when hydrolyzed at higher pH. It may also be related to the base partly 

hydrolyzing the fabric (and not only the trimethoxysilyl groups), which leads to formation of hydroxy-
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groups and carboxylic acid groups in the final material. For both sets of conditions, the resulting fabrics 

were found to be highly antimicrobial.  

4.3.2 Modification of poly(ethylene terephthalate) surfaces using plasma modification 
Exposure of PET surfaces to plasma will also lead to activation of the surface: 104 Treatment with Argon 

plasma, followed by exposure to air created peroxide groups on the surface. These groups were used to 

initiate polymerization of 4-vinylpyridine under UV irradiation and finally the surfaces were quaternized 

with hexyl bromide. The resulting surfaces were found to be highly efficient against both water-borne 

and air-born E. coli (see Table 4, entry 2).  

4.3.3 Modification of poly(ethylene terephthalate) surfaces using polymer blending 
A possible route to scaled-up preparation of antimicrobial PET was demonstrated by Cao et al.105 Here, 

up to 12 % w/w of a polypropylene grafted poly(hexamethylene guanidine) (PP-g-PHMG) was mixed 

with PET at 270°C (see Table 4, entry 3). The PP-g-PHMG was prepared from the reaction between 

commercial polypropylene-graft-maleic anhydride and PHMG. The latter was synthesized by 

condensation polymerization between hexamethylenediamine and guanidine hydrochloride.106 The 

polymer surfaces were enriched in PHMG, and this led to antimicrobial action towards S. aureus and E. 

coli. Furthermore, it was confirmed that the antimicrobial action was not due to leaching of the PHMG-

containing copolymer.  Inclusion of PP-g-PHMG generally led to a decrease in tensile strength compared 

to non-modified PET. However, it was possible to achieve high antimicrobial efficiency without 

significantly affecting the strength by adding only 6.5 % of the grafted copolymer.105  

4.3.4 Modification of poly(ethylene terephthalate) surfaces using surface aminolysis 
Being a polyester, PET will undergo reactions typical of esters, and this has been exploited for surface 

modification. In particular, treatment of PET surfaces with bifunctional ethylenediamine in a non-solvent 

for the polymer led to the formation of aminated surfaces due to amide formation between one amine 

group of ETDA and a PET ester group (see Table 4, entry 4).107 The excess amine groups were reacted 

with the epoxide groups of an epoxy-terminated PHMG. The resulting materials showed high activity 

towards S. aureus and E. coli and the modification did not affect the mechanical properties of PET 

significantly.  

4.3.5 Modification of poly(ethylene terephthalate) surfaces using electron beam grafting 
The use of an electron beam to cure polymer coatings is a well-known, industrially relevant type of 

radiation curing.108 Polymer grafting using this technique is attractive, since no additional reagents except 

for substrate and monomer are required. However, the impact of high-energy particles may lead to 
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significant bulk degradation, with associated changes in properties, why optimization of conditions is 

generally required.109,110  

Electron beam irradiation was used to graft a 1:1 mixture of acrylic acid and 2-Dimethyl-2-hexadecyl-1-

methacryloxyethyl ammonium bromide from PET surfaces (see Table 4, entry 5).111 In addition to 

creating grafts from the surface, the high-energy irradiation led to some degradation of the breaking 

strength of the fabrics due to chain scission. However, the treated fabrics showed very high antimicrobial 

action towards S. aureus and E. coli. Furthermore, if silver ions were added to the fabrics, a synergistic 

effect was observed, where the combination led to a significant decrease in the bacterial inactivation time.  

4.3.6 Modification of poly(ethylene terephthalate) surfaces using radical-mediated 

hydrogen abstraction 
The direct modification of PET fabrics using radical-mediated hydrogen abstraction was demonstrated 

using a benzophenone modified with a quaternary ammonium group.112 The benzophenone-treated fabric 

was irradiated with UV-A light to activate the hydrogen abstraction and radical recombination. The 

modified fabrics were significantly more hydrophilic than the native PET, but, importantly, mechanical 

properties as well as water and air permeabilities did not change. The resulting fabrics were active against 

all the bacteria and fungi tested and also showed mite repellent properties, while being non-irritant and 

non-toxic (see Table 4, entry 6).  

4.3.7 Modification of poly(ethylene terephthalate) surfaces using dopamine 

functionalization 

As described for polypropylene (see Table 2, entry 7), it is also possible to modify PET using dopamine 

to obtain coatings that are bactericidal, but also antifouling and capable of releasing adhered bacteria (see 

Table 4, entry 7 as well as further details in section 4.2.3), which emphasizes the versatility of using 

dopamine.79    
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Table 4: Preparation of antimicrobial PET surfaces 

Entry Polymer structure Functionalization Bactericidal effect and details Ref. 

Silane polymerization 

1  
 

Preparation of 
functional silane 

g(-) E. coli: >99.5% 
Even at low concentration 
antimicrobial activity of >99.5% was 
still maintained  

103 

Plasma modification 

2  
 

1) Air 
2) UV 
copolymerization, 
grafting from 
3) Alkylation  

g(-) E. coli: 100% 
Cellulose filter paper as substrate 
were also investigated 

104 

Blending 

3  

 

Polymer synthesis g(+)  S. aureus: 99.9% g(-) E. coli: 
98.0%- 

105 

Surface aminolysis 

4  
 

1) Epoxy 
functionalization of 
PHMG 
2) Grafting-to via 
Epoxy-amine of PET 
surface and EGDE-
PHMG 

g(+) S. aureus: >99.99 % g(-) E. coli: 
>99.99%- 

107 

Electron beam grafting 

5  

 

Monomer synthesis 
 

g(+) S. aureus: 100 % g(-) E. coli: 
100% 
Able to eradicate all bacteria after 
only 10 min. 

111 

Radical-mediated hydrogen abstraction 

6  

 

QAS modified 
benzophenone  

g(+) S. aureus >99%, S. epidermidis 
>99%, S. pneumonia >99%, MRSA 
>99% g(-) E. coli >99%, A. 
baumannii >99%, P. aeruginosa 
>99%, Fungi A. niger >99% 
Negligible skin irritation 
No acute oral toxicity. 
Was also repellent towards mites. 

112 

Dopamine functionalization    
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7  
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1) Dopamine 
deposition 
2) Reaction with 
polylysine, PEGDGE 
and poly(GMA-co-
DVBAPS) 

g(-) E. coli: 94.3 % g(+) S. aureus: 
93.2 % 

79 

4.3.8 Modification of poly(ε-caprolactone) surfaces using surface amination 

Surface amination was used to introduce phosphodicholine-based doubly charged cationic chitosan 

derivatives (see Table 5, Entry 1) onto poly(ε-caprolactone). 113 Here, the PCL surface was first treated 

with 1,6-hexanediamine to introduce amino-groups. Subsequently, the aminated surfaces were treated 

with excess glutaraldehyde to produce aldehyde-functional surfaces, which directly reacted with excess 

amino-groups on the chitosan derivatives. The resulting surfaces showed antimicrobial activity towards S. 

aureus and E. coli in addition to being non-hemolytic and possessing protein antifouling properties, where 

they out-performed singly-charged non-phosphodicholine control surfaces.  

4.3.9 Modification of poly(ε-caprolactone) surfaces using surface activation and layer-by-

layer deposition 
Tang et al.114 used a layer-by-layer (LbL) deposition technique to create alternating layers of 

poly(hexamethylene biguanide), PHMB a positively charged polymer that has been used as a disinfectant 

antiseptic, and PAA onto poly(ε-caprolactone) (PCL). PCL was first hydrolyzed by sodium hydroxide to 

introduce carboxylic acid functionalities. Thereafter layers of first PHMB and subsequently PAA was dip 

coated onto the surface and finished with a final layer of PHMB. Different numbers of 

(PHMB/PAA)n/PHMB layers were investigated for n being either 0, 1, 3, 5 or 7. The antimicrobial effect 

was evaluated against E. coli and with just 3 layers, the surface was shown to completely eradicate the 

pathogen and within just 10 min. of contact for 7 layered coatings (see Table 5, entry 2). The binding of 

the layers relies on electrostatic interaction of the oppositely charged surface and such relatively weak 

association could possibly cause leakage of the active PHMB. To prove the stability of the coating, 

modified substrates was submerged in PBS buffer for 24 h. and trails of released compounds was 

analyzed by UV-vis spectroscopy. Absorption peaks from PHMB was almost undetectable and 

concentrations were as low as 0.0005% (w/v). The modified PCL was also shown to have good 

biocompatibility and allowed proliferation of rat dermal fibroblast cells. 
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4.3.10 Modification of poly(ε-caprolactone) surfaces using polymer blending 

Belkhir et al. prepared three-arm star block copolymers, where the inner block constituted PCL and the 

outer block cationic poly([2-(methacryloyloxy)ethyl]trimethylammonium chloride). 115 These copolymers 

were co-extruded with PCL in various ratios and the antimicrobial effect of the resulting films was 

evaluated. In general, the neat materials showed the highest antimicrobial activity (see Table 5, entry 3) 

but it generally remained high on addition of up to 50 % non-modified PCL.  

4.3.11 Modification of other polyesters 
A few other polyesters have also been modified, but the relatively low number probably reflects their very 

limited current use in medical devices.  

Du Prez’ group reported on poly(butylene adipate) (PBA) functionalized with quaternary phosphonium 

ions.116 The base polyester was prepared from 1,4-butanediol, 2-methyl-2-propargyl-1,3-propanediol and 

adipic acid, so that it contained 10 mol % of a pendant alkyne group. The resulting polyester was reacted 

with 3-azidopropyl)triphenylphosphonium bromide under click conditions and the antimicrobial activity 

towards E. coli was found to be relatively high (see Table 5, entry 4).   

Electrospinning a mixture of biodegradable poly(3‐hydroxybutyrate‐co‐4‐hydroxybutyrate) and low 

molecular mass quaternary ammonium salts was reported to give fibres that were active towards S. aureus 

and E. coli (See Table 5, entry 5), provided the alkyl chains are sufficiently long.117 Since the fibres are 

degradable with a high surface area and since the quaternary ammonium ions are physically mixed into 

the polymer matrix, it seems likely that at least part of the reason for the antimicrobial activity is due to 

release of active compounds. This was not investigated in further detail.  

The functionalization of poly(ricinoleic acid), which can be produced from castor oil has also been 

reported.118 Ricinoleic acid contains an alcohol and a double bond. First, the alcohol was condensed with 

the acid to form polyesters containing a vinyl group in the backbone. The vinyl group was then 

copolymerized with 3-hexadecyl-1-vinylimidazolium bromide under UV-irradiation using a free-radical 

photoinitiator to give cationically modified copolyesters. The resulting copolymers were shown to be 

antimicrobial (see Table 5, entry 6).  

Table 5: Preparation of non-PET based antimicrobial polyesters 

Entry Polymer structure Activation Functionalization Bactericidal effect and details Ref. 

Poly(ε-caprolactone) 

1   Surface 
aminolysis 

1) Polymer synthesis 
2) Amination 
3) glutaraldehyde 
coupling 
4) Schiff-base reaction 

g(+) S. aureus: 88.9±3.2% g(-) E. 
coli: 96.2±1.5% 
Non-hemolytic 
Resisted adhesion of BSA, FG and 
lysozyme. 

113 
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2  
 

Surface 
hydrolysis 

1) NaOH 
2) LbL deposition 

g(-) E. coli: 100% 
Non-cytotoxic 
Was able to eradicate E. coli within 
10 min 

114 

3  

 

Polymer 
blending 

1) Polymer synthesis 
2) polymer blend 

g(+) L. monocytogenes: 4.9 log g(-) 
E. coli: 6.7 log, S. Typhimurium: 5.2 
log  
PLA matrix was also investigated  

115 

Other polyesters 

4  
 

Poly(butylene adipate), PBA 

Alkyne-
functional 
polyester 

Azide-alkyne “click” 
reaction g(-) E. coli: >3.95 log 116 

5   
Poly(3‐hydroxybutyrate‐co ‐4‐
hydroxybutyrate), P(3HB-4HB) 
 

Blending Electrospinning of blend 

g(+) S. aureus: 100% 
g(-) E. coli: 100% 
Antibacterial results achieved after 
only 3 min of contact. 
Also resisted BSA adhesion by 80%. 

117 

6  

 
Poly(ricinoleic acid) 

UV 
grafting 

1) Polymer synthesis 
2) UV-FRP grafting 

g(+) S. aureus: 100% 
g(-) E. coli: 95.0 ±51% 

118 

4.4 Preparation of antimicrobial PVA, cellulose and starch 
In contrast to most of the polymers described above, PVA, cellulose and related sugar-based polymers are 

relatively easy to surface modify due to the presence of accessible hydroxy-groups, which can be 

modified using relatively mild conditions.119 

4.4.1 Modification of PVA and cellulose surfaces using silylation  
The modification of cellulose and poly(vinyl alcohol) (PVA) with a quaternary trimethoxysilane, 

trimethoxysilylpropyl octadecyldimethyl ammonium chloride was achieved by its hydrolysis at pH 4.120 

The resulting silylated materials were found to efficiently kill several types of bacteria (see Table 6, 

entries 1 and 2). 
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Figure 8: Routes to surface-functional cellulose  

4.4.2 Modification of PVA and cellulose surfaces using esterification  
The direct esterification of the cellulosic hydroxy-groups has been used to make a variety of antimicrobial 

materials: 

Abel et al.121 modified cotton textiles with 1,4-diazabicyclo[2.2.2]octane (DABCO) by activating the 6-

position of the carbohydrate structure through tosylation with p-toluenesulfonyl chloride (see Figure 8). 

The tertiary amine of the attached DABCO was then used to gain a second positive charge by alkylation. 

This significantly increases the charge density, an important variable governing the effect of antimicrobial 

surfaces (see above). Various alkyl chain lengths as well as DABCO end-capped alkylation agents were 

investigated. It was found that an alkyl chain length of C16 was able to completely kill a wide range of 

pathogens (see Table 6, entry 3). A surprising finding was that the highest effect did not originate from the 

surface with the highest charge density. Instead, the amphiphilicity and alkyl chain length was found to 

play a vital role in the antimicrobial effect to create proper interaction with the bacterial cells. 
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The straight-forward esterification of cellulose allows immobilization of polymerization initiators and 

chain transfer agents: In particular, Lee et al. prepared surface-bound 2-bromoisobutyryl esters on filter 

paper and used these as ATRP initiators for growing PDMAEMA brushes.122  The resulting brushes were 

quaternized with methyl bromide and the substrates were found to be antibacterial (see Table 6, entry 4).  

Similar materials were prepared by Perrier’s group, except that in this case, the filter paper was modified 

with a chain transfer agent, and the PDMAEMA was prepared using RAFT polymerization.123 The 

authors examined the effect of quaternization with alkyl chains of different lengths. The authors found 

that the PDMAEMA brushes quaternized with the shorter C8 chains had a higher effect on E. coli than 

those quaternized with longer C12 and C18 chains (see Table 6, entry 5).  

4.4.3 Modification of starch using urethane coupling 

Recently Ojogbo et al. modified starch by reaction with an isocyanate-functional poly(hexamethylene 

guanidine hydrochloride) (PHGH).124 Films of the resulting material combined with PLA showed high 

antimicrobial activity (See Table 6, entry 6). Furthermore, the resulting materials showed little evidence 

of PHGH leaching, indicating high immobilization of the bactericide.  

  



40 
 

Table 6: Preparation of antimicrobial PVA, cotton/cellulose and starch 

Entry Polymer structure Activation Functionalization Bactericidal effect and details Ref. 

Poly(vinyl alcohol), PVA 

1  
 

Silylation 

Reaction with 
quaternary 
ammonium-
trimethoxysilane 

g(+) B. cereus: 100%, A. 
acidoterrestris: 100%. g(-) E. coli: ~5 
fold reduction 
 

120 

Cotton/Cellulose 

2  
 

Silylation 

Reaction with 
quaternary 
ammonium-
trimethoxysilane 

g(+) B. cereus: 10-fold reduction, A. 
acidoterrestris: 100%. g(-) E. coli: >30 
fold reduction 
 

120 

3  

 

Esterification 
+ amination 

1) Tosylation 
2) Quaternization 

g(+) S. aureus: 100%, B. cereus: 100%, 
M. luteus: 100%. g(-) E. coli : 100%, 
E. aerogenes: 100%, E. cloacae: 100%, 
P. vulgaris: 100% 
Various alkyl lengths were 
investigated. 
 

121 

4  

 

Esterification 
+ ATRP 

1) BiBB 
2) ATRP 
3) Quaternization 

g(+) B. subtilis: 52%. g(-) E. coli: 3.5 
log 

122 

5  

 

Esterification 
+ RAFT 

1) CPAC, CS2, 
PhMgCl 
2) RAFT 
polymerization 
3) Quaternization 

g(-) E. coli: 4 log 
Various alkyl chain lengths were 
investigated. 

123 

Starch     

6  
O

O

NH

H
N

H
N

O

H
N

NH2

NH2
6 n

Cl  

Urethane 
coupling 

1) Preparation of 
PHGH 
2) Isocyanate 
functionalization 
3) Urethane formation 
with starch 
 

g(-) E. coli: 99.94 %. g(+) B. subtilis: 
100 % 

124 

4.5 Preparation of antimicrobial PVC, PVDF and PS 
In addition to the polymers mentioned above, there are also examples of the preparation of antimicrobial 

poly(vinyl chloride) (PVC), poly(vinylidene fluoride) (PVDF) and polystyrene (PS) (see below and Table 

7). However, as the examples are few, they have been collected in this section.  
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Figure 9: Routes to surface-functionalization of poly(vinyl chloride), PVC 

4.5.1 Modification of PVC surfaces using gamma-irradiation  
Gamma-irradiation is used extensively industrially, in particular for sterilization of plastic-based medical 

consumables due to the penetration depth of gamma rays, which allows bulk treatment.109 As with other 

types of ionizing radiation, bond scission gives reactive species that can initiate the polymerization 

process.125 However, the use of gamma-irradition for surface modification is less wide-spread. Part of the 

reason is that the method is less surface-specific than initiation with electrons or ultraviolet irradiation.109 

Another part of the reason may be that gamma sources are relatively scarce compared to electron or UV 

sources.  

Nevertheless, Meléndez-Ortiz et al.126 grafted 1-vinylimidazole (VI) onto polyvinylchloride (PVC) via a 

fast and simple one step FRP procedure using 60Co-gamma irradiation (see Figure 9). Quaternization of 

the 3-position of VI was then accomplished using iodomethane. The modified polymer substrates killed 

100% of S. aureus but was ineffective against E. coli (see Table 7, entry 1).  

4.5.2 Modification of PVC surfaces using chloride substitution  
A common route to modify PVC is through nucleophilic substitution of the chlorine.127 Thus, positively 

charged poly(hexamethylenediamine guanidinium chloride) (PHMG)  was covalently attached to PVC 

urinary catheters by Villanueva et al.128 The chloride functionalities of PVC was utilized for thiol 

substitution with mercaptopropyltrimethoxysilane (MPTMS) (see Figure 9). Amine groups were then 

introduced by reaction with APTES, which was converted to aldehyde by reaction with glutaraldehyde and 
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finally, PHMG was attached by reaction with the aldehyde groups. The functionalized surface showed 

excellent antimicrobial activity towards S. aureus,  B. subtilis, P. aeruginosa and A. baumannii (see Table 

7, entry 2). In addition, the coating also reduced bacterial attachment and remained active for 60 days. 

4.5.3 Modification of PVDF surfaces using dopamine  
PVDF is widely used for membranes for filtration devices due to its high chemical resistance, mechanical 

strength and thermal stability.129 However, such hydrophobic membranes are prone to biofouling over 

time, and this leads to a decrease in performance.129 As a consequence, several routes to prepare 

antimicrobial membranes have been reported.  

Dopamine has been used to facilitate surface adhesion of antimicrobial groups. 60,130 In addition to 

immobilizing polycarbonates containing dopamine and quaternary ammonium on PDMS substrates 

(described above, see Table 1, entry 4), the same polymers could be immobilized on PVDF to give 

comparable antimicrobial activity (see Table 7, entry 3), thus demonstrating the universality of the 

method.60  

A slightly different approach was adopted by Gao and coworkers.130 First dopamine was polymerized in 

the presence of PVDF membranes to give coated membranes. The polydopamine surface hydroxy-groups 

were then reacted with 2-bromoisobutyryl bromide to give ATRP initiating groups, and these were used 

to polymerize DMAEMA and HEMA off the surfaces. Finally, the PDMAEMA brushes were quaternized 

with 1-bromodecane. The resulting surfaces were found to be active against S. aureus (see Table 7, entry 

4).  
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Figure 10: Routes to surface-functional PVDF 

4.5.4 Modification of PVDF surfaces using photografting  
Perhaps the most widespread procedure for photo-mediated hydrogen abstraction is through the 

irradiation of benzophenone. This has proven highly efficient for functionalization of a range of 

substrates.131 

Hilal et al. irradiated PVDF membranes soaked in a solution of ‘quaternary 2-

dimethylaminoethylmethacrylate’ (presumably a halide salt of trimethylammoniumethyl methacrylate,) 

with UV irradiation in the presence of benzophenone as photoinitiator.132 The resulting membranes had 

qualititative effect towards E. coli (see Table 7, entry 5).  

4.5.5 Modification of PS by ozonolysis 
In addition to PE, Fadida et al. also activated PS surfaces in a multi-step procedure.77 First, the surface was 

subjected to air-ozonolysis, followed by reduction to hydroxy-groups. These were functionalized with 

trimethoxysilylpropyl octadecyldimethyl ammonium chloride. The reduction in viability was significantly 

larger when PS was used as a substrate compared to PE (compare Table 7, entry 6 with Table 2, entry 5), 

which suggests that the type of substrate and/or modification method may significantly influence the 

outcome of the surface modification. 
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4.5.6 Modification of PS by DOPA-functional antimicrobial peptides 
In another approach, an antimicrobial peptide was immobilized on a PS surface via modification of the 

peptide terminus with a DOPA entity.133 The thickness of the resulting peptide layer increased by pre-

treatment with a laccase-maltodextrin mixture (LM), and the resulting surfaces exhibited inhibition of E. 

coli growth (Table 7, Entry 7). 
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Table 7: Preparation of antimicrobial PVC, PVDF and PS surfaces 

Entry Polymer structure Functionalization Bactericidal effect and details Ref. 

Poly(vinyl chloride), PVC Gamma-irradiation   

1  

 

1) N-vinylimidazole, 60Co γ 
2) Quaternization 

g(+) S. aureus: 100%. g(-) E. coli: 
inefficient. 
Good hemocompatibility. A vinyl-
imidazole grafting percentage of 
20% or higher yielded the best 
results. 

126 

  Chloride substitution   

2  

 

1) MPTMS 
2) APTES 
3) Glutaraldehyde 
4) PHMG 

g(+) S. aureus: 99.999%, B. subtilis: 
99.999%. g(-) P. aeruginosa: 
99.999%, A. baumannii: 99.956% 

128 

Poly(vinylidene fluoride), PVDF Dopamine functionalization 

3 1
4 

 

1) Chloride-functional 
polycarbonate 
2) Dopamine 
functionalization 
3) Quaternization 

g(+) S. aureus: 99.999%. g(-) E. coli: 
99.999% 
 
Negligible cytotoxicity. Resisted 
BSA adhesion by 93%. 
 

60 

4 1
2 

 

1) Dopamine 
2) BiBB 
3) ATRP 
4) Quaternization 

g(+) S. aureus: 98.0% 130 

  Photografting   

5  

 

1) Benzophenon 
2) Quaternary 2-dimethyl-
aminoethylmethacrylate 

g(-) E. coli: few colonies remain 132 

Polystyrene, PS Ozonolysis  

6  

 

1) Ozonolysis  
2) Reduction  
3) Silane coupling, 
grafting-to  

g(+) Bacillus subtilis: 3.37 log g(-) 
E. coli: 6.58 log, S. enterica: 2.55 log 

77 

  Dopamine functionalization  

7  LM

O

O

Tet-124

 

1) DOPA-Modification of 
antimicrobial protein Tet-
124 
2) Laccase deposition 
(optional) 
3) Deposition of DOPA-
functional Tet-124 
  

g(-) E. coli: Inhibition 133 

5 Summary and Outlook 
As discussed above, essentially any polymer surface can be treated to show antimicrobial action. The 

modification methods can roughly be divided into general methods, i.e. methods that are not specific to 

the chemical composition of the base polymer and to specific methods, which are dependent on the 

polymer chemistry, and therefore not universally applicable.  
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Common to the majority of the methods found in literature is that they involve relatively complex, 

multistep procedures, which make them relatively expensive to implement in industrial settings. Thus, 

one outstanding challenge in the preparation of antimicrobial surfaces is to develop low-cost scalable 

methods of preparation. 

The general methods include dopamine polymerization and functionalization as well as methods based on 

surface bond scission, in particular hydrogen bond abstraction to generate highly reactive sites that can be 

used for further functionalization. Bond scission can be accomplished through treatment with high energy 

particles in the form of photons or electrons (or combined as in a plasma). Alternatively, it is possible to 

induce bond scission and functionalization through treatment compounds that generate free radicals 

typically upon heating or irradiation at specific wavelengths.  

The specific methods depend on the exact chemistry of the materials and spans from the relatively crude 

base-induced cleavage of ester bonds in polyesters followed by functionalization of the formed 

functionalities to the highly specialized design of functional polyurethanes.  

Contact active antimicrobial surfaces, mainly based on quaternary ammonium have been shown to elicit 

antimicrobial activity against a broad range of bacteria. Their non-leaching ability suppress the risk of 

developing resistance in pathogens. The antimicrobial action of cationic surfaces may have different 

origins, as discussed in section 3, and the collected results in Table 1 to Table 7 demonstrate that the 

effect of various properties of coatings on the antimicrobial effect is not completely understood. Thus, 

there seem to be a delicate interplay between parameters such as surface hydrophilicity, charge density 

and type of cation on the ability of a surface to effectively kill pathogens. In addition to this, in the few 

cases where the exact same chemical approach has been applied, there is also evidence that the base 

polymer also impacts the activity of a given modified surface. 

This picture is further obscured by the fact that the antimicrobial effect of a given surface to a large 

degree depends on the type of pathogen tested i.e. that a surface may be highly effective towards one type 

of pathogen but show very little activity towards other types. Thus, the mechanism of cell death depends 

both on the surface and the pathogen, but the empirical evidence of these relations are still very limited.  

Antimicrobial surfaces tend to have a limited lifetime due to fouling induced by cell fragments, i.e. the 

attraction of the surfaces towards cell wall components leads to formation of a protective layer, which 

eventually allows fouling and bacterial growth. This issue has only been scarcely addressed and may be 

another major obstacle in the use of such polymers for materials in long-term contact with the 

environment or the organism. In addition, information from in vivo experiments are lacking for most of 
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the investigated systems, which would be required to evaluate their true potential as antimicrobial 

coatings in biomedical settings.  
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