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Pathogenic microorganisms are considered to a major threat to human health, impinging on multiple
sectors including hospitals, dentistry, food storage and packaging, and water contamination. Due to the
increasing levels of antimicrobial resistance shown by pathogens, often caused by long-term abuse or
overuse of traditional antimicrobial drugs, new approaches and solutions are necessary. In this area,
antimicrobial polymers are a viable solution to combat a variety of pathogens in a number of contexts.
Indeed, polymers with intrinsic antimicrobial activities have long been an intriguing research area, in part,
due to their widespread natural abundance in materials such as chitin, chitosan, carrageen, pectin, and
the fact that they can be tethered to surfaces without losing their antimicrobial activities. In addition,
since the discovery of the strong antimicrobial activity of some synthetic polymers, much work has
focused on revealing the most effective structural elements that give rise to optimal antimicrobial
properties. This has often been synthesis targeted, with the generation of either new polymers or the
modification of natural antimicrobial polymers with the addition of antimicrobial enhancing modalities
such as quaternary ammonium or guanidinium groups. In this review, the growing number of polymers
showing intrinsic antimicrobial properties from the past decade are highlighted in terms of synthesis;
often based on post-synthesis modification and their utilization. This includes as surface coatings, for
example on medical devices, such as intravascular catheters, orthopaedic implants and contact lenses,
or directly as antibacterial agents (specifically as eye drops). Surface functionalisation with inherently

Received 5th July 2022 antimicrobial polymers is highlighted and has been achieved via various techniques, including surface-
DOI: 10.1039/d2¢cs00558a bound initiators allowing RAFT or ATRP surface-based polymerization, or via physical immobilization

such as by layer-by-layer techniques. This article also covers the mechanistic modes of action of
rsc.li/chem-soc-rev intrinsic antimicrobial polymers against bacteria, viruses, or fungi.
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Introduction

Contamination by pathogens is a major concern in many areas
including, implanted medical devices (from catheters to artifi-
cial hips), infection due to surgical tools, dental restoration,
food packaging and storage, as well water (probably the biggest
global infection risk from pathogens)." In addition, over the
past few decades multi-drug resistant pathogens have become
an increasing threat to global healthcare systems, largely because
of overuse/abuse of antibiotics. As such, novel approaches to the
elimination/control of these pathogens would have an enormous
impact on public health. Towards this goal antimicrobial polymers
are of particular interest as new classes of agents to detect,
mitigate, combat and/or diminish infections caused by bacteria,
fungi, viruses or parasites.’™

Antimicrobial polymers

The first synthetic antimicrobial polymers were synthesized
by Cornell in 1965°> as homo and copolymer derivatives of
2-methacryloxytroponones. The design of these antimicrobial
polymers was based on host defence peptides and polymer
disinfectants® and this was followed in the 1980s by the
generation of various salicylic acid functionalized polymers
which showed antibacterial activity.” The antimicrobial activity
of natural polymers such as chitosan® and &-poly-lysine® were
also discovered/recognised. In 1984, Ikeda'® synthesized a
number of cationic polymers based on poly vinyl benzyl ammo-
nium chloride and this has been recognised as a key break-
through in the area of cationic antimicrobial polymers. Since
this time research related to antimicrobial polymers has gained
momentum and several reviews on antimicrobial polymers
have been published.>'*"*¢

Over the past few decades, there have been incredible efforts
to find ever more effective polymer-based antimicrobial agents,
either by synthesizing new polymers with different structures,
compositions, or architectures or by attempting to enhance
the antimicrobial action of existing antibacterial polymers by
functionalization. Thus, some polymers, which have no anti-
microbial action, can be functionalized with specific groups
such as guanidium or quaternary ammonium groups and/or
combined with silver nanoparticles to generate antimicrobial
properties. Existing polymers with innate antimicrobial activi-
ties such as chitin, chitosan, agarose or carrageen have long
been of interest, since their abundance and multiple func-
tional groups makes them good candidates for enhancement
of their inherent (although limited) antimicrobial activity by
modification.”*°

In general, bacteria are classified into two groups, Gram-
positive or Gram-negative based on their cell envelope struc-
tures. For example, Gram-positive bacteria such as S. aureus,
E. faecium, S. epidermidis etc. have an inner cytoplasmic
membrane covered by a very thick peptidoglycan layer decorated
with teichoic acid and lipoteichoic acid. Contrastingly, Gram-
negative bacteria® have an additional outer membrane made
up mostly liposaccharides and phospholipids as an upper layer
on top of a thinner peptidoglycan layer. M. tuberculosis*® is an
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extremely important bacillus that causes Tuberculosis, a lead-
ing cause of worldwide morbidity and mortality (in excess of
1.5 million deaths per annum) - and the major contributor to
deaths caused by multiple drug resistant bacteria. M. tuberculosis
is classified as neither Gram-positive nor Gram-negative due to
its unique cell envelope composed of three parts: mycolic acid,
arabinogalactan polysaccharides and peptidoglycans. As for their
antimicrobial mechanism of action, although many papers have
tried to explain the working mechanisms of these polymers
against pathogens, this phenomenon remains largely a mystery/
obscure and clearly varies across bacterial genus. Thus, depending
on polymer composition, different antibacterial actions can be
observed. To illustrate this, cationic polymers seem mainly to
interact with the cell envelope of bacteria that is formally anionic
due to the presence of teichoic acid and lipoteichoic acid in the
case of Gram-positive bacteria, and liposaccharides and phospho-
lipids in Gram-negative bacteria via electrostatic interactions.
This local neutralisation of charge is destabilizing and seems
to increase the permeability of the cell membrane leading to
bacterial death. The interaction of polymers with M. tuberculosis is
typically driven by hydrophobic interactions due to its waxy, lipid-
rich, membrane as well as cationic interactions. Enveloped viruses
such as SARS-CoV-2, SARS coronavirus, Ebola virus, HIV, influ-
enza virus and so on are also protected by a lipid membrane® and
it is believed that hydrophobic interactions are a key interaction
by which antimicrobial polymers can destroy enveloped viruses.
Recently polysulfonated polymers have been used to eradicate
viral surface contamination, with the coating effective over multi-
ple cycles, with the local “highly acidic” environment believed to
be responsible for their mode of action. Thus, the antimicrobial
mechanism of polymers differs based on the type of pathogen and
the interaction of the polymer with the specific microorganism.
Typically, the action of antimicrobial polymers can be categorized
as either direct killing (bactericidal/fungicidal or virucidal) by
contact and/or inhibition of the growth of the microbes (bacterio-
static) in solution or on surfaces.

This review gives a detailed literature overview (from the last
decade) on the current state-of-the-art of polymers which
demonstrate an intrinsic antimicrobial mode of action either
when immobilised on a surface via covalent or physical attach-
ment, or as a solution formulation, with the synthesis and
mechanism of antimicrobial action of the polymers given in
detail throughout the review.

1. Polymers immobilized on surfaces

1.1. Polymers physically attached to surfaces

Polymers can be attached to surfaces by a number of physical or
chemical interactions and coated by a variety of coating pro-
cesses such as, spin-coating, dip-coating, solution casting,
spray coating and many other generic printing techniques®
that layers polymers onto a substate/surface. Physical attach-
ment of polymers onto a surface is simple and facile and
applicable to a variety of surfaces; compared to chemical attach-
ment; with few requirements for complex surface processing.
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However, uniformity of coating and the stability of the coating due
to leaching from the surface should be considered as limitations.
Polymers can be coated onto surfaces as a simple binary composi-
tion, as a blend of polymers, or as multilayer films.

1.1.1. Single polymer coatings. Coating single layers of
polymer has been shown to be a powerful tool in the function-
alization of surfaces to tackle pathogen binding. Antimicrobial
polymers are typically chemically robust and active for long
durations compared to traditional small molecule antibiotics.
Polyethyleneimine (PEI) (Table 1 - P10) for example displays
antibacterial activity and Hernandez-Montelongo et al.*’
showed that ultrathin films of PEI (around 3.5 nm with an
approximate roughness of 1 nm) displayed antibacterial activity
against S. aureus (95% reduction over 24 h) and P. aeruginosa
(80% reduction over 8 h). Here the PEI films were generated
simply by immersing silicon substrates (oxidized with an oxy-
gen plasma) into a polymer solution (1 mg mL ™" in pH 4 0.5 M
NaCl). The protonated amines, distributed across the polymer,
are believed to be responsible for the bactericidal activity via
disruption of the bacterial membranes. P. aeruginosa showed
greater resistance to surface-mediated antibacterial action com-
pared to S. aureus due to its “self-defence mechanism” namely
the response to envelope-acting stressors.”* This PEI film was
nontoxic to fibroblasts over 7 days while maintaining a stability
which makes it a useful coating material for possible bio-
medical applications.

Access to clean drinking water has huge importance to
human health however, almost half a billion people across
the globe lack access to clean water with contamination by
viruses and bacteria a serious threat.”® Sinclair et al.”® modified
negatively charged commercial flat sheet polyether sulfone
microfiltration membranes with PEI, to create a virus-free water
purification system. Based on the electrostatic interactions
between the membrane and the cationic polymer, the polymer
(molecular weight 25 and 750 kDa) was deposited onto
membrane in various ratios (0.3-1.3 wt%). Due to the coating
by PEI, the pore size of membrane decreased slightly with
~22% loss of membrane permeability, however, this simple
modification of commercially available membranes led to sub-
stantial viral reductions with flow of 5000 L m 2 in approxi-
mately 2.5 h.

Nagaraja et al.”’ prepared hydrophilic, antimicrobial, thin
film surface coatings with maleic anhydride-N-vinylpyrrolidone
copolymers which were readily functionalised with aminophenol,
generating an amide bond and a free carboxylic acid on the
polymer with the addition a phenolic group. These polymers were
created by dip coating, with thicknesses of 1.63 pm on glass and
1.75 um on metal. The antimicrobial action of the coated surfaces
was tested against the pathogens S. aureus, E. coli, M. smegmatis
and C. albicans and SEM images showed that the polymeric thin
film effectively killed all four microorganisms causing disruption
of the bacterial and fungal cell membrane with the authors
suggesting this was mediated via the phenolic groups of the
polymers, presumably mediated via ROS generation.

Cationic polymers are effective materials to fabricate
contact-active surface coatings, but in addition, hydrophobic
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Table 1 Examples of bactericidal polymers used in LbL films and as
antibacterial coatings
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modification of the polycationic materials also enables them to
interact/penetrate into hydrophobic bacterial cell membranes
leading to bacteria lysis. Based on this concept, Westman
et al.*® investigated hydrophobically modified polyvinylamines
(a highly charged (pH dependent) polyelectrolyte) to prepare
coatings active against E. coli and B. subtilis (Table 1 - P11).
Polymers were synthesized by hydrolysis of polyvinylformamide
with various degrees of conversion of the amide groups into
amines. Some of the amine groups were subsequently deriva-
tised utilizing epoxy-alkanes of various chain lengths (hexyl,
octyl, dodecyl), and the polymers were used to prepare anti-
microbial coatings on glass slides by physical adsorption.
The hexyl-modified polyvinylamines showed the most potent

This journal is © The Royal Society of Chemistry 2022
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activity against E. coli while the octyl derivative displayed
greater activity against B. subtilis.

The Bradley group developed a number of polymer micro-
array platforms for the high-throughput screening and identifi-
cation of biomaterials and examined pathogen attachment and
their interaction with polymeric surfaces. One of their studies>®
focused on the identification of novel materials that could
rapidly either selectively bind or repel the food-borne patho-
gens S. typhimurium and E. coli. In this screen 16 polyacrylates
based on methyl methacrylate and glycidyl methacrylate (func-
tionalized with different amines) were also found to inhibit
S. enterica binding. A polymer composed of methyl methacrylate/
methacrylic acid and 2-(diethylamino)ethyl methacrylate,
effectively inhibited the adhesion of both S. typhimurium and
E. coli (see Table 1 - P12). Interestingly some polyacrylates
showed selective binding of E. coli, while not binding
S. typhimurium. Among the bacteria binding polymers,
S. typhimurium appeared firmly attached on (poly(hydroxyethyl
methacrylate-co-dimethyl amino ethyl methacrylate)) coated
surfaces. When screening libraries of polyurethanes, polymers
synthesised using the diols polybutylene glycol and polypropyl-
ene glycol (with a range of diisocyanates) showed selective
binding of S. typhimurium. In another study®® interaction of
the waterborne protozoan pathogen G. lamblia with polymer
modified surfaces were investigated. From the 652 screened
polymers, 34 hit polymers were identified and investigated
in more detail to understand/generate a structure-property
relationship. This showed that amide, glycol, and aromatic
containing polymers inhibited the adhesion of the pathogen,
whereas amine groups containing polymers promoted adhesion.
The same group®" screened a library of polyacrylates/acrylamides,
synthesized by free radical polymerisation, to discover anti-
adhesive polymeric catheter coatings, looking at the inhibi-
tion of binding of mixtures of clinically isolated bacteria
(K. pneumoniae, S. saprophyticus and S. aureus or K. pneumoniae,
S. mutans, S. aureus, and E. faecalis). Due to their flexibility and
coating abilities poly(methyl methacrylate-co-dimethylacryl-
amide) and poly(methoxy ethylmethacrylate-co-diethylamino-
ethylacrylate-co-methylmethacrylate) (Table 1 - P13, P14) were
chosen for coating of polyurethane-based multi-lumen central
intravenous catheters and silicone-based double lumen cathe-
ters, with 10% w/v acetone coating solutions showing repelling
properties against various microorganisms. On both catheters
coating by poly(methylmethacrylate-co-dimethylacrylamide)
displayed the best performance, reducing by >96% bacterial
binding onto the polyurethane catheter and by > 82% onto the
silicone catheter.

Hook et al.** studied polymers using microarray technique
showing bacteriostatic (inhibition of growth of bacteria) action
using a polymer library produced by mixing 22 acrylate mono-
mers containing ethylene glycol chains of various lengths,
fluoro-substituted alkanes, linear and cyclic aliphatic, aromatic
and amine moieties. Polymers synthesized by catalytic chain
transfer polymerization showed high bacteria adhesion resis-
tance and were coated onto silicone catheters by dip coating
after oxygen plasma activation and antimicrobial performance

This journal is © The Royal Society of Chemistry 2022
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of the coated silicone catheters was compared to commercial
silver hydrogel coated latex catheters. Among the hit polymers,
a homopolymer of ethylene glycol dicyclopentenyl ether acrylate
decreased P. aeruginosa attachment by 28-fold and 17-fold com-
pared to bare silicone catheter and silver hydrogel coated latex
catheter. For S. aureus, copolymers consisting of cyclic monomers
[([8-(prop-2-enoyloxymethyl)-3-tricyclo[5.2.1.0>]decanyl jmethyl-
prop-2-enoate)] and 4-tert-butylcyclohexyl acrylate (7:3 ratio)
showed a 67-fold reduction and a 30-fold reduction of bacterial
binding compared to bare silicone and silver hydrogel coated
latex catheters. Analysis of the structure property relationships
from the microarray screens allowed the same group®® to select
116 (meth)acrylate monomers to generate new polymers pre-
dicted to resist bacterial attachment. Among the hits, materials
were identified that resisted attachment of P. aeruginosa,
S. aureus, and uropathogenic E. coli, reducing bacterial coverage
up to 81%, 99%, and 99%.

Dundas et al.** developed a quantitative structure-activity
relationship of materials synthesized from (meth)acrylate-
based polymers in relation to bacterial biofilm resistance.
Among the coatings, catheters coated with a polymer generated
using the novel monomer (cyclododecyl methacrylate) reduced
by 55-fold binding by six urinary tract pathogens compared
with silicone catheters and 14-fold compared to silver hydrogel
coated catheters. In this area, Adlington et al>® used the
monomer, (di(ethylene glycol)) methyl ether methacrylate, to
provide elasticity, while decreasing the of T, value of the
copolymers. It was also found that a copolymer synthesized
from the monomers: ethylene glycol dicyclopentenyl ether
acrylate and diethylene glycol methyl ether methacrylate
(75:25) decreased by 25-fold bacterial attachment of P. aerugi-
nosa, S. aureus, E. coli compared to neat silicone and silver
hydrogel coated catheters.

So-called “self-sterilizing surfaces” are a growing area.
Bharadwaja et al.*® developed a self-organizing, amphiphilic
(anionic) material, made of multiblock polymers (with the mid-
block selectively sulfonated) that showed antibacterial and
virucidal activity. Two commercially available poly[tert-butyl-
styrene-b-(ethylene-alt-propylene)-b-(styrenesulfonate)-b-(ethylene-
alt-propylene)-b-tert-butyl styrene] pentablock polymers (with
mid-block degrees of sulfonation of either 26 mol% or
52 mol%) spontaneously self-assemble into nanostructures and
were evaluated against Gram-negative and Gram-positive
bacteria. Polymeric films were prepared and, due to their
architecture, permitted water-induced swelling/hydrogel for-
mation. Both polymeric films showed a capability to inactivate
S. aureus (99.99%) (including methicillin resistant) within 5
min and showed similar levels of inactivation of E. faecium and
three Gram-negative bacteria (A. baumannii, K. pneumoniae and
E. coli). Moreover, these polymers inactivated vesicular stoma-
titis and influenza A viruses within 5 min with a minimum
inactivation level of 67 Plaque forming units mL". To explore
the role of the mid-block sulfonation, a complementary triblock
polymer poly(tert-butyl styrene-b-styrene-b-tert-butylstyrene)
was synthesized by living anionic polymerization, and mid-
block sulfonated (17, 40 and 63 mol%). Testing on S. aureus
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revealed that between 26% and 40% sulfonated groups were
required to eliminate 99.99% of bacteria. Coronavirus 2 (SARS-
CoV-2) can be easily transferred via different routes including
surface contact and airborne droplets.?”*® After the discovery of
the excellent antimicrobial and antiviral activities of the sulfo-
nated polymers, the same group” tested sulfonate group bear-
ing polymers (poly|[tert-butyl styrene-b-(ethylene-alt-propylene)-
b-(styrene-co-styrenesulfonate)-b-(ethylene-alt-propylene)-tert-butyl
styrene]), poly[tert-butyl styrene-b-(styrene-co-styrene sulfonate)-b-
tert-butyl styrene] and (poly](styrene-co-styrene sulfonate)-b-(ethy-
lene-co-butylene)-b-(styrene-co-styrenesulfonate)]]) for inactivation
of SARS-CoV-2. The ordered lamellar morphology of the polymer
surfaces prepared with >50 mol% of sulfonate groups (e.g
poly[tert-butylstyrene-b-(ethylene-alt-propylene)-b-(styrene-co-
styrene sulfonate)-b-(ethylene-alt-propylene)-tert-butyl styrene])
were the most effective in the deactivation of HCoV-229E
(<5 min). The mechanism of these polymers is believed to be
due to the dramatic pH drop at the polymer/pathogen interface
(dependant on the number of sulfonate acid groups on the
polymer chain), with rapid pathogen inactivation observed.
Keum et al.*® develop trifunctional antimicrobial, antiviral,
and antibiofouling polymers that could be readily coated
onto the surface of medical protective clothing. The coating
polymers were synthesized by free radical polymerization using
various ratios of the monomers (lauryl methacrylate),
poly(ethylene glycol) methacrylate and 2-(dimethylamino)ethyl
methacrylate quaternized with methyl iodide. Regardless of the
monomer ratios explored, all polymers reduced S. aureus by
>75% and reduced bacterial adhesion by >65%. When
sprayed the polymer gave a nano coating layer on hydrophobic
surfaces of personal protection equipment, with the spray
coated polymer surfaces remaining stable for 24 hours and
maintaining their antiadhesion and bactericidal activities.
Interestingly, fabric surfaces coated with polymers with lower
levels of the quaternary ammonium groups, showed better
deactivation activity of porcine epidemic diarrhoea virus
(a coronavirus that bears a structural resemblance to the
prevailing SARS-CoV-2), reducing virus viability on the surface,
compared with the uncoated surface and higher content qua-
ternary ammonium units bearing polymers. The most effective
polymers were biocompatible with mammalian cells compared
to bacteria and viruses and showed no recognizable local or
systemic inflammatory responses in animal experiments.
Mussel inspired dopamine-based materials have gained
interest due to their adhesive capabilities and their applicability
in biomedical applications as antifouling materials,’ self-healing
materials,** their use in separations,”” and in cell and tissue
engineering.”® Wang et al.** designed, and synthesized, by RAFT
polymerization, a durable, adhesive, antimicrobial coating, based
on the diblock poly[(N-3,4-dihydroxyphenethyl acrylamide)-b-
(borneol acrylate)]. Here, the bio-based monomers were synthe-
sized from dopamine that provides the polymers its adhesive
properties (as well as phenols for reactive oxygen generation) and
borneol which is natural antibiotic found in “medical” herbs
such as lavender, valerian, and chamomile. Prior to polymeriza-
tion dopamine acrylate was protected with triethylsilane groups
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and borneol acrylate and the synthesis of poly[(N-3,4-dihydroxyphenethyl
acrylamide)-b-(borneol acrylate)] via RAFT polymerization.** Reproduced
from ref. 44 with permission from Elsevier.

and then polymerized with the chain transfer agent, 2-cyano-
methyl-s-dodecyl trithiocarbonate, to generate a macro raft agent
(PDA;o, My: 4.7 kDa, PDI: 1.03). This was used to synthesize
copolymers with various block ratios and among the synthe-
sized copolymers, PDA,,-b-PBA;5 was selected to perform adhe-
sion and antibacterial tests and was coated onto various
substrates. The coated surfaces showed high integrity after
rinsing with both water or chloroform and after a peel-off-test
due to attachment by the 3,4-dihydroxyphenyl groups. The
polymer (PDA,,-b-PBAs5) when coated onto stainless-steel sur-
face inhibited the growth of bacteria (up to 93%) for E. coli and
83% for S. aureus (Fig. 1 and 2).

The isomers of borneol acrylate were used to prepare a series
of borneol-based polymers to understand antibacterial adhe-
sion in relation to monomer/polymer stereochemistry with
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Reprinted (adapted) with permission from {L. Luo, G. Li, D. Luan, Q. Yuan,
Y. Wei and X. Wang, Appl. Mater., 2014, 6, 19371-19377}. Copyright {2014}
American Chemical Society.
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polymers coated onto Si-based substrates (approximately 10 pm
thickness). Borneol acrylate-based polymer films and the con-
trol poly(methyl methacrylate) were cut into circular rings.
E. coli were placed into the rings and incubated with for 60 h.
The poly(borneol acrylate) film rings acted as “perfect prisons”,
with negligible amounts of E. coli observed on the inner and
outer surfaces of the ring compared to the control. Among the
poly(borneol acrylate) polymers, poly(borneol-(+)-acrylate) and
poly(isoborneol acrylate) showed similar activity against E. coli,
S. aureus and M. racemosus by inhibiting the bacteria growth on
the surface. However, D configurated borneol polymer showed
weak antimicrobial action compared to other polymers.
Poly(borneol acrylate)s caused the lysis of bacteria (clearly seen
in SEM) images in which hydrophobic-hydrophobic inter-
actions between the polymer and bacteria cause the loss of
integrity of bacteria after being exposed to poly(borneol acry-
late) films. Here, they showed that surface stereochemistry, and
especially the bicyclic structure, is crucial for poly(borneol
acrylate)s antibacterial adhesion.*

The antifungal activity of poly(borneol acrylate)s was
explored by Xu et al.*® who developed a non-toxic, antifungal
coating to treat fungal biodeterioration in paper production.
Poly(borneol acrylate)s were synthesized in methanol with
ammonium persulfate as an initiator at 70 °C and coated onto
paper after dissolving in DCM and spray coating. The antifun-
gal activity of the “polymer paper” was tested against A. niger
and Penicillium sp., fungi that can easily colonize the surfaces
of most materials and rapidly spread via fungal spores.
Therefore, inhibition to stop the spread of fungal spores is
key to creating antifungal coatings. After incubating the poly-
mer coated papers with fungi over eight days, only scattered
spores were found on the 10 and 15% poly(borneol acrylate)
coated papers. In addition, SEM images found almost no
sporangia or hypha and only a few scattered spores could be
found on the surface. There is no simple explanation to explain
the antifungal mechanism, probably due to hydrophobic
nature of the polymer the fungi did not adhere to the surface
and prevented the spread of fungal spores on the surface.

Hospital-acquired infections are one of the biggest threats/
risks to humans who enter hospitals, due to the long-term use/
abuse of antibacterials and other chemicals (such as anticancer
agents) within that environment that drive resistance. As such
patients are exposed to antibiotic resistant bacteria in routine
hospital procedures. P. aeruginosa is commonly found to be
resistant to antibiotics and can cause serious infections includ-
ing ventilator-associated pneumonia, catheter associated sepsis
and wound-burn infections.>® To understand which pendant
group shows the best activity against P. aeruginosa, Chamsaz
et al*’ developed a coumarin containing polyester coating
containing amine or carboxylic acid pendant chains with
coumarin and aliphatic diols, and succinic acid making up
the main backbone. The monomers (see Fig. 3) with ¢-butyl
protected carboxylate acid groups (giving the anionic pendant
groups upon deprotection) or Boc-protected amine group
(giving the cationic pendant groups) were polymerized by
carbodiimide-mediated polymerization of the diols and diacids
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Fig. 3 Synthesis route to coumarin containing polyesters with pendent
amine or carboxylic acid groups.*’” Reprinted (adapted) with permission
from {E. A. Chamsaz, S. Mankoci, H. A. Barton and A. Joy, Appl. Mater.,
2017, 9, 6704-6711}. Copyright {2017} American Chemical Society.

with the films prepared by spin coating and then deprotected.
Only the polymers carrying cationic pendant groups killed
bacteria attempting to attach to the surface and prevented
biofilm formation. When the polymer film was crosslinked
(via irradiation, with the coumarin units undergo a [2+2]
photocycloaddition reaction to form crosslinked coatings) simi-
lar results against P. aeruginosa were observed, without any
leaching of oligomeric species. As before, the antimicrobial
activity is based on the amino groups of the polymers interac-
ting with negatively charged bacterial components. The most
active polymer showed no cytotoxicity or hemolytic activity.
1.1.2. Blended polymers on surfaces. Polymers can be
mixed/blended and coated onto surfaces to form antimicrobial
coatings. Hoque et al.*® synthesized hydrophobically functio-
nalized, water insoluble/organic soluble PEI cationic polymer
derivatives as a coating materials active against S. aureus and
E. coli as well as drug resistant and pathogenic fungi Candida
spp. and Cryptococcus spp. Different molecular weight, organic
soluble, quaternized linear and branched PEI derivatives were
synthesized by Eschweiler-Clarke methylation and quaternized
with alkyl bromides before spin coating onto surfaces either
alone or with polylactic acid. All polymer derivatisations
employed the same quaternization protocol except in the case
of the linear PEI derivatives that were obtained by acid-
catalysed hydrolysis of poly(2-ethyl-2-oxazoline)s (Fig. 4).
Although all polymer coatings showed activity against S. aureus
and E. coli, polymers having C-18 alkyl chains showed optimal
antimicrobial activity. Among the synthesized branched and
linear PEIs polymers bearing a C-18 alkyl chain (M,,: 750 kDa)
(P4c) displayed almost 100% inhibition (5 log reduction) of
binding of S. aureus and E. coli when coated at a density of
0.4 ug dm 2 and 12.5 ug dm ™2, respectively. In addition, linear
C-18 alkyl chain polymers (M,: 22 kDa) (P9) showed the most
potent bactericidal activity with minimum inhibition concen-
trations of 0.24 ug dm 2 for methicillin-resistant S. aureus
and vancomycin-resistant Enterococci and 7.8 pg dm™> for
K. pneumoniae and E. coli. The polymer-coated surfaces were
exposed repeatedly to bacteria with the polymeric surfaces
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remaining fully active after 20 cycles. In addition, P4c and P9
were tested against pathogenic fungi (C. albicans, C. dubliniensis
and C. tropicalis and Cryptococcus spp. C. neoformans var. grubii)
(serotype A), C. gattii (serotype B) and C. neoformans var.
neoformans (serotype D). The minimum fungicidal coating
activity for the linear C-18 alkyl chain polymer (M,: 22 kDa)
(P9) was found to be 0.63-2.5 ug dm > for Candida spp. and
0.13-0.25 pg dm™> for Cryptococcus spp. The same polymer
showed the best antifungicidal activity against C. tropicalis and
C. neoformans with minimum fungicidal activities of 0.49 and
0.25 pg dm™? respectively, and in all cases, these hydrophobi-
cally modified PEI coatings showed approximately 5-log reduc-
tions in fungi viability. Their mechanism of action is again
based on their highly cationic nature - enhanced by the
presence of the anchoring hydrophobic chains.

The same group”® reported the antimicrobial activity of
biodegradable chitin coatings that were prepared with various
degrees of quaternization of chitin (degree of acetylation
~75%). Three different “tosyl-chitins” were prepared by reac-
tion with tosyl chloride in a solvent system consisting of LiCl
and N,N-dimethylacetamide which allowed selective tosylation
of only the least sterically hindered Cé6-hydroxyl groups. The
free primary amine groups were then N-acetylated before sub-
stitution chemistry with N,N-dimethyl dodecyl amine, N,N-
dimethyl tetradecyl amine, and N,N-dimethyl hexadecyl amine
to give quaternized chitin derivatives. The functionalized chitins
were spin-coated onto surfaces either alone or blended with
polylactic acid. The polymer coated surfaces showed different
antimicrobial activities based on the degree of quaternization
and alkyl chain length. Amongst all the polymers, polymers
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quaternized with a C-16 alkyl chain with degrees of quaterniza-
tion of 39-48% showed profound antimicrobial activities. The
minimum inhibitory amount of the surfaces coated with the
two most potent polymers were found to be 0.32 ug mm™ 2 and
0.12 ug mm~ > for methicillin resistant S. aureus, 0.12 ug mm™>
and 0.12 pg mm~ > for against E. faecium, and 15.6 ug mm~
and 7.8 ug mm™ > against K. pneumoniae. Dip-coated catheters
(48% quaternized with C-16 alkyl chains) gave a reduction in
bacteria count dependant on the level of coating, with catheters
coated at 7.5 pg mm > showing a 3.7-log CFU decrease in
methicillin-resistant S. aureus, with a negligible number of
bacteria binding and no biofilm formation on the surface.

Quaternary ammonium salts of chitosan can show antifun-
gal activity, with the cationic groups of chitosan interacting
with negatively charged units within the cell wall of fungi,
causing the release of intercellular components. Tabriz et al.>°
investigated the antifungal properties of a trimethyl quater-
nized chitosan, blended with polyether sulfones at various
concentration (5%, 10% and 15% w/w) to give membrane films
for water treatment applications. The antifungal activity of the
polymers was tested with the chitosan blend showing better
inhibition compared to quaternized chitosan for F. solani,
whereas the trimethyl chitosan was better for A. niger. Addition-
ally, the membrane prepared with the highest concentration of
trimethyl chitosan showed a reduction in the number of spores of
A. niger and F. solani by 73% and 63%, respectively.

Polyelectrolyte-surfactant complexes have been explored in
applications ranging from medicine® to food and cosmetics.’?
Yu et al.>® prepared a water-insoluble catheter coating using
electrostatic interactions between poly-L-lysine and the anionic
surfactant, 1,4-bis(2-ethylhexyl) sodium sulfosuccinate. The
polymer-surfactant complex (in ethanol) adsorbed onto the
hydrophobic surface of a polyurethane thermoplastic via hydro-
phobic interactions to generate a stable coating. Contact-killing
antibacterial activity was visualized using SEM and showed
lesions and distortions on the cell membrane of S. aureus
and E. coli (Fig. 5). In addition, complex coated catheters totally
inhibited the adhesion of bacteria under both static and flow
conditions, while maintaining antibacterial activity for more
than 30 days. An implant-associated bacterial infection experi-
ment showed that poly-L-lysine/1,4-bis(2-ethylhexyl) sodium
sulfosuccinate complex coated catheters exhibited excellent
inhibition of the inflammatory response, presumably related
to the highly acidic succinate surface.*

Poly(lactic acid) is one of the most widely used building
blocks in the development of 3D printed scaffold/implants due
to its ease of printing. However, poly(lactic acid) based sub-
strates lack suitable functional groups which can modified to
allow the attachment of polymer brushes directly onto their
surface. Thus, Dhingra et al.>* developed a biodegradable 3D-
PLA scaffold by blending poly(lactic acid) with tartaric acid
based aliphatic polyesters in which the bactericidal polymer,
(poly(2-[(methacryloyloxy)ethyl]trimethylammonium chloride)
or the antiadhesive polymers ((poly(ethylene glycol) methacry-
late)) and poly(2-hydroxyethyl methacrylate)) brushes were
tethered. Initially tartaric acid-based biodegradable aliphatic

2
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Fig. 5 Catheters (coated with poly-L-lysine/1,4-bis(2-ethylhexyl) sodium
sulfosuccinate and uncoated) were incubated with S. aureus or E. coli
(10® mL™) for 24 h. SEM images of: (a). images of S. aureus and (c) E. coli
binding onto the uncoated catheter; (b) images of S. aureus and
(d) E. coli binding onto the complex coated catheters. The green arrows
show undamaged bacteria on the uncoated catheter, while the red arrows
show the few attached bacteria on the coated catheter with lesions and
distortions on the bacterial surface.>® Modified from ref. 53 with permis-
sion from Elsevier.

polyesters were synthesized using hexamethylene 2,3-O-iso-
propylidenetartarate with removal of the isopropylidene groups
creating free hydroxyl groups on the polyester. After coating of
the polyester onto the glass surface, the hydroxyl groups of
the polyester were conjugated to an ATRP initiating moiety
which enabled graft polymerization of monomers (2-hydroxyethyl
methacrylate,2-(methacryloyloxy)ethyl trimethylammonium
chloride and poly(ethylene glycol) methacrylate) from the poly-
mer backbone. The polyester modified with cationic bacterici-
dal 2-(methacryloyloxy)ethyl trimethylammonium chloride
brushes showed the highest antibacterial activity (>97% and
>96% killing efficiency for E. coli and S. aureus, respectively)
and acceptable cytocompatibility. This result showed that the
addition of the tartaric acid-based polyesters to PLA could be
applicable in the area of biomedical implants.
Poly(e-caprolactone) is commonly used due to its biocom-
patibility, non-toxicity, and hydrophobicity; however, poly(e-
caprolactone) has poor mechanical properties and weak cellu-
lar affinity. Thus, this polymer was blended with hydrophilic
polymers for use in tissue engineering. Aynali et al.> synthe-
sized biodegradable PLA copolymers by the ring-opening poly-
merization of r-lactide and cyclic carbonate monomers bearing
an azido group (2,2-bis(azidomethyl)trimethylene carbonate)
in the presence of 1-dodecanol as an initiator (and tin(u)
2-ethylhexanoate as the catalyst). These polymers were modi-
fied with a quaternary ammonium salt (N,N-dimethyl-N-prop-2-
yn-1-yldodecane-1-ammonium bromide via “click” chemistry)
along its backbone (Fig. 6). The best antimicrobial activity being
seen with 30% levels of modification. The same author’® prepared
antimicrobial, hydrophilic nanofiber biomaterials via electrospin-
ning with poly(e-caprolactone) and the previously synthesized PLA
copolymer (1, 5 and 8%). Fibres mats were collected and their
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Fig. 6 Synthesis of quaternized ammonium group modified PLA-based
copolymers.>® Modified from ref. 55 with permission from Wiley.

antimicrobial properties evaluated. It was found that increa-
sing the content of the PLA copolymer in the blend enhanced
the antimicrobial activity of the fibres (unmodified poly(e-
caprolactone) showed no antimicrobial activity) with the best
blend killing 99.5% and 92% of S. aureus and E. coli, respectively.
Clearly, the bactericidal activity of blends is based on the qua-
ternary ammonium groups of the PLA copolymer and functions as
a contact active antimicrobial agent (Fig. 7 and 8).

Poly(vinyl alcohol) has been widely used in wound dressing
applications due to its hydrophilicity, biocompatibility, and
good film-forming abilities. However, it shows poor antimicro-
bial activity and losses its mechanical properties when wet.
Thus, this polymer is typically mixed with others. In this
context, Vargoez-Catzim®” blended various concentrations of
poly(2-acrylamido-2-methyl-1-propanesulfonic acid) and cross-
linked these with succinic anhydride to develop a new wound
dressing. By blending poly(vinyl alcohol) with different ratios (5, 10
and 15%) of poly(2-acrylamido-2-methyl-1-propanesulfonic acid)

Fig. 7 Representation of polymer brushes and their antimicrobial proper-
ties. (@) Polymer brushes showing contact-killing activity. (b) Polymer
brushes having antifouling properties. (c) Self-adaptable brushes that
change/switch from antimicrobial action to bactericidal to antifouling.
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Fig. 8 Synthesis of poly(diethyllmethacryloyloxymethyl)phosphonate-
b-N-hydroxysuccinimide methacrylate) via RAFT polymerization and
the post-modification of poly((methacryloyloxymethyl)phosphonate-b-N-
hydroxysuccinimide methacrylate) brush surface with poly(hexamethylene
biguanide).®” Reproduced from ref. 97 with permission from Elsevier.

“bilayer membranes” were obtained by the phase inversion
method. PVA alone has an MIC value, against S. aureus and
E. coli, of 33 mg mL ™" without any bactericidal effect, whereas
poly(2-acrylamido-2-methyl-1-propanesulfonic ~ acid)/PVA  had
significantly lower MIC values (S. aureus 1.36 pg mL™' and
E. coli 39 pg mL ™" - some 1000-fold more active). The sulfonic
acid pendant groups giving rise to the bactericidal action against
both bacteria is due to the creation of a strongly acidic environ-
ment that leads to cell membrane destruction. Importantly, the
addition of poly(2-acrylamido-2-methyl-1-propanesulfonic) not
only provided antimicrobial activity, but the properties of the film
were improved, increasing human cell proliferation and cell
viability by enhancing surface porosity as well as biocompatibility
and improving water uptake.

Poly(vinylidene fluoride) and copolymers of this polymer are
of interest due to their biocompatibility, thermal stability,
chemical resistance, and mechanical robustness.”® Han et al*°
prepared poly(vinylidene fluoride-co-chlorotrifluoroethylene) to
which were grafted quaternary ammonium groups (trimethyl-
amino ethyl methacrylate) or quaternized (4-vinyl pyridines) via
chlorine-initiated atom transfer radical polymerization. The poly-
mers obtained were blended with poly(vinylidene fluoride-co-
chlorotrifluoroethylene) and, via solvent casting, used to form
free standing films. 5 wt% of the polymer bearing the quaternary
pyridinium groups showed an antimicrobial effect of greater than
99% against E. coli, S. aureus, and C. albicans, while all blend films
displayed excellent biocompatibility. The bactericidal mechanism
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of the blends was due to the cationic moieties of the polymers
interacting with bacteria via electrostatic interactions resulting in
the disruption of the cell wall/membrane.

Bacterial biofilm formation causes complicated and chronic
infections. Biofilms are defined as organized bacteria commu-
nities embedded in an extracellular polymeric matrix attached
to living or abiotic surfaces. The vast majority of hospital-based
chronic infections are due to biofilms which can form life-
threatening colonizers on biomedical devices such as catheters
(central venous, urinary), prosthetic heart valves, and orthopae-
dic devices. Biofilm formation starts with colonization onto an
either abiotic or biotic surfaces by adhesion of bacteria with the
help of flagella and pili in Gram-negative bacteria or surface
proteins in the case of Gram-positive bacteria. After attach-
ment, proliferation of biofilms is triggered and results in the
production of an extracellular matrix composed of exopolysac-
charides, protein, DNA, bacteriolytic products, and compounds
from the host. The last stage of biofilm formation is coloniza-
tion and after the first layer of the surface is covered with
bacteria the process evolves to generate macro-colonies on
surfaces.®® Within this formation bacteria are highly resistant
to antibiotic therapy, due to the exopolysaccharide matrix
that serves as an anchorage/support matrix and makes them
less susceptible to the therapeutic agents.®® In this content,
Vishwakarma et al.®* prepared water-soluble synthetic peptido-
mimetic polyurethanes that were able to disrupt surface estab-
lished biofilms of P. aeruginosa, S. aureus, and E. coli. The
polyurethanes (9-10 kDa) were synthesized by polymerization
of hexamethylene diisocyanate and N-functionalized diethano-
lamide as monomers (via amidation of methyl esters of lysine,
alanine, or phenylalanine with diethanolamine). Polymers were
synthesized (ratio of 60/40 co-monomers) to tune charge/hydro-
phobic ratio to mimic the structural peptides while ensuring
polymer solubility. To mimic arginine, the synthesized poly-
mers were guanylated post synthesis. The arginine modified
polyurethane showed the best broad-spectrum activity with a
minimum inhibition concentration of 2-4 pg mL™" for both
Gram-positive and Gram-negative bacteria. On the other hand,
all polymer compositions showed broad-spectrum biofilm inhi-
bition at low concentrations (2-16 pug mL ") for P. aeruginosa,
S. aureus and E. coli. The polymers were also tested under flow
conditions, with biofilms of P. aeruginosa grown for 7 days with
or without the polymer. In the presence of the Lys/Phe bearing
polymers only surface-attached bacteria were observed (no
biofilms). An outer membrane permeability assay showed that
these polymers did not exhibit any significant membrane
permeabilization and that the polymers inhibit the biofilm
formation without direct killing of the bacteria via membrane
destruction.

1.1.3. Polyelectrolyte multilayer films surfaces. Polyelectro-
lyte multilayer films (PEMs) can be readily prepared via a so-
called layer-by-layer technique (LbL) which enables the genera-
tion of films onto a wide variety of surfaces®® by repeated
deposition/adsorption of the two interacting polymers.®* Early
PEMs were prepared by repetitive dip-coating (deposition) of
layers of polyanionic and polycationic polymers via electrostatic

This journal is © The Royal Society of Chemistry 2022
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interactions,®® but multilayer films can also be generated
by exploiting a variety of interactions, including hydrogen
bonding and hydrophobic interactions. The LbL approach
enables coating of a variety of different substrates and incudes
metals, glass, and various organic polymers. The layer-by-layer
assembly approach offers a simple/easy approach to the pre-
paration of a wide range of new surface coatings.’® In this
section of the review, we explore polyelectrolyte multilayer films
and their interactions with pathogens. Polyelectrolyte multi-
layer film surfaces can be bactericidal via contact-killing action
and/or provide a non-biofouling surface (bacteriostatic) with
inhibition of the growth of microorganisms. In addition, PEMs
have been specifically designed to bind pathogens for applica-
tion in detection/assay systems.

1.1.3.1. Bactericidal PEMs. Some PEMs are bactericidal with
contact mediated killing of microorganisms, often driven by
the deposition of a cationic polymer top layer which drives the
interaction between the surface and the bacteria with disrup-
tion of the outer membrane of Gram negative bacteria.®”
Wulandari et al.®® produced a silk porous sponge coated via
layer-by-layer with the cationic antimicrobial polymer poly-
((dimethyl-hexyl ammonium bromide) ethyl methacrylate) that
was synthesized by free radical polymerization and used with
anionic sodium alginate for LbL generation via electrostatic
interactions. 5-Bilayer films with an outermost layer of the
cationic polymer were sufficient for maximal antimicrobial
activity (4-log reduction) against Gram-positive and Gram-
negative bacteria. It is worth noting that the coating was
non-leachable, and the sponge could be reused up to three
times after washing. Furthermore, the same polymers were
coated (using the same conditions) onto other substrates,
including cotton-based bandages and gauzes and these
expressed antimicrobial activities similar to the silk sponge.
The antimicrobial action of the coated sponge is based on the
top layer coating of the cationic polymer, whose quaternary
ammonium centre enables binding with the anionic bacteria,
while the hydrophobic n-hexyl tail facilitates insertion into the
bacteria membrane.

Polyethyleneimine is a synthetic, aliphatic and polycationic
polymer (due to the presence of protonated primary, secondary
and tertiary amino groups) which also enables interaction with
polyanions.®® The bactericidal action of PEI is driven by the
cationic groups which bind to cell membrane phospholipids
via electrostatic interactions and en masse lead to rapture.”®
However additional positive charge density and the addition
of hydrophobic alkyl groups improved the bactericidal activity
of the modified PEIs (see the section on blended films).
Wong et al’" showed that linear N,N-dodecyl-methyl-
poly(ethylenimine) (Table 1 - P18) and poly(acrylic acid) PEMS
exhibited potent bactericidal activity against S. aureus and
E. coli as well as antiviral activity against influenza A/WSN
(H1N1). N-Alkylated PEIs were synthesized by acid hydrolysis
of commercial poly(2-ethyl-2-oxazoline) and alkylated with var-
ious bromo alkanes and then quaternerised with iodomethane
to produce linear N,N-dialkyl-N-methyl-poly(ethylenimine)s.
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Polymers were deposited onto silicone substrates alternating
with poly(acrylic acid) with the last coating layer of the multi-
layers being polycationic. The microbicidal action of the films
was explained by the initial electrostatic interactions between
the cationic surface and the negatively charged bacterial cell
wall/membrane and subsequent diffusion of the hydrophobic
alkyl chain through the lipid bilayer, leading to disruption of
the bacterial membrane. The bactericidal activities of the
multilayer films were altered in accordance with the length of
the hydrophobic alkyl chain of the cationic polymers and the
positive charge density on the film surface which were influ-
enced by the deposition pH of the polyacrylic acid. For example,
at low pH (pH 3), poly(acrylic acid) is weakly polyanionic and
has a loop conformation in solution. When functionalized PEI
polymer chains are adsorbed onto the polyacrylic acid, a thick
film results with a ‘“loopier”, more brush-like architecture
which enables greater positively charge on the film surface
to interact with the bacterial membrane (Gram-negative).
Arguments were made that upon increasing the pH to higher
values (pH 7), the poly(acrylic acid) chains undergo a conforma-
tional change forming a thin random coil conformation with
many more negative charges, and that these polymer chains
showed greater electrostatic interactions with the function-
alized PEI leading to “shielding” of the interaction of positive
charges of PEI with the bacterial cell membrane, resulting in
the decrease in antibacterial activity of the films. In connec-
tion with hydrophobicity, it was observed that the polymer P18
(N,N-dodecyl-N-methyl-poly(ethylenimine), with the longest
alkyl side chains) showed the best bactericidal activity against
S. aureus and E. coli. To achieve 100% bactericidal and 60% anti-
viral performance a LbL films composed of a (PEI/poly(acrylic
acid));5 bilayer with PEI on top, with poly(acrylic acid) deposi-
tion at pH 3 was found to be optimal.

Carrageenans are natural, biocompatible, biodegradable
sulfated polysaccharides, with three major classes which vary
in the number and position of the sulphate groups on the
galactose unit. They are excellent film forming materials.
Following on from previously studies, where k-carrageenan oligo-
saccharides showed antimicrobial activities against E. coli,
S. aureus, S. cerevisiae, P. citrinum and Mucor. sp.,”* Briones et al.”>
prepared contact-killing surfaces from PEI and k-carrageenan
(kappa), 1-carrageenan (iota), A-carrageenan (lambda) (Table 2:
P20, P21, P22) via a layer-by-layer self-assembly driven by the
electrostatic interactions between positively charged PEI and
the negatively charged sulfate groups of carrageenan (6 layers of
coating). The results showed that PEI displayed no inhibition of
bacterial growth for S. aureus and E. cloaceae and 76% inhibi-
tion growth for E. faecalis. A-Carrageenan inhibited S. aureus by
some 25%, while 1-carrageenan inhibited E. faecalis by 48% and
E. cloaceae by 40%. The highest inhibition against S. aureus and
E. cloaceae was obtained by PEl/iota carrageen (67% and 85%
reduction), while the greatest inhibition against E. faecalis was
78% for PEI/lambda carrageenan. The results revealed that
there was a synergetic antibacterial effect when PEI and car-
rageen were used as multilayer coatings, while again the power
of poly-sulfonated materials is highlighted.
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Table 2 Examples of polymers used to prepare PEMs with bacteriostatic
properties
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P28- a polycationic tannin derivative P29- Hyaluronic Acid

The well-known natural polycation chitosan has inherent
antimicrobial activity against many pathogens, with three
modes of action: lysis of the pathogens membrane, blocking
bacteria from access to nutrients due to its strong metal-
chelating properties as well as its DNA-binding ability.”* Many
layer-by-layer assemblies of antibacterial surface coatings based
on chitosan have been formed using both synthetic and natural
polymers. Kumorek et al.”’ constructed films using quaternized
(trimethylammonium) functionalized chitosan(N-(2-hydroxy-
propyl)-3-trimethylammonium chitosan chloride) (see Table 1 -
P19) and chitosan with tannic acid (TA) to evaluate their
antibacterial activities against E. coli and S. aureus. Multilayers
were deposited either on quartz slides with chitosan (see
Table 1 - P16), N-(2-hydroxypropyl)-3-trimethylammonium
chitosan chloride or TA-terminated layers — with 9 or 10 layers
deposited. Contact-killing efficiency of the films showed a depen-
dency on the terminal polymer layer coating and chitosan type.
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Thus, chitosan and N-(2-hydroxypropyl)-3-trimethylammonium
chitosan chloride terminated LbL films showed better antibac-
terial activity than the TA-terminated films. Furthermore, N-(2-
hydroxypropyl)-3-trimethylammonium chitosan chloride termi-
nated multilayers showed improved inhibition of initial bacteria
attachment, while the chitosan terminated multilayers were three
times more effective at killing bacteria.

Hernandez-Montelongo et al.”® prepared LbL films of hya-
luronan/chitosan and investigated their physicochemical prop-
erties and potential as antimicrobial materials. A 9-mer LbL
film was prepared from hyaluronic acid and chitosan with the
top layer being chitosan. Films were deposited onto silicon
wafers as gel-type films at different pH’s (pH 3.0 and pH 4.5)
and ionic strengths to see how these changes altered the
properties of the multilayer films and affected their antibacter-
ial activity. The addition of salt into the deposition solutions
affected the swelling behaviour of the PEM leading to the
production of thicker films, while the pH of the deposited film
solutions affected the interaction between polymer layers and
the antibacterial activity of the films. To illustrate, at pH 4.5,
hyaluronic acid (pK,: 3.0) and chitosan (pK,: 6.5) were largely in
their ionized forms, and the polymer layers electrostatically
interacted with each other strongly, thus blocking or shielding
of the ammonium group of chitosan by the carboxylic groups of
hyaluronic acid. However, at pH 3.0, many of the carboxylic
acid groups on hyaluronic acid are non-ionised resulting in
reduced interactions with the chitosan and allowing a higher
number of ammonium groups to be exposed on the surface to
interact with bacterial membranes. Thus, films of chitosan/
hyaluronic acid constructed at pH 3.0 showed better bacterici-
dal action against X. fastidious a plant pathogenic bacterium
(that causes diseases of important crops) than films prepared at
pH 4.5.

Another important antimicrobial polymer is e-poly-L-lysine
(e-PPL), indeed polymers having 25-35 r-lysine residues is
widely used in many countries as a food preservative. Zhang
et al.”’” prepared e-poly-i-lysine and gum Arabic multilayer films
deposited on anodized titanium with the help of polydopamine
with the e-poly-L-lysine immobilized onto the surface in various
ways. Thus, titanium surfaces were anodized in the presence of
0.5 wt% hydrofluoric acid to generate titanium dioxide nano-
tubes, which were immersed into dopamine hydrochloride to
coat the surface with polydopamine via self-polymerization
under slightly alkaline conditions (2 mg mL~"' dopamine in
10 mM Tris-HCI, pH = 8.5). Later, the first layer of e-poly-L-lysine
(10 mg mL™") was covalently grafted onto the polydopamine
surface via reaction between the amines and the dopamine
quinone (under alkaline conditions) and later gum Arabic was
deposited onto the &-PLL via electrostatic interactions. LbL
films were also deposited onto the titanium dioxide nanotube
surface by immersing into &-PLL and gum Arabic. One-layer of
e-poly-t-lysine grafted onto the surface displayed better bacter-
icidal activity than the dual e-poly-i-lysine-gum surface, show-
ing rupturing of the cell membranes of S. aureus and E. coli.
The triple-layer film (s-PPL/GA/e-PPL) and the penta-layer film
(e-PPL/GA/e-PPL/GA/e-PPL) inhibited the attachment of bacteria
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onto the surfaces. Furthermore, the layer-by-layer coated surfaces
maintained their bacteriostatic action against S. aureus and E. coli
for up to 3 weeks, again the cationic nature of the polymer driving
their mode of action.

As mentioned previously, polymers that are cationic and
hydrophobically modified show potent contact-killing activity
against bacteria. Hydrophobically modified polyvinylamines
are an interesting class of polycations which possess a high
ratio of cationic groups and alkyl chains that form antibacterial
surfaces (see the single polymer coating section). Thus,
Ilergard et al’® used hydrophobically modified polyvinyla-
mines to prepare multilayer films with poly(acrylic acid) for
an antibacterial surface coating. Multilayers were prepared by
immersing, alternatingly, polyvinylamine at pH 7.5 as the
cationic polymer and poly(acrylic acid) at pH 3.5 as the anionic
polymer. Polymers were coated onto the surface with a number
of different layers with the polycationic as the top layer. The
3-layer coated surface prepared with C8-epoxy chain modified
polyvinylamine showed growth inhibition of >99%. A live/dead
assay proved that the bactericidal activity of the films, damaged
the bacterial membrane. Later, they”® coated anionic cellulosic
wood-fibre with C8-epoxy chain modified polyvinylamine
(100 mM NaCl, pH 9.5) and poly(acrylic acid) (100 mM NacCl,
pH 3.5). Fibres were coated to give one, three and five layered
materials (always with a polyvinylamine outmost layer). The
films reduced the growth of E. coli and B. subtilis by 99% after
24 h of contact. The results revealed that even a simple layer
coating was sufficient to generate a contact-active surface.
To gain insight into the antibacterial mechanisms of physically
adsorbed multilayers of polyvinylamine and polyacrylic acid,
the surface charge of cellulose fibres was increased via radical
oxidation (giving higher concentrations of carboxyl groups
on the surface) leading to enhanced immobilization levels of
polyvinylamine onto the fibre. In this case, the bactericidal
action against E. coli and B. subtilis increased, while SEM
images showed that the contact-killing activity of the fibre
was due to membrane deformation.®

Chen et al.®" investigated cellulose fibre LbL coatings with
different polycations - namely poly(diallyl dimethyl ammo-
nium chloride) (Table 1 - P15) and poly(allylamine hydrochlor-
ide). Results showed that a triple-layer poly(vinylamine)/
poly(acrylic acid)/poly(vinylamine) showed better antibacterial
activity compared to poly(diallyl dimethyl ammonium chloride)/
poly(acrylic acid) and poly(allylamine hydrochloride)/poly(acrylic
acid). The same group®” changed the middle section (poly(acrylic
acid)) to a wood-based cellulose nano-fibril, in order to enhance
the antibacterial efficacy of the poly(vinylamine) based films.
Bacteria adhesion increased on the fabricated of a triple-layer
poly(vinylamine)/cellulose nano-fibril/poly(vinylamine) system but
was some 10-fold better compared to the poly(acrylic acid)/
poly(vinylamine) film in terms of membrane damage with elonga-
tion of the bacteria clearly seen.

1.1.3.2. Bacteriostatic PEMs. An alternative method to tackle

pathogen colonisation is the generation of microbe-adhesion
resistant surfaces, often by making the surface more hydrophilic.
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As an example, polyethylene glycol has been widely investigated as
an antifouling surface coating. Poly(ethylene glycol) (see Table 2 -
P23) grafted poly(acrylic acid) was adsorbed as a terminal
layer onto a double layered LbL film of poly(diallyldimethyl
ammonium chloride)/poly(acrylic acid) and poly(allylamine
hydrochloride)/poly(acrylic acid) and deposited onto poly-
(dimethylsiloxane) and analysed with S. cerevisiae. Although
poly(diallyldimethyl ammonium chloride)/poly(acrylic acid)
and poly(allylamine hydrochloride)/poly(acrylic acid) showed
minor anti-adhesive properties, the PEG grafted poly(acrylic
acid)-terminated poly(diallyldimethyl ammonium chloride)/
poly(acrylic acid) film was less adhesive by at least 2 orders of
magnitude compared to bare poly(dimethyl siloxane).®*

Antifouling coatings can be generated by zwitterionic poly-
mers which repel microbes due to creation of an interstitial
water/hydrogen-bonded network with a water layer adhering to
the surface. Phosphobetaines, sulfobetaines and carboxylbe-
taines are the typically used zwitterionic polymers. Zhu et al.®*
fabricated zwitterionic polymers including multilayers via the
layer-by-layer technique on a poly(vinyl alcohol) thin-film nano-
fibrous composites with electrostatic interactions between
poly(sulfobetaine methacrylate) (Table 2- P24) and tannic acid
with coating of a filtration membrane.

Poly(acrylic acid) is one of the mostly widely used counter
block polyanions in LbL self-assembled films but shows major
changes in forms between pH 3 to pH 6. Tang et al.®> coated
polysulfone microfiltration membranes with poly(allylamine
hydrochloride) and poly(acrylic acid) (Table 2 - P25) at pH 3
to investigate their bacteriostatic properties. A single bilayer of
poly(allylamine hydrochloride) and poly(acrylic acid) coated
onto the membrane was used to analyse E. coli deposition
kinetics to understand the bacteriostatic properties of the
polyelectrolyte coted membrane. There was an approximately,
3-fold reduction in the number of E. coli found on the surface
after coating, with the antiadhesive property of the modified
membrane based on the highly swelling and hydrated poly-
electrolyte coating preventing bacterial adhesion.

Gifu et al®® investigated the antimicrobial activity of a
20-mer LbL film of hydrophobically modified sodium poly-
(acrylate) (PACgNa) complexes, with various chain lengths of
cationic surfactants (decyl, dodecyl, tetradecyl and octadecyl
trimethyl ammonium bromide) and poly(diallyldimethyl
ammonium chloride) against S. aureus, E. coli, P. aeruginosa,
and C. albicans. The best activity was found against S. aureus,
with films of sodium poly(acrylate) complexed with tetradecyl
and octadecyl trimethyl ammonium bromide, while poly(diallyl-
dimethyl ammonium chloride) displayed total inhibition of
growth after 2 h. P. aeruginosa showed greater resistance to the
antimicrobial activity of the films, but after 6 h, films of sodium
poly(acrylate) complexed with octadecyl trimethyl ammonium
bromide and poly(diallyl dimethyl ammonium chloride) inhibited
its growth. C. albicans was the least sensitive to the antimicrobial
activity of the films with octadecyltrimethyl ammonium bromide
complexed poly(acrylate) and poly(diallyldimethyl ammonium
chloride) being the only film showing moderate inhibition of
fungal growth after 24 h of exposure.
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Gibbons et al.®” built a new family of layer-by-layer coatings
using Nafion (a Teflon-like backbone bearing sulfate groups)
(see Table 2 - P26) the enzyme lysozyme and chitosan. (Nafion/
Lysozyme)e, (Nafion/Chitosan)s, and (Nafion/Lysozyme/Nafion/
Chitosan), coatings showed excellent inhibition of E. coli and
S. aureus growth (>99.9% compared to 58% for Nafion alone).

1.1.3.3. Bactericidal and bacteriostatic PEMs. There are exam-
ples of PEMs that exhibit both bactericidal and bacteria-
adhesion resisting properties. Martins et al®® prepared
chitosan-based multilayer films with plant-derived polyionic
polysaccharides Carrageenan (iota-carrageenan) and pectin
(Table 2 - P27) and evaluated them against S. aureus and
P. aeruginosa as cytocompatible antibacterial coatings. The
protonation of the amino groups on chitosan being a key factor
in the antimicrobial activity of the polyelectrolyte films, while
the hydrophilicity of the polysaccharides in the PEMs would
also reduce microbial adhesion. 15 layers of each polymer
(around 16 + 0.9 nm total thickness) were deposited onto
oxidized glass substrates at pH 5.0 (X-ray photoelectron spectro-
scopy showed that the -NH;" peak intensities on the surface
of the pectin-chitosan film were higher than on the iota-
carrageenan-chitosan film showing binding). The bactericidal
action of the film was observed after 6 h for P. aeruginosa and
24 h for S. aureus. The same group® also prepared hydrophilic,
bactericidal, and anti-adhesive PEM LbL films using polycatio-
nic tannin (see Table 2 - P28) as a replacement for chitosan,
and the polysaccharides, Carrageenan (iota-carrageenan) and
pectin. Here the cationic NH;" and phenolic moieties were
argued as being the main reasons for their potent bactericidal
action against S. aureus and P. aeruginosa, while the anionic
hydrophilic components of the polysaccharides, (due to the
sulfate groups of iota-carrageenan and the carboxylate group of
pectin) gave rise to the bacteriostatic properties of the PEMs.

Hoyo-Gallego et al.’® built chitosan/hyaluronic acid (Table 2
- P29) bactericidal and bacteria repelling LbL films on
poly(ethylene terephthalate). Without the PEM coating, the
number of viable bacteria on the poly(ethylene terephthalate)
surface was 1.3 x 105 CFU cm > while after coating with
10 layers of chitosan/hyaluronic acid, E. coli viability on the
coated surface decreased significantly (8 CFU em ™). In addi-
tion, the stability of the film was robust due to the presence of
lysozyme and hyaluronidase and was stable in phosphate
buffer. The authors suggested that the hydrophilic character
of hyaluronic acid and the bactericidal nature of chitosan made
this film a suitable candidate for biomedical coatings.

Although electrostatic interactions are favourable to design
layer-by-layer deposition of polymers, Xu et al*' produced a
layer-by-layer multilayer deposition showing anti-fouling, anti-
microbial, and biocorrosion inhibition from polyethylenei-
mine-B-cyclodextrin and ferrocene-modified chitosan via
host-guest interaction chemistry on stainless steel. B-Cyclo-
dextrin is the most popular host that able to guest various
molecules due to its hydrophilic internal cavity. Similarly,
ferrocene is also a widely used guest molecule for PB-cyclo-
dextrin. Thus, PEI and chitosan were functionalized with these
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host-guest groups. Then, poly(dopamine) anchored stainless
steel surfaces were coated by alternately dipping into polyethy-
leneimine-B-cyclodextrin and ferrocene-modified chitosan solu-
tions at pH 5. This took place 1, 5 and 11 times with alternative
deposition of PEI and chitosan solutions. The antimicrobial
and antifouling efficacies of the multilayer coatings were tested
on bacteria (Pseudomonas sp. and S. aureus), microalgae
(A. coffeaeformis), and barnacle cyprids. Tests revealed that as
the number of host-guest assembled bilayers were increased,
the antimicrobial and anti-biocorrosion performance were
improved. Only a small number of viable bacteria adhered on
the 11-bilayered surface with their antifouling properties much
better than those compared to other assembled surfaces. The
multilayer coatings were also found to be stable and durable
after 35 days immersed in seawater. These environmentally
friendly coatings could be useful for combatting biofouling and
biocorrosion in marine and aquatic environments.

1.2. Polymers covalently immobilized onto the surfaces

Antimicrobial surfaces can also be created using covalent
bonds between polymers and various surfaces is such a route
to polymerize/attach functional polymers onto surfaces.” For
example Su et al.”* designed a surface by constructing a bottom
bactericidal layer (800 nm) consisting of the monomer (N-(4-
vinylbenzyl)-N,N-dimethylamine) and a crosslinker (ethylene
glycol diacrylate) with a second monomer (vinyl pyrrolidone)
introduced to give a hydrophilic layer. Poly(N-(4-vinylbenzyl)-
N,N-dimethylamine) coatings exhibited more than 99.9% kill-
ing of both E. coli and B. subtilis regardless of the incorporation
of vinyl pyrrolidone on the surface. However, incorporation of
vinyl pyrrolidone led to much better antifouling resistance and
improved biocompatibility.

Fluorinated polycationic polymers were attached onto tex-
tiles by Song et al.®* via initiated chemical vapor deposition,
forming poly(dimethylaminomethylstyrene-co-1H,1H,2H,2H-per-
fluorodecyl acrylate). The cationic fluorinated polymer coated
surface reduced by some 3-log units the attachment of methicillin
resistant S. aureus and E. coli (99.9% Kkilling efficiency). The
antimicrobial mechanism of the polymer was explained by
their similarity with other cationic polymers. In addition, the
hydrophobic group of the polymer was attributed to the greater
binding efficacy shown to E. coli resulting in better penetration of
the polycations. The polymer surface was tested on lentivirus
(an enveloped virus) and again, due to electrostatic interactions
between positively charged groups on the polymer surface and the
“negatively charged lentivirus” as well as hydrophobic inter-
actions with the viral “membrane”, the cationic fluorinated
polymer surface damaged the viral structure.

Among the various covalently bonded surfaces, polymer
brushes are of particular interest as non-leachable coatings in
biomedical applications due to their mechanical stability and
tuneable thicknesses. Such grafted polymer chains can be gener-
ated using a variety of polymerisation techniques and also allow
subsequent modification with other functional groups.”*

1.2.1. Polymeric brush surfaces. Covalently attached poly-
mer brushes can be generated using either ‘“‘grafting to” or

This journal is © The Royal Society of Chemistry 2022
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“grafting from” methods. The “grafting to” technique requires
a reaction between an end-functionalized polymer and suitable
functional groups on the surface/substrate to form a tethered
polymer chain. Although this technique has advantages com-
pared to other methods, such as enabling the characterization
of polymer chains prior to grafting, low density grafted polymer
brushes are typically formed due to reactive site hindrance.’®
“Grafting from” techniques comprises a polymerization which
begins with surface bound initiators leading to growth of the
polymer chains using monomers from solution. Depending on
the levels of surface functionalisation and monomer concen-
tration, this technique can produce high grafting densities and
broad dispersities with respect to chain length.’® In antimicro-
bial applications, polymer brush coatings have been designed
to be biocidal and self-adaptable (switchable), altering the
antimicrobial action from biocidal to antifouling.

1.2.2.1 Bactericidal polymeric brush surfaces. Metallic
implants and devices used in clinical applications tend to
generate bacterial associated infections. To combat bacteria
associated infection on titanium alloys, Peng et al.®” designed a
surface coating made of a novel phosphonate/active ester block
polymer composed of phosphonate units (degree of polymeri-
zation of 29) that served as the metal anchoring segment and
NHS active ester units (various degree of polymerization: 7, 29,
and 64) which were conjugated to poly(hexamethylene biguanide).
Although all copolymers of poly(diethyl(methacryloyloxy-
methyl)phosphonate-b-N-hydroxysuccinimide =~ methacrylate)
showed great antimicrobial activity (following conjugation)
the polymer having 64 active ester repeat units, and then
functionalized with poly(hexamethylene biguanide) showed
the best antimicrobial activity, killing and inhibiting 100% of
E. coli and S. aureus. The ruptured membrane along with
intracellular matrix release indicated that the polymer showed
bactericidal action due to interaction of the guanidine groups
with the various negatively charged components in/of the
bacteria with no suppression of mammalian cell viability.
In vivo data showed that the polymer coating significantly
inhibited colonisation of bacteria on implants and conse-
quently decreased levels of bacterial associated infection.

Poly(ethylene terephthalate)®® is perhaps one of the most
widely used synthetic polymers due to its low cost, and
mechanical and chemical stability. It is also inert and hence
often biocompatible. Thus, PET has seen utilization in heart
valves, vascular grafts, surgical meshes, and artificial ligaments.
However, PET can be contaminated by microbes as it does not
have any inherent antimicrobial properties. Therefore, Cao et al.*®
covalently grafted poly(hexamethylene guanidine hydrochloride) -
a well-known cationic polymeric bactericide that shows potent
killing activity against a range of pathogens with a mechanism of
action mediated via electrostatic interactions with negatively
charged cell surface components. Here, a polymeric brush surface
was developed using poly(ethylene terephthalate) that was mod-
ified via aminolysis with ethylenediamine. This amine was then
reacted with ethylene glycol diglycidyl ether that had itself
been reacted with poly(hexamethylene guanidine hydrochloride).
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Uncoated and amine group terminated PET surfaces showed
no bactericidal activity whereas the polymer brush coated PET
surfaces showed excellent bactericidal activity against E. coli and
S. aureus.

Larikov et al'®® prepared glass surfaces with covalently
immobilized poly(allylamine) (via 3-glycidoxypropyltrimethoxy
silane modification of the glass followed by reaction with free
amino groups), which showed bactericidal activity against
S. epidermidis and S. aureus (eliminating ~97%) and P. aeruginosa
(88%). Comparison with electrostatically bound poly(allylamine)
surface vs. covalently attached polyallylamine surface showed that
the killing efficiency of the covalently attached surfaces were much
higher with improved robustness and that surface charge was more
important than the chain lengths of the polymer.

It is known that cationic polymers bearing quaternary
ammonium salts along the polymer chain display high killing
of pathogens. Li et al.'°" prepared a stable antimicrobial coat-
ing with two natural polymer derivatives, agarose and quater-
nized chitosan via the “grafting-to” method onto polymer
films [polyurethane and poly(vinyl fluoride)], and titanium
foil. Polymers were covalently grafted via a ‘“thiol-ol” reaction
(conjugation under UV irradiation in the presence of oxygen
with dimercaprol serving as both an anchor and as a cross-
linker between the surface and grafted polymer). Due to the
antiadhesive nature of agarose and the bactericidal nature of
chitosan, the prepared surfaces thus offer two different modes
of action. The agarose grafted surfaces inhibited biofilm
formation of both P. aeruginosa and S. aureus (99% compared
to the uncoated surfaces). In addition, agarose and chitosan
grafted surfaces maintained their antibacterial activities for
30 days after repeated ethanol treatment or autoclaving. When
the quaternized chitosan grafted polyurethane or poly(vinyl
fluoride) surfaces were “contaminated” with drops of viable
S. aureus and P. aeruginosa, a negligible number of bacteria
remained alive after contact (in contrast the surfaces were non-
cytotoxic to 3T3 fibroblasts). Again, the quaternized ammo-
nium groups (in this case on the chitosan) mediated contact
killing of bacteria.

Correia et al.'® developed chitosan scaffolded surfaces
functionalized, with N,N-dimethyldodecylamine quaternized
poly(2-oxazoline)s using 2-methyl-2-oxazoline, 2-ethyl-2-
oxazoline or 2-bisoxazoline with the ‘grafting-from’ method
performed, using super critical CO, as a solvent. They found
that quaternized poly(2-methyl-2-oxazoline) grafted chitosan
scaffold was the most effective against S. aureus and E. coli
(killing almost 100% in 3 min), which also prevented of biofilm
formation. Moreover, this scaffold was able to purify water
samples taken from different sources and performed well over
multiple cycles.

Koufakis et al.'® investigated poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA) brushes quaternized with various
alkyl chain lengths as biocidal coatings with surface-initiated
atom transfer polymerization used to grow polymer chains on
silicon wafers. Three different molecular weight of poly(2-
(dimethylamino)ethyl methacrylate) (M,: 30 kDa, 81 kDa and
110 kDa) were synthesized and the polymers were quaternerised
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Fig. 9 (a) Silyl-based initiator synthesis; (b) initiator immobilisation and
synthesis of PDMAEMA brushes and quaternization with various alkyl chain
lengths via surface initiated-ATRP.2°® Reproduced with permission from
{Koufakis, E.; Manouras, T.; Anastasiadis, S. H.; Vamvakaki, M. Film Proper-
ties and Antimicrobial Efficacy of Quaternized PDMAEMA Brushes: Short vs
Long Alkyl Chain Length. Langmuir 2020, 36, 3482-3493}. Copyright
{2020} American Chemical Society.

with various alkyl halides and tested against E. coli and B. cereus.
(see Fig. 9). Polymers having short alkyl chains (e.g:, methyl,
ethyl, and propyl) showed a 100-1000-fold decrease in bacterial
adhesion, but with 99% killing of adhered bacteria, while non-
quaternized and long alkyl chains (more than 6 carbons) showed
little reduction in bacteria colonisation. They explained this
phenomenon as conformational alteration in the polymer due
to formation of a “cumbersome hydrophobic barrier” with the
long alkyl chains preventing the interaction of quaternized
cationic moieties with the bacteria. On the other hand, polymers
with short alkyl chains were able to move more freely, and the
positive charges could interact with the negatively charged
bacterial cell membrane leading to perforation and lysis. Field
emission scanning electron microscopy images (Fig. 10) showed
the bactericidal effect of the low molecular weight, methyl
quaternized, PDMAEMA brushes with a collapsed bacterial
morphology with damaged membranes, while non-quaternized or
octadecane quaternized polymers showed intact bacteria adhesion.

Fig. 10 Field emission scanning electron microscopy images of E. coli
adhesion onto the surfaces of low molecular weight PDMAEMA brushes:
(@) non-quaternized PDMAEMA; (b) methyl quaternized PDMAEMA and
(c) octadecyl quaternized PDMAEMA %% Reprinted with permission from
{Koufakis, E.; Manouras, T.; Anastasiadis, S. H.; Vamvakaki, M. Film Proper-
ties and Antimicrobial Efficacy of Quaternized PDMAEMA Brushes: Short vs
Long Alkyl Chain Length. Langmuir 2020, 36, 3482-3493}. Copyright
{2020} American Chemical Society.
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Using similar polymerization techniques Yandi et al.'%* pre-
pared poly(2-(dimethylamino)ethyl methacrylate) brushes for
use against the marine alga Ulva linza and U. lactuca in order to
understand the anti-algal effects of the brushes, spore adhesion
and growth. In this case a self-assembled mono layer surface
was formed using o-bromoisobutyrate-11-mercapto-undecane
as the initiator for ATRP polymerization. Poly(2-(dimethyl-
amino)ethyl methacrylate) brushes were anti-algal, killing zoos-
pores upon contact as well as inhibiting the growth of spores.
This phenomenon was again explained by electrostatic inter-
actions of the negatively charged spores and the cationic
groups of the polymer brushes, disrupting the membrane, a
similar mechanism to that of poly(2-(dimethylamino)ethyl
methacrylate) and its antimicrobial mode of action.

Lu et al.'® prepared poly(diallyldimethyl ammonium chlor-
ide) grafted onto cellulose filters whose hydroxyl groups had
been reacted with 2-bromisobutyryl bromide (by esterification),
thus serving as a macroinitiator in an ATRP reaction to allow
the grafting of diallyldimethyl ammonium chloride. Uncoated
membranes and different levels of poly(diallyldimethyl ammo-
nium chloride) grafted onto the cellulose membrane were
tested for bacterial killing by immersing into bacterial suspen-
sions with a grafting ratio of 13 wt%, reducing bacterial
numbers by 98% for S. aureus and 92% for E. coli.

Undoubtedly, contact lenses are one of the most widely used
devices to correct refractive errors and maintain ocular health.
However, wearing contact lens use can cause adhesion and
colonization of bacteria which can develop conditions such as
acute red eye, acute dry eye, microbial keratitis or corneal
complications (neovascularization, edema, staining) and so on.'®

Chan-Park et al.'” developed two silicone contact lens
coatings via ozone-activation and thermal-polymerization.
In the first coating, PEI was grafted with poly(ethylene glycol)
methacrylate with the polymer tethered onto the surface via
thermal polymerization (with the help of peroxide groups after
ozone activation of the surface). This surface displayed good
in vitro antibacterial properties against methicillin resistant
S. aureus with an average log reduction of 5 (<99.99% killing)
and with high mammalian cell viability. Another coating was
synthesized starting from the monomers glycidyl methacrylate
(for PEI grafting) and N-(3-sulfopropyl)-N-(methacryloxyethyl)-
N,N-dimethylammonium betaine (as a hydrophilic unit for the
coating) with polymerization based on free radical poly-
merisation followed by macromolecular grafting. The best
polymer formulation for antimicrobial activity used 1 wt%,
glycidyl methacrylate, 1 wt% of the hydrophilic betaine and
0.5 wt% PEI (M,,:2 kDa) with a more than 6 log reduction of
methicillin resistant S. aureus yet with 90% fibroblast cell
viability.

Covalent immobilization of antibacterial peptides onto sur-
faces has gained a great deal of interest due to their fast,
effective, and broad-spectrum killing action. Gao et al.°® inves-
tigated the antibacterial properties of polymer brush systems
coated onto titanium surfaces with primary amines containing
copolymers (e.g. poly(N-(3-aminopropyl))methacrylamide-co-
(N,N-dimethylacrylamide)) synthesized by surface initiated
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atom transfer radical polymerization. Here, the cysteine functio-
nalized cationic, antimicrobial peptide Tet213 (KRWWKWWRRC),
was conjugated onto the copolymer brushes using a maleimide-
thiol addition reaction after initial modification of the grafted
chains using an N-hydroxysuccinimide ester of 3-maleimido-
propionic acid. They found that the graft density of the peptide
on the surface had a strong effect on the antibacterial activity
of P. aeruginosa. The same group'®® also tested an antimicrobial
peptide tethered brush coating generated from a copolymer
of N,N-dimethylacrylamide-co-N-(3-aminopropyl)}-methacrylamide
(5/1 monomer ratio) and the peptide Tet-20 (KRWRIRVRVIRKC)
against P. aeruginosa and S. aureus. Peptide coated titanium wires
showed a 5-log decrease in CFU (compared to uncoated), in
addition, peptide coated wires, which were implanted into sub-
cutaneous pockets of rats, showed a decrease in S. aureus levels by
at least 85%. It is likely that the use of the p-amino acid peptide
enantiomer would promote the effect, as the L-enantiomer would
be degraded by proteases. The antibacterial effect here is
mediated by the mixed hydrophobic/cationic peptide and the
non-bonding nature of the dimethylacrylamide.

Urinary Tract Infections are the most common type of
infection. In hospital settings a major cause is ureteral stents
that remain in position for long periods. Unfortunately, Proteus
mirabilis (P. mirabilis), which is the main urease positive
pathogen in the ureteral system, starts to form biofilms which
induces encrustation (urinary tract stones), hindering the flow
of the urine. Later, mucosal injury occurs, and the medical
device must be replaced with a surgical operation. Gultekinoglu
et al."*® developed an antimicrobial PU stent upon which the
cationic polymer PEI was grafted, with the stent showing a
significant decrease in bacteria adhesion under static condi-
tions. The same group''' studied two different molecular
weight PEI's (1.8 and 60 kDa) grafted PU stents and also
alkylated these with hexyl bromide to enhance their antimicro-
bial activity within a dynamic biofilm reactor, to observe
bacteria adhesion, biofilm formation and encrustation. The
grafted PEI affected bacteria adhesion owing to the dynamic
motion of the brushes in the liquid environment with the
alkylated PEI brushes disrupting the bacteria cell wall upon
contact. The high molecular weight PEI grafted stent decreased
biofilm formation by up to 2 orders compared to unmodified
PU’s, in in vitro experiments. Free Ca>* and Mg”* ions play a key
role in the encrustation process; hence, PEI brush stents were
tested in terms of deposition onto the stent surfaces (encrustation).
The grafted PEI inhibited Ca®* and Mg>" ions deposition by 81%
and 93%, respectively in in vivo animal models and showed
reduced inflammation in host tissue.

1.2.2.2. Dual-functional polymeric brush surfaces. Hydrophilic
polymers and zwitterionic polymers generate a hydration
layer that forms a physical-type barrier that gives rise to the
anti-adhesive properties of surface. This combination of a
robust interfacial hydration layer and steric repulsion generates
resistance to protein/bacterial binding."**"***> Such polymeric
brushes can be prepared on various surface such silicone
catheters and in this content, Yu et al''® prepared an
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antimicrobial polydimethylsiloxane surface coating showing
both antifouling and bactericidal activity against E. coli via
sub-surface-initiated atom transfer radical polymerization.
Firstly, a vinyl-terminated initiator was blended with polydi-
methylsiloxane, then 2-(dimethylamino)ethyl methacrylate was
polymerized onto the entrapped initiator via atom transfer
radical polymerization and then quaternized with 1,3-propane-
sultone and 1-bromo-undecane to obtain zwitterionic and
bactericidal groups on the same polymer brush. Antimicrobial
and antifouling activities of the polymer were investigated, and
it was found that grafting density, grafting time and degree of
quaternization and sulfobetainization of polymer had a great
impact on their properties. In terms of antifouling approaches,
hydrophilic polymers have been employed to form a hydration
layer to prevent attachment of bacteria to surfaces, while
exhibiting both microcidial and anti-adhesive actions, again with
a focus on reducing catheter related infections. Zhang et al.'”
developed a polymeric catheter surface with a foundation zwitter-
ionic polymer layer (poly(3-[dimethyl-[2-(2-methylprop-2-enoyl-
oxy)ethylJazaniumyl]propane-1-sulfonate)) with an upper layer of
poly(methacrylic acid), displaying antifouling, bactericidal and
hemocompatible properties. Polyurethane surface functionaliza-
tion with an initiator allowed a zwitterionic polymer to be grafted
from the surface, with poly(methyl methacrylate) grafted onto the
zwitterionic brush, and an antibacterial peptide coupled via
amidation. The hydration layer created by the hydrophilic and
negatively charged polymer brushes generated an antifouling
surface active against both E. coli and S. aureus under static and
hydrodynamic conditions.

It is a challenge to design a surface that can prevent bacterial
infections and show antiadhesive properties while promoting
tissue biocompatibility. Hoyos-Nogués et al''® prepared a
titanium surface showing both inhibition of bacterial coloniza-
tion while promoting osteoblast cell attachment for dentistry
applications. Thus, PEG was added by an electrodeposition
process, followed by the immobilization of peptides that pro-
moted both cell proliferation (Arg-Gly-Asp (RGD)) and bacter-
icidal action (adding the peptide LF1-consisting of 11 residues
from the amino-terminus of lactoferrin). The antibacterial
activity was tested against S. sanguinis — a primary colonizer
in oral biofilms. Due to the low bio-fouling property of the PEG
coating on the surface, bacterial attachment was significantly
decreased on the PEG and PEG-peptide coated surfaces.
In addition, SEM images showed PEGylated surfaces inhibited
the formation of filamentous appendages (called fimbria) that
lead to bacteria adhesion to solid surfaces and later biofilm
formation. Furthermore, the PEG-peptide coated surfaces
increased the percentage of dead bacteria, while reducing the
adhesion of bacteria compared to a simple PEG coated titanium
surface.

Fueta prepared a novel antimicrobial mix brush surface
based on poly(N-hydroxyethyl acrylamide) and poly(trimethyl-
amino)ethyl methacrylate chloride on silica surfaces. The
mixed polymer brush coating was generated through surface-
initiated atom transfer radical polymerization (for the antifoul-
ing monomer) and surface-initiated/mediated polymerization
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(for the cationic monomer). The 100% poly(N-hydroxyethyl
acrylamide) surface showed excellent antifouling properties,
while the 100% cationic poly(trimethylamino) ethyl methacry-
late chloride surface showed bactericidal activity with dead
bacteria on the surface. In order to prevent attachment of dead
bacteria while maintaining bactericidal activity, an in a ratio of
initiators 1:1 was used to give a mixed polymer brush having
both antifouling and antibacterial activity against Gram-
positive and Gram-negative bacteria. The mixed brush surface
reduced the attachment of dead bacteria by ~10 fold, while
maintaining a high kill level (the killing ability of the cationic
brushes based on the interaction of the polymeric cationic
groups with the various anionic components of the bacterial
membrane/wall causing distortion and leakage of intracellular
components, resulting in death of the bacteria).

An antimicrobial surface was created by He et al.'*® with the
mixing of two types of dopamine-modified polymers (inspired
by mussel adhesion chemistry). Thus, butyl, octyl and dodecyl
quaternized poly(2-(dimethylamino)ethyl methacrylate) and
poly(sulfobetaine methacrylate) was synthesized via ATRP with
dopamine-modified with a 2-bromoisobuty group as an initia-
tor. The effect of the N-alky chain length, of the quaternized
ammonium group of poly(2-(dimethylamino)ethyl methacrylate)
on antimicrobial activity of a mixed brush surface was noted
to decrease with increasing chain length, arguably because of the
shielding effect of the N-alkyl chains on the hydrophilicity of
the polymer. Of note, [poly(sulfobetaine methacrylate)/poly(2-
dimethylbutylammonium)ethyl methacrylate] mixed brushes
exhibited bactericidal and antifouling properties. When poly(2-
dimethylbutylammonium)ethyl methacrylate content was in the
range of 10-50% on the surface, the killing efficiency of polymer
brushes against S. aureus was reached to 74-92%. Longer N-alkyl
chains polymers (e.g. octyl quaternized) displayed a killing level
of 69-94% when the quaternized content was in the range of
10-30%. For, poly(sulfobetaine methacrylate)/dodecyl quaternized
poly(2-(dimethylamino)ethyl methacrylate) up to 10% was needed
for good bactericidal and antifouling activity against S. aureus.

1.2.2.3. Self-adapting polymeric brush surfaces. Self-adaptable
surfaces that can changes their antimicrobial properties from
bactericidal to antifouling by a stimuli-responsive strategy have
been an attractive development that has allowed the prepara-
tion of new antimicrobial surfaces coatings. Intravenous cathe-
ters are the one of the most widely used devices in clinics,
unfortunately, catheter-associated infectious are associated
with high levels of morbidity and mortality are very common.
Thus, innovative catheter coatings are essential. Zhang et al.'*'
prepared self-adaptive antibacterial surface with switching on
of antibacterial action in the presence of bacteria. The first
block of the polymer brush coating was a bactericidal poly(2-
(dimethyldecylammonium)ethyl methacrylate) using monomer
2-(dimethyldecylammonium) ethyl methacrylate grafted via a
surface-initiated atom transfer polymerization onto a polyur-
ethane (to had been coupled to initiator). The second block was
hydroxyethyl methacrylate, with the hydroxyl group of the
polymer oxidized (to aldehydes) to allow conjugation of amine
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terminated polyethylene glycols (PEG’s) via Schiff base for-
mation. In the presence of bacteria, the imine bonds hydrolyse
due to bacterial metabolism and the creation of a locally acidic
microenvironment, thus releasing the upper PEG layer, and
thereby revealing the lower bactericidal layer that eliminates
the bacteria and inhibits infection. The polymer brush coated
surfaces reduced by 97% the level of S. aureus binding in the
short term (10 h) and killed 82% of bacteria over 24 hours.
In addition, the antibacterial activity of this self-adaptive sur-
face was tested under hydrodynamic conditions and showed
high antifouling efficiency (88% reduction of bacteria adhe-
sion). By applying a similar strategy, an arginine-based switch-
able surface coating was generated, turning from bactericidal to
antifouling."* The key here being the use of r-arginine methyl
ester-methacryloylamide polymer brushes grafted by surface-
initiated reversible addition—fragmentation chain-transfer.
Here, the glass surfaces were modified with polydopamine via
catechol coordination, and then functionalized with a chain
transfer agent to allow RAFT polymerization. Subsequent poly-
merization was carried out to allow generation of a polymer
brush surface. Due to the guanidinium groups on the polymer
brushes, the surfaces showed bactericidal activity against
S. aureus and E. coli. Upon hydrolysis of the ester the surface
changed from a bactericidal state (due to cationic groups) to an
antifouling state due to the zwitterionic groups thus preventing
the adhesion of S. aureus and E. coli and A. coffeaeformis (Fig. 11).

pH-responsive tannic acid-scaffold binary polymer brushes
have been prepared as coatings. Here azido-modified tannic
acid was prepared and coupled as a co-polymer that had been
generated using a dibenzocyclooctyne modified chain transfer
agent via RAFT polymerization as well as cationic dibenzocy-
clooctyne modified poly-lysine via a copper-free azide—alkyne
cycloaddition reaction (these were coated onto stainless steel
surfaces via coordination chelation chemistry). The antimicro-
bial activity of the surface was tested with S. epidermidis and
E. coli and A. coffeaeformis. Since poly(2-diisopropylaminoethyl
methacrylate) shows reversible pH switching behaviour, such
that when the pH decrease (below the pK, value of 6.3) the
poly(2-diisopropylaminoethyl methacrylate) chains swelland
the zwitterionic polymer segment becames dominant, showing

a hydrolysis
I I —_—

Fig. 11 The hydrolysis of L-arginine methyl ester-methacryloylamide
based-brushes used to generate a “switch-on" antifouling surface by ester
hydrolysis.*?? Reprinted (adapted) with permission from {G. Xu, X. Liu,
P. Liu, D. Pranantyo, K. Neoh and E. Kang, Langmuir, 2017, 33, 6926—-
6936} Copyright {2017} American Chemical Society.
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antifouling properties. However, when the pH increases, the
poly(2-diisopropylaminoethyl methacrylate) chains collapse
and the poly-lysine chains became ‘“dominant/exposed” showing
bactericidal action.'*

Wu et al.'** developed a polymeric mixed brush surface that
altered bacterial attachment in response to pH. Thus, vinyl and
alkyl bromine functionalized gold surfaces were prepared and
poly(2-(dimethylamino)ethyl methacrylate) was generated via
thermally initiated free radical polymerization and then visible
light photoinitiated polymerization for poly(acrylamide phenyl-
boronic acid) grafting. At low pH’s poly(2-(dimethylamino)ethyl
methacrylate) have protonated tertiary amino groups and the
surface bound S. aureus, whereas at higher pH values (pH 9.0)
the ammonium groups of the polymer become deprotonated
and the boronic acids become boronates making the surface
negatively charged and bacteria repellent.

Although cationic groups of polymers typically show high
antimicrobial efficacies, they may show toxicity to mammalian
cells and promote biofilm formation, due to the non-removal of
dead microbes from the surface. For this reason, switchable
polymer brush surfaces have the vision of creating an ideal
“cleaning” antimicrobial surface. Yan et al'®® designed a
hierarchical polymer brush surface having a ‘“zwitterionic”
outer most layer with an underlying polycationic bactericidal
polymer. Thus [3-(methacryloylamino)propyl]dimethyl(3-sulfo-
propylJammonium hydroxide inner salt and 2-(dimethyl-
amino)ethyl methacrylate were graft polymerized onto silicon
wafers bearing photoiniferter moieties. The cationic elements
of the polymer brush were further modified with 1-bromo-
ethane to give a stable cationic charge (as quaternary ammo-
nium salt). Since medical devices can be contaminated by air-
borne bacteria antimicrobial surface should also be effective
against microbes in the dry state. Here, the synthesized poly-
mer killed ~76% and ~95% of S. aureus and E. coli. Here, the
mechanism of the polymers is based on the quaternary ammo-
nium groups interacting with the bacteria membrane/cell wall
leading to lysis of bacteria with the sulfonated brushes in a
collapsed position in the dry state. Under wet conditions such
as body fluids containing planktonic bacteria, the sulfonated
layer bearing polymer brushes prevent the accumulation of
bacteria (reduction of ~98% and ~97% for S. aureus and
E. coli) and showed high killing rates (~80% and ~77% for
S. aureus and E. coli) relative to surfaces prepared with poly-
cationic polymer brushes alone. In addition, the polymer
showed that bacteria attachment onto the surface was pre-
vented over longer term. Due to the sulfonated groups of the
brushes, the cationic groups stayed physically hindered from
mammalian cells, thus the toxicity induced by cationic groups
of the polymers was prevented.

Chen et al."*® created a hierarchical polymeric brush surface
made up of cationic units [poly(1,3-bis-N,N-dimethyl-N-octyl-
ammonium)-2-propylacrylate dibromide] and a zwitterionic
poly(sulfobetaine methacrylate) antifouling layer via surface-
initiated atom transfer radical polymerization. In the design
the graft density of the cationic polymer was changed to allow
evaluation of the effect on its self-cleaning ability. The optimum
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graft density of the brush was approximately-61 nm and prevented
binding of over 70% of E. coli of S. aureus compared to the bare
surface. The mode of action is believed to be due to high charge
density and long alky chains of cationic polymer unit, the brushes
could bind bacteria, leading to the breakage of the bacterial cell
membrane and lysis of the bacteria.

2. Polymer solutions as antimicrobial
agents

Antibiotics provide powerful ammunition for mankind to
tackle pathogenic diseases. However, widespread misuse and
poor stewardship has led to widespread resistance, specifically,
multidrug resistant Gram-negative bacteria whose outer
membrane acts as a barrier to many antibiotics. Therefore,
new solutions are essential, and polymers have emerged as part
of the solution to combat such diseases, with key learnings
coming from natural host defence peptides and polymers that
typically interact with both the negatively charged (phospho-
lipid) and hydrophobic elements of the bacterial outer
membrane (Gram-negative). Thus, if synthetic polymers can
be designed and fabricated such that they have facial amphi-
philicity effective interactions with the bacterial membranes
will occur. Rahman et al.'® synthetized polymers having
intrinsic facial amphiphilicity using bile acids (cholesterol-
derived amphiphilic steroid acids). Initially monomers were
synthesized by esterification with three different bile acids
(lithocholic, deoxycholic, and cholic acid) and hydroxyethyl
methacrylate and homopolymers synthesized via RAFT poly-
merization. These homopolymers were further modified by
esterification (lithocholic, deoxycholic, and cholic acid having
one, two and three available alcohol groups) with different
lengths of bromoalkanoyl chloride and the alkyl bromide
groups on the subsequent polymers substituted with trimethy-
lamine to form quaternary ammonium polymer side chains.
Homopolymers of cholic acid showed the best activity against
S. aureus, E. coli and P. aeruginosa while the cholic acid derived
polymers with a pentyl spacer between the ester and the
quaternary ammonium group exhibited the best antimicrobial
properties (MIC values 7-15 ug mL ™). The cholic acid polymers
bearing five methylene spacers and having a molecular weight
around 10 kDa displayed the most effective antibacterial action
compared to higher molecular weight polymers. The cationic
groups on each cholic acid unit interacted with the outer
membrane of the bacteria via electrostatic interactions and
the hydrophobic cholic acid interlacing into the membrane
lead to bacterial death. Recently, the same group'®® used
nanostructured polymers with facial amphiphilicity to combat
multidrug resistant bacteria. Thus, copolymers of cholic acid
methacrylate (2-methacryloyloxy)ethyl cholate, and poly(ethylene
glycol)methacrylate were synthesized via reversible addition—frag-
mentation chain transfer polymerization. Copolymers bearing 90
and 70 mol% of cholic acid formed spherical particles, while
copolymers at 58 and 47 mol% formed rod like structures in water
with an average diameter of 150-400 nm. The spherical particles
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inhibited the growth of Gram-negative bacteria (minimum inhibi-
tion concentration for the polymer bearing 90% cholic acid was
13 and 10 pg mL ™" against E. coli and P. aeruginosa respectively),
while the rod-shaped polymers were effective against S. aureus,
with the killing mechanism associated with membrane disruption
as observed via SEM.

Zhou et al.**® designed host-defence peptide mimics via
glycine-pendent polyoxazolines with four polymers varying in
lengths (from 6 to 40-mers) synthesized. The best polymers
were found to contain 20 monomers with an MIC value between
3-12 pg mL ™' (against S. aureus) (including drug resistant
strains and S. epidermidis and B. subtilis). Importantly, S. aureus
did not show resistance to this polymer and the antibacterial
mechanism was explained as the polymer entering the cyto-
plasm without harming the bacterial membrane and then
interacting with bacterial DNA and subsequent triggering of
the generation of reactive oxygen species (ROS). Although host
defence polycationic antimicrobial peptides are attractive due
to their low resistance potential, there are limitations for
clinical use due to cost, limited activity, and poor stability.
Therefore, synthetic polymers are an attractive alternative.
Specifically, cationic polymers have been well explored over
the years, playing with composition, architecture, and synthe-
sis. Venkatesh et al.'*° investigated the antibacterial actions
of commercially available cationic polymers e&-poly-lysine,
a-poly--lysine, o-poly-L-ornithine, a-poly-p-lysine, a-poly-L-arginine,
poly(allylamine), linear polyethyleneimines and branched poly-
ethyleneimines (Fig. 12). All polymers showed antibacterial
activity against P. aeruginosa, S. aureus, and C. albicans, yet

§

NH; NH,
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Fig. 12 The structures of a broad family of commercial, cationic, anti-
microbial polymers, that are used in applications ranging from food
preservation to the pharmaceutical industries.™*® Reproduced from
ref. 130 with permission from PMC.
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were not effective as cationic antiseptics. Among all of these,
e-poly-lysine and linear polyethyleneimine showed the best
activity, additionally, e-poly-lysine showed strong antimicrobial
activity against ocular fungal pathogens such as Fusarium
comparable to the ophthalmic antifungal natamycin.

Another natural antimicrobial agent is the cationic peptide,
e-poly-L-lysine (e-PL). However, its antimicrobial mode of action
is uncertain, and, in the literature, there are various inhibition
concentration values although the difference is often based on
the source of the peptide. Tan et al.**' has helped to clarify the
antibacterial action and mechanism of &-poly-i-lysine towards
S. aureus. In their study, bacteria were treated with 250, 500 and
750 pg mL~" of polymer, with increasing concentration result-
ing in greater collapse of the bacteria structure. Using Raman
spectroscopy, they showed that &-poly-L-lysine passed through
the membrane and interacted with teichoic acid found in the
peptidoglycan layer of the cell wall. The peptidoglycan structure
was subsequently destroyed by the polymer, with the polymer
also interacting with the plasma membrane leading to an
increase in plasma membrane permeability.

Chitosan is extensively used in antimicrobial applications;
however, its solubility can be problematic at physiological pH’s.
The amine group at C-2 and the hydroxyl group at C-6 enable
functionalization and Su et al.**? prepared chitosan derivatives
via modification with arginine at the C-6 position. Due to the
amine groups of chitosan and the guanidyl group of the added
arginine group the chitosan derivative showed improved solu-
bility as well as antibacterial activity with minimum inhibition
concentrations of the polymer being 780 pg mL ™" for S. aureus
and 312 pug mL~" for E. coli.

Cyclodextrins are cyclic oligosaccharides of varying sizes
(common ones named o, B and ). p-Cyclodextrin is commonly
used due to its hydrophobic interior and hydrophilic exterior,
and its availability. B-Cyclodextrin was grafted onto chitosan by
Ding et al.**® and tested on S. xylosus and E. coli. SEM images
revealed severely damaged, atrophied, sunken and disrupted
cell membranes and cell lysis. The bactericidal mechanism of
polymers is based on the quaternized ammonium groups of
chitosan under acidic conditions that interact with the
negatively charged bacteria membrane/cell wall components.
Lower levels of B-cyclodextrin modification showed better bac-
tericidal activity and the p-cyclodextrin modification promoted
drug (doxorubicin) uptake by S. xylosus, while improving the
aqueous solubilities of sulfadiazine, sulfamonomethoxine and
sulfamethoxazole.
Phillips et al'** investigated cationic polymers based on
poly(2-(dimethylamino)ethyl methacrylate) (4.5 kDa, 6.1 kDa
and 11.2 kDa), poly(2-(dimethylamino)ethyl acrylate) (11 kDa
and 3.2 kDa) and poly(2-aminoethylmethacrylate) (11.2 kDa)
synthesized via reversible addition—fragmentation chain trans-
fer polymerization against M. tuberculosis (Fig. 13). Among
all the polymers, poly(2-(dimethylamino)ethyl methacrylate)
showed the most potent activity (minimum inhibition concen-
trations as low as 30 ug mL™" against M. smegmatis), while
the lowest molecular weight poly(2-(dimethylamino)ethyl
methacrylate) exhibited antibacterial activity against E. coli
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Fig. 13 Structures of the cationic polymers generated via RAFT polymer-
ization and screened against M. smegmatis. Note: all the polymers will

be protonated at physiological pH.*** Reproduced from ref. 134 with
permission from PMC.

and P. putida. Poly(2-(dimethylamino)ethyl methacrylate) bound
to mycobacteria but did not change the integrity of the cell wall.

Thoma et al.'® investigated the antimicrobial activity of
poly(aminoethyl methacrylate)s. Polymers were synthesized via
RAFT polymerization of the monomer N-(tert-butyloxycarbonyl)-
aminoethyl methacrylate and the RAFT agent 2-cyanoprop-2-yl
ethyl dithiocarbonate. Three different molecular weight poly-
mers (2.1, 2.7, 3.2 kDa) were deprotected with TFA to give the
primary ammonium group-based polymers and were evaluated
on Gram-negative and Gram-positive bacteria including
methicillin-resistant S. aureus. Polymers showed more of an
effect on the inhibition of the growth of Gram-positive bacteria
(MIC values lower than 100 ug mL~") when compared to the
Gram-negative bacteria (MIC values around 700 pg mL ™).
Importantly the polymers were active in the presence of fetal
bovine serum (serum binding can cause a loss of antimicrobial
activity) and the polymers showed higher killing rates com-
pared to the antibiotics, norfloxacin and mupirocin. The high-
est molecular weight polymers caused a 3-log reduction in the
number of viable bacteria after 60 min and showed limited
cytotoxicity and hemolysis at high concentrations of polymer.
In vivo using a cotton rat nasal S. aureus colonization model,
the low molecular weight polymer (used at 2x its MIC) effec-
tively reduced the number of viable bacteria to the same level as
mupirocin (when used at 2000x its MIC) (an antibiotic used to
eradicate S. aureus nasal decolonization).

Fungi have a significant impact/effect on surface coloniza-
tion e.g.,, medical devices. Upon starting colonization of a
surface, fungi start to build complex, robustly attached films
that can often be different colours due to melanisation of the
biofilms. Tellez et al."*® synthesized, by RAFT polymerization, a
poly(2-(dimethylamino)ethyl methacrylate) library that was
screened against various fungi using three different molecular
weights of polymer (9.7, 17.8 and 47.4 kDa) with and without
quaternization (using various ratios of iodomethane and
1-iodobutane). Among the fungi explored, only one, C. lunata
did not display complete inhibition when exposed to any of the

This journal is © The Royal Society of Chemistry 2022
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synthesized polymers. Although all polymers possessed activity
against multiple fungi, even when non-quaternized, the lowest
molecular weightquaternized polymers showed the best fungi-
cidal activity, presumably the lower molecular weights were
able to better diffuse through the fungal cell wall before
disruption of the cell membrane.

Mukherjee et al."*® synthetized branched polyethyleneimine
derivatives containing alkyl, alkyl ester and alkyl amide groups
and evaluated them against drug resistant Gram-positive bac-
teria and fungi. Branched PEI was initially N-methylated and
then further alkylated to form amphiphilic cationic polymers
(to synthesize the ester and amide alkylating agents; alcohols
and amines were reacted with bromoacetyl bromide, and the
products subsequently used to alkylate the N-methylated PEI).
The modified PEIs with short aliphatic ester or alkyl chains did
not show antimicrobial activity, whereas the hexyl derivatives
showed activity against S. aureus, E. coli and C. albians.
Specifically, the hexyl amide functionalized PEI showed the
best activity displaying MIC values of 2-4 ug mL™' against
methicillin-resistant S. aureus, 8 pg mL™" against E. coli and
4 ug mL™" against C. albicans. Since the hexyl amide functio-
nalized polymers displayed optimal activity, they were further
explored. Killing of S. aureus, (>5 Log reduction) was found
within 4 h at 2x MIC. The hexyl amide functionalized polymers
were able to eradicate 80% of biofilms of clinically isolated
S. aureus at 32 mg mL™'. The polymer also exhibited potent
activity against both metabolically inactive stationary phase
bacteria and antibiotic-resistant bacteria due to non-specific
interactions with the cationic/lipophilic polymer with the bac-
terial killing. Of note, this polymer maintained its activity upon
incubation in complex physiological fluids and did not show
any propensity to develop resistance over 15 days (Fig. 14-17).
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Fig. 14
(dimethylamino)ethyl methacrylate) quaternized with 1-iodobutane.
Adapted from ref. 136 with permission from Elsevier.

Inhibition of radial fungal growth observed using poly(2-
136
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Fig. 15 Synthesis route to the antimicrobial polymers based on a
poly(aspartamide) backbone. Poly(succinimide) is ring opened with a
primary amine (1-amino-3-dimethylaminopropane) and the tertiary amine
subsequently converted to quaternary ammonium groups with different
length alkyl chains.**” Reprinted the permission from {Yawvari, P. S.; Gupta,
S.; Arora, D.; Nandicoori, V. K.; Srivastava, A.; Bajaj, A. Clathrin-Independent
Killing of Intracellular Mycobacteria and Biofilm Disruptions Using Syn-
thetic Antimicrobial Polymers. Biomacromolecules 2017, 18, 2024-2033}
Copyright {2017} American Chemical Society.

Fig. 16 SEM images of M. smegmatis (a) untreated and (b) upon the
addition of the derivatised poly(aspartamide) (16 pg mL™) after 9 hours. In
this case, the polymer is quaternerized with methyl iodide. Scale bar =
200 nm.**’ Reprinted the permission from {Yawvari, P. S.; Gupta, S.; Arora, D.;
Nandicoori, V. K.; Srivastava, A.; Bajaj, A. Clathrin-Independent Killing of
Intracellular Mycobacteria and Biofilm Disruptions Using Synthetic Antimi-
crobial Polymers. Biomacromolecules 2017, 18, 2024-2033} Copyright
{2017} American Chemical Society.
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Fig. 17 Synthesis of an antimicrobial “polyionene” via the polyaddition
reaction of diamines and alkyl dihalides with both monomers readily
varied.**® Reproduced from ref. 143 with permission from Elsevier.

The pH of normal skin is around 5.4-5.9 (which usually
prevents the growth of bacteria), while it is known that the pH
of infected skin is close to neutral. Hong et al.'*® therefore
synthesized a pH responsive cationic, amphiphilic random
copolymer as a topical antibacterial agent and tested it against
drug resistant S. aureus. The methacrylate copolymer consisting
of aminobutyl methacrylate and ethyl methacrylate (M:
2600 Da), synthesized by RAFT polymerization was designed
to resemble the antimicrobial peptide magainin (M,,: 2467 Da)
and was generated from aminobutyl methacrylate and ethyl
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methacrylate (2:1 ratio). The minimum inhibition concen-
tration (MIC) value was found to be 15-20 pg mL ™" against
S. aureus at pH 7.4. The MIC value was found to increase upon
decreasing pH with an MIC value greater than 200 pg mL ™' as
the pH reached 5.5. This was explained by decreasing pH
leading to a diminishing of electrostatic interactions with the
polymer (the bacteria become less “charged”) which results in
reduced antibacterial activity. In addition, this polymer did not
show any hemolytic activity or cytotoxicity to human dermal
fibroblasts.

Bansal et a investigated n-butyl-modified linear poly-
ethyleneimines (M,,: 25 kDa) against skin-based microbes from
acne lesions. On five skin-isolated microbes (B. subtilis,
S. aureus, S. typhimurium, K. pneumonia and E. coli) the polymers
showed better antimicrobial activity than standard antibiotics
(erythromycin, nadifloxacin, azelaic acid, and zinc monomethio-
nine) which are generally used at 400-1200 ug mL~". The poly-
mers substituted with 20% levels of n-butyl groups showed the
best action on skin isolated pathogens with MIC values between
130-200 pg mL ' (linear polyethyleneimine had MIC values of
260-290 pg mL ™). Moreover, the 20% n-butyl substituted polymer
inhibited the growth of S. epidermidis over 24 hours.

As an alternative class of antimicrobial polymers, ‘“poly-
ionenes” that contain quaternized ammonium groups along a
backbone (in contrast to examples where quaternized ammo-
nium groups are located as pendant groups) display potent
antimicrobial properties against pathogens. In general, poly-
ionenes can be synthesized either by step-growth polymeriza-
tion of suitable monomers e.g.,, the Menshutkin reaction
between alkyl dihalides and nucleophilic di/tertiary amines,
self-polyaddition of aminoalkylhalides or cationic functionali-
zation of precursor polymers."*"'** Liu et al.'*® synthesized
highly effective, skin compatible, cheap, and water-soluble
in a

Z 140

polyionenes via commercially available monomers
catalyst-free, polyaddition polymerization where the polymer-
forming reaction and the installation of the charge occur
simultaneously. The best polymer was prepared by reaction of
N,N,N',N'-tetramethyl ethylenediamine with di(chloromethyl)-
benzene and displayed excellent antimicrobial potency and the
highest selectivity over mammalian cells compared to triclosan
and chlorhexidine digluconate. The most active polymer
inhibited the growth of bacteria between 2-31 mg mL ™,
demonstrating strong broad spectrum antimicrobial activity
against clinically isolated multidrug-resistant S. aureus,
E. coli, P. aeruginosa, A. baumannii and K. pneumoniae, as well
as fungi C. albicans and C. neoformans. In particular, a killing
efficiency of more than 99.9% within 2 min was obtained.
Dermal toxicity of the best polymer was evaluated with topical
application of the polymer (200 and 500 pg mL™"') showing a
better skin compatibility profile in mice compared to the
clinically used surgical scrubs betadine and chlorhexidine.
In addition, P. aeruginosa contaminated skin could be treated
with the polymer with the number of bacteria on the skin
significantly decreased compared to chlorhexidine handwash.

Alamri et al.'** prepared antimicrobial polymers from poly-
acrylonitrile that was functionalized with ethylenediamine and

This journal is © The Royal Society of Chemistry 2022
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hexamethylenediamine (to give amidines). The amine side
chains of the polymers were then functionalized with various
benzaldehydes and the polymers were tested against S. aureus,
P. aeruginosa, E. coli, S. typhi, A. flavus, A. niger, C. albicans,
C. neoformans. All polymers showed antimicrobial activity with
minimum inhibition concentrations as low as 12.5 ug mL™ " for
polymers bearing long diamine linkers and 4-hydroxybenz-
aldehyde and 2,4-dihydroxybenzaldehyde side chains. Again,
the mode of action relating to the positive charge of the
polymers, specifically here the amidine functional group
and presumably the free phenolic groups of the decorating
benzaldehydes.

Polycarbonates are extensively used polymers due to their
optical properties, heat resistance, and strength.'**> Polycarbo-
nates have been modified to allow quaternization and showed
antibacterial activity.'*® Thus Qiao et al.'*” prepared a library of
polycarbonates using a variety of cyclic carbonates (including
one with pendent 3-chloropropyl groups) and diols via metal-
free organocatalytic ring-opening polymerization. Subsequently
the 3-chloropropyl groups were displaced with trimethyl amine
to give cationic groups along the polymer chains. Although all
polymers showed activity against S. aureus, the most pro-
nounced activity was found for the polymer having 60% catio-
nic charge (M,; 16 kDa) with an MIC value of 63 pg mL~". Field
emission scanning electron microscopy images showed cellular
lysis of E. coli and S. aureus.

Nimmagadda et al.**® reported amine containing polycarbo-
nates that showed antibacterial activity synthesised using two
cyclic carbonate monomers (one that contained a Boc-protected
amine group that becomes hydrophilic upon deprotection and
one hydrophobic) with random and diblock copolymers synthe-
sized by ring opening polymerization. The most potent
polymer, against three Gram-positive bacterial strains S. aureus,
S. epidermidis and E. Faecalis, had MIC values between
1.6-5.0 ug mL ', and consisted of approximately 20 monomers
and formed micelles with a size of 228 nm. The mechanism of
the polymer was explained as electrostatic interactions with the
surface of bacteria and with free chains penetrating through
the cell membrane leading to bacterial death.

Poly(B-hydroxyl amine)s have been produced by polymeriza-
tion between amines and bis-epoxy functionalities under
aqueous conditions. These polymers can then be modified,
post-polymerisation, to form quaternary derivatives. Oh et al.**°
synthesized a polymer library of poly(B-hydroxyl amine) deriva-
tives and investigated their antimicrobial activities with
polymers bearing n-butyl quaternary amines showing the best
activity against E. coli and S. aureus (MIC’s <10-20 pug mL )
(the best active polymer with two butyl chains on the quatern-
ary ammonium groups) (see Fig. 18) also inhibited the growth
of M. smegmatis at (20 ug mL™"). SEM images revealed sig-
nificant damage to the bacterial membrane after polymer
incubation.

Polyhexamethylene guanidine is a bactericidal agent that
has been used in many applications such as antiseptics,"°
water treatment,”" the food industry">* and personal hygiene
applications.">® Zhuo et al."** synthesized three oligoguanidine

This journal is © The Royal Society of Chemistry 2022
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Fig. 18 Synthesis route to a library of poly(B-hydroxyl amine)s by reacting
diglycidyl monomers with various primary amines and subsequent qua-
ternization with alkyl iodides.**® Reproduced from ref. 149 with permission
from the Royal Society of Chemistry.

hydrochloride polymers bearing various alkyl chains e.g., buta-
methylene, hexamethylene and octanethylene and m-xylylene
guanidine HCI by reacting, at high temperature, equimolar
amounts of the appropriate diamine and guanidine hydro-
chloride. Synthesized oligomers were tested on 370 clinical
strains with 96 of them antibiotic resistant. Among all the
polymers, poly(octanethylene guanidine) hydrochloride showed
the lowest minimum inhibition concentration (0.5-16 pg mL ™)
in comparison to poly(hexamethylene guanidine) hydro-
chloride (1-64 pg mL™") and the antiseptic and disinfectant,
chlorhexidine digluconate (2-64 ug mL~'). Poly(octanethylene
guanidine) hydrochloride was highly effective at 1-8 ug mL "
against methicillin resistant S. aureus, vancomycin resistant
E. faecium, multidrug resistant P. aeruginosa, ceftazidime resis-
tant Citrobacter spp. and Enterobacter spp. The antimicrobial
mechanism of the polymers was explained as the dual inter-
action of the hydrophobic alkyl chains of the polymers (anchor-
ing into the membrane) and binding to the negatively charged
phospholipids, causing damage to the bacterial membranes,
although interactions with teichoic and lipoteichoic acids in
the cell wall is also possible.

Studies have shown that the architecture of the polymers
have a great impact on their antimicrobial efficiency.'>>**®
Thus Namivandi-Zangeneh et al.'*® investigated the effect of
amphiphilic ternary copolymers composed of oligoethylene
glycol, cationic and hydrophobic functional groups with differ-
ent chain lengths and topologies (i.e., random vs. block copo-
lymers, and linear vs. hyperbranched polymers) on their
antimicrobial activity and hemocompatibility. One of the hyper-
branched random copolymers containing 2-ethylhexyl groups
was found to have the best antimicrobial activity against
P. aeruginosa and E. coli (MIC of 64 pg mL'). Interestingly,
polymers with different chain lengths (number-average degrees
of polymerization of 100, 50 and 20) displayed similar anti-
microbial activities but different hemolytic activities. For example,
while shorter polymers caused hemolysis, hyperbranched polymers
improved hemocompatibility (by >4 times) with only a minor loss
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in their antimicrobial activity. Among the hyperbranched polymers,
hyperbranched random copolymers that contain 2-ethylhexyl
groups were observed to have the best overall biocompatibility
and the minimum inhibition concentration of the polymer was
found to be 64 pug mL™' against highly pathogenic Gram-
negative species and 128 ug mL~ " against V. cholerae. Moreover,
the most potent polymer (at a concentration of 64 ug mL™")
killed 99% of planktonic and 90% of biofilm bacteria, as well as
inducing the dispersal of biofilms. Due to the cationic blocks in
the polymer structure, antimicrobial modes of bactericidal
action were observed for all polymer structures.

Santos et al.'®>® synthesized a library comprising homo-
polymers of (3-acrylamidopropyl)trimethylammonium chloride
and amphiphilic linear, star-shaped (4 and 6-armed), random
and block copolymers of hydrophilic (3-acrylamidopropyl)
trimethylammonium chloride and hydrophobic n-butyl acrylate
(the wide polymer library was generated using a “supplemental
activator and reducing agent atom transfer radical polymeriza-
tion””). The antimicrobial activity of polymers showed differ-
ences and in general amphiphilic polymers were more effective
toward B. subtilis. Hydrophobicity changes in polymers’ com-
position showed no effect on the antimicrobial activity while
the cationic segment of the polymer was necessary to generate
antimicrobial activity. The antimicrobial activity of star-shaped
polymers and linear polymers with similar molecular weights
displayed similar antimicrobial activity, while enhanced anti-
bacterial activities against Gram-positive and Gram-negative
antimicrobial activity of polymer was observed with increasing
molecular weight. The cationic homopolymer of poly(3-(acryl-
amidopropyl)trimethylammonium chloride) with the highest
molecular weight and the 4-armed star shaped poly(3-(acryl-
amidopropyljtrimethylammonium chloride) showed the best activ-
ity against S. aureus, B. subtilis, B. cereus, E. coli and P. aeruginosa.
Scanning electron microscopy and fluorescence microscopy showed
that the cationic homopolymers and amphiphilic copolymers
killed E. coli by disrupting the bacterial membrane.

It is accepted that polymer hydrophilic and hydrophobic
balance is a key parameter in the design of antimicrobial
polymers. Barman et al.*®® explored the antimicrobial activity
of cationic polymers modified with amino acids against drug
resistant A. baumannii (one of the most notorious pathogens
that causes hospital-derived (nosocomial) infections). In this
context, cationic polymer precursors, poly(isobutylene-alt-N-
(N',N'-dimethylaminopropyl)maleimide) were synthesized by

Table 3 Minimum inhibition concentration of the amino acid conjugated polymers (see Fig. 19) against various types of bacteria®®
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reacting poly(isobutylene-alt-maleic anhydride) with N,N-di-
methyl-1,3-propanediamine. The resulting tertiary amine was
reacted with esterified amino acids (glycine, r-alanine, p-alanine,
t-valine, r-leucine, r-isoleucine, r-phenylalanine, r-tyrosine.
L-Aspartic acid, r-glutamic acid) that had been acylated with
bromoacetyl bromide to fully quaternerised the polymer (mole-
cular weights were in the range of 17.4-20.8 kDa). The anti-
microbial activity of the polymers was determined against both
Gram-positive (S. aureus and E. faecium) and Gram-negative
(E. coli and A. baumannii) bacteria, including methicillin resis-
tant S. aureus, 3-lactam-resistant K. pneumoniae, and several
carbapenem-resistant A. baumannii. In general, the antimicro-
bial activity of the polymers was dependent on hydrophobicity
variation originating from the amino acid in the polymer
design (see Table 3) (however, with increasing hydrophobicity,
the polymers showed toxicity against red blood cells).
To illustrate, the glycine modified polymer had a minimum
inhibition concentration value of 64 ug mL™" for S. aureus and
8-16 ug mL ™' for A. baumannii, while the valine modified
polymer showed minimum inhibition concentration values
of 8-16 pg mL™' for S. aureus, and 4 pg mL™' against
A. baumannii. The glycine modified polymer showed total killing
(~5 Log CFU mL ™' reduction) of the clinically isolated drug
resistant A. baumannii after 1-2 hours at a concentration of
16 pg mL™". This polymer not only was rapidly bactericidal
against growing planktonic A. baumannii but also killed non-
dividing stationary-phase bacteria instantaneously (<2 min). It
is well-known that A. baumannii readily forms biofilms and the
biofilm mass of drug-sensitive and drug-resistant A. baumannii
were reduced by 65-85% at 64-128 pg mL ™ for the glycine-modified
polymer. Importantly, there was no propensity for resistance devel-
opment even after 14 passages with low levels of the polymer.
Bactericidal polycationic polymers inactivate bacteria by
disrupting the cellular envelope. In some cases, this is to
electrostatic interactions with the ‘“negatively charged bacteria
cell membrane” and replacement of Ca** and/or Mg>" by the
polymeric biocidal cations. Clearly the type of counter anion
will play an important role in the antimicrobial activity of
quaternary ammonium and phosphonium group bearing anti-
microbial polymers with the strength of the ion pair and
solvation both important considerations. The Chauhan group
studied the influence of counter ion on antimicrobial activity of
polycations of poly(4-vinyl-2-hydroxyethyl pyridinium)'®* and
poly[1-vinyl-3-(2-sulfoethyl imidazolium betaine)]'*" by exchanging

0

Amino acid Drug resistant Drug resistant Drug resistant
added S. aureus E. faecium E. coli A. baumannii S. aureus K. pneumoniae A. baumannii
Gly 64 >128 32-64 8-16 >128 128 8-16

L-Ala 64-128 >128 32-64 8-16 >128 128 8-16

1-Val 8-16 16 8 4 64 32 4

L-Leu 8 4-8 8 4 16 16-32 4

t-Ile 8 8 8 4 16 16 4

1-Phe 8 8 16 8 16 32 4-16

L-Tyr 16-32 64-128 32 32 32 64 16

L-Asp >128 >128 64-128 16-32 >128 >128 16-32

1-Glu >128 >128 64-128 16-32 >128 >128 16-32
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Fig. 19 Synthesis of  poly(isobutylene-alt-N-(N’,N’-dimethylamino-
propyl)maleimide) by reacting poly(isobutylene-alt-maleic anhydride) with
N,N-dimethyl-1,3-propanediamine and functionalization with L or b amino
acids (reacted with bromoacetyl bromide).*®® Reprinted the permission
from {S. Barman, M. M. Konai, S. Samaddar and J. Haldar, Amino Acid
Conjugated Polymers: Antibacterial Agents Effective against Drug-
Resistant Acinetobacter baumannii with No Detectable Resistance, Appl.
Mater., 2019, 11, 33559-33572} Copyright {2019} American Chemical
Society.

a b c

Fig. 20 Confocal images of biofilm disruption of A. baumannii stained
with crystal-violet after treatment with the glycine-modified polymers:
(a) control (no polymer); (b) 64 ng mL™* of the glycine-modified polymer;
(c) 128 pg mL™2 of the glycine-modified polymer.1° Reprinted the permis-
sion from {S. Barman, M. M. Konai, S. Samaddar and J. Haldar, Amino Acid
Conjugated Polymers: Antibacterial Agents Effective against Drug-
Resistant Acinetobacter baumannii with No Detectable Resistance, Appl.
Mater., 2019, 11, 33559-33572} Copyright {2019} American Chemical
Society.

Cl™ or Br~ with various OH™, SH™, NO*~, BF*~ and CF;COO™.
The polymer having hydroxy counter ions exhibited the strongest
antifungal and antibacterial activity (minimum inhibition con-
centrations of 1040 and 520 pug mL ™" for M. circenelliods and
A. niger and 650 ug mL~" for B. coagulans). This phenomenon
was explained by the enhanced the solubility of the polymers
(Fig. 19-21).

The counter ion of poly[1-vinyl-3-(2-sulfoethyl imidazolium
betaine)] was changed to C1~, F~,OH, SH™, SCN~, NO*~, BF*~
and CH3COO™. In terms of Gram-positive bacteria (B. coagu-
lans) again the hydroxyl counter ions polymers showed the
strongest inhibition of the growth of bacteria. In contrast, for
Gram-negative bacteria (P. aeruginosa), the F~, SH™ and NO*~
counter ions were the most effective. Regarding the inhibition
of the growth of fungi, SH™ displayed maximal activity against
M. circenelliods while OH™ was found the most effective against

This journal is © The Royal Society of Chemistry 2022
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Fig. 21 Synthesis of poly(4-vinylpyridine-co-N-vinylpyrrolidone) via RAFT
polymerization and subsequent post-synthesis quaternization with benzyl
halides.?®® Reproduced from ref. 163 with permission from MDPI.

B. fulva. It was suggested that the identity of counter anion has
an effect on the efficiency and selectivity towards individual
microbes due to the discrepancy of polymer morphology and
the solubility of polycations in water, resulting in different
antimicrobial performance.'®> However, how these anions are
related/exchanged with the ions in the buffers and media, and
the pH of the applied polymers, are important considerations
and are often poorly discussed.

Insoluble pyridinium-containing polymers can capture bac-
teria intact, while soluble pyridinium polymers can kill bacteria
by interacting with, and disrupting, the bacterial cell membrane/
wall. Xue et al.*® synthesized water-soluble pyridinium-type copo-
lymers that possessed both antibacterial and antiviral activities.
To overcome cytotoxicity and solubility issues N-vinyl pyrrolidone
was chosen as one of the monomers (along with vinyl pyridine),
with the pyridine-based polymers subsequently quaternized with
benzyl halides. Various monomer feed ratios were used to opti-
mize the antimicrobial activity. Both homopolymers and copoly-
mers of pyridinium-type polymers (M,, ~ 90-100 kDa) were
alkylated and the charge density of the quaternary pyridinium
polymers was calculated by colloidal titration. The MIC values of
the polymers decreased with an increase in positive charge
density, while polymers quaternized with benzyl bromide showing
the most potent antimicrobial activity against Gram-negative
bacteria (E. coli) compared to the ones quaternized with benzyl
chloride. This was explained by authors as due to the change in
the dissociation ability of the polymers being dependent on the
counter ion type. Ito suggested the mode of action of the polymers
could be explained as a change in the mechanism related to the
displacement of calcium and/or magnesium ions on the cell
membrane. If an ammonium ion forms a tight ion-pair with its
counter anion it may delay the ionic dissociation of the quaternary
ammonium salt, influencing the displacement of those divalent
ions. This may explain why benzyl bromide quaternized polymers
showed higher antibacterial activity than the ones with benzyl
chloride. However, other rational may presumably be due to the
reduced levels of alkylation with benzyl chloride vs. the bromide.
Analysis by AFM showed that the polymers were able to kill E. coli
within 3 min by disrupting the cellular envelope with leakage of
intracellular components. Enveloped virus e.g. influenza or herpes
are also protected by a lipid membrane® and quaternized ammo-
nium cationic polymers can also effectively kill some viruses.
In this context, pyridine-based polymers quaternerised with
benzyl halides and showed virucidal activity, killing 95% of
influenza virus at 50 ppm. The virucidal action of the polymers
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was dependant on interactions between the lipid envelope and the
polymers, causing disorganization and severe damage to the lipid
envelope.

3. Conclusions and future perspective

Microbial-based diseases and contamination are still a major
burden on the economies and health care systems of countries
around the world. Moreover, microorganisms have gained
resistance against existing drugs over the decades due to
misuse or overuse — although it should be noted that this is
not a recent phenomenon - with resistance against penicillin
identified in the 1940’s. New alternatives have been sought to
solve these life-threatening problems. In the light of successful
studies and antimicrobial polymer-based materials are becom-
ing a tool in the arsenal to fight against pathogens, indeed as
high-lighted in this review polymeric-based materials were used
as surface coatings to destroy SARS-COVID-2. Importantly,
since most antibacterial polymers disrupt the cell envelope of
bacteria the chance of resistance formation by the pathogens
against polymers is unlikely in contrast to conventional anti-
biotics which are largely specific/single target based. The long-
term vision is that antimicrobial polymers with negligible
toxicity, could become an additional option to current antibio-
tics. Clearly as is already happening antimicrobial polymer-
based materials are becoming ever more part of our daily lives.
Going forwards it is key that multi-drug resistant and clinically
isolated pathogens are included much more in studies to
enlighten the mechanisms of action of antimicrobial polymers
and to broaden their structural scope and application.
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