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Certain natural and synthetic polymers are versatile materials that have already proved themselves to be highly
suitable for the development of the next-generation of antimicrobial systems that can efficiently prevent and Kill

microbes in various environments.

synthetic antimicrobial polymers assembled nanostructures

| 1. Introduction

Antimicrobial polymers are (biocidal) materials that can prevent and suppress the growth of various undesired
microorganisms, including bacteria. Moreover, they can combat the bacterial resistance to antibiotics because,
unlike conventional antibiotics, polymers exhibit antimicrobial mechanisms that cannot be outwitted by pathogens
[ Furthermore, antimicrobial polymers can be easily adapted to applications, such as coatings and used to
sterilize various surfaces, inclusively those of medical instruments. Thus, such polymers could become a good
alternative to antibiotics and disinfectants and, why not, could eventually replace them in the future. This could be
possible, especially because polymers come with important advantages, as they can adopt more or less complex
chemical structures 2! that can favor their assembly and crystallization processes. These processes actually
dictate the final properties of polymers in bulk, solutions, or thin-films BBIEE pye to the potentiality to precisely
control other processing parameters, such as melting, crystallization or glass-transition temperature, a polymer can
display a highly tunable molecular ordering on multiple-length scales, ranging from nanometers to macroscopic
dimensions that can generate a diverse landscape of nanostructures IR0 Fyrther expansion of this landscape
on the molecular, microscopic and macroscopic scales can be induced by favoring physical and chemical
interactions of specific chain segments with their neighbors B4 or by degrading the phase purity through the

addition of other (polymeric) components [12[13](14][15]

Antimicrobial polymeric systems include biopolymers and synthetic polymers (hereafter simply “polymers”). While
biopolymers, such as polypeptides, polysaccharides or polynucleotides, are natural chains produced by the cells of
various living organisms, polymers are human-made from precursors, such as petroleum derivatives or even
biological components like peptides 18] lysine or arginine 2. Antimicrobial polymers are designed to imitate the
antimicrobial structures produced by the immune systems of various living organisms to kill microbes and can

contain in their backbone or their side-chains various moieties with biocidal properties.

2. Recent Antimicrobial Structures Assembled from
Polymers on Surfaces
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Several well-established polymer-based antimicrobial mechanisms are challenging researchers to employ synthetic
polymers to generate efficient antimicrobial structures in various environments. A prominent category of such

structures is represented by drug-loaded and gel-like structures 18I912011211[22]123]  Anpther equally important

category of antimicrobial structures includes those obtained from polymeric systems assembled on specific
surfaces [24]125[26][27][28][29][301[31][32][33][34][35][36I[37] | this work, we further review only the most recent antimicrobial

structures falling within the last category.

2.1. Polymeric Structures Preventing the Adhesion of Microbes on Surfaces

Nowadays, it is of paramount importance to prevent various microorganisms from contacting, adhering and
flourishing on specific surfaces in order, for example, to keep various medical devices/facilities uncontaminated (28!
[39140141] 't generate efficient implants 28, or to avoid biocorrosion of marine-related applications 2. Polymers
can be employed to engineer films and coatings with tuned surface properties that can prevent the adhesion of
microorganisms. One such polymer is PEG, a polyether that can be synthesized in various molecular weights and
that can display a diversity of hierarchically ordered nanostructures at multiple-length scales, especially when
incorporated in block copolymers 4344 This ability to adopt various highly ordered intrachain conformations
endows PEG with protein repellent or attractive properties at low or high compressive loads, respectively 43, |t

makes it a versatile material that can be used to efficiently fight microbes when coated on surfaces [241231[26],

Coating various surfaces with PEG can be mainly realized either by employing various direct deposition techniques
(23][26] or through the grafting procedure, i.e., by covalently anchoring the polymer chains to surfaces as brushes
(241 The latter procedure has the advantage of facile tunning of the microbial adhesion through the control of
polymer chain length and temperature at which experiments are performed 24 and can reduce the adhesion of
microbes by several to tens of times (Eigure 1a) (23], For example, PEG can be utilized to construct multilayered
films on stainless steel, nylon, titanium oxide or silicon oxide substrates, previously covered with mussel-inspired
polydopamine (PDA) [23l, Moreover, to target marine biofouling (i.e., problematic accumulation of diverse
microorganisms, plants and/or algae on surfaces immersed in water that damages boats or various underwater
constructions and devices) on the above-mentioned surfaces, PEG catechols, obtained by coupling the amine
groups of 6-arm-PEG-amine and the carboxylic group of 3,4-dihydroxyhydrocinnamic acid 48, can be crosse-
linked with PDA through catechol-catechol based interactions to become insoluble. The resulting multilayered films
spin-cast from PEG catechol solution is not only stable under marine environments but also exhibits high
resistance towards marine A. coffeaeformis (Eigure 1a) 125, Crosslinking process can further be employed to
develop anticellular and bacterial repellent PEG-based coatings on bare and sandpapered titanium surfaces 28,
More exactly, nanofibers of PEG prepared via electrospinning can be coated on titanium surfaces and then
rendered insoluble through using a photo-crosslinking agent. Results have shown that titanium surfaces covered
with PEG nanofibers display enhanced antiadhesive properties against fibroblastic preosteoblasts and S.

epidermidis compared to their counterpart blank surfaces 28],

Another class of polymers, known for their role in impeding the adhesion of microbes on surfaces, is represented

by the zwitterionic polymers, such as polysulfobetaine (PSB) 2. Moreover, methacrylate-based PSB (PSBMA)
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can be grafted on glass substrates by employing an atom transfer radical polymerization (ATRP) route and can
lead to 10-15 nm thick brush-like structures of specific molecular conformations. These nontoxic structures can
efficiently inhibit the adhesion of marine green algae, spores, sporelings and diatoms, such as Navicula, over
various periods 4. More recently, the microbe repellent properties of zwitterionic PSBMA were extended to S.
aureus and S. epidermidis through the realization of thin brush-like films of PSBMA and PCBMA on
polydimethylsiloxane (PDMS) surfaces 48, PSBMA and PCBMA were covalently attached to PDMS substrates by
employing a grafting method based on the exposure to UV light of the zwitterionic monomers in the presence of
photoinitiators and crosslinking agents. Resulting PSBMA and PCBMA films decreased the adhesion of the above-
mentioned bacteria under dry conditions by an order of magnitude 4. A significant bacteria antiadhesive effect
was also demonstrated for zwitterionic brushes grafted on brominated stainless steel and polymerized from 2-
methacryloyloxyethyl phosphorylcholine and N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-dimethylammonium
betaine 4. The thickness of these brushes was evaluated to be 53 and 132 nm, while the static water contact

angle was measured to be only 14° and 11°, respectively.

The same ATRP reaction can be utilized along with photochemical grafting to grow protein-repelling zwitterionic
brushes of poly [3-(methacryloylamino)propylldimethyl(3-sulfopropyl)ammonium hydroxide (PMPDSAH) onto
indium thin oxide substrates B9, Interestingly, the antifouling performance of PMPDSAH coated surfaces is
outperforming that of the PEG surfaces B2, Moreover, this polymer can be functionalized by a 1.9 nm thick metal—
polyphenol coating to make it attractive to proteins and cells B2, This is particularly important when targeting the
spatio-selective functionalization of a specific surface. For instance, by patterning the PMPDSAH surface with a
metal—polyphenol coating using a microcontact printing technique, surfaces displaying alternating hundred

micrometers sized regions with fouling and antifouling properties can be fabricated 321,
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Figure 1. (a) Fluorescence images (i—iii) and quantification (iv) of A. coffeaeformis diatoms that succeeded to
attach on the (i) untreated stainless steel, (ii) PDA-coated stainless steel, and (iii) PEG-based film. Each point is
the mean of 60 counts on three replicate samples in (iv). Scale bars represent 50 um. (b) Schematic
representation of the fabrication of slippery P(BMA-co-EDMA) surface by infusion of the porous polymer with the
PFPE fluid (i), scanning electron microscopy (SEM) images depict a cross-section and the porous morphology of
the P(BMA-EDMA) surface (ii) and reconstructed X-ray propagation phase-contrast tomography image displaying
20 pm (iii) in the insets, respectively. (c) atomic force microscopy (AFM) height images depict PMETAC (i), PSPMA
(i), and PHEMA (iii) polymer brushes attached to the glass coverslips and their antiadhesive performance against
E. coli compared to naked glass, after an incubation time of 24 h (iv). The relative adhesion of bacteria on the
above substrates was normalized with respect to the adhesion on the glass substrate for 24 h. Adapted with

permission from ref. (23] (a), ref. 28] (b) and ref. 53] (¢).

2.2. Polymeric Structures Employed to Kill Microbes on Surfaces

Bioactive polymers exhibit their antimicrobial attributes due to their intrinsic nature and/or their decorative biocidal
moieties and conjugates incorporated into their backbone and/or side-chains [B4I33I56] An example of highly
biocidal conjugates is given by the short antimicrobial peptides (AMPSs), i.e., highly biocidal cationic units of gene-
encoded peptide antibiotics possessing a low rate in driving antimicrobial resistance BZ. Generally, AMPs can be
incorporated into polymeric device coatings and released to kill bacteria. Nonetheless, the time-limited

antimicrobial effect is dictated by the elution of AMPs B8l |nstead, decorating polymers with AMPs might lead to
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augmented efficiency in targeting and killing the pathogens and can confer longer-term antibacterial properties
while reducing the toxicity of the resulting systems against mammalian cells. In earlier studies, AMPs, such as Tet-
213 (KRWWKWWRRC) B4l and other similar 52! were designed and tethered to poly-(N,N-dimethylacrylamide-co-
N-(3-aminopropyl)-methacrylamide hydrochloride) P(DMA-co-APMA) copolymer chains that were grafted, in
various molecular conformations and densities, from titanium surfaces (Eigure 2a) B4I33l, The morphology of
resulting surfaces consisted of different features exhibiting a roughness of about 6 nm. Moreover, higher copolymer
brush densities rendered the resulting surfaces with more crowded AMPs and, thus, with better bactericidal

properties 541,

More recently, Yu and coworkers have modulated the functionality of AMPs along with that of polymer brushes to
generate high antimicrobial peptide potency that could be used in developing infection-resistant implant surfaces
B9 Their results revealed that the antimicrobial activity of brush coatings tethered with AMPs depended on the
polymer brush chemistry (which has an impact on changes in the secondary structure of the AMPSs) as well as on
the AMP molecular conformations (which determine the density of AMPs on the polymer brushes and their
microstructure) B, The microstructure of AMPs is further important because it regulates the rather unwanted
interactions between peptides and biomolecules, such as blood proteins. An approach to eliminate such
interactions, and thus, to allow peptides to attach effectively to the negatively charged bacterial surface, is to
actually covalently connect few units of helical antimicrobial peptides with radial amphiphilicity into short
polypeptides with a hydrophobic helical core and a charged shell 9. Consequently, the resulting polypeptides can
adopt peculiar conformations and form nanostructures exhibiting one to two orders of magnitude enhancement in

their antimicrobial activity against both Gram-positive and Gram-negative bacteria 69,

Enhanced antimicrobial activity was further noticed for similar spherical nanostructures made of polylysine-b-
poly(2-hydroxypropyl methacrylate) (PLys-b-PHPMA) block copolymer (81, These nanostructures were created via
polymerization-induced self-assembly of HPMA by employing PLys as the macrochain transfer agent and are
comprised of a PHPMA core and a PLys shell. For instance, simple vesicles or vesicles with rather few and short
branched worms formed when long or shorter PHPMA polymer chains were employed, respectively (Eigure 2b).
The obtained spherical nanostructures exhibited significant antimicrobial properties in thin-flm membranes. This

was possible due to the positively charged nature of PLys chains forming the shell of the spherical particles 61,
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Figure 2. (a) Schematic representation (i) and AFM topography (ii) depict P(DMA-co-APMA) copolymer chains
adopting brush-like conformations on titanium surfaces. Depending on the initial composition ratio between the
DMA and APMA monomers and on the peptide density, P(DMA-co-APMA) copolymer exhibits more or less
inhibitive effects against bacteria (iii). The size of the AFM image is 3 x 3 um?. (b) Schematic representation (i) and
a cryo-transmission electron microscopy (cryo-TEM) image (ii) depict spherical core—shell vesicles that could self-
assemble from PLys-b-PHPMA block copolymer. The chemical structure of the copolymer is presented on top of (i).
Experimentally observed structures are then able to act against S. epidermidis with high efficiency (iii). Log removal
data were obtained after 3 h for the control reactor without any material (T3h) and the reactor with various PLys-b-

PHPMA block copolymers. Adapted with permission from ref. 89 (a) and ref. [1] (b).

Another widely-used biocidal moiety that can be tethered to various polymer chains to render them antimicrobial is
the quaternary ammonium (QA) salt, a disinfectant used already for many years to kill microbes, such as bacteria,
yeasts or molds 62, QA moiety can be attached to various copolymers made of polymethylhydrosiloxane (PMHS)
and PDMS via a quaternization procedure based on 1-iodooctane. This procedure leads to crosslinked QA-
functional polymers containing different concentrations of QA moieties that can generate highly homogeneous
films. The latter can be then optimized with respect to the moisture curability and used to correlate the QA
concentration with the biocidal activity toward the marine bacterium Cellulophaga lytica and algae Navicula incerta
(62 Optimized samples exhibit about 80% in biofilm retention and 90% reduction in biofiim growth for the two
microbes, respectively. Similarly, QA-based antimicrobial coatings can be prepared by dip-coating the surface of
interest directly into a solution made of amphiphilic poly((dopamine methacrylamide)-(methoxyethyl acrylate)-
dodecyl QA) (P(DMA-MEA-DQA)) containing various amounts of antimicrobial dodecyl QA, hydrophobicity tuning
methoxyethyl and immobilizing catechol groups BY. The resulting antimicrobial polymer films display a smooth

morphology comprised of dodecyl chains localized rather at the air-surface interface and with the phenyl groups of
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the catechols oriented with respect to the substrate surface. Instead, the most hydrophobic films made of polymers
containing no methoxyethyl side-chains were comprised of polymeric domains of an average size of hundreds of
nanometers that exhibited high surface roughness. All films proved themselves highly biocidal against various
microbes, inclusively due to their adhesive functionality of catechol groups that have prevented the leaching of

polymers 39,

QA moiety can be further attached to polymers, such as polyurethane (PU) B8 and poly(2-(dimethylamino)-ethyl
methacrylate-co-methyl methacrylate) (P(DMEMA-co-MMA)) 831 In the first case, QA salt moieties and hydroxyl
groups are introduced to the backbone of the soybean oil-based polyols and then are reacted with diisocyanate
monomers to obtain PUs. PU coatings containing more QA salt moieties exhibit the best antibacterial activity by
killing about 95% of bacteria (28], In the second case, a solution of partially quaternized P(DMEMA-co-MMA) mixed
with  ethylene glycol dimethacrylate (EGDMA) and photoinitiator  2-hydroxy-4-(2-hydroxyethoxy)-2-
methylpropiophenone (HHMP) is spin-cast on glass slides and cured under UV light to generate a semi-
interpenetrating network (SIPN) of P(DMEMA-co-MMA) and polymerized EGDMA 831, This QA-garnished polymer-
based coating not only displays strong bacteria-killing properties but can prevent the biocidal QA moieties from

leaching.

The fact that ammonium-based polymers are capable to efficiently kill bacteria was recently further demonstrated
by Sanches and coworkers, who generated core—shell NPs by decorating the poly(methyl methacrylate) (PMMA)
NPs with antimicrobial poly(diallyldimethylammonium chloride) (PDDA) via emulsion polymerization reaction

(Figure 3a) [, Resulting cationic NPs, self-assembled under low ionic strength conditions (Figure 3b), can access

the inner layers of the cell and its membrane through the antimicrobial action of the PDDA shell and, thus, can Kill
microbes very efficiently (Figure 3c). The killing efficiency is nonetheless depending on the hydrophobic-hydrophilic
balance of PDDA, as well as on the type of microbe, possibly due to the microstructural differences of the microbial
cell walls B4, More recently, PDDA/PMMA core—shell NPs were further optimized and utilized to fabricate
antimicrobial coatings on substrates of interest by drop or spin casting 2. Deposited hydrophilic coatings exhibited

contact angles depending proportionally on the amount of PDDA in the NPs and reduced bacteria by about 7 logs.

A distinguished class of polymers that can be successfully used to generate antimicrobial structures on surfaces is
represented by the cationic polymers. The main representants of this class of polymers are polyethylenimines
(PEls). The antimicrobial efficiency of PEIs, deriving from their cationic character, depends on optimizing their
chemical structure 88, For example, to enlarge their capability to perforate the hydrophobic membrane of bacteria,
linear or branched PEls with different molecular weights need to be synthesized 2. While both types of PEls
possess enhanced antibacterial activity against S. aureus, only linear PEIs can induce depolarization of the
bacterial membrane. Furthermore, PEIs can be N-alkylated with quaternary amino functional groups, such as
hexyl, octadecyl or dodecyl, just to name a few, and rendered antimicrobial when deposited on surfaces or
incorporated into NPs (681, Besides N-alkyl, benzophenone can also be used to decorate PEls. N-alkylated and
benzophenone-based PEIls synthesized from poly(2-ethyl-2-oxazoline) (PEOX) can be then attached by photo-
crosslinking to various surfaces, such as cotton, silicon oxide, or various other polymers, to fabricate leaching-free

antimicrobial coatings for textile and plastic materials (Figure 3d) B, Exhibiting a morphology comprised of

https://encyclopedia.pub/entry/10206 7/22



Antimicrobial Polymeric Structures | Encyclopedia.pub

random, tens of nanometers sized features of the roughness of less than one nanometer (Eigure 3e), resulting PEI-

based coatings are capable to kill more than 98% of S. aureus or E. coli. (Figure 3f).

Besides PEls, various other cationic polymers exhibiting important antimicrobial properties were reported. They
were recently thoroughly reviewed by Alfei and Schito, and therefore, additional information on this topic can be
found elsewhere 88, We would only like to additionally emphasize the existence of a new water-soluble cationic
copolymer synthesized from 4-ammoniumbuthylstyrene hydrochloride and reported only very recently 9. This
copolymer was shown to be able to display a rapid non-lytic bactericidal activity and thus, to be capable of acting

against several bacteria, including E. coli, Acinetobacter baumannii and Stenotrophomonas maltophilia.
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Figure 3. (a,b) Schematic representation (a) and SEM morphology (b) of the core-shell PMMA/PDDA NPs
assembled at low ionic strength. The scale bar represents 1 pm. (c) Antimicrobial activity of NPs against E. coli.
Representation of cell viability (log10 of colony-forming units CFU/mL) for E. coli with respect to the concentration
of free PDDA or PDDA in the PMMA/PDDA NPs exhibiting sizes of 112 nm and 164 nm in diameter, respectively.
(d) Schematics depict the covalent attachment of the benzophenone-based PEI copolymer to various surfaces and
plastics. (e) Tapping-mode AFM height image depicts the surface of a thin-film of benzophenone-based PEI

copolymer after sonication. (f) Digital images of a control glass substrate (top) and of a glass substrate modified
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with benzophenone-based PEI copolymer (bottom) sprayed with S. aureus and incubated for 24 h. (g) SEM
micrograph depicts the surface of a porphyrin-based SURMOF after crosslinking and subsequent treatment with
EDTA solution. (h) Antibacterial activity of the porphyrin SURGEL thin-films against E. coli using the LIVE/DEAD
BacLight bacterial viability kit. Adapted with permission from ref. (84 (a—c), ref. 31 (d,e) and ref. 29 (g,h).

Antimicrobial polymers can be further synthesized by incorporating in their chemical structure the N-halamine, a
biocidal moiety capable of almost instant and total sterilization over a broad spectrum of microorganisms 2721,
Importantly, N-halamine polymers do not form toxic products and do not release halogen unless they are in contact
with bacteria 3. The synthesis of N-halamine-based polymers and grafted copolymers are cheap and rely on
employing 4-(alkyl acryloxymethyl)-4-ethyl-2-oxazolidinones and commercial monomers or polymers (the latter are
well-known for their efficacy to kill bacteria in both granular forms and as surface, coatings covering glass or
plastics [14). Alternatively, any inert polymer, including bilayers of PS functionalized with a top surface layer of
poly(styrene-b-tert-butyl acrylate) (PS-b-PtBA), can be employed to generate the desired density of chemical
groups containing amine bonds grafted from PS surfaces (i.e., PS/PS-PAA) and can be further chlorinated to N-
halamine 2. Resulting N-halamine polymeric surfaces are highly biocidal against S. aureus and E. coli.
Unfortunately, such antimicrobial systems are not very stable and need re-chlorination, as a significant part of the

chlorine is lost upon UV irradiation (2,

Other N-halamine polymer precursors of cationic homopolymer poly((3-acrylamidopropyl) trimethylammonium
chloride) (PCHP) and of anionic homopolymer poly(2-acrylamido-2-methylpropane sulfonic acid sodium salt)
(PAHP) B2 or of poly[5,5-dimethyl-3-(3'-triethoxysilylpropyl)-hydantoin] (PSPH) 28 can be synthesized and coated
onto cotton fabrics or mesoporous molecular sieves via LbL deposition or grafting techniques. The resulting N-
halamine coatings can be further rendered biocidal upon their exposure to household bleach. Both concepts lead
to chlorinated coatings of well-defined roughness that can inactivate 100% of S. aureus and E. coli B2I8 with
significant log reductions within the first minute of contact 28], Again, washing of the fabrics coated with N-halamine
polymers is accompanied by a reduction of chlorine. This drawback is compensated by the fact that coated fabrics
produce no irritations to rabbit skin, displaying thus important potential towards future biomedical applications (221,
More recently, the process of chlorine bleaching at different bleach concentrations on tape was further employed to
transform polypyrrole (PPy) into N-halamines and to develop highly efficient antimicrobial coatings on stainless

steel by taking advantage of the electrochemical deposition process 7.

At the end of this section, we note other peculiar polymers, such as porphyrins, which can be integrated as
constituents into a surface anchored metal-organic framework (MOF). The resulting composition can be deposited

on a substrate and crosslinked, leading to SURMOF (Eigure 3g). The latter can be transformed by a treatment with

ethylenediaminetetraacetic acid (EDTA) solution into a metal-free antimicrobial polymer-based coating abbreviated
SURGEL that demonstrates significant antimicrobial activity by killing more than 97% of some bacteria (Eigure 3h).

This is possible due to ROS generation when thin polymer films based on porphyrin are exposed to visible light 2,

2.3. Polymeric Surface Structures Exhibiting Microbe Antiadhesive and Killing Properties
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An interesting strategy against the accumulation of microbes on surfaces relies on combining the antiadhesive and
antimicrobial properties of polymers to develop more complex bifunctional surface systems capable of both
repelling and killing microbes. This strategy can be implemented by conjugating antiadhesive polymers with various
antimicrobial (biocidal) moieties or even polymers. A relevant example was given a decade ago by Muszanska and
coworkers, who have synthesized a triblock copolymer with a central polypropylene oxide (PPO) block and two
terminal antiadhesive PEG segments under the name of Pluronic F-127 (PF-127) [Z8l. At the telechelic groups of
the PEG chains, they have further covalently attached the antimicrobial enzyme lysozyme conjugate. This triblock
copolymer led to structures comprised of one or two lysozyme molecules per each PF-127 polymer chain that
could adsorb on a hydrophobic surface by adopting a brush-like molecular conformation. Surfaces coated with
such brushes showed both antiadhesive and antimicrobial properties. Intriguingly, the structures with less lysozyme
coverage obtained from a mixture of unconjugated PF-127 and PF-127-lysozyme conjugates were more

bactericidal than brushes realized only from PF-127-lysozyme conjugates 78],

Bifunctional brushes adopting a bottle-like conformation were further designed and developed from a block
copolymer obtained through the conjugation of antimicrobial polyhexanide (PHMB) with allyloxy PEG of both low
and higher molecular weight. APEG{,q50-PHMB and APEG,400—PHMB copolymers assembled into 25 nm-thick
bottlebrush nanostructures when grafted, via surface-initiated polymerization, from silicone rubber surfaces [,
Nanostructures assembled from both copolymers showed excellent antimicrobial properties against Gram-negative
and Gram-positive bacteria, with the emphasis that the APEG,,400—PHMB coating exhibited improved antiadhesive
properties, most probably due to more abundant PEG units incorporated in its chemical structure 2. A similar
strategy was used to synthesize block copolymers with the same amount of PEG units but attached to an
antimicrobial polyhexamethylene guanidine (PHMG) block Y. As expected, the nanostructures obtained by
grafting these block copolymers from silicone surfaces are bifunctional 20 nm thick bottlebrushes displaying a
“crinkled” morphology. In this case, too, the APEG,400—PHMG coating could inhibit the adsorption of proteins and
kill bacteria more efficiently than its counterpart (Figure 4) 9,
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Figure 4. (a) Schematics of the APEG,400—PHMG bottlebrushes grafted from a polymer-covered substrate. (b)
AFM topography image depicts the surface morphology of the APEG,400—PHMG coating (on the left side) and of
pristine PDMS (on the right side). The red line corresponds to a height cross-section used to evaluate surface
roughness. (c,d) Protein adsorption (c) and long-term reusable antibacterial properties (d) of pristine PDMS and of
PDMS surfaces coated with allyl terminated PHMG or with APEG-PHMG. The antibacterial properties were tested

against P. aeruginosa. Adapted with permission from ref. 8,

Antiadhesive PEG can further be used, along with a cationic PC combined either with tethering or with an adhesive
functional block, to synthesize V- and S-shaped triblock copolymers by placing the tethering block centrally or at
the end, respectively B, While the surfaces coated with V-shaped polymer exhibited antibacterial properties but
without being able to prevent microbial adhesion, the surfaces coated with S-shaped polymer exhibited strong
antibacterial and antiadhesive attributes 1. In comparison, linear PEG-b-PC diblock copolymers were also
reported to exhibit both antiadhesive and antimicrobial properties when grafted onto PDA-covered silicone rubber
surfaces B2, Furthermore, if PC is replaced with cationic antimicrobial polypeptides, PEG-b-polypeptide diblock
amphiphilic polymer chains with both antimicrobial and antiadhesive segments can be obtained via ring-opening
polymerization (ROP) of N-carboxyanhydrides [83l. These polymers can be then grafted onto the PDMS surface via
surface-induced polymerization to form bottlebrush nanostructures able to repel and kill microbes, such as E. coli,

P. aeruginosa or S. aureus.
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An efficient approach to combine antiadhesive and antimicrobial (polymeric) entities is based on the LbL deposition
techniqgue. For example, as synthesized hydantoinyl acrylamide-co-trimethyl-2-methacryloxyethylammonium
chloride and hydantoinyl acrylamide-co-2-acrylamido-2-methyl-1-propanesulfonic acid polyelectrolytes can be
deposited one layer at a time onto polypropylene (PP) fabrics either as single or as multilayers 4. Resulting
copolymer-based layered structures, when embedded into dilute sodium hypochlorite solution, can reduce
microbes by about 6 logs within the first two minutes of contact B4, To increase the stability of multilayered
polyelectrolytes, it looks more appealing to “click” the antiadhesive polymer with another antimicrobial polymer. For
instance, Yang and coworkers combined antiadhesive azido-functionalized polyethylene glycol methyl ether
methacrylate-based (PEGMA) polymer chains with antimicrobial alkynyl-functionalized 2-(methacryloyloxy)ethyl
trimethyl ammonium chloride-based (PMETA) polymer system via a click-based LbL technique [l Practically, by
repetitive deposition of a layer of the antiadhesive polymer on top of a layer of the antimicrobial polymer,
multilayered polymeric coatings were obtained. These coatings were demonstrated to be not only resistant to
bacterial adhesion but also bactericidal to marine microorganisms. One advantage of such multilayered structures
is given by their tunable antimicrobial efficiency that depends on the number of polymer layers 23], Interestingly,
AFM studies conducted on the topography of such polymeric films revealed that the surface roughness decreased
by almost 100% when increasing the number of polymer bilayers from 1 to 11, indicating a more compact coating
structure for the thicker films 8],

Coatings with compact structures simultaneously exhibiting antiadhesive and antimicrobial properties can also be
obtained when spin casting, on top of PP/PP-graft-maleic anhydride hot-pressed coupons, branched PEI and
styrene-maleic anhydride (SMA) copolymer in a PEI/SMA/PEI configuration B2, The resulting structure exhibiting
pores of about 100 nm in diameters (Figure 5a) was formed from hydrophobic styrene subunits, cationic primary
amine groups with intrinsic antimicrobial properties and chlorinated N-halamine-based groups exhibiting enhanced
antimicrobial attributes (Eigure 5b). Experiments have revealed no evidence of E. coli adhesion on the
PEI/SMA/PEI-coated surface 83,
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Viable adhesion fractions (%)
B

Figure 5. (a) AFM topography image depicts the morphology of the as-prepared PEI/SMA/PEI surface. (b)
Antimicrobial properties of non-chlorinated and chlorinated PEI/SMA/PEI systems with respect to their analogs. (c)
Schematic representation (top) and surface morphology, as revealed by AFM (bottom), of the PMPC/a-PMETA
binary polymer brushes. (d) Percentage of the adhered S. aureus cells on the pristine and PMPC/a-PMETA
surfaces compared to their analogs before and after aging, after exposure to the bacterial suspension in artificial
seawater for 4 h. (e,f) Schematics (e) and AFM topography image (f) depict MePPEP/MePSAR binary brushes on
a solid surface. White broken line in (f) was used to estimate the film roughness. (g) Contact bactericidal activity of
the MePPEP and MePPEP/MePSAR coatings against various microbes. Adapted with permission from ref. [
(a,b), ref. (88 (c,d) and ref. B (e—g).

Often, the bilayer/multilayer film configurations are unable to allow full percolation on the top surface of both the
antiadhesive and antimicrobial polymer components. This inconvenience can be avoided by using peculiar grafting
techniques. Here, polymer systems with antiadhesive properties can be grafted from a brush-like substrate
displaying antimicrobial properties (8, or both antiadhesive and antimicrobial polymer components can be grafted
from the same substrate, leading to surfaces comprised of the mixed brush “forests” [B€l. The first approach can

deliver bifunctional materials comprised of antiadhesive poly(oxonorbornene)-based zwitterions grafted onto the
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brush-like polymer network of antimicrobial cationic poly(oxonorbornene). The resulting structures are 30—-40 nm
thick while displaying a roughness of 3—4 nm. Their morphology consists of 5 nm deep pores randomly and
homogeneously distributed over the whole surface B8 (more details on how polyzwitterions can be grafted onto a
carpet of polycationic antimicrobial polymers can be found elsewhere B2)). The second approach, based on specific
surface modifications, favors the assembly of zwitterionic poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC)
and alkynyl-modified cationic poly(2-(methacryloyloxy) ethyl trimethylammonium chloride) (a-PMETA) binary
polymer brushes onto PDA-anchored stainless steel surfaces through thiol-ene and azide-alkyne graft
polymerizations, respectively (Figure 5c). Resulting PMPC/a-PMETA binary polymer brushes not only display a
smooth surface with a roughness of ~1.2 nm but are also highly stable in seawater. More important, they endow
the stainless steel surfaces with antiadhesive and antimicrobial attributes, especially against Gram-positive S.

aureus (Figure 5d) and Gram-negative Pseudomonas sp. bacteria 8],

Antimicrobial a-PMETA can also be coupled with antiadhesive alkyne-functionalized poly(N-hydroxyethyl
acrylamide) (a-PHEAA) and then further grafted from stainless steel to obtain bifunctional brushes able to fight
against Gram-negative E. coli and Gram-positive S. epidermidis 29, Similarly, antiadhesive methacrylate-ended
polysarcosine (MePSAR) and antimicrobial cationic methacrylate-ended polypeptides (MePPEP), synthesized via
ROP of N-carboxyanhydrides, can be assembled on PDA coated substrates via grafting initiated under UV
irradiation. The resulting MePPEP/MePSAR binary brushes can display, on flat surfaces, a roughness as high as

44 nm and can exhibit highly antiadhesive and antimicrobial properties against several microbes (Eigure 5e—g) 7.
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