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Functional polymeric coatings have become indispensable in various biomedical devices since they
provide tailored interfaces with desirable properties that enable such applications. For finding an optimal
system with the best performance, adopting a modular approach to interface engineering is essential for
practical applications. Efficient functionalization of interfaces with specific (bio)molecules, probes, and
bioactive ligands endows these interfaces with desirable properties such as biological sensing, adhesion,
wettability, and anti-biofouling. In this context, ‘click’ reactions, including copper-catalyzed azide—alkyne
cycloaddition (CuAAC), strain-promoted azide—alkyne cycloaddition (SPAAC), nucleophilic and radical
thiol-ene, and Diels—Alder (DA) reactions, emerge as pivotal methods for effective modification of
polymer-coated surfaces. This review provides an in-depth overview of utilizing ‘clickable’ group-contain-
ing polymeric coatings to create functional interfaces for biomedical applications, with a particular

Received 12th June 2024,
Accepted 31st July 2024

DOI: 10.1039/d4lp00193a

emphasis on antimicrobial surfaces and interfaces conducive to cellular and biomolecular immobiliz-
ations. Leveraging the versatility and modularity of surface modifications via ‘click’ chemistry, this review
aims to inspire researchers to explore this promising approach for engineering functional polymeric
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1. Introduction

In recent years, polymer-based coatings have transcended their
conventional role of material protection, emerging as pivotal
components in diverse biomedical applications, spanning bio-
sensing, imaging, and materials science.'® Notably, the fabri-
cation of ‘clickable’ polymeric coatings has garnered signifi-
cant attention for their indispensable role in these fields.
Specifically, the demand for ‘clickable’ polymeric coatings
offering facile functionalization under mild conditions has
surged, facilitating rapid modifications with functional mole-
cules tailored to specific applications.

The versatility of chemical transformations encompassed
by ‘click’ chemistry presents a powerful toolset for imparting
functional attributes to interfaces, enabling a broad spectrum
of applications ranging from biomolecule attachment and
sensing to the creation of antibacterial coatings and cell-
adhesive surfaces, both in specific and nonspecific ways
(Scheme 1). Deploying ‘clickable’ polymeric interfaces allows
for the functionalization of planar or spherical surfaces, con-
tingent upon the application requirements. Modifications
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commonly include polymeric thin film coatings, polymer
brushes, and polymeric hydrogel coatings (Fig. 1).

In this comprehensive review, we commence with a succinct
overview of ‘click’ chemistry as a potent tool for efficient
functionalization, followed by dedicated sections exploring its
diverse applications. Through the analysis of recent literature
examples, we underscore the efficacy and versatility of the
‘click’ chemistry-based approach. Our review aims to provide
early-stage researchers with insightful guidance toward poten-
tial research avenues tailored to their specific applications
while also offering seasoned researchers a comprehensive per-
spective to integrate related approaches into their work.

2. Click chemistry as a tool for
polymer functionalization

Since its inception in 2001, the ‘click’ chemistry paradigm has
revolutionized the post-polymerization modification of poly-
meric materials,” offering an attractive method for imparting
functional attributes to polymer-coated surfaces. These reac-
tions exhibit high efficiency under relatively mild conditions,
facilitating the effective functionalization of soluble polymers
and the attachment of biologically relevant moieties at the
interface despite the heterogeneous reaction environment.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of ‘clickable’ polymer coatings for
biomedical applications.

Among the various ‘click’ reactions, copper-catalyzed azide-
alkyne cycloaddition (CuAAC),>™° strain-promoted alkyne-
azide cycloaddition (SPAAC),"" Diels-Alder (DA) reactions,'
inverse electron-demand Diels-Alder (IEDDA) reactions,"
radical thiol-ene/thiol-yne reactions,"*"” and thiol-maleimide
Michael addition'® reactions have gained popularity due to
their fast reaction kinetics, high efficiency, specificity, and
workability under mild conditions.

To date, these ‘click’ reactions have found extensive utility
in engineering materials for various biomedical applications,
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including biosensing, drug delivery, imaging, rendering sur-
faces antibacterial, and promoting cellular attachment in
specific or nonspecific ways. Essential factors that govern the
selection of a particular ‘click’ reaction may depend on factors
such as (a) ready incorporation of the complementary reactive
groups on the polymer and the (bio)molecule of interest, (b)
compatibility of the (bio)molecule of interest to the reaction
conditions; (c) stability/reversibility of attachment, and (d)
desired spatiotemporal control over the functionalization
process. One should weigh the advantages and limitations of
the chemical transformations in light of the surface and the
(bio)molecule of interest, as well as how the chemistry at the
interface will affect the performance of the functionalized
interface (Fig. 2) (Table 1).

3. Antibacterial/antimicrobial
surfaces

A multitude of biomedical devices, including implants, cath-
eters, endotracheal tubes, and hernia nets, are susceptible to
bacterial contamination, posing a significant risk of infections.
Treatment modalities for such infections range from antibiotic
therapy to surgical removal of the contaminated implant as a
last resort. Bacterial adhesion to material surfaces often culmi-
nates in the formation of biofilms, which not only amplify bac-
terial load but also confer resistance to eradication, facilitated
by the protective extracellular polymeric matrix exuded by the
bacteria. Given that bacterial adhesion and subsequent
biofilm formation occur predominantly at material interfaces,
substantial research efforts have been directed towards devel-
oping polymeric coatings capable of rendering these interfaces
both antiadhesive and bactericidal.'”™"°

Polymeric coatings endowed with anti-biofouling properties
have garnered considerable attention for enhancing in vivo

B

I
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Clickable Polymer-Coated Surfaces

Fig. 1 Examples of various polymeric interfaces embedded with ‘clickable’” handles.
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Fig. 2 Click-based reactions commonly utilized for fabricating functional polymeric interfaces.
Table 1 Survey of commonly used ‘click’ reactions for polymer coatings, advantages, and limitations
‘Click’ reactions Advantages Limitations

Cu(1)-catalyzed azide-alkyne cycloaddition
(CuAAC) reaction

Strain-promoted azide-alkyne
cycloaddition (SPAAC) reaction

« Fast reaction rate
« Regioselectivity

+ No metal catalyst
« No byproduct

« Toxicity of copper

+ Not regiospecific
» Multistep synthesis

- Bioorthogonality

« Fast reaction rate

» Well tolerable for many functional groups
« Fast reaction kinetics

« No byproduct

« Catalyst-free

« No byproduct

« Reversible with temperature

- Bioorthogonality

Radical thiol-ene reaction
Thiol-Michael addition

Diels-Alder (DA) reaction

Inverse electron demand Diels-Alder (IEDDA) reaction

« Expensive strained alkynes
« Needs heat or UV/Vis irradiation

» Reactivity toward thiols in vivo

» Spatial restrictions due to the adsorption
of the reactants on the surface

 Multistep synthesis of clickable tetrazine

« High reaction rate
« Chemoselectivity

Amine-epoxy reaction « Catalyst-free

compatibility and inhibiting microbial attachment. Among
these, poly(ethylene glycol) (PEG) stands out as one of the
most extensively studied polymers for achieving antifouling
coatings. PEG-based polymers are renowned for their innate
resistance to protein adhesion,” cellular attachment,”' and
bacterial colonization.”” Additionally, zwitterionic polymers
have emerged as promising candidates for antifouling
materials due to their superior hydration properties, which
effectively deter bacterial adhesion.”>** In addition to func-
tioning as anti-adhesive surfaces, these coatings are designed
to eradicate pathogens. This is typically achieved through
either a ‘contact killing’ mechanism or a ‘release killing’ plat-
form (Fig. 3).

Cationic materials have been explored for several decades
as promising candidates for fabricating antimicrobial agents.

978 | RSC Appl. Polym., 2024, 2, 976-995

» Needs moderate to high temperatures

Surfaces, particles, and soluble polymers carrying positive
charges have been used as antimicrobial agents for a long
time. In particular, quaternary ammonium salts (QASs) are
among the most widely used low-molecular-weight anti-
microbial agents because of their excellent cell membrane
penetration ability, low toxicity, and environmental stability.”®
A range of antibacterial polymers and hydrogel-based coatings
containing QASs have been reported.>*>® Thus, surface modi-
fication using a QAS-containing polymer is an obvious choice
for rendering a surface antibacterial.

As a surface coating, an interesting example was reported
by Rittschof and coworkers, who fabricated a QAS-containing
polymeric coating using layer-by-layer (LbL) ‘click’ deposition
to combat biofouling.”® In this example, the CuAAC reaction
was employed to obtain a multilayer coating rather than

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic representation of contact- and release-killing-based
antimicrobial coatings.

attaching an antibacterial component. Firstly, they prepared
polydopamine-coated stainless steel (SS-PDA) surfaces. After
that, alkyne-functionalized SS surfaces were fabricated by
adding propargylamine to the polydopamine-modified surface.
The alkyne-functionalized surface was reacted with an azide-
containing azido-poly(PEGMA) polymer, whereby while some
of the azide groups reacted with the alkyne groups on the
modified surface to anchor the polymer, the residual azide
groups on the polymer-coated surface were available for
further modification. The ‘clickable’ polymer coating
(SS-PPEGMA) obtained was subsequently reacted with a qua-
ternary trimethyl ammonium chloride-based alkynyl-poly
(META) polymer in the presence of CuSO,/sodium ascorbate.
Subsequent layers were built using the CuAAC reaction with
the azido-poly(PEGMA) copolymer. A multilayer coating was
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adhesion and efficient bactericidal activity against marine
Pseudomonas sp.NCIMB 2021. In addition to the antifouling
and bactericidal effect against bacteria, adhesion of barnacle
(Amphibalanus (= Balanus) amphitrite) cyprids was reduced by
up to 80% on the QAS group containing the polymer multi-
layer coatings. Notably, the authors showed that efficacy
against bacterial fouling and adhesion of barnacle cyprids
increased with the number of deposited polymer layers
(Fig. 4).

Another example of a multilayered antibacterial film was
recently reported by Zhu and coworkers, who utilized a metal-
catalyst-free thiol-yne ‘click’ reaction to install a QAS-contain-
ing coating (Fig. 5).>” The authors synthesized poly[oligo(ethyl-
ene  glycol)fumarate]-co-poly[dodecyl  bis(2-hydroxyethyl)
methylammoniumfumarate] (POEGDMAM) containing multi-
enes and poly[oligo(ethylene  glycol)mercaptosuccinate]
(POEGMS) containing multi-thiols. Subsequently, 3-mercapto-
propyl trimethoxysilane (MPTMS) modified silicon or quartz
surfaces were treated with a solution of POEGDMAM and
POEGMS (at 1% concentration) to obtain a film via thiol-ene
conjugate reaction, and multilayer hydrogel films were
obtained by repeating this treatment step. Due to ammonium
groups in POEGDMAM, the obtained hydrogel films demon-
strated excellent antibacterial activity against Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli). Similar to the
observations by Rittschof and coworkers, in the abovemen-
tioned example, the authors observed that the antibacterial
activity of the hydrogel film was enhanced by increasing the
number of layers.

Apart from QAS-containing polymers, e-poly(lysine) (EPL)
and poly(hexamethylene biguanide) (PHMB) polymers are cat-

thus obtained using a layer-by-layer deposition approach. The jonic polymers that exhibit excellent antimicrobial
polymer coatings exhibited good resistance to bacterial activities.*®*' Truong and coworkers reported robust, anti-
1 l
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Fig. 4 Schematic illustration of antifouling and antibacterial polymer multilayer coating fabrication via layer-by-layer ‘click’ deposition. Adopted

with permission from Yang et al.2®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The fabrication of ultrathin hydrogel films by LbL thiol-ene ‘click’ chemistry using POEGMS and POEGDMAM polymers. Adopted with per-

mission from Zhu et al.?” Copyright © 2014 The Royal Society of Chemistry.

infective coatings containing EPL and PHMB cationic poly-
mers.>” First, they coated a stainless steel surface with furan-
containing polyethyleneimine (PEI) and furan-containing poly
(acrylic acid) using the LbL technique. After that, these multi-
layer polymer coatings were crosslinked using bismaleimide-
PEG via the DA reaction to fabricate a stable crosslinked struc-
ture. Finally, the oxanorbornene unit in the DA cycloadduct
was used for the conjugation of a poly(hexamethylene bigua-
nide)-thiol (PHMB-SH) or with e-poly(lysine) (EPL-SH) using
the thiol-ene reaction to impart antimicrobial properties. They
demonstrated that the obtained crosslinked resultant multi-
layer coatings modified with cationic PHMB-SH and EPL-SH
polymers not only showed fast self-healing ability but also dis-
played efficient antibacterial activity against E. coli and
S. aureus.

In recent years, as a viable alternative to PEG-based coat-
ings, the utilization of zwitterionic polymers to combat bac-
terial adhesion has been on the rise due to their excellent non-
fouling property. Therefore, several antimicrobial and antifoul-
ing zwitterionic polymeric coatings have been reported in
recent years.>>>**7% Rittschof and coworkers reported the
fabrication of antifouling and antimicrobial polymer brushes
onto stainless steel using barnacle cement as surface anchor
groups.*’
anchor to introduce ‘clickable’ groups on stainless steel sur-

In their work, barnacle cement was used as a surface

faces for further modification. The barnacle cement-coated
surface was reacted with ethylene sulfide, propargyl carbonyli-
midazole, and azidoethyl carbonylimidazole to obtain a thiol,
alkyne, and azide group-containing stainless-steel surface,
respectively. An antifouling zwitterionic SS-PMPC surface was
prepared  using  thiol-ene  photopolymerization  of
2-methacryloyloxyethylphosphorylcholine (MPC) from the
thiol-containing SS surface. Likewise, protein-resistant
SS-PPEGMA and protein-adsorbing SS-PPFS polymer surfaces
were prepared by clicking an azide-terminated poly(poly(ethyl-
ene glycol)methyl ether methacrylate) (azido-PPEGMA) and

poly(2,3,4,5,6-pentafluorostyrene) (azido-PPFS) via the CuAAC

980 | RSC Appl. Polym., 2024, 2, 976-995

reaction based graft-to approach. In addition, antifouling
alkyne-bearing  poly(N-hydroxyethylacrylamide) (alkynyl-
PHEAA) and antibacterial alkyne-modified poly(2-(methacry-
loyloxy)ethyl trimethylammonium chloride) (alkynyl-PMETA)
were clicked onto the azide-containing SS surface. The zwitter-
ionic SS-PMPC, non-ionic SS-PHEAA, and antibacterial
SS-PMETA polymer surfaces inhibited the adhesion of Gram-
negative E. coli and Gram-positive S. epidermidis, with viable
adherent bacterial fractions being significantly low compared
to that on the pristine SS surface.

Kang and coworkers reported antifouling and antimicrobial
coatings using zwitterionic and cationic binary polymer
brushes via a ‘click’ reaction®® (Fig. 6). An effective method to
fabricate antifouling and antimicrobial surfaces using zwitter-
ionic and cationic binary polymer brushes onto poly-dopa-
mine-coated stainless steel (SS) surfaces was reported. Firstly,
the SS surface was deposited with polydopamine (PDA) and
reacted with ethylene sulfide and 3-azidopropyl carbonylimida-
zole to introduce thiol and azide groups onto the PDA-coated
surface. Zwitterionic 2-methacryloyloxyethyl phosphorylcho-
line was grafted and polymerized from a thiol-containing PDA-
coated surface via thiol-ene photopolymerization to obtain
PMPC-grafted surface (SS-g-PMPC). After that, an alkyne-
bearing poly(2-(methacryloyloxy)ethyl trimethylammonium
chloride) (PMETA) obtained using atom transfer radical
polymerization (ATRP) was conjugated onto the azide groups
on the surface to obtain a bifunctional zwitterionic and cat-
ionic polymer brush coating. The resulting polymer brush
coatings exhibited good resistance to the bacterial adhesion of
S. aureus and Pseudomonas sp., as well as toward the microal-
gal attachment of Amphora coffeaeformis. This interesting dual-
functionalization approach provides an exciting approach to
impart multifunctionality to surfaces.

Another example employing a PDA-based initial coating fol-
lowed by the attachment of antifouling and antibacterial poly-
mers was reported by Yang and coworkers.*>® The authors syn-
thesized a series of multifunctional antimicrobial polymeric

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@) Schematic illustration of fabricating binary polymer brush coatings on stainless steel surfaces via ‘click’ reaction; (b) fluorescence

microscopy images of pristine SS and SS-g-PMPC/PMETA brushes after exposure to S. aureus. Adopted with permission from Xu et al.>* Copyright ©

2017 American Chemical Society.

coatings by using diethylene glycol diglycidyl ether (PEGDGE),
and poly[glycidylmethacrylate-co-3-(dimethyl(4-
vinylbenzyl)Jammonium)propyl ~ sulfonate]  (poly(GMA-co-
DVBAPS)) to benefit from their antifouling, bactericidal, and
release properties, respectively. The polymers were also tightly
anchored onto various substrates (glass, polypropylene, poly-
ethylene terephthalate, and catheter), presumably because of
Michael-addition and ring-opening reactions during the co-
deposition process. Three polymeric interfaces containing a
polydopamine/poly(GMA-co-DVBAPS) (PDA/PDV) coating, a
polydopamine/polylysine/poly(GMA-co-DVBAPS) (PDA/L-PDV)
coating, and a  polydopamine/polylysine/poly(GMA-co-
DVBAPS)/PEGDGE (PDA/l-PDV-PEGDGE) coating were fabri-
cated using this approach. The PDA/PDV coating showed a dis-
tinct salt-responsive conformation change, which released
95.8% of adhered E. coli. In addition, the PDA/L-PDV coating
also provided salt-responsive bacterial release (~91.4/~95.1%
for E. coli/S. aureus) and killed the attached bacteria (up to
~92.8/~90.2%). Moreover, the PDA/
L-PDV-PEGDGE coatings with multiple antimicrobial mecha-
nisms demonstrated long-term surface resistance for E. coli
(~96 h)/S. aureus (~60 h), antibacterial activity (~44.7/~54.7%),
and very efficient salt-responsive surface regeneration ability
(~94.4/~95.4%). As the authors suggested, the present strategy

polylysine,

zZwitterionic

© 2024 The Author(s). Published by the Royal Society of Chemistry

offers a promising approach for fabricating antibacterial coat-
ings where components acting simultaneously with different
mechanisms can be incorporated onto a surface to obtain a
multifunctional coating (Fig. 7).

Another approach to inhibit microbial attachment is the
employment of antimicrobial coatings where polymers are
conjugated with cationic biocides, antibiotics, or antimicrobial
peptides (AMPs). Among them, AMPs provide an effective anti-
microbial activity due to their potent activity.”” AMPs can be
incorporated into the polymeric coating physically®® or
through chemical conjugation.>”*° The chemical immobiliz-
ation of AMPs provides a stable antimicrobial coating by
decreasing toxicity and unwanted release from the surface.*®
AMPs can be chemoselectively conjugated to an appropriately
functionalized surface containing ‘clickable’ groups.*'™”
Kizhakkedathu and coworkers have reported several AMP-con-
jugated antimicrobial coatings.*>**" In one of their studies,
an AMP-conjugated polymer brush was fabricated on a tita-
nium surface.”” Using surface-initiated ATRP (SI-ATRP), an
amine-containing polymer brush was obtained, which was
modified to install thiol-reactive maleimide functional groups
through post-polymerization modification. Cysteine-functiona-
lized cationic antimicrobial peptide Tet213 (KRWWKWWRRC)
was conjugated to a polymer brush via the thiol-maleimide

RSC Appl. Polym., 2024, 2, 976-995 | 981


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lp00193a

Open Access Article. Published on 19 srpna 2024. Downloaded on 23.08.2025 12:08:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

RSC Applied Polymers

PDA/PDV Coating

Releasing

Single Function

PDAJL-PDV Coating

Killing-Releasing

Releasin
“ g

Dual Functions

PDAJ/L-PDV-PEGDGE Coating

Killing-Releasing

'
9
o0 N o0

’ ) Refeasmy '
Killip, g

Fig. 7 Schematic representation of mussel-inspired polymeric coatings realizing functions from single to multiple antimicrobial mechanisms. Three
functional polymers, ie., polylysine, diethylene glycol diglycidyl ether (PEGDGE), and poly[glycidylmethacrylate-co-3-(dimethyl(4-vinylbenzyl)
ammonium)propyl sulfonate] (poly(GMA-co-DVBAPS)), were selected. Adapted with permission from Mao et al.>*® Copyright © 2021 American

Chemical Society.

‘click’ reaction. The authors demonstrated that the AMP
density and the grafting density of the polymer brush signifi-
cantly influenced the antimicrobial activity of AMP-conjugated
polymer brushes against Pseudomonas aeruginosa (Fig. 8).

In a subsequent study, Kizhakkedathu and coworkers used
the maleimide-containing polymer brush coating for in vivo
application,** and they showed that the AMP-tethered brush-
coated surfaces maintained excellent antibacterial activity
in vitro and in vivo. The coating was effective in resisting
biofilm formation, and the biofilm resistance depended on the
nature of modified AMPs. They also demonstrated that the
coatings could protect against bacterial infection in vivo. In an
alternative approach, Sanyal, Kizhakkedathu, and coworkers
reported a thiol-reactive polymeric coating on a TiO, surface to
achieve an antimicrobial polymeric thin film.>' Using revers-
ible addition-fragmentation chain transfer (RAFT) polymeriz-
ation, a surface-anchorable copolymer containing dopamine
side chain residues as surface attachment groups and furan-
protected maleimide groups as masked maleimide groups
were synthesized. A robust coating on TiO, surfaces was
obtained using a DOPA-containing copolymer. The protected
maleimide groups on the surface were activated by removing
the furan group using the retro-Diels-Alder (rDA) reaction to
get the thiol-reactive maleimide units. After obtaining a ‘click-
able’ maleimide-containing polymeric film, the antimicrobial

982 | RSC Appl. Polym., 2024, 2, 976-995

peptide E6 (RRWRIVVIRVRRC) was conjugated onto the
polymer-coated surface via the thiol-maleimide Michael
addition. The authors investigated the antimicrobial activity of
peptide-conjugated polymer-coated surfaces against Gram-
positive and Gram-negative bacteria. They showed that the
hydrophilic polymer coatings considerably decreased the
adhesion level of bacteria compared to the pristine inorganic
surface and killed >80% of the adhered bacteria on the surface
(Fig. 9). As a different approach, Wang and coworkers reported
the preparation of an antimicrobial titanium surface by conju-
gating peptide via CuAAC chemistry.>® First, a ‘clickable’ tita-
nium surface was obtained using a silane-based coupling
agent bearing an alkynyl group. Subsequently, the alkyne
group containing surface was coated with azide-functionalized
PEG, which was directly conjugated with antimicrobial peptide
(PEG-HHC;34:N3-PEG;,-KRWWKWWRR) via the CuAAC reaction
to furnish an AMP conjugated PEG-based antimicrobial
coating with an AMP density of 897.4 + 67.3 ng cm™> (2.5 +
0.2 molecules per nm?) on the surface. The authors showed
that this construct inhibited 90.2% of Staphylococcus aureus
and 88.1% of Escherichia coli after 2.5 h of incubation. They
applied the CCK-8 assay using mouse bone mesenchymal stem
cells, and it indicated that this AMP-conjugated titanium
coating had negligible cytotoxicity. Moreover, an in vivo assay
showed that this coating could kill 78.8% of S. aureus after 7

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) The schematic illustration of a cysteine-functionalized cationic antimicrobial peptide Tet213 (KRWWKWWRRC) conjugated polymer brush

via thiol-maleimide ‘click’ reaction; (b) effect of graft density on the number of peptides grafted per chain and peptide density on the surface; (c)
effect of graft density and thickness of the peptide grafted brush on bacterial growth inhibition. Reprinted with permission from Gao et al.*?

Copyright © 2011 American Chemical Society.
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Fig. 9 Schematic illustration of an AMP-conjugated thiol-reactive polymeric coating on a TiO, surface to fabricate an antimicrobial coating.
Adapted with permission from Gevrek et al.>* Copyright © 2019 American Chemical Society.

days. In 2022, Chen and coworkers reported an elegant
example of a mussel-inspired antibacterial peptide coating on
ureteral stents for encrustation prevention.>® A polypeptide
consisting of four catecholic dopamine (DOPA) units and one
Ac-(DA)-Gly-(DA)-Lys[(PEG;)-(Mpa)-(Mal-DBCO)]-(DA)-Gly-(DA)

(DBCO) group, abbreviated as (DA),-DBCO and DBCO-contain-
ing modified polydopamine, was obtained. The amount of
DOPA was increased to achieve more stable substrate adhesion
onto the surface. They also prepared a specific antibacterial
peptide, namely, (3-azido)-RWRWRW-NH,, including the azido
group. After synthesis, the stent surface was coated with (DA),-

© 2024 The Author(s). Published by the Royal Society of Chemistry

DBCO. After that, the azide-containing antibacterial peptide
(3-azido)RWRWRW-NH, was conjugated to the stent surface
via ‘click’ chemistry, where copper (Cu) ions were used to coor-
dinate the mussel-inspired antibacterial peptide to improve
the stability. They reported that the Cu** coordinated antibac-
terial coating could improve stability and antibacterial ability
with low or no cytotoxicity in vivo and in vitro. In addition, they
demonstrated that AMP-conjugated stents could resist infec-
tion and reduce encrustation formation in vivo for a long time.
Another important example of a mussel-inspired biomimetic
surface for rational integration of anti-infectivity and osteo-
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inductivity onto PEEK (polyetheretherketone) implants was
reported by Geng and coworkers.?” They coated PEEK surfaces
with PEG-based DOPA-rich peptide with a ‘clickable’ azide
group. Subsequently, coated PEEK surfaces were conjugated
with dibenzocyclooctyne (DBCO)-modified AMP (RWRWRW)
peptide and the osteogenic growth peptide (OGP) through
bioorthogonal SPAAC reaction. They showed an excellent anti-
infection effect of the dual peptide conjugated surface by
implanting S. aureus-contaminated PEEK rods into the femurs
of rats in vivo. Furthermore, they reported that a newly formed
bone surrounding the implant was found after six weeks of
implantation, which was much denser than bare PEEK and
PEEK coated with either peptide.

In addition to polymer coating examples, ‘clickable’ hydro-
gel coatings have also been reported to obtain antimicrobial
films.*>***® Liskamp and coworkers reported the fabrication
of a hydrogel coating on a PET surface to achieve an anti-
microbial coating.*®> They obtained the hydrogel coating on the
PET surface using a PEGDA crosslinker, pentaerythritol tetra-
kis(3-mercaptopropionate) (PTMP), in the presence of DMPA
as a photoinitiator via thiol-ene reaction. Moreover, the anti-
microbial peptide (AMP) HHC,, (H-KRWWKWIRW-NH,) was
incorporated into a PEG-based hydrogel coating using a
radical thiol-ene ‘click’ reaction in a single step. The authors
demonstrated that the resulting AMP-conjugated hydrogels
displayed bactericidal activity against Gram-positive S. aureus
and S. epidermidis and Gram-negative E. coli in in vitro studies.

Antimicrobial surfaces via the incorporation of bactericides
is another way to decrease bacterial attachment. While anti-
biotics are widely utilized to treat and manage bacterial infec-
tions, there are concerns such as the burst release of drugs,
low efficacy, and the evolution of bacteria with antibiotic resis-
tance.”® Thus, approaches where antibiotics are loaded into
the polymeric coatings through chemical conjugation are of
interest, and ‘click’ reactions provide an avenue to design
release-killing antibacterial coatings.>*”®* For example, Song
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and coworkers fabricated vancomycin-conjugated polymer
brushes to suppress S. aureus colonization (Fig. 10).°® They
coated a TigAl,V alloy surface with an ATRP initiator; sub-
sequently, azide-bearing polymer brushes were synthesized
using an azide-containing TEG-based methacrylate monomer.
After that, alkyne-functionalized vancomycin was conjugated
onto the azide-containing polymer brush via the CuAAC reac-
tion. They observed that covalently tethered vancomycin sup-
pressed S. aureus colonization on polymer brush-coated metal-
lic surfaces. In addition, in vivo, animal studies revealed that
vancomycin-conjugated polymer-coated titanium pins inserted
in femoral canals infected with S. aureus significantly
decreased bacterial colonization. The authors suggest that the
disclosed surface functionalization strategy may be extended
to conjugate any antibacterial agent to mitigate periprosthetic
infections.

Although the covalent conjugation of incorporating anti-
biotics is a promising strategy to minimize burst release,
alternative design approaches to fabricate drug-loaded coat-
ings may also minimize unwanted release. Segura and co-
workers reported a study along these lines,*> where poly(allyl
mercaptan) (PAM) was synthesized using the thiol-ene radical
copolymerization of 1,3-propanedithiol and allyl sulfide.
Titanium wires were submerged in chloroform in a solution
consisting of PAM and tetra-PEG-thiol. Subsequent irradiation
under UV light for 5 min induced the formation of a tetra-
PEG-PAM coating directly on the implant surface. Vancomycin
was introduced into the coating by mixing with tetra-PEG and
PAM before UV irradiation. Vancomycin release in a PBS bath
showed that the drug concentration in the solution increased
over time and was above the minimum inhibitory concen-
tration (MIC) (0.5 pg mL™" for S. aureus Xen 36) for 14 days.
The authors showed that titanium pins coated with three
layers of PEG-PAM + Vanc decreased the burst release of Vanc
and resulted in concentrations above the MIC for 17 days.
They performed a zone of inhibition (ZOI) assay to measure

(a) Fabrication of a vancomycin conjugated polymer brush on a titanium alloy for suppression of S. aureus colonization; (b) SEM of S. aureus

adhered on unmodified TisAl;V and Ti-pVAN plates after 5 h incubation with 1.2 x 10° CFU per mL S. aureus. Adapted with permission from Zhang

et al.%° Copyright © 2019 American Chemical Society.
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in vitro antimicrobial activity against S. aureus and observed
distinctive dead zones on the plate. Moreover, they incorpor-
ated a variety of clinically relevant antibiotics such as cefazo-
lin, cefepime, ceftriaxone, piperacillin, rifampin, tazobactam,
clindamycin, tobramycin, and linezolid, and reported that the
thus-obtained antibiotic-loaded titanium pins possessed the
ability to inhibit S. aureus growth.

4. Cell adhesive coatings

The specific functionalization of interfaces with bioactive
molecules like cell adhesive peptides and growth factors is
highly important in investigating cell-material interactions,
which can provide control over the response of a cell to its sur-
roundings. Because of the complex interaction of the cell with
the extracellular matrix (ECM) and crosstalk between different
signaling molecules, there is a demand for the fabrication of
substrates that can be modified explicitly with desired ligands.
One of the most widely employed surface modifications entails
the attachment of the cell adhesive peptide containing the
arginine-glycine-aspartic acid (RGD) sequence. This specific
sequence is present in many of the ECM proteins, and it is
known to specifically bind to the integrin receptors on the
cell’s surface, promoting cellular attachment to the underlying
substrate.®>%* In this regard, efforts have been devoted to fabri-
cating RGD-conjugated polymer-based coatings to obtain cell
adhesive surfaces,®*®>°® and many of those have been
achieved using ‘click’ reaction-based conjugation.®”®

Coating surfaces of titanium-based biomedical implants
are of high interest to facilitate their integration within the sur-
rounding tissue. To date, various cell adhesive peptide-conju-
gated polymeric coatings have been investigated.®®”"®® In a
recent study, Sanyal and coworkers reported the fabrication of
a ‘clickable’ hydrogel coating on a titanium surface.*® A furan-
protected maleimide group containing a hydrogel layer on a
titanium surface was obtained. Using photopolymerization, an
adlayer of dopamine-containing methacrylate was utilized to
anchor the hydrogel coating during hydrogel formation. The
initial coating containing the strained oxabicyclonorbornene
group is amenable for functionalization with radical thiol-ene
and the IEDDA ‘click’ reactions (Fig. 11a). After thermal treat-
ment, the protected maleimide units were converted to thiol-
reactive maleimide groups, allowing functionalization of
hydrogel coatings via the thiol-maleimide Michael addition
(Fig. 11b). The maleimide group containing hydrogel coating
could be readily functionalized with a cell adhesive RGD
peptide (RGDC), which promotes the attachment and prolifer-
ation of fibroblast NIH-3T3 cells (Fig. 11c).

While most studies have investigated the irreversible attach-
ment of cells onto polymeric substrates, several reports have
shown the study of reversible binding platforms. The reversible
binding can be useful for catch and release applications,®*™*
where a particular target cell can be caught on the substrate
and then released for downstream genetic analysis, thus pro-
viding more information on the spread of malignant cells in a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Fabrication of a maleimide containing hydrogel coating on a
titanium surface; (b) schematic representation of the RGDC conjugated
hydrogel coating for cellular attachment and proliferation; (c) NIH-3T3
cell proliferation on the RGD-conjugated hydrogel coating. Reprinted
with permission from Gevrek et al.®° Copyright ©® 2020 by the authors.
Licensee MDPI, Basel, Switzerland.

disease like cancer. Another advantage of a reversible system
could be that it facilitates obtaining an interface with pat-
terned cells. The latter was recently demonstrated by Koga and
coworkers, who reported the fabrication of a photocleavable
peptide-poly(2-hydroxyethyl methacrylate) (PHEMA) hybrid
graft polymer to modulate the cell binding affinities of 2D and
3D coatings (Fig. 12).”” They synthesized a ‘clickable’ poly
(HEMA-co-PgA) copolymer using HEMA and propargyl acrylate.
To prepare a 2D film coating, glass plates (1 cm?) were coated
with poly(HEMA-co-PgA) using the spin coating method
(Fig. 12a). They demonstrated that the presence of the photo-
cleavable linker enabled spatially controlled cleavage of conju-
gated materials from the surface (Fig. 12b). A red dye conjugate
could be cleaved from the surface by spatially controlled
exposure to UV irradiation, while the unexposed area remains
intact, as is evident from the fluorescence image of the sub-
strate after the UV exposure. The alkyne-bearing polymer-
coated materials were conjugated with a photo-cleavable azide-
terminated oligopeptide [Arg-Gly-Asp-Ser (RGDS)] with a
photolabile 3-amino-3-(2-nitrophenyl)-propanoic acid moiety,
using the CuAAC reaction. The authors showed that the RGDS
conjugated thin film acted as an effective interface for success-
ful attachment and proliferation of NIH/3T3 fibroblasts and
MC3T3-E1 osteoblast-like cells in vitro. Furthermore, they
showed that UV exposure to the surface led to the detachment
of cells from the surface due to the photo-cleavage of RGDS
grafts (Fig. 12c). Moreover, the applicability of this system to
3D materials was examined, and the authors reported that cell
adhesion was remarkably enhanced on RGDS-conjugated 3D-
printed PLA objects.

Minko and coworkers reported an alternative approach to
obtain patterned domains of cells without resorting to the

RSC Appl. Polym., 2024, 2, 976-995 | 985
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Fig. 12 (a) Fabrication of a photocleavable peptide-poly(2-hydroxyethyl methacrylate) hybrid graft copolymer via ‘click’ reaction to modulate the

cell affinities of 2D and 3D substrates; (b) confocal microscopy image of the RGDS-patterned film (left: UV-irradiated region, right: nonirradiated
region); (c) phototriggered cell release from the hybrid thin film by using a circular ring-patterned photomask. Adapted with permission from

Nishimura et al.”” Copyright © 2019 American Chemical Society.

metal-catalyzed CuAAC reaction.’” A stimuli-responsive non-
enzymatic cell harvesting was performed using nanostructured
thermoresponsive polymer films made of cell-adhesive epoxy
photoresist domains and cell-adhesion resistive poly(N-iso-
propylacrylamide) (pNIPAm) brush regions. The cell adhesive
RGD peptide was conjugated to a polymer film via the amine-
epoxy ‘click’ reaction. They reported that while RGD peptide
conjugated domains enable cell binding, pNIPAm-based soft
thermoresponsive polymer brush domains generate pressure,
which allows the detachment of cells at a temperature below
the lower critical solution temperature (LCST) of the polymer.
While most of the work reported to date involves functiona-
lizing the interface with a single peptide motif such as RGD, it
is known that the cell surface possesses multiple receptors and
thus often utilizes many different interactions with their
environment. Strategies to obtain polymeric surfaces capable
of installing multiple bioactive ligands would be valuable in
introducing further control over the cell material interface. An
interesting approach was reported by Wegner and coworkers,
who reported the preparation of a dual-functionalized nano-
structured surface via a ‘click’ reaction to examine the cross-
talk and relationship between different signaling molecules
and the clustering effect in ligand-receptor interactions.”* The
authors fabricated gold nanoparticles on the glass surface
using block polymer micelle nanolithography. After obtaining
gold nanoparticles on the glass surface, the surface was coated

986 | RSC Appl. Polym., 2024, 2, 976-995

with a silane- and alkyne-bearing PEG polymer (CH;CH,0);Si-
PEG3ggo-alkyne, and thus a ‘clickable’ alkyne-bearing gold
nanoparticle containing polymer coating was constructed. A
thiol-containing adhesive cRGD peptide was introduced to
gold nanoparticles on the polymer coating using gold-thiol
chemistry. Further conjugation of the polymer coating with an
azide-bearing PHSRN synergy peptide, which enhances cell
spreading in the presence of cRGD, was undertaken. The work
established that the presence of the synergy peptide PHSRN
affects the integrin-mediated adhesion of rat embryonic fibro-
blast cells, wild type (RFT WT) via cRGD units. REF-WT cells
were seeded onto polymer coatings, and the density of
attached cells on the surface and their spreading area were
quantified. Focal cell adhesions were probed using vinculin
and paxillin staining to examine the cell attachment to the sur-
faces. While the REF WT cells did not adhere to surfaces modi-
fied solely with the synergy peptide PHSRN and only a few
cells showed attachment on surfaces functionalized with cRGD
peptide, the cells adhered well on surfaces functionalized with
both PHSRN and cRGD peptides. In addition, they observed
that the cells had a smaller spreading area on only cRGD-func-
tionalized surfaces compared to surfaces modified with both
cRGD and PHSRN. Moreover, the cells on surfaces functiona-
lized with the two signaling molecules developed mature focal
adhesion and well-developed actin fibers characteristic of
adhered fibroblasts. The authors suggested that such dual-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) The fabrication of a dual-functionalized nanostructured polymer coating by ‘click’ chemistry for cellular adhesion; (b) scheme for dual

functionalization with adhesion peptide cRGD and synergy peptide PHSRN; (c) density of adherent REF WT cells on substrates with gold nano-
particles and PEG-alkyne (10 mol%) modified with cRGD and/or PHSRN; (d) the spreading area of cells on cRGD- or cRGD- and PHSRN-conjugated
interfaces; (e) fluorescence images of adherent cells on substrates functionalized with cRGD or cRGD