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ABSTRACT: This work presents a novel route for creating metal-
free antiviral coatings based on polymer brushes synthesized by
surface-initiated photoinduced electron transfer-reversible addi-
tion−fragmentation chain transfer (SI-PET-RAFT) polymeriza-
tion, applying eosin Y as a photocatalyst, water as a solvent, and
visible light as a driving force. The polymer brushes were
synthesized using N-[3-(decyldimethyl)-aminopropyl] methacryla-
mide bromide and carboxybetaine methacrylamide monomers. The
chemical composition, thickness, roughness, and wettability of the
resulting polymer brush coatings were characterized by X-ray
photoelectron spectroscopy (XPS), atomic force microscopy
(AFM), water contact angle measurements, and ellipsometry.
The antiviral properties of coatings were investigated by exposure
to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and avian influenza viruses, with further measurement of residual
viable viral particles. The best performance was obtained with Cu surfaces, with a ca. 20-fold reduction of SARS-Cov-2 and a 50-fold
reduction in avian influenza. On the polymer brush-modified surfaces, the number of viable virus particles decreased by about 5−6
times faster for avian flu and about 2−3 times faster for SARS-CoV-2, all compared to unmodified silicon surfaces. Interestingly, no
significant differences were obtained between quaternary ammonium brushes and zwitterionic brushes.

■ INTRODUCTION
Viruses and virus-related diseases are one of the main reasons
for human mortality. Recently, the world was engulfed by a
pandemic induced by a novel human coronavirus 2 (severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)).
The SARS-CoV-2 virus particles are roughly spherical with
radii of 80−100 nm.1,2 The exterior of the virus particles
exhibits lipid-embedded, protein-based spikes of 10−20 nm,2
which mediate the receptor binding and membrane fusion
between the virus and host cell. SARS-CoV-2, in particular,
showed a relatively high stability on different types of surfaces.
Viable viruses were detected on plastic and stainless steel up to
72 h after virus exposure.3 As a result, surface transmission is
one of the possible ways of coronavirus transmittal.4 Thus,
innovative and effective approaches for inactivation and
limitation of the spread of viruses via surfaces are paramount.
Antiviral properties are present in different types of surfaces,

both of natural and artificial origin. Many plants have been
demonstrated to contain antiviral compounds that can directly
destroy viruses upon contact.5 Heavy metals such as copper
(Cu), gold (Au), and silver (Ag) have been used for centuries
to combat the effects of viral infections (albeit, of course, only
recognized as such in the last century).6 For example, Ag
nanoparticles have�by creating Ag+ ions�been shown to
possess direct antiviral properties against a wide range of
viruses, in particular, human immunodeficiency virus, hepatitis

B virus, herpes simplex virus, respiratory syncytial virus, and
monkeypox virus.7 Cu-based surfaces have been shown to be
highly effective against different classes of viruses, including
enveloped and nonenveloped, single- and double-stranded and
DNA and RNA viruses.8,9 In some of these studies, the
antiviral activity of such surfaces was demonstrated against
SARS, Middle East respiratory syndrome (MERS), and SARS-
CoV-2.3,10 The virucidal activity of copper, similarly to silver,
relies on the release of ionic Cu species (CuI or/and CuII) and,
in some reports, generation of oxidative oxygen species,8,10 and
these positive results prompted us to include Cu surfaces in
this study.
A different metal-free approach to creating virucidal surfaces

invokes the use of antiviral polymers.11 Polymers based on
polyethyleneimine (PEI)12,13 and polyphenol ether,14 sialic
acids,15 and carbohydrates16 have been reported to inactivate
viruses. One of the approaches in creating antiviral coatings is
the immobilization of polyethylenimine (PEI) derivatives

Received: May 23, 2022
Accepted: September 23, 2022
Published: October 20, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

38371
https://doi.org/10.1021/acsomega.2c03214

ACS Omega 2022, 7, 38371−38379

D
ow

nl
oa

de
d 

vi
a 

82
.1

68
.1

80
.9

5 
on

 D
ec

em
be

r 
9,

 2
02

2 
at

 0
9:

08
:5

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andriy+R.+Kuzmyn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucas+W.+Teunissen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michiel+V.+Kroese"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jet+Kant"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sandra+Venema"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Han+Zuilhof"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c03214&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03214?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03214?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03214?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03214?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03214?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/43?ref=pdf
https://pubs.acs.org/toc/acsodf/7/43?ref=pdf
https://pubs.acs.org/toc/acsodf/7/43?ref=pdf
https://pubs.acs.org/toc/acsodf/7/43?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c03214?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


containing long-chained hydrophobic quaternary ammonium
compounds on surfaces.13,14 Upon contact, these functional
groups may disrupt the virus membrane structure rendering
the virus inactive. N,N-Dodecyl,methyl-polyethylenimine
(DMPEI) was found to be active against both wild-type and
drug-resistant strains of influenza viruses by disrupting their
lipid envelopes, resulting in visibly damaged viral particles.17,18

That lipid envelope, known as the lipid bilayer, is the “scaffold”
of the virus particle onto which functional proteins are bound,
and within which the RNA is protected. Thus, disruption in
the structure of the lipid layer compromises the structure of
the virus. Consequently, it is a viable target in the inactivation
of the virus.
Polymer brushes are high-density systems that are covalently

attached to surfaces.19,20 Coatings based on polymer brushes
are extensively used to create antifouling, bioactive, and
antibacterial surfaces.21−37 The high density of the polymer
chains in the coating on the surfaces gives unique properties
for the final layer.19,38,39 The most commonly used method for
constructing polymer brushes is surface-initiated atom transfer
radical polymerization (SI-ATRP), due to the high control and
possibility to initiate growth from a self-assembled mono-
layer.20,26 However, SI-ATRP requires the use of heavy metals,
typically copper, as catalysts. Moreover, the need for rigorous
deoxygenation to achieve polymerization makes this approach
difficult to scale and experimentally challenging to apply. The
ease of coating was further increased, and the possibility to
surface patterning was introduced using techniques such as
single-electron transfer living radical polymerization (SET-
LRP)34 and light-triggered living radical polymerization (LT-
LRP),22 but those methods still used heavy-metal catalysts.
Thus, controlled polymerization approaches based on
thermally initiated reversible addition-fragmentation chain
transfer (RAFT)40,41 polymerization and its surface-initiated
(SI-RAFT)24 analogue were introduced, which allow polymer-
izations without the need for heavy metals, although they still
require an oxygen-free environment.
Recently, a new RAFT-based technique was introduced:

photoinduced electron transfer-reversible addition-fragmenta-
tion chain transfer (PET-RAFT).42−45 We and others further
developed this method, labeled surface-initiated PET-RAFT,
or SI-PET-RAFT, into an efficient and extremely mild (visible-
light-driven, oxygen-tolerant, in water) way to covalently coat
surfaces and applied this to the construction of polymer
brushes.21,45−47 This polymerization technique can proceed in
an aqueous solution containing a suitably chosen dye, here:

eosin Y (EY), as a photocatalyst and allows for the visible-light-
induced patterned growth of complex polymer brushes in a
controlled manner in the presence of oxygen in the water. A
mechanism and the living nature of PET-RAFT polymer-
izations were previously postulated by Xu et al.48 They
proposed that the reaction proceeds according to a reductive
quenching cycle of eosin Y in which triethanolamine acts as a
sacrificial electron donor to reduce oxygen in the polymer-
ization system. The reduction of oxygen allows the polymer-
ization to proceed in an oxygen-containing environment, which
is the main advantage of this technique in contrast to SI-ATRP
and SI-RAFT. We, therefore, envisioned SI-PET-RAFT to be a
potentially viable route for the construction of quaternary
ammonium-based antiviral coatings.
Finally, since surface roughness has also been reported as a

likely factor in antiviral activity,11 while we aimed to study the
specific effects of the chemical functionalities involved, only
smooth surfaces (i.e., nonstructured and atomic force
microscopy (AFM)-measured roughness ≤3.5 nm) were used.
This paper investigates the antiviral properties of copper

surfaces and polymer brushes containing quaternary ammo-
nium moieties as constructed with the SI-PET-RAFT
technique. A new methacrylic derivative of N,N-dodecyl,meth-
yl-polyethylenimine, N-[3-decyldimethyl-aminopropyl] meth-
acrylamide bromide (A10) was synthesized for such polymer
brushes. We envisioned that polymer brushes based on A10
monomers would be able to render viruses inactive by
penetrating their membranes (Scheme 1). In addition,
carboxybetaine methacrylamide (CBMA)-based brushes pre-
viously showed antibacterial and antifouling properties.21,49,50

To the best of our knowledge, however, no antiviral studies
have been reported for these brushes, and these A10- and
CBMA-coated surfaces were now tested in parallel for their
antiviral properties. The chemical composition, thickness,
roughness, and wettability of the resulting polymer brush
coatings were characterized extensively by X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), water
contact angle measurements, and ellipsometry. The antiviral
properties of coatings were investigated by exposure to SARS-
CoV-2 and avian influenza and measured in terms of the
amount of viable virus after a specific time. The economic and
humanitarian damages of the annually returning influenza virus
pandemics are also well analyzed and studied,51 yet the
structure of avian flu virus is rather different from that of
SARS-CoV-2, motivating why this virus type was chosen as the

Scheme 1. (Top) General Scheme of Polymer Brush-Based Antiviral Surfaces; (Bottom) Structure of Monomers A10 and
CBMA Used to Construct Quaternary Ammonium and Zwitterionic Polymer Brushes
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second candidate for this model study to better display the
scope of our findings.

■ EXPERIMENTAL SECTION
Materials. All chemical reagents were used without further

purification unless otherwise specified. 4-Cyano-4-
(phenylcarbonothioylthio)pentanoic acid N-succinimidyl
ester (RAFT-NHS), N-[3-(dimethylamino)propyl]-
methacrylamide, 1-bromodecane, (3-aminopropyl)-
triethoxysilane (APTES), triethanolamine (TEOA), eosin Y
(EY), triethylamine (TEA), ethanol (EtOH, 99.9%), acetone
(99.5%), dry tetrahydrofuran (THF, 99.9%), dry diethyl ether
(99.9%), and acetonitrile (99.9%) were purchased from Sigma-
Aldrich. Carboxybetaine methacrylamide (CBMA) was
synthesized according to a previously described proce-
dure.31,52,53 Silicon substrates were acquired from Siltronix.
Deionized water was produced with a Milli-Q integral 3 system
(Millipore, Molsheim, France (Milli-Q water)).

Synthesis of N-[3-(Alkyldimethyl)-aminopropyl]-
methacrylamide Bromide Monomer (A10). Monomer
A10 was synthesized via a quaternization reaction of N-[3-
(dimethylamino)propyl]methacrylamide and 1-bromodecane,
according to a slight modification of a previously reported
procedure.54 In a round-bottom flask with a septum, 10 mL of
acetonitrile was added to a mixture of N-[3-(dimethylamino)-
propyl]methacrylamide (0.03 mol, 5.10 g, 4.79 mL), 1-
bromodecane (0.03 mol, 6.64 g), and a small amount of an
inhibitor (hydroquinone). The flask was sealed with a septum
under argon and heated at 50 °C under magnetic stirring for
24 h. Upon addition of 250 mL of dry ethyl ether to the
reaction mixture, N-[3-(decyldimethyl)-aminopropyl]-
methacrylamide bromide (A10) was isolated as white crystals
and dried (7.00 g, yield 60%). The monomer was characterized
by 1H NMR and electrospray ionization (ESI).
N-[3-(Decyldimethyl)-aminopropyl]methacrylamide bro-

mide (A10) (Figure S1): 1H NMR (dimethyl sulfoxide
(DMSO), 400 MHz, δ in ppm): 0.86 (t, 3H, CH3 (22)),
1.26 (m, 14H, CH2 (15, 16, 17, 18, 19, 20, 21)), 1.62 (m, 2H,
CH2 (14)), 1.87 (m, 5H, CH2 (6, 9)), 3.01 (s, 6H, N+−CH3
(11, 12)), 3.25 (m, 6H, CH2 (5, 7, 13)), 5.35 (s, 1H, HC�
CCH3 CH2(1″)), 5.70 (s, 1H, HC�C(1′)), 8.10 (t, 1H, NH)
(Figure S1). Mass ESI: measured: 311.3048. theoretical (M+):
311.3062.

Mass Spectrometry (MS). MS data were recorded on an
Exactive high-resolution MS instrument (Thermo Scientific)
equipped with an electrospray ionization (ESI) probe. The MS
was calibrated daily using ProteoMass LTQ/FT-hybrid ESI
Pos. Mode Cal. Mix and Pierce ESI Neg. Ion Cal. solutions.
Thermo Xcalibur Browser software version 2.2 was used for
instrument control, data acquisition, and data processing. The
ESI mass spectra were obtained over the range of m/z 100−
750. The exact mass of compound A10 was determined with a
precision of 3 ppm.

Light Source. Light-emitting diodes (LEDs) with a
maximum intensity at 410 nm (Intelligent LED Solutions
product number: ILH-XO01-S410-SC211-WIR200) were
used. The input current was set at 700 mA, corresponding
to a total radiometric power of 2.9 W, according to
manufacturer specifications.

Formation of RAFT Agent-Functionalized Mono-
layers. The monolayers were created according to previously
published procedures.21,47

SI-PET-RAFT Synthesis of Polymer Brushes. The
poly(CBMA) brushes were synthesized by a previously
published technique.21,47 The poly(A10) brushes were
prepared according to a previously reported protocol with
slight modifications.21,47 A stock solution with photocatalyst
was prepared to contain EY (25 mg, 39 μmol) and TEOA (160
mg, 1.6 mmol) in 10 mL of Milli-Q water. The monomer A10
(0.31 mmol, 122 mg) was dissolved in Milli-Q water (1 mL),
and subsequently, 10 μL of the stock solution was added. The
mixture was vortexed and added to the vials containing
surfaces with an immobilized RAFT agent. Immediately after
this, the polymerization was conducted by irradiating the vials
with visible light from the LED light source for controlled
periods of time. The thickness of the polymerization solution
on top of the surfaces was 2 mm. In these experiments, the
light source was placed 3−4 cm from the substrates, to prevent
substantial heating of the samples with the light. Afterward, a
copious amount of EtOH was added to the samples to remove
unbound polymers from the surface, and further cleaning was
obtained by subsequent rinsing with EtOH and Milli-Q water.
Finally, the coated samples were blown dry under a stream of
Ar.
In addition, the reaction was conducted on a complete 100

mm silicon wafer to provide the necessary amount of surfaces
for the antiviral tests. The polymerization solution was scaled
up from 1 to 30 mL, and for this purpose, a custom-made
reactor 200 × 200 × 2.0 mm3 was designed and used (see
setup in Figure S2).

X-ray Photoelectron Spectroscopy (XPS). XPS meas-
urements were performed using a JPS-9200 photoelectron
spectrometer (JEOL Ltd., Japan). All of the samples were
prepared and stored under ambient conditions prior to analysis
using a focused monochromated Al Kα X-ray source (spot size
of 300 μm) radiation at 12 kV and 20 mA, with 10 eV as
analyzer pass energy. XPS wide-scan and narrow-scan spectra
were obtained under ultrahigh-vacuum (UHV) conditions
(base pressure 3 × 10−7 Pa). All narrow-range spectra were
corrected with a linear background before fitting. The spectra
were fitted with symmetrical Gaussian/Lorentzian (GL(30))
line shapes using CasaXPS. All spectra were referenced to the
C 1s peak attributed to C−C and C−H atoms at 285.0 eV.55

Static Water Contact Angle (SWCA) Measurements.
The wettability of the modified surfaces was determined by
automated static water contact angle measurements with the
use of a Kruss DSA 100 goniometer. The volume of a drop of
demineralized water was 3 μL. Contact angles from sessile
drops measured by the tangent method were estimated using a
standard error propagation technique involving partial
derivatives.

Spectroscopic Ellipsometry. Polymerization kinetics
were followed by measuring the dry thickness of the brushes
using an Accurion Nanofilm_ep4 Imaging Ellipsometer. The
ellipsometric data were acquired in air at room temperature
(RT) using light in the wavelength range of λ = 400.6−761.3
nm at an angle of incidence of 50°. The data were fitted with
EP4 software using a multilayer model. The model consisted of
a silicon (Si) bottom layer covered with a thin SiO2 layer of 0.3
nm. Then, the polymer brush layers were described using a
Cauchy model with parameters A = 1.526 and B = 1221 for
poly(CBMA) and A = 1.540 and B = 334 for poly(A10).

Atomic Force Microscopy (AFM). AFM surface top-
ography images were acquired by an Asylum Research MFP-
3D Origin AFM (Oxford Instruments, U.K.). The instrument
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was operated in tapping mode and equipped with a silicon
cantilever (AC240TS-R3, k = 1.3 N·m−1) with a nominal tip
radius of ∼7 nm. Gwyddion56 and Mountains 8 (Digital Surf,
France) software was used to process and analyze the AFM
topography images.

Antiviral Activity. The following low pathogenic avian
influenza strain was used: H5N2 A/Swan/Neth/11016034/11.
To culture avian influenza and access the amount of viable
virus, Madin−Darby Canine Kidney (MDCK) cells were
maintained in complete medium: Dulbecco’s modified Eagle’s
medium, high glucose, GlutaMAX, pyruvate + 5.0% fetal
bovine serum (FBS) + 0.01% penicillin−streptomycin (10,000
U·mL−1; to prevent bacterial and fungal contamination). When
MDCK cells were inoculated with avian influenza, the
complete medium was substituted with Dulbecco’s modified
Eagle’s medium, high glucose, GlutaMAX, pyruvate + 1.5%
albumin, bovine, reagent grade + 0.5 μg·mL−1 trypsin from
bovine pancreas.
To evaluate the antiviral properties of the polymer brushes

against avian influenza, 50 μL of virus stock (dilution 1:1000)
was dispersed onto the coated antiviral surfaces. After
incubation periods at room temperature (RT) of 1.5, 3, 7,
24, and 72 h, possible viable virus was washed off using 500 μL
of complete medium. For each time point, at least three
separate surfaces were used. For the determination of viral
titers, eight 10-fold serial dilutions were used to inoculate
MDCK cells (described in Bergervoet et al.57) with the
addition of 0.5 μg trypsin·mL−1. After incubation at 37 °C for
4 days, plates were stained with an immunoperoxidase
monolayer assay and scored for positive (stained) wells57

with the substitution of paraformaldehyde by 4% form-
aldehyde. Titers were calculated using the Spearman−Kar̈ber
algorithm and were expressed as TCID50·mL−1.58,59

SARS-CoV-2. The SARS-CoV-2 strain used was described
by Gerhards et al.60 Vero-E6 cells were maintained in complete
medium: minimum essential medium, no glutamine + 5% fetal
bovine serum (FBS, qualified, Australia) + 1% L-glutamine
(200 mM) + 1% minimum essential medium non-essential
amino acids solution (100×) + 1% antibiotic−antimycotic
solution (penicillin and streptomycin, to prevent bacterial and
fungal contamination).
To access the antiviral properties of the polymer brushes

against SARS-CoV-2, 50 μL of virus stock (undiluted) was
dispersed onto the coated antiviral surfaces. After incubation

periods at RT of 1.5, 3, 7, 24, and 72 h, a possible viable virus
was washed off using 500 μL of complete medium. For each
time point, at least three separate surfaces were used. For the
determination of viral titers, six 5-fold serial dilutions were
used to inoculate Vero-E6 cells.60 After incubation at 37 °C for
4 days, plates were stained with an immunoperoxidase
monolayer assay and scored for positive (stained) wells.60

Titers were calculated using the Spearman−Kar̈ber algorithm
and were expressed as TCID50·mL−1.58,59 All SARS-CoV-2
experiments were performed at the BSL3 facilities in Lelystad.

■ RESULTS AND DISCUSSION
The two monomers selected for the creation of potential
polymer brush-based antiviral coatings were N-[3-decyldi-
methyl-aminopropyl]methacrylamide bromide (A10) and
carboxybetaine methacrylate (CBMA). The A10 monomer
was synthesized via the quaternization reaction of N-[3-
(dimethylamino)propyl]methacrylamide and 1-bromodecane
according to a slight modification of a previously reported
procedure (see the Experimental Section for details).54 The
antiviral polymer brush-based coatings were created in four
steps starting from bare silicon surfaces according to a
modified previously published protocol (Scheme 2).21,47 The
silicon surfaces were plasma cleaned for 5 min, and
subsequently, (3-aminopropyl)triethoxysilane (APTES) was
immobilized. The RAFT-agent monolayer was prepared by
reacting the (3-aminopropyl)triethoxysilane (APTES) mono-
layer, immobilized on the oxidized silicon surface, with 4-
cyano-4-(phenylcarbonothioylthio)pentanoic acid N-succini-
midyl ester (RAFT-NHS). In this process, 29 ± 4% of the
surface-bound amine sites react to hold a RAFT agent
moiety.21 The polymer brushes were then grown employing
SI-PET-RAFT in the presence of the corresponding monomer
(A10 or CBMA), EY, and TEOA.

Synthesis of Antiviral Polymer Brush-Based Coatings.
The thickness of brushes was determined by spectroscopic
ellipsometry. The poly(A10) brush-based coatings achieved a
thickness of 71 ± 2 nm after 1 h of polymerization, while the
poly(CBMA) brush-based coating grew to 46 ± 4 nm after 5 h
of polymerization. The AFM topography images of brush-
coated surfaces showed homogeneous layers with a roughness
of Rq = 3.50 ± 0.55 and 2.03 ± 0.49 nm for poly(A10) and
poly(CBMA), respectively (Figures 1d,e and S5). The static
water contact angle (SWCA) of coatings for poly(A10) was

Scheme 2. General Scheme for the Synthesis of Antiviral Polymer Brushes
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determined to be 88 ± 4° and for poly(CBMA) 37 ± 2°. The
relatively higher SWCA of poly(CBMA) brushes compared to
polymer brushes obtained by ATRP36 may be related not only
to the high molecular weight of the resulting polymer but also
to other factors like polymer confirmation, surface tension, and
surface roughness.61 In addition, the SWCA values are well
aligned with previously reported values for CBMA obtained by
nitroxide-mediated free radical polymerization-based coat-
ings.62 The chemical composition of the resulting polymer
brushes was confirmed by XPS (Figure 1a). The wide spectra
of poly(CBMA) brushes showed three main peaks for O 1s
(531 eV), C 1s (285 eV), and N 1s (400 eV) in a ratio of
3.0:13.5:1.7, in reasonable agreement with the theoretical ratio

of poly(CBMA) brushes, 3:12:2. The poly(A10) brushes were
characterized using XPS as well, and the wide spectra showed
four main peaks, for O 1s (531 eV), C 1s (285 eV), N 1s (400
eV), and Br 3s (255 eV) (secondary peaks: Br 3p (181 eV)
and Br 3d (69 eV)) in a ratio of 1.0:23.8:2.2:0.8, while the
theoretical ratio was 1:19:2:1. The relatively higher amount of
carbon in both polymer brush structures is attributed to
atmospheric contamination.
The XPS C 1s narrow-scan spectrum for poly(A10) shows

three main peaks, which we assign as [C−C/H] (285.0 eV)/
[C−N] (286.2 eV)/[HN−C�O] (287.8 eV) moieties in a
ratio of 13.0:5.1:1.0 (theoretical ratio is: 13:5:1), and for
poly(CBMA), these peaks appear in a ratio of 2.7:2.4:1.0

Figure 1. Physicochemical properties of polymer brush-coated surfaces. XPS wide spectra of poly(CBMA)- and poly(A10)-coated surfaces (a).
XPS N 1s narrow scan (b) and XPS C 1s narrow scan (c) of poly(CBMA)- and poly(A10)-coated surfaces. Typical AFM topography images of
poly(A10)- (d) and poly(CBMA)-coated surfaces (e).
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(theoretical ratio: 2.5:2.5:1.0) (Figure 1c). The narrow XPS
spectra for the poly(A10) brushes were simulated applying
core orbital energy levels as obtained by density functional
theory (DFT),63,64 and the simulated spectra (Figure S3)
agreed well with experimental data, supporting our assignment.
The narrow N 1s spectra of poly(CBMA) and poly(A10)
brushes show two peaks that correspond to [N+] (403 eV) and
[NH] (400 eV) in ratios of 0.63:1.00 and 0.83:1.00,
respectively (Figure 1b). The relatively lower than theoretically
expected value [for both monomers 1:1] can be related to the
degradation of [N+] moieties under heat, in vacuo conditions,
and exposure to X-ray beams during the XPS measurement, as
noted for poly(CBMA) coatings by van Andel et al.50

Copper-Coated Surfaces. A custom-produced silicon
wafer was used that was homogeneously coated with a copper
layer (thickness Cu layer = 200 nm; AFM-determined
roughness Rq = 1.74 ± 0.11 nm, SWCA 94 ± 3°; see Figure
S4).

Control Surfaces. Neutral unmodified plasma-cleaned
silicon surfaces, with a measured roughness of Rq = 0.68 ±
0.10 nm, were used as a negative control (Figure S4b). The
wide-scan XPS spectra of these silicon surfaces showed the
predominance of silicon oxide (Figure S4a).

Antiviral Studies. We exposed our surfaces to SARS-CoV-
2 and avian influenza. In a typical experiment, a 50 μL drop of
virus stock containing SARS-CoV-2 and avian influenza was
deposited on the different types of surfaces. These solutions
contained for SARS-CoV-2 ca. 69,000 viable viral particles·
mL−1 and for avian influenza ca. 54,800 viable viral particles·
mL−1. The drop was left on the surface for different periods of
time, ranging from 1.5 to 72 h (Figure 2 and Tables S1 and
S2). Subsequently, surfaces were washed, and the exact
number of viable viral particles was determined by TCID50·
mL−1 titration (see the Experimental Section for details).
First, the copper-coated surfaces showed the best antiviral

activity toward both SARS-CoV-2 and avian influenza.
Compared to our negative control (SiO2), copper inactivates
SARS-CoV-2 at least 20 times faster, while for avian influenza,
the number after 1.5 h is about 50 times smaller than on silicon
oxide. These results indicate that, in cases where the toxicity of
copper ions does not play a significant role, infusion of copper
might be a viable manner to turn a surface antiviral. This high
activity of copper is in line with related studies of SARS-CoV-2
and other viruses.3,8−10 Likely, part of the virus-killing
mechanism also affects cells, making copper both a good

antiviral agent and toxic for humans. Therefore, metal-free
solutions are also badly needed.
Second, the amount of SARS-CoV-2 viable virus on the

poly(CBMA) and poly(A10) after 1.5 h of incubation was two
to three times lower compared to the bare silicon surface. The
polymer brush coatings incubated with avian influenza virus
decreased the amount of viable virus in comparison to bare
silicon surfaces even up to 5−6 times. After 3 h of incubation
of viable SARS-CoV-2 and avian influenza virus on poly-
(CBMA) and poly(A10) surfaces decreased 4−5 times and 3−
4 times correspondingly in relation to the amount of virus
detected after 1.5 h of incubation. Furthermore, brush-based
coatings inactivated most of the deposited virus on the surfaces
within 7 h of incubation. Although difficult to compare
quantitatively, this compares positively to SAR-CoV-2
surviving even up to 72 h on steel and plastic,3 and these
findings might imply that our “negative control” displays some
antiviral activity as well. The poly(CBMA) and poly(A10)
brushes thus overall show comparable antiviral activity toward
SARS-CoV-2 and avian influenza. While not as effective as
copper, the poly(CBMA) and poly(A10) coatings do not
contain heavy metals. Moreover, poly(CBMA)-based coatings
and polymers previously demonstrated good antifouling and
biocompatible properties.49,50,65 A probable antiviral mecha-
nism for poly(A10) brushes, as previously reported for DMPEI
compounds mechanics,17,18 is based on penetration of the virus
membrane and rendering it inactive (Scheme 3). Such a route
would likely not apply for poly(CBMA), which does not have
large aliphatic tails in its structure, yet shows a comparable
antiviral activity. Previously, zwitterionic and cationic PEI
derivatives (N-(15-carboxypentadecyl)-PEI HCl salt) contain-
ing long aliphatic chains in the comparable study showed
similar antiviral activity.13 It should be noted that CBMA is
overall a much smaller moiety with more closely spaced charge
positions and significantly higher hydrophilicity than pre-
viously investigated PEI zwitterionic derivatives. Thus, the
pathway toward virus dismantling may be also related to the
presence of quaternary ammonium cation in poly(CBMA) and
poly(A10) brushes. The mechanism of antiviral activity of both
brush coatings can also be absolutely different. While the
positive charge and hydrophobic part play a key role in
dismantling the virus for A10 brushes, the strong affinity to
water and previously reported antifouling properties of the
CBMA brush might explain the antiviral activity of those
brushes. It should be noted that at this stage, the mechanism of

Figure 2. Antiviral activity of copper-coated surfaces, and poly(CBMA) and poly(A10) brush surfaces against SARS-CoV-2 and avian influenza.
Plasma-cleaned silicon surfaces were used as a negative control.
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antiviral activity of the brushes is unknown and may be related
to many factors including the combination superstructure of
the brush itself and positively charged moieties along the chain.
The effect of the porosity on the micron scale was previously

reported as an important factor in virus survival on the
surface.66 In our study, both the synthesized surfaces and
control surfaces are all basically flat (AFM topography displays
roughnesses only in the range of a few nanometers; see Figures
1d,e and S3). As a result, differences in porosity or roughness
likely play no significant role in determining the differences
observed in our measurements.
Finally, the facile way to apply SI-PET-RAFT for creating

polymer brush coatings, requiring only visible light to supply
the driving force, might open up a range of applications where
alternatives�from ventilating rooms to frequent cleaning�do
not suffice. One can, for example, envision such coatings on
common frequent-contact surfaces, such as plastic cards, touch
screens, door handles, and walls. Here, the minimal toxicity of
bioinert polymer brushes, in particular, poly(CBMA) brushes,
would allow application in areas that would be unthinkable for
toxic coatings such as copper. Eventually, such applications
could also be applied to plastics such as PPE or rubbery
materials to help diminish the risk of sexually transmitted
infections or those transmittable by touch. Finally, it is likely
that the combination of chemical and physical effects together
(chemically well-chosen functional groups on a surface with
optimal micro/nanostructuring, for example) will be needed
for optimal results. Such work is currently ongoing in our
laboratories.

■ CONCLUSIONS
A new route was developed for creating antiviral coatings
based on copper coating and on polymer brushes synthesized
by surface-initiated photoinduced electron transfer-reversible
addition-fragmentation chain transfer (SI-PET-RAFT). Cop-
per-coated surfaces are very effective, speeding up the
inactivation of the virus about 25−50 times compared to a
silicon oxide negative control. Both quaternary ammonium
polymer brushes and zwitterionic polymer brushes strongly,
and more or less equally, sped up the process of inactivating
viruses, with a reduction of factor 5−6 times for avian flu and a
factor 2−3 times for SARS-CoV-2. In both cases, nearly all
virus activity reached down to detection levels after about 7 h.
Since SI-PET-RAFT is scalable, oxygen-tolerant, driven by
visible light, can take place in water, and is applicable to almost

any surface, we envision the significant potential of our
approach in the further study and development of antiviral
surfaces, likely in combination with the optimization of surface
structuring.
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