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Abstract

In the past few years, due to the Covid- |9 pandemic, the interest towards textiles with antimicrobial functionalities faced a
significant boost. This study proposes a rapid and convenient method, in terms of reactants and equipment, for fabricating
antimicrobial coatings on textiles. Through the electroless silver plating reaction, silver coatings were successfully applied
on cotton and polyester, rapidly and at room temperature. Functionalized samples were characterized by morphological
(optical and scanning electron microscopies) and chemical tests (X-ray photoelectron spectroscopy, XPS) to investigate
the nature of the silver coating. Although distinct nanoparticles did not form, XPS analysis detected the presence of
silver, which resulted in an increased surface roughness and hydrophobicity of both cotton and polyester textiles. Ag-
coated samples exhibited approximately 80% biocompatibility with murine L929 fibroblasts or human HaCaT cells, and
strong antibacterial properties against Escherichia coli in direct contact tests. In antiviral experiments with SARS-CoV-2
virus, treated cotton showed a 100% viral reduction in 30 min, while polyester achieved 100% reduction in | h. With a
human norovirus surrogate, the Feline Calicivirus, both treated textiles have a faster antiviral response, with more than
60% viral reduction after 5min, while achieving a 100% reduction in | h. In conclusion, this study presents a fast, efficient,
and low-cost solution for producing antimicrobial textiles with broad applications in medical and healthcare scenarios.
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oxide nanoparticles (NPs), such as silver, copper, or zinc
oxide NPs, have been extensively studied® due to their
unique properties derived from the nanoscale, as intro-
duced by Feynman in 1959.°

Conventional finishing methods of textiles include dip-
ping, impregnation, or padding, while more advanced meth-
ods include electrospinning, microencapsulation, spray
deposition, or plasma and magnetron sputtering.'>’ For
instance, Cui et al.® fabricated polyacrylonitrile, silica diox-
ide and the surfactant cetyltrimethylammonium bromide
electrospun nanofibrous membranes killing and blocking the
spread of bacteria in aerosols. Among conventional methods,
pad-dry-cure is largely used to incorporate silver nanoparti-
cles (AgNPs) into textiles and enhance their antibacterial
properties. For instance, Lee et al.’ applied ethanol-based
nanosilver colloids on cotton and polyester fabrics, demon-
strating the successful integration of AgNPs into textiles and
remarkable antibacterial properties against Staphylococcus
aureus and Klebsiella pneumoniae after 24h. Wu et al.'® pro-
posed a mild route to prepare antibacterial cotton fabrics
based on AgNPs binding on the fibers through chemical
bonds by citric acid. This finishing process produced hybrid
fabrics with excellent antimicrobial activities against
Escherichia coli and Staphylococcus aureus, with 98.7% and
91.8% percentages of reduction, respectively.

The methods of incorporating NPs can be alternatively
divided into ex sifu or in situ.’> While ex situ methods
require the formation of NPs prior to their incorporation
onto the target substrate, in situ approaches are faster and
more efficient since the formation and incorporation of
NPs occur directly and simultaneously onto the target sub-
strates.!! Vigneshwaran et al.'> formed AgNPs on cotton
by the autoclave-assisted chemical reduction of silver
nitrate (AgNO,), that exhibited potent antibacterial effects
against S. aureus and K. pneumoniae. More recently, an
antimicrobial hydrophobic coating has been applied to cot-
ton fabric by encapsulating AgNPs in a protective silicone
layer."* Similarly, Ribeiro et al.'* successfully functional-
ized polyester with AgNPs using chitosan or hexamethyl-
disiloxane as additional layers that ensured the stability
and controlled release of AgNPs. In our previous study, '’
we introduced a novel one-step deposition method, com-
bining the silver mirror reaction with sonication or agita-
tion, to create antibacterial and antiviral Ag-coated
polypropylene surgical masks. These biocompatible coat-
ings demonstrated antibacterial properties and potent
activity against SARS-CoV-2 virus.'*

This study aims to develop antimicrobial silver coatings
on textiles, specifically cotton and polyester, potentially
applicable in medical-health contexts, using an in situ func-
tionalization method based on the electroless silver plating
technique. This autocatalytic reaction is conventionally
applied to conductive metal substrates'® but can also be
applied to non-conductive surfaces.!” The classical plating
procedure includes several stages, namely pre-treatment,
sensitization, activation, plating, and post-treatment.'®

These steps are important for enhancing the adhesion and
effectiveness of the plating on the target substrate.'® The
novelty of this research consists in the development of anti-
bacterial and antiviral coatings on textiles through the elec-
troless silver plating reaction, using a reduced number of
steps and chemical reagents, exploiting the photocatalytic
properties of AgNO,, at room temperature.

Methods

Chemical reactants

Silver nitrate crystals (AgNO,, MW 169.87 gmol "), tin (II)
chloride (SnCl, MW 189.62 gmol "), and hydrochloric acid
were purchased from Merck KGaA (Darmstadt, Germany).
All reagents were used without further purification.
Deionized water (dH,0, Dia Class 120, Quality Invents s.r..,
Milan, Italy) was obtained via a reverse osmosis process.
Mouse fibroblasts 1.929 (ICLC ATL95001) were obtained
from Biobanking and Cell Factory Hospital San Martino
(Genova, Italy). HaCaT keratinocytes were obtained from
Istituto Zooprofilattico Sperimentale della Lombardia e
dell’Emilia-Romagna “Bruno Ubertini”. E. coli strain was
purchased from Thermo Fisher Scientific (Milan, Italy).
White 100% polyester (Raso Saturno) and 100% cotton tex-
tiles were used without any initial pre-treatment.

Electroless silver plating on cotton and
polyester textiles

Ag-coated polyester and Ag-coated cotton fabrics
(5cm X 5cm) were obtained by submerging them sepa-
rately in 6.25mL of tin (II) chloride solution 10 mM with
12.5uL of hydrochloric acid 0.1 M for 1 min. Then, after
rinsing in deionized water for 30s, the substrates were
immersed in 6.25 mL of AgNO, solution 6mM for 30's and
rinsed again in water for 30s. All the coating steps were
carried out at room temperature, in daylight and static con-
ditions, using glass beakers. Samples, dried overnight at
room temperature, were prepared in triplicate.

Morphological analysis

Samples morphology was analyzed by stereo microscopy
(Axio Zoom V16 equipped with a digital camera AxioCam
506 Mono, Carl Zeiss, Oberkochen, Germany) at different
magnifications, and via scanning electron microscopy
(SEM, FlexSEM 1000, Hitachi, Tokyo) by varying magni-
fications and voltages (5 or 10kV). Prior to imaging, all
samples were sputter-coated with gold.

XPS analysis

X-ray photoelectron spectroscopy (XPS) was carried out
using a PHI Versaprobe 5000 spectrometer, equipped with
an Al K-alpha monochromatic line (1486.6eV), and by
using a double charging neutralization procedure, made up
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by Ar* and an electron beam, to compensate surface charg-
ing phenomena for non-conductive materials. Survey
scans have been acquired before High Resolution (HR)
spectra, to check for all the elements present on top of the
materials. Both survey and HR measurements were col-
lected using a 100um size diameter analysis spot.
Deconvolution procedures on HR spectra have been car-
ried out by using Casa XPS Software (version 2.3.18).

Wettability

The wettability of samples was assessed by static water
contact angle (WCA) measurements. A 3 uL. drop of dH,O
was deposited on the surface of samples at room tempera-
ture, and the average WCA was obtained from digital
images analyzed with ImageJ 1.52 software. At least 10
measurements per sample were taken.

Biological properties

In vitro biocompatibility assessment. The biocompatibility of
Ag-coated samples towards murine L929 fibroblasts or
human HaCaT cells was evaluated by the MTT assay after
an indirect contact test following ISO 10993-5 protocols,
as previously reported.'> Briefly, cells were exposed for
24 h to extracts obtained by incubating UV-sterile samples
in the RPMI-based culture medium for 24h. After the
exposure, cell viability was calculated by comparing the
absorbance of samples at 550nm with reference values,
that is, absorbance of cells exposed to the culture medium
devoid of samples.

Antibacterial activity assessment. The antibacterial effec-
tiveness of Ag-coated textiles was evaluated against E. coli
(Gram-negative).!> The bacterium was cultured in Muel-
ler-Hinton broth at 37°C. Bacterial suspensions (75 puL)
containing 50 colony forming units (CFU) were inoculated
onto UV-sterilized round samples (¢ 8 mm). Following
several time points of incubation, 5, 15, 30, 60 and 120 min,
broths were collected and plated on sterile Mueller-Hinton
agar. After overnight incubation at 37°C, CFU numbers
were counted. The antibacterial rate is expressed as per-
centage reduction of CFU number and was calculated
according to the following equation (1):

CFUc—-CFUs «

CFU reduction (%) = CFU
c

100 (1)

where CFUc is the number of CFU counted for untreated
samples and CFUs is the number of CFU counted for
Ag-coated samples. The antibacterial activity of Ag-coated
polyester and cotton was furtherly investigated by a quali-
tative analysis of E. coli growth in Mueller-Hinton broth
using samples employed from direct contact assay. Briefly,
after inoculum collection, samples of the 5 and 60 min

time points were submerged in 1 mL of broth and incu-
bated under agitation at 37°C for 24 h. Broth without any
samples or inoculum was used as control, and E. coli
growth was evaluated based on the turbidity of each
suspension.

Antiviral properties assessment. The antiviral properties of
samples (¢ 14mm), UV-sterilized for 1h per side, were
evaluated as previously reported.??! African green mon-
key kidney cells (Vero E6) and clinical isolate of SARS-
CoV-2, kindly gifted from the San Raffacle Hospital
(Milan, Italy). The virus expanded and titrated on Vero E6
cells had a titer of 4.6 X 10° TCID50/ml determined by the
Reed and Muench formula and used at 0.1 multiplicity of
infection (MOI).

Crandell-Reese Feline Kidney cells (CRFK, ATCC,
CCL-94) and Feline Calicivirus F9 strain (FCV, ATCC,
VR789) were purchased from ATCC and cultivated
according to the manufacturer’s instructions. FCV was
cultivated on CRFK cells and infection was conducted on
CRFK cells at a 0.5 MOI for 72 h.

The antiviral properties of functionalized samples were
assessed at 1, 5, 10, 30, and 60min of contact. The results
were expressed as average % inhibition of viral growth, nor-
malizing the values on an infected but untreated control.

Functional tests of fabrics: Differential pressure

Differential pressure test, or breathability, was evaluated
using Bulldog Plus-R (XEARPRO, Cogliate, Italy). The
differential pressure, expressed in Pacm ™2, was calculated
using the following formula (2):

Xmy — Xm,
4.9

AP = )

where Xm, is the pressure in Pa measured by the pressure
gauge at the bottom side of the sample, Xm, is the pressure
in Pa measured by the pressure gauge at the top side of the
sample, and 4.9 is the area in cm? of the tested sample.

Statistical analysis

Data are presented as mean * standard deviation (SD).
One-way or two-way analysis of variance (ANOVA) was
used for comparing data, a p-value less than 0.05 was con-
sidered statistically significant.

Results

Electroless silver plating on cotton and
polyester textiles

Electroless silver plating on pristine cotton and polyester
textiles was performed in less than 3min at room
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Figure |. Macroscopic appearance of uncoated (a) or Ag-coated (b) cotton, and uncoated (c) or Ag-coated (d) polyester textiles;

scale bars | cm.

temperature with very few steps and without any pre or
post treatment. Indeed, textiles were first immersed in a
SnCl, solution for few seconds then washed with deionized
water, and finally they were immersed in an AgNO, solu-
tion and washed again. Although the electroless function-
alization process applied to either material was the same,
their different characteristics led to small variations in the
resulting Ag coatings. From macroscopic observations, the
electroless plating confers different colors to the treated
fabrics. Ag-coated polyester has a pinkish color, while
Ag-coated cotton turns brown (Figure 1).

Morphological characterization

The stereomicroscopy analysis of uncoated or Ag-coated
cotton and polyester samples shows that the silver coating
on both textiles exhibits a consistent and even appearance
(Figure 2). SEM imaging at various magnifications did not
reveal the presence of silver in the form of nanoparticles.
However, after the electroless silver plating, the surface
roughness of the fibers appears increased compared to the
control samples (Figure 3).

XPS analysis

XPS analysis has been conducted both on cotton and polyes-
ter Ag-coated samples. From survey spectra (see Figure 4),
we can appreciate the presence of the main elements due to
the substrates (C, O, N, and Si) and to the chemical decora-
tion (Ag, Sn) and some remnants of precursors (Cl and N).
The relative atomic concentrations (at. %) calculated for
each sample, are reported in Figure 4. Ag-coated polyester
sample shows almost double the concentration of Ag (2.0
at. %) and Sn (1.6 at. %), with respect to Ag-coated cotton
(0.9 at. %). If we move to the high-resolution peaks, espe-
cially the one related to Ag3d and Sn3d doublets (see
Figure 5(a) and (b)), we can establish the oxidation states
for each species. Starting from Ag3d regions (Figure 5(a)),
we can see that both samples show asymmetric peaks,
which require at least two components for each peak of the
doublet, to properly deconvolute the experimental signal.
By using Gaussian-Lorentzian curves and Shirley back-
ground, we obtain a first component at 367.8 eV (*£0.2
eV), due to Ag(I) chemical shift?? and another smaller
component at 368.8 eV (+0.2 eV), which is due to Ag(0).?}
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Figure 2. Morphological characterization by stereomicroscopy of uncoated (a) or Ag-coated (b) cotton, and uncoated (c) or Ag-
coated (d) polyester textiles; scale bars | mm.

@
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Figure 3. Morphological analysis by SEM imaging at 2000 X magnification of uncoated cotton (a) and polyester (d), Sn pre-treated
cotton (b) and polyester (e) and Ag-coated cotton (c) and polyester (f); scale bars 20 um.
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Figure 4. XPS survey scan for Ag-coated cotton (Cot-Ag)
or polyester (PL-Ag) samples. Relative atomic concentrations
values are reported in each graph.

The ratio between these two chemical states is, respec-
tively, Ag(I)/Ag(0)=(80.6/19.4)% for Ag-coated cotton
sample and (86.2/13.8)% for Ag-coated polyester.
Regarding the Sn signals (see Figure 5(b)), we can clearly
see a simple doublet due to only one component, which is
ascribed to Sn(IV) oxidation state,* with Sn3d5/2 peaks
located at 486.8 ¢V (*+0.3 ¢V) for both samples. Thus,
from the chemical point of view, no significant differences
are evident in these two samples, which show the same
oxidation states for both Ag and Sn, apart from the relative
concentration of these elements, which is doubled, in the
Ag-coated polyester sample.

Wettability

Changes in wettability were investigated by static water
contact angle measurements (Figure 6).

Both pristine polyester and cotton are hydrophilic, with
WCA values of 54° and 68°, respectively. In both cases,
the presence of the Ag coating significantly increased the
WCA values, leading to more hydrophobic behavior.
Despite the initial differences of uncoated samples, both
Ag-coated fabrics present similar wettability, with an aver-
age WCA of 95° for polyester, and 89° for cotton, with no
statistically significant differences.

Biological properties

Biocompatibility toward human keratinocytes. The biocom-
patibility of Ag-coated cotton or polyester was evaluated
with 1.L929 murine fibroblasts, or HaCaT human keratino-
cytes cells by an indirect contact test. Results expressed as
a percentage of cell viability are plotted in Figure 7. All
samples have cell viabilities above the 70% threshold
value, so that are considered biocompatible for both cell
types. Regarding polyester, the viability of Ag-coated fab-
rics did not significantly decrease compared to the
uncoated fabric, with 84% *+ 4% and 86% = 6% cell via-
bility for L929 and HaCaT cells, respectively. Regarding
cotton, a similar behavior was observed, with cell viability
for the Ag-coated fabric equal to 78% = 4% and 81% * 5%
for 1929 and HaCaT cells, respectively.

Antibacterial activity against E. coli. The antibacterial activ-
ity of Ag-coated samples was tested by a direct contact
assay based on measuring the E. coli CFU number after its
inoculation on the samples. The percentage reduction of
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Figure 5. XPS HR spectra for Ag3d (a) and Sn3d (b) regions, for both Ag-coated cotton (Cot-Ag) or polyester (PL-Ag) samples.
Deconvolution procedures have been reported in each graph, for clarity.
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*Statistically significant differences with uncoated fabrics (p <0.0001) by two-way ANOVA analysis.
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Figure 7. Biocompatibility of cotton and polyester uncoated or Ag-coated samples by indirect contact tests. Histograms
represents the percentage of cell viability of L929 or HaCaT cells expressed as mean = SD (n > 3). Dashed line at 70% is the

common threshold for biocompatibility.

the bacterial CFU number compared to the uncoated tex-
tile was considered as a measure of the antibacterial effi-
cacy. As shown in Figure 8§, silver coating on polyester
possesses a significant antibacterial effect against E. coli.
Specifically, Ag-coated polyester causes a good percent-
age reduction of the CFU number at all the tested time
points, decreasing the CFU growth of 38% and 95%
already at 5 and 30 min, respectively, and achieving the
100% reduction of CFU after 120 min of direct contact.
Good results were also obtained testing Ag-coated cotton,
achieving 47% and 78% of CFU reduction at 60 and
120 min of direct contact, respectively.

The antibacterial properties of the tested samples were
further confirmed by a qualitative analysis of E. coli growth
in broth suspensions incubated for 24h with the samples

already used during the direct contact assay. Both suspen-
sions containing uncoated textiles, previously tested with the
inoculum for 5 and 60 min, were turbid, indicating the prolif-
eration of the bacterial cells that remained trapped within the
samples after their washing. On the contrary, the suspensions
containing Ag-coated samples were clear, demonstrating the
ability of the silver coating to prevent E. coli growth.

Antiviral properties against SARS-CoV-2 and Feline Calicivi-
rus. Antiviral properties of Ag-coated textiles were per-
formed against SARS-CoV-2 or human norovirus surrogate
FCV after 1, 5, 10, 30, and 60 min of contact. The results of
virus inhibition are reported in Table 1. Regarding SARS-
CoV-2, the Ag-coated cotton fabric showed better antiviral
properties than the Ag-coated polyester fabric at earlier
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Figure 8. Antibacterial activity of Ag-coated cotton and polyester textiles versus E. coli, at different time points. Data are
presented as percentage reduction of CFU number with respect to the uncoated controls. Results are expressed as mean + SD

calculated from at least three independent experiments.

Table I. Antiviral activity of cotton and polyester uncoated
or Ag-coated samples against SARS CoV-2 or Feline Calicivirus
F9, at different time points, expressed as average percentage of
reduction.

Sample Imin 5min  10min 30min 60min

SARS-CoV-2 inhibition (%)

Cotton 20 12 20 20 25
Ag-coated cotton 16 20 25 100 100
Polyester 0 0 16 16 33
Ag-coated polyester 28 28 33 72 100
Feline calicivirus F9 inhibition (%)
Cotton 0 0 0 0 0
Ag-coated cotton 58 83 75 97 100
Polyester 0 0 0 0 0
Ag-coated polyester 33 63 80 100 100

time points. In fact, at 30 min of contact, Ag-coated cotton
had an antiviral capacity of 100% with respect to 72% of
Ag-coated polyester. For longer contact times no differ-
ences were observed between the samples as they both
reached 100% of viral inhibition at 60 min. Regarding FCV,
Ag-coated cotton and polyester have a more pronounced
and faster antiviral response, with 83% and 63% of viral
inhibition, respectively, after only 5 min of contact, while a
complete inhibition was reached after about 30 min.

Differential pressure assessment

Differential pressure evaluations were performed by meas-
uring the differential pressure on samples. After the silver
coating, only a slight decrease of AP is observed: untreated
and treated cotton showed AP values of 15 and 12 Pacm2,

respectively, while untreated and treated polyester showed
AP values of 55 and 53 Pacm 2, respectively.

Discussion

In this study, we introduced a simple in sifu method for coat-
ing fabrics, specifically cotton and polyester, to provide
them with antimicrobial properties. The Ag-coated textiles
were obtained in a few minutes at room temperature through
the electroless silver plating process, using SnCl, as a sensi-
tizing agent and AgNO; as a photo-reducing agent.

In situ coating approaches, as reported by Perera et a
are more favorable in terms of uniformity, antimicrobial
properties and durability retaining textile functional prop-
erties closer to the original one compared to ex situ one. In
our previous work,> we successfully coated polypropylene
surgical masks through the silver mirror reaction. However,
when the same coating method was applied to either cotton
or polyester fabrics, it failed to produce biocompatible anti-
bacterial textiles. Therefore, we sought an alternative
method of functionalization, and investigated the electro-
less silver plating process. Usually, this method requires
several steps to successfully functionalize non-conductive
textiles,!”!'® whereas in this work only tin sensitization is
performed before AgNO, photo-reduction by daylight irra-
diation. Tin sensitization is a well-known method to favor
the direct and uniform deposition of metal layer on non-
autocatalytic surfaces. The substrate immersion in SnCl,
solution with HCI and the subsequent washing step in water
forms a gel-like layer with dispersed tin ions on the fibers
surface. The immersion in AgNO; creates silver nucleation
sites on tin-sensitized fibers that become catalytic sites for
the electroless silver plating reaction.?6?’

1%
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Along with SnCl, sensitization, silver photo-reduction is
directly dependent on the reaction time and light irradiation
conditions, such as daylight?® or UV.? In this study, the in
situ formation and adhesion of the silver coating were
obtained by daylight irradiation. The formation of AgNPs
is also directly influenced by the reaction time, with both
the quantity and size of particles increasing proportionally
with time.?*3 Herein, morphological evaluations by SEM
analysis did not show significant differences between
uncoated and Ag-coated textiles, even at high magnifica-
tions (Supplemental Figure S1). Furthermore, EDX analy-
sis (not shown) failed at identifying the presence of
elemental silver in both types of textiles. Probably the rela-
tively short reaction time (only 30s in AgNO, solution)
employed during the electroless silver plating has been
insufficient to allow AgNPs formation. Similarly, in a previ-
ous work, AgNPs were detected only through transmission
electron microscopy, whereas SEM analysis only revealed a
change in surface roughness.?’ To prove this hypothesis, we
increased the coating time of samples. Indeed, we demon-
strated that, by extending the reaction time in AgNO, to 2, 6
and 24h, AgNPs formed both on cotton (Supplemental
Figure S2) and polyester (Supplemental Figure S3).

Contrary to EDX, XPS analysis detected the presence
of silver. The different amount of Ag species, 0.9 at. % and
2.0 at. %, respectively, for cotton and polyester samples
could be possibly ascribed to a difference in the original
surface roughness of the two fabrics, which has an influ-
ence and plays a significant role in the final use of the tex-
tile itself. At the same time, the periodic variations in the
surface morphology of the fabric, due to the regular woven
patterns of the yarns, cause a respective variation in the
geometric roughness measurement. According to Siilar
et al.’s*! extensive work on cotton and polyester woven
fabrics roughness and frictional properties, cotton textiles
(either plain or twill weaves) show an average lower value
of surface roughness compared to polyester ones. Thus, an
average higher degree of roughness is expected to provide
more anchoring points in which our Ag species can be
accommodated.? Moreover, this may be linked also to the
interaction of the substrate with water. Indeed, cotton is
naturally hydrophilic thanks to the abundance of hydroxyl
groups, whereas polyester is usually a hydrophobic mate-
rial, although the polyester fabric used in this study is
hydrophilic due to the weave structure and low density that
allow fast water penetration.’> The electroless deposition
of silver on the textiles significantly changed the original
wettability of samples; the more hydrophobic behavior
observed for treated fabrics can be attributed to the pres-
ence of silver'® and to the increased surface roughness of
the fibers, as observed by SEM.?%33

Compared to other studies, these results confirmed that
we were able to obtain Ag-coated textiles through the elec-
troless deposition by employing fewer steps, reagents, and
shorter reaction times. Indeed, Jiang et al.'® employed four
main steps to coat cotton and polyester textiles: (i) cleaning

with a detergent, (ii) sensitization with SnCl,, (iii) plating
process in a AgNO, and glucose solution and (iv) washing
with water. In another work, electromagnetic interference
shielding and antibacterial cotton textiles were fabricated
by Riaz et al. with a multiple step approach.* First cotton
was dip-coated several times in a PEDOT:PSS solution
along with polyethylene glycol and a silane crosslinking
agent. Then, after PSS removal, sensitization and activation
steps with SnCl, and AgNO, were applied, and finally cop-
per and silver layers were applied by electroless deposi-
tion. Although good antibacterial efficacy against S. aureus
was obtained, the reaction time for the electroless deposi-
tion processes was longer than 2h. Similarly, Liu et al.
proposed a silver functionalized cotton material for smart
wearable equipment using a combination of polymer brush
grafting and electroless deposition, with an optimal electroless
deposition time of 20 min.

The primary aim of our study was to produce antimi-
crobial and biocompatible coatings for healthcare settings,
within a short reaction time and at room temperature,
regardless of the formation of distinct AgNPs. However,
many studies on antimicrobial textiles, or antimicrobial
coatings in general, lack of biocompatibility evalua-
tions.”1213:18.29.30 Dye to the contact of many fabrics with
human skin, the biocompatibility of the Ag nano-finished
fabrics was studied either with 1L.929, or HaCaT cells,
which are the principal cell type of the epidermis (~80%).
Results from indirect contact tests demonstrated that both
fabrics are highly biocompatible. Compared to the
uncoated samples, the antimicrobial Ag coating on either
fabric did not significantly decrease cell viabilities, which
remained around 80% for both cell types.

As already reported, various textiles coated with silver
possess high antibacterial properties, even though they
require long time (usually 24 h) to exert their action.!%18.2-33

On the contrary, the electroless silver plating process
used in this work allows to obtain an efficient antibacterial
Ag coating even on such different textiles, as cotton and
polyester, that both exerted their action in very short con-
tact times (from 30 to 120 min). Nevertheless, the antibac-
terial efficiency of Ag-coated polyester samples is higher
than the Ag-coated cotton ones. This is probably due to the
double amount of Ag,0 on the polyester surface with
respect to the cotton one, as from XPS results. In fact, it
was observed that the antibacterial activity increases with
the Ag dosage deposited on fibers.> Ag-coated textiles
showed great antiviral properties against SARS-CoV-2 and
FCV. Both these viruses are transmitted mainly by airborne
particles or respiratory droplets and are highly contagious.
In particular, Ag-coated polyester achieved 100% SARS-
CoV-2 inhibition after 60 min of contact, while the com-
plete defeat of the virus with Ag-coated cotton was
achieved even faster, after only 30 min of contact. With
the human norovirus surrogate, FCV, both functionalized
textiles have a faster and more effective virucidal
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response, halving the viral load after less than 5Smin. On
the contrary, other antimicrobial textiles functionalized
with silver fail to reach a complete inhibition of the virus,
even with longer contact times,'"!> while Kumar et al.?®
presented comparable results at 30 min of contact with
SARS-CoV-2.

The synergic effect of Ag intrinsic antimicrobial prop-
erties and modified surface characteristics (greater rough-
ness and hydrophobicity) are responsible for efficient
textiles antimicrobial activity. In particular, the increased
roughness results in an increased contact area with the
antimicrobial agent while its hydrophobicity inhibits bac-
terial/virus adherence.?

Finally, this functionalization method not only allows
to confer bactericidal and virucidal activity to cotton and
polyester, but also guarantees the preservation of textile
functional properties, such as differential pressure.

Conclusions

The electroless silver plating is an autocatalytic process
that can be employed to functionalize textile materials,
providing antibacterial and antiviral activity. The protocol
designed in this work offers a rapid, effective, and con-
venient process in terms of reactants and equipment to coat
cotton and polyester textiles.

The silver coatings changed the surface roughness of
fibers and increased the hydrophobic behavior of both the
textiles, and they did not affect the differential pressure
parameters. Ag-coated cotton and polyester also demon-
strated optimal biological properties, such as high biocom-
patibility with murine L929 fibroblasts or human HaCaT
cells, and fast antibacterial activity against £. coli from
5min of contact. Notably, these coatings applied on cotton
or polyester inhibited SARS-CoV-2 and FCV viruses,
achieving 100% viral reduction in about 60 or 30 min of
contact, respectively. The chemical binding, stability, stor-
age conditions, and resistance to washing of the coating
could be further investigated to confirm the durability of
the antimicrobial properties for commercial long-term
applications.

Acknowledgements

The authors wish to thank Dr. Vassili Fotis for his private dona-
tion which allowed the purchasing of SEM microscope employed
in this study.

Authors contribution

Conceptualization: IVF and PL; Methodology: IVF, MC, AP,
GG, ACav TAK, PM, AR, MS, and ACat; Data curation: IVF,
MC, AP, GG, ACav, and PM; Writing—original draft: IVF, MC,
AP, GG, and ACav; Writing—review and editing: IVF, MC, AP,
GG, ACav, MP, and PL; Supervision: PL; Funding acquisition:
GS and PL. All authors have read and agreed to the published
version of the manuscript.

Data availability

All data generated or analyzed during this study are included in
this published article.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
The study was financially supported by STOP-VIRUS project.
This research project is funded by Tuscany Region through the
“Programma Attuativo Regionale” financed by FSC and through
MUR FAR funds.

ORCID iD

Aida Cavallo (/27 https://orcid.org/0000-0003-0196-9297

Supplemental material

Supplemental material for this article is available online.

References

1. TanasaF, Teaca C-A, Nechifor M, et al. Highly specialized
textiles with antimicrobial functionality—advances and
challenges. Textiles 2023; 3: 219-245.

2. Gulati R, Sharma S and Sharma RK. Antimicrobial textile:
recent developments and functional perspective. Polym Bull
2022;79: 5747-5771.

3. Mitchell A, Spencer M and Edmiston C. Role ofhealthcareapparel
and other healthcare textiles in the transmission of pathogens: a
review of the literature. J Hosp Infect 2015; 90: 285-292.

4. Zhang Y, Fan W, Sun Y, et al. Application of antiviral
materials in textiles: a review. Nanotechnol Rev 2021; 10:
1092-1115.

5. Meda US, Soundarya VG, Madhu H, et al. Nano-engineered
textiles: development and applications. Mater Sci Eng B
2023; 296: 116636.

6. Silva GA. Introduction to nanotechnology and its applica-
tions to medicine. Surg Neurol 2004; 61: 216-220.

7. Wang H, Wang J, Hong J, et al. Preparation and characteri-
zation of silver nanocomposite textile. J Coatings Technol
Res 2007; 4: 101-106.

8. Cui J, Wan M, Wang Z, et al. Preparation of PAN/Si02/
CTAB electrospun nanofibrous membranes for highly effi-
cient air filtration and sterilization. Sep Purif Technol 2023;
321:124270.

9. Lee HJ, Yeo SY and Jeong SH. Antibacterial effect of nano-
sized silver colloidal solution on textile fabrics. J Mater Sci
2003; 38: 2199-2204.

10. WuY, Yang Y, Zhang Z, et al. Fabrication of cotton fabrics
with durable antibacterial activities finishing by Ag nano-
particles. Text Res J 2019; 89: 867-880.

11. Asmat-Campos D, de Oca-Vasquez GM, Nazario-Naveda
R, et al. Biogenic production of silver, zinc oxide, and
cuprous oxide nanoparticles, and their impregnation into


https://orcid.org/0000-0003-0196-9297

Ferrari et al.

12.

14.

15.

16.

17.

19.

20.

21.

22.

23.

textiles with antiviral activity against SARS-CoV-2. Sci Rep
2023; 13: 1-12.

Vigneshwaran N, Kathe AA, Varadarajan PV, et al.
Functional finishing of cotton fabrics using silver nanopar-
ticles. J Nanosci Nanotechnol 2007; 7: 1893—-1897.

Islam MT, Mamun MAA, Hasan MT, et al. Scalable coat-
ing process of AgNPs-silicone on cotton fabric for devel-
oping hydrophobic and antimicrobial properties. J Coatings
Technol Res 2021; 18: 887—-898.

Ribeiro Al Shvalya V, Cvelbar U, et al. Stabilization of sil-
ver nanoparticles on polyester fabric using organo-matrices
for controlled antimicrobial performance. Polymers (Basel)
2022; 14: 1138.

Ferrari IV, Giuntoli G, Pisani A, et al. One-step silver coat-
ing of polypropylene surgical mask with antibacterial and
antiviral properties. Heliyon 2024; 10: ¢23196.

Muench F. Electroless plating of metal nanomaterials.
ChemElectroChem 2021; 8: 2993-3012.

Jana A, Roy S, Bose GK, et al. Electroless coating on non-
conductive materials: a review. In: Bose GK and Roy S (eds.)
Advanced surface coating techniques for modern industrial
applications. Hershey, PA: 1GI Global, 2020, pp. 188-208.
Jiang SQ, Newton E, Yuen CWM, et al. Chemical silver
plating on cotton and polyester fabrics and its application on
fabric design. Text Res J 2006; 76: 57—65.

International Organisation for Standard (ISO). ISO 10993-
5: 2009 biological evaluation of medical devices. Part 5:
tests for in vitro cytotoxicity.

Quaranta P, Lottini G, Chesi G, et al. DDX3 inhibitors show anti-
viral activity against positive-sense single-stranded RNA viruses
but not against negative-sense single-stranded RNA viruses: the
coxsackie B model. Antiviral Res 2020; 178: 104750.

Foffa I, Losi P, Quaranta P, et al. A copper nanoparticles-
based polymeric spray coating: nanoshield against Sars-
Cov-2. J Appl Biomater Funct Mater 2022; 20: 1-6.
Romano A, Sangermano M, Rossegger E, et al. Hybrid silica
micro-particles with light-responsive surface properties and
Janus-like character. Polym Chem 2021; 12: 3925-3938.
Gaarenstroom SW and Winograd N. Initial and final state
effects in the ESCA spectra of cadmium and silver oxides. J
Chem Phys 1977; 67: 3500-3506.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ju W, Zeng J, Bejtka K, et al. Sn-decorated Cu for selective
electrochemical CO2 to CO conversion: precision architec-
ture beyond composition design. ACS Appl Energy Mater
2019; 2: 867-872.

Perera S, Bhushan B, Bandara R, et al. Morphological, anti-
microbial, durability, and physical properties of untreated
and treated textiles using silver-nanoparticles. Colloids Surf
A Physicochem Eng Asp 2013; 436: 975-989.

Wei X and Roper DK. Tin sensitization for electroless plat-
ing review. J Electrochem Soc 2014; 161: D235-D242.

Liu C, Li X, Li X, et al. Preparation of conductive polyester
fibers using continuous two-step plating silver. Materials
(Basel) 2018; 11: 2033.

Babaahmadi V, Montazer M, Toliyat T, et al. Photochemical
reduction of silver nitrate to nano silver using stannous
chloride, CTAB and daylight irradiation. Nanomater App!
Prop 2011; 1: 183-190.

Kumar A, Nath K, Parekh Y, et al. Antimicrobial silver nan-
oparticle-photodeposited fabrics for SARS-CoV-2 destruc-
tion. Colloid Interface Sci Commun 2021; 45: 100542.
Milosevi¢ M, Radoi¢ié¢ M, Saponji¢ Z, et al. In situ gen-
eration of Ag nanoparticles on polyester fabrics by photore-
duction using TiO2 nanoparticles. J Mater Sci 2013; 48:
5447-5455.

Siilara V, Oner E and Okur A. Roughness and frictional
properties of cotton and polyester woven fabrics. Indian J
Fibre Text Res 2013; 38: 349-356.

Akamatsu K, Ikeda S and Nawafune H. Site-selective direct
silver metallization on surface-modified polyimide layers.
Langmuir 2003; 19: 10366-10371.

Jiang SX, Qin WF, Guo RH, et al. Surface functionaliza-
tion of nanostructured silver-coated polyester fabric by
magnetron sputtering. Surf Coatings Technol 2010; 204:
3662-3667.

Riaz S, Naz S, Younus A, et al. Layer by layer deposition
of PEDOT, silver and copper to develop durable, flexible,
and EMI shielding and antibacterial textiles. Colloids Surf A
Physicochem Eng Asp 2022; 650: 129486.

Liu C, Liao D, Ma F, et al. Enhanced conductivity and anti-
bacterial behavior of cotton via the electroless deposition of
silver. Molecules 2021; 26: 4731.



