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Abstract

This study aims to develop a reduced graphene oxide (RGO)-silver nanoparticles (AgNPs) coating on the cotton fabric (CT)
surface using photoreduction with a hydrothermal process and evaluate the antibacterial activity in a sweat environment.
An ureolytic bacterium of Bacillus subtilis (HM475276) was used to generate ammonia from synthetic urine. RGO-AgNPs
were synthesized on the CT surface using a moderate dosage of 1% silver ammonium complex. The analytical study reveals
that spherical-shaped AgNPs of 10-50 nm size were uniformly anchored throughout the RGO sheet on the CT, further sup-
ported by X-ray photoelectron spectroscopic analysis (XPS). X-ray powder diffraction (XRD) and Energy-dispersive X-ray
absorption spectroscopy (EDAX) elemental mapping confirmed Ag/AgCl formation on CT treated with sweat. The sustained
release of Ag* ions from the treated CT in the sweat solution was assessed by atomic absorption spectroscopy (AAS) and
ranged from 2 to 8 ppm, correlated with antibacterial activity. The agar diffusion and solution suspension method to dem-
onstrate the combat bacterial species were greater on RGO-AgNPs-CT than sweat-treated CT due to the suppression of Ag*
ion release caused by the deposition of Ag/AgCl. Hence, sweat-treated RGO-AgNPs-CT proved to have higher inactivation
activity (45 min) than sweat-treated AgNPs-CT (60 min) due to the RGO-Ag/AgCl serving photocatalyst influencing hydroxyl
radical (OH’) formation under sunlight. The RGO-AgNPs-CT has confirmed that it retains antibacterial activity after passing
the laundry durability test. Together, the results showed an opportunity for improved functional fabrics that are exceptional
at combating bacterial pathogens and holding up well to laundry durability tests.
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The cotton fabric (CT) has been primarily used in the medi-
cal environment for wound dressing and controlling bacterial
infection from vulnerable atmospheric conditions [1]. The
polymeric cellulose structure of CT renders excellent mois-
ture adsorption and O, distribution properties due to free
space between the fiber cloth, which allows air to circulate
and move freely through the material [2]. Cotton materials
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are primarily in contact with the skin's surface to absorb
sweat and body temperature [2]. These features allow bac-
teria to adhere to the CT surface, developing a biofilm that
causes unpleasant odours, stain removal, fabric deteriora-
tion, and even physical discomfort such as skin allergies and
disease [2]. As a result, manufacturing antibacterial cotton
fabric is considered in medical textile finishing and a clever
way to restrict the spread of bacterial infection after a wound
healing treatment. The antibacterial behaviour of the fabric
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surface was prepared by including various nanomaterials
such as Ag, Cu/CuO, TiO,, and ZnO [3-5]. Many efforts
have been made to investigate the application of AgNPs
to different textile materials [6—8]. Recent advances in the
ideal synthesis of AgNPs were made on the fabric surface
from silver ammonium complex using the mild-hydrother-
mal method [9-11]. Aside from these methods, biologi-
cal activated ammonia was produced from synthetic urine
using ureolytic bacterium and synthesized AgNPs on the
hydroxyapatite particle surface to prevent bacterial attach-
ment and proliferation as described in previous studies [12].
Several investigators have focused on biologically synthe-
sized AgNPs nanoparticles due to the cost-effective and eco-
friendly approach [13, 14]. Biological processes synthesized
various morphology of AgNPs by using plant extracts, fungi,
and bacterial species and then decorated the fabric surface
to improve antibacterial activity [14].

The cumulative release of Ag* ion from AgNPs-coated
CT and its interaction with the bacterial cell membrane
by electrostatic forces leads to cell death [15, 16]. Various
mechanisms for the mode of action of AgNPs involved in
the antibacterial activity of several bacterial species have
been proposed [17, 18]. The influence of varied physico-
chemical features of AgNPs on their interaction with chlo-
ride, sulphate, and phosphate ions in biological media was
apparent as the subsequent change of dissolution level of
Ag? ions from AgNPs surface predicate the antibacterial
activity pathways [19, 20]. The existing reports only address
the stability of AgNPs on CT in sweat solution, which is
relevant to the antibacterial activity investigated [21-23].
Changes in the crystal phase and morphology of AgNPs on
the fabric surface triggered by C1™ ion from sweat solution
in a wet environment and their antimicrobial action have not
been explored. Our preliminary work synthesized AgNPs
on fabric by adopting organic polymers as functional group
intermediates, facilitating Ag* ion release towards antibacte-
rial activity [8]. For instance, achieving the rapid adherence
of AgNPs to fabric surfaces has proven to be challenging for
the progress of textile finishing. The graphene sheet is an
appropriate support material for nanoparticle (NPs) loading;
AgNPs placed onto the graphene sheet decreased particle
aggregation, facilitated nanomaterial stability, combated
pathogens, and hindered bacterial cell adhesion [24-27].
The graphene-coated fabric has been investigated for vari-
ous biomedical applications, including antibacterial activity,
dressing, hydrogel, coating on an electronic device for health
monitoring, and protection against bacterial infections and
viruses [24-27].

In the present study, we demonstrated a facile bio-
approach combined with photoreduction and a hydrothermal
synthesis of AgNPs on the RGO sheet at the interface of
the CT to investigate antibacterial activity with and with-
out a sweat environment. The C1™ ions absorption on the
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treated CT in sweat solution and silver chloride (AgCl) for-
mation were analyzed by UV-visible spectroscopy, XRD,
EDAX elemental mapping, Field emission-scanning electron
microscopy (FE-SEM), and Transmission electron micros-
copy (TEM). AAS was used to explore the cumulative Ag*
ion release from sweat-treated and untreated CT, and influ-
ences on antibacterial activity were elucidated. Moreover,
a comparison study on the antibacterial activity of sweat-
treated and untreated fabric samples against Escherichia coli
(E. coli), Staphylococcus aureus (S. aureus), and Bacillus
subtilis 5B (B. subtilis 5B) was conducted. In addition, the
photoinactivation performance of the sweat-treated RGO-
AgNPs-CT against E.coli bacterium was performed, and its
correlation with sunlight intensity has been discussed.

Materials and methods

Preparation of RGO-AgNPs wrap on the fabric
surface

The modified Hummers method [28] generated graphene
oxide sheets (GO) from graphite flakes. For the present
study, cotton fabric (woven) was used, and it was 100%
cotton with natural colour. The supporting information
describes the preparation of biologically activated ammo-
nia from synthetic urine using B. subtilis (HM475276),
enrichment of bacterial culture, pH measurement, and esti-
mation of ammonium content (S1). In this study, 10 ml of
GO solution (2 mg/ml) was mixed with 90 ml of Milli-Q
and ultrasonically dispersed for 2 h. The CT sample was
pieced into 5.0 10.0 cm? after cleaning. The CT sample
was immersed in GO solution for 60 min while being gently
shaken at 50 rpm. The finished fabric is known as a GO-
coated fabric sample (GO-CT). The 1% silver ammonium
complex was made up of biologically activated ammonia
and AgNO;. For 15 min, the GO-CT sample was immersed
in a 1% silver ammonium complex solution. Following
that, the photoreactor medium (GO and silver ammonium
complex) with CT samples were exposed to light irradia-
tion for 10 min using solar simulators (Class AAA solar
simulator Science tech—Canada) at maximum light inten-
sity (1,00,000 Lux). The photo-treated cotton fabric samples
were forceps-up collected from the medium and rinsed with
Milli-Q water to remove the residues. Afterwards, the fabric
was poured into a Teflon-lined stainless steel autoclave and
heated for 1 h at 80 °C and 8 h at 120 °C. The fabric samples
were dried overnight in a vacuum oven at 60 °C. A similar
method was used to develop RGO-AgNPs without fabric.
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Characterization of RGO-AgNPs coated with fabric

The crystal phase analysis of the tested fabric sample
was performed using an XRD, the D§-ADVANCE PXRD
(BRUKER). The surface morphology of the bare and
treated CT samples was studied using FE-SEM with a Carl
Zeiss SUPRA 55 VP. The weight loss of plain and treated
CT by TA Instruments SDT Q600 from room temperature
to 800 °C at a heating rate of 5 °C/min in the presence
of air. A Varian spectrophotometer was used to record
the UV-visible absorption spectra of both cotton fabrics
(before and after treated samples) at 200—800 nm.

Treatment of sweat in RGO-AgNPs coated with fabric

Sweat solution was made according to ISO 3160-2 stand-
ards (20 g/L NaCl, 17.5 g/L NH,OH, 5 g/L acetic acid,
and 15 g/L lactic acid) [22]. CT samples, both treated
and untreated, were kept moist for 30 min by adding 2 ml
of sweat solution drop by drop to the fabric surface. The
CT samples were gently air-dried after sweat treatment.
Sweat-bare-CT, sweat-GO-CT, sweat-AgNPs-CT, and
sweat-RGO-AgNPs-CT samples were noted. The CT sam-
ples regarding interface changes in the C1~ ion adsorption
from sweat solution by employing EDAX (Bruker).

In addition, 500 mg of synthesized AgNPs and RGO-
AgNPs samples (without fabric) were kept wet for 1 h
using 2 ml of sweat solution. The entire sample medium
was centrifuged at 10,000 rpm for 30 min to obtain precipi-
tate and gently dried in a vacuum oven at 60 °C. Transmis-
sion Electron Microscopy (TEM), Techai 20G2-FEI, with
an acceleration voltage of 200 kV, was used to examine
the nature of particle morphology after dispersing 1 mg
of precipitate sample in 20 ml of water using an ultra-
sonicator for 15 min. The crystal phase transformations of
these materials were studied using XRD (D8-ADVANCE
PXRD (BRUKER)). An EPR study was also carried
out to investigate (OH’) generation from sweat-treated
RGO-AgNPs-CT. The sample was tested in the dark for
15 min and immersed in 10 ml of 0.2 M 5,5-dimethyl-
1-pyrroline N-oxide (DMPO) solution. Thus, the entire
medium, including the tested CT, was exposed to sunlight
for 15 min after the medium was analyzed using electron
paramagnetic resonance spectroscopy (EPR) [28].

Swelling studies

Tested fabrics were immersed in Milli-Q water and sweat solu-
tion at 37 °C for swelling measurements. The fabric materials
were removed from the medium at appropriate intervals and
spread with filter paper to remove excess water before being

weighed. Equation (1) was used to calculate the swelling ratio

Q) [29]:
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where W, is the sample weight at time ¢, and W, is the initial
weight of the CT sample.

Cumulative releases of Ag* ion from treated fabric

AAS (Thermo scientific model iCE 3000 series) was used to
determine the release of Ag* ions from treated fabric samples
(AgNPs-CT, RGO-AgNPs-CT, sweat-AgNPs-CT, and sweat-
RGO-AgNPs-CT). The CT sample (2x2 cm?) was immersed
in 25 ml of 0.1 M phosphate buffer pH (7.0) at 37 °C with gen-
tle shaking. The 1 ml test sample solution was taken at regular
intervals (6, 12, 24, 48, and 72 h) and digested for 30 min
with 1 ml of 20% supra nitric acid. The digested solution was
subjected to an AAS analysis.

Laundering durability tests

The fabric samples were 50 mm X 150 mm (2.0% 6.0 in.), and
the tested fabric was immersed in a washing solution contain-
ing 0.15% w/w local commercial detergent. The samples were
stirred mechanically and kept at 50+ 5 °C for 15 min. The fab-
rics were then gently squeezed and rinsed with deionized water
[30]. The amount of silver on the fabric and its antibacterial
activity on the washed fabric was also performed.

Antibacterial activities

Bare and treated fabric samples were evaluated for antibacte-
rial activity using bacterial species viz E. coli, S. aureus and
cellulose-degrading bacterium of B. subtilis 5B, personal gift
by Santhanam et al. [31]. This bacillus bacterium was found
to have active cellulase enzyme activity and isolated from
waste cotton fabrics sludge. The preparations of bacterial
cultures and fabric samples were evaluated for antibacterial
activity by agar diffusion, and the solution suspension method
was followed by Dhandapani et al. [32]. In addition, the pho-
toinactivation of sweat-treated CT samples was compared to
that of untreated CT samples [33]. The photoinactivation of
the experimental setup and sample preparation are provided
in supporting information (Fig. S2).
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Results and discussion
Preparation of biologically activated ammonia

Ureolytic bacterium of B. subtilis (HM475276) was iden-
tified for ammonia production from urea-based broth and
synthetic urine medium using urease enzyme. As previ-
ously reported [28, 33, 34], this bacterium can produce
more ammonia from synthetic urine medium. The bio-
logical activated ammonia was used for synthesized pho-
tocatalyst material of RGO-ZnO nanorod composites and
ZnO micro flower to remove the dye and bacterial species
under sunlight [28, 33]. S3 depicts the variation of ammo-
nium content in a synthetic urine medium with a B. sub-
tilis (HM475276) at regular intervals. In synthetic urine
systems, a maximum pH of 10.2 has been noticed in the
presence of B. subtilis. In comparison, the control system
showed no significant change in medium pH. As shown in
S3, the production of biologically activated ammonia in
synthetic urine medium was estimated at various intervals,
and the maximum of biologically activated ammonia was
found to be 20,000 ppm. Biologically activated ammo-
nia was used in the photoreduction method to synthesize
AgNPs on RGO sheet at the fabric interface.

Morphology observation

Figure 1 depicts FE-SEM images of bare-CT, GO-CT,
AgNPs-CT, and RGO-AgNPs-CT. The sample of plain
fabric illustrates uniform, neat plain-spun structures with a
smooth surface (Fig. 1a). The adsorbed GO sheets on fabric
surfaces are shown in Fig. 1b, where the shrinking nature of
the cover can be seen. AgNPs with a spherical shape range
of 20-50 nm were aggregated and uniformly adhered to
CT (Fig. 1c). As shown in Fig. 1d, the photochemical and
mild-hydrothermal methods were used to form RGO-AgNPs
composite effectively cover the surface with fabric. Further-
more, an enlarged image shows the thick deposition of NPs
with RGO sheets on fibres (Fig. 1d). Compared to AgNPs
treated on fabric; the RGO sheet provides a platform for the
AgNPs ligands. The present results are supported by diffuse
reflectance UV-visible spectra, which were then converted
into absorption spectra of bare-CT, GO-CT, AgNPs-CT and
RGO-AgNPs-CT (Fig. S4). It was displayed that a strong
absorption band at 410 nm can be attributed to AgNPs sur-
face plasmon resonance (Fig. S4) [12]. This absorption band
was absent on the bare and GO-CT. The UV-visible spectra
demonstrated that AgNPs are well deposited on the fabric
surface by photoreduction. As a result, the absorption band
on the RGO-AgNPs fabric sample was significantly higher
than on the AgNPs-CT (Fig. S4). In addition, UV-visible

Fig. 1 FE-SEM images of the a bare-CT, b GO-CT, ¢ AgNPs-CT, and d RGO-AgNPs-CT. Insets in the enlarged view of FE-SEM image
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Fig.2 a UV-visible absorption spectra from time-dependent photoreduction of Ag* ion into AgNPs on the GO sheet surface by solar simulators

illumination time and b, ¢ TEM images of the RGO-AgNPs

spectroscopy and TEM were used to thoroughly characterize
the photoreduction of Ag* ions into AgNPs on the GO sheet
surface (without fabric). UV-visible absorption spectra from
time-dependent photoreduction of Ag* ion into AgNPs on
the GO sheet surface using solar simulators are shown in
Fig. 2a. Under dark conditions, none of the absorption peaks
on the GO-[Ag(NH3)2]2+ were observed. The formation of
AgNPs from GO-[Ag(NH3)2]2+ was attributed to the slight
elevation of absorption spectra at 425 nm when exposed
to solar simulator light. The maximum absorption band
was quietly increased from 30 to 90 s of irradiation time
(Fig. 2a). The solar simulator light is adequate for photore-
duction of Ag* ions into AgNPs on the GO sheet surface at
short periods [35]. This sample was also used in the hydro-
thermal method to analyze the size and shape of AgNPs on
the RGO sheet using TEM and revealed the transparency and
wrinkles in the RGO sheet (Fig. 2b) which can be provided
to the platform of AgNPs formation during the photoreduc-
tion method. AgNPs are typically spherically shaped, with
an average diameter of 10 to 50 nm. In addition, as noticed, a
small nanorod and a few spherical particles were attracted to
another particle (Fig. 2¢). Most particles were separated and
anchored on the RGO sheet with flat deposition by the pho-
toreduction process and then the hydrothermal method [35].
Furthermore, the NPs were aggregated, and the formation
of AgNPs was increased on the RGO sheet edges compared
to the midpoint region since GO functional groups are more
active on the surface of the border than in the interior region,
according to the modified hummers method.

XRD

As shown in Fig. 3, the X-ray diffraction patterns were
obtained from bare-CT, AgNPs-CT, GO-CT, and RGO-
AgNPs-CT. Diffraction peaks of bare-CT were observed at
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Fig.3 XRD patterns of the a bare-CT, b AgNPs-CT, ¢ GO-CT, and d
RGO-AgNPs-CT

26 values of 14.64°, 16.51°,22.31°, and 34.08°, respectively
[36]. A comparable XRD pattern was noticed in GO-CT
(Fig. 3a, c). Furthermore, the diffraction peak at 38.5° cor-
responds to the face of the centre cubic phase of Ag (111),
which corresponds to JCPDs nos. 89-1397. A low peak sig-
nal at a 26 value of 38.5° was obtained after treating fabrics
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with AgNPs and RGO-AgNPs, indicating a lower weight
fraction of silver in the fabric surface (Fig. 3b, d). Besides,
the fabric sample had an undetectable oxidized silver crystal
phase. It demonstrates that AgNPs are effectively synthe-
sized on the RGO sheet at the fabric surface by photoreduc-
tion followed by a mild-hydrothermal process.

XPS

XPS investigated the binding energy of Cls and Ag3d in the
RGO-AgNPs-CT and GO samples. The Cls XPS spectrum
of GO at 280-292 eV in Fig. 4a showed the characteristic
peaks of C-C, C-OH, C-O-C, C=0, and O—-C=0, which
can be attributed to the presence of epoxy, hydroxyl, and
carbonyl groups, respectively [37]. According to Fig. 4b, the
RGO-AgNPs-CT sample significantly decreased the inten-
sity of Cls related to oxygenated functional groups (C—O-H
and C—0O-C). The photoreduction process, followed by a
mild-hydrothermal method, confirmed that it removed most
of the epoxide, hydroxyl, and carbonyl functional groups.
The presence of two binding energies for Ag3d in the RGO-
AgNPs sample, 368.1 and 374.1 eV, with a 6.0 eV differ-
ence, proved metallic silver formation [37]. The difference
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in the binding energies is about 6.0 eV, attributed to the
electron transfer between AgNPs and RGO.

TGA

TGA was used to characterize the thermal properties of bare-
CT, AgNPs-CT, GO-CT, and RGO-AgNPs-CT, as shown in
Fig. 4d. The elimination of adsorbed moisture content from
the fabric surface resulted in a preliminary weight loss of
1.4% at 84.94 °C for the plain fabric. A significant portion
of weight loss in the fabric was observed with a temperature
rise from 311.73 °C to 498.00 °C due to thermal degrada-
tion. Furthermore, the weight loss plot was relatively high.
The decomposition of carbon material from GO and RGO
occurred on the GO-CT, and RGO-AgNPs-CT samples at
temperatures ranging from 361.25 to 520.00 °C [38]. TGA
spectra show that the AgNPs on RGO and the plain cot-
ton fabric contributed 8.9% and 4.5% of the final weight,
respectively. Furthermore, the presence of RGO increased
the residue content on the RGO-AgNPs treated fabric com-
pared to the bare-CT, AgNPs-CT, and GO-CT samples due
to the RGO sheet providing a platform for the AgNPs ligands
on the fabric surface.
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Fig.4 XPS spectra of the a Cls of GO, b Cls of RGO-AgNPs-CT, ¢ Ag3d of RGO-AgNPs-CT, and d TGA spectra of the bare-CT, AgNPs-CT,

GO-CT, RGO-AgNPs-CT
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RGO sheets were used as the AgNPs and fabric interface
layer in this study. The GO sheet is physically adsorbent
to the fabric surface. [Ag(NH3)2]2Jr ion affinity fabric and
GO sheet surfaces such as hydroxyl, epoxide, carbonyl,
and carboxyl groups by electrostatic interaction [35, 39].
This electrostatic fixation area depends on the loading/for-
mation of silver nanocrystals on the GO sheet at the fabric
surface. Direct light reduced the [Ag(NH3)2]2+ complex to
the formation of the silver nanocrystal [35, 39]. Thus, pho-
toreduction occurred on GO sheets with the cotton fabric
surface, resulting in stable GO-AgNPs nanocomposites. XPS
analysis confirms the formation of RGO-AgNPs from the
GO—[Ag(NH3)2]2+ ion complex via photoreduction followed
by the hydrothermal method. TGA and diffuse reflectance
UV-visible spectra revealed an increase in silver loading on
the RGO-AgNPs treated fabric. This finding supports the
observation made by Golsheikh et al. [40].

Sweat interference study

The antibacterial properties of nanomaterials incorporated
into the CT samples were applied to the mildly injured skin
surface for long-term protection from bacterial infections
until tissue regeneration or tissue repair on the skin. How-
ever, the release of AgNPs on cotton fabric is affected by
free CI™ ions and temperature [22, 23]. A substantial amount
of NaCl is present in sweat [23]. This study exposed treated
fabric to sweat for 1 h to investigate the silver dissolution
rate, EDAX-Elemental mapping, intermediated changes
in crystal phase, and particle morphology using XRD and
TEM. The durability test was performed on washing cycles
to correlate with antibacterial activity.

The swelling tests for bare and treated fabric samples
were performed from Milli-Q water and sweat solution at
various time intervals, as shown in Fig. 5a. The swelling
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Fig.5 a Swelling tests for bare and treated cotton fabric samples
were carried out from Milli-Q water and sweat solution at various
time intervals, and b cumulative releasing of Ag*® ion profiles from

rates of the bare-CT, GO-CT, AgNPs-CT, and RGO-AgNPs-
CT were lower in the Milli-Q water than in the sweat solu-
tion. The swelling rate of bare-CT was 5.2 after 1 min of
contact with sweat solution and expanded to about 5.5 after
60 min. The swelling ratios of GO-CT, AgNPs-CT, and
RGO-AgNPs-CT were found to be 6.7, 8.0, and 6.9, respec-
tively. It can be due to the water feasting and C1™ ion adsorp-
tion on the surface of the cotton fabric by AgNPs. As a result
of the RGO sheet's presence, the swelling rate is moderate.

Figure 5b depicts the cumulative release of Ag* ion pro-
files from AgNPs-CT, RGO-AgNPs-CT, sweat-AgNPs-CT,
sweat-RGO-AgNPs-CT samples under solution suspended
conditions at various time intervals. The original silver con-
tent of fabric samples treated with AgNPs and RGO-AgNPs
was 8.0 and 14.5 ppm, respectively. The AgNPs-CT sample
showed a gradual increase in Ag* ion release at 72 h inter-
vals (4.0 ppm). At 72 h, an RGO-AgNPs-C sample released
7.5 ppm of Ag* ion (Fig. 5b). During sweat treatment of the
fabric sample, the Ag" ion was released at around 2 (Sweat-
AgNPs-CT) and 2.5 ppm (Sweat-RGO-AgNPs-CT). Sweat
solution affects the rate at which AgNPs dissolve from
treated fabric in this study. Levard et al. [21] observed a
higher rate of silver dissolution in the presence of NaCl
at 0.1 M during a solution suspension study. The kinetic
model was also developed based on the silver dissolution
rate in environmental water stimulation [21]. In the present
study, the silver dissolution rate on the tested AgNPs and
RGO-AgNPs fabric in sweat solution were lower in the wet
condition due to the formation of AgCl on the fabric; sweat
reduces the dissolution rate of Ag* ions [22].

Figure 6 shows EDAX-Elemental mapping for sweat-
AgNPs-CT and sweat-RGO-AgNPs-CT, which correspond
to the contrast distribution of the C, O, Ag, and Cl elements.
According to the elemental mapping, the sweat-treated fab-
ric surface uniformly absorbed the CI element. Besides, Cl

—&— AgNPs-CT
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AgNPs-CT, RGO-AgNPs-CT, Sweat AgNPs-CT, and Sweat-RGO-
AgNPs-CT under aqueous solution suspended conditions at different
time intervals
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Fig.6 EDAX-Elemental mapping of a sweat-AgNPs-CT and b sweat-RGO-AgNPs-CT

element mapping of AgNPs and RGO-AgNPs treated fab-
ric sample has better colour contrast with an Ag element
(Fig. 6a, b), indicating more C1~ ion interaction with a
sweat-RGO-AgNPs-CT sample corresponding to Ag/AgCl
formation. Furthermore, owing to the vast space between the
cotton thread matrix and the absorbed CI™ ion content from
sweat solution [19, 22], the fabric can increase the dissolved
oxygen from the air. These two conditions favour the forma-
tion of Ag/AgCl on the fabric surface [22].

Furthermore, RGO was loaded onto the fabric with a low
concentration of AgNPs. It is unable to investigate changes
in the crystal phase and particle shape in sweat solution. As
a result, we performed comparable experiments for sweat
interaction with nanomaterials (AgNPs and RGO-AgNPs)
for 1 h in a wet environment without fabric. XRD pattern
of RGO-AgNPs with and without sweat treated as shown in
Fig. S5. The relative intensity of Ag was slight changes on
the sweat-RGO-AgNPs sample compared to RGO-AgNPs.
In addition, diffraction peaks of sweat-RGO-AgNPs were
observed at 20 values of 27.82°, 32.24°, 46.21°, 54.94°,
and 57.61°, respectively, attributed to the lattice planes of
(111), (200), (220), (311), and (222), which are the related
cubic lattice of AgCl (JCPDS no. 31-1238). XRD pattern
confirmed the Ag/AgCl crystal phase formation on sweat-
RGO-AgNPs compared to RGO-AgNPs. This significance
was visualized as the particle morphology changed from
spherical to cubic shape (Fig. S6) with increasing particle
size distribution from 100 to 350 nm, thus compared with
Milli-Q water treated sample. The presence of Cl™ ions as
a significant portion in sweat solution involved the primary
contribution of Ag/AgCl formation [22, 23]. According to
the earlier report [19-22], the material transition of Ag/AgCl
from AgNPs depends on the presence of Cl™ ions, dissolved
oxygen, the size and shape of AgNPs, naturally occurring
organic matter, and the medium pH. Furthermore, the sweat-
RGO-AgNPs-CT sample was subjected to EPR spectroscopy
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in the presence of 0.2 M DMPO solution with sunlight expo-
sure compared to the dark conditions (Fig. S7). The four
distinct peaks were associated with OH' radicals generation
from sweat-RGO-AgNPs-CT under sunlight illumination
after 15 min (Fig. S7). However, the dark condition of the
sample was exhibited by the absence of four distinct peaks
on the EPR spectra. These findings agreed with previous
research on the photocatalytic behaviour of RGO-Ag/AgCl
nanomaterials [41, 42]. The sweat-RGO-AgNPs-CT sample
has a greater potential of generating OH' radicals in response
to sunlight exposure, which can help with the photoinac-
tivation of bacterial growth and prevent the formation of
biofilms.

Antibacterial activity

Antibacterial activity of bare-CT, GO-CT, AgNPs-CT,
RGO-AgNPs-CT, ST-bare-CT, ST-GO-CT, ST-AgNPs-CT,
and ST-RGO-AgNPs-CT samples against E. coli, S. aureus,
and B. subtilis 5B was examined by the agar diffusion
method and solution suspension studies. The present results
have been tabulated and presented in Table 1 AgNPs treated

Table 1 Antibacterial activity of treated and untreated cotton fabric
samples by agar diffusion method

S.no. Fabric samples Antibacterial inhibition zone (mm)
E. coli S. aureus  B. subtilis 5B

1 Bare-CT - - -

2 GO-CT - - -

3 AgNPs-CT 64+02 32+0.1 2.1+0.1

4 RGO-AgNPs-CT 45+02 2.8+0.1 2.0+0.1

5 ST-GO-CT - - -

6 ST-AgNPs-CT 30+0.1 20+0.1 1.0+0.1

7 ST-RGO-AgNPs-CT 3.5+0.1 1.2+0.1 1.0+0.1
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fabric sample formed a significantly larger inhibition zone
than RGO-AgNPs-CT and GO-CT due to the dependence
upon the release of Ag* ions [20, 21]. S. aureus has a smaller
area of inhibition than E. coli [32]. Furthermore, we noticed
that the treated fabric samples have excellent antibacterial
activity against the cellulose-degrading bacterium B. subti-
lis 5B. Antibacterial agar diffusion studies revealed the fol-
lowing pattern: AgNPs-CT>RGO-AgNPs-CT>ST-AgNPs-
CT>ST-RGO-AgNPs-CT>ST-GO-CT>GO-CT. Besides,
while treating sweat, the antibacterial inhibition zone was
lower when compared to without sweat (Table 1). For the
antibacterial activity studied by solution suspension stud-
ies (Fig. 7), RGO-AgNPs-CT exhibited the highest reduc-
tion of bacterial survival rate when compared to AgNPs-CT
and GO-CT against the bacterial species E. coli (12 h), S.
aureus (24 h), and B. subtilis 5B (24 h), respectively. The
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reduction of bacterial survival rate of ST-RGO-AgNPs-
CT, ST-AgNPs-CT, and ST-GO-CT was lower than RGO-
AgNPs-CT, AgNPs-CT, and GO-CT, respectively. The
formation of an Ag/AgCl bridge inhibits the antibacterial
activity reported by Chambers et al. [43]. The antibacterial
solution suspension studies revealed the following trend:
RGO-AgNPs-CT>ST-RGO-AgNPs-CT>AgNPs-CT>ST-
AgNPs-CT>ST-GO-CT>GO-CT.

Since RGO-AgNPs-CT and ST-RGO-AgNPs-CT have
excellent antibacterial activity in solution suspension, we
used them to photoinactivation the E. coli bacterium under
sunlight. XRD spectra and FE-SEM images confirmed
the material transformation of Ag/AgCl on the ST-RGO-
AgNPs-CT fabric by the effect of sweat. According to the
present study, sweat environment changes in the material
transformation of RGO-Ag/AgCI-CT to perform admirably
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Fig.7 Antibacterial activity of tested cotton fabric samples under solution suspension condition against E. coli, S. aureus, and B. subtilis 5B
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in sunlight and are appropriate for biomedical textile tech-
nology. The Ag/AgCl nanomaterial has a high potential for
generating OH' radicals under the influence of sunlight,
which can be used to degrade a wide range of organic pol-
lutants [44, 45]. Several researchers have focused on the
Ag/AgCl composite to eliminate bacterial species from
contaminated water under illumination [46, 47]. The falling
bacterial survival rate on the photoreactor medium during
the photocatalytic experiment in the presence of a tested
fabric under sunlight at various time intervals (Fig. 8). The
bacterial survival rate was entirely reduced after 45 min of
sunlight exposure. This observation confirmed the decrease
in bacterial survival rate caused by the generation of OH’
radicals from the RGO-Ag/AgCl particle surface on the
fabric [41]. After 60 min in darkness, a sustained bacte-
rial survival rate was noticed. The results demonstrated that
ST-RGO-AgNPs-CT have excellent antibacterial properties
compared to RGO-AgNPs-CT. In addition, a Lux meter was
also used to measure and record sunlight intensity during
photocatalytic experiments at regular time intervals (Fig.
S8). The profile of sunlight intensity fluctuation is caused by
cloudy interference at the geographical location site (where
that place operated photocatalytic experiment). The total
viable bacterial count method confirmed that increasing the
intensity of sunlight corresponds to gradually decreasing the
bacterial survival rate (Fig. S8). After 45 min of exposure to
sunlight, none of the bacterial colonies enrichment on the
petri plate. As a result, the effect of sunlight intensity is criti-
cal in the generation of OH" from the RGO-Ag/AgCl over-
coated fabric surface [41, 44]. Furthermore, sweat-treated
RGO-AgNPs-CT was used to capture the epi-fluorescent
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Fig.8 E. coli bacterium survival rate on the sweat-treated RGO-
AgNPs and AgNPs fabric under sunlight exposure time for 60 min
at solution suspension condition and compared to the dark condition
were, respectively
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microscopic features of E. coli cells at regular intervals (Fig.
S9). Living cells are green, while dead cells are red. In the
dark, it represents green-stained living bacteria cells. The
disintegration of E. coli cells in the photocatalytic reactor
was noticeable after 45 min of exposure to sunlight, as indi-
cated by the red colour. This finding could be elucidated
by the fact that the contact distance between sweat-treated
RGO-AgNPs-CT and E. coli cells influences reactive oxygen
radical species in the presence of sunlight [32, 33]. EPR
findings also support the present investigation.

It is possible to explain the photoinactivation of E. coli
bacterium survival rate by ST-RGO-AgNPs on the fabric
surface under sunlight. The fabric sample was exposed to
sunlight, followed by Ag/AgCl on the RGO sheet as an
active photocatalyst [44, 45]. Light-harvesting of the vis-
ible light region by Ag/AgCl particles from the natural
abundance of sunlight [44] and RGO nanosheet capable of
electron—hole separation. Visible light excites the Ag/AgCl
NPs surface, and this coherent oscillation of electrons pro-
duces and reacts with water molecules to produce hydroxyl
radicals [45]. Furthermore, photoexcited electrons from Ag/
AgCl NPs were transferred to the surface of the RGO sheet.
These electrons have the potential to react with dissolved
oxygen, producing reactive oxygen species [44, 45]. These
radicals are involved in the cleavage of E. coli cells, result-
ing in a decrease in bacterial survival rate over time inter-
vals [46, 47]. The entire photocatalytic process was carried
out on the surface of the cotton fabric under sunlight. The
production of OH' radicals may be affected by the concen-
tration of RGO-Ag/AgCl on the cotton fabric as a result of
Ag/AgCl acting as a trigger on visible light absorption and
being accelerated by photoexcited electron—hole pairs. As
a result, Ag/AgCl particles are found on the cotton fabric
and nearby E. coli cells. Xia et al. reported that synthe-
sized Ag/AgCl on the RGO material surface achieved the
inactivation of E. coli bacterium cells (2.0 x 10’ CFU/ml)
within 25 min of visible light (9.3 mW/cm?) via Ag™ ions
and reactive oxygen species [48]. Cheikhrouhou et al. dem-
onstrated that cotton fabrics decorated with Ag/AgClI had
higher inactivation of E. coli and S. aureus (1.5x 10’ CFU/
ml) after 15 min of 100 W Xenon lamp exposure than Ag/
AgBr due to efficient generation of reactive oxygen species
[49]. From that discussion, ST-RGO-AgNPs cotton fabric
could be an effective photocatalyst for deactivating E.coli
bacterium (6.4 x 10° CFU/ml) at 45 min by photocatalytic
effect. The present study examined the interaction between
bacterial cells and a graphene-based photocatalyst coated on
fabric to understand photoinactivation mechanisms.

The textile finishing considered the material stabil-
ity on the cotton fabric surface. In this study, the AgNPs
wiped out on the treated cotton fabric by sweat solution
and washed cycles with local detergent were investigated.
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Fig.9 Antibacterial activity of tested fabric samples versus number
of washing cycles

As a result, we participated in numerous washing cycles
on the cotton fabric sample to determine the amount of
silver content and antibacterial activity after 5 and 10th
washes in liquid detergent, as shown in Fig. 9. Sweat-
treated and untreated fabric samples both had a minimum
survival rate of 12-24 h. However, there is a significant
variation in bacterial survival rate during the first 0-12 h
due to fabric interacting with bacterial cells or the silver
ion releasing factor, as noted in the solution suspension
study. There is a significant loss of silver loading con-
tent between 3 and 4 ppm after 5 and 10th times repeated
washing of fabric sample with AgNPs in the presence of
sweat treated compared to untreated sample (1 and 3 ppm).
After the 10th washes, the silver loss from RGO-AgNPs
was 2 ppm (Fig. 9). Despite this, the sweat-treated RGO-
AgNPs fabric sample demonstrated excellent retention in
bacterial survival reduction with lower silver dissolution
at the 10th cycle of laundry durability tests when com-
pared to the sweat-treated AgNPs fabric sample due to
the presence of Ag/AgCl on the fabric and less interaction
with NPs during the washing process [23]. The presence
of RGO is favourable in the wrapping with fabric sur-
face with improved AgNPs loading and material stability
from laundry durability tests. Besides, sweat environment
changes in the material transformation of RGO-Ag/AgCl-
CT were developed as a perfect photocatalyst for eliminat-
ing contaminated bacterial species via OH radicals. The
present results can aid with antibacterial testing of fabric
samples that come into touch with the skin and influence
the sweat environment. In addition, graphene coating on
cloth or an electronic gadget for health monitoring with an
antibacterial surface protects against bacterial infections.

Conclusions

In the present work, the RGO-AgNPs on the fabric surfaces
were prepared by facile bio-approach combined with pho-
toreduction and hydrothermal technique, and the antibacte-
rial activity examined sweat interference with and without
treated cotton fabric samples. The formation of RGO from
the reduction process of GO during the hydrothermal reac-
tion was described in XPS. FE-SEM revealed the forma-
tion of AgNPs (10-50 nm) on the RGO sheet with CT. In
addition, UV-visible spectra and TEM images confirmed
the formation of AgNPs on RGO sheets. The TGA shows
that CT treated with RGO-AgNPs had more silver (8%)
than AgNPs-CT due to the RGO sheet providing a more
platform for the AgNPs ligands. The results of the XRD,
EDAX elemental mapping, and AAS revealed that sweat
solution promoted the formation of Ag/AgCl on the fabric
and suppressed the release of Ag® ions from treated CT.
Compared to the agar diffusion method, the RGO-AgNPs-
CT has excellent antibacterial activity in the solution sus-
pension. However, sweat interference treated cotton fabric
has reduced antibacterial activity against E. coli, S. aureus,
and B. subtilis 5B due to Ag/AgCl developments on the CT.
Furthermore, the RGO-Ag/AgCl has a perfect photocatalyst
for eliminating E. coli via OH radicals. According to the
present study, fabric samples treated with RGO-Ag/AgCl
by sweat to perform admirably in sunlight and are appropri-
ate for biomedical textile technology. In addition, further
study is also required to explore the biocompatibility and
antimicrobial surface of graphene-coated fabrics, as well as
the development of health monitoring devices, which should
be a focus of future research.
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