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From energy storage to pathogen eradication: unveiling the
antibacterial and antiviral capacities of flexible solid-state
carbon cloth supercapacitors

Exploiting its stored electrical charge, the supercapacitor
effectively disinfects bacteria and neutralizes viruses upon
surface contact, achieving remarkable reductions of 6-log
CFU for Escherichia coli and 5-log PFU for HSV-1 herpes
virus.
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With the emergence of deadly viral and bacterial infections, preventing the spread of microorganisms on
surfaces has gained ever-increasing importance. This study investigates the potential of solid-state
supercapacitors as antibacterial and antiviral devices. We developed a low-cost and flexible carbon cloth
supercapacitor (CCSC) with highly efficient antibacterial and antiviral surface properties. The CCSC
comprised two parallel layers of carbon cloth (CC) electrodes assembled in a symmetric, electrical
double-layer supercapacitor structure that can be charged at low potentials between 1 to 2 V. The
optimized CCSC exhibited a capacitance of 4.15 + 0.3 mF cm™2 at a scan rate of 100 mV s7%, high-rate
capability (83% retention of capacitance at 100 mV s~ compared to its value at 5 mV s73), and excellent
electrochemical stability (97% retention of the initial capacitance after 1000 cycles). Moreover, the CCSC
demonstrated outstanding flexibility and retained its full capacitance even when bent at high angles,
making it suitable for wearable or flexible devices. Using its stored electrical charge, the charged CCSC
disinfects bacteria effectively and neutralizes viruses upon surface contact with the positive and negative
electrodes. The charged CCSC device yielded a 6-log CFU reduction of Escherichia coli bacterial
inocula and a 5-log PFU reduction of HSV-1 herpes virus. Antibacterial and antiviral carbon cloth
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textiles and electronic skins, health monitoring or motion sensors, wound dressings, personal protective
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Introduction

Infectious viruses and bacteria threaten human health globally by
causing acute and chronic infectious diseases."” The ongoing
worldwide COVID pandemic has increased the demand for materi-
als with active antibacterial and antiviral properties for various
applications.>™ Therefore, developing a new generation of
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antibacterial and antiviral platforms with a wide range of activity
and sustained effectiveness has gained extensive interest.”®
Nanocarbon materials, such as single-walled and multi-walled
carbon nanotubes (CNTs), fullerenes and graphene materials, have
demonstrated antibacterial activities and gained interest as
affordable and low-toxicity materials.*” "> However, their appli-
cation as biomedical agents is in its infancy compared to other
antimicrobial nano-sized materials, such as silver, zinc and
copper nanoparticles.”**™*® The antibacterial effect of these
nanocarbon materials depends on their physicochemical and
structural properties, including diameter, sharpness of the
edges, surface functionality and electronic structure.” "’
Several antibacterial mechanisms have been suggested for
nanocarbon materials, including membrane puncturing and
destabilization, oxidative stress and wrapping.>'® On the other
hand, large-size carbon materials, such as carbon fibers, are
cheaper, easier to manufacture and more suitable for wearable
or flexible devices, however, they do not have inherent anti-
bacterial properties.>'® It has been shown that the electron
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transfer between these conductive carbon materials and bacteria
could be conveniently used as an effective strategy to disrupt the
bacterial respiration system and cell membrane.'">*

Several research studies have reported that a weak, low-
voltage electric field can inactivate bacteria and destabilize
viruses through different mechanisms, including electroporation
and production of reactive oxygen species (ROS)."***** Some of
these studies have shown that positively and negatively charged
surfaces and particles can damage bacterial death by interacting
with the cell walls and destroying the cytoplasmic membrane
leading to the leakage of intracellular components.'>?*?%9 It
has been reported that nanomaterial surface modification based
on charge (polarity and magnitude) shows a virucidal effect
by disturbing the surface potential of viral particles and distorting
the viral capsid via van der Waals and electrostatic
interactions.’*%*' Applying an external low-voltage potential to
different materials such as laser-induced graphene (LIG),>**>*
sulfur-doped LIG electrodes,® graphene-coated non-woven air
filters,®> Cu foam electrodes*® and Co;0, nanowires®” have been
reported to kill bacteria and viruses. As an example, Ghatak, et al.*
have shown that a weak electric field (0.5 V) generated by an
electroceutical fabric can disrupt the infectivity of coronavirus
upon contact by destabilizing the electrokinetic properties of the
virion. However, a limitation of this method is that the fabric
needs to be wetted by an aqueous electrolyte or bodily fluids to
generate the electrical field. The same electric field is found to be
disruptive against different bacteria and biofilms and suitable for
preventing wound infections.”>*>®

It has also recently been discovered that capacitive materials
can deactivate bacteria after being charged in the presence of a
direct or alternating current (DC, AC).>*” Such materials can
sustain their antibacterial and antiviral properties after the
withdrawal of the power supply by discharging the stored
charge.>*”° Wang, et al.> have developed carbon-doped titania
nanotubes with tunable capacitance, which exhibited a sus-
tained antibacterial effect after withdrawal of the power supply
in a bacterial suspension. In our previous study, we developed
laser-scribed graphene (LSG) electrodes that could be charged in
a saline solution with a low constant potential of 1-2 V.** These
capacitive electrodes have been shown to exhibit sustained
antibacterial and antiviral properties after being unplugged from
10 minutes of charging in an aqueous electrolyte. Our research
showed a direct relationship between the capacitance and the
antibacterial and antiviral properties of the LSG electrodes.**

All the studies mentioned so far share a common drawback:
the requirement for an aqueous electrolyte during the charging
process of capacitive surfaces, which limits their potential
applications. In this study, we aimed to overcome this limitation
by investigating the potential of a solid-state symmetric super-
capacitor that eliminates the need for a liquid electrolyte. As a
result, our study introduces new properties and applications for
the extensively studied technology of supercapacitors by exploring
their antibacterial and antiviral capabilities. We proposed a new
concept of antibacterial and antiviral supercapacitors and devel-
oped symmetric electrical double-layer supercapacitors compris-
ing two parallel layers of carbon cloth (CC) electrodes, a solid
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polymer electrolyte and a separator. The electrochemical charac-
teristics of the carbon cloth (CC) electrodes and carbon cloth
solid-state supercapacitor (CCSC) and their capacitance-related
antibacterial and antiviral properties were studied. Recent
advances in flexible and self-healing supercapacitors have primarily
focused on developing new materials and designs, such as gra-
phene, conducting polymers, and hydrogels.**** These materials
offer improved energy storage capabilities and mechanical
flexibility.** In addition, innovative approaches like nanocomposite
films and 3D printing techniques have been utilized to create
flexible electrode structures that exhibit enhanced conductivity and
stability.*>*® These significant advancements have paved the way
for the development of flexible supercapacitors, which are poised to
revolutionize next-generation wearable electronics and flexible
energy storage applications.”” Moreover, the incorporation of anti-
bacterial properties into such technologies has the potential
to unlock a wide range of diverse applications. To the best of
our knowledge, there has been no study reported before on the
antibacterial and antiviral properties of a solid-state supercapacitor
material. This technology can be considered a new generation of
environmentally friendly antibacterial and antiviral platforms that
provides a broad range of sustainable biocidal activities with lower
power requirements. Innovations in the design of supercapacitors,
such as adding antibacterial and antiviral features, can lead to
numerous applications in wearable electronics, biomedical appli-
cations and e-skin devices for health monitoring and infection

prevention.'*®

Experimental section

Materials

Poly(vinyl alcohol), M, 146000-186000, 99+% hydrolyzed, was
purchased from Sigma-Aldrich (New Zealand). Glycerol and sodium
chloride (NaCl, Analytical Reagents Grade (AR)) were purchased
from ECP limited. Carbon cloth ELAT - Hydrophilic Plain Cloth
(Woven Carbon Fiber) was purchased from the Fuel Cell Store. The
bacterial strain, Escherichia coli ATCC 25922, was purchased from
the American Type Culture Collection through Cryosite, Australia.
Bacterial growth media Difco Cation-Adjusted Mueller Hinton
Broth (MHB) and Agar (MHA) were purchased from Fort Richard
(Auckland). Tween 80 was purchased from Sigma. Vero cells were
from ATCC CCL-81, and HSV-1 virus was provided from Westmead
Institute for medical research, NSW, Australia. Cell growth media
Gibco Dulbecco’s Modified Eagle Medium (DMEM), Gibco Fetal
Bovine Serum (FBS), and 1x penicillin-streptomycin (PS) were
purchased from Thermo Fischer. Carboxymethyl cellulose (Sigma-
Aldrich) was used for cell overlay. All reagents and materials were
used without further purification. All aqueous solutions were
prepared using deionized water (Milli-Q, 18.2 MQ cm). Phosphate
buffer solution (PBS) and other chemicals in this study were of
analytical grade and were used as supplied.

Preparation of solid polymer electrolyte

Solid electrolytes are more stable than liquid electrolytes and
can be more practical for the multilayer design of antibacterial

J. Mater. Chem. B, 2023, 11, 8170-8181 | 8171


https://doi.org/10.1039/d3tb01085f

Published on 28 June 2023. Downloaded on 11/7/2025 5:28:24 PM.

Journal of Materials Chemistry B

and antiviral supercapacitors. Therefore, a polyvinyl alcohol
(PVA) hydrogel with a neutral salt (NaCl) was selected here as a
‘green’ material for the polymer electrolyte. PVA (4.0 g) was
dissolved in 60 mL of distilled water in a flask under stirring at
95 °C and mixing (500 rpm) for 2 h until it completely dissolved
and formed a jelly-like solution. The calculated amount of NacCl
was dissolved in 15 mL of distilled water. Glycerol and the
dissolved NaCl were added to the PVA solution under stirring
(500 rpm) at 90 °C. The optimized solid polymer electrolyte
composition consisted of PVA, NaCl, and glycerol in a weight
ratio of 1:0.8:1. The bubbles were removed from the solution by
5 min ultrasonication. The obtained PVA/glycerol/NaCl solution
was allowed to cool down and stored at room temperature.

Assembly of symmetrical CC supercapacitor

We selected a CC material that consists of uniform-size carbon
fibers in a woven porous structure. Two pieces of CC, with a
dimension of 1 x 3 cm, were cut and used as positive and negative
electrodes. The as-prepared CC pieces and a piece of filter paper
were immersed in the prepared gel electrolyte, consisting of PVA,
NaCl, glycerol and water, for 3 minutes to allow soaking of the
electrolyte into the porous structure of the CC. The electrodes were
assembled according to the scheme in Fig. 1 with an active super-
capacitor working area of 2.5 cm® consisting of two CC electrodes
(anode and cathode), sandwiching PVA/glycerol/NaCl polymer elec-
trolyte and a filter paper as a separator. The assembled super-
capacitor device was dried at room temperature for 24 h, affording
a solid-state carbon cloth supercapacitor (CCSC).

Characterization

Scanning electron microscopy (SEM) was conducted using a FEI
Phillips XL30 S-FEG instrument. Cyclic voltammetry (CV) mea-
surements were conducted in a three-electrode setup, with the
CC (2 cm?® dimension and an active surface area of 4 cm?” since
both sides of CC take part in the electrochemistry) as the
working electrode, in the saline solution (0.9% w/v sodium
chloride solution) at room temperature, using a PalmSense4
Potentiostat. A platinum wire was used as a counter electrode
and Ag/AgCl in 3 M KCl as a reference electrode (0.210 V vs.
SHE). Resistance and conductivity of CC electrodes was mea-
sured using a four-point probe conductivity meter (Janel RM2),
taking an average of 5 points per electrode. The electrodes’
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water contact angle (WCA) measurements were determined by
imaging a droplet of deionized water on the surfaces using a
CAM100 KSV setup. The images were analyzed by CAM100 KSV
software in an auto-calculation mode.

The carbon cloth solid-state supercapacitor’s electrochemical
performance was investigated by CV and galvanostatic charge-
discharge (GCD) experiments in a two-electrode setup. The CV
measurements were undertaken over different potential ranges at
different scan rates from 1 to 1000 mV s~ . The GCD curves were
measured in the potential range of 0 to +1 V at current densities of
0.027 mA cm™” to 1.33 mA ecm >, The cycling performance was
tested by CV sweeps at a scan rate of 100 mV s~ * for 1000 cycles in
a potential range of 0 to 1 V.

The areal specific capacitance of the CCSC device was
calculated from the CV curves obtained at different scan rates
in the potential window of 0 to +1 V. Areal capacitance of the
electrodes, as a function of the scan rate, was calculated
according to eqn (1)*%:

Cn = ﬁ(]zw)w) (1)

where C, is the areal capacitance, A (cm?) is the nominal area of
the electrode, AU is the potential window, S is the scan rate,
and I(U) is the current of the discharge curve integrated with
respect to the potential U.

Preparation and charging of electrodes prior to antibacterial
and antiviral testing

A non-antimicrobial polyimide (PI) sheet was cut into 1 x 1 cm?
squares and used as control samples. The samples were ster-
ilized by sequential 1 minute immersions in 100%, 70%, and
100% ethanol before air drying in a biological safety cabinet
before use. The CC samples were charged at either +1.5 or
—1.5 V vs. Ag/AgCl reference electrode for 10 min in saline
solution (0.9% NacCl in water) in a three-electrode setup with a
platinum wire as the counter electrode and an Ag/AgCl refer-
ence electrode. The charged and noncharged samples were
unplugged, and CC samples were removed from the saline
solution and dried. The CCSCs were charged at either +1.5 or
—1.5 V for 10 min in a two-electrode setup, using a portable
PalmSense Potentiostat.

Carbon cloth supercapacitor (CCSC)

Cathode (-)

Anodce (+)

Fig. 1 Schematic illustration of the assembling process of the flexible, solid-state symmetric carbon cloth supercapacitor (CCSC) devices.
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Antimicrobial properties of the CC and CCSC

The antimicrobial properties of CC and CCSC were tested against
E. coli using a modified version of the Japanese Industrial Standard
(JIS 2801:2010) assay.”® 10 mL bacterial overnight suspension
containing 10° colony-forming units (CFU) mL ™' of E. coli was
prepared in MHB medium at 37 °C and then were diluted into
saline to a concentration of approximately 10° CFU mL ™.

10 pL of the test inoculum (approximately 10° CFU) was
inoculated to the surface of each sample. All the samples were
incubated for 1 h. After incubation, the samples were placed
into a sterile centrifuge tube with 10 mL of MHB broth +1% v/v
tween 80. The tubes were vortexed vigorously every 5 min to
release the viable bacteria remaining on the samples to the
wash solution. The obtained wash solution has been used for
live/dead bacteria imaging and bacterial enumeration. The
surviving cells were enumerated as colony-forming units (CFUs)
by (a) plating 100 pL aliquots of the wash solution onto Mueller
Hinton agar (MHA); (b) plating 100 pL of a mixture of 10 uL
wash solution diluted with 990 pL sterile saline solution; and
(c) pour plates of the remaining wash solution (approximately
10 mL) mixed with 10 mL molten (55 °C) MHA. Surviving cells
were enumerated as CFUs on the MHA plates with 10-300
colonies after incubation at 37 °C for 24 to 48 h.

SEM and live/dead bacteria staining imaging

The bacteria solution containing 10” CFU of E. coli was added onto
the noncharged and charged CCSCs and these were incubated in
the dark at 37 °C for 1 h. The samples were then immersed in 2.5%
glutaraldehyde overnight and treated with gradient alcohol (10, 30,
50, 70, 90 and 100%) for 10 min each and dried. The samples were
then put on a specimen stage prior and coated with platinum for
60 s (thickness 10 nm). Images of the bacteria were obtained using
a Hitachi SU-70 scanning electron microscope (SEM).

For live/dead staining imaging, a combination of Syto9 and
PI stains was prepared by adding 1 pL of each dye into 1 mL of
saline solution. 10 pL of wash solution was mixed with 10 pL of
dye mix and then deposited on a slide and kept in the dark for
15 minutes prior to the imaging. The live/dead bacteria ima-
ging was performed using a Zeiss Axio Imager M2 fluorescence
microscope. The bacteria stained with SYTO-9 (green) were
imaged using a GFP filter, and dead bacteria stained with PI
(red) were imaged using a Texas Red filter.

Antiviral properties against HSV-1

The antiviral activity of carbon cloth solid-state capacitors
(CCSC) subjected to different charging voltages was assessed
against herpes virus HSV-1 which is a double-stranded DNA
virus used as a surrogate for SARS-CoV-2.%"

10 pL of virus stock containing 2 x 10’ plaque-forming units
(PFU) was applied to one side of the CCSC and left for 20 min.
Samples were then immersed in 2 mL of growth media (DMEM
with 10% FBS) and vortexed every 5 min for 30 min before
CCSC samples were removed and liquid samples were stored at
—80 °C prior to plaque and qPCR assays. Viral titre was
measured by a plaque assay after infection of Vero cells with

This journal is © The Royal Society of Chemistry 2023
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serial dilution of the samples.>” Briefly, 300 uL of 10-fold serial
dilutions of virus-containing samples were applied to Vero cells
grown in 12 well culture dishes. The virus inoculum was
removed after 2 h, and the cells were overlaid gently with 1 mL
DMEM containing 10% FBS and 0.25% methylcellulose. Plates
were incubated for 2 days when the medium was removed, and
plaques were stained with 0.1% crystal violet (in 20% methanol).

Quantitative polymerase chain reaction (qPCR)

Viral DNA was recovered from 1/10th of the wash solutions using
Zymo Research Quick-DNA 96 Kkit. Viral genome copy number
in each sample was assessed by qPCR using primers specific
for HSV-1 ICP47 (forward 5-TCGTGCACGGCGGTTCTG-3’ and
reverse’-ACCTTCCTGGACACCATGCG-3'), as described by Garvey,
et al.>® The specificity of amplification was confirmed by melting
curve analysis. For each PCR, the cycle threshold (C;) corres-
ponding to the cycle where the amplification curve crossed the
baseline was determined.

Statistical analysis

GraphPad Prism (GraphPad Software) v8.0 was used for statis-
tical analyses. Statistical analysis between multiple groups was
performed using one-way analysis of variance (ANOVA), and the
significant differences were assessed by Duncan’s multiple range
test (at p < 0.05). The data are reported as means + standard
deviations (SD). Statistical analysis for biological assays was
performed using GraphPad Prism v8.0.2 software, and the
results are reported as the means with range.

Results and discussion
Electrochemical characterization of CC electrodes and CCSCs

Fig. 2A-D depicts surface SEM images of carbon cloth electrodes
taken before and after the gel polymer electrolyte was cast.

The CCSCs devices were assembled as depicted in Fig. 1 and
optimized (details provided in ESIt). The cyclic voltammetry
characterization of CC electrodes (Fig. 3A) and CCSC device
(Fig. 3B) was undertaken in the potential range of 0 to 1 V (at a
scan rate of 100 mV s~ ). The CC showed a low areal capaci-
tance of 0.75 + 0.06 mF em™ >, which is in agreement with the
reported areal capacitance value for a commercial carbon
cloth.?® The electrical conductivity and sheet resistance of CC
electrodes were about 79 + 11 Sem * and 1 + 0.39 Q cm ™%,
respectively. The semi-rectangular CV shape of the CC with no
faradaic redox peaks suggests that the current is mainly due to
electric double-layer capacitance (EDLC) (Fig. 34).>*">

Notably, recent reports have shown that porous carbon
materials, including unmodified carbon cloth, have relatively
low energy density and specific capacitance, making them
unsuitable for high-energy electronic devices.**° To enhance
the specific capacitance of these materials, various methods
have been employed, such as coating with pseudocapacitive
materials like transition metal oxides and conductive polymers,
or activating the carbon through thermal, acid, electrochemical,
or plasma treatments.*>*”">° However, the objective of our current

J. Mater. Chem. B, 2023, 11, 8170-8181 | 8173


https://doi.org/10.1039/d3tb01085f

Published on 28 June 2023. Downloaded on 11/7/2025 5:28:24 PM.

Journal of Materials Chemistry B

View Article Online

Paper

Fig. 2 (A and B) SEM micrographs of ELAT hydrophilic carbon cloth at different magnifications; (C and D) SEM micrographs of assembled CCSC surface;
the water contact angle of: (E) CC, (F) positive side of CCSC and (G) negative side of CCSC.

study was not to achieve high capacitance, but rather to demon-
strate that porous carbon materials can exhibit sufficient capaci-
tance for the disinfection of harmful bacteria and viruses. To
achieve this, we chose to use unmodified carbon cloth as our
material of choice, due to its simple preparation method.

CV curves of the CCSC were collected under various bending
and twisting conditions at a scan rate of 100 mV s~ " (Fig. 3B),
demonstrating the flexibility and bendability of the CCSC. Such
properties are desirable for flexible and wearable electronic
device applications,”®**®" and the results here suggest possible
uses of the fabricated CCSC in such applications. Fig. 3C displays
the CV profile of CCSCs at the scan rate of 100 mV s ' and over
different potential windows. The CV profiles of CCSCs showed
nice symmetrical rectangular shapes with no prominent redox
peaks within the potential window of —1 to 1.3 V (Fig. 3C). The
edge of the CV shape was elongated, or the current curved upward
when the potential window was increased to more than 1.3 V,
which could be attributed to the generation of oxidizing species,
such as hydroxyl radicals, and CO-type surface groups, such as the
incorporation of carbonyl or quinone surface group (Fig. 3C).®>*
The rectangular CV curves of CCSC within the wide potential

8174 | J Mater. Chem. B, 2023, 11, 8170-8181

window of —1 to 1.3 V showed that the device has good charge
storage and high-power capability (Fig. 3C). The results show
that the areal capacitance of the CCSCs increased by extending
the potential window (Fig. S.2E, ESIf). The areal capacitance
of the CCSCs increased by 54% from 4.2 + 0.2 mF cm 2 in the
potential window of 0 to +1 V to 6.4 + 0.4 mF cm™ 2 in the potential
window of 0 to +2 V (Fig. S.2E, ESIf). The increase in the
capacitance could be attributed to the generation of CO-type sur-
face groups upon anodic polarization and wettability improvement
of carbon surface due to the incorporation of oxygenated groups,
also supported by the WCA measurements (Fig. 2E-G).*>** A lower
WCA indicates a higher contact area between the surface of the
electrode and the aqueous solutions, which could result in a faster
charge conveyance.®® The WCA results showed that the average
water contact angle of the CC electrodes was 63.19°, and the CCSCS
showed better wettability and a lower contact angle (Fig. 2E-G).
The CV profile of the CCSCs device, in the scan rate range of
2-500 mV s~ ', was collected in the potential window from 0 to
1V (Fig. 3D). All CV curves retained their symmetrical rectangular
shape at all scan rates, indicating the excellent double-layer
capacitive performance, low contact resistance and high-power

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) CV curves of CC electrodes (surface area of 1.5 cm?) in a three-electrode setup in saline solution (0.9 wt% NaCl) at a scan rate of 100 mV s™%;

(B) CV curves of CCSCs under different bent and twisted conditions at a scan

rate of 100 mV s, (C) CV curves of CCSCs at a scan rate of 100 mV s~ 2, in

different potential windows. (D) CV curves of the CCSC under scan rates in the range of 2—500 mV s~ within the potential window of 0 to 1 V. (E). The
average areal capacitance of CCSC as a function of scan rate (n = 3). (F) Galvanostatic charge—discharge (GCD) analysis of CCSC in the potential range of
0 to +1 V. (G) Percentage of average areal capacitance retention of CCSCs as a function of cycle number, along with the CV scans at the scan rate of
100 mV s~ in the potential window from 0 to +1V (n = 3). (H) Choroamperograms (CA) of a CC electrode and the CCSCs device by applying constant
potentials of +1, +1.5 and +2 V for 10 min, (I) open-circuit potential (OCP) of the CCSCs for 5 h after being charged with constant potentials of +1, +1.5

and +2 V.

capability of the CCSCs. The average areal capacitance of
CCSCs, calculated from CV curves, as a function of the scan
rate, is shown in Fig. 3E, calculated from the CV curves shown
in Fig. 3D. Capacitance retention at higher scan rates is desir-
able for supercapacitors in various applications.’>”®® The results
showed that the areal capacitance of CCSCs gradually
decreased with the increase in the scan rate. Such decrease is
related to diffusion limitations of electrolyte in pores of elec-
trode material.>**”®*® However, 83% of the areal capacitance
calculated from the CV obtained at the scan rate of 5 mV s™*
was preserved at the scan rate of 100 mV s~ ', indicating a good
high-rate capability of the CCSCs (Fig. 3E).

This journal is © The Royal Society of Chemistry 2023

Furthermore, galvanostatic charge-discharge (GCD) tests
were carried out in the positive potential range from 0 to +1 V,
at various current densities (Fig. 3F). The GCD profile of CCSC
showed symmetrical triangular shapes, indicating excellent
device capacitive performance, fast and reversible charge/dis-
charge performance, and good cycling stability (Fig. 3F). No IR
drop was recorded for the discharge curves, implying negligible
resistance, excellent electrochemical reversibility, and high con-
ductivity for the CCSCs electrodes (Fig. 3F). Fig. 3G displays the
excellent long-term electrochemical cycling stability of the
CCSCs, with CCSCs exhibiting 97% retention of the initial areal
capacitance after 1000 cycles.
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The CC electrodes and the CCSCs were charged by applying
different constant potentials for 10 min. In chronoamperome-
try mode (Fig. 3H), different constant potentials of +1, +1.5, and
+2 V were applied, and the currents were recorded for 10 mins.
The current drop showed an approximately exponential behavior
indicating the charging characteristics of double-layer capacitors.
The current densities for all samples dropped rapidly initially,
reached the steady-state within about 20 s, and remained at the
steady-state currents for the duration of the experiment (Fig. 3H).
As double-layer charging occurs fast, the ongoing and declining
current at steady-state might be due to the background carbon
oxidation (faradaic processes), and at higher potentials to electro-
lyte oxidation and generation of chlorine species.®® It was also
observed that with the increase in charging potential, the curves
and the steady-state currents move up without much change in
the shape of the curves (Fig. 3H). Integrating the I-t curves
provides the total charge passed, which increased with the
increase in the charging potential.** The total charges for CCSCs
were 73, 213 and 730 mC for the charging potential of +1, +1.5 and
+2 V, respectively. Increasing the charging potential from +1 to
+1.5 V increased the total charge by about 3 times (Fig. 3H).

The open-circuit potential (OCP) data were monitored to
study the loss of the surface potential of the CCSCs device
charged to +1, 1.5 and +2 V, during a period of 5 h (Fig. 3I). The
initial potentials of CCSCs were lower than the constant
potential applied during charging, and the initial surface
potential decay was rapid, followed by a more gradual decrease
in potential (Fig. 3I). The potential of CCSCs charged at

1h incubation vs E. coli

20 minutes incubation vs HSV-1 C
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different constant potentials was initially distinct and propor-
tional to the applied charging potential (Fig. 3I). The results
showed that the discharge rates of the CCSCs were greater with
an increase in the charging potential (Fig. 31).

Antibacterial performances of CC electrodes and CCSCs device

The antibacterial performances of the CC electrodes and the
CCSCs device, charged by applying a constant potential of +
1.5V for 10 min, were studied. A modified standard assay (JIS Z
2801) to test antibacterial properties was applied against E. coli.
Antibacterial test results, after 1 h of incubation time with the
bacteria on the surface of CC electrodes and CCSCs device, are
shown in Fig. 4A. Not charged (NC) CC electrode and CCSC device
displayed no antibacterial effect against E. coli, eliminating any
antibacterial effect of the CC material and allowing attribution of
any antibacterial properties observed to the charged properties of
the electrode and the charged devices (Fig. 4A). The electro-
chemical analysis of CC showed that the electrodes had a low
capacitance of 0.7 mF cm ™2, while their antibacterial efficacy assay
showed 3 and 2 logs reduction of E. coli inocula, for positively and
negatively charged samples, respectively (Fig. 4A).

Charged CCSCs caused more than 5 log reduction of E. coli
inocula, confirming the capacitance-base antibacterial effect of
the device (Fig. 4A). The positively charged side of CCSC resulted
in 100% deactivation of bacteria within 1 h incubation time of the
bacteria. The antibacterial performance of the charged CCSCs
samples was further verified by the SEM and live/dead bacteria
imaging (Fig. 5). SEM images were obtained of the fixed bacteria

qPCR after 20 minutes incubation vs HSV-1
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Fig. 4 (A) Antibacterial assay results for charged CC electrode and charged CCSCs device against E. coli after 1 h of incubation (B) antiviral assays results for

the CCSC device against HSV-1 herpes virus after 20 min of incubation time. Antibacterial and antiviral assays were performed in triplicate on three
occasions. (Each point in Figures A and B represents the means of each biological run. The wide bar represents the means of three independent
experiments. Error bars represent the range of values obtained). (C) C; values of the eluted virus particles from noncharged and charged CCSC samples. The
wide bar represents the medians and the error bars represent the range of values obtained. (n = 3) (D) Plaque assay results for stock titre of herpes virus
suspension. (E) Plague assay results for not charged CCSCs (CCSC NC). (F) Plaque assay results for charged CCSC with +1.5 V potential (CCSC +1.5 V).
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on charged and noncharged CCSCs after 1 h incubation time to
investigate the bacterial morphological changes (Fig. 5B). The
bacteria cultured on noncharged CCSCs exhibited a high concen-
tration and aggregation of bacteria (Fig. 5B). The density of E. coli
was much lower on the positively and negatively charged sides of
CCSCs, which could be attributed to the severe damage of
bacterial cell membrane and, subsequently, severe disintegration

View Article Online
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of the cells (Fig. 5B). Surface charge transfer and charge-induced
oxidative stress can damage bacterial cell walls, disrupting bacter-
ial respiration and leading to bacterial death.***° The morphology
of bacteria on charged samples was distorted, broken and
wrinkled, indicating that the intracellular content had leaked
out (Fig. 5B). The live/dead staining results were in good agree-
ment with the colony forming unit (CFU) counting results

CCSCNC CCSC +1.5V CCSC -1.5V

B CCSC NC

CCSC +1.5V

CCSC -1.5V

Fig. 5 (A) Live/dead imaging of E. coli of wash solutions after 1 h incubation onto the noncharged and charged CCSC samples, (B) scanning electron
microscopy (SEM) images of E. coli on noncharged and charged CCSC samples.
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presented in Fig. 4A. Bacteria washed from the noncharged sam-
ples appeared fluorescent green indicating live cells (Fig. 5A). By
contrast, red cells were observed for the charged CCSCs (Fig. 5A).
Inconsistent with the colony counting results, a few live cells were
detected in the charged samples which could be explained by the
viable but non-culturable state of bacteria after being treated with
the charge surface (Fig. 5A).

Antiviral capacitance-dependent performance of CCSC device

The antiviral performance of the CCSCs device, subjected to
different charging potentials, was assessed by a plaque assay
method against Herpes simplex virus 1 (HSV-1).>> The stock titre
of the herpes virus for the experiment was ~10’ PFU (Fig. 4D).
Inert polyimide (PI) sheets were used as control samples.

The control and noncharged CCSC samples displayed a
similar plaque count, about ~ 10> PFU, after 20 min incubation
time (Fig. 4B and E). The reason behind the fold change from
the initial stock concentration of 10”7 to 10° in the control
samples is due to the washing step of infected samples in 2 mL
of growth media during the plaque assay (Fig. 4B). The posi-
tively and negatively charged CCSCs showed approximately
5 and 2 log reductions in PFU, respectively (Fig. 4B). The qPCR
has been used to detect and quantify the virus DNA in clinical
samples in many studies.”””> The C, (cycle threshold) is
defined as the number of cycles required for the fluorescent
signal to cross the threshold which is inversely proportional to
the amount of target nucleic acid in the sample.”” The qPCR
was performed on the wash solutions that we prepared for the
HSV-1 antiviral plaque assay to confirm that the virus particles
were eluted from the surface to the wash solution and have not
bounded to the charged surfaces. There was no significant
difference (p > 0.05) between the obtained C; values for the
not charged, positively and negatively charged samples wash
solutions indicating that similar quantities of virus particles
were desorbed from each charged surface following exposure
(Fig. 4C). The qPCR results confirm that the reduction in the
titre of infectious HSV-1, following surface contact, was due to
physico-chemical alteration of the virus structure and loss of its
infectivity and not to the retention of particles on the surface
material. Based on these results, the antiviral properties of the
charged devices could be attributed solely to the charging of
the device and to the disruption of the structural integrity of the
herpes virus by a low voltage electric current.””'**7? It has also
been reported in other studies that the low voltage electric
currents can damage the bilayer envelop membrane of the virus
and hence inhibit its infectivity."**7”?

The infectivity of virions, or the capability of viruses to enter
host cells and reproduce, depends on their structural stability
and assembly.”” We can attribute the antiviral effect of the
stored charge on CCSCs to the disruption of the electrokinetic
assembly of virions and electroporation of the membrane or
capsid.»®>7*7* 1t also has been reported in other studies that
the low current density and electric field at low voltages could
lead to electrostatic interactions destructing viral structures
and/or inhibiting viral infection pathways.*>’*7>
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Conclusions

In conclusion, this study presents a novel concept of utilizing
supercapacitors not only as energy storage devices, but also as
active, post-charging, antibacterial, and antiviral devices. The
flexible, solid-state supercapacitors fabricated in this study, based
on carbon cloth and PVA-glycerol-NaCl electrolyte, exhibited
promising performance for flexible and wearable charge storage
applications. The CCSCs showed excellent rate capability, retain-
ing 97% of the initial capacitance after 100 cycles. Moreover,
charging the CCSCs with a low voltage of +1.5 V was sufficient for
6 log removal of E. coli and 5log removal of herpes simplex virus
HSV-1, demonstrating the antibacterial and antiviral properties of
the supercapacitors. The findings of this study highlight the
potential of supercapacitors as multifunctional devices with not
only energy storage capabilities, but also antibacterial and anti-
viral properties. This research contributes to the understanding of
the unexplored field of using supercapacitors for antimicrobial
applications, opening new possibilities for the development of
advanced materials for various biomedical and environmental
applications.
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