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Abstract

Water-borne viral diseases are a significant concern for public health. In particular, they threaten the health of people and
animals in countries that lack proper water treatment facilities. Novel water treatment technology may efficiently improve
water quality and prevent the spread of waterborne viral pathogens. Laser-induced graphene (LIG) has been shown to inac-
tivate viruses and bacteria with its photothermal properties, electrochemical reaction, and rough surface texture. However,
LIG's activity to prevent virus transmission via contaminated water has not been fully explored. Here, we demonstrated that
enveloped and non-enveloped viruses in seawater could be rapidly inactivated by LIG technology. After being activated
by 3 V of electricity, the LIG electrodes inactivated both types of viruses spiked in water within 30 min. In addition, the
electrolyzed seawater exhibited virucidal effects even after the cessation of the electrical charge. The generation of different
oxidants, such as chlorine, chlorine dioxide, and hydrogen peroxide, may play an essential role in the antiviral mechanism
of the LIG electrodes. Furthermore, after 10 min of electrolysis, the pH of the seawater dropped from approximately 8-5,
which may also have contributed to the virucidal effects of the LIG technology. The virucidal activity of LIG technology
highlighted its potential for preventing the spread of viral infections via seawater systems which may have public health
implications in areas where seawater is used in the sewage system. It may also have applications in aquaculture, where viral
diseases do not have treatments and can cause high fish mortality.
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Introduction

Viral infections claim millions of human lives annually
(Morens et al. 2004), especially since the emergence of the
coronavirus disease 2019 (COVID-19) caused by severe
acute respiratory syndrome-coronavirus-2 (SARS-CoV-2)
(Walls et al. 2020). Contaminated water is a common route
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of transmission for viruses among humans and animals,
including norovirus (Jacqueline et al. 2022), hepatitis A
and E viruses (Farkas et al. 2020), coxsackievirus (Tiwari
and Dhole 2018), and avian influenza virus (Sedlmaier et al.
2009). In Hong Kong, the spread of coronavirus through
sewage lines within apartment complexes has been docu-
mented several times (Peiris et al. 2003; Xu et al. 2021).
Animal coronaviruses, such as feline infectious peritonitis
virus, is also spread to terrestrial animals via water (Addie
et al. 2020). In addition, fish viruses are common in aquatic
systems and can cause high mortality (Crane and Hyatt
2011). Thus, better measures to prevent viral transmission
via contaminated water, whether for public or veterinary
health, are needed (Webby et al. 2004).

Electrolysis has been used to create in situ chlorine in
salt water systems and effectively disinfect water for some
time; however, issues with electrode corrosion and mineral
build-up have been problematic (Kraft et al. 1999). In recent
years with the discovery of new electrode materials this dis-
infection technology has gained popularity (Huo et al. 2020).
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Graphene and its derivatives have recently received signifi-
cant attention owing to their potential virucidal activity in
air (Luo et al. 2018; Perreault et al. 2015; Power et al. 2018;
Yang et al. 2021; Zou et al. 2016), and their relatively inex-
pensive cost of production (Cheng et al. 2021). Direct con-
tact with the nanosized sharp edges of the graphene-based
materials is thought to lead to the rupture of the microbial
cell membranes (Akhavan and Ghaderi 2010; Perreault et al.
2015). In addition, cellular components are oxidized by gra-
phene oxide, resulting in cell death (Pelin et al. 2018; Xie
et al. 2020). Furthermore, when electricity is applied to these
materials, the physicochemical and electrochemical effects
are enhanced, resulting in an improved disinfection effect.
For example, direct oxidation (Qi et al. 2022), indirect oxi-
dation via the generation of different oxidant species (Biswas
et al. 2017; Chen et al. 2019), bubble generation (Lee et al.
2022), heating (Huo et al. 2022), and local pH change (Qi
et al. 2022) have been reported to contribute to inactivation
of different pathogens by graphene-based materials. Recent
studies conducted on a small scale suggest when LIG is
used in electrolysis of salt water it is very effective at kill-
ing bacteria in a short period (Zhang et al. 2023b). There is
limited information as to whether electrolysis with LIG can
kill viruses. However, the antibacterial mechanism of LIG
electrodes appears to be associated with highly localized
chlorine species generated during treatment (Zhang et al.
2023a) therefore it is likely also to have antiviral effects.
If this was the case, this type of system would have several
uses. For example, salt water pools, which already often use
electrolysis for the disinfection of water (Gao et al. 2022)
could explore this material. Salt water aquaculture recircu-
lating systems could also adopt graphene-based electrolysis
if it worked against both viruses and bacteria. This indus-
try is very vulnerable to both of these types of pathogens.
Lastly, in Hong Kong and a few other cities in Asia where
the sewage system uses salt water instead of fresh water,
electrolysis could be useful in the treatment of waste. In
this study, we evaluated the disinfection properties of LIG
electrodes on enveloped and non-enveloped viruses, specifi-
cally in salt water, to remove viruses transmitted in saltwater
systems.

Materials and methods
Cells and viruses

Both enveloped and non-enveloped viruses were used in this
study to assess the effect of the LIG technology on differ-
ent types of viruses in seawater. We chose feline infectious
peritonitis virus (FIPV, ATCC.VR-990), which belongs to
the family Coronaviridae, as a surrogate model for envel-
oped viruses. FIPV was propagated in Crandell-Rees feline
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kidney (CRFK) cell lines (ATCC.CCL-94). A stock solu-
tion of ~2 x 10° plaque forming unit (pfu)/mL (viral titer) of
FIPV was stored at— 80 °C until use. All cells were cultured
in Dulbecco's Modified Eagle Medium (DMEM) medium
(GiBCO, USA) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (GiBCO, USA), 100 units/mL
penicillin and 100 pug/mL streptomycin in a 5% CO, humid-
ity incubator at 37 °C.

Coxsackievirus B3 virus (CVB3, ATCC VR-30), belong-
ing to the family Picornaviridae, was used as a surrogate
model for non-enveloped viruses. The virus was propagated
in rhesus monkey kidney epithelial (LLC -MK2, ATCC
CCL-7) cells. A stock solution of ~ 107 tissue culture infec-
tive dose (TCIDs,)/mL (viral titer) of CVB3 was stored
at— 80 °C until use. Cells were cultured in DMEM medium
(GiBCO, USA) supplemented with 10% heat-inactivated
FBS (GiBCO, USA), 100 units/mL penicillin, and 100 pg/
mL streptomycin in a 5% CO, humidity incubator at 37 °C.

Electrochemical disinfection cups

A day before the experiments, a stock solution of 31 ppt
seawater was prepared using sea salt according to the man-
ufacturer's instructions (Marinium, Mariscience Interna-
tional Co., Thailand). A refractometer was used to confirm
the salinity each time the salt water was made. Water was
autoclaved and stored at room temperature until use. The
disinfection systems were constructed using a pair of LIG
strips, a pair of conductive graphite paper with a thickness
of 1 mm (Jinglong Co Ltd, Beijing, China), a direct-cur-
rent (DC) power supply (Uni-Trend Technology, China),
double-sided carbon conductive tape (Nisshin EM Co Ltd,
Japan), and sterilized cups (width=2.5 cm, height=8 cm).
In brief, the LIG strips were fabricated by lasering polyimide
(PD) film as described by Huang et al. (Huang et al. 2020).
Conductive graphite paper, which was used to hold the LIG
strips, was attached to the top of LIG strips using double-
sided carbon conductive tape. Alligator clips were attached
to the top of the graphite sheet to convey the electricity.
The LIG strips were placed 2.5 cm apart and suspended
2 cm below the water line to act as working electrodes
(2 cmx2 cm) (Fig. 1). The disinfection systems were oper-
ated in a biosafety level (BSL)-2 cabinet following standard
laboratory biosafety procedures.

Direct virucidal effects of LIG electrodes

Virus stocks were diluted with sterilized seawater to achieve
viral concentrations of ~2 x 10° pfu/mL and ~ 10%2 TCIDs,/
mL of FIPV and CVB3, respectively. The virus working
solutions were vortexed and distributed separately into
three sterile cups for the treatment group and three for the
control group for each virus. Each cup contained 10 mL
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conductive graphite paper

LIG strips

Fig. 1 Graphical illustration of the disinfection system

of virus-infected seawater. For the treatment cups (n=3),
a direct 3 V current was applied to the LIG electrodes for
30 min. No electricity was given to the control group (n=3),
but LIG strips were included in the solution.

The inactivation of FIPV by the LIG electrodes was
assessed using plaque assay (see 2.4.1). Samples (1 mL)
were collected at 5 min, 10 min, 15 min, and 30 min after
the LIG treatment and filtered using a 0.2 pm syringe filter
before virus titration by plaque assay. Similarly, the virucidal
effect of LIG electrodes against CVB3 was assessed using
the TCIDs, assay (see 2.4.2). Samples (2 mL) were collected
at 5 min, 15 min, and 30 min, filtered using a 0.2 pm syringe
filter and used for TCIDs, assay.

Virus titration
Plaque assay FIPV

Infectious FIPV titers were determined by plaque assays
with modifications (O'Brien et al. 2018). Briefly, CRFK
cells were seeded in 6-well plates at 5x 10> cells/well and
cultured overnight at 37 °C in a 5% CO, incubator. Cells
were inoculated with five tenfold serially diluted cell cul-
ture supernatant containing the virus in duplicate for 1 h at
37 °C. After adsorption, cells were washed with phosphate-
buffered saline (PBS) (Invitrogen™, USA) and overlaid with
DMEM containing 0.5% low-melting-point agarose (Invitro-
gen™, USA) and 2% FBS. At 3 days post-infection (d.p.i),
viral plaques were visualized by staining with 0.2% crystal
violet solution.

Tissue culture infectious dose (TCID50) CVB3 virus CVB3
virus titers were determined by 50% tissue culture infec-
tious dose (TCIDs,) (He et al. 2013). Briefly, 96-well
plates were seeded with a density of 2x 10* cells/ well
in DMEM supplemented with 10% FBS and incubated at

37 °C. After 24 h, cells were inoculated with eight ten-
fold dilutions (100 pL/well) of the virus in triplicate. The
cytopathic effect was evaluated after three days of infec-
tion. The TCIDs, values were calculated using the Reed—
Muench method (Reed and Muench 1938).

Indirect virucidal effects of the electrolyzed
seawater

The virucidal effect of the electrolyzed seawater, collected
after the activation of the LIG electrodes with electricity,
was investigated to understand better the longevity of the
disinfection potential of electrolyzed seawater. Briefly,
60 mL of autoclaved stock seawater (without the virus)
was distributed into six sterile cups. Then, 3 V was applied
to the LIG electrodes for the treatment groups (n=06) to
generate the electrolyzed seawater. Based on preliminary
work, we used seawater treated for 30 min (n=23) on the
non-enveloped virus and water treated for 15 min (n=3)
on the enveloped virus. Water was also exposed to LIG
without current for the control group (n=3).

To assess the indirect virucidal effect of LIG treatment
against FIPV, 1 mL of 15 min electrolyzed (n=3) or non-
electrolyzed seawater (n=3) was collected and mixed with
100 pL of FIPV to achieve the final titer of ~2 x 10° pfu/
mL. These mixtures were incubated at room temperature
for another 15 min and then filtered through a 0.2 pm
syringe filter before conducting plaque assay. Similarly,
to assess the indirect virucidal effects on CVB3, 1.8 mL of
the 30 min electrolyzed (n=3) or non-electrolyzed (n=3)
seawater was collected and mixed with 200 pL of CVB3 to
achieve the final titers of ~ 10%? TCIDs,/mL. The mixtures
were incubated at room temperature for another 30 min
and then filtered through a 0.2 pm syringe filter before
conducting the TCIDs, assay. During the incubation, the
direct virucidal effects of LIG electrodes (virus present
during the electrolysis of LIG) were also evaluated, as
described above, to compare the indirect disinfection
activity of the LIG technology.

pH and oxidant measurements

The total residual oxidants (i.e., Cl,), chlorine dioxide, and
hydrogen peroxide were measured while evaluating the
direct and indirect virucidal effects of LIG electrodes. The
oxidants were measured at each sampling point using test
strips for chlorine, chlorine dioxide, and hydrogen peroxide
(Huankai biological Co., Ltd., Guangzhou, China).

The pH of the electrolyzed water was measured indepen-
dently at 0, 5 min, 10 min, 15 min, and 30 min after the 3 V
treatment of the LIG electrodes. A pH probe (ECO pH +,
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Trans Instruments (S) Pte Ltd, Japan) was used to measure
this water quality parameter.

Statistical analysis

To compare the direct virucidal effects of LIG electrode
treatment over time, we used two-way repeated measures
ANOVA. Data from the experiments using FIPV and CVB3
were analyzed separately. To compare the direct and indi-
rect virucidal effects of the electrochemical treatment with
LIG electrodes, we used a one-way ANOVA. Data from the
FIPV and CVB3 experiments were analyzed separately. All
statistical analyses were performed using GraphPad Prism
software (Version 8.0.1, GraphPad Software, San Diego,
USA). All values were expressed as mean =+ standard devia-
tion (S.D.) of triplicate cups in each treatment. Differences
were considered statistically significant when p <0.05.

Results
Direct virus inactivation by LIG electrodes

The application of 3 V of electricity to the LIG electrodes
inactivated both FIPV (enveloped virus) and CVB3 (non-
enveloped virus) in seawater within 30 min of electrolysis
(Fig. 2). The virucidal effect was more pronounced with
prolonged treatment time. For FIPV, approximately a 2.5-log
reduction in viral titer (p =0.0122) was observed after 5 min
of LIG treatment. After 10 min of LIG treatment, no infec-
tious FIPV was detected by plaque assay. In contrast, the
viral titers remained unchanged in control groups exposed
to the LIG strip without electricity (Fig. 2 A).

In comparison, CVB3 appeared less susceptible to the
effects of electrochemical treatment. There was no signifi-
cant virucidal activity after 15 min of the 3 V LIG treat-
ment, with only a slight reduction in viral titers measured
by TCIDs, assay (Fig. 2 B). However, a significant decrease
(»=0.0022) in CVB3 titers appeared after 30 min of the

Fig.2 Direct virucidal effects A
by LIG electrodes activated at

3 V. A Direct virucidal effects

by LIG electrodes against FIPV;

(Plaque assay)

6 P0012 p=0.0003

Black bar: control; grey bar:
LIG-treated. UD: undetected

Virus titer
(log 1o [PFU/ML])
s

LIG electrodes against FIPV B

p=0.0005

LIG treatment, with an average of more than 5-log reduc-
tion (Fig. 2 B).

Indirect virus inactivation of the electrolyzed water

There was significant inactivation of FIPV and CVB3 in
contact with LIG-electrolyzed seawater. The FIPV exposed
to electrolyzed seawater for 15 min decreased in titer by
4 logs (pfu/ml) compared to the control group (Fig. 3A)
(» <0.001). Consistent with previous results, direct LIG
electrolysis of seawater spiked with the virus for 15 min
completely inactivated the FIPV (Fig. 3A). Similarly,
electrolyzed seawater significantly inactivated CVB3
(»p=0.0274) after 30 min compared to the control group;
however, the virucidal effect was lower than that of direct
LIG electrode treatment (Fig. 3B). Taken together, the data
showed that the virucidal activity of the electrolyzed seawa-
ter in contact with the virus was less effective than that of
direct electrolysis of the seawater containing the virus using
LIG electrodes activated with 3 V of electricity.

pH and oxidants

The pH of electrolyzed water decreased with the treatment
time. As shown in Fig. 4, the pH dropped from 8 to an aver-
age of 5.28 after 30 min of treatment with the LIG electrodes
using a current of 3 V (Fig. 4).

Oxidants such as Cl,, C10,, and H,0, were detected
in the direct and indirect virucidal experiments. During
the direct virucidal experiment, the concentration of the
different oxidant species was generally low at the 5 min
treatment time point, but the concentration increased in
later sampling time points (Fig. 5A, B). During the direct
treatment of FIPV with the LIG electrodes, the concentra-
tions of Cl,, ClO,, and H,0, in the solution were below
10 mg/L after 5 min, but these increased after 10 min
of treatment (Fig. 5SA). During the experiment using
CVB3, the concentrations of Cl,, ClO,, and H,0, were
even lower in the solution, with an average concentration
below 5 mg/L after 5 min of LIG treatment (Fig. 5B).
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Fig. 3 Indirect virucidal effects A FIPV (Plaque assay) B CVB3 (TCIDs,)
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6 study (Fig. 2A, B). We chose to use these two model viruses
T 5 because they represent groups of viruses (i.e., enveloped and
:' non-enveloped viruses) that are transmitted via water and
2] are important for public and/or veterinary health (Sin et al.
1] 2015). For example, CVB3 has been frequently detected
o, T from wastewater surveillance in Italy and China (Pennino
0 5 10 15 30 et al. 2018; Zheng et al. 2013). The FIPV, although more
Time (min)

Fig.4 pH in the electrolyzed water after being treated by LIG elec-
trodes at 3 V at different times

However, the three oxidants increased above 5 mg/L after
15 min of treatment (Fig. 5B).

The concentrations of the oxidant species in the elec-
trolyzed seawater (without the virus) used in indirect viru-
cidal experiments were generally higher than those in the
solution used in direct virucidal experiments (Figs. 5C,
D). For example, the concentrations of Cl,, CIO,, and
H,0, in the 15 min-treated seawater were above 10 mg/L
(left panel; Fig. 5C), while it was less than 5 mg/L in the
solution containing FIPV after 15 min of treatment with
the LIG electrodes using 3 V of electricity (right panel;
Fig. 5C). Similarly, the concentration of Cl,, Cl1O,, and
H,0, in the 30 min-treated seawater were above 20 mg/L,
while there were lighter color changes on the test strips
in the solution containing CVB3 after 30 min treatment
by LIG electrodes at 3 V (Fig. 5 D).

unstable, has also been shown to survive in wastewater for
2-3 days (Gundy et al. 2009). The latter is also a coronavirus
(Decaro and Lorusso 2020) and shares similar pathogenic
features as SARS-CoV-2 (Jo et al. 2021) in feline species.
Potential transmission of SARS-CoV-2 via wastewater was
raised during the COVID-19 pandemic in Hong Kong when
clusters of infections were linked to saltwater sewage lines
in apartment buildings (Cook et al. 2022; Gongalves et al.
2021; Gormley et al. 2020). Greater transmission risk may
be present in developing countries where wastewater is less
well-treated (Adelodun et al. 2021). Therefore, the prelimi-
nary findings about the rapid and efficient inactivation of
viruses in seawater by electrochemical disinfection using
LIG electrodes may be very important for future applications
in preventing waterborne viral diseases in these settings.
Our results showed that the use of LIG electrodes for elec-
trolysis of salt water could effectively inactivate enveloped
and non-enveloped viruses. In addition, indirect treatment by
electrolyzed seawater appears to maintain virucidal proper-
ties after the electrolysis is halted. However, the inactivation
effect was quicker and more significant (i.e., titer reduction)
for the enveloped virus (i.e., FIPV) compared to the non-
enveloped virus (i.e., CVB3) in both the direct and indirect
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Fig.5 The concentration of different oxidant species during direct
and indirect virus inactivation experiments. A the concentrations of
Cl,, ClO,, and H,0, during the direct LIG treatment against FIPV
at 5 min, 10 min, 15 min, and 30 min; B the concentrations of Cl,,

ClO,, and H,0, during the direct LIG treatment against CVB3 at
5 min, 15 min, and 30 min; C the concentration of Cl,, ClO,, and

disinfection process. The different disinfection efficiency
noted for FIPV and CVB3 may be ascribed to the nature
of the presence or absence of the viral envelope. Enveloped
viruses are generally considered fragile and less stable than
non-enveloped viruses (Bibby et al. 2015; Casanova and
Weaver 2015; Ye et al. 2018). For example, non-enveloped
viruses, such as bacteriophage MS2 and M13, were more
resilient than the enveloped viruses, such as Ebola and Phi6
bacteriophage, upon exposure to chlorine disinfectants (0.5%
NaOCl) (Gallandat and Lantagne 2017).

The virucidal activity of LIG technology is likely multi-
factorial. We detected several oxidants after the electrolysis
of seawater, which may account for the observed virucidal
effect. For instance, the concentrations of Cl,, CIO,, and
H,0, in the 15 min-treated seawater were above 10 mg/L
(left panel; Fig. 5C), and this electrolyzed seawater could
significantly reduce viral titers of FIPV and CVB3 (Fig. 3).
Similarly, the electrolyzed water containing mixed oxidants
was reported to show virucidal effects (Chen and Wang
2022; Hricova et al. 2008). Moreover, we observed that the
pH of seawater after 10 min of electrolysis dropped from
approximately 8-5 (Fig. 4). Previously, it has been reported
that chlorine may be present as hypochlorous acid (HOCI)
at the pH range of 5.0-6.5 (Ampiaw et al. 2021), which is
80-100 times stronger than the equivalent concentration of
hypochlorite ion (C1IO™) in commercial liquid bleach (Cao
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€0, H,0,

H,0, in the electrolyzed seawater treated for 15 min (left panel) and
in the solution containing FIPV after treated for 15 min by LIG elec-
trodes at 3 V (right panel); (D) the concentration of Cl,, ClO,, and
H,0, in the electrolyzed seawater treated for 30 min (left panel) and
in the solution containing CVB3 after treated for 30 min by LIG elec-
trodes at 3 V (right panel)

et al. 2009; Jackson et al. 2006). In addition, HOCI is also
relatively safe for use in humans, material surfaces, equip-
ment, and the environment (Nguyen et al. 2021). Due to
its significant virucidal activity and relative safety, HOCI
was recommended by the US Food and Drug Administration
(FDA) as a disinfectant.

There may be several advantages of using LIG technol-
ogy for water electrochemical disinfection over chemical
disinfectants. Firstly, unlike disinfectants such as bleach,
methanol, and hydrogen peroxide which need to be pur-
chased in advance and require storage, electrolyzed sea-
water could be generated as needed. Secondly, LIG tech-
nology may reduce the likelihood of the emergence of
resistant pathogens due to multiple mechanisms of action
by different oxidant species in the electrolyzed seawater
(Eggers 2019). The potential benefit of using LIG as the
electrode material in the electrolysis process over other
materials is that it is relatively inexpensive to generate
compared to platinum and titanium-based electrodes
(Moon et al. 2014; Tayel et al. 2018). The commerciali-
zation and scale of producing LIG electrodes are still to
be determined, but the short-term effectiveness against
bacteria (Zhang et al. 2023b) and viruses seems prom-
ising. Large-scale electrochemical disinfection of water
is gaining interest from different industries as it reduces
the need to store and handle large quantities of hazardous
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disinfectants on-site (Kraft 2008). Further, the use of this
technology was evaluated on the health of medaka in an
earlier study in our laboratory and no deleterious effects
were noted on the health or behaviour of the fish after
8 days of intermitted exposure to low voltage LIG elec-
trolysis (Zhang et al 2023b).

Although the findings of this study are promising, the
results were obtained under controlled laboratory conditions,
so before this technology is applied to large-scale applica-
tions, it needs to be further evaluated. For example, larger
volumes of contaminated water may require higher voltages
and a larger working surface area for the LIG electrodes.
Therefore, large-scale studies are required to better under-
stand the water ratio to the surface area of LIG electrodes
for efficient disinfection. The durability of the LIG technol-
ogy should also be assessed to understand its commercial
potential as we have not tested the system for longer than
8 days and our studies showed that the stability of the LIG
electrodes may decline after 4 days (Zhang et al. 2023b);
however, in this study, we did not reverse the polarity of
the system so it is possible that the mineralization of the
cathode played a partial role in the loss of current across
the system. The durability of the LIG technology should be
determined if this material is to be considered for commer-
cial use in electrolysis. Additional studies are also needed
to confirm the safety of LIG technology on aquatic life and
human health if it is to be used continuously in a system.

Conclusions

Despite these limitations, our study provides preliminary
findings that both enveloped and non-enveloped viruses can
be directly inactivated during the electrochemical disinfec-
tion using LIG electrodes and indirectly inactivated by elec-
trolyzed seawater. These findings support other researchers
who also have found LIG technology to have virucidal activ-
ity in air and water (Gu et al. 2021; Gupta et al. 2021; Huang
et al. 2021). Importantly, this technology shows promise for
potential public health implications and the treatment of sea-
water aquaculture systems, which is often limited by viral
diseases. This technology may facilitate the mitigation of
infectious diseases in aquatic environments and thus improve
the sustainability of intensive aquaculture facilities.
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