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HIGHLIGHTS

* A lab-on-a-chip is used to observe the inactivation

of Staphylococcus epidermidis.

* The synergistic effects of electric field treatment
with Cu and Ag are quantified.

* The highest synergy is observed using EFT
combined with Cu and Ag.

* 95% inactivation was achieved using only
34 kV/cm, 200 pg/L Cu, and 10 pg/L Ag.
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ABSTRACT: Domestic water is of great importance to our modern lives and yet opportunistic
pathogens like Legionella, Cryptosporidium, and Giardia are the largest cause of outbreaks and illnesses
in our potable water supply. Previously, electric field treatment (EFT) in combination with copper (Cu)
was studied at the microscale and found to have synergistic performance enhancing the inactivation of
bacteria. In this study, a lab-on-a-chip device is used to better understand, observe, and quantify the
synergistic effect when combining EFT with Cu and Ag for water disinfection. Staphylococcus
epidermidis is studied as a model bacterium. Using Cu and/or Ag ions with various concentrations as the
chemical disinfection agents and EFT as the physical disinfection aid, we can ultimately reduce the metal
ion concentration and energy required to achieve effective inactivation of bacteria. In this study, the
highest synergies were measured using EFT with Cu and Ag together, for example, achieving > 95 %
inactivation using only 34 kV/cm electric field strength, 200 pg/L Cu, and 10 pg/L Ag. These results can
be used to optimize and customize the disinfection performance of EFT devices to adapt for its various
point-of-use applications.
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1 Introduction

Domestic water systems are of great importance to our
daily lives and yet opportunistic pathogens like
Legionella, Cryptosporidium, and Giardia are the

largest cause of outbreaks and illnesses in our potable
water demonstrating their continued threat (Benedict
etal., 2017). Out of these chlorine-resistant pathogens
of concern, the most commonly reported source of
infections stems from Legionella outbreaks with many
exposures linked to the water systems of hotels, large
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venues, and hospital buildings (Berthelot et al., 1998;
Ricketts and Joseph, 2005; Mouchtouri et al., 2007).
Because Legionnaires’ disease is most threatening
when acrosolized from contaminated water, outbreaks
typically occur from the potable water in large
buildings, cooling towers, pools and spas, decorative
fountains, and industrial waters (Van Heijnsbergen
et al., 2015; Garrison et al., 2016). Large and complex
buildings are responsible for 90% of legionellosis cases,
mostly found in the plumbing distribution systems
(June and Dziewulski, 2018; Carlson etal., 2020).
Important to note, the occurrence of these chlorine-
resistant pathogen outbreaks has increased by over
500% since 2000 and Legionella is currently the most
reported cause of all outbreak-associated deaths in the
USA (Benedict et al., 2017; CDC, 2018). Despite the
many outbreaks, the USEPA has not set strict
guidelines on monitoring and controlling chlorine
resistant pathogens in our water stream. The USEPA
specifies a detectable residual disinfectant (i.e., a
residual concentration of chlorine) as enough to provide
a preventative treatment measure for opportunistic
pathogens, resulting in any active monitoring or
detection as not required and unenforced (USEPA,
1989; LeChevallier, 2019).

The USEPA currently cites 6 different methods used
to mitigate pathogens like Legionella that include
chlorine, chlorine dioxide, monochloramine, ozone,
ultraviolet (UV) disinfection, and copper-silver
ionization (CSI), while noting these methods can range
in their effectiveness and potential negative exter-
nalities with use (USEPA, 2024c¢). The most commonly
used chlorine solutions (including free chlorine,
chlorine dioxide, monochloramine) are currently
disadvantaged as they can cause corrosion in the
plumbing (USEPA, 2024c). Other concerns for chlorine
based disinfection result from the formation of
carcinogenic disinfection by-products (DBPs) well
established in the literature (USEPA, 2024b).
Ozonation is also capable of resulting DBPs, but unlike
chlorine based solutions, is short lived and does not
offer any residual disinfectant (Carlson et al., 2020;
USEPA, 2024c). UV disinfection is only active in the
exposed regions of flow, providing no residual
disinfection and comes with the risk of mercury
contamination if the lamps were to lose integrity and
break over time, although does not produce any harmful
DBPs like the more widely used solutions (USEPA,
2006, 2024c; Wright et al., 2012).

Lastly, CSI has been commercially available for
several years now as a popular method in controlling
Legionella in large plumbing systems as a supplemental
decentralized treatment (June and Dziewulski, 2018).

Typically copper (Cu) and silver (Ag) ions are released
into the hot water stream using a direct current applied
to sacrificial electrodes in a flow cell (Dziewulski et al.,
2015). There are also many studies that speak to the
synergy between antimicrobial metals alone, the most
well-known being Cu and Ag as used currently for CSI
applications (Garza-Cervantes et al., 2017; Raja et al.,
2023; Soliman etal., 2023; Vasiliev etal., 2023).
Although CSI is naturally biocidal at high concen-
trations, the main setbacks are that it can result adverse
health effects if ingested at toxic concentrations and can
also cause the potable water to taste and look
unappealing (Rohr et al., 1999; Araya et al., 2004).
When antimicrobial metals are used independently to
treat drinking water, high concentrations (above the
secondary maximum contaminant levels (SMCLs)) may
be necessary, resulting in the final treated water to be
non-potable for human consumption (Dietrich and
Burlingame, 2015; USEPA, 2024a). Specifically for Cu
and Ag, the SMCLs are 0.1 and 1.0 mg/L, respectively
(Dietrich and Burlingame, 2015; USEPA, 2024a).
Because of these reasons, CSI is mainly used to treat
domestic hot water and not specifically drinking water
alone. In order to use antimicrobial metals for drinking
water disinfection, it is necessary to lower the
concentration required as this remains a large barrier to
wide scale application.

One possible solution to this large barrier could be
the use of electric field treatment (EFT) which has been
applied for microbial inactivation for over a century
(Raso etal., 2022). With the discovery of electro-
poration, EFT has made significant improvement in
both application and understanding of mechanisms in
combination with other techniques (Weaver and
Chizmadzhev, 1996). During EFT, when the electric
field strength surpasses a threshold (~10 kV/cm), the
membranes of microorganisms are damaged irrever-
sibly, ultimately causing cell death (Wang et al., 2019).
Currently, EFT is mostly applied in liquid food
processing for beverages but has potential to be
enhanced further for various applications (Milani et al.,
2015; Timmermans et al., 2019; Alirezalu et al., 2020).
EFT has been studied previously in combination with
in-situ Cu release and the addition of antimicrobial
metal ions to find synergistic performance in
inactivation (Zhou et al., 2019).

In our recent work, electric field treatment (EFT) was
observed on a lab-on-a-chip (LOAC) device when
combined with Cu ions to further enhance the
inactivation efficiency of S. epidermis (Jarin etal.,
2024). Additionally, a synergy between EFT and Cu
was observed showing promise for physical disin-
fection approaches to succeed in combination with
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antimicrobial metals. This leads us to believe the
addition of EFT could further aid in increasing the
inactivation performance of other antimicrobial metals
for water disinfection and that the synergy between
metals could be enhanced even more with EFT to
provide high disinfection performance at lower and
safer metal ion concentrations. In this paper, we use a
lab-on-a-chip device to study the effects of EFT with
Cu and Ag to better understand the synergy between
EFT with Cu and Ag for inactivation of S. epidermis as
the model bacteria. The mechanisms involved for both
metals, their synergy with one another, and their
combination approaches with EFT are -elucidated.
Lastly, the limitations of this study, future work, and
potential impacts to the field of water disinfection are
discussed.

2 Materials and methods
2.1 Fabrication and design of the LOAC

Lab-on-a-chip (LOAC) platforms provide notable
benefits over conventional bulk electroporation systems
(Boukany et al., 2011). Due to the micro- and nanoscale
dimensions of the electrodes, these devices can generate
highly concentrated electric fields while operating at
substantially lower voltages (Wang et al., 2019). In this
study, one key benefit of using LOAC:s is their ability
to facilitate real-time observation and detailed analysis
of electric field-induced microbial inactivation at the
single-cell level. Compared to larger-scale setups,
LOAC systems minimize chemical and material usage,
and they reduce both time and spatial demands through
more efficient experimental design. For bacterial
experiments, more traditional batch scale involves
larger volumes and bacteria concentrations, while plate
count analysis is required as well. Moreover, such
approaches lack the flexibility to explore a spectrum of
electric field intensities in a single run or to produce the
high-resolution data captured via LOAC-based
experiments (Wang et al., 2019, 2022; Wang and Xie,
2023, 2024; Jarin et al., 2024).

The LOAC device used in this study was fabricated
following previously reported methods. (Jarin et al.,
2024) Briefly, gold electrodes were patterned onto a
glass substrate using conventional photolithographic
and lift-off techniques. As illustrated in Fig. la and
labeled in Fig. 1b, the device includes 30 symmetrically
curved microchannels arranged in parallel. These
curved electrodes were intentionally designed to
produce a gradient of electric field strengths along the
x-axis. As shown in Fig. lc, the spatial relationship

between the electrode shape and electric field
distribution is governed by a curvature model using Eq.
(1), where x and w represent half the channel’s length
and width, w,, is the center width at x = 0 and k is a
geometric constant (0.005 pm!). Each microchannel
spans 440 um in length, narrowing to 20 um at the
midpoint to enhance the field effect. When voltage is
applied, the resulting electric field at any point is
linearly determined according to Eq. (2), where E is the
electric field and U the applied voltage. COMSOL
Multiphysics simulations of this geometry under a 70 V
input confirmed a peak field strength of approximately
35 kV/cm at the center of each channel.

2.2 Cell preparation and immobilization

To ensure consistent results across all experiments,
Staphylococcus epidermidis (ATCC, cat# 12228, USA)
was immobilized onto the LOAC channel surfaces,
specifically in the regions between the curved electrode
structures (see Fig. 1b). The preparation and immobi-
lization protocol followed previously established
procedures (Jarin et al., 2024). In brief, the chips were
pre-treated with a layer of poly-L-lysine (Sigma-
Aldrich, cat# A-005-C, USA) to promote adherence of
the bacterial cells via electrostatic attraction. For
coating, poly-L-lysine was diluted in a 1:1 ratio with 2
mol/L borate buffer—prepared by dissolving 3.1 g of
boric acid (Millipore, cat# 100765, USA) and 0.5 g of
NaOH (Millipore, cat# SX0593-1, USA)—and applied
evenly to each chip. After incubation for approximately
2 h, excess coating solution was removed by rinsing
with deionized water. The chips were then dried and
heat-treated at 60 °C for 10 min to complete the surface
functionalization process. Once dry, the chips were
ready for use in bacterial immobilization.

The model bacteria S. epidermidis was used to assess
the inactivation efficiency of all experiments as it is
commonly used in water disinfection, antimicrobial
testing, and EFT based research (Helbling and
VanBriesen, 2007; Wen etal., 2017, Garner, 2019;
Gupta et al., 2022; Jarin et al., 2024). Although not a
chlorine-resistant pathogen in the environment, S.
epidermidis is the most consistent and established
model bacteria for the current LOAC experiments.
Cultures were grown in nutrient broth (Becton
Dickinson, cat# 234000, USA) at 35 °C for appro-
ximately 15 h under standard incubation conditions. To
prepare the cells for loading onto the device, 1 mL of
the bacterial suspension was centrifuged at 1000 g for 5
min, then resuspended in 10 mmol/L phosphate buffer
(pH 8.5). This wash cycle was repeated three times to
ensure cleanliness and consistency. Approximately
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Fig. 1

Alligator Clips

Eq. 1. w = wy/(1-kx)
Eq. 2. E = U/(2w) = U(1-kx)/2w,

Operational view of the lab-on-a-chip (LOAC) system. (a) Image showing the LOAC system actively mounted on a

fluorescence microscope during use. (b) A magnified view highlighting the device’s placement on the microscope objective,
with labeled components relevant for microscale observation. (¢) A microscope image of an individual microchannel from the
chip. The curved electrode geometry is shown, with associated design parameters w, w,, and x, as referenced in Eqgs. (1) and (2).
The blue dashed rectangle indicates the standardized region used for experimental data collection. The inset in the lower-left
corner provides a wider view, displaying multiple adjacent channels for spatial context. For color figure references, please

consult the online version of this article.

50-100 pL of the final bacterial suspension was applied
to each chip and allowed to incubate undisturbed for 50
min, promoting effective immobilization. Excess liquid
and unattached cells were gently removed with
deionized water. All LOAC devices in this study were
prepared using this consistent bacterial loading
protocol.

2.3 Antimicrobial metals preparation

For all experiments involving metal ion treatments,
copper and silver were tested independently and in
combination across multiple concentrations. Copper
nitrate trihydrate (Sigma-Aldrich, CAS# 10031-43-3,
USA) and silver nitrate (Sigma-Aldrich, CAS# 7761-
88-8, USA) were selected to ensure consistency in
anionic composition, thereby minimizing the potential
for precipitate formation when both metals were used
simultaneously. Each salt was dissolved in deionized
water, and sodium nitrate (VWR, cat# 0598, USA) was
added to precisely control solution conductivity. To
maintain consistency across all trials, the conductivity

was adjusted to 10 = 2 puS/cm, as measured using an
Orion Versa Star Pro conductivity probe (Thermo
Scientific, USA) (Wang etal.,, 2019). All concen-
trations of metals tested on the LOAC were kept at
concentrations below the SMCL limits, specifically, Ag
ranged between 0-0.1 mg/L and Cu between 0-0.8
mg/L (Dietrich and Burlingame, 2015; USEPA, 2024a).
For control experiments with no EFT applications and
one metal tested at a time, ~100 pL of each metal
solution at varying concentrations was applied to the
top of the chip and a 2-h residual effective treatment
time was completed before dye staining and imaging.
While it can be argued EFT-Ag and EFT-Cu can not be
compared due to the concentration differences of the
metal ions, we believe that the synergy between EFT
and different antimicrobial metals can not be observed
or compared at all without using the metals within their
respective toxicity ranges for this specific study. For
experiments with combined Cu and Ag, a combined
solution was made accordingly with the respective
metal ion concentrations while maintaining the
conductivity between 10 = 2 uS/cm for experiments
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using EFT and were then used similarly with ~100 pL
aliquots and a wait time of 2 h.

2.4 Electric field treatment

In all EFT-based experiments, electric pulses were
applied under standardized conditions to maintain
consistency across trials. The operating parameters
included a 70 V square-wave voltage, 500 ns pulse
width, and a 500 ps period, resulting in a duty cycle of
0.1%. These values were selected based on prior
optimization studies and previously published protocols
(Jarin et al., 2024). The total effective exposure time,
calculated as the product of pulse width and number of
pulses, was maintained at 20 ms. To focus exclusively
on evaluating the interaction between EFT and
antimicrobial metal ions, only a single set of pulsed
electric field parameters was used throughout this
study, in line with previous recommendations that have
characterized varying EFT conditions in detail (Wang
etal., 2019). Electric pulses were delivered using an
Avtech AV-1010-B high-speed pulse generator,
controlled by a waveform generator (Keysight 33509B,
USA). Following electric field exposure and/or metal
ion treatment, each sample underwent a 2-h post-
treatment period prior to fluorescent staining and
microscopy, ensuring results captured the representative
inactivation behavior at this microscale.

To ensure that the observed microbial inactivation
was attributed solely to electric field treatment (EFT)
and the antimicrobial activity of metal ions, each
experiment was carefully designed to prevent the
formation of reactive oxygen species (ROS), bubble
generation, or significant thermal effects. Prior
validation confirmed that the selected operating
conditions minimized these secondary phenomena
(Jarin et al., 2024). In particular, maintaining a low duty
cycle of 0.1% was critical for this control, as the
extended rest intervals between pulses—three orders of
magnitude longer than each pulse—help dissipate any
localized heat and prevent excessive energy buildup
(Wang and Xie, 2024). This configuration effectively
limited unintended side effects, allowing us to isolate
and assess the specific contributions of EFT, copper,
and silver treatments. These preventative measures
support the reliability of our conclusions regarding the
synergistic and independent disinfection roles of EFT
and antimicrobial metals.

2.5 Microscope image processing

Following the 2-h post-treatment incubation period, all
chips were mounted onto cover glasses for fluorescence

imaging (see Figs. la and 1b). A single-stain
fluorescent labeling approach was employed using
propidium iodide (PI), a dye widely recognized for
indicating membrane damage in microbial cells. PI
selectively  penetrates cells with compromised
membranes and binds to intracellular DNA, producing a
measurable fluorescent signal. This method has been
extensively used in prior studies examining membrane
permeability and electroporation-based inactivation
(Arndt-Jovin and Jovin, 1989; Li and Lin, 2011;
Garner, 2019). Although reversible electroporation
could, in theory, impact the interpretation of viability,
earlier research has shown negligible differences in
staining outcomes regardless of whether PI is applied
before or after treatment (Jarin et al., 2024). Given the
2-h delay between treatment and staining, we interpret
Pl-positive cells in this study as nonviable. This
methodological note is included here to provide
transparency regarding possible sources of uncertainty,
ensuring a clear understanding of how disinfection
efficacy was assessed in our EFT-Cu and EFT-Ag
experiments.

Microscopic imaging was conducted using a Zeiss
Axio Observer 7 inverted fluorescence microscope
equipped with differential interference contrast (DIC)
and fluorescent channels, and images were captured via
a CCD camera. Image processing and quantification of
bacterial inactivation were performed using MATLAB
(version 2023a, MathWorks). For each LOAC device,
up to 30 repeat channels were analyzed, and data were
aggregated from all usable channels to compute
inactivation percentages along the x-axis. Data analysis
focused on the blue-highlighted region shown in
Fig. 1c, where custom MATLAB scripts were used to
isolate, align, and segment the selected area for every
image collected. Each image segment was divided into
120 wvertical sections, with binarization applied to
differentiate between total and fluorescent (i.e., PI-
stained) cells. Inactivation efficiency was computed as
the ratio of stained to total cells in each section. Due to
the symmetry of the channel design, this approach
yielded 60 unique measurement points per channel,
effectively doubling to 120 data points with mirrored
duplicates. Final results are presented as the mean of
these values across all valid replicate channels, with
error bars indicating 95% confidence intervals. This
image analysis framework was previously developed to
provide consistent, high-throughput quantification
across a range of LOAC-based disinfection studies,
including this work involving EFT and metal ions.
Further implementation details can be found in our
earlier publication (Jarin et al., 2024).

https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783


https://doi.org/10.1007/s11783-026-2134-8
https://doi.org/10.1007/s11783-026-2134-8
https://doi.org/10.1007/s11783-026-2134-8
https://doi.org/10.1007/s11783-026-2134-8
https://doi.org/10.1007/s11783-026-2134-8
https://doi.org/10.1007/s11783-026-2134-8
https://doi.org/10.1007/s11783-026-2134-8

Jarin & Xie, ENGINEERING Environment 2026, 20(3): 34

https://doi.org/10.1007/s11783-026-2134-8

2.6 Data analysis

For the rest of the data analysis, Microsoft Excel was
used to calculate the synergy values via Bliss
Independence Model (BIM), p-values to assess
significance via two-tailed t-tests, and significance via
analysis of variance (ANOVA) for some cases
(Hegreness et al., 2008; Garza-Cervantes et al., 2017).
The BIM allows us to calculate the significance of any
synergy present between each combination case of
experiments using Eq. (3) (below). All inputted values
are calculated as the percent of bacteria that survived
the treatment out of the maximum capacity of 100%
(For example, if 70% of bacteria are inactivated, then
30% are considered to be alive and used for the
representative value in the calculation). Using the BIM
calculation, a synergy (S) value is resulted where S > 0
indicates a present synergy, S = 0 indicates an additive
result, and S < 0 indicates an antagonistic result.

(Fo\[F\_ Lo
-(F)E)-% ®

where the S value indicates the difference between the
predicted value of the individual components (x, y) and
the combined result (xy), f, refers to the survival
percentage of one tested condition, f;, refers to another
tested condition, f, refers to the control case for any
given experiment, and f,, refers to the combined
approaches of f,, and f; . Examples of how the equation
was adjusted for each experimental case is also listed
for the reader’s understanding and clarification.

For example, when testing the combination of Cu and
Ag only, we use Eq. (4).

Jea-ne

_ .f Cu ) ( f Ag )
S = - , 4
( fControl fConlrol fConlrol ( )

where f, refers to conditions with Cu present, fy,
refers to conditions with Ag present, fc ..., refers to the
control case (conditions where no antimicrobial metals
are present), and fc,_», refers to the combined approach
using Cu and Ag.
When testing the combination of EFT and Cu, we use
f EFT-Cu

Eq. (9).
f EFT-only f Cu )
S = - s
( fControl ) (fContro] fControl

where fipr o, refers to the EFT-only condition (with no
antimicrobial metals) and f, refers to conditions with
Cu present. Also, foo.o refers to the control case
(conditions where no antimicrobial metals or EFT are
present), and fgpr.c, refers to the combined approach
using EFT-Cu.

When testing the combination of EFT, Cu, and Ag,

©)

we use Eq. (6).
fEFT*Cqug

S = (fEFTonly ) (fCuAg ) _
fContlol fConlrol fConlrol ’
where  frproy, refers to the EFT-only condition
(without antimicrobial metals) and f., ., refers to
combined approaches using Cu-Ag without EFT.

Lastly, fepr_cy.ag refers to the combined approach using
EFT with Cu and Ag.

(6)

3 Results

3.1 Inherent antimicrobial properties of Cu and Ag
ions

Both Cu and Ag were tested in varying concentrations
individually to determine the inactivation capability
when using the LOAC device. This was necessary to
gain understanding of the control values and ensure we
can capture accurate and consistent cell death with each
of the metals on the device before attempting to add
other conditions to understand the synergy. Figure 2
shows the results for inactivation percentage on the
LOAC over varying concentrations individually. The
results for both metals show an increase with increasing
concentration. For Cu, ~10% cell inactivation was
observed when adding 200 pg/L and this increased to
~23% with 800 pg/L (Fig. 2a). For Ag, ~7% cell
inactivation was observed when adding 10 pg/L and
this increased to ~51% with 100 pg/L (Fig. 2b). These
results show the successful observation and quanti-
fication of each antimicrobial metal and its respective
cell death using the LOAC device. Since all the
concentrations for Cu and Ag are in ranges within the
SMCLs for the USEPA secondary drinking water
guidelines (Cu 1.0 mg/L and Ag 0.1 mg/L), it is also
expected that we see different ranges in toxicity for
each. (USEPA, 2024a) As predicted, Ag has a lower
SMCL and is more toxic, requiring lower concen-
trations to cause cell death.

The results in Fig. 2b are not surprising as Ag is well
known to be very toxic to bacteria due to its biocidal
properties, working well at extremely low concen-
trations (Lemire et al., 2013). Although there are many
mechanisms proposed for how different antimicrobial
metals may inactivate bacteria, Ag in particular is
heavily evidenced to severely compromise the integrity
of the cytoplasmic membrane, impair the membrane
function through loss of membrane potential, disrupt
the bacterial electron transport chain, and engage in
some in vivo protein dysfunction and thiol depletion
(Bragg and Rainnie, 1974; Feng et al., 2000; Dibrov
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Inactivation efficiency of Cu (a) and Ag (b) applied individually on the LOAC. The y-axis represents inactivation

percentage, and the x-axis is the varying concentrations for each antimicrobial metal ion. There is no EFT applied in these three
cases. Higher concentrations of Cu were not tested in this study as concentrations beyond Cu’s MCL were realized in our
previous work(Jarin et al., 2024). Error bars represent 95% confidence intervals of the mean values for up to 30 replicate

channels.

et al., 2002; Gordon et al., 2010; Li et al., 2010; Lemire
et al., 2013; Alherek and Basu, 2023). Studies have also
observed Ag ions to potentially penetrate bacteria and
turn their DNA into a condensed form, blocking DNA
replication, and leading to an eventual destruction of
the cell (Marambio-Jones and Hoek, 2010). Further
detailed examples of relevant mechanism studies are
discussed in the Supplymentary Materials.

Cu is well known for its biocidal properties in
bacteria as well, specifically its abilities to engage in
protein dysfunction, impair the membrane function
through membrane damage or increased permeability,
and production of intracellular reactive oxygen species
(ROS) and antioxidant depletion (Valko et al., 2005;
Macomber et al., 2007; Warnes and Keevil, 2011;
Warnes et al., 2012; Lemire et al., 2013; Alherek and
Basu, 2023; Jarin et al., 2024). Many studies support
Cu’s ability to generate ROS by reduction through a
Fenton-like reaction, leading to enzyme/non-enzyme
mediated oxidative damage with lipid peroxidation,
protein oxidation, and even DNA damage (Ray et al.,
2012; Pham et al., 2013; Yang et al., 2014; Salah et al.,
2021). Additionally, several authors have studied Cu
ions and their successful ability to damage the
membrane, infiltrate the cell, and induce oxidative
stress via endogenous ROS (Prabhu et al., 2010; Grass
etal.,, 2011; Ray etal., 2012; Salah etal., 2021).
Despite the many different ways these two metals can
cause inactivation of bacteria, many of the attack
pathways overlap, leading us to believe further study of
the potential synergies between them may be promising
as well.

3.2 Synergy between Cu and Ag without EFT

While the synergy between Cu and Ag has been well
studied in the literature, this is the first that it has been
studied on immobilized bacteria using a LOAC. The
results are shown in Fig. 3 for bacteria inactivation
using Cu and Ag on the LOAC device with no EFT.
The red dots indicate fluorescence of the PI dye and in
this work, we refer to this as inactivated cells (please
see methods section for further details). The control
images and values for inactivation are presented in each
square along with the error. There is clearly increased
fluorescence (more red cells) as we increase the
concentration of each metal present. Looking at the
inactivation values, when the concentrations of either or
both metals increase, the inactivation efficiency also
increases in both cases as expected. Although the
inactivation values increasing in comparison to their
individual control experiments is promising, it does not
signify any synergy presence between the metals.
Figure 4a displays the correlating heatmaps for the
theoretical additive of each combination of concen-
tration case if no synergy was present (expecting the
resulting inactivation of any combination to be
relatively close to each metal’s previous inactivation
value added together). In Fig. 4b, the actual inactivation
results are shown in heatmap form. The change in the
intensity of the colors displays where there is an
increase in actual cell death in comparison to the
theoretical additive plot. In this case, we see
insignificant and dramatic changes of color, and
increased inactivation compared to the additive values.
There is clearly more intensified color present when the
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Fig. 3 Fluorescence microscope images of Cu and Ag for individual and combination cases on the LOAC device. The red dots
indicate inactivated cells here while the analyzed and calculated inactivation percentage and error is highlighted in the corners of
each image. The errors here refer to the 95% confidence intervals of the mean values. For color figure references, please consult
the online version of this article.
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Fig. 4 Inactivation efficiency heatmaps for the theoretical additive (a) and measured results (b) for Cu and Ag on the LOAC.
The color scale indicates the level of inactivation achieved for each case. The theoretical additive values (a) are calculated by
adding each respective Cu control value with the respective Ag control value within the matrix to approximate the inactivation
of each combination case assuming no presence of synergy. For color figure references, please consult the online version of this
article.

concentration increases, indicating some synergy may compared to their theoretical additive conditions (p <
be present in these conditions. All nine experimental 0.01).
cases exhibited statistically significant differences when Figure 5 displays the Bliss Independence Model
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(BIM) heatmap for Cu and Ag. There are many positive
S values indicating significant synergy between Cu and
Ag, specifically increasing as the concentrations for
both ions increase. One near zero value is observed (in
white), which we consider to be additive inactivation.
No negative values were observed. Cu and Ag showed
strong positive inactivation synergy present in majority
of the tested combinations, specifically highest at 0.34
for 800 pg/L Cu and 30 pg/L Ag. This is not surprising
as there is ample literature and historical knowledge
supporting the discussion of Cu and Ag’s synergistic
behaviors when used together (as previously discussed).

The combination of these two antimicrobial metals
may reduce the time required to achieve complete
inactivation which may also contribute to the increased
inactivation efficiency observed in most cases (Raja
et al., 2023). Specifically considering the overlapping
biocidal mechanisms of Cu and Ag individually, it is
highly likely that the mechanisms in the combination
experiments involve some initial increase in the
membrane permeability and/or direct damage to the
membrane/cell wall, followed by disruption of various
intracellular components and processes (Garza-
Cervantes etal., 2017). Previous studies have
concluded that E. coli and B. subtilis tested with Cu and
Ag exhibited synergistic effects mainly through an
increased cell permeability (Garza-Cervantes etal.,
2017). Additionally, other research done on E. coli and
P. aeruginosa suggests that the synergistic effect of Cu
and Ag is dependent on Ag damaging the outer
membranes of the bacteria while Cu acts on the other
cell structures as it may be slower to cause outer
membrane destruction (Vasiliev et al., 2023). As Cu
and Ag have somewhat similar attack pathways for
inactivating bacteria, their teamwork in combination

0.5
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Fig.5 Synergy (S) values determined via Bliss Independence
Model for the combinations of Cu and Ag on the LOAC. For color
figure references, please consult the online version of this article.

here to take advantage of their stronger abilities may
result in the increased S values we see.

3.3 Inactivation efficiency of Cu or Ag with EFT

Understanding the inactivation mechanisms of both Cu
and Ag, and their promising potential to formulate
additional synergies with EFT, like Cu has done in
previous works, here we show the results when
combined individually with EFT in Fig. 6. In this
figure, the inactivation efficiency is fairly stable until a
certain electric field strength is reached. This indicates
the threshold of EFT required to initiate electroporating
bacteria regardless of the additional metal ions present.
After the threshold is crossed, we see the swift incline
of inactivation percentage where the bacteria are now
much more sensitive to the variations in electric field
strength. For all experiments for each of the two metals
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Fig. 6 Inactivation efficiency and representative fluorescence
microscopy images for EFT-Cu (a) and EFT-Ag (b) across a range of
metal concentrations and electric field strengths. A red dashed line
indicates the lethal electroporation threshold (LET), defined as the
point where bacterial inactivation reaches 50%. Red fluorescent dots
mark the positions of inactivated cells on the LOAC surface. Error
bars corresponding to 95% confidence intervals are provided in
Supplementary Figs. S1 and S2. For color-related figure elements,
please refer to the online version of this article.
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(EFT-Cu and EFT-Ag), statistically significant diffe-
rences were exhibited when compared to the EFT-only
control with no antimicrobial metals present (p<0.001).
Figure 6a shows the inactivation percentage of EFT-Cu
where the inactivation efficiency increases for
increasing Cu concentration and increased electric field
strengths. The inactivation efficiency quickly spikes to
100% for the 800 pg/L Cu case at only 32 kV/cm,
while without any Cu, the EFT-only reaches a mere
41% inactivation at 32 kV/cm. Figure 6a also shows an
example of the fluorescent microscope images for each
tested EFT-Cu condition’s LOAC cross-section. The
images show the increase of fluorescence scattered
across the board as the Cu concentration is increased,
inactivating more cells on all positions on the LOAC
surface, as well as the increase in intensity near the
middle portion where the electric field strength is
strongest. Although these results show similar trends to
our previous paper focused on the synergy between
EFT and Cu only, the impact of increasing the Cu
concentration with the use of EFT is observed clearly
here with only concentrations below the SMCL for
drinking water (Jarin et al., 2024).

Figure 6b shows the inactivation percentage of EFT-
Ag over a range of electric field strengths. The
inactivation efficiency increases here for increasing Ag
concentration and increased electric field strengths,
similarly and as expected. Although for these low
concentrations of Ag, there is not a significant
difference observed for the varying concentrations as
100% inactivation is reached at 34 kV/ecm when 30
png/L is administered, but for the other cases 94% is
reached using 20 pg/L, and 88% using 10 pg/L at the
same maximum electric field strength of 34 kV/cm.
Compared to the EFT-only condition with no added Ag,
the EFT can reach 72% inactivation using a maximum
34 kV/cm, which is about 20%—-30% lower than with
any additional Ag. Figure 6b also shows an example of
the fluorescent microscope images for each tested EFT-
Ag condition’s LOAC cross-section. The images show
the increase of fluorescence scattered across the board
as the Ag concentration is increased, similarly to Cu.
Despite this, there is less fluorescence shown overall in
comparison to the EFT-Cu as this is in line with the
lower overall inactivation achieved from the calculated
results. The impact of increasing the Ag concentration
with the use of EFT is shown clearly here with
concentrations below the SMCL, although there may
not be a significant observable difference to the varying
concentrations at this low level.

To analyze the potential synergy between EFT and
each of these two metals, the S values were calculated
for each case (Fig. 7). Generally, the positive S values

indicate significant synergy between the EFT and metal
ions, specifically as concentration and electric field
strength increase. For EFT-Cu here, the 200 pg/L
condition showed mostly additive behavior when
combined with EFT, but for the 500 and 800 pg/L an
increase in S values (increase in color intensity) was
observed in the higher electric field strengths (28-33
kV/cm). Due to the wide set of data in the study, we
believe the lower electric field strengths are more prone
to showing some variance in their synergy values since
the combined effects are not very different from the
individual. Despite the variance, the range of negative
values calculated in this study or in Fig. 7 are all still
rather small in comparison to the positive synergy
values we are more focused on in this work. The
increase in S values here allows us to conclude the
presence of synergy using EFT-Cu and its ability to
increase with increasing electric field strength.
Interesting to note, the color intensity declines a bit
after peaking at 33-34 kV/em. As the overall
inactivation efficiency reaches 90%—100% (maximum
capacity), the S wvalues begin to decline as the
inactivation can no longer increase. Because of this, the
decline in S values near the highest electric field
strengths are to be expected. Similar analysis is shown
for the EFT-Ag. Specifically for EFT-Ag, we see
positive S values mainly in the higher electric field
strengths across all three concentrations tested. Despite
this, there is no clear trend to the EFT-Ag synergy as
the color intensity increase and decrease rather
inconsistently for each concentration. Overall, the very
prominent and positive S values confirm the presence
of synergy between EFT and each antimicrobial metal
while the electric field strength and concentration
increases.

From the S values depicted in Fig. 7, there are two
clear trends observed for the synergy between EFT and
metals. Looking from the bottom to the top, there is a
very clear increase in the synergy values as the electric
field strength increases. The second trend is observed
for EFT-Cu when looking from left to right as the
synergy values generally increase as the concentration
of metal ions also increases. Interestingly, Ag does not
follow the same trend, as concentration does not secem
to contribute to any specific peaks across the figure. We
attribute this to the difficulty of experiment with Ag ion
as it requires a much lower concentration to be within
its SMCL. We admit this may be one limitation of our
study, as we believe it is due to the closeness of the
concentration range or the range being so little itself (<
0.1 mg/L) that makes the collected Ag data on the
LOAC more widely varied than comparative Cu data.

The EFT-Cu peaks at 0.48 while EFT-Ag peaks at
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Fig.7 Synergy (S) values determined via Bliss Independence
Model for the combinations of EFT-Cu and EFT-Ag for varying
electric field strengths (25-34 kV/cm). For color figure references,
please consult the online version of this article.

0.28. This suggests Cu is a more effective and efficient
synergistic metal ion to be used in combination with
EFT as the highest S values are observed. As EFT-Cu
has been studied previously, this high synergy observed
is due to EFT is able to weaken the membranes of
bacteria leaving them more susceptible to inactivation
by Cu both internally and externally (Jarin et al., 2024).
Similarly for EFT-Ag, a related study tested the
removal/inactivation mechanism of E. coli with Ag ions
and electric field, finding the main mechanism to be the
increased cell membrane permeability caused by the
externally applied electric field, enhancing the
penetration of silver ions through biofilms/cells
(Suttasattakrit et al., 2022). For our case, we believe the
synergy potential may not be as significant here due to
low concentrations of Ag used and the limited ability
for Ag to contribute to further membrane damage or
permeability increase after EFT has already
successfully done so. Looking at the inactivation and S
value results, there is great promise for the use of both
EFT-Cu and EFT-Ag as they all had relatively high
inactivation efficiency and positive S values for more
than half of the analyzed cases.

3.4 Synergy when combining EFT with Cu and Ag

Understanding that Cu has potential synergies when

combined with Ag, and that both metals have some
synergy when combined with EFT, we tested the
combination of EFT with Cu and Ag, and the results are
shown in Fig. 8 in comparison to their respective
individual results. We use three different concentrations
cases with Case 1 (Fig. 8a) being the lowest
concentrations combined, Case 2 (Fig. 8b) slightly
increased concentrations, and Case 3 (Fig. 8c) being the
highest. The data for the new combination of EFT with
Cu and Ag (EFT-Cu-Ag) are specifically highlighted
using the upright green triangles. Generally, we see
higher overall inactivation for the EFT combination
metal cases when compared to the individual EFT-Cu,
EFT-Ag, and EFT-only cases. There is very clearly

a
&£ 100 EFT-Cu-Ag Case 1
P 200 pg/L Cu - 10 ug/L Ag
& 80 = 10uglLAg
8 6o 200 pg/L Cu
g 0 ug/L Cu/Ag
T a0
S
2
3 o v
£ o ES0N: Seococs
5 10 15 20 25 30 35
b Electric Field Strength (kV/cm)
£ 100 EFT-Cu-Ag Case 2
Py 500 pg/L Cu - 20 pg/L Ag
& 80 - 20ugLAg
8 6o 500 ug/L Cu
§ > 0 ug/L Cu/Ag
- 40
S
5 20 & . e Y
£ i
g 0 0-0-0¢ 0-0C00MOA00
5 10 15 20 25 30 35
Electric Field Strength (kV/cm)
C
£ 100 EFT-Cu-Ag Case 3 JE—
° 30 ug/L Ag 800 ug/L Cu - 30 ug/L Ag
g 8o 0 ug/L Cu/Ag 800 pg/L Cu
[ 4
8 60
&
< 40
S
g 20 vEoo
3
5 10 15 20 25 30 35

Electric Field Strength (kV/cm)

Fig. 8 [Inactivation efficiency of EFT combined with Cu and Ag
(EFT-Cu-Ag) for varying concentration cases observed on the
LOAC. Three different concentrations cases are tested with Case 1
(a) being the lowest concentrations combined, Case 2 (b) slightly
increased concentrations, and Case 3 (c) being the highest. The new
EFT with Cu and Ag data are specifically highlighted using the
upright green triangles. The same 70 V was applied to obtain a range
of electric fields across the curved electrode from ~7-35 kV/cm. The
red dashed line indicates the lethal electroporation threshold (LET),
defined as 50% bacterial inactivation. Error bars reflecting 95%
confidence intervals for each combined metal treatment group are
presented in Fig. S3 in the SI. The red dashed line represents the
lethal electroporation threshold (LET) where overall inactivation
reaches 50%. For color-specific details, please refer to the web
version of the article.
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more inactivation achieved with lower electric field
strength applied due to the increased presence of more
antimicrobial metals in the combination cases.
Additionally, for EFT-Cu-Ag Case 1 (Fig. 8a) where
the lower concentrations are used in combination (green
triangles), the largest difference in inactivation
efficiency is seen when increasing electric field strength
(compared to the independent cases shown in blue
squares and red downward triangles). When using 34
kV/ecm, Case 1 achieved ~97% inactivation, Case 2
achieved ~99%, and Case 3 achieved 100%. With the
clear ability to successfully achieve > 97% inactivation
for all cases, there is great promise in using
combinations of antimicrobial metals with EFT at the
device scale for a variety of applications including
drinking water disinfection. We expect the synergy for
EFT with Cu and Ag to be based on the same
mechanisms of the individual metal ions inactivation
and EFT combinations with the individual metals.
Additionally, a two-way ANOVA was used to confirm
the statistical significance in variance between the
electric field strength and the difference in use of
metals and metal combinations. Statistical significance
was shown across the board in both the interaction with
electric field strength and varying concentration cases
(» < 0.001), meaning all tested variables (individual
metal ions, electric field strength, and combination of
metals) provided significantly different results and have
significantly  different impacts to our overall
inactivation efficiency.

In Fig. 9, the BIM is shown side by side for EFT-Cu-
Ag for each concentration case. The figure displays S
values for all three concentration cases tested for 10
different electric field strengths. We observe mostly
near zero values (—0.1-0.1) with lower electric field
strengths (< 30 kV/cm), while strong positive (blue)
values are observed above 30 kV/cm. Some
antagonistic (red) values are observed, interestingly
mainly isolated to the lower electric field strength and
high concentration cases (lower right). Although some
negative S values (< —0.2) are observed, we expect this
with the wide variation of data obtained in these studies
and with the high concentrations cases due to
approaching the detection limits of our study. (Smith
and Romesberg, 2007; Garza-Cervantes et al., 2017)
Many positive S values are also observed with the
highest being 0.43, among others when applying high
electric field strength with the lowest concentrations.
Interestingly, for the lowest concentration Case 1, Cu
and Ag without EFT previously showed an S value of
~0.06 (from Fig. 5a), but here with the addition of EFT,

Electric Field Strength (kV/cm)
Synergy

Cas‘e 1 Caée 2 Cas'e 3

EFT-Cu-Ag

Fig.9 Synergy (S) values determined via Bliss Independence
Model for EFT combined with Cu and Ag for varying electric field
strengths. The same 70 V was applied to obtain a range of electric
fields across the curved electrode from ~7-35 kV/cm. For color
figure references, please consult the online version of this article.

the S value has increased greatly to 0.43 (from Fig. 9).
With these results using EFT with Cu and Ag, we
believe some of the most promising synergies can be
obtained when using EFT and antimicrobial metals at
higher electric field strengths and lower concentration
combinations. This is a very encouraging finding as we
can optimize future approaches to take advantage of
lower concentrations of metals in safe quantities while
we tune the EFT in our favor. Regarding the S values,
the highest S value when applying EFT (0.43 from Fig.
9) is higher than the S wvalue for the highest
concentration combination of Cu and Ag without any
EFT (0.34 from Fig. 5a). The difference in these is that
for the EFT with Cu and Ag, the highest synergy is
observed with the lowest concentrations (Case 1 in Fig.
9) as opposed to the very limited synergy observed
when the same concentrations are applied without any
EFT (0.09 from Fig. 5a). Lastly, the high synergy
values present in EFT combined with Cu and Ag (0.43
from Fig. 9) show immense promise for Cu and Ag to
be studied further in combination with EFT at larger
scale for its potential advantages in water treatment.
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4 Discussion

The LOAC wused in this study was developed
specifically for experimenting and observing operando
investigations under the microscope with EFT. Despite
the many advantages of using an LOAC, there are still
some limitations to address like the small sample size
of bacteria immobilized on chip, inability to operate
with a flow or mixed volume, and no successful way to
transfer the cells in these experiments to a traditional
plate count method to assess cell viability. (Jarin et al.,
2024) Additionally, further work should focus on
developing better methods to observe other bacteria
species more consistently and especially chlorine
resistant species using our lab-on-a-chip (LOAC)
devices for future studies. Due to these limitation,
further mechanism study of the EFT and antimicrobial
metal attack pathways is not feasible and thus, future
work can focus on redesigning the experiments in order
to consider other analysis methods (electron
microscopy, biochemical and membrane permeability
assays, oxidative stress inhibitors, etc.) to more
intensely investigate the mechanism of inactivation at
the cellular level. Lastly, future work should also focus
on testing wider ranges of metal concentrations, various
other impactful parameters to pulse application in water
treatment (pulse width, total effective treatment time,
conductivity, pH, temperature, turbidity, etc.), and even
different antimicrobial metals in combination with EFT
(Garner, 2019). With all this considered, the strong
consistency of results observed lead us to believe the
synergies will be replicable at larger scales, in more
realistic systems, for drinking water disinfection and
pathogen prevention. On a larger scale, where increased
concentrations of bacteria are used, the standard plate
count method will be appropriate for analysis. For more
details on larger scale studies focused on operation
performance relevant to EFT in more complex water
matrices, please refer to our previous works (Zhou
et al., 2019, 2020; Mo et al., 2023). When applied in
future at larger scales in batch, a variety of electric field
strengths can not be tested all at once. Because of this,
the results obtained in this study and the specific
electric field strengths values found most optimal for
synergy can be used to narrow the focus of future work
to optimizing the applications at larger scale.

5 Concluding remarks

In this study, two antimicrobial metals (Cu and Ag)
were tested using the LOAC device for both their
synergies with one another and synergy when used in

combination with EFT. Many strong synergies were
confirmed and quantified between just the metals, but
for this study, emphasis was placed on studying more
specifically the synergy of EFT combined with Cu
and/or Ag. The synergies were quantified using the
Bliss Independent Model and possible mechanism
involved in all combination cases were elucidated.
Additionally, the strongest synergies were observed
when combining EFT with Cu and Ag together at the
microscale, showing great promise for future work
focused on EFT-Cu-Ag at the application scale.
Important to note, our tests conducted exhibit
antibacterial effects at non-toxic concentrations for
human cells and thus are still very promising for usage
in drinking water disinfection. Therefore, in this work,
we have concluded the promising synergy when
combing EFT with Cu and Ag for potential applications
in drinking water disinfection as the synergy was
shown to be the strongest, while concentrations of both
Cu and Ag remained well below the SMCL and safe for
human consumption.
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