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THE BIGGER PICTURE Mammalian cells, like neurons and cardiomyocytes, are electrically excitable. De-
vices such as pacemakers and neural stimulators exploit this trait for drug-free electrical therapies. In
contrast, the excitability of resident bacteria has been less explored, despite their crucial role in human
health. If the excitability of human microbiota could be similarly harnessed for drug-free bioelectronic control,
it could provide solutions to antibiotic resistance in opportunistic infections.

In this study, we explored the electrical excitability of Staphylococcus epidermidis, a skin-dwelling bacterium
responsible for common clinical infections. While unresponsive at neutral pH, we found that the bacteria
became electrically excitable in the acidic environment of healthy skin. We termed this “selective excit-
ability,” as the bacteria were selective or picky about the environment in which they displayed excitability.
Exploiting the selective excitability, we suppressed bacterial virulence factors with mild electrical stimulation.
This method offers localized, programmable, and antibiotic-free methods to control opportunistic
pathogens.

SUMMARY

The natural excitability in mammalian tissues has been extensively exploited for drug-free electroceutical
therapies. However, it is unclear whether bacterial residents on the human body are equally excitable and
whether their excitability can also be leveraged for drug-free bioelectronic treatment. Using a microelectronic
platform, we examined the electrical excitability of Staphylococcus epidermidis, a skin-residing bacterium
responsible for widespread clinical infections. We discovered that a non-lethal electrical stimulus could
excite S. epidermidis, inducing reversible changes in membrane potential. Intriguingly, S. epidermidis
became excitable only under acidic skin pH, indicating that the bacteria were “selective” about the environ-
ment in which they display excitability. This selective excitability enabled programmable suppression of bio-
film formation using benign stimulation voltages. Lastly, we demonstrated the suppression of S. epidermidis
on a porcine skin model using a flexible electroceutical patch. Our work shows that the innate excitability of
resident bacteria can be selectively activated for drug-free bioelectronic control.

INTRODUCTION electroceuticals, therapeutic bioelectronic devices that stimulate

the body’s naturally excitable circuits.” Bioelectronic devices
Leveraging the innate electrical excitability of eukaryotic cells  such as cardiac pacemakers,? retinal prostheses,*° and nerve
has enabled bioelectrical modes of tissue modulation, providing  stimulators® demonstrate how understanding and harnessing
alternatives to drug-based therapies. Excellent examples are  natural excitability in tissues can bring extensive health benefits.

':3, Device 2, 100596, November 15, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1
. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In these devices, well-known excitable cells such as neurons
have been the main target of modulation.”® However, the recent
discovery of innate electrical excitability in microbes suggests a
potential for the bioelectrical control of commensal bacteria that
are crucial to human health.® To target bacteria inhabiting the hu-
man body, it would be preferable to use low-voltage stimulation
to modulate bacterial physiology and pathology similarly to how
electroceuticals are used in human medicine.

There is a need to effectively control the bacteria residing on
the human body, as many of them can become opportunistic
pathogens under certain conditions.'® For example, Staphylo-
coccus epidermidis, commonly found on healthy skin, typically
promotes tissue homeostasis and aids in wound healing."" How-
ever, factors such as compromised skin barrier, immunosup-
pression, and biofilm formation can shift its behavior toward
pathogenicity.'®"® In the virulent state, S. epidermidis is a signif-
icant contributor to neonatal morbidity'“ and is the second-lead-
ing cause of hospital infections due to the formation of antibiotic-
resistant biofilm in clinical implants.’ Moreover, the severity of
dermatological disorders like atopic dermatitis'® and scalp seb-
orrheic dermatitis (i.e., dandruff)'” is linked to an over-prolifera-
tion of S. epidermidis on the skin. Effective management of
opportunistic pathogens is a major challenge that, if overcome,
could have far-reaching implications.

Bioelectronic control of opportunistic pathogens may offer
unique advantages over antibiotic treatments. Antibiotics carry
widespread side effects, such as nausea, drug fever, and neph-
rotoxicity.'® Repeated exposure to antibiotics increases the risk
factor for chronic inflammatory disorders'® and contributes to
antimicrobial resistance, a global health threat.”>?" Recently,
three strains of S. epidermidis that are pan-resistant to all clas-
ses of antibiotics have emerged,?® exposing the fragility of
drug-based methods. Unlike drugs, bioelectrical treatments
may allow for localized and targeted therapy, thereby minimizing
systemic side effects.”® Bioelectronic methods may also be
applied automatically with programmable stimulation parame-
ters that can be optimized for individual patients to enable
personalized medication.>*?°

Despite being a potential drug-free alternative, existing electri-
cal treatment for bacteria is less developed compared to those
acting on mammalian systems, as bacterial electrophysiology
is still being elucidated. Conventional electrical treatment for
bacteria has primarily focused on the electrostatic surface
detachment of cells, high-voltage electroporation, and electro-
chemical biocide generation that irreversibly kills bacteria.?®>®
This contrasts with electroceuticals targeting mammalian tissues
that leverage innate cellular excitability to elicit non-lethal and
programmable bioelectrical responses.’® Given that bioelec-
trical potential is closely related to growth, virulence, and anti-
biotic resistance in bacteria,*° bioelectronic devices that exploit
excitatory responses in opportunistic pathogens could offer a
powerful handle to steer bacterial physiology in our favor
(Figure 1A).

Several gaps in knowledge must be filled to engineer devices
that can exploit excitatory responses in opportunistic patho-
gens. Among the human microbiota, only two species have
been conclusively shown to be electrically excitable, demon-
strating the ability to generate changes in membrane potential
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in response to electrical stimulation.®' Specifically, Escherichia
coli and Bacillus subtilis, which reside in the gastrointestinal
tract, exhibit changes in membrane potential when electrically
stimulated.> This number of reported electrically excitable
species is remarkably small compared to the thousands of
bacterial species that reside in our bodies.*® Consequently,
molecular mechanisms underlying bacterial electrophysiology
have only been elucidated for a few model organisms such as
B. subtilis,®**® and far less is known about more medically rele-
vant species. Furthermore, the long-term effects and the clinical
relevance of excitatory responses in opportunistic pathogens
remain unclear.®"*® This gap in understanding has impeded
the development of wearable or implantable bioelectronics de-
signed to control resident bacteria by harnessing their innate
electrical excitability.

In this study, we engineered a microelectronic platform to
examine the electrical excitability of the skin-residing opportu-
nistic pathogen S. epidermidis. Our findings show that
S. epidermidis can be excited by a non-lethal electrical stimulus,
causing reversible changes in membrane potential. Intriguingly,
S. epidermidis and other skin pathogens were excitable only
when subjected to an acidic epidermal pH. Hence, we have
coined the term “selective excitability” to describe excitatory
behavior that occurs only under select conditions, such as in
this case, the epidermal pH. The bioelectrical stimulation in-
hibited growth, virulence gene expression, and biofilm formation
in S. epidermidis. Leveraging these findings, we developed an
electroceutical patch that exploits selective excitability of
S. epidermidis, preventing skin colonization using a voltage
that is safe and imperceptible to humans. Our research high-
lights the discovery and utilization of selective excitability in bac-
teria, enabling drug-free bioelectronic control of opportunistic
pathogens.

RESULTS

A tailored device platform enables the assessment of
bacterial excitability in response to electrical
stimulation

To observe the effects of electrical stimulation at single-cell res-
olution, we developed a customized setup for bacterial electro-
physiology (Figure S1). Interdigitated gold electrodes were fabri-
cated on a 0.17-mm glass coverslip, compatible with the use of
63x and 100x microscope objectives that have a short working
distance (Figures 1B and 1C). Interdigitated designs enable elec-
tric potential localization between adjacent fingers for effective
cell modulation (Figure S2),"*® while gold provides superior
biocompatibility.®® After inoculating the bacteria on agarose
pads, these were placed on the electrode surface, and a poten-
tiostat was used to deliver an alternating current (AC) at specified
frequencies and voltages. The electrodes were designed with a
width and gap of 40 um (Figure 1D), suitable for the small size
of S. epidermidis, which ranges from approximately 1 to
2 um.*® Incorporating a 2 x 2 grid within a single device
enabled us to perform parallel experiments with varying condi-
tions, facilitating statistical analysis. The customized setup al-
lowed us to deliver exogenous electrical stimuli and monitor
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Figure 1. An interdigitated stimulation platform enables the assessment of bacterial excitability in response to electrical stimulation

(A) Opportunistic infections by S. epidermidis serve as a leading source of healthcare-associated infections. We investigate whether we can induce an excitatory
response in S. epidermidis through electrical stimulation, enabling drug-free, bioelectrical modulation.

(B) Schematics of the electrical simulation device used to study the excitability of S. epidermidis.

(C) The electrical stimulation device. Scale bar, 5 mm.
(D) Magnified image of interdigitated gold microelectrodes.

(E) Phase contrast (left) and fluorescence image of ThT-stained S. epidermidis (right) located between the interdigitated gold electrode array. ThT reports on the
membrane potential. The color bar illustrates the intensity range of ThT-stained cells. Scale bar, 10 um.

electrophysiological changes in bacteria through fluorescence
and phase-contrast microscopy (Figure 1E).

Epidermal pH confers electrical excitability to
S. epidermidis
Skin-residing bacteria are exposed to diverse pH conditions,
with healthy skin typically ranging from 4.7 to 5.2*' and skin
with atopic dermatitis from 5.5 to 5.9.%> Acne vulgaris presents
a skin pH of around 6.4,"® whereas chronic wounds have pH
varying from 7.2 to 8.9.* Considering the varied environmental
pH levels to which the bacteria are subjected, we explored the
electrical excitability of S. epidermidis across external pH (pHe)
ranges of 4-9. The electrical stimulation condition (75 millivolts
peak-to- peak [mVpp]/um, AC, 0.1 kHz for 10 s) was selected
based on the work on B. subtilis stimulation by Stratford
et al.* and optimization processes outlined in Figure S3.
Electrical stimulation increased the fluorescence intensity of
the membrane potential indicator thioflavin T (ThT) in cells, indic-
ative of hyperpolarization (Video S1). However, this response
was observed only at pHe = 5, matching the pH of healthy skin
(Figures 2A-2C).*> Hyperpolarization of S. epidermidis upon

electrical stimulation was confirmed with another membrane
potential indicator, tetramethylrhodamine (Figure S4). We also
studied changes in the bacteria’s intracellular pH using pHrodo
staining. Electrical stimulation increased pHrodo fluorescence,
suggesting cytoplasmic acidification. Like the membrane poten-
tial, the change was observed only at pH, = 5 (Figures 2D-2F).
Single-cell traces of ThT and pHrodo fluorescence showed
that the excitatory response occurs across the population
(Figure S5).

An acidic epidermal pH, used as the skin’s first line of defense
against microbes, presents an adverse environment for bacterial
growth.“® Surprisingly, S. epidermidis exhibited electrical excit-
ability at the epidermal pH of 5, but remained completely unre-
sponsive to stimulation at its optimal growth condition at pH
7.4 (Figure S6). We coined the term “Selective excitability” to
describe how the bacteria became excitable only when select
conditions, deviating from the best thriving environment,
were met.

Next, several control experiments were conducted to demon-
strate the reversibility and non-lethality of the excitation response.
Changes in membrane potential and intracellular pH were not due
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Figure 2. Epidermal pH confers electrical excitability to S. epidermidis

(A) ThT intensity traces show that electrical stimulation hyperpolarizes S. epidermidis only at pHe = 5. Fluorescence intensity is calculated as log(F/F0), where F is
the fluorescence and FO is the fluorescence at the resting state. See also Figure S2 for single cell traces.

(B) Confocal images show that electrical stimulation elicits hyperpolarization at pHe = 5, but not at pHe = 7.4. The pH of 7.4 represents the unmodified pH of TSB
medium, where the bacteria grow most optimally. Scale bar, 5 um. The color bar illustrates the intensity range of ThT-stained cells.

(C) Intensity histogram of ThT-stained cells at rest and post-stimulation at pHs =5 (n > 300).

(D) pHrodo intensity traces show that electrical stimulation acidifies the cytoplasm of S. epidermidis only at pH. = 5. pHrodo reports on the internal pH, with its
fluorescence increasing at a lower internal pH. See also Figure S2 for single cell traces.

(E) Confocal images show that electrical stimulation induces acidification of cytoplasm at pH, = 5, but not at pH, = 7.4. Scale bar, 5 um. The color bar illustrates
the intensity range of pHrodo-stained cells.

(F) Intensity histogram of pHrodo-stained cells at rest and post-stimulation at pHe = 5 (n > 300).

(legend continued on next page)
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to cell death or electroporation (Figure S7), as the proportion of
propidium iodide-stained cells remained unchanged upon stimu-
lation. Indeed, the electric field we applied (75 mVpp/um) was
about two orders of magnitude lower than the lethal electropora-
tion threshold for S. epidermidis reported in the literature, which
ranges from 1,000-3,500 mV/um.*’ The electric field was gener-
ated with an AC voltage (Vo) of 1.5 V¢, which is considered safe
and imperceptible to humans.*® Importantly, the hyperpolarized
membrane potential could be reversed back to the resting state
within a 6-h time frame, during which the bacteria resumed
growth (Figure S8). These results show the reversibility and non-
lethal nature of the bioelectrical response.

More control experiments were conducted to understand the
nature of the excitatory response. Using fluorescein as a pH
probe, we verified that external pH, which is known to affect
membrane potential, remains unaltered during and after the
stimulation (Figure S9). Furthermore, we found that the excitation
laser for ThT and pHrodo alone does not trigger an increase in
fluorescence (Figure S10). The simultaneous rise in ThT and
pHrodo fluorescence during electrical stimulation aligned with
reported connections between internal pH and membrane po-
tential. Specifically, it is known that the decrease in internal pH
is balanced by hyperpolarization of the membrane potential as
part of bacterial pH homeostasis (see Figure S11 for details).***°
Overall, the experiments suggested that the observed phenom-
enon is an authentic electrophysiological response elicited by
electrical stimulation.

Next, we investigated why bacteria only responded at
pH 5 and how the epidermal pH confers excitability to
S. epidermidis. By using the intracellular pH dye BCECF-AM,
we found that the transmembrane proton gradient AH* is small
at pH, > 6, and collapses at acidic pHs < 4.5. The AH*, how-
ever, strongly peaks at pHe = 5 (Figure 2G). Since electrical
excitation of S. epidermidis involves proton influx, the large
AH™* near epidermal pH can be correlated with a greater driving
force for the electrical response. Indeed, we observed that
S. epidermidis can be excited only when significant AH* is pre-
sent, at pH 5 and 5.5 (Figure S12). Conversely, abolishing the
proton gradient by adding the protonophore carbonyl cyanide
m-chlorophenyl hydrazone (CCCP) completely inhibited the
excitation response (Figure S13). The results indicated that the
presence of AH" is critical for the excitability of S. epidermidis.

To demonstrate how large AH™ drives proton influx when cells
are perturbed, we conducted kinetic measurements of BCECF-
AM fluorescence (Figure 2H). Upon adding CCCP and nigericin,
two ionophores known to induce proton influx, there is a signifi-
cant drop in BCECF-AM fluorescence, indicative of cytoplasmic
acidification, at pHe = 5. At pHe = 7.4, however, the change is less
pronounced. The differences were expected as AH" at pHs =5 is
orders of magnitude larger than at pHe = 7.4 (Figure 2G). The
result suggests that selective excitability at the epidermal pH
range of 5-5.5 arises due to a large AH* gradient, which provides
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driving force for proton influx when perturbations, such as elec-
trical stimulation, are applied.

Interestingly, we also noted that epidermal pH confers elec-
trical excitability to other opportunistic pathogens—S. capitis
and S. saprophyticus. S. capitis, part of the normal skin flora,
causes opportunistic infections in prosthetic medical devices
and neonatal sepsis.®' S. saprophyticus, prevalent in the acidic
environment of the skin, vagina, and urogenital tract, is respon-
sible for 10%-20% of urinary tract infection in sexually
active young women worldwide.>? Upon electrical stimulation,
S. capitis displays hyperpolarization at pHs = 5 but not at
pHe = 7.4 (Figures 3A and 3B). Similar to S. epidermidis, the
driving force for proton influx, AH*, was two orders of magni-
tude larger at pHe = 5 than at pH, = 7.4 (Figure 3C). Identical
trends were observed for S. saprophyticus (Figures 3D-3F).
The results demonstrate the existence of selective excitability
in the skin-residing microbes that were previously not known
to be excitable. While exploring trends in the electrical
response of resident bacteria is beyond the scope of this pa-
per, future investigation into this topic will help determine
how selectively electrical stimulation can modulate bacteria
on skin (Figure S14).

Programmable electrical stimulation suppresses
virulence factors in S. epidermidis

We next aimed to understand the long-term effects of electrical
stimulation on S. epidermidis at a population level. We observed
that electrical stimulation reduces both growth and ATP levels in
S. epidermidis with successive stimulation cycles (Figure 4A).
This was expected, since perturbations in membrane potential
and intracellular pH have been reported to interfere with normal
cellular functions, including proliferation and respiration.®*** The
reduction was not observed at pH, = 7.4, where no excitation
response was observed. Moreover, transcriptional analysis
post-electrical stimulation revealed a decrease in the expression
of virulence genes responsible for surface adhesion (SdrG),
polysaccharide intracellular adhesin (icaB, icaC), protease
(Clp), oxidative damage resistance (MsrA), and virulence regula-
tion (SarA) (Figure 4B).">*>°® The results show that the excit-
atory response accompanies a suppressive effect on the viru-
lence of the opportunistic pathogen.

We further investigated whether electrical stimulation could
assist in controlling biofilm formation, the defining virulence fac-
torin S. epidermidis.°” Given that electrical stimulation hyperpo-
larizes S. epidermidis, making the cells more negatively charged,
we hypothesized that this would electrostatically increase the
vulnerability of the cell to positively charged aminoglycoside an-
tibiotics such as gentamicin (Figure S15). Indeed, co-staining
S. epidermidis with ThT and gentamicin-Texas red (GTTR) shows
that repeated stimulation leads to successive hyperpolarization
and accumulation of gentamicin (Figure 5A). Hence, we pro-
grammed a protocol to enhance the inhibitory effect of a drug

(G) The maximum of transmembrane proton gradient, AH*, exists near pH, = 5, which could be abolished by the addition of 150 uM CCCP (n = 4). Experimentally,
cells are electrically excitable (green) only near the epidermal pH, where substantial AH" is present.

(H) Upon addition of CCCP (150 uM) and nigericin (3 uM), S. epidermidis shows greater cytoplasmic acidification at pH. = 5 compared to pHe = 7.4. BCECF-AM
reports on internal pH, with its fluorescence decreasing at a lower internal pH. The black arrow denotes the point of addition (n = 4).

All data are presented as means +SDs.
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Figure 3. Epidermal pH confers selective
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through electrical pretreatment. The protocol involved 5 cycles
of stimulation pretreatment to induce hyperpolarization, followed
by incubation with a sublethal dose of gentamicin for 18 h. While
electrical pretreatment or a sublethal dosage of gentamicin alone
failed to reduce biofilm coverage by more than 30%, their com-
bined application resulted in a 94% decrease in biofilm coverage
(Figures 5B and 5C). This demonstrates that electrical stimula-
tion can enhance the effect of the drug, enabling biofilm inhibition
with reduced dosages of antibiotics.

Next, we investigated the possibility of controlling biofilm for-
mation solely through electrical means, without the use of drugs.
As mentioned earlier, S. epidermidis can recover its membrane
potential and resume growth upon stimulation (Figure S8). Thus,
we developed a protocol that applies electrical stimulation at pe-
riodic intervals, every 10 min, to prevent recovery and achieve
long-term suppression. The periodic stimulation at pHe = 5 erad-
icated biofilm formation by 99% without the need for antibiotics
(Figures 5D and 5E). The effect of inhibition was localized where
the bulk interdigitated electrode arrays were present (Figure S16).
No reduction in biofilm formation was observed at pH, = 7.4 (Fig-
ure 5F), where excitation response was not observed, indicating
that the periodic electrical stimulation itself is non-lethal for the
bacteria. In the absence of an excitatory response at pH 7.4, a
voltage as high as 9.5 V. was required to achieve a similar, albeit
less effective, level of biofilm suppression using the identical pro-
tocol (Figure S17). The low-voltage and drug-free electrical sup-
pression of biofilm growth was uniquely enabled at the epidermal
pH where S. epidermidis displays selective excitability.

6 Device 2, 100596, November 15, 2024

are linked with elevated pH levels and

colonization of virulent S. epidermidis
that can exacerbate the conditions.'®**®" To address the
issue, we developed an electroceutical device that can
restore the acidic pH of the skin, sensitizing S. epidermidis
to electrical stimulation and suppression. The device
was used to deliver bioelectronic localized antimicrobial
stimulation therapy (BLAST), which controls proliferation of
the opportunistic pathogen through a drug-free bioelectrical
stimulation. The stimulation parameters for BLAST were
set identically to the drug-free suppression protocol in
Figure 5D.

The electroceutical device featured an interdigitated electrode
array on a flexible polyimide (Pl) substrate (Figures 6A and 6B).
pH 5-adjusted tragacanth gum served as a hydrogel interlayer
between the skin and device, which provided an acidic environ-
ment that confers excitability to S. epidermidis (Figure S18).
Tragacanth gum was selected for its biocompatibility and its nat-
ural ability to form an acidic pH upon gelation.®® With 500 cycles
of periodic stimulation lasting 5 days, the device showed no sig-
nificant decline in impedance, indicating its stability (Figure S19).
The stimulation condition was benign for humans; we utilized a
voltage of 1.5 V,¢, which is an order of magnitude below the
most conservative 15-V,; voltage limit deemed imperceptible
and safe for wet contact.”®* When we applied the device to
a surface inoculated with S. epidermidis, together with traga-
canth gum, electrical stimulation elicited the hyperpolarization
response as shown by confocal z stack imaging (Figures 6C
and 6D). This confirmed that our device can stimulate
S. epidermidis.
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Figure 4. Population response of S. epidermidis reveals the suppressive effect of electrical stimulation

(A) Electrical stimulation reduces the growth and ATP levels in S. epidermidis at pHe = 5, but not at pHe = 7.4 (n = 4).

(B) Electrical stimulation at pH = 5 reduces virulence gene expression in S. epidermidis, measured by the RT-qPCR (n = 4). The fold change was normalized
relative to the expression level of the guanylate kinase (gmk) housekeeping gene.

Each stimulation cycle consists of a 75 mVpp/um amplitude at 0.1 kHz AC for a duration of 10 seconds. All data are presented as means + SDs.

To showcase the potential of BLAST in controlling opportu-
nistic pathogens, we interfaced the device with porcine skin
inoculated with S. epidermidis. Porcine skin was selected for
its similarity to human skin.®® After 18 h of BLAST treatment,
we discovered a nearly 10-fold reduction in the colony-forming
units on porcine skin for stimulated groups (Figure 6E). Scanning
electron microscopy (SEM) imaging further confirmed the reduc-
tion in the porcine skin colonization by S. epidermidis, showing a
substantial decrease in biofilm coverage (Figures 6F and 6G).
Furthermore, we examined whether BLAST could be applied to
control S. epidermidis biofilm formation on other clinically rele-
vant surfaces. Following an identical protocol, we inoculated
S. epidermidis on the silicone surface utilized for catheter tubing
and the surface of ultra-high molecular weight polyethylene uti-
lized for prosthetic implants. Upon applying periodic electrical
stimulation, significant reduction in the colony-forming units
was observed for stimulated groups (Figure S20). This demon-
stration highlights a bioelectronic device exploiting selective
excitability of the opportunistic pathogen, enabling drug-free
control.

DISCUSSION

We engineered a microelectronic device to investigate the elec-
trical excitability of the skin-residing opportunistic pathogen
S. epidermidis. We discovered that S. epidermidis can be
excited by exogenous electrical stimuli, resulting in cytoplasmic
acidification and reversible changes in membrane potential. The
presence of a large transmembrane proton gradient near the
epidermal pH conferred selective excitability to S. epidermidis
and other skin-residing opportunistic pathogens. The bioelec-
trical stimulation programmably suppressed growth and biofilm
formation in S. epidermidis. Finally, we developed a drug-free
electroceutical device that exploits the selective excitability of

S. epidermidis, reducing its colonization on a porcine skin model
through BLAST treatment.

We demonstrated that matching the acidic pH of the skin con-
fers electrical excitability to opportunistic pathogens not previ-
ously known to be excitable. This selective excitability arises
within a narrow pH range of 5-5.5, a hostile condition that devi-
ates from the optimum growth pH for the organism. Given that
bacteria have evolved mechanisms to maintain their H* gradient
under varying environments, each species may possess a
different regime for electrical excitation.**%*5° While B. subtilis
and E. coli are the only two non-electroactive bacteria reported
to be electrically excitable,>*° selective excitability could be a
key to uncovering hidden excitatory responses in other microor-
ganisms. Exploring the excitability of functional microbes may
facilitate electrical control of bacterial physiology for diverse
applications.®”%®

We utilized the finding of S. epidermidis’ selective excitability
to develop a bioelectronic device for controlling bacterial physi-
ology and pathology. Through a low-voltage AC stimulation that
is safe and imperceptible to humans, we elicited a non-lethal
excitation response in S. epidermidis through reversible changes
in membrane potential. This bioelectrical method allowed us to
control growth, ATP, and biofilm formation of S. epidermidis at
a benign voltage that was ineffective to the bacteria outside their
selective pH. In the absence of the excitatory response, signifi-
cantly higher voltage was required to achieve a similar level of
biofilm suppression while risking device degradation. Our
method contrasts with conventional electrical stimulation typi-
cally used to either electrolytically kill bacteria through toxic
chemicals or electroporate cells at dangerously high volt-
ages.”®?’ Qur results will promote further research into bioelec-
trical control of medically relevant bacteria, extending beyond
lethal electroporation.

Our bioelectronic treatment not only enables drug-free control
of opportunistic pathogens but also demonstrates effectiveness
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and advantages over drug-based methods. Periodic electrical
stimulation reduced biofilm formation by over 90%, with the
reduction localized at the interdigitated electrodes. By program-
ming the stimulation protocol, we could transition from drug-
enhanced to drug-free modes of biofilm suppression. In addition,
growth, ATP levels, and antibiotic accumulation could be
controlled stepwise by adjusting the number of stimulation cycles.
The localized, programmable, and highly controllable therapy
demonstrates the unique advantages of bioelectronic treatment
over antibiotics-based methods. This approach is very easy to
customize for individual patients and their treatment needs.
While we demonstrated an electroceutical device that exploits
the excitability of opportunistic pathogens, much more work is
needed to apply the device in practical settings. Molecular-level
studies are needed to identify which ion channels could be
involved in mediating electrical responses in bacteria. Improved
fundamental understanding of ionic responses could also enable
an engineering approach to amplify the electrical response.sg‘70
Also, it should be noted that AC stimulation may be less conve-
nient for wearable device applications due to the complexity of
design and higher power consumption. To improve practicality,
developing power-efficient methods and optimized circuit de-
signs is essential.”’ A better molecular understanding of bacte-
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Lastly, exploring the environmental fac-
tors that grant electrical responsivity to
bacteria may offer valuable insights into

the evolutionary interplay between microorganisms and their
host environments. For example, the stable proton gradient at
pH 5 suggests that S. epidermidis can endure unfavorable
epidermal pH levels to maintain the driving force for ATP synthe-
sis, surviving as a part of the commensal skin flora. From the
host’s perspective, evolution has maintained acidic skin pH,
which is crucial for enzymatic regulation, barrier integrity, and
microbial defense.“® However, the impact of epidermal pH on
conferring electrical excitability to bacterial inhabitants remains
largely unexplored. The presence of natural electrical phenom-
ena on the skin, such as trans-epidermal electric potential”®
and electrostatic discharge,”* prompts intriguing questions
regarding their potential influence on the electrophysiology of
commensal microbes. Investigating this interaction warrants
further scientific exploration.

EXPERIMENTAL PROCEDURES

Strains and growth conditions

S. epidermidis (strain NIHLMO087, provided by Dr. Julia Segre at NIH, NCBI tax-
onomy ID: 979201) was cultured overnight in tryptic soy broth (TSB) using a
shaker incubator (37°C, 200 rpm). A 1-mL sample of the overnight liquid cul-
ture (optical density 600 [ODgqg] ~3.00) was pelleted and resuspended in an
equal volume of pH-adjusted TSB buffer. The resuspended bacterial solution
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Figure 6. BLAST reduces colonization of porcine skin by S. epidermidis

(A) Schematic diagram showing structural components of the electroceutical skin patch used to stimulate S. epidermidis.

(B) Photograph showing wearability and flexibility of the skin patch. Scale bar, 1 cm (top), 40 um (bottom).

(C) Three-dimensional reconstruction of confocal z stack images shows hyperpolarization of ThT-stained S. epidermidis upon electrical stimulation. Scale bar,

20 um. The color bar illustrates the intensity range of ThT-stained cells.

(D) ThT intensity histogram shows population-wide hyperpolarization response elicited upon electrical stimulation of S. epidermidis (n > 600).
(E) BLAST significantly reduces the colony-forming units of S. epidermidis on porcine skin after 18 h (n = 5). Insets show visible reduction in the opacity of

S. epidermidis collected and cultured from porcine skin. Scale bar, 1 cm.

(F) BLAST significantly reduces the S. epidermidis biofilm coverage on porcine skin after 18 h (n > 5).
(G) SEM imaging shows that BLAST decreases S. epidermidis biofilm coverage on the porcine skin surface. Scale bar, 5 um.

All data are presented as means + SDs.

was then added to an aerated culture tube and incubated in the shaker incu-
bator (37°C, 200 rpm) for 3 h.

For imaging membrane potential or antibiotics accumulation, 10 pM ThT
(Acros Organics), 200 nM trimethylrhodamine (TMRM, Invitrogen), or
2 pg/mL of GTTR (AAT Bioquest) was added after 2 h of incubation. At 3 h
of incubation, 1 pL cells were inoculated onto pH-adjusted TSB agarose
pads containing the same concentration of ThT, TMRM, or GTTR. The inocu-
lated agarose pad was placed on the interdigitated gold electrode device for
imaging and stimulation. Imaging of bacterial viability was done using the
LIVE/DEAD BacLight Bacterial Viability Kit (Molecular Probes) following the
identical procedure, using suggested dye concentration from the manufac-
turer. The agarose pad was prepared by melting ultrapure agarose (Invitrogen),

which was then solidified on a 22 x 22-mm cover glass and cutto an 8 x 8-mm
size. When abolishing the transmembrane pH gradient, the agarose pad was
supplemented with 150 uM of CCCP (Cayman Chemical).

For imaging of intracellular pH, 1 mL of the overnight cultured S. epidermidis
was resuspended in 1 mL of pH 7.4 TSB. Then, 2 uL pHrodo Green AM Ester
and 20 pL PowerLoad concentrate (Invitrogen) were added to the suspension
and left at room temperature for 30 min. After this, the cells loaded with pHrodo
were washed twice with pH 7.4 TSB and resuspended in 1 mL of the pH-
adjusted TSB buffers. The bacteria were incubated for 3 h (37°C, 200 rpm)
in an aerated culture tube and inoculated on a TSB agarose pad without any
added dyes. The inoculated agarose pad was placed on the interdigitated
gold electrode device for imaging and stimulation. An identical procedure

Device 2, 100596, November 15, 2024 9
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was used for the culturing and stimulation of S. capitis (American Type Culture
Collection [ATCC] no. 35661), S. saprophyticus (ATCC no. 15305), and E. coli
(MG1655).

Device fabrication and characterization

To fabricate the interdigitated stimulation device for the assessment of bacte-
rial excitability, no. 1.5 thickness microscope cover glass (Brain Research Lab,
no. 4860-1.5D) was sonicated in acetone and isopropyl alcohol for 15 min.
After blow drying with N, the cover glass was subjected to hexamethyldisila-
zane (HMDS) vapor priming. A SiO, wafer (NOVA Electronic Materials) of iden-
tical dimensions (60 x 48 mm) was spin-coated with AZ nLOF 2070
(2,500 rpm, 45 s). Following HMDS treatment, the cover glass substrate was
placed on top of the photoresist-coated SiO, wafer and baked at 110°C for
3 min. This process was used to bond cover glass to the wafer substrate,
reducing thermal expansion during subsequent fabrication processes. Next,
the substrate was spin-coated with AZ nLOF 2020 and soft-baked at 110°C
for 2 min. The substrate was exposed with a Heidelberg MLA150 Direct Write
Lithographer. After a post-exposure bake at 110°C for 2 min, the pattern was
developed in AZ 300 MIF for 50 s. After washing in deionized water, 10 nm ti-
tanium and 100 nm gold were deposited using an EvoVac Electron Beam
Evaporator (Angstrom). The photoresist and bonding to the SiO, wafer were
lifted off in Remover PG at 80°C overnight, releasing the cover glass substrate
with interdigitated gold electrode patterns. Acrylic plastic (Alfa Aesar) was cut
with a VLS 4.60 laser cutter to make a 2 x 2 well, which was bound to the cover
glass substrate using Kwik-Sil (World Precision Instruments). The device was
wired using copper wire (Remington) and PELCO conductive silver paint (Ted
Pella), which was insulated with epoxy (JB Weld). For the fabrication of the
electroceutical skin patch for BLAST, an identical procedure was used, replac-
ing the cover glass substrate with PI film up to the lift-off stage using Remover
PG. The released PI film with interdigitated gold electrodes was wired and
attached to Tegaderm (3M). The dimensions of the interdigitated electrode
were checked using LEXT OLS5100 confocal microscope (Olympus) and
Merlin SEM (ZEISS) and processed with the manufacturer’s software. Electro-
chemical impedance spectroscopy of the device, in contact with agarose pad,
was performed using SP200 Potentiostat (BioLogic).

Electrical stimulation of S. epidermidis

Electric stimulation was applied using an SP200 Potentiostat (BioLogic). One
stimulation cycle consisted of 75 mVpp/um, AC, 0.1 kHz for 10 s. For
enhancing the inhibitory effect of antibiotics, S. epidermidis was precondi-
tioned with five cycles of stimulation (1-min intervals) and then incubated
with a sublethal concentration (30 ng/mL) of gentamicin for 18 h at 37°C. For
drug-free biofilm suppression, stimulation cycles were applied periodically at
10-min intervals for 18 h at 37°C.

Fluorescence microscopy

Short-term time-lapse images with an imaging duration under 10 min were ac-
quired using a Stellaris 8 WLL confocal microscope (Leica Microsystems) with
a 63x objective (63x/1.4 numerical aperture, UV transmission, oil immersion,
0.14 mm working distance, 506350). ThT fluorescence was detected with an
excitation laser of 458 nm and an emission detection window of 490-545 nm
using the HyD X2 detector. pHrodo fluorescence was detected with an excita-
tion laser of 500 nm and an emission detection window of 530-600 nm using
the HyD X2 detector. GTTR fluorescence was detected with an excitation laser
of 595 nm and an emission detection window of 630-750 nm using the HyD S3
detector. For overnight time-lapse experiments, phase contrast images of
S. epidermidis were captured using an Axio Observer 7 microscope (Zeiss)
with a 100X or 63 x objective (1.4 numerical aperture, oilimmersion) in an incu-
bator box maintained at 37°C. Images were background subtracted and
adjusted for brightness and contrast using ImageJ.

Intracellular pH assay with BCECF-AM

A total of 1 mL of the overnight cultured S. epidermidis was pelleted and
resuspended in an equal volume of pH-adjusted TSB buffers. The resus-
pended bacterial solution was added to an aerated culture tube and incubated
in a shaker incubator (37°C, 200 rpm) for 3 h. After the incubation, 25 pM
BCECF-AM (Invitrogen) was added to the culture tubes and incubated at
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30°C for 30 min. BCECF-AM fluorescence was measured using a Synergy
NEO HTS Plate Reader according to the manufacturer’s instructions. The
Intracellular pH Calibration Buffer Kit (Invitrogen, P35379) was used to cali-
brate BCECF-AM fluorescence with intracellular pH, allowing for the quantifi-
cation of transmembrane pH gradient ApH. Transmembrane proton gradient
AH* was measured by taking the negative anti-log of pH to find proton concen-
tration [H*] to calculate AH* = [H*]external — [H™linternal- FOr the kinetics experi-
ment using BCECF-AM, fluorescence measurements were taken every minute
in the Synergy NEO HTS Plate Reader. After 5 min, the plate was taken out and
150 pM CCCP or 3 uM nigericin (Invitrogen) was added to the wells. Upon
addition, changes in BCECF-AM fluorescence were continuously monitored
for 30 min.

Measurement of ATP and growth

Upon applying the desired cycles of electrical stimulation, the agarose pad and
electrode surface were flushed with TSB medium to collect S. epidermidis.
Using a Synergy NEO HTS Plate Reader, the OD of the stimulated and non-
stimulated cells was adjusted to ODggo = 0.2. ATP levels in stimulated cells
were measured using the BacTiter-Glo Microbial Cell Viability Assay and
normalized to those of non-stimulated controls. For the measurement of
growth, 200 pL of the ODggg = 0.2 samples were added to a 96-well plate,
and OD was monitored overnight using a Tecan Infinite 200 microplate reader
at 37°C under orbital shaking. The percentage of biofilm formation was
quantified using ImageJ by examining the area of coverage from phase
contrast images taken after 18 h incubation.

Electrical stimulation and characterization of porcine skin

Porcine skin (Fisher Scientific, NC1275387) was soaked in TSB buffer over-
night before the experiment. S. epidermidis, 3 pL, was inoculated onto the
porcine skin surface. pH 5-adjusted tragacanth gum (3% w/v, Sigma-
Aldrich) was applied to the electrode surface (8 pl/cm?). Finally, the elec-
trode was placed on the inoculated porcine skin and BLAST treatment
was applied, applying an electrical stimulation every 10 min for 18 h at
37°C. To quantify colony-forming units on the porcine skin, the skin and elec-
trode were flushed with pH 7.4 TSB to collect the attached bacteria. The TSB
containing the collected S. epidermidis was incubated for 6 h in an aerated
bacterial culture tube before being inoculated on a TSB agar plate for colony
counting. The identical procedure was used for BLAST treatment on silicone
and polyethylene surfaces.

To determine the pH of porcine skin before and after applying tragacanth
gum, a 1-cm? piece of skin was soaked in PBS at pH 7.4 overnight. After
soaking, the skin was gently shaken to remove excess PBS, and MQuant
pH-indicator strips (range: pH 5-10) were placed on the skin’s surface.
Then, 8 ul/cm? of pH 5 tragacanth gum was spread on the skin, and the
pH was allowed to equilibrate for 10 min. Excess gum was gently dried off
with a towel, and another pH-indicator strip was placed on the skin. The
strip’s color was analyzed by photographing it, converting the image to
HSB stack in ImagedJ, and quantifying the hue, saturation, and brightness.
The quantified color was then compared to control strips applied to PBS
and pH 5-tragacanth gum.

For SEM characterization, the porcine skin was fixed with 3% glutaralde-
hyde for 16 h at 4°C. The fixed porcine skin was subjected to increasing con-
centrations of acetone and isopropyl alcohol solvent series and dried with a
Leica EM CPD300 Critical Point Drier following the manufacturer’s protocol
on preparing bacterial samples. The dried samples were sputtered with
8 nm of platinum/palladium using a Cressington Sputter Coater 208 and
imaged with a Merlin FE SEM (Zeiss). The percentage of skin coverage was
quantified using Imaged by examining the area of coverage from the SEM
images.

Finite element simulations

Finite element analysis of the electric field distribution was conducted using
COMSOL Multiphysics software. More details on the simulations can be found
in Note S1.

Real-time RT-qPCR
Details on the PCR, including the primer sequences, can be found in Note S2.
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Statistical analysis

OriginPro 2024 was employed for all statistical analyses. Unless stated other-
wise, the error bars represent 1 SD. For biological data analysis, multiple t tests
were performed. A significance threshold of p < 0.05 was used to determine
statistical significance. In the figure panels, the following symbols were used
to indicate significance levels: n.s., non-significant (p > 0.05); *p < 0.05;
**p < 0.01; **p < 0.001; ***p < 0.0001.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Bozhi Tian (btian@
uchicago.edu).

Materials availability
This study did not generate new unique materials.

Data and code availability
o The data of this study are available within the article and supplemental
information.
o The data reported in this paper will be shared by the lead contact upon
request.
e This paper does not report original code.
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