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SUMMARY

A scalable, cost-effective paper-based organic field-effect transistor platform has been developed for rapid
antimicrobial susceptibility testing (AST) of biofilm-forming pathogens. Traditional AST methods are costly,
labor-intensive, and slow, with a lack of standardized biofilm models. This system directly tracks protons
generated by biofilms, which serve as key indicators of bacterial metabolism under antibiotic exposure. A
proton-sensitive PEDOT:PSS channel is employed, where metabolic proton activity de-dopes the transistor,
reducing conductivity. The engineered paper substrate facilitates rapid, high-quality biofilm formation,
improving assay reliability. The platform was validated on three clinically significant pathogens against front-
line antibiotics, providing real-time, quantitative antibiotic efficacy profiles. Integrated with a microcontroller
and machine learning algorithm, results are displayed on a liquid crystal display (LCD), classifying antibiotic
concentration relative to the minimum inhibitory concentration with over 85% accuracy. This clinically trans-
latable system offers a high-throughput, point-of-care solution for efficient infection management and anti-

biotic stewardship.

INTRODUCTION

Antimicrobial susceptibility testing (AST) is a critical component
of modern healthcare, guiding the selection of effective treat-
ments that minimize adverse outcomes and associated costs.'?
Precise AST enables the identification of narrow-spectrum anti-
biotics tailored to specific infections, thereby preserving the
beneficial human microbiome and mitigating detrimental im-
mune responses.®* The key to this process is determining the
appropriate antibiotic dosage, specifically the minimum inhibi-
tory concentration (MIC), to eliminate target pathogens while
ensuring patient safety and preventing collateral organ dam-
age.””’ The urgency for advanced AST methods has intensified
as antimicrobial resistance emerges as a leading global health
threat, projected to cause up to 10 million deaths annually by
2050 if unaddressed—surpassing cancer mortality rates.”®
Without timely AST guidance, clinicians may resort to prescrib-
ing broad-spectrum antibiotics or subtherapeutic doses, allow-
ing pathogens to survive, adapt, and develop resistance.'®""
Despite the significant contribution of large-scale antibiotic
misuse in agriculture, aquaculture, and environmental manage-
ment to rising resistance, immediate impact can be achieved
through appropriate antibiotic use in healthcare settings.'?"*
The World Health Organization identifies these environments

as critical hotspots for the emergence and dissemination of
multidrug-resistant pathogens, often leading to severe condi-
tions such as bloodstream infections, pneumonia, and surgical
site infections.'*'® While efforts to reduce antibiotic resistance
in those large-scale sectors may take years to manifest due to
environmental dispersion, targeted interventions—such as anti-
biotic stewardship programs and focused application of AST
within healthcare settings —have demonstrated rapid and direct
reductions in resistance levels, highlighting their immediate
effectiveness.'”

Despite the essential role of AST in guiding evidence-based,
narrow-spectrum antibiotic prescribing, conventional AST pro-
tocols face significant limitations that impede timely and accu-
rate clinical decision-making.'®° Those methods are inherently
slow, costly, and labor-intensive, requiring extended microbial
growth in the presence of antibiotics to determine effective treat-
ments. That heavy dependence on pathogen growth and replica-
tion rates inherently delays results, leading to worsened patient
outcomes and increased healthcare costs. Moreover, the reli-
ance on specialized, bulky, and non-portable equipment makes
those methods impractical for rapid or on-site analysis, often
compelling clinicians to prescribe empirical broad-spectrum an-
tibiotics without prior AST.?° Such practices can lead to unnec-
essary or inappropriate prescriptions, thereby promoting the
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development of antibiotic resistance mechanisms.?’ In addition,
conventional AST techniques focus on individual bacteria in their
planktonic form, failing to replicate real-world clinical scenarios
involving biofilm-associated infections, which constitute 65-
80% of pathogenic encounters.??~2° Biofilms exhibit significantly
higher resistance to antibiotics, rendering MIC values effective
for planktonic cells subtherapeutic for biofilm-embedded bacte-
ria.>® That inadequate dosing fails to eliminate biofilms and pro-
motes the development of antibiotic resistance within those
resilient microbial communities.?® Therefore, conventional AST
methods, hindered by slow processing, high costs, labor inten-
sity, lack of portability, and an exclusive focus on planktonic bac-
teria, fail to deliver timely, effective treatments and fall short in
addressing the complex resistance mechanisms of real-world in-
fections, exposing a critical gap in current testing protocols.
Herein, we introduce a rapid and sensitive phenotypic AST
platform that employs an easy-to-use, cost-effective paper-
tronic approach specifically designed for clinically significant
biofilm-forming pathogens (Figure 1). By amplifying the electro-
chemical signals of bacterial metabolic activity using an organic
field-effect transistor, our system enables the evaluation of anti-
biotic susceptibility significantly earlier than conventional culture
methods—even before bacterial populations become detect-
able. Unlike traditional AST methods that rely on substantial bac-
terial proliferation to achieve measurable turbidity, our transistor
responds to metabolic proton generation, thereby providing sus-
ceptibility information at early time points —often well before sig-
nificant growth is detectable by standard optical density mea-
surements or plating. Using specialized microbial redox
mechanisms, specifically the respiratory generation of protons,
this platform delivers real-time insights into antibiotic efficacy,
significantly expediting clinical decision-making processes.
The papertronic organic transistor system is central to this sys-
tem (Figures 1A and 1B), offering a sustainable, affordable,
disposable, and scalable solution for bioelectronics and bio-
sensing. Fabricated using straightforward techniques such as
wax printing, microfluidic patterning, and thermal treatment,
the device combines precision with low production costs, mak-
ing it ideal for point-of-care applications. Moreover, the integra-
tion of a paper-based culturing system within the papertronic de-
vice facilitates rapid biofilm formation that accurately replicates
the three-dimensional in vivo environment. This capability is
crucial as biofilms present unique challenges in antibiotic resis-
tance; our system’s ability to model these complex structures
provides a more relevant and predictive susceptibility assess-
ment. The transistor channel is engineered with p-type poly
(8,4-ethylenedioxythiophene) sulfonate (PEDOT:PSS), where
the strong wicking properties of the modified paper enhance
cell adhesion and promote biofilm formation upon the introduc-
tion of bacterial samples. Under a negative gate voltage, addi-
tional hole charge carriers are attracted to the channel (Fig-
ure 1B). However, the predominant generation of protons from
bacterial metabolic activity triggers a de-doping process within
the PEDOT:PSS channel, leading to a reduction in the overall
current (Figures 1C and 1D). Simultaneously, the majority of
metabolically produced electrons are diverted due to their inter-
action with oxygen. In the presence of effective antibiotics, bac-
terial metabolism, and proton production decrease, diminishing
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the degree of de-doping and slowing the rate of current reduc-
tion (Figure 1D). This change in electrical behavior provides a
measurable indicator of antibiotic susceptibility. By employing
the transistor as a biosensor, weak bioelectrical signals are
amplified as small metabolic changes regulate a larger current
flow, enabling the detection of subtle variations in bacterial activ-
ity that would otherwise be undetectable. This platform marks a
transformative leap in AST, delivering rapid, on-site diagnostics
with minimal resource demands while improving accessibility
across diverse healthcare environments. By unraveling the inter-
action between bacterial metabolic activity under antibiotic
exposure and organic transistors within the paper-based
culturing system, it empowers more responsive and effective
infection management, particularly in addressing the formidable
challenges of biofilm-associated antibiotic resistance. Although
certain automated AST systems can yield results in 4-6 h, our
paper-based platform is designed to be low-cost, portable,
and capable of modeling biofilm conditions in a simple format,
making it well-suited for resource-limited settings or routine lab
use without large instrumentation.

RESULTS

Operating principle of the paper-based organic
transistor for antimicrobial susceptibility testing
Microbial respiration involves a series of electron transfers
through an electron transport chain, during which the energy
released is used to pump protons, establishing an electrochem-
ical proton gradient across the cell membrane.?’ This gradient is
critical, as it stores the potential energy required for synthesizing
adenosine triphosphate (ATP), the primary energy carrier that
supports microbial viability. While microbial respiration is typi-
cally aerobic, utilizing oxygen as the final electron acceptor,
anaerobic respiration can also occur, relying on alternative ac-
ceptors.?’*?® Certain microorganisms possess the unique capa-
bility to transfer electrons extracellularly to external solid elec-
trodes, serving as their final electron acceptor. Previously, our
group pioneered an innovative method to monitor extracellular
electron transfer as a rapid and reliable indicator of microbial
metabolic activity in response to antibiotics.”® However, those
techniques were limited to specific exoelectrogenic pathogens,
and the electrical signals generated were insufficient to deliver
reliable and sensitive measurements of MICs.*°

While monitoring extracellular electron transfer has many lim-
itations, monitoring metabolically produced protons can be a
more general method not limited by bacterial type. Various
technigues employing nuclear magnetic resonance (NMR) spec-
troscopy, fluorescent dyes, and pH indicators have been
demonstrated to monitor proton production in response to anti-
biotics.®'* However, NMR spectroscopy is bulky, expensive,
and unsuitable for on-site measurements, while techniques us-
ing fluorescent dyes and pH indicators are highly susceptible
to environmental factors that can affect their accuracy and reli-
ability. Moreover, the outputs of these measurement systems
are not electrical signals, making them difficult to analyze and
less practical for on-site antibiotic prescription. Recently, pro-
tons have been electrically detected using ion-sensitive field-ef-
fect transistors (ISFETSs) that utilize HfO, as a selective material
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Figure 1. Operating principle of the paper-based organic transistor for AST
(A) Configuration of the field-effect transistor using PEDOT:PSS as its active channel material.
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) General working mechanism of the p-type PEDOT:PSS transistor under varying gate voltages: (i) Vg = 0, (ii) Vg > 0, and (jii) Vg < 0.
(C) Modulation of transistor current as a function of proton/cation or electron infiltration, showcasing its sensitivity to ionic and electronic transport.
) AST mechanism using the transistor-based sensor: (i) introduction of pathogen-containing samples to the sensor, (ji) biofilm formation and metabolic activity

of pathogens, producing protons and electrons, (iii) Modulation of conductivity under transistor operation, driven by proton and electron generation, and (iv)
Current modulation as a measurable response to antibiotic exposure, enabling real-time AST evaluation.

for proton detection.>* However, challenges such as thermody-
namic instability and limited selectivity have compromised the
long-term reliability and effectiveness of these sensors. More-
over, inconsistencies in the deposition of HfO, layers and varia-

performance.

tions in operating conditions can lead to fluctuations in sensor

Here, we introduce an innovative proton detection mechanism
by leveraging conventional organic electrochemical field-effect
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transistors (OFET) that utilize conducting polymers as channels.
While traditional transistors modulate channel conductivity
through doping or de-doping with ions migrating from the elec-
trolyte-based dielectric under an applied gate voltage,*>° the
channel conductivity of our device is directly modulated by pro-
tons produced from microbial metabolism within the channel
where the bacterial sample is introduced. In this study, the widely
used conductive polymer PEDOT:PSS was employed as the
channel material, while polyvinyl alcohol (PVA) served as a
solid-state electrolyte to form the field-effect transistor. Howev-
er, it is challenging to classify this device as an OFET, because
that typically uses electrolytes with a high ion content to modu-
late the channel conductivity. When PEDOT interacts with PSS,
the PEDOT chains become positively doped due to the with-
drawal of electrons from the polymer backbone.*” The resulting
positive charges (oxidized PEDOT") are balanced by the counter
anion PSS™, forming an overall neutral state. Despite this
neutrality, the ionic interaction causes the delocalization of
charge carriers, "holes," along the PEDOT backbone and serve
as current carriers (Figure 1A).°®°° Consequently, even at zero
gate voltage (Vg), applying a source-drain voltage induces a
source-drain current, and the transistor operates in depletion
mode (Figure 1B ()).“® When a positive gate voltage is applied,
holes are depleted from the channel, reducing the current flow
(Figure 1B (ii)). Conversely, a negative gate voltage attracts
more holes to the channel, facilitating an increase in source-drain
current (Figure 1B (iii). In this latter state, protons or cations
externally introduced by bacterial metabolism interact with
PEDOT:PSS, effectively neutralizing the negatively charged
PSS chains, returning PEDOT to its reduced state (Figure 1C
(i)).*"** This reduction lowers the overall hole concentration in
the channel, thereby decreasing the source-drain current.
Conversely, the introduction of electrons can alter the material
by potentially initiating the detachment of PSS and interacting
with the positively charged PEDOT™ (Figure 1C (ii)).*>** This pro-
cess mimics the effect of adding organic solvents such as
dimethyl sulfoxide (DMSO) or ethylene glycol (EG) to
PEDOT:PSS, where the insulating PSS is removed, leading to
an increase in the conductivity of PEDOT:PSS.**% Moreover,
as more electrons readily interact with PEDOT™, the delocaliza-
tion of electrons along the polymer backbone is significantly
enhanced, improving the conductivity of the channel. Those
additional electrons can participate in forming bipolarons—pairs
of charge carriers—that further enhance conductivity by estab-
lishing more conductive pathways. The addition of PSS makes
PEDOT water-dispersible and stable in a liquid-state solution,®’
enabling easy conductive coating of non-conductive paper fi-
bers through wicking into the hydrophilic paper (Figure 1D
(i)).%° This process results in a thin, uniform, and conformal depo-
sition of the PEDOT:PSS material over the paper fibers, preser-
ving the paper’s original morphology and leaving its pores un-
blocked.*®™*® This enables bacterial cells to move freely, form
biofilms, and efficiently access nutrients, and is extensively
documented in our previous studies.’”~*° Most of the electrons
generated by bacterial metabolism are diverted to interact with
oxygen in the air, serving as a terminal electron acceptor (Fig-
ure 1D (i).?® While microbial extracellular electron transfer
(EET) mechanisms can deliver electrons to PEDOT:PSS deep
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within the biofilm, effectively blocking oxygen invasion into the
biofilm,*”**® the application of a negative gate potential repels
these electrons from the channel (Figure 1D (jii)). This repulsion
prevents the electrons from contributing to the formation of
conductive pathways within the channel, thereby limiting their
ability to enhance the overall conductivity.

Our innovative working principle was validated through two
distinct experimental setups: aerobic and anaerobic environ-
ments (Figure 2). Protons and electrons arise from the bacte-
rium’s metabolic respiration. We have confirmed that adjusting
the pH in control experiments similarly changes the channel con-
ductivity, supporting that protons indeed de-dope PEDOT:PSS.
In the aerobic condition, which served as the primary experi-
mental scenario, significant current reduction was observed dur-
ing bacterial biofilm formation (Figure 2A). This finding suggests
that metabolically produced protons act as primary doping
agents that reduce the number of positive charges on PEDOT
chains, thereby decreasing the channel’s overall conductivity
(Figure 1C (i)). Concurrently, electrons are either consumed by
oxygen or repelled by the applied gate voltage, further contrib-
uting to the current decrease. In contrast, under anaerobic con-
ditions where oxygen is absent, both metabolically produced
electrons and protons influence the transistor channel’s con-
ductivity (Figure 2B). While protons reduce conductivity by de-
doping the polymer, electrons enhance conductivity by
increasing delocalization along the polymer backbone (Figure 1C
(ii))- In our experiments, the biofiim’s metabolic activity gener-
ated a surplus of electrons compared to protons, leading to an
overall increase in channel conductivity. These contrasting re-
sults highlight the intricate interplay between biofilm metabolism
and transistor behavior, underscoring the pivotal role of environ-
mental conditions in shaping the electrical response of the sys-
tem. However, our PEDOT:PSS channel is primarily modulated
by metabolically produced protons under aerobic conditions,
which decrease the current flow by compensating for the posi-
tive charges in the PEDOT chains (Figure 1D). Therefore, our
transistor sensitively and rapidly monitors microbial metabolic
activity by primarily detecting protons produced during cellular
metabolism. This proton monitoring makes the device highly
effective in responding to antibiotics (Figure 1D (iv)). Increased
microbial activity leads to elevated proton production, which
compensates for the charge carriers in the channel, resulting in
a greater reduction of the source-drain current. When microor-
ganisms are susceptible to antibiotics, their metabolic activity
decreases due to the inhibitory effects of the drugs. This reduc-
tion in activity leads to lower proton production, minimizing the
current reduction in the transistor. Conversely, when pathogens
are resistant to antibiotics, their metabolic activity remains unaf-
fected. This sustained activity causes significant proton produc-
tion, leading to substantial current reduction due to the extensive
compensation of holes in the channel. The ability to detect these
changes in real time allows for the rapid assessment of antibiotic
efficacy. Although proton-mediated de-doping is the predomi-
nant mechanism, we recognize that other ions, such as potas-
sium and sodium, may also contribute to modulating the local
doping state of PEDOT:PSS, especially under complex meta-
bolic conditions. Further studies are needed to fully investigate
the influence of these cations.
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Figure 2. Validation of the working principle
(A) In an aerobic environment, the current output
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metabolically produced protons from the P. aer-
uginosa biofilm become the primary charge car-
riers. These protons de-dope the PEDOT:PSS
channel, reducing its conductivity. Meanwhile,
metabolically produced electrons are either
consumed by oxygen in the air or repelled by the
applied gate voltage.

(B) In an anaerobic environment, both electrons
and protons affect the conductivity of the tran-
sistor channel. However, electrons play a more
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A paper-based organic transistor integrated into a fully
papertronic circuit system

Recently, our group pioneered a new papertronic technique that
addresses the long-standing challenges posed by paper’'s
porosity, which had previously hindered the fabrication and per-
formance of electronic components.”®°!" This innovative
approach leverages paper’s inherent capillary action, enhanced
by hydrophobic wax patterning, to enable precise vertical inte-
gration of electronic components—a notable advancement
beyond conventional surface deposition methods. Using this
technique, we successfully developed organic n-type and
p-type transistors employing perylene bis(dicarboximide) (PDI)
and 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS penta-
cene), respectively.®’ In this study, TIPS pentacene has been re-
placed with PEDOT:PSS because of its exceptional electrical
conductivity, mechanical flexibility, and tunability through
doping and de-doping processes,>’**® aligning seamlessly with
our AST mechanism for sensitively detecting metabolic proton
generation.

Figures 3A and 3B depict the distinctive architecture of the
transistor, characterized by the gate electrode located on the
bottom surface of the paper substrate, while the source and
drain electrodes, along with the bacterial sample introduction
channel, are positioned on the top surface. The fabrication pro-
cess begins with defining the transistor’s area using a double-
sided wax printing technique applied to both sides of the paper
(Figure S1A). Thermal treatment is then employed to ensure the
wax penetrates the substrate and solidifies effectively. Subse-
quently, a PVA-based dielectric ink, dissolved in deionized (DI)
water, is deposited on one side of the paper via inkjet printing.
The ink’s penetration is precisely controlled to approximately
half the paper’s thickness, a result of the balance between its vis-
cosity and the natural capillary action of the paper. On the oppo-
site side, PEDOT:PSS solution is deposited through inkjet print-
ing, which wicks downward until it interfaces with the upper
boundary of the PVA dielectric layer. This process results in
the fibers of the paper being coated with both PVA and
PEDOT:PSS, providing a suitable substrate for the deposition
of electrode materials. The gate electrode is subsequently
deposited on the bottom surface, while the source and drain
electrodes are formed on the top surface. The material integra-

T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
Time (s)

substantial role, increasing delocalization along
the polymer backbone and ultimately leading to an
overall enhancement in channel conductivity. (The
shaded area represents the standard error of the
experimental replicates.).

tion and the layered structure of the transistor are confirmed us-
ing optical microscopy and scanning electron microscopy
(SEM), as presented in Figure 3C. These imaging techniques
reveal a stratified architecture, with the PVA dielectric and the
channel each measuring approximately 170 pm in thickness,
within a total paper thickness of 340 um. Additionally, electrodes
with a uniform thickness of approximately 50 um are deposited
on both the top and bottom surfaces. This consistency under-
scores the precision and reproducibility of the fabrication
method, demonstrating its potential for scalability and practical
implementation in advanced applications. The transfer charac-
teristics and output curves exhibit typical field-effect transistor
behavior of a p-type semiconductor active layer, where the
source-drain current is regulated by the gate-source voltage
(Vg) (Figures S1B and S1C). The transistor demonstrates a hole
mobility of 4 x 1072 cm?/V-s and an on/off current ratio (/o,/
I, of approximately 5.5 x 10% at a low operating voltage of
—2 V. The output characteristics display excellent linear
behavior, clear saturation, and significant field-effect current
modulation. At Vg = 0, a drain current flows due to the high con-
ductivity of PEDOT:PSS with holes as charge carriers, indicating
that the transistor operates in depletion mode. Applying a posi-
tive Vs decreases the drain current as holes are depleted within
the channel. However, even at higher Vg, the drain current is not
completely depleted because the thick dielectric layer hinders
effective gate modulation.®® Additionally, trap states, interface
effects, and inherent material properties may contribute to the
incomplete depletion of the PEDOT:PSS channel.®*>* Despite
this limitation, operating the transistor with Vs set to negative
values while maintaining the drain-source voltage (Vys) at a suf-
ficient level ensures operation in the saturation region, thereby
optimizing sensitivity for accurately monitoring bacterial meta-
bolic activity. Consequently, the incomplete depletion does not
adversely affect our biosensing performance.

To operate the p-type transistor effectively in a more system-
atic manner, a circuit was designed using three paper resistors
on a paper-based printed circuit board (PCB), forming a fully in-
tegrated papertronic system (Figure 3D). A DC power supply
(Vss = 15 V) was introduced as the operating voltage for the
gate and source after 1 h of cultivation. A 1 MQ resistor con-
nected to the gate ensures that the gate voltage remains lower
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than the source voltage. Additionally, another 1 MQ resistor,
along with a 1 kQ load resistor, is incorporated into the circuit
to ensure that the transistor operates within the saturation re-
gion. The resistor values are adjusted by varying the amount of
diluted PEDOT:PSS in DI water; resistances of 1 MQ and 1 kQ
are achieved using 3 pL and 6 pL of a 50% PEDOT:PSS solution,
respectively (Figure S1D). For the conductive traces on the pa-
per-based PCB, a composite of graphene and PEDOT:PSS is
used.”’ Graphene’s extensive surface area and its capability to
improve polymer matrix properties—such as electrocatalytic ef-
ficiency, mechanical strength, and thermal performance —make
graphene-PEDOT composites an excellent choice for metallic
wires in PCBs.

Enhanced biofilm growth in paper-based channels

Developing reliable models that rapidly form complex and
diverse biofilms is critical for monitoring antibiotic efficacy
against biofilm-associated infections and understanding the
increased resistance of biofilms to antibiotics.?*° Despite this
need, there are no universally standardized models that enable
simple, rapid, reliable, and effective biofilm formation and devel-
opment. In this context, we present an innovative approach us-
ing the paper-based channel of the organic transistor as a sup-
portive 3D cell culture platform. This platform replicates the
structural, functional, and physiological characteristics of bacte-
rial biofilms while enabling swift and reliable monitoring of bacte-
rial metabolism through microbial proton production measure-
ments. Our paper-based channel simulates the highly porous
structure of natural microbial environments, facilitating adequate
nutrient exchange to sustain internal bacterial colony growth and
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Figure 3. A paper-based organic transistor
and its integrated papertronic circuit sys-
tem

(A) Schematic diagram of the paper-based
organic transistor.

(B) Photographs showing the top and bottom
views of the transistor.

(C) Cross-sectional images of the transistor:
(i) microscopic view and (i) SEM view.

(D) Photographs of the papertronic circuit system
used to operate the transistor: (i) front view and (i)
back view, accompanied by (jii) the circuit diagram
detailing all components.

the development of dense multilayer bio-
films. The strong capillary action of the
paper-based channel enables rapid cell
adsorption, leading to the formation of
densely packed aggregates. This high
cell density enhances bacterial commu-
nication via quorum sensing,*&°°°°
expediting biofilm formation compared
to the days-long or weeks-long timelines
of conventional techniques. Our recent
studies demonstrate that biofilms can
be rapidly formed on this paper platform,
with a quality comparable to the complex
and diverse 3D biofilms produced by
traditional dynamic and static in vitro models—which are often
labor-intensive, costly, time-consuming, and equipment-depen-
dent.®®°” This breakthrough not only advances biofilm modeling
but also allows integration into the channel component of the
organic transistor, enabling it to function dually as both an
in vitro biofilm model and a metabolic proton monitor. This
dual functionality offers an innovative approach for biofilm-form-
ing AST.

In previous studies, we observed that the paper-based culture
platform could develop a high-quality P. aeruginosa biofilm using
its culturing sample with an optical density at 600 nm (ODggo) of
1.0—equivalent to approximately 10° CFU/mL—after just 1 h of
cultivation.®° An ODgqo of 1.0 is an optimal concentration that
can be achieved in just 6 h using a regular culture, allowing for
the rapid formation of a high-quality biofilm suitable for subse-
quent AST. While extended cultivation times result in thicker
and more densely packed biofilms (Figures 4 and S2), a 1-h cul-
ture at an ODgq of 1.0 is sufficient to form a biofilm with extracel-
lular polymeric substances (EPS) encapsulating the bacterial
cells. This was comprehensively demonstrated through SEM im-
aging in this study and further supported by EPS protein mea-
surements in our previous work.*°

Furthermore, quantitative biofilm formation was rigorously
evaluated using our previously developed microbial fuel cell
technique, which clearly demonstrated a direct correlation be-
tween bacterial electrogenic output and the progression of bio-
film development (Figure S3).°:°457 Notably, even low bacterial
concentrations, such as ODgqq values of 0.1, 0.2, 0.5, and 0.7,
were capable of achieving comparable biofilm formation with
extended cultivation times (Figures 4 and S3). For example, a
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Figure 4. Visualization of P. aeruginosa biofilm formation within the paper-based transistor channel
SEM images depict biofilms formed using various initial bacterial concentrations at different cultivation time points. (White scale bar: 10 um).

culture at 0.1 ODggg (~10% CFU/mL), equivalent to the ~0.5
McFarland turbidity standard commonly used in conventional
phenotypic ASTs, required over 9 h of cultivation to match the
biofilm quality formed within 1 h at an ODggg of 1.0. These find-
ings underscore the potential of our paper-based model as a
transformative tool for studying pathogenic biofilms, even with
low concentrations of clinical samples.

Electrical profiling of antibiotic susceptibility

In this study, we evaluated the efficacy of three frontline antibi-
otics—gentamicin (GEN), ciprofloxacin (CIP), and cefotaxime
(CEF) —against three clinically significant pathogens: Pseudo-
monas aeruginosa, Escherichia coli, and Staphylococcus aureus.
These antibiotics were selected due to their fundamentally
different mechanisms of action: GEN inhibits protein synthesis
by binding to the 30S ribosomal subunit; CIP impedes DNA repli-
cation by inhibiting DNA gyrase activity, and CEF disrupts cell
wall synthesis by preventing the formation of peptidoglycan.®®
P. aeruginosa is a Gram-negative opportunistic pathogen known
for causing serious and life-threatening infections, especially in
immunocompromised individuals.*® It exhibits exceptional and
complex mechanisms of antibiotic resistance, including efflux
pumps and enzymatic degradation, making it a significant threat
in clinical settings. The ability of P. aeruginosa to form biofilms—
a structured community of bacteria embedded in a self-pro-
duced extracellular matrix—further exacerbates its resistance,
leading to treatment challenges and persistent infections. Simi-

larly, Gram-negative E. coli is a leading cause of urinary tract in-
fections, bloodstream infections, and other human diseases.®° It
can develop multiple mechanisms of antibiotic resistance, such
as beta-lactamase production and alterations in target sites. The
formation of biofilms by E. coli significantly contributes to its
pathogenicity, particularly in urinary tract infections, catheter-
associated infections, and medical device-related infections.
Gram-positive S. aureus is one of the most virulent pathogens,
responsible for a wide range of clinical diseases, from skin infec-
tions to life-threatening conditions such as sepsis.®’ It exhibits
various mechanisms of antibiotic resistance, notably through
the acquisition of resistance genes such as mecA, which confers
methicillin resistance. In the clinical context, biofilm-forming
S. aureus is a major concern for infections associated with im-
planted medical devices, such as prosthetic joints and catheters,
due to its increased resistance to antibiotics and the host im-
mune response. Our transistor-based AST platform provides
valuable phenotypic information for a quantitative understanding
of antibiotic effectiveness and mechanisms of action. Changes
in antibiotic efficacy, concentration, and mode of action affect
the doping degree of the PEDOT:PSS channel in our device,
thereby altering the magnitude of the source-drain current out-
puts. This correlation enables real-time monitoring of bacterial
responses to antibiotics, facilitating rapid and accurate AST.
Initially, the transistor channels were inoculated with individual
bacterial species at a concentration corresponding to an ODggg
of 1.0. The devices were then incubated for 1 h to allow for initial
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Figure 5. Antibiotic susceptibility profiling
of biofilms formed by three pathogens
(P. aeruginosa, E. coli, and S. aureus) expo-
sed to three antibiotics: GEN, CIP, and CEF
(A) Schematic illustration of the test setup.

(B-D) Percentage reduction in transistor current
with increasing concentrations of (B) GEN, (C) CIP,
and (D) CEF, demonstrating antibiotic response
profiles.
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biofilm formation on the PEDOT:PSS channel surfaces. Follo-
wing this incubation, antibiotics at varying concentrations were
introduced into the system (Figure 5A). The cultures were further
incubated for an additional 1 h to facilitate interaction between
the bacteria and the antibiotics. The metabolic activity of the
bacteria results in the production of protons, which leads to
the de-doping of the PEDOT:PSS channel. This de-doping pro-
cess decreases the electrical conductivity of the channel. We
monitored these conductivity changes by measuring the voltage
drop across a load resistor connected in series with the tran-
sistor channel (Figure 3D (iii)). The alterations in the voltage
drop provide a real-time, quantitative measure of bacterial
response to the antibiotics, reflecting changes in bacterial
viability and metabolic activity due to the antibiotic treatment.
This approach allows for the assessment of antibiotic effective-
ness and the elucidation of their mechanisms of action based
on phenotypic responses. Notably, the metabolic activity of bac-
teria varies significantly depending on the species, resulting in
distinct effects on channel conductivity (Figures 5 and S4).
Among the tested pathogens, P. aeruginosa exhibited the most
pronounced metabolic activity, leading to a substantial voltage
drop across the load resistor, reducing it nearly to zero (Fig-
ure S4). This indicates an almost complete reduction of
PEDOT, effectively halting current flow through the channel.
Following P. aeruginosa, S. aureus demonstrated intermediate
metabolic activity, resulting in a moderate voltage drop. E. coli,
in contrast, exhibited the lowest metabolic activity, correspond-
ing to the smallest impact on channel conductivity. These differ-
ences underscore the species-dependent metabolic response
and its influence on the electronic properties of the PEDOT:
PSS channel, offering valuable insights into bacterial behavior
and their interaction with the sensing platform.
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The introduction of antibiotics to the
pathogenic biofilms significantly reduced
bacterial metabolic activity, with the
extent of this reduction varying across
species. Among the tested antibiotics,
GEN induced a rapid and pronounced
voltage drop for P. aeruginosa, followed
by E. coli (Figure S4). In contrast,
S. aureus exhibited a slower and more
gradual response to GEN, indicating spe-
cies-specific variations in susceptibility
and metabolic adaptation to the anti-
biotic. Despite these differences in
response rates, all bacterial species
showed negligible voltage drops at a GEN concentration of
2 ng/mL. However, a noticeable and substantial voltage drop
was observed at a concentration of 4 ng/mL, which can be
defined as the MIC for this antibiotic. This MIC value reflects
the threshold at which GEN effectively inhibits bacterial meta-
bolic activity across the tested species. The MIC value was
determined as the lowest antibiotic concentration that prevented
a further significant voltage drop (< 10% of the drop observed in
antibiotic-free controls). This threshold was consistent with stan-
dard definitions of growth inhibition observed in conventional
culture-based AST.*%°° CIP exhibited the greatest effectiveness
against E. coli biofilms, eliciting the most rapid response with an
MIC value of 0.5 ng/mL (Figure 5C). In contrast, P. aeruginosa
and S. aureus responded more slowly (Figure S4), with MIC
values of 0.5 pg/mL and 1 pg/mL, respectively (Figure 5C). These
results highlight the pronounced efficacy of CIP against E. coli
biofilms compared to those formed by other species. In the
case of CEF, all three bacterial species exhibited unusual
response profiles characterized by an initial steep voltage
drop, followed by a gradual recovery in voltage (Figure S4).
Among the tested species, E. coli demonstrated the highest
sensitivity, with an MIC value of 2 ng/mL (Figure 5D). Both
P. aeruginosa and S. aureus displayed higher MIC values of
4 pg/mL, indicating reduced susceptibility to CEF under the
experimental conditions. These findings underscore the capa-
bility of our transistor-based platform to detect species-specific
responses to antibiotics with high sensitivity by monitoring
changes in electrical conductivity linked to bacterial metabolism.
The observed differential responses to antibiotics among the
bacterial species emphasize the importance of tailoring anti-
biotic susceptibility testing to individual microbial characteris-
tics. Additionally, the platform’s ability to accurately determine

8 16
CEF concentration (ug/mL)

32



iScience

¢? CellPress

OPEN ACCESS

LEN:
jc1F:

GEN

C
i) P. aeruginosa ii) S. aureus iii) E. coli

100+ 100 100
2 80 2 80- Rl

> > >

g g d
5 60 5 60 5 60+

g 8 g
< 40 < 40 < 404
20 20 - 20
0 0- 0-

CIP CEF

Figure 6. A paper-based organic transistor and integrated papertronic circuit system for AST

(A) Schematic representation of the paper-based organic transistor array.

(B) Point-of-care operation of the AST system, showcasing its functionality in determining whether the tested antibiotic concentration is below, above, or at the

MIC for the target pathogen.

(C) System accuracy demonstrated through blind testing with unknown antibiotic samples.

MIC values highlights its potential as a rapid and reliable tool for
evaluating antibiotic efficacy in clinical diagnostics.

Our innovative papertronic platform provides a scalable and
efficient solution for high-throughput biosensing, demonstrating
transformative potential for AST. In this study, we seamlessly in-
tegrated three AST sensors onto a single sheet of paper, creating
a compact, cost-effective configuration (Figure 6A). These sen-
sors were coupled with a custom-designed readout system pro-
grammed via Arduino Duo microcontrollers. The system pro-
cesses data and displays results on a liquid crystal display
(LCD), indicating whether the tested antibiotic concentration is
below, above, or at the MIC value for the target pathogen (Fig-
ure 6B). To validate the platform’s accuracy and practical utility,
we conducted blind testing with unknown antibiotics. A machine
learning algorithm, specifically the mean square error (MSE) al-
gorithm, was embedded into the microcontroller. This algorithm
was trained on output signals from the AST sensors and
compared the unknown samples’ signals against stored refer-
ence data to identify the antibiotic used and determine its effi-
cacy relative to the MIC. Blind tests were performed with those
three pathogens. For P. aeruginosa, blind tests with unknown an-

tibiotics were conducted 100 times for each antibiotic, revealing
that the percentage results closely matched those obtained after
just 25 iterations. Based on this finding, experiments for S.
aureus and E. coli were repeated 25 times under each antibiotic
condition. The outcomes are illustrated in percentage form in
Figure 6C, providing a clear comparison of antibiotic efficacy
across different bacterial strains. All success rates exceeded
85%, underscoring the robustness and reliability of our testing
methodology. While the algorithm can classify unknown antibi-
otics once trained on a particular species, unidentified patho-
gens would require either prior species knowledge or expanded
training across multiple bacterial species. The advanced readout
system, integrating Arduino Duo microcontrollers and the MSE
algorithm, represents a powerful tool for identifying antibiotics
and determining their effectiveness against specific pathogens.
Although we demonstrated three parallel sensors, the paper’s
large format can be patterned for tens or more sensors, enabling
a multi-antibiotic panel akin to commercial systems. Our plat-
form not only simplifies the AST process but also provides
real-time, precise data interpretation, making it ideal for point-
of-care diagnostics and large-scale clinical applications. While
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the current protocol uses pure bacterial cultures, future integra-
tion of rapid capture or short enrichment steps could enable
more direct testing of clinical specimens, further decreasing
the overall time to results.

DISCUSSION

This study introduces an innovative paper-based transistor plat-
form specifically designed for point-of-care AST, with a focus on
addressing the challenges posed by biofilm-forming patho-
gens—a critical need in the global effort to combat antibiotic
resistance. Our papertronic device is scalable, sustainable,
affordable, and disposable, making it highly suitable for wide-
spread clinical application. The three-dimensional structure
and inherent bioaffinity of the paper substrate provide an optimal
environment for biofilm formation, closely replicating the struc-
tural, functional, and physiological characteristics of bacterial
biofilms. Uniquely, the transistor’s channel serves a dual pur-
pose: it functions as a sensitive sensing area for monitoring
metabolic proton generation and as a culture site that facilitates
rapid and high-quality biofilm formation. The p-type PEDOT:PSS
channel is highly responsive to protons; metabolic protons pro-
duced by bacterial activity de-dope the channel, leading to a
measurable reduction in conductivity. This mechanism enables
precise, real-time monitoring of bacterial metabolism and
viability. We successfully evaluated three clinically significant
pathogens—P. aeruginosa, E. coli, and S. aureus —against three
frontline antibiotics: gentamicin, ciprofloxacin, and cefotaxime.
Our AST sensor provided quantitative profiles of antibiotic effec-
tiveness and mechanisms of action in a rapid, sensitive, and real-
time manner. As antibacterial research continues to evolve, inte-
grating emerging technologies such as our papertronic platform
will further enhance the capabilities and applicability of AST
systems. Our approach represents a significant advancement
in developing rapid, accurate, and cost-effective tools to
combat antibiotic resistance. By enabling timely and precise
antibiotic selection, this technology has the potential to improve
clinical outcomes and contribute substantially to public health
management.

Limitations of the study

The study presents several limitations that should be consid-
ered. First, evaluations were performed using pure bacterial cul-
tures rather than direct clinical samples, which typically contain
mixed microbial populations and host-derived factors that may
influence results. Future research should include clinical speci-
mens to validate practical utility. Second, the developed ma-
chine learning algorithm relies on prior training data for each bac-
terial species and antibiotic combination, limiting immediate
application against unknown or emerging pathogens without
extensive preliminary training. Additionally, the platform’s sensi-
tivity is primarily based on metabolic proton production; howev-
er, other ionic species such as sodium or potassium may also
affect the transistor response under varied physiological condi-
tions. Lastly, the platform’s robustness under diverse environ-
mental conditions was not extensively assessed, and further
investigation is necessary to confirm reliable performance in var-
ied clinical settings and environmental conditions.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial strains

Pseudomonas aeruginosa PAO1

University of Cincinnati, USA

Daniel J. Hassett

Escherichia coli OP50 Caenorhabditis Genetics Center (CGC) WBStrain00041969
Staphylococcus aureus subsp. aureus the American Type Culture Collection ATCC 6538
Rosenbach (ATCC)

Chemicals, peptides, and recombinant proteins

gentamicin (GEN) Sigma Aldrich G4918
ciprofloxacin (CIP) Sigma Aldrich 17850
ceftazidime (CEF) Sigma Aldrich AB987
glutaraldehyde Sigma Aldrich G7776
phosphate-buffered saline Sigma Aldrich 806544
PEDOT:PSS Heraeus Clevios PH1000
3-glycidoxypropyltrimethoxysilane Sigma Aldrich 440167
dimethyl sulfoxide Avantor® 97061-250
polyvinyl alcohol Avantor® 10118-164
Graphene powder Sigma Aldrich 900561

Software and algorithms

MATLAB (version 2017b) Mathworks https://www.mathworks.com/
Origin OriginLab https://www.originlab.com/
Other

Whatman™ 3MM chromatography paper Avantor® 21427-364

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
This work did not need any unique experimental model.
METHOD DETAILS

Bacterial inoculum

The bacterial strains Pseudomonas aeruginosa, Escherichia coli, and Staphylococcus aureus were cultivated in Luria Broth (LB) me-
dium, adjusted to a pH of 7.0. The LB formulation included 10 g/L tryptone, 5 g/L sodium chloride, and 5 g/L yeast extract, dissolved
in 1 liter of DI water. Cultures were incubated at 37°C for about 6 hours until reaching an optical density at 600 nm (OD600) of 1.0,
equivalent to approximately 10° CFU/mL. Following incubation, the cultures were centrifuged at 4000 rpm for 4 minutes to pellet the
bacterial cells. The supernatant was carefully removed, and the cell pellets were resuspended in fresh LB medium. Resuspension
was achieved through vigorous mixing with a vortex to ensure homogeneous distribution of cells in the medium. To prevent contam-
ination during the multi-hour test, all samples were handled in a sterile biosafety cabinet and covered with sterilized plastic caps
throughout incubation.

Antibiotic preparation

Three antibiotics, each representing a distinct family, were chosen as model compounds: gentamicin (GEN) from the aminoglyco-
sides, ciprofloxacin (CIP) from the fluoroquinolones, and ceftazidime (CEF) from the cephalosporins. GEN disrupts protein synthesis
and compromises the integrity of bacterial outer membranes. CIP inhibits DNA replication, effectively halting bacterial growth, while
CEF, a third-generation cephalosporin, impedes bacterial cell wall synthesis. To determine the MICs for each pathogen, dilution se-
ries were prepared in sterile LB medium. All experiments were conducted using LB medium for consistency across species and anti-
biotic conditions. The concentrations ranged as follows: GEN (0, 2, 4, 8, 16, and 32 ng/mL), CIP (0, 0.25, 0.5, 1, 1.5, and 2 ug/mL), and
CEF (0, 2, 4, 8, 16, and 32 pg/mL).
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Biofilm fixation and SEM imaging

Biofilm-forming bacterial cells were immobilized onto engineered cellulose fibers using 2.5% glutaraldehyde in 0.1 M phosphate-
buffered saline (PBS), incubating the samples overnight for fixation. Following fixation, the samples underwent dehydration through
a graded ethanol series, with sequential exposure to 35%, 50%, 75%, 95%, and 100% ethanol. Once dehydrated, the samples were
left in a desiccator to dry overnight. The dried samples were then coated with a thin layer of carbon using a 208HR Turbo Sputter
Coater (Cressington Scientific Instruments, UK). For imaging and analysis, a field emission scanning electron microscope (FE-
SEM, Supra 55 VP, Carl Zeiss AG, Germany) was employed.

Wax patterning

To fabricate all paper-based electronic components, including integrated circuits, we utilized Whatman™ 3MM chromatography pa-
per with dimensions of 20 cm X 20 cm, a thickness of 340 um, and a flow rate of 130 mm/30 min, sourced from VWR International.
Wax pattern designs were created using AutoCAD software and printed using a Xerox ColorQube 8570 wax printer, which was cali-
brated to match the paper size. For double-sided printing, careful alignment was ensured to maintain precision on both sides. After
printing, the wax was thermally diffused into the paper by heating it at 150°C. By adjusting the heating duration, we controlled the
penetration depth of the wax and the volume of the hydrophilic regions, allowing us to fine-tune the paper’s functional properties.

Fabrication of paper-based transistors

The vertical field-effect transistor was fabricated using a configuration based on our previous work. In this design, the gate electrode
was positioned on the bottom surface of the paper substrate, while the source and drain electrodes were accessible from the top.
Following the wax patterning step to delineate the transistor region, the fabrication process commenced with the incorporation of a
gate dielectric layer into the paper substrate. The dielectric material was prepared by dissolving 1 g of PVA in 10 mL of DI water at
90°C. Precise control over heating time and temperature was essential to achieve optimal viscosity and controlled diffusion within the
paper matrix. The channel region was subsequently infused with a p-type semiconductor ink formulated from 1 wt% PEDOT:PSS
(Clevios PH1000, Heraeus) mixed with 5 wt% DMSO to enhance conductivity. To further improve hydrophilicity, a 2 wt% solution
of 3-glycidoxypropyltrimethoxysilane (3-GLYMO) was introduced, optimizing the channel’s performance and compatibility with
aqueous environments. This engineered channel region provided a tunable conductive interface, offering ionic conductivity while
serving as a hydrophilic and porous reservoir for bacterial cultures. After assembling the transistor structure, the device was air-dried
overnight under ambient conditions to ensure uniform material integration into the paper substrate. Once the structure was stabilized,
electrodes were deposited. The gate electrode was applied to the bottom surface, while the source and drain electrodes were depos-
ited on the top. A conductive ink comprising PEDOT:PSS blended with 5 wt% graphene powder was used for all electrodes, ensuring
enhanced electrical conductivity and stability. The ink was dispensed using a precision inkjet printing technique, allowing for accurate
and reproducible electrode deposition. This fabrication approach resulted in a robust, functional transistor structure, with integrated
features tailored to support bacterial culture and real-time sensing in paper-based platforms.

Fabrication of paper-based resistors

The resistors were engineered with a vertically oriented circular configuration, incorporating rectangular extensions at both ends to
facilitate electrical connectivity. These extensions were specifically designed for seamless integration with PCBs. A single-sided wax
printing technique was employed to fabricate the extensions, enabling precise definition of their geometry and ensuring consistent
and reliable electrical interfacing with PCB components. The resistive ink was prepared by blending 50% PEDOT:PSS with DI water,
optimized to achieve the desired resistance values and informed by methodologies established in previous studies.

Fabrication of paper-based integrated circuit system

A complete circuit system was constructed on a single sheet of paper, incorporating resistors to enable effective operation of the
p-type transistor for AST applications. The terminals of the circuit components were interconnected using conductive traces printed
on both sides of the paper. These traces were created via direct inkjet printing, using a composite ink made from PEDOT:PSS mixed
with 5 wt% graphene powder. This approach ensured robust electrical connectivity and seamless integration within the paper-based
platform.

Electrical characterization

The conductance and resistance of the resistors and conductive traces were measured using a Lomvum T28B multimeter and a four-
point probe setup. The paper transistor’s transfer and output characteristics were analyzed with the Keithley 4200-SCS semicon-
ductor characterization system. Voltage measurements were performed using a DataQ acquisition system to ensure precise and reli-
able data collection.

Cross-sectional analysis of transistors

To obtain a clean cross-section for analysis, the transistors underwent a controlled freezing process using liquid nitrogen, followed by
fracturing at their midpoint. The resulting cross-sections were examined using a Hitachi SU5000 Field Emission Scanning Electron
Microscope (FE-SEM) and a V12 Stereo Optical Microscope, enabling detailed structural characterization.
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Machine learning

The system captures voltage-vs.-time signals from the AST sensor, which are first subjected to noise filtering and baseline correction.
The algorithm then compares each processed signal against reference profiles for GEN, CIP, and CEF, computing an MSE that iden-
tifies the closest antibiotic match and classifies it as ‘below MIC,’ ‘at MIC,’ or ‘above MIC.’ By leveraging these reference profiles, we
can rapidly and accurately determine the antibiotic’s potency relative to the bacteria being tested. Figures 5 and S4 present the data
used for algorithm training and validation, while Figure 6 illustrates the overall classification accuracy and highlights the efficacy of
this method in real-time AST analyses. During blind testing, the antibiotic identity/concentration was withheld from the algorithm.
Each sample was tested multiple times, and the MSE classifier predicted both the antibiotic and whether it was above, at, or below
the MIC threshold. We observed that ~25-100 repeat tests yielded consistent success rates.

QUANTIFICATION AND STATISTICAL ANALYSIS
The experimental results presented in this study were obtained from a minimum of three independent replicates. Data are expressed

as the mean + standard error, ensuring reliability and consistency in interpretation. Beyond this, no specific statistical analysis or
quantification was conducted in this study.
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