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1. Introduction

Nanofluidic-based electrochemical pump for
remotely controlled, on-demand drug delivery
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Implantable drug delivery systems offer the promise of on-demand, tunable release profiles tailored to
individual therapeutic needs. Here, we present a nanofluidic membrane-based electrochemical delivery
system that leverages controlled in situ gas generation to achieve electrically modulated molecular
transport. The device comprises a monolithically fabricated nanochannel membrane coated with a
platinum layer, which enables cathodic water reduction upon application of a -2 VDC potential. This
process generates bubbles that transiently increase local pressure, enhancing convective drug transport
through the nanochannels. Electrochemical characterization revealed stable gas evolution dynamics with
an average actuation current of 2.31 + 0.36 mA and low power requirements (4.62 t+ 0.43 mW),
highlighting suitability for energy-constrained implantable settings. In vitro and simulated physiological
clearance studies demonstrated reversible, voltage-dependent modulation of drug release across a range
of compounds with diverse hydrodynamic radii and charges. Drug release rates ranged from 1 to 10 ug h*
under electrical actuation—values within therapeutically relevant dosing windows for a wide array of clinical
applications. Integration and in vitro validation with a miniaturized Bluetooth-enabled printed circuit board
(PCB) controller powered by a 3 V coin cell battery further supports the platform's feasibility for
autonomous, wirelessly controlled therapeutic administration. Together, these findings demonstrate a
scalable, low-power, and highly adaptable nanofluidic system capable of tunable drug delivery, suitable for
integration within implantable closed-loop systems.

drug concentrations, poor bioavailability, limited patient
adherence, and increased risk of systemic side effects.>™

Chronic diseases such as diabetes mellitus, cardiovascular
pathologies, oncological conditions, and neurodegenerative
disorders constitute a major global health burden, with
significant implications for healthcare systems and patient
quality of life." The effective management of these conditions
typically requires long-term pharmacotherapy. However,
conventional drug delivery modalities, such as oral and
injectable formulations, are limited by fluctuating plasma
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Moreover, most current therapies still follow a “one-size-fits-
all” approach, neglecting the considerable inter-individual
variability introduced by genetic, environmental, and lifestyle
factors. Despite significant advances and investment in
precision medicine, technologies capable of dynamically
adapting treatment to individual needs remain limited.
Achieving personalized therapy requires delivery platforms
that can adjust drug dosing in real time based on circadian
rhythms, metabolic fluctuations, or molecular biomarkers.
This need is especially important in chronic conditions such
as diabetes, hypertension, and chronic pain, where the
timing of drug administration significantly affects both
therapeutic efficacy and the risk of adverse effects. Circadian
biology governs key pharmacokinetic and pharmacodynamic
processes (including absorption, metabolism, and clearance)
making synchronization between drug release and the body's
internal clock a fundamental aspect of precision
pharmacotherapy. Additionally, the integration of closed-loop
control systems, in which drug delivery is autonomously
modulated based on real-time physiological feedback (e.g.,
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glucose levels, blood pressure, hormone concentrations), is
emerging as a transformative strategy.” "> As a result, there is
increasing interest in implantable drug delivery systems that
enable tunable release.>'*>°

Mechanical systems such as micropumps offer precise,
programmable drug release by actuating microvalves or
diaphragms, but they frequently depend on complex high-
voltage piezoelectric or electromagnetic drivers, posing
challenges for miniaturization and thermal regulation.>"*
Magnetically triggered systems offer safe actuation due to the
negligible interaction of magnetic fields with biological tissues,
but typically require bulky and expensive coils or magnets,
limiting portability and confining their use to clinical
settings.”**® In contrast, electrically controlled approaches are
readily miniaturized, compatible with wireless powering, and
suitable for fully implantable operation. In particular,
electrochemical pumps, which operate via the electrolysis of
water to generate pressure, provide an appealing alternative due
to their low-voltage operation, mechanical simplicity, and
minimal heat generation.>®**' These systems are particularly
promising for fast and localized drug release, including
applications in neuromodulation. In parallel, nanofluidic
platforms enable controlled molecular transport through
mechanisms such as ionic concentration polarization,***
electrophoresis,”™* and electrostatic ~gating.*>*  These
electrokinetic strategies offer low power consumption and
eliminate moving parts, making them ideal for miniaturized,
implantable applications.®® However, their effectiveness is often
dependent on molecular charge and the surrounding ionic
environment, limiting broad applicability.

Here, we report an electrochemically driven nanofluidic
actuator that leverages in situ gas generation to dynamically
modulate convective drug transport through nanochannels. By
coupling the simplicity, reproducibility and responsiveness of
electrochemical pressure generation with the precision of
nanofluidic flow control, the system enables on-demand,
voltage-controlled drug release. We first characterized its
electrochemical stability and performance, demonstrating low
actuation voltages and milliwatt-scale power consumption. Next,
we quantified the pressure buildup in the drug reservoir during
actuation to elucidate the underlying mechanism of drug release
rate modulation. The actuator was then evaluated for drug
release control both in vitro and under simulated physiological
clearance, showing reliable and reversible release rate
modulation across diverse compounds. Integration with a
miniaturized wireless controller was also demonstrated,
supporting the feasibility of autonomous remote operation. This
actuator provides a foundational module for future wirelessly
programmable, closed-loop implantable systems tailored for
personalized medicine.

2. Materials and methods
2.1. Nanofluidic membrane fabrication

Nanofluidic membranes were fabricated using a previously
established micro- and nanofabrication process on 4-inch
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silicon-on-insulator (SOI) wafers, as described in detail in
our earlier work.*® In brief, nanoslit features were defined
by photolithography and reactive ijon etching (RIE)
through a thermally grown silicon dioxide hard mask,
followed by deep reactive ion etching (DRIE) of the silicon
device layer. Nanochannels were etched via deep DRIE on
an ICP deep silicon etcher (PlasmaTherm, VERSALINE®)
for 120 cycles. Each cycle included polymer deposition for
2 s (C4F8 150 sccm, Ar 30 sccm, pressure 25 mTorr, Bias
RF 10 V), polymer removal from the trench bottom for
1.5 s (SF6 50 sccm, Ar 30 sccm, pressure 20 mTorr, Bias
RF 300 V), and silicon etching for 0.75 s (SF6 50 sccm, Ar
30 scem, pressure 25 mTorr, Bias RF 10 V). ICP RF power
was 5000 W for all steps. To enable fluidic connection,
backside microchannels were etched in ~500 cycles, each
consisting of polymer deposition for 2.5 s (C4F8 75 sccm,
Ar 30 sccm, pressure 25 mTorr, Bias RF 10 V), polymer
removal for 1.5 s (SF6 150 sccm, Ar 30 sccm, pressure 20
mTorr, Bias RF 250 V), and silicon etching for 3 s (SF6
300 sccm, Ar 30 sccm, pressure 25 mTorr, Bias RF 10 V),
with ICP RF power of 4000 W. Final nanochannel
dimensions (200-270 nm height) were achieved via
controlled thermal oxidation. The diced 6 x 6 mm® chips
each contained 199 microchannels (200 pm diameter),
interfacing with a total of 278600 uniformly dimensioned
nanochannels, organized in a high-density array (Fig. 1A).
As a new step introduced in this study, a bilayer metal
coating was deposited onto the diced chips via sputtering
(Cressington 108 Sputter Coater, Ted Pella Inc., Redding,
CA, USA) to enable electrochemical functionality (Fig. 1B-D).
Specifically, a 10 nm titanium (Ti) layer was added to
enhance adhesion, followed by a 50 nm platinum (Pt) layer
chosen for its electrochemical stability and catalytic activity.*
Importantly, the nanochannel height, width, and density can
be systematically tuned through lithographic design and
oxidation-controlled adjustment, enabling application-
specific optimization.

2.2. Nanofluidic membrane preparation

A preliminary surface conditioning protocol was employed to
enhance the adhesion and uniformity of subsequent metal
layer deposition. Each diced membrane chip was sequentially
rinsed in acetone, isopropyl alcohol (IPA), and deionized
water for 30 seconds each to remove surface particulates and
residual contaminants. The chips were then dried on a hot
plate at 90 °C for 15 minutes to ensure complete solvent
evaporation. Following sputter deposition of the metallic
bilayer, insulated high-temperature 36 AWG wires (9510T1,
McMaster-Carr, Douglasville, GA, USA) were connected to a
corner of the membrane using a wire welding machine
(Weller, Germany) and fine soldering wire (Amerway Inc.,
Altoona, PA, USA). To protect the electrical contact, UV-
curable epoxy (OG116, Epoxy Technologies Inc.) was applied
and cured under a UV lamp (Dymax, Torrington, CT, USA) at
a distance of 3 cm for 15 seconds.
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Fig. 1 Design and working principle of the nanofluidic membrane for electrically modulated drug delivery. (A) 3D rendering of the nanofluidic
membrane (6 mm x 6 mm x 0.4 mm), designed for controlled drug release. (B) Cross-sectional view of the membrane highlighting the internal
microchannel (uWCH) and nanochannel (nCH) array structure. (C) Top view scanning electron microscopy (SEM) image of a single nanochannel
array. Scale bar = 50 um. (D) Detailed schematic of a single nanochannel cross-section, illustrating the multilayer structure: a silicon (Si) core, a
150 nm silicon dioxide (SiO,) insulation layer, a 10 nm titanium (Ti) adhesion layer, and a 50 nm platinum (Pt) conductive coating. (E) SEM image of
the nanochannel cross-section, with arrows indicating the Pt/Ti bilayer. Scale bar = 1 um. (F) Under open-circuit conditions, passive diffusion drives
the drug release from the drug reservoir to the sink solution reservoir. (G) Optical image of the membrane surface under open-circuit conditions.
Scale bar = 3 mm. (H) Upon application of a negative electrical potential (-2 VDC), electrochemical water reduction at the membrane Pt electrode
generates hydrogen gas, leading to local pressure gradients that promote drug transport across the nanochannels. () Optical image of the
membrane surface under active (-2 VDC) condition, highlighting visible bubble formation indicative of gas generation during electrochemical
actuation. Scale bar = 3 mm.

2.3. Electrochemical characterization

Electrochemical analyses were conducted to evaluate the
performance and stability of the integrated electrodes using a
CHI660E electrochemical workstation (CH Instruments, Austin,
TX, USA). The measurements included cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and open-circuit
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potential (OCP), all carried out using a conventional three-
electrode configuration. In this setup, the nanofluidic
membrane functioned as the working electrode (WE), a Pt
mesh (Alfa Aesar, Ward Hill, MA, USA) served as the counter
electrode (CE), and a silver/silver chloride reference electrode
(Ag/AgCl) with a porous PTFE junction (CH Instruments,
Austin, TX, USA) was employed as the reference electrode (RE).

This journal is © The Royal Society of Chemistry 2026
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For cyclic voltammetry, the potential was swept between -3 V
and +3 V at a scan rate of 0.2 V s™'. Electrochemical impedance
spectroscopy was performed at a fixed DC potential of -2 V,
with a 5 mV sinusoidal perturbation. The frequency range was
swept logarithmically from 100 kHz to 0.1 Hz. To evaluate
current response over time and estimate power output,
chronoamperometric (i-tf) measurements were carried out
using a two-electrode configuration (WE and CE only), under
the same conditions used during in vitro drug release
modulation experiments. In this setup, a programmable
waveform generator (335224, Agilent Technologies, Santa
Clara, CA, USA) was used to apply the -2 VDC potential, and a
digital multimeter (34410A, Agilent Technologies, Santa Clara,
CA, USA) was connected in series with the electrochemical cell
to monitor the resulting current. Repeated activation cycles
were performed to assess the consistency of the current
response and evaluate electrode functionality over multiple
uses. Instantaneous power consumption was calculated, and
the resulting power profile was integrated over time to
determine the cumulative energy consumption during 1 hour
of operation.

2.4. Pressure build-up characterization

Pressure build-up characterization experiments were conducted
to investigate the dynamics of gas evolution and its influence
on the drug delivery system. For this purpose, we developed a
custom-fabricated, dual-chamber system designed to simulate
operational conditions of the drug delivery platform. The
device comprised a 3D-printed reservoir assembly featuring a 6
mL sink chamber and a 1 mL drug reservoir. The cuvette
(759170, BRAND GMBH + CO KG, Wertheim, Germany) was
bonded to the 3D-printed resin component using a UV-curable
epoxy adhesive (OG116, Epoxy Technology Inc., Billerica, MA,
USA), while the two reservoirs were secured using two stainless
steel M3 screws (SS316L). To ensure a tight seal and prevent
leakage, the membrane was clamped between the two 3D-
printed components using elastomeric O-rings (2418T113,
McMaster-Carr, Douglasville, GA). The two reservoirs were
sealed with silicone plugs (9277K87, McMaster-Carr,
Douglasville, GA). A high-resolution pressure and temperature
sensor (MS5837-30BA, TE Connectivity) was integrated into the
drug reservoir to enable real-time monitoring of internal
pressure variations. The sensor interfaced with an Arduino
microcontroller via the I’C protocol and was connected
through a multiplexer to allow concurrent measurements from
multiple sensors. Electrochemical actuation was performed by
applying a constant -2 VDC potential to the membrane
electrode (ON state), or by maintaining open-circuit conditions
(OFF state), following both continuous and cyclic stimulation
protocols. In the continuous mode, pressure build-up was
monitored over a 2 hour period to evaluate sustained actuation
and long-term system behavior. In the cyclic mode, the
actuation potential was applied in alternating 5-minute ON-
OFF intervals to assess the actuation reversibility, repeatibility
and system responsiveness. Sensor data were post-processed to
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remove baseline drift and temperature-dependent fluctuations,
and normalized to the initial time point of each experiment,
generating relative pressure profiles that enabled consistent
comparison across replicates and experimental conditions.

2.5. In vitro release modulation

In vitro release modulation studies were conducted using the
custom-fabricated dual-chamber device described above.
Before the experiment, the membranes were preconditioned
by immersion in 100% isopropanol to enhance nanochannel
wettability, followed by thorough rinsing with deionized
water to eliminate residual solvents and ensure complete
hydration of the nanochannel architecture. Following
membrane assembly, the drug reservoir was filled with one
of three analyte solutions: (1) 600 pg mL™" of vitamin B12
(VitB12) in PBS, (2) a supersaturated 250 ug mL™" solution of
cabotegravir (CAB) in PBS, or (3) 1 mg mL™ of polystyrene
sulfonate (PSS) in PBS. These compounds were selected to
represent a range of physicochemical properties, including
hydrodynamic radius, net charge at physiological pH, and
hydrophilicity. Specifically, VitB12 is a large (~1355 Da),
zwitterionic, and highly water-soluble molecule with a log P
of approximately —1.5. CAB is a small molecule (~406 Da)
with a near-neutral to weakly basic character at physiological
pH and a moderate hydrophilicity, reflected by a logP of
approximately 2.2. In contrast, PSS is a high MW (>70 kDa),
strongly anionic polymer that exhibits significant
hydrophilicity due to its sulfonate groups. Assembled devices
were placed in a custom robotic carousel*' coupled to a UV-
visible spectrophotometer (Cary 50, Agilent Technologies,
Santa Clara, CA, USA), which enabled automated absorbance
measurements of the sink reservoir at 5-minute intervals. To
ensure uniform sampling, the sink reservoir was
continuously stirred throughout the experiment. Detection
wavelengths were set at 550 nm for VitB12, 257 nm for CAB,
and 256 nm for PSS. Electrical stimulation was applied across
the membrane wusing an arbitrary waveform generator
(335224, Keysight Technologies, Santa Rosa, CA, USA), with
the potential applied between the nanofluidic membrane
(WE) and the Pt mesh (CE). The stimulation protocol
consisted of alternating passive and active phases, with open-
circuit during 12 hour passive phases and —2 VDC applied
during 4 to 12 hour active phases.

2.6. Real sink automatic collection system (RSACS) for
simulated physiological clearance

To more accurately simulate physiologically relevant clearance
conditions in drug release studies, we developed a custom-built
platform, here referred to as the real sink automatic collection
system (RSACS). This system was designed as a dynamic flow-
through platform for simulated physiological clearance. The
RSACS consists of a peristaltic pump that precisely controls the
flow rate of PBS from a reservoir into a stirred chamber (30 mL
capacity), which acts as a surrogate for the target biological
compartment. Continuous stirring within this chamber ensures
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homogeneity of solute concentration throughout the experiment.
The chamber is configured with an inlet, through which fresh
PBS (with zero solute concentration) enters, and an outlet, from
which the effluent solution exits with a time-dependent
concentration C(f) representative of the internal chamber
environment. The outflow is directed toward a sampling module
consisting of an array of capped HPLC vials arranged in a
custom rack. Sample collection is executed by a computer-
controlled robotic arm derived from a modified 3D printer
platform (Replicator 2X, MakerBot Industries, Brooklyn, NY,
USA), which accurately positions a sampling needle above each
vial at predefined intervals. The volume of each sample collected
is regulated by adjusting the duration that the needle remains
inserted in the vial, allowing for constant flow conditions across
the experiment. During non-sampling periods, the robotic arm
redirects the effluent stream to a waste container. Inert Tygon
tubing (3902 N285, McMaster-Carr, Elmhurst, IL, USA) was used
to minimize adsorption and chemical interactions. The temporal
evolution of drug concentration C(t) within the chamber was
governed by the differential mass balance equation:

) o), o

where V is the volume of the chamber (simulating the in vivo
volume of distribution), Q is the flow rate imposed by the
peristaltic pump (mimicking physiological clearance), R(f) is
the drug release rate from the nanofluidic membrane, and C(¢)
is the concentration of the solution in the reservoir at a
specific time.

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of
University of Washington (UW) and approved by the UW
Institutional Animal Care and Use Committee (IACUC). The
RSACS system's ability to simulate physiological clearance
was validated by comparing pharmacokinetic data from a
subcutaneous (subQ) injection of islatravir (ISL) in rats with
data obtained from a bolus injection of ISL into the RSACS
chamber. The flow rate was adjusted to match the in vivo 24
hour pharmacokinetic profile and was determined to be 550
mL per day for a 30 mL chamber according to eqn (1), with
the first term (input) set to zero. For this validation, a bolus
of 6 mg ISL in 30 mL was used to achieve an initial
concentration approximately 1000x higher than the in vivo
peak plasma concentration (202.1 ng mL™"), ensuring reliable
quantification via high-performance liquid chromatography
(HPLC). Samples were collected from the RSACS at the same
time points as the corresponding in vivo plasma
measurements. Following validation, the system was
integrated with the previously described dual-chamber 3D-
printed setup, including the nanofluidic membrane for
controlled release, and modified to include inlet and outlet
ports on the cuvette (6 mL per volume). Methotrexate (MTX)
was selected as the model analyte to evaluate the modulated
release performance under real sink conditions. The flow rate
was set at 50 mL per day, and samples were collected at 1
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hour intervals and analyzed wusing a  UV-vis
spectrophotometer at 258 nm to quantify drug concentration
over time. The resulting concentration-time data were used
to back-calculate the drug release rates R(¢) during the active
and passive phases, which were then integrated into a
pharmacokinetic model that included a 131 mL per volume
of distribution and 2.45 L per day systemic clearance rate,*
enabling simulation of in vivo plasma concentrations based
on in vitro release profiles.

2.7. Statistical analysis

Graphs were plotted and statistical data analyses were
performed with GraphPad Prism 10 (version 10.2.2; GraphPad
Software, Inc., La Jolla, CA). All experiments were performed
with n = 3 replicates unless otherwise specified. Data are
represented as mean + SD. Statistical significance was
determined using two-tailed unpaired t-tests, with p < 0.05
considered significant. For statistical analyses, the
cumulative release of each phase was fitted with a first order
polynomial using MATLAB® polyfit function. The resulting
angular coefficient represent the release rate of the
considered phase.

3. Results and discussion
3.1. Nanofluidic membrane

To evaluate the quality of the nanofabrication process, all
nanofluidic membranes were first examined using optical
microscopy, which confirmed structural integrity across the
entire wafer (Fig. 1A-E). Further characterization was
conducted by measuring the transmembrane nitrogen gas
flow under controlled pressure differentials (AP = 0.069-1.034
bar). This method provided an indirect assessment of
nanochannel dimensional uniformity. Based on a validated
theoretical model of convective N, nanoscale flow,** the
predicted nanochannel diameter prior to sputtering was
estimated to be 238 + 33 nm. In contrast to anodic aluminum
oxide (AAO)-based systems,"® which often exhibit broad pore
size distributions that can adversely affect performance,** the
nanofluidic ~ platform  described here offers highly
monodisperse  channel dimensions. Uniformity was
confirmed by scanning electron microscopy (SEM) cross-
sectional imaging performed at multiple wafer locations,
which consistently showed reproducible nanochannel
profiles.*>*>*® These results, together with nitrogen flow
data, indicate that the optimized DRIE process yielded
uniform features despite high-density patterning, an essential
requirement for achieving consistent and tightly controlled
drug release kinetics. Post-sputtering, SEM cross-sectional
imaging confirmed the successful deposition and correct
thickness of the outermost Ti/Pt bilayer (Fig. 1E). Although
the sputtering process resulted in a reduction of
approximately 120 nm in channels aperture at the membrane
surface, the channels functionality was preserved.

This journal is © The Royal Society of Chemistry 2026
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3.2. Mechanism of nanofluidic-based electrochemical pump

Drug transport across the nanofluidic membrane in our system
operates via a dualmode mechanism combining passive
diffusion and pressure-driven convective flow, modulated by an
electrochemically actuated pump housed within a sealed drug
reservoir. In the absence of an applied potential (passive phase),
drug molecules diffuse through the nanochannels driven solely
by the concentration gradient between the internal reservoir and
the external sink (Fig. 1F and G). This mode ensures baseline
release and enables continuous low-level drug delivery. Upon
application of a negative voltage bias (-2 VDC) to the Pt-coated
membrane electrode relative to a Pt mesh counter electrode
immersed in the drug reservoir (active phase), a significant and
repeatable enhancement in the drug release rate is observed
(Fig. 1H and 1I). This enhancement is attributed to
electrochemically induced pressure buildup within the reservoir
via water electrolysis. Hydrogen gas forms at the cathodically
biased Pt-coated membrane electrode, while oxygen evolves at
the counter electrode. Gas nucleation at both sites leads to the
formation of bubbles that coalesce and accumulate within the
sealed reservoir, resulting in a rise in internal pressure. This
pressure buildup drives convective transport of the drug solution
through the nanofluidic membrane. Importantly, this
mechanism enables controlled and temporally resolved drug
release without requiring any mechanical components, moving
parts, or valves. Unlike other electrochemical pumping systems
where electrolysis is performed in a secondary electrolyte
chamber to generate pressure that is transmitted to the drug
reservoir,’®** avoiding direct contact with the drug
formulation, our approach uses a more integrated design in
which the nanofluidic membrane function simultaneously as
actuator and delivery interface. This design reduces device
complexity, minimizes mechanical failure points, and supports
miniaturization and scalability, without compromising drug
stability (Note 1, Fig. S1). Moreover, since the convective outflow
is governed by hydrostatic pressure, the mechanism is inherently
independent of the drug’s net charge, enabling its application to
a broad spectrum of therapeutic agents. In summary, the
electrochemical pump transitions the system from passive
diffusion to active, pressure-driven delivery, offering on-demand
control over dosing profiles, a key advantage for applications
requiring dynamic therapeutic regimens.

3.3. Electrochemical characterization of the nanofluidic
membrane

To assess the electrochemical performance and long-term
stability of the nanofluidic membrane, we conducted a
comprehensive electrochemical analysis, including cyclic
voltammetry (CV), electrochemical impedance spectroscopy
(EIS), open-circuit potential (OCP), and chronoamperometry.
CV analysis revealed asymmetric current responses with
higher currents observed at negative potentials compared to
positive ones, suggesting enhanced catalytic efficiency of the
sputtered Pt surface under cathodic bias (Fig. 2A). This
behavior is indicative of preferential reduction processes,
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such as hydrogen evolution, and highlights the suitability of
operating the membrane in the negative voltage regime to
maximize actuation. EIS measurements across a wide
frequency range (0.1 Hz to 100 kHz) demonstrated a flat and
stable impedance profile, with impedance values consistently
in the 10-100 Q range (Fig. 2B). The lack of significant
frequency dependence and phase shifts confirms a highly
conductive electrode-membrane interface with minimal
diffusion or capacitive limitations. Complementary OCP
measurements showed stable and drift-free open-circuit
behavior over time, confirming the electrochemical stability
of the system and the absence of spontaneous redox

processes in  the  unbiased state (Fig. 2C).
Chronoamperometric measurements performed under
constant voltage application (-2 VDC) revealed a

characteristic exponential decay to a steady-state value
(average current of 2.31 + 0.36 mA), consistent with gas
evolution dynamics and electrode polarization effects
(Fig. 2D). The reproducibility and predictability of the current
response across multiple cycles (Fig. 2E) reflect electrode
functionality, validating the wuse of this approach for
repeatable drug release modulation. To further examine long-
term stability, cyclic voltammetry was performed on
membranes stored at 37 °C for up to 8 weeks, showing a
gradual decline in current response over time (Note S2, Fig.
S2). This observation highlights progressive electrochemical
degradation as a potential limitation for extended operation.
The system's electrochemical actuation operates within the
low mA range (2.31 + 0.36 mA at -2 V), corresponding to a
power consumption of 4.62 + 0.43 mW during actuation
(Fig. 2F), making it compatible for long-term implantable
applications. This power demand is well within the
demonstrated capacity of miniaturized inductive wireless
power transfer systems, which have been reported to safely
deliver 1-50 mW in implantable medical devices.’> These
considerations collectively indicate the system's suitability for
electrically modulated actuation in controlled drug delivery
applications and its compatibility with the stringent energy
constraints typical of implantable devices.

3.4. Pressure build-up characterization

To investigate the dynamics of pressure generation within
the sealed drug reservoir, we used a miniaturized pressure
sensor embedded in the drug reservoir to monitor in real
time the internal pressure changes induced by
electrochemical activation. Upon applying a -2 VDC bias to
the membrane electrode, the system exhibited a rapid
increase in internal pressure, followed by a gradual decline
that mirrored the current decay observed in the i-t curve
(Fig. 2D). On average, the differential pressure during a 2
hour continuous activation phase reached 7.06 + 2.56 mbar
(Fig. 3A), with peak values of 12.75 + 2.96 mbar, indicating
effective and sustained pressure generation. This
electrochemically induced pressure is essential to drive
convective flow through the nanochannels, enhancing drug
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Fig. 2 Electrochemical characterization of the nanofluidic membrane. (A) Cyclic voltammetry (CV) profiles of nanofluidic membranes to assess
catalytic efficiency. (B) Electrochemical impedance spectroscopy (EIS) of the nanofluidic membrane, demonstrating low interfacial impedance
essential for efficient electrochemical actuation. (C) Open-circuit potential (OCP) measurements of the nanofluidic membrane, indicating stable
electrochemical behavior over time in the absence of external bias, which reflects the absence of spontaneous redox activity and overall system
stability. (D) Time-dependent current (/-t) responses recorded at -2 V, highlighting the dynamics of the gas-generating electrochemical reaction.
(E) Repeated chronoamperometric measurements collected over multiple activation cycles, demonstrating consistent electrochemical
performance and stable gas evolution, which are critical for long-term reliability in therapeutic applications, (n = 1). (F) Cumulative energy
consumption during electrochemical actuation, obtained by integrating the power profile derived from /-t data. This metric reflects the overall
energy demand of the actuation process and informs battery capacity requirements for future autonomous implementations.

transport beyond what is achievable through passive
diffusion alone. The system's pressure response also
exhibited dynamic control and reversibility. During 5-minute
ON-OFF cycles, the internal pressure followed a consistent,
repeatable pattern, reflecting stable actuation and recovery
over time (Fig. 3B and C). Statistical analysis of the pressure
response across ON-OFF cycles confirmed the system's
sensitivity to electrochemical input. The mean relative
pressure during ON phases was 5.30 + 5.28 mbar, compared
to -0.10 + 1.03 mbar during OFF phases (Fig. 3D), a
statistically significant difference that demonstrates system
responsiveness and effective switching behavior. To
complement these quantitative pressure measurements, we
also performed optical visualization of the actuation process
using VitB12 as a tracer molecule. Time-lapse imaging
confirmed that bubble nucleation and growth progressively
occupy part of the reservoir volume during stimulation, while
convective transport drives VitB12 release into the sink
chamber (Note S3, Fig. S3; Video S1). Once stimulation
ceased, bubble formation stopped and release returned to
baseline, consistent with the reversible actuation dynamics
observed in the pressure measurements. It is important to
note that the observed pressure increase remains far below

1880 | Lab Chip, 2026, 26, 1874-1889

the mechanical tolerance of the nanofluidic membrane,
which has been validated under pressures up to 1 bar. This
confirms that the membrane can safely accommodate the
generated pressure without risk of mechanical failure or
leakage. Additionally, temperature was continuously
monitored throughout all experiments and consistently
remained below the 2 °C threshold defined as safe by
regulatory standards for implantable medical devices.
Collectively, these findings highlight the reliability,
tunability, and safety of the pressure generation mechanism,
establishing its potential for programmable,
electrochemically actuated drug delivery.

3.5. In vitro release modulation

As a proof of concept of the actuation mechanism, we
conducted in vitro release studies in a custom-made release
fixture (Fig. 4A). VitB12 was selected as the initial model
compound due to its representative physicochemical
properties (Fig. 4B), including its hydrodynamic size,
hydrophilicity, and charge at physiological pH, mirroring
those of several clinically relevant therapeutic agents,
including glycopeptides (e.g:, vancomycin), aminoglycosides

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Pressure build-up characterization. (A) Drug reservoir internal pressure profile during continuous application of -2 VDC, showing a rapid
increase to a peak followed by a gradual decline, consistent with electrolysis-driven dynamics. (B) Cyclic pressure response under 5-minute
alternating ON-OFF phases, demonstrating reversible and repeatable actuation behavior. (C) Quantification of average relative pressure during ON
and OFF phases across replicates. (D) Summary analysis of all ON-OFF cycles, illustrating statistically significant pressure modulation in response

to electrochemical activation.

(e.g, neomycin), and peptide-based drugs. When a -2 VDC
bias was applied using a benchtop waveform generator,
VitB12 was released at a rate of approximately 4.46 + 3.46 pg
h™, which returned to baseline levels when the potential was
removed (Fig. 4C), demonstrating modulation of the
molecule release rate. To better contextualize the pumping
dynamics, we directly converted VitB12 release data into
reservoir displacement estimates, based on the known
concentration in the drug reservoir. This analysis yielded an
average displacement rate of approximately 7.16 upL h™"
during active stimulation phases (Note S4 and Fig. S4). To
evaluate the generalizability of the electrochemical actuation
mechanism, additional model compounds were selected to
span a range of hydrodynamic radii, net charges, and
hydrophilic/hydrophobic properties. Specifically, we tested
two  additional model compounds with  distinct
physicochemical profiles: CAB, a small, hydrophobic, and
uncharged antiretroviral drug with a sub-nanometer
hydrodynamic radius; and poly(styrene sulfonate) (PSS), a
negatively charged polymer characterized by a substantially
larger effective hydrodynamic radius (Fig. 4B). Both model

This journal is © The Royal Society of Chemistry 2026

compounds showed modulation of the release rate over
multiple phases (Fig. 4D and E), with CAB exhibiting an
average release rate of 7.21 + 2.60 ug h™ during active phases
(Fig. 4D), and PSS showing a lower rate of 1.81 + 1.45 ug h™'
under identical conditions (Fig. 4E). The observed differences
in active-phase release rates are attributed to a combination
of molecular size, charge, and hydrophilicity. CAB's small size
and neutral, lipophilic nature likely facilitate efficient
convective transport through the nanofluidic membrane with
minimal electrostatic interaction. In contrast, PSS's large
hydrodynamic size and strong anionic charge may result in
steric hindrance and electrostatic repulsion within the
membrane nanochannels, reducing transport efficiency.>®*’
Although PSS has a lower molecular weight (~70 kDa) than a
typical IgG antibody (~150 kDa), its flexible polyelectrolyte
conformation leads to a larger effective hydrodynamic radius
compared to compact globular proteins. Reported
hydrodynamic radii for PSS are in the range of ~8-15 nm,
depending on ionic strength, whereas IgG exhibits a smaller
hydrodynamic radius of ~5.5 nm (ref. 58) (Fig. 4B). Thus, PSS
represents a conservative model (combining enhanced steric

Lab Chip, 2026, 26,1874-1889 | 1881
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sink reservoir. Continuous magnetic stirring in the sink ensures homogeneous distribution of the released compound, which is quantified in real-
time via UV-vis spectroscopy. (B) Summary table of the key physicochemical characteristics of the tested drug models, including hydrodynamic
radius, net charge, and hydrophilicity. (C-E) In vitro cumulative release profiles of three representative drug models through the nanofluidic
membrane under modulated electrical stimulation: (C) vitamin B12, a medium size, positively charged molecule; (D) cabotegravir, a small, neutrally
charged antiretroviral drug; and (E) polystyrene sulfonate, a high hydrodynamic radius, highly negatively charged polymer. (F) Statistical
comparison of release modulation efficiency across the different drug models, demonstrating consistent performance of the nanofluidic platform
irrespective of molecular size or charge. CAB, cabotegravir; CE, counter electrode; PSS, polystyrene sulfonate; Rh, hydrodynamic radius; Vit B12,
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hindrance with strong electrostatic repulsion) for evaluating
the feasibility of delivering antibody-scale therapeutics, which
are of increasing pharmaceutical interest. The observed
transport behavior for PSS suggests that delivery of
conventional antibodies—being more compact and only
weakly or heterogeneously charged—should remain
practically feasible. VitB12, with intermediate hydrodynamic
radius and polar, zwitterionic characteristics, exhibited a
release profile between those of CAB and PSS (Fig. 4F).

To further assess the translational potential of the system,
we validated the actuation mechanism using both a benchtop

1882 | Lab Chip, 2026, 26,1874-1889

waveform generator—demonstrating stable operation for over
15 days (Fig. 5A)—and a miniaturized, custom-designed
printed circuit board (PCB) (Fig. 5B), powered by a 3 V
lithium battery (CR2032, Toshiba) and Bluetooth-enabled for
wireless operation. Notably, the electrical currents required
to drive actuation (Fig. 2D) were well within the output
capacity of the PCB, thereby justifying its use without
compromising performance. In fact, it produced consistent
and reversible control of molecular transport corresponding
to electrical stimulation (Fig. 5B), confirming that the PCB
developed for implantable applications can reliably

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Long-term in vitro modulation of drug release and wireless actuation using a miniaturized PCB. (A) Electrically controlled release profile of
vitamin B12 over more than 15 days using benchtop instrumentation to apply the actuation potential, demonstrating long-term modulation
capability, (n = 1). (B) Proof-of-concept demonstration of the electrochemical pump driven by a custom-designed, miniaturized printed circuit
board (PCB), highlighting the potential for integration into an implantable systems.

reproduce the electrochemical needed for
controlled release.

Despite the variability in measured release rates, all three
model compounds fell within a therapeutically relevant range
of 1-10 ug h™ during active actuation phases. This range is
consistent with clinically reported delivery rates of
subcutaneously administered drugs such as clonidine (used
in hypertension and palliative care),>® treprostinil (for
pulmonary hypertension),®® dexamethasone (for chronic
inflammation),®* and low-dose fentanyl (for cancer pain).®>%
Additional  examples include therapies used in
neurodegenerative and hormonal disorders, such as histrelin,
and octreotide, which are delivered via long-acting implants
or depot formulations.®**> While additional work is needed
to reduce variability and fully characterize long-term release
behavior across broader drug classes, these results support
the feasibility of electrochemically modulated nanofluidic

transport as a generalizable strategy for tunable drug release.

dynamics

3.6. Real sink automatic collection system (RSACS)

Demonstrating the in vivo performance of implantable
systems engineered for long-term, tunable drug delivery
presents inherent challenges. Unlike “emergency” devices

This journal is © The Royal Society of Chemistry 2026

that discharge a measurable bolus over minutes to hours,
long-acting implants are designed to produce subtle, time-
dependent fluctuations in low-dose output—changes that are
often obscured by biological variability, rapid clearance, and
the limitations of current analytical techniques. The low
systemic concentrations typical of such delivery systems are
further masked by practical constraints on blood or
interstitial fluid sampling frequency, making it difficult to
resolve the fine pharmacokinetic details needed to validate
and optimize device performance. To overcome these
obstacles, we developed the Real Sink Automatic Collection
System (RSACS)—a modular, automated in vitro platform
designed to emulate physiological clearance dynamics and
enable high-resolution pharmacokinetic profiling (Fig. 6A).
RSACS integrates a programmable peristaltic pump to control
the inflow of PBS into a stirred collection chamber. A robotic
sampling module enables automation. This configuration
sustains a constant concentration gradient between the drug
reservoir and the sink (Fig. S5), simulating dynamic clearance
conditions typically encountered in vivo. System validation
was performed using ISL, a nucleoside reverse transcriptase
translocation inhibitor (NRTTI) currently under investigation
for HIV treatment and prevention. A 6 mg bolus of ISL in 30
mL PBS was introduced into the chamber, and the system

Lab Chip, 2026, 26,1874-1889 | 1883
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was operated at a flow rate of 23 mL h™". The resulting
concentration-time profile closely matched both theoretical
predictions based on a first-order elimination model (eqn (1))
and empirical in vivo pharmacokinetic data (Fig. 6B). This
concordance supports the RSACS's ability to replicate
physiologically relevant drug clearance kinetics under
controlled in vitro conditions. Following validation, the
RSACS was coupled to a dual-chamber nanofluidic delivery
device to evaluate modulated release of methotrexate (MTX),
a low-dose therapeutic with applications in autoimmune and
inflammatory disorders. Given the need to maintain sink
conditions while preserving analytical sensitivity, a flow rate
of 50 mL per day was selected as optimal. Under these
conditions, MTX concentration in the sink chamber revealed
modulation of the drug delivery (Fig. 6C), with estimated
release rates of approximately 1.62 = 0.56 ug h™ during the
active phases and -0.61 + 0.57 ug h™ during the passive
phases. This negative release rate in the OFF phase likely
reflects limitations of the in vitro experimental setup.
Specifically, the sink chamber may not remain fully
homogeneous, and slight backflow may occur when the
pressure inside the drug reservoir drops during bubble
resolubilization. This pressure reduction could transiently
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draw small amounts of drug back toward the device. In
contrast, such a phenomenon would not be expected under
in vivo conditions, where the released drug is rapidly
absorbed by local tissue and cleared systemically, effectively
eliminating the possibility of return flow. Despite these
experimental artifacts, the RSACS captured modulation of
drug release in vitro and provided quantitative insights into
potential in vivo pharmacokinetics (Fig. 6C), highlighting the
potential of this in vitro framework to estimate
pharmacokinetic profiles prior to in vivo studies, to minimize
the use of animals in research. The RSACS thus could serve
as a tool for drug release evaluation under physiologically
relevant conditions.

Conclusions and future outlook

In this study we showed the proof of concept of an
electrochemically  driven, gas-evolving  microactuator
integrated with a nanofluidic membrane for controlled drug
delivery. This system enables voltage-mediated modulation of
molecular transport through nanoscale channels, offering a
programmable mechanism for stimulus-responsive drug

release. By coupling nanofluidic  selectivity = with
Peristaltic pump PC g
—\\ . 1 3D printer
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Fig. 6 Real sink automatic collection system (RSACS) design, implementation, and validation for in vitro simulation of physiological drug
clearance. (A) Schematic overview of the RSACS platform for mimicking physiological drug clearance. The system enables high-throughput,
parallel testing of multiple drug delivery platforms with automated sample collection. It leverages custom-modified 3D printer mechanics and
firmware, and it is controlled via computer interface. (B) Validation of RSACS clearance capabilities, benchmarked against in vivo pharmacokinetics
in rats following subcutaneous (sub-Q) injection. Equivalent drug dosing (scaled 1000-fold for HPLC detection) was replicated in RSACS to confirm
physiologically relevant clearance dynamics. (C) In vitro modulation of drug release using the nanofluidic electrochemical pump tested in RSACS.
Drug concentrations in the reservoir reflect actuation dynamics, with the corresponding predicted rat pharmacokinetic profile derived from model

fitting, (n = 1).
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electrochemical actuation, we introduce a drug delivery
system that is independent of drug charge or size, potentially
accommodating a broad range of therapeutics. The platform
operates with low power input and holds promise for
wireless, remote control—an important consideration for the
development of future closed-loop therapeutic systems in the
context of precision medicine.’

Despite these promising results, some limitations must be
acknowledged. ~While the electrochemical actuation
mechanism is functional in a controlled in vitro environment,
long-term operational stability and performance consistency
in vivo remain open questions. Although platinum is
chemically inert and widely used as a water-splitting catalyst,
irreversible platinum dissolution has been reported during
extended stimulation, and its biological impact remains
incompletely understood.®® Mitigation strategies explored in
related biomedical electrochemical systems include the use
of organic conductive coatings,®” deposition of platinum
black or nanoparticle layers,**®® and micro/nanostructuring
or laser interference patterning to improve bubble release
and reduce overpotentials.”® Future iterations of our platform
may incorporate these approaches to enhance electrode
durability. Another limitation relates to the orientation of the
device during operation, as gas bubble nucleation, growth,
and displacement can be influenced by gravitational forces,
potentially affecting pumping efficiency when the device is
tilted or moved in vivo. This orientation dependence is
inherent to gas-evolving electrochemical actuators and
directly informs reservoir design. In future implant iterations,
this effect may be mitigated through optimization of the drug
reservoir geometry to confine bubble positioning. For
example, asymmetric or dome-shaped reservoir ceilings can
be used to define a predictable gas collection region, guiding
bubbles to accumulate away from critical fluidic interfaces
such as the nanofluidic membrane, even under changes in
device orientation. Another important consideration is the
observed variability in pressure generation and drug release
rates across actuation cycles and replicates. Although the
system consistently produced statistically significant increase
in the drug transport, fluctuations in response magnitude
and timing may limit dosing precision. In clinical settings—
particularly in the context of closed-loop systems where
therapeutic output must be tightly synchronized with real-
time physiological inputs—such variability could undermine
efficacy or safety. Future work will focus on minimizing this
variability through improved actuator design and enhanced
manufacturing process. Because pressure relaxation following
actuation is  governed by  diffusion-limited gas
resolubilization,” the resulting decay profile can, in
principle, be incorporated into control algorithms. In such
implementations, operating parameters such as actuation
voltage and duty cycle could be selected to account for
bubble dissolution kinetics, enabling precise, fine-grained
dosing control. In addition, bubble dissolution and pressure
decay may be accelerated through design strategies that
modify bubble dynamics, such as electrode surface

This journal is © The Royal Society of Chemistry 2026
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structuring or low-adhesion coatings to promote early
detachment of small bubbles, and reservoir geometries that
limit bubble coalescence and reduce effective diffusion
distances.”””’* Device safety is another critical factor for
clinical translation. Although the current design physically
confines gas evolution within the sealed drug reservoir,
limited bubble nucleation may occur near the nanochannel
interface during actuation. Given their limited volume, they
are expected to gradually dissolve and disperse into the
surrounding interstitial fluid following actuation. Because
the device is intended for subcutaneous implantation and is
not in direct communication with blood vessels, such
localized gas formation does not pose a risk of systemic
embolization. Nevertheless, future studies will include long-
term in vivo evaluation of gas dynamics and tissue responses
to confirm safety under chronic operation.

Looking ahead, we aim to integrate this electro-
nanofluidic module with a previously developed wireless
implantable drug delivery platform® for real-time drug
modulation in vivo. In this envisioned implementation, the
drug reservoir would be refillable via minimally invasive
transcutaneous access,”” decoupling long-term implant
operation from reservoir volume and preventing volumetric
constraints from becoming a limitation to device
miniaturization. However, several challenges must be
overcome, including adapting release profiles to match
pharmacokinetics, minimizing inter-subject variability, and
ensuring precise, repeatable dosing over extended
timeframes. The RSACS will assist in estimating
pharmacokinetic profiles under simulated physiological
clearance conditions prior to in vivo implementation;
however, animal studies will remain essential for evaluating
safety, therapeutic efficacy, and biocompatibility. In parallel,
we are exploring the integration of miniaturized sensing
components to support autonomous, closed-loop drug
delivery based on real-time physiological data. In summary,
this work establishes a foundational proof of concept for
electrically controlled, nanofluidic drug delivery. While still
in the early stages, the system offers a promising path toward
intelligent, programmable therapeutics designed for use in
both clinical and remote care settings.
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