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HIGHLIGHTS
® A bottom-up, strain-induced self-assembly strategy transforms 2D thin-film stacks into 3D coaxial Swiss-roll microsystems.

Monolithic integration of a lithographically patterned, chemically tunable polyimide nanomembrane serves as a programmable proton
exchange component.
e Ultra-compact bioelectronic power supply achieves a volumetric power density of ~3.1 mW cm™3 within a 0.80 pL active volume and

a 4.16 mm? footprint.

Sustainable dual-mode operation decouples microbial metabolism from power generation, eliminating biofouling and enhancing

long-term stability.

The platform demonstrates scalable fabrication (>85% yield) and provides a versatile architecture for integrable biohybrid devices.

ABSTRACT Thin-film self-assembly of three-dimensional (3D) 2D 3D thin-fim 5 g o 4 Dual-mode operation

microsystems presents a compelling route to integrate complex function- & : (T | @;} or ,
alities into ultra-compact volumes; yet, strategies for incorporating tun- - ) “7 - A :m
able ion-conducting elements remain limited. Here, we introduce a strain-
induced self-assembly platform that transforms lithographically patterned
multilayer thin films into functional 3D coaxial Swiss-roll microtubes
with total active volumes below 1 pL. A key innovation is the monolithic

integration of a chemically tunable polyimide proton exchange mem-

-a-compact footprint of

brane, enabling post-fabrication optimization of ionic transport that bal- o7 - s . g
1 1 1 : . 3 o Heeeees
ances proton transport with mediator blocking. We further implement a R — . N5 o e

dual-mode operational scheme that decouples microbial metabolism from

electrochemical power generation, revealing biofouling, not chemical fouling or membrane degradation, as the dominant failure mechanism
in conventional architectures. Critically, optimally treated polyimide membranes exhibit excellent recoverability after fouling, while cell-free
mode operation maintains stable performance by physically excluding microorganisms from the microelectronic environment. This integrated
bio-electronic microsystem achieves a volumetric power density of ~3.1 mW cm within an ultra-compact footprint of 4.16 mm?2. Our work
establishes a scalable thin-film engineering approach to create tunable, 3D bioelectronic power sources for autonomous microsystems.
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1 Introduction

The development of autonomous microsystems and bioelec-
tronic interfaces is fundamentally constrained by the lack of
scalable, integrable ultra-small microsystems [1], and sensors
[2, 3]. To address this, next-generation microbial fuel cells
(MFCs) must not only miniaturize but also adopt manufactur-
ing processes compatible with microelectronics [4, 5]. MFCs
generate electrical power through microbial oxidation of
organic substrates under mild conditions, offering sustainable
energy conversion from inexpensive, renewable fuels [6].

Conventional devices that rely on direct electron trans-
fer [7] between microorganisms and electrodes face critical
limitations. Microbial biomass occupies a significant portion
of the electrode volume, promoting the formation of inactive
biofilm layers that increase internal resistance over time. In
contrast, electron transfer mediated by soluble redox media-
tors eliminates the need for direct microbe—electrode contact
while maintaining efficient redox cycling [8]. This strategy
enables a new class of systems, termed indirect flow-type
MFCs (IFT-MFCs), demonstrated here for the first time.

The IFT-MFC concept decouples microbial metabolism
from electrochemical power generation. During operation,
microorganisms such as Saccharomyces cerevisiae reduce
soluble mediators via bio-oxidation in an external bioreactor.
The reduced mediators are then delivered to the anode cham-
ber, where they transfer electrons to the electrode surface.
On the cathodic side, an oxidized catholyte (e.g., ferri/fer-
rocyanide) is regenerated by atmospheric oxygen and recir-
culated. This modular design enables dual-mode operation: a
cell-based mode (Mode 1) for continuous mediator regenera-
tion and a cell-free mode (Mode 2) for abiotic power genera-
tion, enhancing robustness and control.

At the microscale, microfluidic architectures provide a
natural platform for implementing this concept [9], offer-
ing precise management of fluids and reactants [10] and
improved kinetics [11]. The proton exchange membrane
(PEM) plays a crucial role by facilitating ionic transport
while preventing electrolyte mixing. Although hydrody-
namic systems relying on laminar flow without a mem-
brane have been explored, they require millimeter-scale
electrode separations that increase internal resistance and
offset the benefits of miniaturization [12]. Maintaining strict
flow separation is essential, as even minor crossover can
disrupt anaerobic conditions and cause electrochemical
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short-circuiting [13]. While laminar flow systems [14]
reduce mixing, membrane-based architectures [15] remain
the most reliable for preventing self-discharge and ensuring
long-term stability [16]. However, widely used ion-exchange
materials such as Nafion™ remain costly and difficult to
integrate at microscale [17], motivating the exploration of
alternative polymers [17, 18].

At the microscale, conventional PEMs (Nafion™, cel-
lulose acetate, and polyvinylidene fluoride (PVDF)) pose
additional challenges, including high interfacial resist-
ance and poor compatibility with wafer-scale microfab-
rication [19-22]. To address these issues, polyimide (PI)
has emerged as a mechanically robust, biocompatible, and
microfabrication-compatible alternative [23]. PI is widely
employed in microelectronics and enables ultrathin, scalable
devices [24-27], as demonstrated in neural implants [28],
implantable antenna [29], and sensors for biological applica-
tions [30, 31]. Its flexibility also allows for 3D integration,
increasing active surface area while maintaining a compact
footprint. To fully realize these 3D integration benefits, a
fabrication strategy capable of shaping PI into complex,
high-surface-area microfluidic architectures is required.

To achieve greater miniaturization, microfluidic MFCs
(UMFCs) have been developed using planar, layered archi-
tectures [16, 32, 33]. While effective, these designs are
inherently limited in surface-area-to-volume ratio and by
the integration challenges of conventional proton exchange
membranes. The strain-driven self-assembly of PI into 3D
architectures offers a compelling alternative; yet, this pow-
erful geometric transformation has not been fully leveraged
to create monolithic, membrane-based bio-electrochemical
microsystems. Translating this concept to UMFCs requires
co-integrating the ion-conducting membrane and independ-
ent fluidic networks within the self-assembled 3D geometry
— a critical challenge that remains unaddressed.

Recent progress in self-rolled polymeric nanomembranes
[29, 34, 35] and rolled-up microfluidics [36] has opened
a new route toward highly integrated 3D energy systems.
This strain-driven self-assembly approach represents a
powerful bottom-up strategy for microsystems fabrication,
where 2D nano and microscale thin films are engineered to
autonomously form complex 3D architectures. It combines
miniaturization with structural and functional integration.
When released, thin polymeric nanomembranes spontane-
ously form tubular microfluidic structures [30, 37] that can
be seamlessly integrated with on-chip electronic components
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such as impedance sensors [31] and thin-film transistors
[28, 38]. This coaxial geometry enhances ion transport and
boosts energy density, as shown by recent demonstrations of
tubular capacitors [39, 40], supercapacitors [41], and batter-
ies [42, 43] highlight the versatility of such architectures for
powering microscale systems.

In this work, we present a 3D Swiss-roll indirect flow-type
microfluidic microbial fuel cell IFT-uMFC) designed to address
this integration challenge (Fig. 1). A lithographically patterned
PI [44] film incorporating planar electrodes is transformed into a
coaxial 3D architecture through a strain-driven self-rolling [45].
This self-assembly provides concentric microfluidic channels
separated by PI walls that function as the PEM. The resulting
device (Fig. 1a) comprises an inner catholyte channel and an
outer multi-winding anolyte channel, with electrochemical
power generation occurring within the self-rolled structure. Both
channels are connected to external reservoirs that continuously
supply fresh electrolyte via a microfluidic distribution network,
enabling independent control of anolyte and catholyte composi-
tion and flow. The device’s fabrication, microfluidic integration,
and dual-mode operation are summarized in the roadmap and
operating principle schematic (Fig. 1b, c).

This modular architecture provides exceptional flexibility:
By adjusting the external fuel containers, the system can be
scaled or reconfigured to match varying energy requirements
of microsystems. The combination of 3D self-assembly and
microfluidic modularity [46] enables independent optimiza-
tion of microbial culture, mediator regeneration, and electro-
chemical conversion, thereby enhancing both energy output
and operational stability. This integration establishes a ver-
satile bio-electronic platform that monolithically combines
a tunable ion-conducting membrane with high-surface-area
3D microelectrodes within a single, self-assembled structure.
Overall, by supporting a dual-mode operational scheme, the
Swiss-roll IFT-uMFC provides a scalable and functionally
robust foundation for powering autonomous microsystems.

2 Experimental Section

2.1 Design and Fabrication of Self-Assembled Coaxial
Swiss-Roll Microtubes

The were fabricated using standard thin-film techniques,

building on strained-layer rolling principles. Briefly,
a~500 nm sacrificial layer (SL) was spin-coated from
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an aqueous solution of lanthanum(III) chloride heptahy-
drate (Thermo Scientific, 99%) containing 2-Benzyl-2-
(dimethylamino)—4-morpholinobutyrophenone (DBMP,
TCI, >98%) as a photoinitiator. A ~950 nm hydrogel (HG)
layer was then spin-coated from a solution of 2-hydroxy-
ethyl methacrylate (HEMA, Sigma-Aldrich, 97%),
poly(ethylene-alt-maleic anhydride) (Sigma-Aldrich, Mw
100,000-500,000), and DBMP in N,N-dimethylacetamide
(DMAc, Thermo Scientific, 99.5%). Subsequently, poly-
imide (PI) layers were deposited in sequence: first, an
optional ~500 nm layer (used where stabilizing bars are
required within the hydrogel), followed later by a~ 1300 nm
structural PI layer on top after intermediate processing
steps, both spin-coated from a precursor solution contain-
ing 2-(dimethylamino)ethyl methacrylate (DMAEMA,
Alfa Aesar, 97%), 4,4'-diaminodiphenylmethane (DDM,
Sigma-Aldrich, >97%), 3,3',4,4'-benzophenonetetracarbox-
ylic dianhydride (BTDA, Alfa Aesar, 97 + %), and DBMP
in DMAc, followed by thermal imidization. This material
system for strain-engineered self-assembly builds upon
established formulations detailed previously. Each layer
was patterned by standard photolithography processes after
deposition [29]. A reinforcing layer with a total thickness
of ~1.3 um was built up in the first winding region by the
successive deposition and patterning of two (or three) thin-
ner polyimide layers to ensure mechanical stability without
compromising flexibility. SU-8 spacers of varying thick-
nesses were lithographically defined to control interwinding
spacing and act as fluidic channels. Anchors were formed
by patterning windows in the SL to prevent lateral rolling.
After fabrication, the structures were protected by
a~2.5 um thick layer of AZ5214e photoresist. The sam-
ples were then treated with oxygen plasma (400 W, 10 min)
to remove fabrication residues and defects along the struc-
ture edges. This plasma treatment simultaneously thinned
the sacrificial layer from its original ~500 nm to approxi-
mately 150 nm, as the polymeric matrix of the SL is par-
tially etched during the process. The photoresist was subse-
quently removed, revealing the final, defect-free structures
with optimized rolling geometry. The self-rolling process
was initiated by selective dissolution of the SL combined
with HG swelling, forming an inner tube with interdigitated
electrodes (IDEs) and an outer tube with parallel-plate elec-
trodes (PPEs). To remove fabrication residues, the structures
were treated with oxygen plasma (400 W, 20 min). Roll-
ing was initiated by immersing the released film stacks in a
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Fig. 1 Concept and realization of the self-assembled coaxial Swiss-roll bio-electronic platform. a Schematic of the 3D self-assembled archi-
tecture integrated into a microfluidic system, showing the inner catholyte channel (inner tube) and the outer anolyte channel (outer tube) with
integrated parallel-plate electrodes (PPEs). b Device assembly roadmap. Four key stages: (1) Thin-film deposition of the multilayer 2D stack. (2)
Self-assembly via selective sacrificial layer dissolution and hydrogel swelling. (3) Microfluidic integration by alignment and sealing of the rolled
tube within a PDMS chip. (4) Plug-and-play operation by connection to external fluidic lines and reservoirs for power generation. ¢ Schematic
illustration of the indirect flow-type operating principle, in which externally processed anolyte is continuously supplied under flow to the coaxial
microfluidic device for electrochemical energy conversion. This flow-through architecture decouples the local electrochemical kinetics from the
external regeneration or charging processes. The platform supports a dual-mode operational scheme for functional versatility: a microbial mode
1 (functioning as a pure microbial fuel cell with integrated biology) and a cell-free mode 2 (operating as an abiotic electrochemical generator
using pre-charged mediator). This allows the system to dynamically alternate between regenerative bio-power and stable electrochemistry, pro-
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0.5 M diethylenetriaminepentaacetic acid (DTPA, pH 8.0)
solution at 22-24 °C for 24 h. This process reproducibly
yielded ~ 12 mm long coaxial tubes with diameters tunable
from ~250 um to > 500 um. Fabrication yield exceeded 85%.

To preserve structure for microfluidic integration, coaxial
rolls were immersed in a saturated camphor (> 98%, Alfa
Aesar) solution in acetone. Upon withdrawal, a thin camphor
layer crystallized as acetone evaporated. Complete sublima-
tion under ambient conditions (4-5 h) left no residue and
maintained winding uniformity.

All deposition steps were monitored by stylus profilom-
etry (Dektak, Bruker). Film quality and final structures were
inspected by optical microscopy (Axioscope Al and Key-
ence VHX, Zeiss). Scanning electron microscopy (SEM)
was performed using a TESCAN GAIA3 microscope.

2.2 Microfluidic Integration of Coaxial System

Polydimethylsiloxane (PDMS) channels were fabricated by
standard soft lithography using silicon wafer molds. PDMS
(Sylgard 184, Dow, 10:1 base:curing agent) was cast, cured
at 60 °C for 8 h, baked at 100 °C for 1 h, then demolded and
port-punched.

Uncured PDMS prepolymer was injected through six aux-
iliary lateral channels. The device was immediately placed
on a 130 °C hotplate for 30 s to rapidly cure the PDMS and
halt capillary-driven flow.

Devices were connected to a syringe pump (Pump 11 Pico
Plus Elite, Harvard Apparatus) via PTFE tubing (OD 1/32,
ID 0.30 mm; Darwin Microfluidics).

The integrity and isolation of the fluidic channels were
characterized by flowing colored solutions. The inner and
outer channels were perfused with aqueous solutions of
an orange-fluorescent dye (Rhodamine B, >95%, Sigma-
Aldrich), and a green-fluorescent dye (Fluorescein sodium
salt, Sigma-Aldrich), respectively. For interconnection tests,
a red food colorant was used. In open configuration filling
experiments, deionized water and, for enhanced visualiza-
tion, a commercial food colorant were used.

2.3 Electrical Integrity and Geometry-Dependent
Electrode Characterization

Electrodes (3D IDE, PPE, and IDE-PPE sets) were char-
acterized in a four-probe configuration to minimize cable
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parasitics. Electrochemical Impedance Spectroscopy (EIS)
was performed using a high-precision LCR meter (LCR-
8105G, GW Instek) over 20 Hz — 5 MHz with a 500 mV
AC excitation signal. Electrolytes included KCl (>99.5%,
ITW Reagents, 10™*~1 M in 8 MQ cm DI water) and
ethanol-water mixtures (using C,HsOH, >90%, Analyt-
iChem, diluted with DI water). Samples were equilibrated
at 22-24 °C for 30 min prior to testing. Impedance data
were analyzed to extract real and imaginary components and
capacitance.

2.4 Tuning Proton Exchange in a Multi-Winding
Membrane Architecture

Lithographically fabricated PI PEMs, with a final thickness
of ~ 1.3 um, were mounted in PDMS frames. Proton transfer
was evaluated in a macroscale setup with two 3D-printed
acrylic chambers (6 mL each), by adding 1 mL of 1 M HCl
to 5 mL of 1 M KCl in the anodic chamber and monitoring
the cathodic chamber pH over time. Membrane thickness
was varied by using 1 to 4 layers.

For resistance tuning, membranes were immersed in
aqueous NaOH (1 M, Sigma-Aldrich, >98%) at 22 °C for
1-60 min, achieving resistances from~9 kQ (1-2 min)
to~250 Q (~30 min). Prolonged immersion (> 1 h) reduced
resistance below 100 Q but induced fragilization.

PEM resistance (R,.,,) extraction: R ., was determined
from EIS in symmetric two-electrode cells using parallel Au
electrodes (area 1300 mm? each) in 1 M KCI. Resistance was
extracted as the real component at 10°> Hz. Control experi-
ments used Nafion™ 117 (DuPont, 183 um) and Kapton™
(DuPont, 125 um). Each condition was tested in triplicate.

FTIR characterization: FTIR spectra were acquired using
a Nicolet iS50 spectrometer (Thermo Scientific), averaging
128 scans at 4 cm™! resolution under nitrogen purge.

2.5 Component-Level Optimization
of a Bio-Electrochemical Energy System

Saccharomyces cerevisiae (baker’s yeast, BY4741) was cul-
tured anaerobically in YPD medium with 2% glucose (alpha-
D(+)-Glucose, > 99%, Thermo Scientific) and introduced
into the anodic chamber under anaerobic conditions.
Methylene blue (>98%, Thermo Scientific) was used
as the anodic exogenous mediator (EM) at concentrations
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from 1.25%x 107 to 0.1 M in PBS (Pan Biotech, pH 7.4).
The catholyte consisted of potassium ferricyanide (>99%,
Sigma-Aldrich) dissolved in a 1:1 mixture of 1 M KCl and
glacial acetic acid. The EM concentration was monitored
using an LLG-uniSPEC 1 UV/VIS spectrophotometer with
single-use plastic cuvettes. Control measurements were car-
ried out with an Infinite M Nano + UV/Vis spectrophotome-
ter microplate reader (Tecan) at the characteristic absorption
maximum of methylene blue (660 nm). Single-use plastic
plates Greiner 96 Flat Bottom Transparent Polystyrene were
used throughout. A calibration curve was constructed from
standard solutions in 1 M KCI covering the relevant con-
centration range from 0.05 M down to approximately 50 nM
(108—10"" M). Prior to each measurement session, a back-
ground spectrum of KC1 was subtracted. All measurements
were performed using 4 reads per well. For each well, the
mean absorbance was calculated, and the standard deviation
among the four reads was used to represent the measurement
variability in the plotted data.

Macroscale MFCs were fitted with Au electrodes (10 nm
Cr/100 nm Au, 50-600 mm?) or graphite rods (99.95%,
Sigma-Aldrich, 32-475 mm?). Polarization and power
density curves were obtained by linear sweep voltammetry
(LSV, 1 mV s~!, Autolab PGSTAT101) from open-circuit
voltage (OCV) to 0 V.

For biofouling analysis, PI PEM and gold electrode
samples were immersed for 24 h in sterile KCI (control),
0.05 M MB solution (organic fouling), or complete microbial
anolyte (biofouling). After immersion, samples were rinsed
with PBS, fixed with 4% formaldehyde (12 h, 4 °C), and
dehydrated through a graded ethanol series with subsequent
hexamethyldisilazane (HMDS, Sigma-Aldrich) drying. Fol-
lowing the drying, samples were sputter-coated with 5 nm Cr
and imaged by SEM (TESCAN GAIA3 microscope).

2.6 Sustainable Dual-Mode Operation
and Performance Benchmarking of a Coaxial
Swiss-Roll Bio-Electronic Platform

For cell-free operation, the anolyte was anaerobically filtered
through 0.22 pym PVDF membranes (Millipore) to remove
yeast cells, yielding a purified solution of reduced mediator
(EMred).

Coaxial uMFCs employed PI membranes treated in NaOH
(1 M, 30-180 min, 50 °C), achieving resistances from~ 100
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Q to>1 MQ. Polarization and power curves were recorded
as described above.

Long-term stability tests were performed for 24 h at room
temperature using the optimized anolyte and catholyte com-
positions described above, with continuous recirculation
at 0.1 rpm (Gilson Minipuls 3 peristaltic pump, 10-roller
pump head) using platinum-cured silicone tubing (0.88 mm
ID x 1.6 mm wall thickness, Darwin Microfluidics), cor-
responding to a flow rate of approximately 12 pL min~".
Microbial culture was maintained in the external bioreactor

throughout the microbial mode operation.

2.7 Calculation of Active Volume and Volumetric
Power Density

The active volume of the coaxial Swiss-roll structure refers
strictly to the internal fluidic volume where electrochemical
reactions occur. It was calculated geometrically from the
known dimensions of all lithographically defined elements.
This volume was determined individually for both the inner
catholyte channel and the outer anolyte channel, excluding
all external tubing, connectors, and reservoirs.

2.8 Statistical Analysis and Data Presentation

All quantitative experiments were performed on at least
three independently fabricated devices (n> 3) unless oth-
erwise specified. Results are reported as mean + standard
deviation (SD).

EIS measurements were performed with an instrumental
accuracy of + 1% in impedance magnitude (LCR-8105G,
GW Instek). Each reported spectrum represents the average
of four consecutive sweeps per device, and measurements
were reproduced on at least three independent devices to
verify reproducibility. Due to the high number of frequency
points (200 points per spectrum), error bars at individual
frequencies are not displayed. Device-to-device variability in
impedance magnitude remained below 8% across the tested
frequency range.

Layer thicknesses were verified by stylus profilometry
(Dektak XT, Bruker) on test substrates processed along-
side device wafers. For each layer, at least 10 measurements
were collected. For readability, nominal thickness values
are reported in the text (e.g.,~250 nm,~900 nm, ~ 1.3 pm
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); measured values were within +5%—6% of these nominal
targets with coefficients of variation below 5%.

Polarization and power density curves represent mean val-
ues obtained from independent devices. For datasets where
device-to-device variability exceeded 5% of the mean value,
SD error bars are displayed directly on the figures at repre-
sentative current densities. For plots where error bars are not
explicitly shown, the relative SD was below 5% of the mean
value for the representative data points tested.

Spectrophotometric calibration curves were generated
from at least four standard concentrations measured in trip-
licate, with linear regression coefficients (R?) exceeding
0.999.

Differences were considered statistically significant at
p <0.05. Statistical analyses were performed using Origin-
Pro (version 2020).

3 Results and Discussion

3.1 Design and Fabrication of Self-Assembled Coaxial
Swiss-Roll Microtubes

We fabricated a polymeric nanomembrane stack using a
strain-engineered self-rolling approach, building on pre-
viously reported methods [28, 29]. This bottom-up self-
assembly strategy transforms a lithographically patterned
2D thin-film stack into a functional 3D microsystem. The
multilayer design integrated a sacrificial layer (SL), poly-
imide (PI), a hydrogel (HG) layer, thin-film gold electrodes,
and SU-8 spacers, enabling controlled self-assembly and the
direct integration of electrodes within the membrane stack
(see details in Experimental section, Figs. S1 and S2).
Upon selective dissolution of the SL, a combination of
built-in stress gradients and hydrogel swelling reshaped the
planar stack into coaxial Swiss-roll tubes with precisely
defined winding geometries. The design of the two-dimen-
sional precursor was optimized to ensure stable rolling: a
T-shaped layout proved optimal for the sequential forma-
tion of a stable coaxial configuration comprising an inner
long tube and an outer short tube (Figs. 2, S2, and S3). The
HG layer was lithographically patterned into three primary
stripes beneath the electrode regions, with continuous sec-
tions retained at the structure’s beginning (inner tube) and
structure’s ends (adhesion part) (Fig. S1). This design pro-
vides sufficient strain gradient for controlled rolling while
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ensuring the electrode-bearing PI membrane remains largely
free of hydrogel, defining the primary proton transport
interface.

Optical microscopy confirmed the reproducible for-
mation of ~ 12 mm-long coaxial structures with tightly
aligned windings. The SU-8 spacer bars defined inter-
winding gaps from ~5 to 50 pm, providing direct control
over the final tube diameter, which ranged from below
250 pm to above 500 um. Scanning electron microscopy
revealed mechanically robust rolling with no delamina-
tion or interfacial defects, confirming the structural integ-
rity of the self-assembled architecture (Fig. S4). The
transition between the inner and outer tubes was stabi-
lized by a~ 1.3 um PI reinforcing layer in the first wind-
ing region, which prevented delamination and ensured a
smooth curvature. Furthermore, lithographically defined
anchors, directly coupled to the glass substrate, prevented
uncontrolled lateral rolling and secured consistent coaxial
assembly across the wafer.

The fabricated devices exhibited a yield exceeding 85%
for mechanically intact coaxial structures per wafer, with
minimal dimensional variability. These results demon-
strate that the self-rolled fabrication strategy enables the
reproducible integration of electrodes, PI membranes, and
spacers into mechanically robust 3D architectures, repre-
senting a prime example of bottom-up microsystems engi-
neering. By tuning spacer dimensions and reinforcement
layers, the tube diameter and interwinding geometry can
be precisely engineered, establishing a structurally versa-
tile and scalable platform for bio-electronic microsystems.

3.2 Microfluidic Integration of Coaxial System

The self-assembled coaxial structures were integrated into
a polydimethylsiloxane (PDMS) microfluidic platform, ena-
bling independent and stable fluidic operation of both the
inner and outer channels (Fig. 3a). Prior to integration, the
rolled structures were carefully dried using an established
protocol [30] that exploits camphor sublimation to gradually
replace residual water, thereby minimizing capillary forces
and structural stress while preserving the intact coaxial
geometry (see Experimental section).

Precise alignment of the coaxial tubes within the PDMS
mold under optical microscopy ensured correct port registra-
tion. Liquid PDMS, delivered through six auxiliary lateral
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Fig. 2 Structural characterization of the self-assembled coaxial Swiss-roll microtubes. Optical microscope images of the fabricated 3D archi-
tecture after release from the substrate. The main panel shows an overview of the structure, highlighting the simultaneous formation of the inner
and outer tubes. The left panel provides a magnified view of the SU-8 spacer bars that define the interwinding gaps and fluidic channels. The
right panel shows a higher-magnification side view of the tube entrance, revealing the tightly packed and uniform windings that ensure mechani-

cal stability

channels, selectively encapsulated the device while preserv-
ing the open interwinding channels, yielding reproducible
sealing without structural collapse (Fig. S5a). The procedure
consistently produced mechanically intact and leak-free seal-
ing across samples, without collapse of the tubular geom-
etry. Photographs of the integrated chip confirmed robust
interconnection with PTFE tubing and a compact footprint
compatible with on-chip integration (Fig. 3a, right). Cru-
cially, after self-assembly and camphor-assisted drying, the
coaxial structure is permanently encapsulated and mechani-
cally fixed within the PDMS chip. This prevents any subse-
quent dimensional changes in the hydrogel, decoupling its
initial mechanical role from the operational stability of the
microfluidic and electrochemical system.

The device architecture allows for independent injec-
tion of fluid streams through the coaxial channels while
maintaining complete isolation between compartments, as
illustrated in the connection scheme (Fig. 3b). The integ-
rity of the microfluidic architecture was confirmed through
sequential filling experiments. These tests demonstrated
uniform wetting of both coaxial tubes and a controlled,
sequential filling of the interwinding channels (Fig. S5b
and Videos S1-S5). This progression, guided by the SU-8

© The authors

spacer design, confirms efficient fluidic access to the entire
3D geometry and demonstrates the potential for localized
fluidic addressing within the coiled architecture. The sta-
ble microfluidic operation under bidirectional flow con-
firms the mechanical integrity of the encapsulated Swiss-
roll structure, with no observable winding looseness or
delamination.

This robust and reproducible integration strategy combines
self-assembled coaxial nanomembrane tubes with soft litho-
graphic microfluidics, enabling precise dual-channel fluid
control within a fully sealed microsystem. The resulting con-
tinuous spiral channel geometry, devoid of dead volumes or
junctions, is inherently favorable for fluidic operations as it
promotes the advection of potential gaseous byproducts (e.g.,
CO, from microbial metabolism) and prevents their local
accumulation, mitigating risks associated with flow blockage.

3.3 Electrical integrity and Geometry-Dependent
Electrode Characterization

Electrochemical impedance spectroscopy (EIS) characteri-
zation of the integrated platform confirmed its electrical

https://doi.org/10.1007/s40820-026-02188-7
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Fig. 3 Microfluidic integration and electrical characterization of the coaxial platform. a Photographs of the device: the left image shows an open
configuration with selective sealing of the inner and outer tubes, illustrating the preserved interwinding channels; the right image shows the fully
assembled PDMS microfluidic chip with fluidic interconnects. b Electrical and microfluidic connection scheme, detailing the independent supply
of fluids to the inner (catholyte) and outer (anolyte) channels. ¢ Electrochemical impedance spectroscopy (EIS) performance of the integrated
electrodes across a range of KCl solutions (10 to 1 M). The data for the 3D interdigitated electrodes (IDEs, (i), the 3D IDE—parallel-plate
electrode (PPE) pair (ii), and the PPEs (iii) demonstrate that PPEs exhibit the lowest impedance, while the 3D IDEs provide stable performance

across ionic strengths

robustness, revealing low interfacial resistance and stable
electrode connectivity (Fig. 3c). This validates that the self-
assembly and microfluidic integration processes preserve the
electrical integrity required for precise readout. To evaluate
performance, EIS was conducted across KCI concentrations
from 107 to 1 M (Figs. 3c, S6, and S7; Supplementary Infor-
mation, Experimental Section). Capacitance—impedance
spectra (C” vs. Z’, Fig. 3c) revealed distinct responses for
each electrode geometry. At low ionic strength, all electrodes
showed reduced capacitance, consistent with the increased
thickness of the electrical double-layer’s diffuse region.

) SHANGHAI JIAO TONG UNIVERSITY PRESS

This effect was most pronounced for planar 2D interdigi-
tated electrodes (IDEs). Increasing ionic strength decreased
the double-layer thickness, thereby increasing the measured
capacitance and decreasing the impedance. Increasing ionic
strength stabilized capacitance and decreased impedance.
Parallel-plate electrodes (PPEs) exhibited the most extended
capacitive plateau, consistent with their larger effective sur-
face area, whereas 3D coaxial IDEs provided a broader fre-
quency window of stable double-layer charging. This trend
is quantitatively explained by the contraction of the electri-
cal double layer with increasing ionic strength. The Debye

@ Springer
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screening length (1)) decreases from ~100 nm at 10> M
KCl to~0.3 nm at 1 M KCI (Table S1), leading to more
efficient double-layer charging and a corresponding order-
of-magnitude decrease in impedance.

The corresponding Bode plots (IZI vs. frequency;
Fig. S7) supported these findings. 3D IDEs maintained
lower impedance across the full frequency range, while
PPEs exhibited suppressed impedance at intermediate
to high frequencies (10°~10° Hz), indicating enhanced
charge transfer characteristics. To probe sensitivity to
dielectric environments, measurements were performed
in ethanol-water mixtures (Fig. S8). Decreasing the sol-
vent dielectric constant increased impedance and reduced
capacitance across all geometries. PPEs were most sensi-
tive, showing nearly three orders of magnitude change in
impedance at 100 Hz, while 2D IDEs remained stable and
3D IDEs displayed intermediate behavior. This dielectric
dependence aligns with double-layer theory and highlights
how geometry can tailor environmental sensitivity.

Collectively, these results confirm the electrical robust-
ness of the platform and demonstrate that electrode geom-
etry dictates the electrochemical response. PPEs maximize
interfacial area and dielectric sensitivity, while 3D IDEs
provide stable charge transfer across frequencies, estab-
lishing a versatile foundation for integrated microscale
electrochemical systems. PPE geometry, which exhibited
the lowest impedance and most stable capacitive response
across the relevant ionic strength range (0.1-1 M), was
selected for integration into the Swiss-roll uMFC. This
choice directly minimizes ohmic losses within the device
and contributes to the high power densities achieved.

3.4 Tuning Proton Exchange in a Multi-Winding
Membrane Architecture

The proton exchange membrane (PEM) governs ionic
transport in the coaxial Swiss-roll platform and thus
directly determines device performance. Figure 4a shows
a schematic cross-section of the architecture, highlighting
proton transport pathways across a single polyimide (PI)
membrane layer between adjacent windings, and across
multiple layers between the inner and outer tubes. This
multi-winding geometry creates distinct ionic conduction
paths and underscores the role of membrane properties

© The authors

in electrochemical behavior. SEM (Fig. 4b) resolved the
winding morphology and spacer architecture, confirming
uniform interwinding spacing and mechanically stable
channels that act as controlled ion-conducting pathways.

Proton transfer dynamics were evaluated by introducing
HCl and monitoring pH variation across membranes over
time (Fig. 4c). The ~ 1.3 um thick PI membranes were sys-
tematically treated in NaOH, achieving resistances from > 1
MQ (pristine) down to~250 Q after optimal conditioning.
This tunability originates from a controlled hydrolysis pro-
cess (Fig. 4d). The mild alkali treatment partially opens
imide rings (Fig. 4d(i)), introducing carboxylate and amide
groups that increase hydrophilicity and create hydrated
proton-conducting domains, as confirmed by FTIR spec-
troscopy (Fig. S9a), thereby improving proton mobility.
However, excessive hydrolysis disrupts polymer chain cohe-
sion, leading to swelling and mechanical fragilization. This
trade-off defines an optimal processing window for balanc-
ing conductivity and stability.

Based on this trade-off, moderate treatments (yield-
ing ~9 kQ-500 Q) (Figs. 4d(ii) and S9b) significantly
improved proton transfer relative to untreated PI, while
the most efficient exchange was achieved at ~250 Q. When
compared to commercial PEMs (Fig. 4d(iii)), a single
optimally treated PI layer approached the performance of
Nafion™ 117, while additional layers slowed transport yet
still outperformed Kapton™. The balance of conductiv-
ity and mechanical robustness led us to adopt~250 Q PI
membranes for subsequent device integration.

To assess dimensional stability, we quantified the
swelling behavior of pristine and NaOH-treated PI mem-
branes by optical tracking of lithographed metal markers
(Fig. S9¢). Over 24-h immersion, both membranes exhib-
ited minimal swelling (< 2.5%), confirming that controlled
hydrolysis (> ~250 Q) enhances proton conductivity with-
out compromising structural integrity.

These results demonstrate that (i) proton exchange in
multilayer Swiss-roll geometries can be finely tuned by the
controllable treatment of individual ultrathin PI films, (ii)
the platform inherently benefits from minimal local transport
distances along winding interfaces, and (iii) conductivity
can be modulated over several orders of magnitude. This
pre-fabrication control over a fundamental device property
establishes a versatile and scalable pathway for creating bio-
electronic microsystems with customized ionic pathways.

https://doi.org/10.1007/s40820-026-02188-7
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Fig. 4 Enhanced proton transport via chemically tuned polyimide membranes in the Swiss-roll architecture. a Schematic cross-section illus-
trating proton transport pathways across single and multiple polyimide (PI) membrane layers in the multi-winding geometry. b SEM resolving
the winding morphology, showing regions with single and multiple polyimide layers (corresponding to the pathways in a) and confirming the
mechanically stable, uniform interwinding spacers. ¢ Proton transfer dynamics, showing pH variation over time for treated PI membranes of
different layer counts (1-4 layers) compared to commercial benchmarks (Nafion™ 117, Kapton™) after H* addition. d Chemical tuning and
performance. (i) Mechanism of NaOH-induced hydrolysis, where partial imide ring-opening creates hydrophilic proton-conducting domains. (ii)
Membrane resistance decreases with treatment time, defining an optimal window at~250 . (iii) Benchmarking shows a single tuned PI layer
approaches Nafion™ 117 performance, compared to multi-layer PI stacks and Kapton™

3.5 Component-Level Optimization to the anode. The catholyte contained a ferri/ferrocyanide

of a Bio-Electrochemical Energy System

To identify the key parameters governing system efficiency,
we established a macroscale model where electrodes, the
PEM, and the redox mediator could be varied independently.
Saccharomyces cerevisiae served as the microbial catalyst,
oxidizing glucose and reducing the anodic exogenous media-
tor methylene blue, which subsequently transferred electrons
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redox couple as a stable electron acceptor.

Electrode geometry emerged as a primary determinant
of performance. Increasing the anodic surface area consist-
ently raised both current density and maximum power output
(Fig. 5(i—ii)). Large anodes (> 200 mm?) supported currents
above 150 pA and peak power exceeding 20 uW. In contrast,
enlarging the cathode provided only modest improvements.
These results confirm that the anodic reaction, which is
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driven by mediator cycling between microbial metabolism
and the electrode, is the main system bottleneck.

The concentration of the exogenous mediator (EM) defined
a narrow operational window (Figs. 5(iii—-iv) and S10). Opti-
mal performance was observed in the 1.25x 10~ to 0.025 M
range, yielding power densities >20 pW at> 150 pA. How-
ever, very low concentrations (< 1.25 X 107 M) failed to
sustain effective electron transfer, and higher concentrations
(>0.05 M) reduced output, an effect attributed to cytotoxic-
ity. This biphasic response highlights the critical need to bal-
ance electrochemical kinetics with biological compatibility.

The PEM exerted dominant control over overall perfor-
mance (Figs. 5(v—vi), S10, and S11). Untreated polyimide
(PI) membranes with high resistance (> 1 MQ) nearly sup-
pressed current and power. Our tunable PI membranes, when
treated to achieve low resistance (~ 100-250 Q), supported the
highest performance, while intermediate (~500 Q) and high
(=9 kQ) resistance caused a marked decline. These results
emphasize that PEM resistance is a critical limiting factor.

© The authors

The optimal performance window for mediator con-
centration (~1.25x 107 to 0.025 M) remained consistent
regardless of PEM resistance (Figs. S11 and S12). However,
within this concentration window, the absolute power output
was critically governed by the membrane resistance. Low-
resistance PEMs (~ 100-250 ) enabled high current and
power, whereas increasing resistance progressively limited
performance, confirming that proton transport, not media-
tor kinetics, was the dominant limiting factor for optimally
formulated electrolytes.

Together, these macroscale experiments establish the key
design rules for our coaxial integration: maximize anodic
surface area, maintain mediator concentration within a
biocompatible but electrochemically effective window
(~1.25%107°-0.025 M), and minimize PEM resistance
using moderately treated PI membranes (~250-300 Q).
These systematic, component-level insights provided a direct
and universal quantitative framework for rational device
design, which we applied to our coaxial Swiss-roll uMFC.

https://doi.org/10.1007/s40820-026-02188-7
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3.6 Sustainable Dual-Mode Operation
and Performance Benchmarking of a Coaxial
Swiss-Roll Bio-Electronic Platform

To demonstrate a path toward sustainable performance and
circular operation, we implemented a dual-mode opera-
tional strategy for the coaxial Swiss-roll platform that
integrates microbial metabolism with mediator cycling
(Fig. 6a). This concept enables the potential recycling of
active species to minimize waste and facilitate long-term
function. The core principle, which is the decoupling of
biological regeneration from electrochemical power gen-
eration, was experimentally validated under both microbial
and cell-free conditions (Fig. 6b). In the microbial mode,
electroactive yeast cells oxidized glucose in an external
bioreactor, reducing the soluble mediator. The reduced
mediator (EM,.,) (Fig. 6a) was then delivered to the ypMFC
anode to sustain power generation. In the cell-free mode,
the anolyte was filtered, leaving a purified EM,4 solu-
tion that independently powered the device. Critically,
the polarization curves of both modes nearly overlapped
(Fig. 6b(i—ii)), with peak power outputs of ~ 1.7 uW. This
confirms that pre-reduced mediators alone can sustain
device operation, successfully establishing the functional
decoupling that is the fundamental prerequisite for a recy-
clable, closed-loop system.

We next evaluated the influence of PI PEM resistance
on dual-mode performance. At low resistance (~ 100 ),
the uMFC reached current densities of ~8 uA with power
maxima around 2 uW (Fig. 6b(iii—iv)). Increasing membrane
resistance to ~ 500 Q reduced output, while highly resistive
membranes (~ 10 k) limited current to~1 pA with negli-
gible power. Electrochemical impedance spectroscopy (EIS)
confirmed these findings (Fig. 6b(v—vi)), with treated PI
membranes (~ 100-500 Q) showing low, stable impedance
and highly resistive membranes exhibiting transport-limited
behavior.

To benchmark our platform against the state-of-the-art,
we constructed a Ragone chart (Fig. 6¢) comparing its
performance to other reported microbial fuel cells (MFCs)
with membrane-based architectures and with active elec-
trolyte volumes below 1 mL [16, 32, 33, 47-50]. Our
coaxial Swiss-roll uMFC achieves a unique combina-
tion of extreme miniaturization and high performance:
with a footprint of only 4.16 mm? and a total active vol-
ume of ~800 nL, it is, to our knowledge, the smallest

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

membrane-based MFC reported to date, occupying less
than one-sixth the area of the closest competitor. Despite
this ultra-compact geometry, it delivers competitive volu-
metric power densities of ~2.1 mW cm™? (total volume)
and ~3.1 mW cm™ (anode volume), positioning its per-
formance near the upper bound of the field.

This performance stems from the 3D architecture, which
decouples device footprint from electrode area. Reducing
spacer size or increasing windings presents a direct route
to push volumetric density further, a scaling strategy una-
vailable to planar designs. A detailed comparison of the
architectural approaches for these benchmarked devices is
provided in Table S2, highlighting the unique integration
of a tunable membrane and dual-channel fluidics in our
coaxial design.

Collectively, these results validate the coaxial Swiss-
roll as a foundational architecture for integrated bio-elec-
tronics. This bottom-up, self-assembly platform provides
a scalable microelectronic fabrication path to creating 3D,
fluidically complex systems that are otherwise impractical
to build, delivering a unique combination of ultra-small
footprint, low volume, and high volumetric power density.
By unifying a tunable ion-exchange membrane, high-sur-
face-area electrodes, and a stability-enhancing operational
scheme within a single monolithically integrated platform,
this work moves beyond a standalone device.

The platform establishes a versatile and integrable blue-
print not only for microbial fuel cells but for miniatur-
izing a broader class of electrochemical power sources.
The same strain-engineered self-assembly and membrane-
tuning approach could be adapted for direct methanol or
ethanol fuel cells, where precise ionic management in
three dimensions is equally critical.

Building on this performance foundation, we next exam-
ined the long-term stability and degradation mechanisms
governing device lifetime.

3.7 Long-Term Stability and Degradation Mechanisms

The operational longevity of microscale bio-electrochemical
systems is primarily limited by membrane fouling and inter-
facial degradation. In this work, organic fouling was defined
as the accumulation and adsorption of organic molecules,
here the soluble exogenous mediator (EM), onto the mem-
brane surface and within near-surface proton-conducting

@ Springer



342 Page 14 of 20 Nano-Micro Lett. (2026) 18:342

a Scheme of electron transfer in anolyte through cell separation and material recirculation

m - Exogenous redox mediator  Cell separation / Au cathode (+) (optional) OXidation_ 0,
red/ox - Reduction/Oxidation m filtration (optional) SEREEaT
EM_O ( [Fe(CN)Gl* v | . HO , ¢
]|, o2y Fo(CN )
1 = Load
EmM. D H'g M9 | U=
— Bt
Storage/ |, *EMC?’\; ........
incubator -a» od | | R
- (optional) 66 | &
] (optional) AL aneds Anolyte storage
Cell culturing waste Recycling
b Performance of microfluidic fuel cell
i 2 i 2 v 107
g 1° [ ] -PIPEM stable
= < 105 _
g %. al 104 D fr: I iﬁfa,\’:ilon
21 =1 g 10 ¢
koS ) o 3 ]
: §
c o o 102
[S 1
0 0 = 10
i ; 0 10 . 10" 102 10% 10 10° 10° 107
ii 06 lv0 5 Current, | (UA) Vi Frequency (Hz)
’ : (| P1 PEM ~10000 Q 1071 p
_ g 4| £ PIPEM~100000
S < |o = ]
= S PI PEM ~100 Q =
s > |5 E 10°% S| PIPEM~1000Q
S PPE 1+2 g & e qo4 ol—
o 5 = © o
>  |Mode 2 (no@cells S o E_ 18] =
0 @%’/ 0 o E 102— J—-——-/
1 10" e
0 4 8 0 5 10 1010 108 106 104
Current, | (UA) Current, | (uA) Capacitance, C” (F)
¢ Ragone chart showing volumetric power density vs state-of-the-art microfluidic MFC
. Normalized per anolyte volume I Normalized per total volume
= 35
5 o ®
S 3.01
3 s [This work]: [47]:
= Footprint: 4.16 mm? O Footprint: 1600 mm?
S 2.07 H [32]:
= Footprint: 225 mm?
o 15 P .
§ - 48]: Footprint: 49 mm?
o 107 [16]: Footprint: 625 mm? IR Ao el ) T
2 s . -, A [33]: Footprint: 50 mm2_
E ™ [49]: Footprint: 25 mm2 @ @ [50]: Footprint: 300 mm?
S o — m—— N |
Volume (nL) 103 104 10°

Fig. 6 Dual-mode operation and performance benchmarking of the coaxial Swiss-roll utMFC. a Concept of dual-mode operation. In Mode 1 (microbial), cells in
an external reactor reduce the mediator, which transfers electrons to the coaxial anode while protons cross the PEM to the cathode. In Mode 2 (cell-free), cells are
removed and the purified reduced mediator (EM, ) sustains anodic current; the oxidized mediator (EM,,) can be recycled for regeneration. This strategy enables
uninterrupted operation and prevents electrode fouling. b Experimental validation of dual-mode operation and PEM dependence. Polarization and power density
curves show cell-free operation yields power densities comparable to microbial mode, with a peak output of ~1.7 pW and open-circuit voltages of 0.35-0.40 V (i-
ii). PEM resistance strongly dictates performance: low-resistance PI membranes (~ 100 €2) support currents up to~8 pA and power maxima of ~2 pW, intermediate
resistance (~500 Q) reduces output to~6 pA and~ 1.3 pW, and high resistance (~ 10 k) suppresses current to~1 pA (iii-iv). Electrochemical impedance spectros-
copy confirms stable, low impedance for membranes at 100-500 Q and dominant capacitive behavior with large phase shifts at high resistance (~ 10 kQ-1 MQ),
confirming transport-limited performance (v-vi). ¢ Performance benchmarking against the state-of-the-art [16, 32, 33, 47-50]. Ragone chart comparing volumetric
power density against electrolyte volume for membrane-based uMFCs with total volumes <1 mL (Architectural details for each benchmarked device are sum-
marized in Table S2). Our coaxial Swiss-roll UMFC achieves ~2.1 mW cm (normalized to total volume, ~800 nL) and~3.1 mW cm> (normalized to anode vol-
ume, ~ 550 nL) within a footprint of 4.16 mm?, ranking among the highest volumetric performers while maintaining the smallest footprint in the field
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pathways. In contrast, biofouling arises from microbial
attachment, biofilm formation, and extracellular polymeric
substance (EPS) deposition.

a Scheme of PEM fouling states

Figure 7a schematically distinguishes three membrane
states: clean electrolyte (i), microbial Mode 1 (biofoul-
ing + organic (EM) fouling) (ii), and cell-free Mode 2
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Fig. 7 Mechanistic analysis of PEM fouling and long-term stability in the IFT-uMFC platform. a Schematic illustration of membrane states:
clean electrolyte (i), Mode 1 — combined biofouling and organic (EM) fouling (ii), and Mode 2 — organic fouling only under cell-free opera-
tion. H* transport occurs across the PEM, while mediator crossover and biomass accumulation depend on operational mode (iii). b Frequency-
dependent impedance evolution of PI PEM during organic fouling and combined biofouling (i). Relative resistance increase (AlZl) after 24 h
exposure, calculated at 10° Hz for PI membranes and 500 Hz for Nafion™ 117 (membrane-dominated plateau region). Percentages are approxi-
mate and represent consistent trends (ii). Organic fouling alone induced modest increases for PI membranes (+10% and+ 19%) but a higher
increase for Nafion™ 117 (+115%). Under biofouling, impedance rose significantly to+130% and+300% for PI membranes and+560%
for Nafion™ 117. After flow-assisted recovery, PI membranes nearly returned to their initial resistance (+5-6% residual), whereas Nafion™
retained +62% elevated resistance, indicating irreversible fouling. ¢ Long-term power stability. Component-level characterization of PI PEM
showing stable maximum power over 24 h, with a minor decrease from~ 10 uW to~9 uW (i), consistent with biofouling (Fig. 7b). Integrated
Swiss-roll IFT-uMFC under Mode 1 and Mode 2 operation (ii). Mode 2 maintains stable output (~ 1.2—1.4 uW), while Mode 1 exhibits progres-
sive decline and failure after ~ 14—16 h due to biomass-induced channel blockage. The shaded area represents the error bars
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(EM-only fouling) (iii). Corresponding SEM images and
mediator crossover data are provided in Fig. S13. SEM
analysis reveals that Mode 1 results in extensive biomass
coverage and surface obstruction, whereas Mode 2 preserves
the intrinsic membrane topography, confirming the absence
of microbial colonization under cell-free operation. Clean
PI PEM exhibits characteristic dehydration-induced wrin-
kle morphology typical of free-standing thin films under
compressive strain. After Mode 1, this intrinsic wrinkle
topography disappears and the surface is fully masked by
a continuous biofilm layer with visible cellular aggregates
and debris. The complete suppression of wrinkle features
indicates uniform extracellular polymeric substance (EPS)
coverage rather than structural smoothing of the PI mem-
brane. In contrast, Mode 2 preserves the native wrinkle mor-
phology with no detectable microbial structures, confirming
that cell-free operation prevents biofilm formation inside the
coaxial device.

Mediator crossover experiments (Fig. S13b) demonstrate
that optimally treated PI PEM (~270 Q) effectively blocks
EM transport over 24 h (below detection limit), while exces-
sively hydrolyzed PI (~200 Q) exhibits measurable crosso-
ver. This validates the selected 250-300 € resistance win-
dow as the optimal balance between proton conductivity and
structural integrity.

Electrochemical impedance spectroscopy further quan-
tifies fouling (Figs. 7b and S14). Organic fouling alone
induces minor resistance increases for PI membranes (+ 10%
for~200 Q;+19% for~270 Q). The relative resistance
increase (AIZIl) was calculated at 10® Hz for PI membranes
and 500 Hz for Nafion™ 117, frequencies corresponding to
the membrane-dominated plateau region. Percentages are
approximate and represent consistent trends across repli-
cate measurements. The polyimide backbone, containing
aromatic rings and imide groups, presents potential bind-
ing sites for such interactions through electrostatic and
n- stacking mechanisms [51]. Nafion™ 117 exhibited a
substantial rise (+ 115%), consistent with its sulfonated,
highly polar structure known to adsorb cationic dyes via
electrostatic interactions and ion—dipole association [52, 53].
Under biofouling, impedance increases dramatically: + 130%
(PI~200 Q),+300% (PI~270 Q), and + 560% (Nafion™
117). Biofouling of PEM represents a well-established
failure mechanism in microbial fuel cells, where bacterial
colonization and extracellular polymeric substance (EPS)
accumulation impede proton transport and increase internal

© The authors

resistance [54, 55]. Notably, after flow-assisted recovery, PI
membranes nearly return to baseline (+ 5%—6% residual),
whereas Nafion™ retains + 62% elevated resistance, indicat-
ing irreversible fouling due to strong dye—sulfonate bind-
ing and internal trapping within its hydrated ionic domains.
These results highlight the superior recoverability and
fouling tolerance of hydrolyzed PI compared to sulfonated
fluoropolymers.

Long-term stability tests (Fig. 7c) confirm these findings.
The standalone PI PEM module maintains stable peak power
over 24 h, with a minor decrease from approximately 10
to 9 uW (Fig. 7c(i)). This slight decline is consistent with
the gradual impedance increase observed under biofouling
conditions (Fig. 7b), reflecting mild mediator and biomass
adsorption on the membrane surface without compromis-
ing structural integrity. In the integrated Swiss-roll device,
Mode 2 operation delivers stable output (~1.2-1.4 pW)
with no degradation, whereas Mode 1 fails after approxi-
mately 14-16 h due to biomass-induced channel block-
age (Fig. 7c(ii)). Importantly, microbes remain physically
excluded from the electrochemical core and microelectronic
interface in Mode 2, preventing biofilm-driven mechanical
stress and catastrophic obstruction.

Collectively, these results demonstrate that biofouling,
not mediator adsorption or intrinsic PI degradation, is the
dominant failure mechanism in conventional integrated
MECs. The IFT-uMFC architecture eliminates this limitation
through physical decoupling of microbial cultivation from
electrochemical conversion. By confining biological activity
to an external regeneration module, the platform provides
a viable strategy to integrate microbial power generation
with microscale electrochemical devices and future biohy-
brid microelectronics, leaving only mild, reversible organic
fouling as the remaining limitation.

The identification of biofouling as the dominant failure
mechanism, together with the excellent recoverability of
optimized PI membranes, establishes clear design princi-
ples for future IFT-uMFC generations. Further enhance-
ments could include surface charge engineering to electro-
statically repel cationic mediators, zwitterionic coatings to
resist microbial adhesion [56], and exploration of alternative
mediator chemistries with reduced membrane affinity. The
modular self-assembled coaxial architecture demonstrated
here provides a promising platform for systematically imple-
menting such advanced functionalities.

https://doi.org/10.1007/s40820-026-02188-7
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4 Conclusion

We have demonstrated a self-assembled coaxial Swiss-roll
architecture that establishes a scalable platform for inte-
grated bio-electronic microsystems. This approach syn-
ergistically combines a bottom-up, strain-engineered 3D
microfabrication process with lithographically patterned
and chemically tunable polyimide proton exchange mem-
branes. A dual-mode operational scheme decouples micro-
bial metabolism from on-chip power generation, enhancing
stability and mitigating biofouling. Long-term stability anal-
ysis reveals that biofouling, not chemical fouling or intrinsic
membrane degradation, is the dominant failure mechanism
in conventional architectures, while optimally tuned poly-
imide membranes combine high proton conductivity with
effective mediator blocking and exhibit excellent recover-
ability after fouling.

The integrated platform achieves a high degree of minia-
turization, operating with a total active volume of 0.80 uL
and a compact footprint of 4.16 mm?. It delivers volumet-
ric power densities of ~3.1 mW cm™>, positioning it at the
forefront of miniaturized bio-electrochemical power. The
programmability of the membrane and the inherent scal-
ability of the architecture provide a direct route for further
performance gains through geometric tuning.

This work provides a foundational bio-electronic platform.
The co-fabrication of tunable ion-conducting membranes
and high-surface-area 3D microelectrodes via self-assem-
bly opens immediate application pathways in autonomous
microrobotics and drones, where such integrable, high-
energy—density micro-power sources could significantly
extend operational range. For environmental monitoring, the
tubular architecture naturally lends itself to capillary-driven
operation in passive soil or water sensors. Looking toward
next-generation electronics, the ability to monolithically
integrate energy harvesting with microfluidic channels sug-
gests a compelling synergy with emerging chip-level liquid
cooling systems for high-performance computing and Al
data centers, potentially enabling simultaneous thermal man-
agement and waste-heat recovery within the same infrastruc-
ture. Future iterations could explore biodegradable polymer
variants for environmentally benign applications. Ultimately,
this work paves the way toward self-sustaining, intelligent
microsystems that seamlessly bridge biological, electronic,
and mechanical domains.
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