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Self-folding graphene scaffolds with integrated electronics for
cardiac tissue engineering

Alonso Ingar Romero, <8 Koji Sakai, 9 Toichiro Goto, “® George Al Boustani, #®& Ryuya Kida, 2b8
Defne Tiizlin, @8 Yuta Tanimura,® Ann-Caroline Heiler,®"8 Joe Alexander, @ Andreas R. Bausch,®"&
Bernhard Wolfrum 228 and Tetsuhiko F. Teshima *abegh

Three-dimensional (3D) cardiac microtissues offer physiologically relevant platforms for studying cardiac development,
disease modelling, and drug screening. Scaffold-based strategies, particularly those incorporating graphene, have shown
promise in supporting cardiomyocyte alignment, maturation, and contractility due to graphene’s high electrical conductivity,
mechanical flexibility, and biocompatibility. In addition, effective bioelectronic interfacing is essential for capturing
electrophysiological dynamics and modulating cardiac function in engineered tissues. However, current methods typically
separate tissue scaffolding from bioelectronic interfacing, limiting integration efficiency and signal fidelity. Here, we report
a self-folded graphene micro-roll platform that simultaneously functions as a 3D scaffold and integrated electrical interface.
Each micro-roll embeds 4 graphene-based microelectrodes, enabling real-time electrophysiological monitoring and localised
stimulation without external probes. Cardiomyocytes seeded onto the micro-rolls spontaneously assembled into tissue
conforming to the scaffold geometry, supporting synchronous contraction and exhibiting stimulation-induced modulation
of the beating frequency. This system provides a practical, scalable approach to creating electrically active cardiac constructs
with promising applications in tissue engineering, disease research, and drug development.

Introduction

Three-dimensional (3D) cardiac microtissues have become
essential tools for studying heart development, modelling
disease, and evaluating drug responses in vitro.}* By mimicking
the structural and mechanical cues of the native myocardium,
3D constructs promote more physiologically relevant behaviour
than traditional two-dimensional (2D) monolayers, enabling
improved cardiomyocyte alignment, contractility, and
maturation. > Techniques for fabricating 3D cardiac
microtissues generally fall into two categories: scaffold-based
methods, which employ natural or synthetic materials to
provide a structural framework, and scaffold-free methods,
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such as spheroid formation or cell-sheet engineering, which rely
on self-assembly and organisation through cellular adhesion.®
Among these, scaffold-based approaches offer enhanced
architectural control and mechanical support, which are critical
for mimicking the anisotropic and contractile behaviour of
cardiac tissue.” In addition, the capacity to electrically monitor
and modulate cardiomyocyte behaviour is crucial for
characterising functional development, pathologies,
pharmacological responsiveness.811 Electrical monitoring
through microelectrode arrays (MEAs) and field stimulation
techniques have been extensively used in monolayer and 3D
cardiac cultures to capture action potentials, conduction
velocity, and synchronous contraction.'2 13 Controlled electrical
pacing further enhances cardiomyocyte alignment, gap junction
formation, functional maturation, and pharmacological
response.'4 15 studies have required physical
manipulation or external force to bring 3D tissues into contact
with electrodes and other sensors, a process that risks
introducing mechanical stress or altering tissue morphology.1¢-
18 In contrast, direct electrode integration within the scaffold
can improve signal coupling and eliminate the need for complex
positioning steps. Some approaches to achieve this involve, for
example, embedding pillars or mesh electronics into a
scaffolding material.19-21

Recently, graphene-based materials have emerged as
particularly attractive scaffold materials for cardiac applications
and tissue engineering in general.222> Due to their unique
combination of high electrical conductivity and
biocompatibility, graphene-based substrates and composites
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have shown to enhance cardiomyocyte adhesion, sarcomeric
organisation, and spontaneous contraction.?*26 In particular,
the out-of-plane flexibility and in-plane stiffness of monolayer
graphene make it suitable for building robust 3D structures, for
example, based on self-folding mechanisms.?7-2° Beyond passive
scaffolding, graphene’s high electrical conductivity and
mechanical flexibility also make it an attractive candidate for
developing bioelectronic interfaces, including microelectrodes
and sensing elements, enabling low-noise, high-resolution
recording of electrophysiological signals in electroactive tissues,
in both 2D and 3D environments.3%-37 This dual functionality—
3D mechanical support and electrical interface—suggests that
graphene could serve as a multifunctional material, enabling a
seamless integration of structural scaffolding and electrical
communication within a single platform. Such a configuration
would be particularly valuable in engineered cardiac tissues,
where synchronised electrical signalling is critical for functional
tissue maturation and where integrated sensing or pacing
capabilities could enhance tissue monitoring or control. Despite
this potential, no existing cardiac tissue culture platform has
successfully used graphene in this dual role. Current approaches
typically rely on separate materials for scaffolding and electrode
function, which can introduce mechanical mismatches,
complicate fabrication, and limit spatiotemporal resolution of
stimulation or recording. Therefore, there is a need for an
integrated platform that utilises graphene simultaneously as a
scaffold and as an embedded electrode array.

Here, we present a self-folded graphene micro-roll platform
that integrates electrodes directly into the 3D scaffold
architecture. Each micro-roll contains 4 graphene-based
microelectrodes, enabling direct electrical access to the tissue
without the need for external probes. Unlike flat or mesh-based
systems, the rolled architecture facilitates circumferential
alignment, enhances tissue anchoring, and enables spatially
distributed electrical interfacing within a physiologically
relevant microenvironment. Primary neonatal rat
cardiomyocytes seeded onto the micro-rolls spontaneously
assembled into aggregates conforming to the 3D geometry,
confirming the ability of the micro-roll structure to support self-
organisation of cardiomyocytes into tissue-like structures.
Moreover, the embedded electrodes enable stable
electrophysiological recordings and stimulation-induced
modulation of the cardiac network activity. To further
characterise the electro-performance and show the versatility
of our platform, we used HL-1 cardiac muscle cell line (mouse)
and human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs). This modular, scalable system
bridges the gap between scaffold design and bioelectronic
interfacing of graphene-based platforms, offering a versatile
tool for cardiac tissue engineering and laying the foundation for
future applications in disease modelling and pharmacological
studies.

Experimental

Fabrication of self-foldable graphene electrodes

2| J. Name., 2012, 00, 1-3

Figure 1a illustrates the fabrication process of;.self:folding
graphene electrodes. A Cr/Au layer was tREHMEI) Béposited Ba
glass substrates (0.5 mm thick, 50 x 50 mm?2, and 1 mm thick,
49 x 49 mm?; both from Matsunami, used for different MEA
systems), followed by spin-coating and photo-lithographical
patterning of positive photoresist (MICROPOSIT S1813G,
MICROPOSIT 351). The Cr and Au films were then etched to
form feedlines by a ceric ammonium nitrate-based Cr etchant
(Sigma-Aldrich) and an iodide-based Au etchant (Kanto
Chemical), respectively (i). After washing the remaining
photoresist with acetone, a 2 wt% Na-alginate solution (A2033,
Sigma-Aldrich) was spin-coated onto the feedlines at a peak
speed of 2000 rpm for 30 s, yielding a layer thickness of
approximately 60 nm. This alginate layer served as a sacrificial
material for later detachment of the structure. The wafers were
then submerged in a 100 mM CaCl, solution (C8106, Sigma-
Aldrich) to induce gelation of the Ca-alginate. 6 wt%
polymethylmethacrylate (PMMA, 950 Kayaku) in anisole was
spin-coated on the Ca-alginate at 3000 rpm for 40 s to protect
it from the alkaline developer during the next photolithography
step. After spin coating and patterning a positive photoresist
mask, the PMMA and Ca-alginate layers were structured using
reactive ion etching (RIE) with O, plasma to create an array of
square films (ii). This allows the Ca-alginate to be present only
in the areas needed, while leaving the feedlines exposed to
ensure proper contact with graphene. Figure S1 shows the
height profile measurement of the patterned Ca-alginate pads.
After washing the photoresist and PMMA with acetone, 7x7
mm? monolayer graphene films (CVD-grown on Cu foils, Sigma
Aldrich) were transferred onto the samples using the
conventional chemical etchant-assisted wet transfer
technique.3® Specifically, graphene was first coated with a
PMMA layer and then transferred by dissolving the Cu
substrates using 45% FeCls solution (Sigma-Aldrich). After the
transferring process, the PMMA coating was eliminated by
immersing the sample in acetone (iii). The individual graphene
electrodes were patterned via another photolithography
process and a brief RIE exposure with O, plasma (iv). Figure S2
shows the measured height profile of the patterned graphene
surface. Next, the samples were coated with ~120 nm parylene-
C using CVD (SCS LABCOATER PDS2010) (v). During deposition,
dichloro-di(p-xylylene) (SCS) was vapourised at 150 °C and
subsequently pyrolysed at 690 °C to produce a chloro-p-
xylylene monomer, which was then deposited onto the
graphene surface to form a uniform membrane of polymerised
chloro-p-xylylene, called parylene-C.

We utilised photolithography to pattern a trilayer comprising
Ca-alginate, parylene-C, and graphene into individual micro-
rolls. The triple-layered film was first coated with S1813G,
serving as a hard mask. The S1813G photoresist was
micropatterned on the parylene-C surface through
photolithography, providing protection during the subsequent
RIE steps. The layers were then etched using RIE with O, plasma
to produce a micropatterned film array (vi). The feedlines were
then passivated by a 1.5 pum parylene-C film according to
previously reported protocols (vii).3° Finally, the arrays were
released from the SiO, wafer by immersing them in an aqueous

This journal is © The Royal Society of Chemistry 20xx
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0.5 M Ethylenediaminetetraacetic acid (EDTA) solution (Thermo
Fisher Scientific) (viii).*° For cell culture, a glass ring (20 mm in
diameter) was affixed to the substrate to form a reservoir for
the culture medium. To bond the ring, the edge was coated with
polydimethylsiloxane (PDMS; Silpot 184, Dow Corning Toray)
prepolymer. The glass ring was then positioned at the centre of
the substrate, and the PDMS was cured at 80 °C for 2 h.

In total, the fabrication process involved 4 sequential
photolithography steps (metal feedlines, sacrificial Ca-alginate,
micro-roll patterning, and parylene-C passivation), as well as
one maskless alignment for graphene patterning. For the
cumulative alignment tolerance across all layers, our process is
estimated to be within 2 um. Given that the feedline width and
inter-electrode spacing exceed 20 pum, this corresponds to less
than 10% of the critical dimension. This estimate agrees with
optical microscopy inspection of representative samples, which
showed no visible interlayer displacement at 20x magnification.

Electrochemical analysis of 2DLM micro-rolls

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were performed to characterise the
graphene electrodes using a potentiostat (VSP-300, Bio-Logic
Science Instruments). Both measurements were carried out at
room temperature using phosphate-buffered saline (Modified
Dulbecco’s PBS, Sigma-Aldrich) as the electrolyte. A 3-electrode
setup was used, consisting of an Ag/AgCl (3 M NaCl) reference
electrode and a Pt wire counter electrode. CV measurements
were conducted over a potential window of —0.7 to 0.7 V vs.
Ag/AgCl at a scan rate of 100 mV s, For EIS, a 10-mV sinusoidal
signal (relative to the open-circuit potential) was applied, and
impedance was recorded across a frequency range of 1 to
10* Hz.

To evaluate the electrochemical stability of the electrodes
during stimulation, biphasic pulses of +50 pA with a phase
duration of 100 ps were applied at 100 Hz using the MEA2100-
Mini-System (Multichannel Systems). The electrode voltage
response to biphasic current pulses was recorded using an
oscilloscope (InfiniiVision DSOX2024A, Keysight). Current
stimulation was delivered via an electrophysiology
stimulator/amplifier chip (RHS2116, Intan Technologies) within
the 3-electrode setup described above. Each pulse consisted of
a 100 ps phase (leading cathodic) followed by a 100 us
interphase delay. The pulse amplitude was varied from 10 to
100 pA in increments of 10 pA.

Cell culture

Primary cardiomyocytes were isolated from the cardiac tissues
of 1-3-day-old neonatal Wistar rat embryos (Jackson
Laboratory).* The cardiac tissue was enzymatically dissociated
into single cells using collagenase and trypsin. The resulting cell
suspension was seeded onto the chips with a concentration of
around 2.5 Mio. cm™2 in Dulbecco’s Modified Eagle Medium
(DMEM; Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (FBS; Thermo Fisher Scientific) and 1% penicillin—
streptomycin (Corning). Before cell seeding, the self-folded

This journal is © The Royal Society of Chemistry 20xx
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graphene electrodes were coated with a 50 ug mlifibrepectin
solution (Thermo Fisher Scientific) for 1 hDOI: 10.1039/D5NR03812J

HL-1 cells were cultured in Claycomb medium (Sigma-Aldrich)
supplemented with 100 U mL™ penicillin, 100 pg mL™! penicillin-
streptomycin, 2 mM I-glutamine, 10% fetal bovine serum, and
0.1 mM norepinephrine (ThermoFisher Scientific) in a cell
culture flask. Upon reaching confluency, the cells were
detached using a 0.05% Trypsin-EDTA solution (Sigma-Aldrich)
and prepared for experimentation. Before cell seeding, the
devices were incubated with a fibronectin (5 pg mL™) and
gelatin (0.2 mg mL™1) solution for approximately 1 h at 37 °C. HL-
1 cells were seeded onto the chips with a concentration of 200
k cm=2, reaching confluency in about 2 days. hiPSC-CMs were
obtained following the GSK3 inhibitor and Wnt inhibitor (GiWi)
differentiation protocol,*! adapted as described in previous
works.?? All the cultures were maintained in a CO; incubator
(5%; 37 °C, humidified air) during  the
electrophysiological experiments.

except

SEM

For SEM imaging, the samples were fixed by replacing the
culture medium with a solution of 2% glutaraldehyde (FUJIFILM
Wako Chemicals) in PBS for 30 min. Following fixation, the
solution was gradually substituted with ethanol through a series
of stepwise exchanges using ethanol-water mixtures. This was
followed by replacement with tert-butyl alcohol (Sigma-
Aldrich), and the samples were then freeze-dried overnight.
After drying, a 10-nm Au layer was sputter-coated onto the
samples. Imaging was conducted using a FIB-SEM system
(Auriga 60 Cross Beam Workstation, Carl Zeiss) at an
accelerating voltage of 5 kV.

Immunostaining

To prepare the samples for immunostaining, the culture
medium was replaced with 4% paraformaldehyde (PFA, Sigma-
Aldrich) in PBS and incubated at room temperature for 30 min.
After fixation, the PFA solution was carefully removed and
replaced with a blocking buffer containing 1% bovine serum
albumin (BSA, Thermo Fisher Scientific) and 0.1% Triton X-100.
The samples were incubated in this solution at room
temperature for 1 h. Following blocking, the buffer was
replaced with a 0.1% BSA solution containing Troponin |
(Abcam) diluted at 1:100. The samples were incubated
overnight at 4 °C, then washed with PBS. For secondary
antibody labelling, a solution of 0.1% BSA with 1:400 secondary
antibody (AlexaFluor 488 nm anti-rabbit, Thermo Fisher
Scientific) and 1:40 AlexaFluor 594 Phalloidin (Thermo Fisher
Scientific) was applied, and the samples were incubated at
room temperature for 1 h, followed by PBS washes and
Hoechst33342 labelling (Thermo Fisher Scientific). Imaging was
performed using a confocal fluorescence microscope
(FLUOVIEW FV3000, Evident Scientific).

For the experiments presented in the Supplementary
Information, immunostaining was additionally performed using
sarcomeric a-actinin  (Abcam, 1:100), N-cadherin (Sigma-

J. Name., 2013, 00, 1-3 | 3
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Aldrich, 1:100), and DAPI for nuclear staining. Imaging was
performed with the Leica SP8 confocal microscope.

Ca?* imaging

HL-1 cells were stained with Fluo-8 AM according to the
manufacturer’s instructions. Briefly, 200 pL of Fluo-8 AM
solution, diluted to a final concentration of 5 uM in Claycomb
medium (supplemented as described), was added to the cells,
and the cells were incubated for 1 hour. Then, it was washed
with PBS once and replaced with fresh medium. Prior to
analysis, videos were converted to grayscale, background-
subtracted using the temporal average image, and smoothed
using a Gaussian filter (radius = 10 pixels, ¢ = 15). Activation
time was defined as the frame at which pixel intensity reached
10% of its maximum value over the recording. Pixels not
exceeding 0.5% of the average image intensity were excluded
to reduce noise.

Electrophysiological experiments

Electrical recording and stimulation were carried out using an
MEA control system (MED64-Basic System, Med Scientific),
comprising a main amplifier, head amplifier, and connector.
Each MEA was linked to the amplifiers through the connector.
Signals were amplified with a gain of 2000 and filtered using a
band-pass filter set between 1 and 1000 Hz. The analogue
signals were digitised at a sampling rate of 20 kHz. Recordings
were performed at 37 °C with 5% CO, using a stage-top mini-
incubator (TOKAI HIT). The MEA sample was promptly
transferred from the culture incubator to the recording mini-
incubator and allowed to equilibrate for 10 min before data
acquisition, ensuring environmental stability and minimizing
variability in cardiomyocyte activity. To reduce signal noise, a
band-pass filter and a notch filter at 50 Hz were implemented in
post-processing. For the stimulation experiments, we applied
biphasic, current-controlled pulses, with a phase duration of
100 ps. For the experiments presented in the Supplementary
Information, recordings and stimulation were performed using
a portable MEA system (MEA2100-Mini-System, Multichannel
Systems).

Data analysis

All data processing and analysis were performed in MATLAB
(MathWorks), unless otherwise stated.

Results and discussion
Design and fabrication of self-folding graphene electrodes

The fabrication details of the self-foldable graphene electrodes
are described in the Experimental section and in previously
reported protocols (Figure 1a).43-4> Briefly, we first patterned
metal feedlines on a glass substrate. Then, we coated and
patterned a sacrificial Ca-alginate layer so that it was present
only in the areas where the electrodes needed to fold. We used
a wet transfer process to transfer the graphene onto the sample
and subsequently etched the graphene to separate it into 4

4| J. Name., 2012, 00, 1-3

electrodes. After fully laminating the samples with.parylene:C
and patterning the multi-electrode séffoldabie/FilvRe38e
deposited and patterned a second parylene-C layer to serve as
passivation of the feedlines. Last, we used an EDTA solution to
dissolve Ca-alginate. Upon dissolution of the sacrificial Ca-
alginate layer, the patterned structures folded up due to the
compressive strain in the parylene-C film introduced during
thermal processing.*?

We integrated 16 micro-rolls with a 1 mm pitch into each
sample, vyielding 64 electrodes in total (Figure 1b). For
measurements with the MEA2100-Mini-System, 60 electrodes
were used. The purpose of this design was to clearly distinguish
the cellular organisation in each micro-roll from the
surrounding planar area. The spacing between the 4 electrodes
in each self-folding scaffold was designed to minimise crosstalk
while preserving the micro-roll architecture (Figure 1c). The
geometrical dimensions of each micro-roll-shaped scaffold
were chosen to ensure that tissue aggregates remain below the
maximum nutrient diffusion length of 3D cell assemblies.*®
While larger tissue constructs are feasible by increasing the
micro-roll dimensions and initial cell density, additional
strategies such as microfluidic perfusion or vascular co-culture
would be necessary to prevent central necrosis. In parallel, the
lithographic fabrication approach used here is inherently
scalable, allowing the production of large-area arrays
containing hundreds of individually addressable micro-rolls.
Such array-based configurations could enable high-throughput
electrophysiological measurements and systematic
pharmacological testing, providing a route toward miniaturised
cardiac drug screening platforms. We chose the thickness of the
parylene-C layer interfacing with graphene based on previously
reported mechanical analyses to predict the resulting curvature
radius.3® For this purpose, we modelled our self-folding
graphene electrodes as 4 individual half tubes with a 150 um
perimeter connected by a 100 um hinge. A front view of this
modelis illustrated in Figure 1d. Figure 1e shows phase-contrast
images of the folded graphene micro-rolls in different
magnifications. The folding radius was measured for 10
representative micro-rolls per device across 4 different samples
(n =40 total). Across all structures, the radius was 61.8 £ 3.5 um
(mean % SD), corresponding to a coefficient of variation of ~6%.
The device-to-device variation, calculated from the mean radius
of each device, was 61.8 + 2.1 um (n = 4 devices), indicating high
reproducibility of the self-folding process. The deviation from
the design target (~50 um) is primarily attributed to the
sensitivity of the rolling curvature to the parylene-C thickness
and residual stress during deposition, which becomes difficult
to control for films in the ~100 nm range.*?> Despite this
variation, the resulting micro-roll height remains within the
intended range (~100 pum), and the scaffold geometry is further
dynamically adapted by cardiomyocyte contractile forces
during tissue formation.

Electrochemical Characterisation

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Design, fabrication process, and final geometry of the graphene-based micro-roll scaffolds. (a) Fabrication scheme of the
graphene micro-roll electrodes. (b) Top-view layout of the planar microelectrode array layout before self-folding. (c) Detailed
design of a single graphene micro-roll electrode with annotated dimensions corresponding to the highlighted area in (b). (d) Front-
view representation of a cardiac tissue aggregate encapsulating a single graphene micro-roll. The dashed circles represent the two
tubular structures used to model the device architecture. (e) Phase-contrast microscopy images of the self-folded micro-rolls at 4x
(left), 10x (centre), and 20x magnification (right). Scale bars: (b) 1 mm, (d) 100 um, (e) From left to right 500 pm, 200 um and 100

um.
Electrochemical characterisation of the graphene micro-roll
electrodes was conducted using EIS and CV to assess signal
interface quality and charge transfer properties (Figure 2). The
EIS measurements revealed a characteristic frequency-
dependent decrease in impedance magnitude across the 1 Hz
to 100 kHz range, accompanied by a consistent phase profile.
While the overall impedance was higher than in previous
designs,*? this increase is attributed to two key design
modifications in the current system: the implementation of a
complete passivation layer and the reduction in both the
exposed graphene area and its contact interface with the
underlying Au feedlines. These changes are critical to ensuring
long-term electrode stability and spatial selectivity, particularly
when operating in 3D culture environments. The cyclic
voltammograms show stable and consistent curves, indicating
preserved electrochemical activity and low variability across
electrodes. Together, these results confirm that despite the
higher impedance, the new electrode architecture supports
reliable electrical interfacing while enhancing structural
robustness and insulation.

To assess stimulation safety and operational stability of the
graphene microelectrodes, we further characterised their
electrochemical response under dynamic stimulation

This journal is © The Royal Society of Chemistry 20xx

conditions. Cyclic voltammetry measurements were first used
to determine the electrochemical potential window of the
graphene electrodes and define the safe operating limits (Figure
2c¢). Within this regime, voltage transient measurements were
performed using biphasic current pulses with amplitudes
ranging from 10 to 100 pA (Figure 2d).

By using the maximum cathodic potential excursion (Emc) and
the safety limits identified from cyclic voltammetry, we
determined the charge injection capacity (CIC) of the
electrodes, which measures the maximum amount of electrical
charge an electrode can safely deliver into the surrounding
medium without causing irreversible electrochemical reactions.
(Figure 2e). The CIC was estimated at around 13 pC cm, which
is in the order of magnitude typical for monolayer graphene,
especially when interfaced with a subjacent Au feedline.*”

To evaluate the stability of the electrode interface under
repeated stimulation, the impedance magnitude at 1 kHz was
monitored during continuous pulse application slightly above
the safety limit (50 pA) (Figure 2f). The impedance remained
stable over more than 10* stimulation pulses, indicating that the
graphene electrodes maintain their electrochemical properties
under repeated stimulation. No visible side effects such as
bubble formation, medium discolouration, or morphological

J. Name., 2013, 00, 1-3 | 5
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spectroscopy plot showing impedance magnitude (blue) and phase (orange) versus frequency for 16 representative electrodes;
the solid line denotes the mean and the shaded area the standard deviation. (b) Cyclic voltammetry curves displaying the current—
voltage response of the same electrodes. (c) Exemplary cyclic voltammetry measurement including the safe electrochemical
regime (d) Voltage response to biphasic current pulses of amplitudes between 10-100 pA. All traces are the mean of n = 3 samples.
(e) Charge injection capacity (CIC) calculated from the voltage responses (mean and standard deviation of n = 3 samples). We
chose the maximum cathodic potential Emc as a metric because of its lower safe electrochemical limit as determined in (c). (f)
Stability of the electrode interface during repeated stimulation. The impedance magnitude at 1 kHz was monitored during
continuous stimulation pulses, showing stable impedance values for up to 10* pulses (mean * standard deviation, n = 3 electrodes;

1 electrode measured up to >10° pulses).

changes to the electrodes were observed during these
experiments. However, exceeding this limit by an order of
magnitude led to a 10-fold increase in impedance, accompanied
by electrode flattening. We attribute this observation to a
detachment of monolayer graphene due to prolonged
stimulation outside the safety limit. These results give a deeper
insight into the stimulation capabilities and limitations of
monolayer graphene microelectrodes.

Rolled-up graphene electrodes as cardiac tissue scaffolds

To evaluate the dynamic behaviour of primary cardiomyocytes
cultured on graphene micro-rolls, we performed a time-course
analysis over 5 days in vitro (DIV 5). Phase contrast microscopy
(Figure 3a) revealed progressive morphological changes in the
developing cell culture, with initial cell adhesion and spreading
observed at DIV 0 and 1, followed by cell aggregation inside the
micro-rolls by DIV 2. Notably, a rhythmical movement of the
micro-roll edges could be observed, indicating synchronised
beating of the cardiomyocytes, possibly facilitated by the
graphene’s conductive interface, which enhances
electrophysiological coupling and gap junction formation in

6 | J. Name., 2012, 00, 1-3

electrically active cells (Movie S1).#8 By DIV 5, the micro-rolls
appeared fully encapsulated by a dense multicellular layer,
indicating significant tissue assembly following the scaffold
shape. In areas with the highest cell density, we also observed
interconnecting tissue aggregates bridging individual micro-
rolls (Figure S3), suggesting functional tissue-to-tissue
communication.

Unlike previously reported self-folding devices,® 4952 our
platform not only provides external contact with 3D tissues but
also accesses inner areas, allowing for internal
electrophysiological measurements. Typically, this requires
tissues to be penetrated by stiff electrodes, which introduces a
high risk of damage to cellular networks.>3 5% In contrast, our
design enables 3D tissues to grow directly around the
electrodes, providing a tight electrode—tissue seal without
additional mechanical stress, a feature that is crucial to ensure
efficient signal coupling.®> 56 The optical transparency of
graphene further allows simultaneous high-resolution imaging
and electrical readout—an advantage over opaque metal
electrodes.3!

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Morphological, immunofluorescent, and SEM characterisation of cardiomyocytes cultured on graphene micro-rolls. (a)
Time-lapsed phase contrast images of primary cardiomyocyte culture on a graphene micro-roll during the first 5 days. (b)
Immunostaining images of the primary cardiomyocyte culture at DIV 5 in a flat area (left), low density graphene micro-roll (centre)
and high-density graphene micro-roll (right) (c) SEM images of self-folded graphene microelectrodes with increasing cell density
from left to right. (d) Exemplary immunostaining images of HL-1 cardiomyocytes at DIV 11 (left) and hiPSC-CMs at DIV 10. Scale
bars: (a) 200 um, (b) 50 um, (c) 100 um (left and right), 50 um (centre). (d) 100 um
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Further characterisation using immunofluorescence staining
at DIV 5 provided insight into the cell population (Figure 3b,
Movies S2-S3). Troponin | (green), a marker of cardiomyocyte
contractile machinery, was consistently expressed, with
prominent localisation on the graphene surface outside of the
micro-rolls. This preferential attachment may be attributed to
graphene’s favourable physicochemical properties and ability
to facilitate charge transfer, improving cell attachment and
promoting global maturation compared to cells grown on
standard surfaces.>” 58 Phalloidin (red) and Hoechst (blue)
staining confirmed the presence of actin cytoskeleton and
nuclei, respectively, revealing increased overall cellular density
inside the rolled structures compared to the flat surface. Since

This journal is © The Royal Society of Chemistry 20xx

phalloidin labels F-actin in both cardiomyocytes and cardiac
fibroblasts, the elevated signal likely reflects a mixed cell
population. These findings suggest that the micro-roll
architecture not only facilitates cardiomyocyte aggregation but
also supports stromal cell integration, potentially influencing
electrophysiological  coupling.
Complementary SEM imaging (Figure 3c) showed higher levels

tissue  mechanics and
of cell coverage and surface integration with increasing cell
densities. In particular, high-density micro-rolls exhibited a
dense, cohesive tissue-like architecture, underscoring the
robustness of graphene-based self-folded constructs to support

3D cardiac engineered tissues.
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Figure 4. Spontaneous electrical activity of primary cardiomyocytes measured through the integrated graphene electrodes. (a)
Representative raw recording from a single microelectrode over 120 s showing spontaneous field potentials in the absence of
external stimulation. (b) Average peak shape of the recording in (a). The shaded area represents the standard deviation. (c) Filtered
recordings of the spontaneous electrical activity from three different 4-electrode graphene micro-rolls. Each colour corresponds
to an individual electrode of the micro-roll. (d) Magnified view of the dashed rectangle in (c). The colour code for each electrode

(E1, E2, E3 and E4) is shown at the bottom right corner.

To further assess the compatibility of the graphene micro-roll
platform, additional culture experiments were performed with
HL-1 and hiPSC-CMs over extended time periods. Time-lapse
imaging and immunofluorescence staining up to DIV 10-11
demonstrate stable cell attachment and the formation of
organised cardiomyocyte networks on the scaffold (Figures S4
and S5). Representative immunostaining images from these
experiments are also shown in Figure 3d. Thanks to the high
transparency of monolayer graphene, we were also able to
perform Ca?* imaging recordings to assess the field potential
propagation along the micro-rolls (Movie S4). A corresponding
time delay map can be found in Figure S6.

Electrophysiological recordings

To demonstrate the capability of our graphene micro-roll
scaffolds to act as integrated electrodes for electrophysiology
monitoring, we recorded the spontaneous electrical activity of
the cardiomyocyte culture. A representative trace over 120 s
from a single graphene microelectrode (Figure 4a) showed
cyclic extracellular field potentials, indicating currents
generated by spontaneous cardiac beating. The corresponding
average field potential shape (Figure 4b) further confirmed the
presence of recurring, stereotyped electrical events, with the
shaded region denoting the standard deviation across detected
field potentials. Electrical recordings across three distinct 4-
electrode graphene micro-rolls (Figure 4c) revealed similar
spontaneous activity patterns, underscoring the reproducibility
and sensitivity of the platform. The spatial arrangement and
colour-coded electrode layout enabled the visualisation of field

8| J. Name., 2012, 00, 1-3

potential propagation, as can be seen in the magnified view of
an example field potential highlighted by the dashed rectangle
(Figure 4d). We quantified the spontaneous beating frequency
from field potential recordings, which provides a reliable
measure of network rhythmicity and synchrony across
electrodes (mean 0.91 + 0.05 Hz, n = 24 electrodes). These
results demonstrate that, despite the high electrochemical
impedance, the graphene micro-roll architecture not only
supports cardiomyocyte viability and assembly but also enables
high-fidelity, multiplexed electrophysiological recording within
3D microenvironments.

Quantitative electro-performance metrics

To quantitatively benchmark the recording performance of the
graphene micro-roll electrodes, we performed additional
measurements using HL-1 cardiomyocytes, which provide
robust and reproducible field potential signals. The signal-to-
noise ratio (SNR) was evaluated across multiple devices and
compared to a planar reference MEA (Figure 5a). The micro-roll
electrodes exhibit SNR values comparable to or exceeding the
planar reference, with some device-to-device variability. The
SNR was calculated from the single-channel noise floor Vgus
and the peak-to-peak field potential amplitude V,, as SNR =
Viop/2VRus-

To assess the stability of the recording performance over
time, the SNR was monitored across multiple days (DIV 2—10)
(Figure 5b). The results indicate stable signal quality over the
investigated period, with a tendency towards increased SNR
during the first days, consistent with progressive network

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Quantitative evaluation of recording performance and stimulation-induced modulation using HL-1 cardiomyocytes.
(a) SNR across 4 graphene micro-roll MEAs (n = 183 channels in total) and a planar reference (n = 42 channels) at DIV 6, shown as
channel-wise swarm plots with boxplot overlays. (b) SNR across all channels from the same 4 micro-roll MEAs as a function of time
in vitro (DIV 2—-10), demonstrating stable recording performance over time. (c) Median beating period before and after a 10 pA, 1-
s periodic stimulation, showing alignment with the stimulation interval (n = 38 channels). (d) Median beating period before and
after a 60 pA, 0.5-s periodic stimulation, indicating partial synchronisation at the stimulation period (n = 43 channels).

maturation. The slight decrease on the final days of
measurements is attributed to progressive cell death due to
over-confluency of the HL-1 cell population. Noise RMS and field
potential amplitude for each individual channel, as well as the
percentage of biologically active channels during these
experiments, are shown in Figures S7 and S8.

In addition, the stimulation capability of the graphene micro-
rolls was analysed by quantifying the median beating period
before and after applying a stimulation pulse train consisting of
10 pulses (summary shown in Figure 5c, d). In these
experiments, stimulation at 1 Hz produced an amplitude-
dependent modulation of the beating frequency, where
stimulation at 10 pA resulted in transient synchronisation of the
beating rhythm to approximately 1 Hz, while no modulation was
observed at 5 pA (Figure S9). Similarly, stimulation at 2 Hz
resulted in an entrainment-like response across many
electrodes, with beating frequencies approaching the
stimulation frequency (Figure S10). Notably, a subset of
channels exhibited synchronised activity at approximately half
the stimulation frequency (i.e., responding at every second
stimulus pulse), indicating partial entrainment of the network
activity.

This journal is © The Royal Society of Chemistry 20xx

Proof-of-concept stimulation experiments

To further assess the functional responsiveness of primary
cardiomyocytes interfaced with the graphene microelectrode
platform, we applied an external periodic electrical stimulus
and analysed its impact on spontaneous field potential
dynamics. Each stimulation pulse had an amplitude of 50 pA
and was repeated 100 times. Continuous recordings from the
same electrode before and after a 2-s periodic stimulus (Figure
S11) revealed changes in the rhythmicity of spontaneous
electrical activity. Analysis of the average inter-spike period
demonstrated a notable shift towards the stimulus frequency
post-stimulation (Figure 6a), indicating stimulation-induced
modulation of the network rhythm. After the first 20 s, the
inter-spike interval decreased sharply towards its original value
and finally stabilised after ~1 min. Based on this behaviour, we
chose a 20-s window to statistically analyse the stimulus effect
after stimuli with different periods. The spatial configuration of
the 6 analysed electrodes, with electrode #4 serving as the
stimulation site (Figure 6b), enabled assessment of the spatial
extent of the stimulation response across the tissue interface.

J. Name., 2013, 00, 1-3 | 9
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Figure 6. Stimulation-induced modulation of primary cardiomyocyte activity using integrated graphene microelectrodes. (a)
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Period median of the recorded activity from 6 electrodes during a 20-s time window before and after stimuli. The stimulation
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To minimise the impact of potential outliers in the peak
detection algorithm, we chose the period median and the
median absolute deviation as metrics. Figure 6¢c shows the
values acquired from 20 s-windows pre- and post-stimulation
for 0.5-s, 1-s, 2-s, and 3-s periodic stimuli. The 1-s stimulus
modulated the inter-spike periods towards the stimulation
frequency and reduced their variability. In contrast, the 0.5-s
stimulus did not shift the inter-spike periods towards the
stimulation frequency, but it did reduce variability around the
1-s interval, suggesting synchronisation with every second
stimulus. This is likely due to the stimulus interval being shorter
than the cardiomyocytes’ effective refractory period. After the
2-s stimulus, only the electrodes closest to the stimulation site
followed the imposed pacing, while the others continued
beating near the cardiomyocytes’ natural rhythm, roughly half

10 | J. Name., 2012, 00, 1-3

the stimulation period. Similarly, the 3-s stimulus shifted the
inter-spike periods at the 5 nearest electrodes towards half of
the stimulation period. In this case, the external pacing
frequency is slow enough to allow spontaneous beats to
emerge, resetting the rhythm towards the tissue’s intrinsic
frequency. The spatial dependence of these responses may also
reflect the heterogeneous cellular composition of the cultures.
In particular, the presence of myofibroblasts can influence
myocardial impulse propagation in a frequency-dependent
manner.>® Collectively, these findings confirm that graphene
not only capture spontaneous cardiac
electrophysiology but also enable external modulation of
network dynamics, thereby offering a controllable platform for
studying electro-responsive tissue behaviour.

microelectrodes

This journal is © The Royal Society of Chemistry 20xx
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Conclusions

We introduced a self-folded graphene-based bioelectronic
scaffold that integrates structural and functional elements
within a single platform for cardiac tissue engineering. The
graphene micro-rolls simultaneously act as 3D scaffolds
promoting tissue assembly and as active electrical interfaces
enabling real-time recording and modulation of cardiomyocyte
activity. Future work will focus on increasing the number and
spatial distribution of microelectrodes within a single micro-roll
to further enhance the spatiotemporal resolution of signal
acquisition and allow for more localised stimulation. In addition,
implementing stable long-term pacing protocols will allow
investigation of stimulation-induced electromechanical
maturation of cardiomyocyte networks on the scaffold,
including quantitative analysis of sarcomeric organisation and
intercellular coupling during tissue development. Beyond
simple rolled geometries, expanding the platform to more
complex scaffold designs, such as ring-shaped structures, may
better mimic native cardiac architectures and enable the study
of more physiologically relevant tissue dynamics. We believe
that these advancements will be critical for future bioelectronic
platforms to study cardiac development, disease progression,
and therapeutic screening within precisely engineered 3D
environments.
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