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The mechanical similarity between bioelectronic platforms and native tissue microenvironments is
critical for successful cell-microdevice interfacing. Advances in high-resolution microfabrication have
enabled the creation of 3D conductive microstructures; however, these approaches typically yield to
structures that are electrically active but mechanically stiff relative to biological tissues. In this work, we
present a strategy for the fabrication of soft 3D bioelectronic interfaces by blending PEDOT:PSS with a
methacrylate-modified gelatin and leveraging two-photon polymerization lithography for
micropatterning. Incorporating the conducting polymer into the hydrogel matrix resulted in reduced
electrical impedance and exhibited soft mechanical properties both at the macro- and micro-scale.
Here, the conductive hydrogel blends have been 3D printed, their versatility was assessed through
different geometries and were used for neuronal cell culture. This approach enables the fabrication of
soft neural interfaces with biomimetic architectures, using multimaterial blends, supporting improved
electrical and mechanical integration at the cell-electrode interface.

The convergence of bioelectronics and living systems is advancing the
design of human-machine interfaces toward enhanced adaptability and
functional integration. Here, bio-hybrid interfaces play a pivotal role in
facilitating direct communication between biological electrogenic tissues
and electronic platforms. These systems might decode endogenous bioe-
lectrical signals and could respond by generating precise electronic stimuli,
thereby enabling real-time bidirectional interaction with for instance neu-
ronal networks' and cardiac tissues’. However, biological systems are
inherently soft™, heterogeneous, and dynamic, requiring interface materials
and architectures that not only minimize mechanical mismatch but also
support bidirectional communication by converting ionic bioelectrical
signals into electronic ones and vice versa. Here, a biomimetic design
strategy is required, not only ensuring biocompatibility, but actively repli-
cating the extracellular matrix (ECM) architecture that is fundamental for
structural support and cell signaling™. This necessitates design principles
such as mechanical recapitulation to match the elastic modulus and stress-
relaxation behavior of native tissues’, physicochemical fidelity to enable
both ionic and electronic conductivity’, and ultrastructural mimicry to
reproduce the ECM’s nano- to microscale architecture’.

Biological tissues naturally exhibit complex 3D architectures with
variable mechanical properties, surface features, and biochemical compo-
sition, which might tune cell behavior’. Previous works have exploited
multiscale physical features, including microgrooves', micropillars' and
scaffolds'™”, to provide effective guidance cues that control cellular
functions' and engineer cell-electrode interfaces'", ultimately improving
signal transmission'*"® and enabling precise modulation of cellular
behavior'". In this context, laser assisted printing techniques, such as two-
photon polymerization lithography (TPL), facilitate the fabrication of
multiscale 3D constructs via direct laser writing, enabling rapid prototyping
of scaffolds and microelectrodes'. This technique utilizes a focused femto-
second laser to initiate polymerization upon the absorption of two photons
within a specified volume (voxel) of a photocurable material (resist). The
voxel is moved within the resist to realize the final construct. Typical
materials used for this fabrication are acrylate- and methacrylate-based
resins, which are yet biocompatible but rather stiff and non-conductive. To
overcome this, one approach for creating conductive microstructures
involves coating non-conductive resin printed through TPL with conductive
materials like gold” or organic conductive polymers via chemical” or
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electrochemical*** deposition. Another strategy is to focus on developing
materials that are intrinsically conductive and compatible with the TPL
process™*". This includes incorporating electroactive fillers, such as carbon
nanotubes”, graphene-based materials, conjugated polymers” ™, and
various inorganic materials such as gold”, silver’', and other metals™, into
the photocurable resins.

Although these approaches and materials offer the required con-
ductivity for microstructures, they are often stiff and not well-suited for
applications involving soft biological tissues.

Here, conductive hydrogels (CHs) have emerged as key materials for
the development of tissue-like and compliant electronic devices, serving as
an effective bridge between rigid electronics and soft biological tissues™”.
CHs are realized by integrating conductive fillers, such as carbon nanotubes
(CNTs), graphene derivatives, or inorganic materials, into a hydrophilic
polymer network™'. However, these systems can suffer from surface energy
mismatch between the hydrophilic hydrogels matrix and the hydrophobic
fillers, preventing an effective three-dimensional charge percolation,
requiring complex, multistep processing to enable sufficient dispersion and
loading™. Among the various conductive fillers, conjugated polymers (CPs)
stand out thanks to their superior chemical tunability, mechanical flexibility,
biocompatibility, and solution processability™. In addition, organic mixed
ionic-electronic conductors (OMIECs), such as poly(3,4-ethylenediox-
ythiophene) polystyrene sulfonate (PEDOT:PSS), play a pivotal role in this
context by being able to mediate ionic signal transduction across the biotic
and abiotic domains™.

Such materials are incorporated as electroactive components to engi-
neer pristine or doped polymeric CHs that overcome the limitations of
inorganic fillers, with numerous studies highlighting PEDOT: PSS as a
particularly promising candidate™*>.

Although PEDOT:PSS itself is not photocurable, it can be combined
with photo-crosslinkable hydrogel matrices that allow photopatterning
while retaining electroconductivity™*.

Here, synthetic and natural polymers like polyethylene glycol (PEG) and
gelatin are well-known biomaterials whose methacrylate form can be
employed to develop photocurable hydrogels™. Polyethylene glycol diacrylate
(PEGDA) lacks inherent bioactive sites and requires functionalization with
peptides or proteins to enhance cell interactions and biodegradation. On the
other hand, gelatin, a denatured form of collagen containing bioactive motifs
(e.g., Arg-Gly-Asp, RGD sequences), represents an excellent biomaterial
candidate for tissue engineering applications due to its biocompatibility and
cell-supporting properties”, however it lacks electrical conductivity and
photopatterning capabilities. To overcome the latter, gelatin can be chemi-
cally modified by introducing methacrylate functional groups to the gelatin
backbone, yielding gelatin methacryloyl (GelMA), that can undergo covalent
crosslinking between protein chains under UV irradiation in the presence of a
photoinitiator”. Interestingly, the chemical modification with methacrylate
moieties preserves the biological characteristics of the original peptide
sequence while introducing photo-crosslinking functionality. Indeed,
GelMA-based resists have been extensively studied in the context of TPL,
finding applications as soft scaffolds for cell adhesion’™*". Therefore, com-
bining PEDOT:PSS with GelMA®, can represent an effective approach to
develop soft electronic platforms, with CHs that not only meet the mechanical
and electrical requirements of cell-electrode interfacing but also provide a
cell-friendly, degradable scaffold that better interfaces with living tissues.
However, PEDOT:PSS/GelMA blends have been exploited so far as macro-
scopic scaffolds” and their application in TPL, which could allow for the
production of soft bio-derived microelectrodes and interfaces with design
flexibility at cell-level precision, remains underexplored.

In the present study, we developed PEDOT:PSS/GelMA-based pho-
toresists with variable PEDOT:PSS concentrations able to be 3D photo-
patterned through TPL yielding sub-100 um structures. First, the blends
were mechanically and electrochemically characterized as bulk materials
through one-photon UV crosslinking to assess the macroscopic properties.
Then, we investigated the TPL conditions for each blend, by screening the
delivered dose required to initiate photo-crosslink and by varying patterned

geometries including square, round, sharp-edged and stylized neuron-like
shapes. Printing fidelity was evaluated to compare the design with the
resulting microstructure. This dual focus on processing conditions and
structural fidelity provides insight into the functional flexibility of these new
photoresist formulations for high-resolution 3D soft microfabrication.
Additionally, mechanical and electrochemical analyses were carried out on
the 3D microstructures to verify that such features were preserved at the
microscale. As proof of concept, transparent multielectrode arrays (MEAs),
featuring indium tin oxide (ITO) electrodes and feedlines, were coated with
the 3D printed CHs to evaluate their potential as microelectrodes for in vitro
devices. Finally, the biocompatibility of the patterned microstructures was
evaluated with in vitro neuronal cell models. The proposed strategy can
advance the development of soft bioinspired electronics, able to recapitulate
the native environment of biological systems for close interfacing, finding
applications as biosensors and recording/stimulating electrodes.

Results

Development and characterization of photopatternable CHs

To impart electrical conductivity to the photopatternable GelMA, PED-
OT:PSS was blended at different ratios, yielding three formulations con-
taining 0.0% w/v, 0.3% w/v, 0.5% w/v of PEDOT:PSS in a 10% w/v GelMA in
Milli-Q water, namely GP0, GP3 and GPS5, respectively (Fig. 1a, Methods
section). For all formulations, 3% w/v of the water-soluble lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP) was added, providing a Norrish
Type I photoinitiation systems.

First, GeIMA was prepared as described in the Methods section and in
Fig. Sla. Here, the degree of modification (DoM) was calculated as the ratio
between integral of the free amine 'H-NMR signal of synthetized GelMA
and pristine gelatin and it was used to quantify the amount of covalently
bonded methacrylate moieties (Fig. S1b)”.

In this work, all experimental studies were conducted using GelMA
with a standardized DoM of ~ 70%.

The photogelation process of the resulting blends was monitored by
measuring the variations in the storage modulus (G’) as a function of time
through photoreology (Fig. 1b, Methods section). After an initial con-
ditioning phase of 60 s, G’ increased upon UV irradiation over time, finally
reaching a plateau value of ~ 2kPa suggesting successful photo-
polymerization for all material formulations. Here, the plateau region,
reached following UV irradiation, revealed minimal variation in G values
among the different PEDOT:PSS concentrations whereas a modest increase
in the loss modulus (G”) was observed. (Figure S2). All PEDOT:PSS-based
blends exhibited photo-crosslinking kinetics like pristine GelMA, while
displaying higher initial G’ values: this increase in G” can be attributed to
enhanced intermolecular interactions between the negatively charged sul-
fonic acid groups of PSS and the positively charged amino acid residues (i.e.,
arginine and lysine) within the gelatin backbone™®.

Then, to evaluate the microstructure of the resulting blends, scanning
electron microscopy (SEM) imaging of bulk samples showed an influence of
PEDOT:PSS content on the porous microstructure and overall network
organization of the hydrogels (Fig. 1¢). In particular, blends with a higher
PEDOT:PSS concentration (e.g., GP5) exhibited a more compact and uni-
form network with a microstructural arrangement more densely inter-
connected, as compared to formulations containing less PEDOT:PSS.
Conversely, GP3 presented a network with larger, more irregularly dis-
tributed pores and a less cohesive structural arrangement. This result
indicates that the incorporation of PEDOT:PSS acts as an effective mod-
ulator of the hydrogel’s internal architecture that can affect key properties of
printed hydrogel constructs*.

In order to investigate the conductivity of the synthesized blends,
electrochemical impedance spectroscopy (EIS) was employed to char-
acterize the bulk electrical properties of swollen hydrogels. Here, crosslinked
cylinders of 10 mm diameter and 1 mm thick, were placed between two gold
electrodes (Methods section). The impedance spectra (Fig. 1d) showed that
all formulations exhibited characteristic frequency-dependent behavior,
with PEDOT:PSS-based hydrogels displaying reduced impedance at 1 kHz
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Fig. 1 | Design and characterization of PEDOT:PSS/GelMA blends and bulk
structures. a Schematic illustration of the molecular design and photo-crosslinked
GelMA/PEDOT:PSS CH. b Representative photorheology curves showing the
evolution of the storage modulus (G’) over time for CHs containing different
PEDOT:PSS contents (N = 4). The shaded purple region indicates the UV exposure
period during photopolymerization. ¢ Scanning electron micrographs of cross-
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sectional morphologies of bulk UV-photo-crosslinked GP0, GP3, and GP5 samples,
highlighting microstructural differences induced by varying PEDOT:PSS con-
centrations (scale bars 20 pm). d Representative EIS Bode plots displaying the
impedance modulus (| Z | ) and phase angle (¢) for bulk photo-crosslinked GPO,
GP3 and GP5 hydrogels measured between two gold electrodes (N = 3).

relative to the pristine counterpart, which decreased from 3.1 + 0.9 kQ for
GPO to 1.6 +0.2kQ for GP5 formulations (p <0.05, N=3). Here, the
electrostatic interactions between PEDOT:PSS and gelatin may disrupt the
77t stacking and conjugated backbone alignment of PEDOT chains™. In
addition, the formation of ionic complexes between PSS and gelatin amino
groups can reduce the doping availability of PSS®, therefore requiring a
higher PEDOT:PSS concentration in the blends™. Nevertheless, these results
demonstrated that PEDOT:PSS incorporation successfully enhances the
electrical conductivity of GeIlMA even at low concentration.

Two-photon polymerization patterning and characterization

To evaluate the suitability of the developed blends as photoresist materials
for two-photon polymerization (2PP), their photo-crosslinking response
upon two-photon irradiation was investigated under varying laser powers,
assessing if PEDOT:PSS concentration affects the materials.

First, the laser power required to initiate polymerization, namely the
polymerization threshold, was determined for each blend across a range of
PEDOT-PSS concentrations (Fig. S3). Here, structures were printed in oil
configuration, in which the laser goes through the glass substrate to reach the
photoresist, keeping the gelatin-based blends in solid state during the
printing process therefore impeding objective immersion in the resist. The
polymerization threshold decreased with increasing PEDOT:PSS con-
centration, from 7mW for GPO to 2mW for GP5. A similar trend was
observed for the damage threshold, defined as the laser power at which
visible physical degradation occurs, such as bubble formation during laser
exposure, that decreased from 28 mW for GPO to 23 mW for GP5. On the
other hand, the intermediate blend (GP3) exhibited a slight increased
damage threshold to 30 mW (Fig. S3). These observations suggest that
increasing PEDOT:PSS content in CH blends can facilitate polymerization at
lower laser powers, but also reduces the damage threshold, with the excep-
tion of GP3. In fact, it has been reported that PEDOT:PSS can enhance the
rate of photopolymerization in hydrogel systems’, due to the presence of PSS
chains that can facilitate free-radical generation, either by improving the
efficiency of the photoinitiator system or by participating in electron transfer
reactions characteristic of Norrish Type I mechanisms®. In such systems,
the polyanionic nature and redox activity of PEDOT:PSS promote electron
transfer between the excited photoinitiator and a co-initiator, thereby
increasing radical production***. Although this mechanism does not apply
in Norrish Type I photoinitiation systems, that proceed via unimolecular

bond cleavage, it can be hypothesized that the reduction of the poly-
merization and damage threshold for GP5 could be attributed to the pre-
sence of the sulfonic acid groups on PSS, that may interact with the
photoinitiator or stabilize free radicals, potentially altering the polymeriza-
tion process and enabling faster monomer conversion under light exposure.

In addition, the capability of the resists to realize diverse geometries was
explored, creating both curved geometries, such as cylindrical shapes, and
sharp-edged patterns, exemplified by star-like designs.

Hydrogel-based materials have the intrinsic ability to absorb and retain
significant amounts of water, leading to swelling for which the hydrogel
undergoes volumetric expansion upon hydration. As a result, the final
dimensions of the hydrogel microstructures may deviate from their original
specifications as defined in the CAD model. Based on the previous results, the
fabrication window, the range of laser powers between polymerization and
damage thresholds”, and possible swelling of GP0 and GP5 were investigated
by analyzing the congruence of the resulting shape of printed cylinders with
the designed CAD (Fig. 2a-i, ii, respectively). Initially, it was observed that
GP5 cylindrical structures could be polymerized with a laser power as low as
5 mW, whereas GP0 required a minimum of 20 mW. However, for GP5, a
laser power above 20 mW led to overexposed structures. Therefore, two
distinct laser power ranges were used to fabricate cylindrical structures while
keeping the scan speed consistent for both blends, ranging from 3 mms™ to
9mms” in 2mms’ steps. Due to the different laser power ranges, the total
delivered dose (i. e. the combination of laser power and scan speed) to the
structures varied for GPO and GP5, therefore, only structures exposed with
comparable dose values were included in the analysis. Figure 2a-iii shows that
deviations in cylinder radius from the original CAD model were found to be
comparable across structures fabricated with similar exposure doses,
regardless of the PEDOT:PSS concentration.

To verify the three-dimensionality of the printed structures, cylinders
fabricated from GPO (20 mW, 3 mm ™) and GP5 (5 mW, 5mms™) were
imaged using a confocal microscope and Z-stacks were acquired (Fig. S4).
The analysis revealed average structure height of 28.64 um +4.80 um for
GP5and 29.81 pm * 1.91 um for GPO, which are in close agreement with the
nominal CAD model height of 30 um, confirming accurate vertical repro-
duction of the printed features.

Following this analysis, the fabrication window of GP3 and GP5 for
cubical structures was investigated by printing arrays of cubes
(30 pm x 30 um x 30 um) varying the laser power (from 5 mW to 20 mW,
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Fig. 2 | Characterization of 2PP micropatterning of PEDOT:PSS/GelMA blends.
a Shape analysis of 2PP fabricated cylindrical microstructures composed of i GPO
and ii GP5 formulations, alongside iii quantification of the average outline radius
from three independent measurements obtained from the analysis of fluorescence
microscopy images of post-fabrication stained structures (scale bars 100 um). b, ¢
Bright field microscopy images of 2PP dose tests of b GP3 and ¢ GP5 formulations

Increasing laser power

photopatterned as parallelepipeds, illustrating the effect of increasing scan speed and
laser power and composition on structure formation (scale bars 100 um). d Bright
field images of 2PP fabricated star-shaped microstructures based on i GP3 and ii
GP5 compositions, with progressively higher writing doses from left to right (scale
bars 30 um). e Bright field image of a GP5-based neuron-inspired microstructure
fabricated via 2PP (scale bar 50 pm).

intervals 5 mW) and scan speed (from 3 mms™ to 15 mms’”, intervals of
2mms™) (Fig. 2b, ¢, respectively). The investigated exposure window was
applied to both CHs, with GP5 exhibiting sharper feature edges at lower
doses compared to GP3. This allowed the selection of 5 mW laser power and
5mm s scan speed as benchmark parameters for subsequent experiments.
Therefore, stars, with 30 um circumscribed circle radius and 10 um thick
(Fig. 2d), and stylized neuron-like structures, of maximum length 100 um
and 10 um thick (Fig. 2e), were printed thus demonstrating the possibility to
realize defined structures with different features. In addition, confocal
Z-stack acquisitions were performed to confirm the congruence of the
printed stylized neuron-like structures with the CAD model even for such
complex shapes (Fig. S5). In particular, the measured thickness for GP0 was
found to be 14.94 pm +5.66 um, thus deviating from the design, and
9.71 pum + 1.96 pum for GP5, suggesting that the presence of PEDOT:PSS can
reduce swelling effects of the blends as compared to the pristine GP0™.
Afterwards, the mechanical properties of 3D microstructures were
investigated through nanoindentation on cubical structures (Fig. 3a). The
analysis revealed that increasing PEDOT:PSS content did not induce

relevant variations in the Young’s modulus across the tested formulations;
the measured values remained consistently low, in the range of ~ 1kPa,
highlighting the soft mechanical properties of the hydrogels, closely
mimicking brain tissues”. The Young’s modulus measured
1.09kPa +0.19 kPa for GPO, 1.05kPa + 0.58 kPa and 0.83 kPa + 0.25 kPa
for GP3 and GP5, respectively. The low impact on the modulus likely reflects
the ability of water-rich networks to integrate conductive components
without compromising the inherent compliance of the hydrogel®.
Additionally, parallelepipeds were printed on a glass substrate and
probed with two tungsten needles in order to characterize the conductivity
of the blends at the microscale. The current-voltage (I-V) scans confirmed
that incorporating PEDOT:PSS into the pristine GelMA matrix led to
increased electrical conductivity, even at the microscale. In particular, the
GelMA alone exhibited a conductivity of approximately 0.5 + 0.02 mS cm™,
while the PEDOT:PSS-containing blends showed higher values: GP3
reached about 0.8 £0.02 mS cm™ and GP5 improved to approximately
0.9+0.07 mS cm™ (Fig. S46). The measured conductivities are in accor-
dance with previously reported values of hydrogel-based blends, that
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Fig. 3 | Mechanical and electrochemical characterization of 2PP printed PED-
OT:PSS/GelMA microstructures. a Young’s Modulus (E) calculated from
nanoindentation measurements in Milli-Q water of CHs printed via TPL (N = 10).
b Schematic representation of the 3D transparent soft MEA, shown in tilted and side
views (illustrations not in scale). ¢ Bright field microscopy image of 2PP printed CH
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structures photopatterned on a transparent MEA, imaged from the bottom of the
substrate (scale bar 200 um). d Representative EIS Bode plots showing impedance
modulus (| Z|) and phase angle (¢) responses of bare ITO electrodes (grey trace)
and electrodes coated with patterned GPO (light blue trace) and GP5 (dark blue
trace) blends, measured in DPBS (n =3, N=3).

incorporate metals, CNT and graphene as conductive fillers employed in
bioelectronics’, and meet the requirements for brain tissue engineering™.

To evaluate the relevance for bioelectronic applications, com-
plementary EIS measurements were performed in Dulbecco’s phosphate
buffered saline (DPBS) to simulate tissue-like ionic environments and to
assess the electrochemical properties of GPO and GP5, printed as cubical
structures, onto transparent ITO-based MEAs (Fig. 3b, ). Here, the trans-
parent electrodes were instrumental to allow the oil printing modality,
employing a long working distance objective (20x air) to focus the laser
through the thick quartz substrate. The results revealed that the 3D CH-
based microstructures led to a lowered impedance, especially in the presence
of PEDOT:PSS. The average impedance of electrodes coated with GP5
exhibited a considerable reduction of approximately 30% compared to the
baseline planar, uncoated electrodes, calculated at 1kHz (Fig. 3d). This
decrease in impedance is indicative of enhanced charge transfer capabilities
and improved electrical interfacing'. In contrast, electrodes coated with GP0
showed a much smaller reduction in impedance, averaging only about 7%
relative to the uncoated control. This slight improvement suggests that
GelMA alone provides limited benefits in terms of electrical conductivity,
likely due to its primarily ionic, rather than electronic, conduction properties.
The observed reduction in impedance can be attributed to two primary
factors. First, 3D microstructures increase the effective surface area of the
electrode, thereby enhancing charge transfer across the interface. Second, the
intrinsic conductive properties of PEDOT:PSS further lower the impedance
by providing a more efficient pathway for electronic charge transport.

Cell interfacing
To assess the biocompatibility of microstructured blends, stylized neuronal
patterns were printed on standard glass coverslips using TPL. First, the

stability of the patterns was evaluated by soaking the samples in DPBS at
37°C, over a period of 14 days, and monitoring via optical microscopy
possible detachment from the substrate and/or shape distortions. Results
revealed that all the blends remained stably attached to the glass coverslip up
to 4 days, while GPO showed pronounced swelling leading to structure
distortion at day 4 and complete detachment at day 8 (Fig. S7). These results
suggest that the presence of PEDOT:PSS can stabilize the 2PP patterned
blends both in terms of adhesion and shape retention over time in phy-
siological conditions™.

Afterwards, two types of cell models were employed to perform the
biocompatibility assessment: primary rat cortical neurons (pRCN) and
neuronal HT22 cells, a well-characterized immortalized mouse hippo-
campal cell line. Cells were cultured on top of the patterned substrates (Fig.
$8) and the viability was evaluated at four days in vitro (DIV 4). Cell viability
was quantified through live/dead assay, labeling live cells with the green
fluorescent dye Calcein AM (Ao, 496 nm, A, 516 nm), and dead cells with
the red fluorescent dye ethidium homodimer (e 528 nm, A, 617 nm),
allowing to calculate the ratio between live cells and the total cell number as
the sum of live and dead cells (Methods section, Fig. 4a, Fig. S9 and Fig. S10).
Culturing primary cortical neurons and HT22 hippocampal cells with the
microstructured blends did not significantly impair overall cell viability, as
confirmed by live/dead assay results (Fig. 4b and Fig. S9b, respectively),
revealing survival rates consistent with those observed under control con-
ditions (PLL-coated glass) and indicating that the CH structures do not
induce any cytotoxic effect. Specifically, the control condition showed a live/
dead ratio of 46.11% + 8.78%, whereas GP0, GP3, and GP5 exhibited ratios
of 54.19% +7.45%, 49.23% +8.65%, and 52.5% +6.7%, respectively.
Moreover, HT22 showed a live/dead ratio of 99.22% + 2.28% on control
substrates, and ratios of 99.94%+0.17%, 98.57% *2.56% and
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Fig. 4 | Biocompatibility assessment and neuronal cell interfacing on 2PP printed
PEDOT:PSS/GelMA microstructures. a pRCN cultures grown for four days

in vitro on poly-L-lysine (PLL) coated, 2PP patterned GP0, GP3 and GP5 substrates,
as well as on PLL coated glass coverslips, labeled with fluorescent markers for cell
nuclei (blue), live cells (green), and dead cells (magenta) (scale bars 150 um).

b Quantitative analysis of pRCN viability, expressed as live/dead cell ratio reported
as mean + standard deviation (***p <0.0001, **p < 0.01, *p < 0.05, n =3, N=3).

¢ Bright field microscopy image showing neuronal growth on a GP5-based 2PP

patterned substrate at DIV4; printed microstructures are pseudo-colored in light
blue for visualization (scale bars 50 um). d, e Scanning electron micrographs dis-
playing the nanofibrous morphology of 2PP printed GP5 hydrogel networks at
different magnifications (d scale bar 400 nm, e scale bar 1 pm). f, g Scanning electron
micrographs illustrating pPRCN membrane processes (pseudo-colored in orange)
extending over 2PP printed stylized neuron-shaped microstructures (f, g scale bars
2 pum). Scanning electron micrographs showing pRCN attachment and spreading
(false colored in orange) on 2PP printed h GP5 and i GPO (scale bars 10 um).
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99.16% + 3.11% for GP0, GP3 and GP5, respectively. In addition, since
nano- and micro-topographies can influence cell behavior, adhesion and
processes outgrowth®, we investigated cellular adhesion and interaction with
the 3D patterned blends. Bright field microscopy imaging suggested an
interaction between primary neurons and the printed stylized neuronal
patterns (Fig. 4c). SEM imaging revealed that the nanofibrous network
present on the patterned CH surfaces (Fig. 4d, e) closely mimics the
architecture of the native ECM. Scanning electron micrographs showed that
primary neurons interfacing with the CH structures exhibited an intimate
attachment to the nanofibrous substrate (Fig. 4f-i).

Discussion

This work presents an innovative strategy to realize microstructured CHs
for soft bioelectronics. By blending PEDOT:PSS with the modified photo-
patternable GelMA, we realized CH-based photoresists with soft mechan-
ical properties of ~ 2 kPa of storage modulus following UV irradiation at the
macroscale. EIS revealed that CHs displayed reduced impedance values as
compared to the pristine GelMA. The 2PP processability of the blends was
systematically investigated defining the printing window in terms of
delivered dose, as a combination of laser power and scan speed, revealing
distinct printing conditions according to the presence and concentration of
PEDOT:PSS that facilitates lower doses needed for photo-crosslinking.
Moreover, we demonstrated high printing flexibility and versatility by
creating patterns with different geometries from smooth to sharp edged
structures, exemplified by cylinders, cubes and stars, as well as biomimetic
neuron-like geometries. Nanoindentation confirmed the soft nature of the
3D microstructures, with Young’s modulus value of ~ 1kPa, while I-V
scans confirmed the effect of PEDOT:PSS in increasing the electrical con-
ductivity of the CH with respect to GelMA. The incorporation of PED-
OT:PSS in the hydrogel network not only improved conductivity but
enabled the fabrication of soft electrodes combining high electronic per-
formance with tissue-like mechanics. Additionally, the 3D soft CH micro-
structures were fabricated onto the electrode openings of a transparent ITO-
based MEA, lowering the overall electrodes’ impedance. The increased
effective electrodes” surface could potentially enhance the coupling with
biological tissue and cells providing a mechanically and electrically com-
pliant interface. The successful implementation of this transparent 3D soft
microstructured MEA serves as a critical proof-of-concept, demonstrating
the feasibility of our fabrication approach that could be translated to flexible
and transparent substrates. Finally, cell viability was proved on both
immortalized and primary neurons, where the incorporation of PED-
OT:PSS did not hamper cell viability. Scanning electron micrographs sug-
gested that the 3D micropatterned CHs can facilitate an intimate contact
between the cells and the biomimicking scaffold. The preliminary biological
validation in this study, limited to short-term culture (4 days) and assess-
ment of viability and morphology, paves the way towards further functional
assays, such as neurite outgrowth quantification and electrophysiological
recordings, to corroborate the material’s role in improving electrical and
mechanical integration. The combination of structural tunability,
mechanical compliance, and electrical conductivity positions the developed
CHs as promising candidate materials for future development of implan-
table neural devices and advanced culture systems that mimic the native
neural microenvironment as next-generation bioelectronic devices.

Methods

Synthesis and characterization of GelMA

Gelatin methacrylolyl (GelMA) was synthetized as previously reported™.
Gelatin from bovine skin (10 g, gel strength ~225 g Bloom, Type B, Sigma-
Aldrich Chemie GmbH, Germany) was dissolved in DPBS (100 mL,
Thermo Fisher Scientific Inc., Germany) at 45 °C under slow stirring. Then,
methacrylic anhydride (6 mg, Sigma-Aldrich Chemie GmbH, Germany)
was added drop wise to gelatin solution at 0.6 mg per gram of gelatin, and
the solution was heated at 50 °C while stirring vigorously. After 3 h, warm
DPBS (200 mL, 45 °C) was added to the solution to stop the reaction. The
solution was then centrifugated at 3500 g for 4 min at RT, resulting in the

deposition of a white pellet. The clear supernatant was collected and
transferred to a dialysis tube (MWCO 12400 Mw, Sigma-Aldrich Chemie
GmbH, Germany) and dialyzed against Milli-Q water at 40 °C for 4 days
changing dialysis medium twice a day. Finally, the solution was freeze-dried
for two days. The resulting foam was stored at -20 °C up to three months.
The degree of modification (DoM) was assessed via proton nuclear
magnetic resonance (‘H-NMR) performed with an Avance III 600 MHz
(Bruker, USA) spectrometer, operating at 600.0 MHz (*H). The samples
(100 mgmL™") were dissolved in D,O (Sigma-Aldrich Chemie GmbH,
Germany) at 45 °C for 30 min. Chemical shifts refer to the residual water
peak (H,0, 8 =4.7 ppm for '"H-NMR). Typical acquisition parameters for
"H spectra were: 45 °C, 10 s of recycle delay, 12 scans, and the excitation
sculpting water suppression was applied to the pulse program. The phe-
nylalanine signal between 6.9 ppm and 7.6 ppm was taken as reference and
used to normalize all the spectra, since this peak is proportional to polymer
concentration™. The amount of lysine methylene signal (between 3.0 ppm
and 3.25 ppm) has been considered to quantify the number of free -NH,
moieties still present after the reaction with methacrylic anhydride™. These
signals were integrated in both gelatin and GelMA spectra to obtain their
area and the DoM of GelMA samples was calculated following Eq. (1):

O

DoM — (1 _ Lysine protons of GelMA)

Lysine protons of gelatin

Preparation of GeIMA/PEDOT:PSS blends
Three photoresist formulations were prepared using GelMA as the base
material: two conductive variants (GP3, and GP5) and one non-conductive
control (GP0). The conductive photoresists were created by incorporating
PEDOT:PSS (Clevios PH1000, Heraeus Deutschland GmbH & Co. KG,
Germany) at varying concentrations of 0.3% w/v (GP3), and 0.5% w/v
(GP5), while the control formulation (GP0) contained no PEDOT:PSS. All
formulations maintained consistent concentrations of 10% w/v GelMA and
3% w/v LAP (Sigma-Aldrich Chemie GmbH, Germany) in Milli-Q water.
PEDOT:PSS dispersion was sonicated at 4 °C for 30 min and filtered
with 0.22 um polytetrafluoroethylene (PTFE) syringe filter (TH. Geyer,
Germany). Filtered solution was allowed to warm up to RT before dropwise
blending with GelMA under vigorous stirring at 50 °C. During preparation,
the mixture was maintained in the dark to avoid exposure to light preventing
crosslinking. After preparation, the solution was stored in a 4 mL amber vial
at 5 °C for up to two weeks.

Photoreology

Photopolymerization kinetics of hydrogels were investigated through
photorheology employing a Discovery Hybrid Rheometer HR20 (TA
instruments, Germany), equipped with a UV curing module in conical-plate
mode (20mm diameter, 0.2 mm gap) at room temperature. Photo-
rheological measurements were performed at 1 Hz oscillatory frequency
and with 1% strain amplitude. The light source (365 nm, 5 mW cm) was
activated 60 s after initiating the measurement to stabilize the system before
beginning the photopolymerization process and was then deactivated after
60 s. The evolution of the storage (G’) and loss (G”) modulus during the time
was recorded to evaluate the polymerization kinetics.

Electrochemical characterization of bulk hydrogels

For electrochemical experiments, cylindrical hydrogels were fabricated.
The photoresist was heated at 50 °C into a water bath for 10 min until the
mixture was liquid. The solution (80 pL) was cast into a circular mold
(inner diameter 10 mm, thickness 1 mm) and exposed to UV light
(365nm, 1 mJ cm?, E-Serie UV-Lamp, Spectroline®, Germany). After
15 min, the hydrogels were removed from the mold and developed in
Milli-Q water for 1h at 45 °C. The cylindrical samples were sandwiched
between two gold coated glasses separated by a 0.9 mm spacer. Impedance
spectroscopy data were recorded using a potentiostat/galvanostat (VSP-
300, Biologic, Germany) interfaced with a desktop computer, equipped

npj Flexible Electronics| (2026)10:19


www.nature.com/npjflexelectron

https://doi.org/10.1038/s41528-026-00529-5

Article

with the EC-Lab software used to acquire signals. The sinusoidal input
signal was set to 10 mV by scanning a range of frequencies from 1 Hz to
100 kHz. One-way ANOVA test, followed by a Tukey’s multiple com-
parisons test, was performed to assess the statistical relevance of the
impedance change according to the PEDOT:PSS content (N = 3).

Scanning electron microscopy of bulk hydrogels

Cylindrical hydrogels were prepared as explained above. The samples were
subsequently immersed in liquid nitrogen for 10 min and freeze-dried. To
obtain cross-sectional micrographs, the freeze-dried hydrogels were bisec-
ted with a sharp blade, mounted on stubs using double-sided carbon tape
and sputter-coated with a thin layer of iridium (2 cycles, 15mA, 60s,
thickness: ~ 7 nm, Emitech).

Substrate treatment

Glass coverslips and substrates were cleaned through a series of immersions
and sonication in different solvents, each lasting 10 min. The process began
with immersion in an Alconox (Sigma-Aldrich Chemie GmbH, Germany)
solution in deionized water (10 g L"), followed by Milli-Q water, acetone
(Sigma-Aldrich Chemie GmbH, Germany), and finally isopropyl alcohol
(IPA, TH. Geyer, Germany). During each immersion, the coverslips were
sonicated at high power. Finally, the substrates were dried using a nitrogen
gun. To improve the adhesion of hydrogels to the glass substrates, the
surface was functionalized with the silanization agent (3-(trimethoxysilyl)
propyl) methacrylate (TMSPMA, Sigma-Aldrich Chemie GmbH, Ger-
many) according to the manufacturer. After cleaning, the surface was
activated with oxygen plasma (2 min, 100 W, O, flow 25 L min, 0,8 mBar).
Then substrates were submerged into a solution of abs. ethanol (50 mL, TH.
Geyer, Germany), TMSPMA (0.25mL) and diluted acetic acid (1:10 in
Milli-Q water, 1.5 mL, Sigma-Aldrich Chemie GmbH, Germany). After
15 min, the substrates were rinsed with IPA and dried with a nitrogen gun.
The silanized substrates were stored in the dark at RT for up to 1 week.

TPL patterning

Three-dimensional microstructures were printed via two-photon poly-
merization using a commercial system (Nanoscribe Photonic Professional
GT Plus, Nanoscribe GmbH, Germany) operated in oil immersion mode
(unless otherwise stated). The system employs a 780 nm Ti:sapphire laser
delivering ~100 fs pulses at a repetition rate of 80 MHz, with a maximum
power output of 150 mW. Structures were designed with CAD software and
exported as stereolithography (STL) files. The STL files were converted into
general writing language (GWL) scripts with DeScribe (Nanoscribe GmbH,
Germany) software. The GWL scripts were designed in order to write the
structures from top (furthest from the substrate) to bottom, minimizing
optical aberrations caused by the polymerized gelatin, keeping the resist in
solid state during fabrication™. Prior to printing, the photoresist was heated
at 50 °C for 10 min, sonicated, and then dispensed (20 uL - 80 pL) onto a
substrate pre-coated with the adhesion promoter TMSPMA. A rubber mold
was placed on top to minimize evaporation. The resist was then stored at
4°C for 45-60 min until it solidified. For fabrication, the substrate was
mounted in a custom holder compatible with the piezoelectric x/y/z stage.
Laser scanning trajectories were defined via a galvo-controlled x/y scanner.
All the printings were performed at room temperature. Following exposure,
the samples were developed in deionized water at 50 °C for 45 min. The
structures were maintained in an aqueous environment throughout devel-
opment and analysis to prevent irreversible collapse of the hydrogel network
caused by drying.

Printability and shape analysis

To systematically compare the two-photon polymerization of the blends,
both the polymerization threshold and the damage threshold were char-
acterized. For these measurements, straight lines were printed on the XY
plane while maintaining a constant scan speed of 100 ums". The laser
power was increased from 1 mW up to 50 mW to determine the respective
threshold values.

The radius of a series of cylindrical structures printed with different
combinations of laser powers and scan speeds was measured to evaluate
printing fidelity. Cylinders measuring 30 um in diameter and 30 pm in
height were printed using a 25x oil-immersion objective on silanized glass
coverslips (thickness: 0.13 mm-0.16 mm, diameter: 13 mm). The structures
were printed with a slicing distance of 1 um and a hatching distance of
0.5 um. Printing parameters were adjusted according to the formulation: for
GPO, a laser power from 20 mW to 35 mW and a scan speed from 3 mm s’
to 9mm " were applied; for GP3 and GP5, laser power was varied from
5mW to 20 mW.

Fluorescent labeling was performed by adding 1 uL of a 1 mgmL™"
fluorescein isothiocyanate (FITC, Thermo Fisher Scientific Inc., Germany)
solution in dimethylformamide (DMF, Sigma-Aldrich Chemie GmbH,
Germany) to 1 mL of DPBS containing the printed samples. The samples
were incubated for 2 h at room temperature in the dark to facilitate FITC
conjugation. Following incubation, the structures were washed ten times
with fresh DPBS to remove excess unbound dye, with each wash involving a
5 min incubation. Labeled structures were imaged using an epifluorescence
microscope (Revolution, Discover Echo, USA) equipped with a 40x air
objective. Structural outlines were manually segmented using Fiji (Image]),
and shape accuracy was quantified by measuring perimeter, area, circularity,
and ellipse fitting parameters (N = 3).

Confocal Z-stack acquisitions were performed using a laser scanning
confocal fluorescence microscope (TCS SP8, Leica, Germany) equipped
with a 20x oil objective. IMARIS software (Oxford Instruments, UK) was
used to reconstruct the Z-stack and to generate the 3D images of the dataset.
The height of each structure was calculated using Fiji (Image]), by mea-
suring the mean fluorescence intensity of a region of interest (ROI) defined
on the structure across all slices of the stack. Slices where the intensity
exceeded 50% of the normalized maximum were identified, and the height
was determined as the distance between the first and last slices meeting this
criterion (cylinders: n = 10, N = 3; stylized neurons: N = 3).

Mechanical measurements of 2PP printed microstructures
Nanoindentation was carried out in Milli-Q water on cubic structures
measuring 30 pm x 30 pum x 30 um, printed on silanized glass coverslips
(thickness: 0.13 mm-0.16 mm, diameter: 30 mm) with a 25x objective. The
structures were printed with a slicing distance of 1 um and a hatching
distance of 0.5 um. Printing parameters varied by formulation: for GPO, a
laser power of 20 mW and scan speed of 3 mm s™ were used; for GP3 and for
GP5 5mW and 5mms”. The glass slides comprising the printed cubic
structures were fixed in a 6-well plate (CELLSTAR, Greiner, Germany)
using double-sided tape (Tesa, Germany). During transfer and fixation, the
printed structures were always kept hydrated in a small volume of Milli-Q
water, which was dispensed on top of the glass slide. After fixation, each well
was filled up with Milli-Q water and nanoindentation measurements were
conducted using a Pavone Nanoindenter (Opticsl1Life, the Netherlands)
with a spherical probe (radius: 3 um, spring constant: 0.02 N m", Optic-
s11Life, the Netherlands). Samples were measured at room temperature,
with an approach speed of 10 um s™. Young’s moduli were determined by
fitting the force-indentation curves obtained to the Hertz model in Eq. (2),
where F is the applied force, E the Young’s modulus, v the Poisson’s ratio, R
the tip radius, and § the indentation depth. The indentation depth was set to
300 nm, and the contact point was defined at 20% of the maximum mea-
sured force. Poisson’s ratio of 0.5 was assumed. Data analysis was performed
using the software DataViewer (V 2.5.7, Optics11Life, the Netherlands). For
each sample, 10 individual pillar structures were measured.

4 E

3= VR&: 2

F(3) =

Transparent 3D MEA fabrication
ITO feedlines and electrodes were photopatterned on a quartz substrate
(thickness: 0.5 mm) via maskless photolithography (MLA150, Heidelberg

npj Flexible Electronics| (2026)10:19


www.nature.com/npjflexelectron

https://doi.org/10.1038/s41528-026-00529-5

Article

Instruments, Germany). For high quality and easy liftoff, a double layer of
photoresist consisting of LOR3B (MicroChemicals GmbH, Germany) and
nlof2020 (MicroChemicals GmbH, Germany) were employed. ITO was
then sputtered (nominal thickness: 250 nm, Nordiko 2000, NORDIKO Ltd.,
UK) and lifted off in dimethyl sulfoxide (DMSO, MicroChemicals GmbH,
Germany) for 24 h at room temperature, followed by successive rinsing in
acetone and IPA. The wafer was afterwards annealed in a furnace for 4 h at
400 °C. The devices were passivated with a stack of silicon oxide and silicon
nitrate (nominal thickness: 800 nm) deposited via plasma enhanced che-
mical vapor deposition (SI 500 D ICPECVD System, SENTECH Instru-
ments GmbH, Germany), followed by a thin layer of tantalum pentoxide
(nominal thickness: 40 nm) deposited via atomic layer deposition (FlexAl
ALD, Oxford Instruments, UK). The contact pads as well as the electrode
openings (diameter: 24 pm) were patterned using 5.5 um-thick etch mask
based on AZ4562 resist (MicroChemicals GmbH, Germany). The passi-
vation layer was then dry etched via inductively coupled plasma reactive ion
etching (Oxford PL 100, Oxford Instruments, UK). The remaining photo-
resist was stripped in acetone and IPA. Finally, the wafer underwent saw
dicing to obtain precisely cut single devices (nominal dimension:
24.22 mm x 24.22 mm). Single MEAs were washed and treated as explained
above. A long working distance 20x air objective was used to print
50 pm x 50 pm x 20 um structures on the microelectrode’s openings.

Electrical measurements of 2PP printed microstructures

-V scans were conducted on parallelepiped structures with dimensions of
150 pm x 30 pm X 40 pm, fabricated using TPL with printing parameters
mentioned above. After development, structures were kept and measured in
Milli-Q water. Electrical contact was established using two tungsten needles
(PicoProbe, GBB Industries Inc., USA) with 2 um diameter tips, connected
to a probe station (PMS5, Cascade Microtech, USA), on the very end of the
structures, keeping distance between the tips fixed. The scans were per-
formed over a voltage range from -1 V to 1 V, with a resolution of 0.1 V and
a sensitivity of 100 pA.

Electrochemical impedance spectroscopy was carried out on cubical
structures (50 pm x 50 um x 20 um), printed with a 20x air objective,
connecting the contact pads of the 3D transparent MEA to the working
electrode of a potentiostat/galvanostat (VSP-300, Biologic, Germany), a Pt
wire as counter electrode and an Ag/AgCl pellet as reference electrode. The
sinusoidal input signal was set to 10 mV by scanning a range of frequencies
from 300 Hz to 1 MHz. A glass ring was glued to the substrate and filled
with DPBS.

Cell interfacing

For the cell interfacing experiments, circular glass coverslips (thickness:
0.13mm - 0.16 mm, diameter: 13 mm) were used as the base substrates.
These coverslips were first cleaned and silanized following the procedure
previously described. Once prepared, stylized neuron-shaped CH structures
(height: 10 um) were printed onto the functionalized glass surfaces with a
25x oil objective. Before proceeding to cell culture, all substrates used for cell
culture underwent a sterilization process. First, each sample was immersed
in 70% abs. ethanol (TH. Geyer, Germany) in double distilled water for
10 min, this was followed by three sequential rinses with sterile double-
distilled water, where each rinse consisted of a 5-minute immersion to
thoroughly remove residual ethanol. After the ethanol rinsing, the samples
were submerged in fresh sterile double-distilled water and exposed to UV-C
light for a minimum of 1 h. Once sterilized, the substrates were incubated
with 500 pL of a poly-L-lysine (PLL) solution (Sigma-Aldrich Chemie
GmbH, Germany) for 45 min at room temperature. Following incubation,
excess PLL was removed by rinsing the substrates three times with sterile
double-distilled water. Finally, the PLL-coated substrates were immersed in
complete cell culture medium and incubated for 24 h prior to seeding.

Stability test
Stylized neuron structures were printed as mentioned in Sample prepara-
tion and sterilized with ethanol. Samples were then incubated at 37 °C in

DPBS, and imaged with EVOS M5000 (Thermo Fisher Scientific Inc. Inc.,
Germany) monitoring possible changes in the structures or detachments
over a period of 14 days (N = 3).

Primary neuron culture

Primary cortical neurons were isolated from embryonic day 18 Wistar rat
embryos (Javier, France). The use of primary tissues in this work was
approved by the state animal ethics committee, the Landesumweltamt fiir
Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Reck-
linghausen, Germany, under permit number 81-02.04.2023.A172. The
experiments were conducted in accordance with local animal protection
regulations. Cortices were digested in cold 0.05% Trypsin-EDTA (Thermo
Fisher Scientific Inc., Germany) for 10 min at 37 °C followed by mechanical
trituration’ and plated on substrates at a density of 100,000 cells mL'ina
24-well plate. Three to four hours after cell seeding, the medium was
replaced completely with fresh B27 Plus Neuronal Culture System con-
sisting of Neurobasal Plus medium (Thermo Fisher Scientific Inc., Ger-
many) and B27 Plus supplement (Thermo Fisher Scientific Inc., Germany).
The culturing medium was supplemented with 1% B27 Plus and 50 ug mL ™
gentamycin (Sigma-Aldrich Chemie GmbH, Germany).

HT22 cell culture

Mouse hippocampal neuron derived cell line HT22 (gifted from Velia
Siciliano’s lab, II'T, Naples, Italy) were cultured in Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 with GlutaMAX 1:1 (Thermo Fisher Sci-
entific Inc., Germany) supplemented with 10% fetal bovine serum (Thermo
Fisher Scientific Inc., Germany), 1% penicillin-streptomycin (Thermo
Fisher Scientific Inc., Germany). As 80% confluence was reached, cells were
detached from the culture flask and collected after 5 min of incubation in
0.05% Trypsin-EDTA. Warm media was added to quench the action of
trypsin and cells were centrifuged at 700 rpm for 5 min. The supernatant
was removed, and cells were resuspended in 6 mL of warm supplemented
media and then counted with Trypan Blue Stain (Sigma-Aldrich Chemie
GmbH, Germany) in a Countess 3 cell counter (Thermo Fisher Scientific
Inc., Germany). HT-22 cells (passage 3 to passage 12) were then plated on
substrates at a density of 4000 cells mL™" in a 24-well plate.

Biocompatibility assay

After four days in vitro, cells were incubated for 10 min at 37 °C, 5% CO,
with a cell medium solution (1 mL) containing ethidium homodimer
(EtHD, Sigma-Aldrich Chemie GmbH, Germany) 1ugmL™', Calcein
acetoxymethyl ester (Calcein-AM, Thermo Fisher Scientific Inc., Germany)
1ug mL ™ and Hoechst-33342 (Thermo Fisher Scientific Inc., Germany)
0.1 pgmL™". After incubation samples were washed once with DPBS for
HT22 or Hank’s Balanced Salt Solution (HBSS, Sigma-Aldrich Chemie
GmbH, Germany) for pRCN and transferred into a 3 cm petri dish filled
with 3 mL warm DPBS for HT22 or HBSS for pRCN, and imaged in
fluorescence with EVOS M5000 (Thermo Fisher Scientific Inc., Germany)
microscope equipped with 20x air objective. Five frames were obtained for
each sample with randomly chosen regions of interest. Image-J software was
used to quantify the number of dead and live cells, and the percentage ratio
of live cells was calculated employing the following Eq. (3):

live dead ratio(%) = live cells

= 100 3
(live cells + dead cells) * ®)

Scanning electron microscopy of primary neurons cultured on
2PP printed microstructures

Scanning electron micrographs (Gemini 1550 instrument, Leo/Zeiss, Ger-
many) were acquired after chemical fixation and dehydration of the
structures. Initially, samples were fixed with 4% paraformaldehyde (PFA,
Thermo Fisher Scientific Inc., Germany) in cytoskeleton-stabilizing buffer
(PEM), composed of 80 mM 1,4-piperazinediethanesulfonic acid (PIPES,
Sigma-Aldrich Chemie GmbH, Germany), 5 mM ethylene glycol tetraacetic
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acid (EGTA, Sigma-Aldrich Chemie GmbH, Germany), 2 mM MgCl,
(Sigma-Aldrich Chemie GmbH, Germany) at pH 6.8, for 10 min at room
temperature, followed by three washes in DPBS (5 min each). A secondary
fixation was performed using 2.5% glutaraldehyde (GA, Sigma-Aldrich
Chemie GmbH, Germany) in 0.1 M cacodylate buffer (Electron Microscopy
Sciences, USA) for 2 h. Dehydration was carried out through a gradual abs.
ethanol exchange, with 10 min immersions in solutions of increasing con-
centration (30%, 50%, 70%, 80%, 90%, and 100%) in Milli-Q water. The
samples then underwent critical point drying (CPD 030, BAL-TEC Com-
pany). The CPD chamber was initially filled with 100% ethanol, into which
the samples were placed. The temperature was reduced to 10 °C, and ethanol
was gradually replaced with liquid CO, through multiple exchange cycles
until the chamber was fully saturated with CO,. The temperature was then
raised to 42 °C and the pressure increased to 75 bar to reach the critical
point. Finally, the chamber was depressurized, allowing the samples to dry
completely. Dried specimens were mounted on SEM stubs using double-
sided carbon tape and sputter coated (2 cycles, 15mA, 0.01 mBar, 90s,
thickness: ~ 11 nm, Emitech). with a thin layer of iridium. Imaging was
performed using a scanning electron microscope at an accelerating voltage
ranging from 3 kV to 10 kV and working distance of 1 mm to 5 mm.

Statistical analysis

For biocompeatibility analysis, three parallel cultures were prepared for each
condition, and every experiment was repeated three times (n = 3, N = 3). For
experiments involving pRCN, embryos for each individual experiment were
sourced from a single mother. Each experiment used a different mother,
such that two experiments did not share embryos from the same individual.
The statistical analysis was performed using Python’s library statmodels™.
For the viability assay, a one-way ANOVA test followed by a Tukey’s
multiple comparisons test was performed to assess any effect of the sub-
strates used on the percentage of live cells compared to PLL coated glass.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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