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All Biodisintegratable Hydrogel Biohybrid Neural Interfaces
with Synergistic Performances of Microelectrode Array
Technologies, Tissue Scaffolding, and Cell Therapy

Wan-Lou Lei, Chih-Wei Peng, Shao-Chu Chiu, Huai-En Lu, Chun-Wei Wu, Tzu-Ya Cheng,

and Wei-Chen Huang*

Biohybrid neural interfaces (BHNIs) are a new class of neuromodulating
devices that integrate neural microelectrode arrays (MEAs) and cell
transplantation to improve treatment of nerve injuries and disorders.
However, current BHNI devices are made from abiotic materials that are
usually bio-passive, non-biodisintegratable, or rigid, which restricts
encapsulated cell activity and host nerve reconstruction and frequently leads
to local tissue inflammation. Herein, the first MEA composed of all
disintegratable hydrogel tissue scaffold materials with synergistic
performances of tissue conformal adhesiveness, MEA technologies, tissue
scaffolding and stem cell therapy on a time scale appropriate for nerve tissue
repair is proposed. In particular, the MEA conductive tracks are made from
extracellular matrix (ECM)-based double-cross-linked dual-electrically
conductive hydrogel (ECH) systems with robust tissue-mimicking
chemical/physical properties, electrical conductivity, and an affinity for neural
progenitor stem cells. Meanwhile, the MEA hydrogel substrate prepared from
transglutaminase-incorporated gelatin/silk precursors simultaneously
promotes gelation and interfacial adhesion between all MEA stacks, leading to
rapid and scalable device integration. When the full hydrogel MEA is
subjected to various mechanical stimuli and moisture, it is structurally stable
with a low impedance (4 + 3 kQ) comparable to a recently reported
benchmark. With seamless lamination around peripheral nerve fibers, the
device permits successive neural signal monitoring for wound condition
evaluation, while demonstrating synergistic effects of spatiotemporally
controlled electrical stimulation and cell transplantation to accelerate
restoration of motor function. This BHNI is completely degraded by 1 month
thus eliminating the need for surgical retrieval to stably remain, interact, and
further fuse with host tissues, successfully exhibiting compatible integration
of biology and an implanted electrical system.

1. Introduction

Implanted neural interfaces for neural pros-
theses have been successfully applied to
treat neurological diseases and injuries.!"]
Lately, biologically inspired neural inter-
faces, called biohybrid neural interfaces
(BHNISs), were declared the next-generation
neural interfaces for improved device sta-
bility and functions.?l BHNIs that inte-
grate neural electrodes and cell transplan-
tation can permit cell-level electrical neu-
romodulation and neural signal record-
ing to enhance nerve reinnervation, while
encapsulated cells can evolve into a liv-
ing mediated layer to reduce foreign tis-
sue responses, providing active connec-
tions with various tissue structures, and
even replacing injured tissues. Currently re-
ported BHNIs are designed through cell
decoration or a cell-ladened polymeric coat-
ing on micromachined microelectrode ar-
rays (MEAs) composed of metal tracks
and rigid/flexible substrate materials such
as silicon,! polyimides,*l parylene C,°!
or polydimethylsiloxane (PDMS).[®) Over a
short period of implantation, the dimin-
ished cell reactivity results in exposure of
the rigid device shank that further imposes
mechanical damage to host tissues and hin-
ders nerve reconnections. Because of the in-
compatibility between biology and electrical
systems in BHNI devices, there are very few
related reports.
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In the field of nerve tissue engineering research, one of the ef-
ficient strategies for promoting nerve repair is to engineer tissue
scaffolds with certain capabilities, including structural and me-
chanical properties imitating those of nerves, bioactivity to pro-
mote cell ingrowth, and degradability at an appropriate time after
tissue reconstruction.l”) Hydrogels with nerve tissue-mimicking
viscoelasticity have been highly employed as nerve tissue scaf-
folds to support cell adhesion and encapsulation.®! Introduction
of hydrogel coatings on BHNIs highlights the higher viability
of transplanted cells and better integration of devices and host
tissues.l’] Most recently, hydrogel electronics hold considerable
promise in the revolution of implantable neural prosthetics by
directly serving as MEA substrates.['"] Applying hydrogel sub-
strates to support microelectronic structures permits seamless
and mechanically compliant contacts of the MEAs with curvilin-
ear nerve tissues, in turn minimizing foreign tissue responses
and leading to a high quality of neural signal transduction.l'!]
However, most of the reported hydrogel substrate materials, such
as polyvinyl alcohol (PVA),['?] polyethylene glycol (PEG),!"3! silk
fibrin,[** and alginate > are not biologically active and thus do
not promote cell adhesion or growth. Moreover, in many cases the
MEA passivation layer and conductive circuits remain stiff and
non- disintegratable, and thus risks of chronic infections cannot
be avoided.['] Effective implementation of BHNIs relies on inte-
grating tissue engineering materials into all MEA components,
whereas these biologically permissive materials are electrically
insulative and incompatible with most conventional device man-
ufacturing processes.

Extracellular matrix (ECM) is a naturally occurring network
entity surrounding and supporting cells in the body. Gelatin is
one of the commonly used ECM-derived proteins that is rec-
ognized as an ideal bioactive site to enhance neuronal out-
growth in synthesized nerve tissue scaffolds.['”] The employ-
ment of gelatin scaffolds to enhance engraftment of neural
stem cells in vivo is a promising strategy to improve thera-
peutic nerve regeneration.'®! Technically, gelatin can overcome
the bottleneck of hydrogel fabrication by flexible crosslink-
ing approaches, including temperature-dependent physical gela-
tion, chemical crosslinking,[*) photo-cross-linking,[?) and en-
zyme cross-linking ! to accommodate various microenviron-
ments. In addition, many efforts have recently been made to
endow gelatin with conductivity through combining gelatin
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methacryloyl (GelMA) with conductive nanomaterials such as
silver (Ag), carbon nanotubes (CNTs), graphene, or poly(3,4-
ethylenedioxythiophene) (PEDOT): poly (sytrene sulfonic acid)
(PSS) for forming gelatin-based electroconductive hydrogels
(ECHs).*% Accordingly, herein, electrically conductive hydrogels
(ECHs) combined with PEDOT and GO was developed to per-
mit nerve tissue compliant mechanical and structural proper-
ties, biocompatibility, and high electrical /biological activity. With
both electroactivity and bioactivity, ECM-inspired ECHs can es-
pecially emulate the cell-habitable electrophysiological microen-
vironment of native nerve tissues, in which the supply of electri-
cal stimulation guarantees more-efficient tissue rehabilitation.!?’]
The precise control and versatility of gelatin and its derivatives
provide the potential to greatly benefit BHNI technologies.

Therefore, by leveraging concepts derived from nerve tissue
engineering and BHNI, we herein propose a new biodisinte-
gratable, adhesive tissue scaffolding MEA (Figure 1a,b). The de-
vice substrate is made of an enzyme-crosslinked gelatin/silk
(GS) hydrogel with adhesiveness and controllable degradabil-
ity that benefit nerve tissue integration and neural progen-
itor cell (NPC) transplantation. MEA circuits composed of
graphene oxide (GO)/PEDOT/gelatin-based ECHs were de-
signed with a double-crosslinked architecture to confirm robust
ionic/electroconductive properties. PEDOT stands out for its su-
perior biocompatibility and electrical conductivity among various
conductive polymers.3] GO is a highly promising 2D material
applied in the neural interfaces due to the mechanical strength
and rich oxygen-rich functional groups that can enhance neural
adhesion, outgrowth, and neural signal transduction.?*] It is well
recognized that doping with negatively charged GO can stabilize
the positively charged PEDOT due to charge balance, while the
7—r interaction between PEDOT and GO enables the delocaliza-
tion of 7z electrons, leading to the enhancement of the charge
carrier mobility.[?’! Electrode materials composed of GO/PEDOT
have been highly utilized in neural interfaces for the improved
electrical and biological performances.[?®! We also introduce a
new scalable enzyme-mediated transfer printing technology to
achieve rapid and scalable device integration without using com-
plex micromachine processing. The resultant all hydrogel MEAs
were implanted at peripheral nerve injury sites to realize real-
time electrical neuromodulation, nerve function monitoring, tis-
sue scaffolding, and neural progenitor cell transplantation. This
BHNI is expected to remain, interact, and further fuse with host
tissues, successfully exhibiting synergistic effects of MEA func-
tions and cell transplantation for advanced nerve injury care and
accelerated nerve rehabilitation.

2. Results and Discussion

2.1. General Design of Hydrogel MEAs

Optical images of a cell-laden, adhesive, tissue scaffold-
mimicking hydrogel MEA are shown in Figure 1c. The MEA con-
sists of seven-channel microelectrodes with diameters of 150 and
300 um which were fully fabricated with ECM-based ECHs with
a thickness of 30 um to ensure high electrical/electrochemical
conductivity and complete conformational neural interfacing. Ul-
trathin and degradable PLA with a thickness of 1.5 um was used
as the passivation layer to insulate the MEA tracks. The MEA
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Figure 1. Extracellular matrix-inspired all hydrogel biohybrid neural interfaces. a) Schematic showing the proposed architecture and components of
the microelectrode array (MEA) device. The MEA substrate is composed of bioactive, biodisintegratable, and adhesive silk/gelatin hydrogels. The MEA
circuits are composed of bioactive and biodisintegratable gelatin-based electroconductive hydrogels (ECHs) with a double-crosslinked architecture,
bonded with a flat printed circuit (FPC) board. With an ultrathin PLA passivation layer, the resultant device allows b) conformal contact with tissues,
transient site-specific electrical stimulation, neural signal recording, nerve tissue scaffolding and cell therapy for improved treatment of peripheral nerve
injury. c) Optical images of the hydrogel scaffold MEA containing seven channel microelectrodes with diameters (Ds) of 150 and 300 um connected to the
FPC. d) Demonstration of different mechanical deformation extents of the device, including curvilinear lamination, topographical adhesion, bending, and
twisting. €) SEM images showing the high roughness and highly porous structure of the device. (f and g) Optical and fluorescence images, individually
showing the neural stem cell adhesion and ingrowth on the MEA.

substrate, called GS-MTG, is an adhesive and stretchable bonding interactions between gelatin and silk to achieve
hydrogel with an approximate thickness of 700 pm made  hydrogel gelation and promote adhesion. MTG also assists
from gelatin/silk (GS) cross-linked by microbial transglu- interfacial adhesion between MEA stacks, which in turn fa-
taminases (MTGs). MTG is a Food and Drug Adminis- cilitates integration of all MEA components. Accordingly,
tration (FDA)-approved enzyme that encourages covalent the entire device demonstrated mechanical deformation,
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Figure 2. Synthesis and characteristics of PDGO electroconductive hydrogels (ECHs). a) Proposed mode for forming UV-curable PDGO ECHs from
two-gel systems including GelMA-doped PEDOT (PDGMA) as sparsely soft nanogels and GelMA-modified graphene oxide (GO) (GOGMA) as a brittle
skeleton. b) SEM images showing the porous microstructure of various hydrogels. c) Nyquist plots showing impedance spectra of various hydrogels and
the corresponding equivalent circuit. d) The charge storage capacity (CSC) and impedance modulus at 1 kHz of different hydrogels (based on the area
of a 1 x 1 cm coating on indium tin oxide (ITO)). e) Conductivity measurements of different hydrogels in hydrated and dehydrated states. Embedded
images show the connected bulbs with different degrees of brightness. f) Temperature-dependent rheological behaviors of the PDGO before and after UV
cross-linking. Viscosity was measured at increasing temperatures from 20 to 40 °C. g) Schematic illustration showing the fabrication process of PDGO
micropatterns. h) PDGO micropatterns with various geometries showing tunable spatial resolution dependent on differences in GO concentrations. i)

An SEM image showing the micropatterned PDGO with a porous microstructure.

including curvilinear lamination, topographical adhesion,
bending, and twisting (Figure 1d). The full device displays a 3D
network structure with high roughness and high porosity that
facilitates mass/charge transfer and also enhances neural stem
cell adhesion and ingrowth (Figure 1ef).

2.2. Synthesis and Characteristics of ECM-based ECHs

ECHs permitting both ionic and electrical conductivity are
regarded as ideal neural interface materials.[?®) In this study, the
ultraviolet (UV)-cured ECHs had a double-crosslinked architec-
ture composed of two gel systems, i.e., GelMA-doped PEDOT
(PDGMA) as sparsely soft nanogels and GelMA-modified GO
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(GOGMA) as a brittle skeleton (Figure 2a).?! Compared to
dispersing PEDOT nanoparticles in GelMA with two individual
phase systems, in-situ doping of the negatively charged GelMA in
EDOT monomers under oxidation and polymerization yielded a
single-phase water-dissolvable PDGMA nanogel with a relatively
lower percolation threshold in moisture (with a greater than
5-fold decrease in resistance compared to PEDOT when being
hydrated, i.e., 10.1 vs. 3.2 x 10° Q)(283% (Figure S1, Supporting
Information). To further enhance the conductivity, the as-formed
positively charged PDGMA nanogels were crosslinked with
negatively charged graphene oxide (GO)-conjugated GelMA
(GOGMA) (Figure S2, Supporting Information), forming the
final hierarchical structural PDGO. SEM images in Figure 2a,b
show that PDGO demonstrated a microporous structure with
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a higher pore density and higher degree of interconnections
compared to those of GelMA, PDGMA, and GOGMA, revealing
faster transport of charge carriers within the gel. In addition, the
7—r interaction between PEDOT and GO may cause the delo-
calization of r electrons, leading to the increment of the charge
carrier mobility of PDGO.®! Such bonding interaction can be
explained by the mechanical properties shown in Figure S3
and Table S1 (Supporting Information), where PDGO displayed
higher tensile strength, toughness, and ductility as compared
with those of PDGMA and GOGMA.

The charge mobility of PDGO ECHs was evaluated by
impedance measurements. Nyquist plots in Figure 2c are ex-
plained by a proposed equivalent circuit model of a constant-
phase element, i.e., a Randles circuit that represents double-
layer capacitor behavior of rough electrodes.’!] PDGO showed
the smallest semicircle representing the smallest solution and
charge-transfer resistances (R, and R, respectively) compared
to the other hydrogels, which was attributed to the higher rough-
ness of PDGO (Figure S4, Supporting Information) associated
with larger electroactive sites. Meanwhile, PDGO also showed
the lowest impedance value of 0.136 kQ at 1 kHz in the corre-
sponding Bode plot (Figure 2d; Figures S5, Supporting Informa-
tion). Moreover, all of the CV curves in Figure S5 (Supporting
Information) show equirectangular shapes representing a non-
faradic charging/discharging process for these hydrogels. By in-
tegrating the enclosed areas of the CV profiles, PDGO had the
highest CSC value (0.012 mC cm~2) compared to the other hy-
drogels (Figure 2d). A similar result was observed in the mea-
sured electrical conductivity in Figure 2e, where PDGO presented
the highest conductivity (o4, = 546 S m™, 5, = 58.5 S m™).
These results are also consistent with those obtained from SEM
images in Figure 2b, indicating that PDGO with a higher density
of porosity and interconnection favored electrical percolation.

2.3. Micropatterning of ECHs

In Figure 2f, PDGO presents a gelatin-derived reversible ther-
moresponsive sol-to-gel phase-transition behavior.*?! Figure 2f
displays storage modulus G’ and loss modulus G” simultane-
ously in the temperature-dependent rheologic measurement.
The intersection between G’ and G” of the pristine PDGO at
27 °C represents that as the temperature achieves the value the
bulk hydrogel transforms to random coils that could be dis-
solved in water. However, for the crosslinked PDGO, there is
no intersection occurring between G’ and G”, revealing that the
hydrogel is thermally stable without dissolution. Accordingly,
PDGO coated onto a photomask could be directly micropat-
terned through UV exposure followed by stripping with hot water
(Figure 2g). PDGO could be fabricated into variable geometries
with tunable spatial resolutions dependent on the GO concentra-
tion (Figure 2h). Increasing the GO concentration in PDGO re-
sulted in an increment in the hydrogel cross-linking density that
increased the spatial resolution of the as-formed patterns. How-
ever, excessive incorporation of GO roughened the pattern pro-
file. PDGO with a 1% GO concentration showed the highest pat-
tern resolution with a line width down to 30 um. The SEM image
in Figure 2i shows that the micropatterned PDGO in a delicate
starlike shape preserved a 3D microporous network structure.
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2.4. Fabrication of Hydrogel MEAs

Fabrication of hydrogel MEAs does not need complex micro-
electronic manufacturing workflows or an expensive facility, but
it follows four processes operated on one and the same pho-
tomask (Figure 3a): 1) screen-assisted solvent casting of PLA
suspensions as a passivation layer; 2) UV-curing of the ECHs
as MEA electrodes and tracks; 3) formation of a hydrogel sub-
strate through a sol-gel transition; and 4) enhanced interfacial
adhesion to integrate the hydrogel substrate with the other MEA
stacks. In an inverted architecture of MEAs, a PLA film with
thickness of < 2 ym is required to present high transparency that
allows photo-curing of the PDGO tracks (Figure 3b). A cell-laden
and adhesive hydrogel substrate composed of MTG-crosslinked
GS hydrogels (GS-MTG) was created for several reasons. MTG
catalyzes crosslinking of gelatin and silk by producing amide
bonds between the glutamine and lysine groups, yielding gels
with elasticity and robust interfacial adhesion to MEA stacks!33!
(Figure 3c). MTG-crosslinked gelatin hydrogels are well-known
tissue scaffolds with controllable degradation rates for enhanc-
ing stem cell adhesion, proliferation and differentiation.** Fi-
nally, GS-MTG can produce covalent bonds with tissue proteins,
serving as cost-effective, non-toxic, and resorbable soft-tissue
adhesives.[*]

MTG simultaneously mediates the sol-gel transition and adhe-
sion enhancement, which was determined by the MTG concen-
tration and reaction time. Figure 3d shows the kinetics of GS-
MTG hydrogel formation dependent on the MTG concentration
in precursor solutions. Precursors containing more than 0.4%
MTG produced hydrogels that could be handled and exhibited
an elastic modulus (G’) of > 4 kPa, which approximated that of
nerve tissues. The catalysis also imparted interfacial adhesion be-
tween hydrogels and the MEA insulator (PLA) and conductor
(PDGO). Adhesion was measured via recording force-distance
curves between PLA- and PDGO-coated probes and hydrogel
substrates. Representative force-distance curves are shown in
Figure S6 (Supporting Information), where hydrogels permit-
ted robust adhesion to both PLA and PDGO. The effective ten-
sile work of adhesion W, . achieved the highest value within
90 min of catalysis (Figure 3e), afterwards a decay of W, 5 re-
vealed that crosslinking within GS may have dissipated inter-
facial adhesion. Interestingly, MTG enabled a higher degree of
catalysis between gelatin and silk than that between gelatin it-
self, which contributed to the highest W,,,, .- compared to those of
gelatin and gelatin-MTG (Figure 3{). It is worth noting that adhe-
sion was also imposed on the interface between hydrogels and hy-
drophobic PLA, which may be attributed to enhanced intermolec-
ular hydrogen bond interactions.3¢! Adhesion measurement was
also applied on nerve and muscle tissues. The result shown in
Figure S6 (Supporting Information) demonstrates similar results
obtained between hydrogel-device surfaces, where GS-MTG hy-
drogels permit the highest adhesion intensity on tissue surfaces
than gelatin and gelatin-MTG. Accordingly, catalysis permitted
simultaneous hydrogel gelation and interfacial adhesion with the
underlying MEA, enabling direct integration of all of the MEA
components without applying a sacrificial layer. This transfer
printing method is feasible in a large area of 8 X 8 cm?, con-
tributing to the production of batch hydrogel devices in one step
(Figure 3g).
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Figure 3. Microfabrication of whole hydrogel microelectrode arrays (MEAs). a) Process flow of the fabrication of the conformable all-hydrogel MEA.
Steps included (i) screen-printing of PLA suspensions as a passivation layer; ii) alignment and micropatterning of PDGO electroconductive hydrogels
(ECHs) as MEA tracks; iii) sol-gel transition of the gelatin/silk (GS)-microbial transglutaminase (MTG) hydrogel precursor; and iv) transfer-printing
of MEA stacks on the hydrogel substrate inspired by enhanced interfacial adhesion. b) Thickness-dependent light transmittance of PLA. c) Schematic
drawing demonstrating that the MTG in GS simultaneously mediates the sol-gel transition of the hydrogel precursors and adhesion enhancement
between hydrogels and the bottom substrate. d) The viscoelasticity (G’ and G”) versus time of GS-MTGs with different MTG concentrations in precursor
compositions. e) Effective work of adhesion Wi, . versus time monitored at the PLA/GS-MTG and PDGO/GS-MTG interfaces. f) Effective work of
adhesion Wi, o recorded at t = 90 min after gelation of gelatin, gelatin-MTGs, and GS-MTGs on PLA and PDGO surfaces. g) Naked views showing the
all MEA components were integrated into the final devices. The process proves that batch production of devices was obtained.

2.5. Structural and Electrical Stability of Hydrogel MEAs To evaluate the structural stability of hydrogel MEAs, inter-

face stresses of three different bilayer systems, including hydro-
For hydrogel electronic devices, surface instability is frequently  gel/metal (Au), hydrogel/PLA, and hydrogel/ECH stacks of var-
observed from interfaces between hydrogels and rigid thin film,  ious thicknesses, were simulated by a finite element analysis
where hydrogel swelling often induces compression stresses that ~ (FEA) (Figure S7, Supporting Information). Hydrogel swelling
cause the layered structure to deform, delaminate, or fracture.’”]  produced relatively larger interfacial compression stresses to
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metal (Au) thin films compared to hydrogel/PLA and hydro-
gel/ECHs bilayer systems with almost no interfacial stresses. Our
previous study reported that hydrogel-based MEAs composed of
Ptand parylene C required a thick SU-8 support layer (with thick-
ness, t, of ~26 um) to absorb interfacial stresses.*®! In this study,
both MEA tracks and substrate were composed of hydrogels, and
thus the mechanical match could stabilize the entire device struc-
ture without deformation in moisture (Figure S7, Supporting In-
formation).

The electrochemical performance of each MEA channel was
assessed to confirm the site-specific signal transduction of the
hydrogel MEA. Electrodes with diameters, D, of 150 and 300 um
showed stable CV profiles at a wide voltage window of —0.4—
0.9 Vin PBS (Figure S8, Supporting Information). The calculated
charge storage capacity (CSC) derived from five devices reached
24.3 uC cm~2, which is comparable to those recorded from nu-
merous pure conductive polymers or carbon microelectrodes!*!
(Figure S8, Supporting Information). The impedance modulus
at 1 kHz exhibited magnitudes ranging 1.7 to 2.3 kQ, which
were among the lowest ones of reported neural MEAs (1.0-
2.5 kQ mm?). CV lifetime tests were performed to investigate
the electrochemical stability of the device. After 100 CV cycles,
hydrogel MEAs still preserved CSC values (at 1 kHz) of 30 +
12 uC cm~2 and impedance values of 2.1 + 0.9 kQ (Figure S8,
Supporting Information). To evaluate the mechanical stability,
impedance at 1 kHz under different mechanical deformation ex-
tents was measured (Figure 4a—c). The electrochemical perfor-
mance of smaller electrodes is influenced by mechanical stimuli
more profoundly than that of larger ones. For electrodes with a
diameter, D, of 150 pm, the impedance showed an increment of
up to 5.2 kQ in response to the uniaxial tensile strain that ranged
0%-33%. The twisted device preserved the impedance of 4.8 kQ
when the torsional angle reached 720°. The device with folding
at angles of up to 135° resulted in impedance increases of up
to 17.7 kQ. The above results indicated that the hydrogel MEA
undergoing various mechanical deformation extents still exhib-
ited the electrochemical performance that met the benchmark
of neural recording systems.!'%# The hydrogel MEAs were dis-
integrable to alleviate the requirement of invasive and costly re-
trieval procedures. The device undergoing “hydrolysis” over time
was demonstrated in in vitro degradation experiments in PBS
(Figure 4d). Although the device lost more than 45% of its orig-
inal weight by day 7 in PBS, the hydrogel degradation follow-
ing a bulk erosion mechanism enabled preservation of the de-
vice construction for electrochemical measurements.*!) After 28
days of in vitro degradation, the device still exhibited a CSC of
1.99 uC cm~2 and impedance of 1.6 + 0.8 k2 compared to original
values.

2.6. Cell Activity and Differentiation on Hydrogel MEAs

The hydrogel MEA provides a bioactive microenvironment to en-
hance iPSC-derived NPC adhesion, growth, and differentiation.
Cell viability was assessed on each MEA component including
GS-MTG, PLA, and PDGO, as demonstrated in Figure S9a,b
(Supporting Information). After 72 h of culture, cells that adhered
to the control (culture dish), GS-MTG, and PDGO exhibited vir-
tually no cell death, while the number of surviving cells (stained
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in green) on PLA was relatively lower. This can be attributed to
the hydrophobicity of PLA that inhibited adhesive protein adsorp-
tion for NPC attachment.l*?] The poor cell-PLA interaction can
localize cell distributions on electrode sites. Additionally, PDGO
exhibited significantly high cell viability in this group, indicat-
ing that the presence of GO in PDGO had minimal toxic effects
on NPCs. To confirm that NPCs were undergoing motor neu-
ron differentiation, the HB9 marker, specific to motor neurons,
was utilized. HB9 expression indicates activation of the motor
neuron-specific promoter and serves as a reliable indicator of mo-
tor neuron differentiation in NPCs. Fluorescent images and sta-
tistical results shown in Figure 4e,f and Figure S9 (Supporting
Information) indicate that HB9 was highly expressed in cells on
GS-MTG and PDGO, which could be attributed to the robust cell-
material affinity that led to activation of motor neuron-specific
genes and initiation of motor neuron differentiation pathways.[*]
Thus, the hydrogel provided a supportive microenvironment
that facilitated the commitment of NPCs towards motor
neurons.

2.7. Site-Specific Peripheral Nerve Recording and Stimulation of
Hydrogel MEAs

Performing high-resolution nerve recording and stimulation by
implanted tissue reconstruction scaffolds is highly productive for
treating nerve injuries and disorders. A schematic of peripheral
neural signal recording and electrical stimulation is shown in
Figure 5a. Pads of the hydrogel scaffold MEAs were connected to
a customized flexible flat circuit board (FCB) using silver paste
and encased in PDMS (Figure 5b). After being placed on the sci-
atic nerve of a rat, the hydrogel MEA exhibited the measured
impedance response of ~#1-2 kQ at a frequency range of 100 Hz
to 10 kHz (Figure 5c). These values matched those recorded
in vitro as shown in Figure 4. For neural signal recording, the
skin of the left hind paw was mechanically stimulated by a com-
pression force. The evoked compound nerve action potentials
(CNAPs) recorded using bipolar electrodes constructed by two
selected microelectrodes with different microelectrode spacings
are demonstrated in Figure 5d. It was found that the mechan-
ical stimuli could be verified by the hydrogel MEA, and mean-
while, the distance between two microelectrodes (D1 = 1 mm,
D2 =2 mm, and D3 = 3 mm) greatly influenced the amplitude
and noise of the CNAPs. Increasing the electrode distance re-
sulted in an increment in the measurement depth, leading to
a higher CNAP amplitude and less interference.[**) When the
electrode spacing was 3 mm (D1), the optimal CNAP record-
ing was obtained with the highest amplitude potential. This in-
dicated that the spatial arrangement of the microelectrodes has
an impact on the recorded electrical signals. These CNAP sig-
nals were further processed by fast Fourier transformation (FFT).
Accumulation of the frequency power showed that all electrode
distance conditions (D1, D2, and D3) could correctly measure a
stimulated compression force event compared to the unstimu-
lated control condition (Figure 5e). Moreover, in the D1 condi-
tion, the CNAP recording exhibited the widest-range frequency
spectrum of up to 1000 Hz compared to D2 and D3 condi-
tions (Figure 5f). This suggests that the specific electrode spacing
used in the study had a favorable impact on the recorded CNAP
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Figure 4. Structural and electrical stability of the hydrogel microelectrode arrays (MEAs). a—c) Impedance recorded at 1 kHz for devices subjected to
stretching, twisting, and bending to show device stability when mechanically deformed. d) Naked views and corresponding remaining weights of hydro-
gel MEAs degraded in PBS at 37 °C. Real-time recording of impedance values at 1 kHz, and the charge storage capacity (CSC) was also demonstrated.
e) Fluorescence images of neuron progenitor cell (NPC) distribution on different MEA components after 14 days of differentiation. Cells were immuno-
histochemically stained with an early-stage motor neuron marker, HB9, and neuron marker, Tuj1 f) Statistical intensity analysis of early-stage motor

neuron marker (HB9) expression.

characteristics. Subsequently, the amplitude of electromyo-
graphic (EMG) responses in the calf muscle evoked by electri-
cal stimulation (ES) was used as readouts of peripheral nerve ex-
citability. Under ES application with various current amplitudes
(1, 3, and 5 mA), higher electrical activity was obtained by ES
with larger currents, indicating that a stronger ES elicited a larger
muscle force (Figure 5g). Meanwhile, the larger electrode spacing
also resulted in more-significant EMG performance (Figure 5h).
These results revealed that hydrogel scaffold MEAs could provide
conformal contact with nerve tissues to allow both site-specific
signal recording and excitability of motor function of the sciatic
nerve.
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2.8. Hydrogel MEAs with Combined Treatments of MEA
Technologies and Tissue Engineering on Peripheral Nerve Injury

Hydrogel MEAs with functions including tissue scaffolding
(MEA group), stem cell transplantation (MEA/NPC group),
electrical monitoring and stimulation (MEA/ES group), and
combined multiple functions (MEA/NPC/ES group) were ap-
plied to manage peripheral nerve injury. Here, an axonotmesis
injury with epineurial damage was created for NPC trans-
plantation (Figure 6a). Wound recovery could be extensively
monitored by neural signal recording using the hydrogel MEA
(Figure 6a,b). The CNAP amplitude showed a significant drop
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Figure 5. In vivo site-specific peripheral neural signal recording and stimulation. a and b) Schematic and optical images, respectively, of the hydrogel
microelectrode arrays (MEAs) placed on a sciatic nerve. c) In vivo recorded impedance values at frequencies of 102, 103, and 104 Hz. d) Sensory neural
signal recording using bipolar electrodes with different microelectrode spacings. e and f) Statistical frequency power and main frequency of sciatic
nerve signals as a function of microelectrode spacings. h) Motor evoked potentials (MEPs) obtained at the gastrocnemius muscle (GM) when electrical
stimulation (ES) with different current intensities (1, 3, and 5 mA) was applied through a hydrogel MEA with bipolar electrodes at a spacing of 3 mm. f)

Statistical MEP amplitude as a function of the applied current intensity.

after lesion creation on day 1 for all groups, indicating func-
tional loss of the damaged nerves. Although the device mostly
degraded and failed to provide signal information after 14 days
of implantation, obvious differences in peak amplitudes among
different groups were found by day 7. We calculated the CNAP
ratio based on the signal recorded before injury and at time,
t, to define the degree of restoration (Figure 6b). Combined
treatment (MEA/NPC/ES group) showed the highest degree of
restoration of 60% on day 7 compared to those of other groups,
revealing the robust effect on nerve reinnervation.
Subsequently, locomotor recovery was observed by recording
walking tracks and sciatic function index (SFI) scores at indicated
time points.[**! Referring to footprint patterns in Figure S10
(Supporting Information), different degrees of toe spread were
observed in each group at 7, 14, and 28 days. According to the
quantified SFI values by day 14, all treatments led to more-
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improved toe spread resulting from wound healing compared
to the control group, while the MEA/NPC/ES group exhibited
the most pronounced effect of function recovery, which corre-
sponded to the results of neural signal monitoring (Figure S10b,
Supporting Information). Meanwhile, according to the observa-
tion on the post-injury grip strength analysis, all the treatments
including MEA, MEA/NPC, MEA/ES and MEA/ES/NPC
contributed to improved effects on the motor recovery,
while the MEA/ES group exhibited higher healing efficiency than
the MEA/NPC group and the MEA/NPC/ES group exhibited
the highest performance. (Figure S10c, Supporting Informa-
tion). The effects of cell transplantation and ES on wound
healing were further investigated by immunostaining of tissue
sections.

In particular, expression of the microtubule-associated protein
(MAP2), a neuron-specific cytoskeletal protein,[*! can display
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Figure 6. Effects on sciatic nerve wound healing based on various treatments including electrical modulation, tissue scaffolding, and cell therapy provided
by hydrogel microelectrode arrays (MEAs). a) Images showing the sciatic nerve that was exposed and crushed, followed by being wrapped with the
hydrogel MEAs. b) Real-time nerve signal recording at the injury site under various treatments. Time-dependent degree of restoration (RD) calculated
based on the change in the neural potential amplitude at the injury site.(c) Confocal images showing immunohistochemical staining of a neuron-specific
cytoskeletal protein marker (MAP2), and neuron marker (Tuj1). Results of the statistical intensity analysis are shown in d). e and f) Intensity analysis
of S1008 (top) and CD68 expressions (bottom), respectively. A significant difference was indicated by * p < 0.05 and ** p < 0.01. Statistical analysis
included a one-way ANOVA with the post-hoc Tukey HSD test (mean = SEM).

the degree of regenerated neurons that may come from either
transplanted NPCs or local tissues.[*’] In the early stage of wound
healing (by day 7) the MEA/ES group showed more-significant
MAP2 expression than did the MEA/NPC group; however, at a
later stage (by day 28), MAP2 expression of the MEA/NPC group
demonstrated a dramatic increase, even achieving a comparable
level to that of the MEA/ES group (Figure 6¢,d). These results
can be attributed to the application of ES that permitted a prompt
effect on neuromodulation, while NPCs provided by the hydro-
gel MEA only demonstrated improved neuron function after
differentiation.[*®! Moreover, the MEA/NPC/ES group showed
higher MAP2 expression compared to the MEA/ES group in the
entire healing duration, confirming that ES can further promote
NPC differentiation into functional neurons.*’) Successive
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neuron axon growth of injured nerves was further evaluated by
observing the expression of a myelin-specific protein (S1005).")
Results of a quantitative analysis in Figure 6e clearly showed
that S1004 expression of the MEA/NPC/ES group was higher
than those of other groups, which successfully demonstrates the
synergistic effects of ES and cell transplantation on accelerated
restoration of motor function. Concerning the negative impact of
degraded device debris on tissues, acute immune responses were
investigated by day 28 post-injury, the expression levels of per-
tinent inflammatory markers (CD68, iNOS, Ibal) (Figure 6f) in
various groups exhibited a pattern consistent with that of MAP2
and S1008, suggesting that following disintegration, these
devices did not induce an acute macrophage response but rather
fostered a conducive environment for accelerated remyelination.
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3. Conclusions

In this study, a fully biodisintegratable ECM-based BHNI was
developed to improve nerve injury management. The BHNI re-
ported here is the first MEA composed of all biodisintegrat-
able hydrogel scaffold materials that enabled tissue-device adhe-
siveness, MEA technology, nerve tissue support, and cell ther-
apy with no need for surgical removal to prevent infections
associated with foreign tissue responses. Double-crosslinked
dual GelMA-based ECH systems established MEA conductive
tracks with robust electrical/ionic conductivity, cell affinity, and
tissue-mimicking structural and mechanical properties. Mean-
while, the gelatin/silk MEA hydrogel substrate prepared from
transglutaminase-incorporated precursors simultaneously pro-
moted hydrogel gelation and interfacial adhesion between all
MEA stacks to achieve rapid and cost-effective device integra-
tion at a scalable level without using expensive facilities or com-
plex parameter controls. With the mechanical compatibility of all
the hydrogel MEA stacks, the device demonstrated structural sta-
bility in response to various mechanical stimuli and moisture.
The device allowed seamless wrapping around peripheral nerve
fibers to permit successive neural signal monitoring for evalu-
ation of wound conditions, while demonstrating synergistic ef-
fects of implanted scaffold, ES, and cell transplantation on ac-
celerated restoration of motor function. This study successfully
presents the efficacy of transient bioelectronic medicine for treat-
ing host tissues based on the conceptual combination of neural
interfaces and tissue engineering. The degradability of the de-
vice can be tailored to a large degree by the hydrogel material
composition to ensure more-chronic treatment of severe nerve
injuries such as neurotmesis, and spinal cord or brain traumatic
injuries. The overall fusion of the biology and electrical systems
also invokes potential applications in treating other electroactive
soft tissues such as skeleton and cardiac muscles, or other elec-
trically modulable soft organs.

4. Experimental Section

Materials: Graphite powder (average mesh size of 325 and a pu-
rity of 99.8%) was purchased from Alfa Aesar (65261 — Alfa Aesar,
MA, USA). Silkworm cocoons were purchased from the Agricultural Re-
search and Extension Station (Gongguan Township, Miaoli County, Tai-
wan). Microbial transglutaminase (MTG) was purchased from Bioman
Scientific Ltd. (New Taipei, Taiwan). Methacrylic anhydride (MA), sodium
carbonate (Na,COj3), phosphorus pentoxide (P,Os), potassium persul-
fate (K,S,03), hydrogen peroxide (H,0,) solution, lithium bromide
(LiBr), iron Il acetylacetonate, chloroform, paraformaldehyde, Triton X-
100, dihydrochloride (DAPI), 3,4-ethylenedioxythiophene (EDOT), Geltrex,
iron (1) chloride tetrahydrate (99.0%), and a polylactic acid (PLA, MW
~60 000) dialysis cassette (3.5 K MWCO, 12 mL) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Nerve growth factor (NGF), fe-
tal bovine serum (FBS), horse serum (HS), Dulbecco’s modified Eagle
medium/nutrient mixture F-12 Ham (DMEM/F12), bovine serum albumin
(BSA), penicillin-streptomycin, trypsin-EDTA, g-tubulin Il (Tuj1), S100,
and anti-rabbit Hilyte 488 (1/100, 61056-H488, AnaSpec, Fremont, CA,
USA), and anti-mouse Alexa Fluor 405 (1/100, A-31553, Molecular Probes
Invitrogen, Carlsbad, CA, USA) were purchased from ThermoFisher Scien-
tific (Sensititre; Thermo Fisher Scientific, Cleveland, OH, USA). iNOS, and
Iba1(1/100, #IRAP5017, iReal Biotechnology, Hsinchu, Taiwan). CytoSe-
lectTM was purchased from Cell Biolabs (San Diego, CA, USA). Sprague-
Dawley (SD) rats were purchased from BioLASCO Taiwan (Nangang Dist.,
Taipei, Taiwan).
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Preparation and Characteristics of PDGO Conductors:  GelMA was syn-
thesized based on Lee’s method.[’'] Briefly, gelatin was completely dis-
solved in phosphate-buffered saline (PBS, pH 7.4), followed by adding MA
at pH 7. The mixed solution was dialyzed to remove unreacted MA and
other byproducts. Finally, the ultimate solution was freeze-dried for stor-
age. A 10% GelMA water solution was prepared in 9.4 mL of deionized
water at 50 °C. FeCl;-6H,0 and EDOT (Fe3*: EDOT = 3:1 mol mol™")
were added to the GelMA solution followed by stirring overnight at 50 °C
to carry out oxidative polymerization. The product of a dark-blue color was
washed with water/ethanol (1:9) three times and dried at 55 °C overnight.
The final product, called PDGMA, was dissolved in water at a concen-
tration of 1.68 wt.%, followed by casting into a dry film. To investigate
bonding interactions, a Fourier transform infrared spectroscopic (FTIR)
analysis using a 100 FTIR spectrometer was performed with 50 scans at
a resolution of 4 cm~" (PerkinElmer, Waltham, MA, USA). GOGMA was
prepared from graphite using modified Hammer’s method.[>2] Briefly, 1g
of native graphite flakes was preoxidized with the addition of 1 g of P,Og
1 g of K,S,04, and 3 mL of H,SO,, and then incubated at 80 °C for 6 h.
After washing with deionized water followed by filtering, the preoxidized
graphite was dried overnight at 60 °C in an oven. Subsequently, the preox-
idized graphite powder was further oxidized in 23 mL of H,SO, with the
slow addition of KMnO, followed by stirring at 35 °C for 2 h. After 2 h, the
reaction was terminated by adding 140 mL of distilled water. Subsequently,
a hydrogen peroxide solution (H,0,, 30% in water) was added until the
color of the mixture turned from black to yellow. Finally, the mixture was
centrifuged at 11000 rpm for 30 min to remove excess H,0,. To the resul-
tant GO solution was added GelMA (GO: GelMA = 1:10 g g™') to form a
1% GOGMA solution. The final PDGO was prepared with 1.68% PDGMA
and 1% GOGMA in 1 ml of double-distilled (dd)H, O and stirring at 50 °C.

Zeta potential (ZP) measurements were carried out using a Malvern Ze-
tasizer Nano ZS instrument (Malvern Panalytical Ltd, UK). Triplicate sam-
ples were measured three times each at 25 °C. The particle size distribution
of PDGO was examined by dynamic light scattering (DLS, DelsaTM Nano
C, Beckman, USA) on a diluted PDGO solution (0.1 wt.%). The morpholo-
gies of GelMA, PDGMA, GOGMA, and PDGO hydrogels were observed
using scanning electron microscopy (SEM, JEOL-JSM6700, Tokyo, Japan)
with an accelerating voltage of 10 kV. Stress—strain measurements were
performed by uniaxial testing on the as-prepared hydrogels using MTS
Tytron 250 (MTS Systems Corp., Minnesota, MN, USA). Each dry sam-
ple was cut into a rectangular shape of 3 cm in length and 1 cm in width.
The applied load was set in a window range of 0 to 50 N at a working rate
of 0.1 mm™' s. The PDGO gelation dynamics were indirectly measured
using a rheometer (TA Instruments, New Castle, DE, USA) in a parallel
plate geometry. Freshly prepared precursor solutions were applied to the
center of the plate with a nominal gap distance of 800 um. Storage (G’)
and loss (G”) moduli were measured by a linear time sweep along with
increasing temperature (strain amplitude, y, of 1% and angular frequency,
, of 1 Hz for 2 h). Sheet resistances of GelMA, PDGMA, POGMA, and
PDGO were measured using a four-point probe (Jandel RM3000, Leighton
Buzzard, UK). The resistivity of the sample was calculated as described by
Equation (1). The conductivity of the sample was calculated as described
by Equation (2)

Resistivity = Sheet resistance X Thickness M
Conductivity = 1/Resistivity 2)

Electrochemical properties were investigated using the electrochemical
600E Potentiostat/Galvanostat instrument (CH Instruments, Austin, TX,
USA), with a standard three-electrode system (an indium tin oxide (ITO)
glass substrate coated with hydrogel samples in an area of 1x 1cmas a
working electrode, a platinum wire as a counter electrode, and an Ag/AgCl
reference electrode in 0.1 M PBS). Impedance responses were assessed by
applying amplitude sinusoids of 100 mV across a frequency range of 1 Hz
to 1 MHz. The mean impedance magnitude was presented in a Bode plot
and a Nyquist plot obtained by the average of three scans for each sample.
For cyclic voltammetric (CV) measurements, the scan rate was 50 mV's™,
and the applied potential window was set to —0.4 to 1.0 V with 50 scan
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cycles. The surface roughness of the hydrogels was investigated using a
3D optical microscope (PAS3MET 3D, Motic, Vancouver, Canada) and an-
alyzed using Motic Images Advanced 3.2 software. To fabricate micropat-
terned PDGO, the precursors were spin-coated onto a photomask with
various patterns. Following UV exposure and a hot water (50 °C) wash, the
resultant patterned PDGO was obtained. FITC-conjugated PDGO was also
prepared for observation by confocal laser scanning microscopy (CLSM,
D-eclipse, Nikon, Tokyo, Japan). Then, color contrasts of CLSM images
were analyzed by Image] software to calculate the pixel per inch (PPi) used
to define the pattern resolution.

Preparation and Characteristics of GS-MTG and PLA:  Silk fibroin was
purified based on a protocol described by Danielle et al.l>3! Briefly, an aque-
ous silk fibroin solution was prepared by degumming silkworm cocoons
in a 0.02 M Na,COj; solution, followed by gentle washing with distilled
water. The products were dried overnight and then dissolved in 9.3 M LiBr
at 60 °C for 4 h. The silk protein solution was then purified by dialysis
(Slide-A-Lyzer Dialysis Cassettes, 3.5 K MWCO, 66 333, Thermo Scientific,
Rockford, IL, USA) against distilled water for 48 h to obtain a 6%-8% w/v
silk solution. GS-MTG hydrogels were prepared in a water solution accord-
ing to the weight ratio of gelatin: silk: MTG of 1.1:0.4:0.75. For gelation
dynamic exploration, freshly prepared GS-MTG precursor solutions con-
taining different MTG concentration (0.2%, 0.4%, and 0.8%) were applied
to the center of the plate with a nominal gap distance of 800 um. The
storage (G') and loss (G”) moduli were measured by a linear time sweep
(strain amplitude, 7, of 1% and as angular frequency, w, of 1 Hz for 2 h).
Interfacial adhesion was measured between freshly prepared GS-MTG or
gelatin-MTG hydrogels and the PLA- or PDGO-coated indenter. Hydrogels
with cylindrical form factors (D x h = 20 x 2 mm) were mounted on the
platform. Indenters with flat cylindrical glass windows (D = 5 mm; Ed-
mund Optics, Barrington, NJ, USA) were attached to a vertical motorized
stage for indentation, with the measured loads at a 1 kHz sampling rate,
the indenter with a constant preload force of 50 + 5 mN for the contact
with the hydrogels for 5 min, followed by retraction at a constant speed of
1 mm~! s, and then force-distance curves were recorded. PLA thin films
with different thicknesses were prepared by a solvent-evaporated coating
using 0.1 mL of a PLA chloroform solution with concentrations of 1%,
2%, and 3% on a glass substrate. The thickness of the PLA films was mea-
sured using a profilometer (Dektak XT, Bruker, Billerica, MA, USA). Three
replicates of this measurement were necessary to obtain an acceptable
standard deviation (SD).

Fabrication of Hydrogel MEAs by Transfer Printing: A schematic draw-
ing of the fabrication process flow is shown in Figure 3a, where a pat-
terned PLA thin film was deposited through a stencil mask aligned with an
underlying photomask. The homogeneously distributed PDGO solution
prepared by ultrasound treatment was spin-coated onto the photomask
to obtain a thickness of 30-32 um, followed by UV exposure for com-
plete crosslinking. After immersion in water at 50 °C to remove unreacted
residues, the MEA tracks were obtained. To proceed with transfer printing,
the freshly prepared GS-MTG precursor solution was dropped onto the
as-formed PLA-PDGO stacks. After 1.5 h of gelation, the hydrogel was re-
trieved, and the PLA-insulated MEAs were transfer printed onto GS-MTG.
The transfer-printing process turns all the MEA stacks upside down, which
further allows for the exposure the electrode channel sites.

Simulated Stress Evolution of Swollen Devices: A finite element analysis
(FEA) was performed using COMSOL Multiphysics. Interfacial stress of
MEAs was simulated as the ECH hydrogel (represented by PDGO), PLA,
and metal layer were laminated to hydrogel substrates (represented by
GS-MTG). The device was simulated using guided-end conditions with
prescribed displacement of 0 in the y- and z-directions at either end of the
device. One corner of the device was fixed to satisfy the force balance in
the system. A solid mechanics model with a hygroscopic swelling module
was used to simulate the swelling of the hydrogel. The swelling ratio of GS-
MTG and PDGO was calculated by Equation (3). Three samples of each
hydrogel type were tested.

Swelling ratio = Wx 100% (3)
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where W, and W, are the weights of the hydrogel at initial time and time
t, respectively.

Electrochemical Performance of Hydrogel MEAs:  To investigate the elec-
trical performance of hydrogel MEAs, bond pads were connected to a
customized fabricated flexible flat circuit board (BioLASCO Taiwan Co.,
Ltd, Taipei, Taiwan) using silver paste and were encased in PDMS sili-
cone (Dow Corning, Auburn, MI, USA) for protection. The electrochemical
properties of the device were determined by electrochemical impedance
spectroscopy (EIS) and CV. The setup and measurement parameters were
referred to those described in 4.2. In addition, the electrode performance
and stability were analyzed by CV lifetime tests to determine cyclic redox
reactions. In this study, all samples were evaluated by a lifetime test with
100 CV cycles. The degradation test followed that described by Zustiak
et al.l’*] GeIMA: PDGO hydrogels were completely immersed in deion-
ized water at room temperature to test the water uptake capacity. Samples
were weighed at different time intervals after swelling.

The in vitro biodegradation of hydrogels was studied by incubating
them in a PBS solution and then monitoring their weight-loss following
different incubation times. Samples were immersed in PBS and weighed
every 7 days and after ethanol treatment for 5 min. After removal from
PBS, water drops were gently wiped from the surface. The mass loss of
the sample was calculated as described in Equation (4):

my — Mg
Mass loss = ——— x 100% (4)
Mo

where m, is the mass at the degradation time point and m is the original
mass of the sample.

Stem Cell Growth and Differentiation on Hydrogel MEAs:  Cell culture:
In this study, iPSC-derived neuron progenitor cells (NPCs; iNPCO03), the
best candidate for modeling neuronal degenerative disorders,[>°! were
used for the in vitro study. A flow cytometric analysis of Oct4, nestin,
Sox2, and Pax6 expressions of NPCs indicated the complete differenti-
ation of MSCs into NPCs (Figure S13, Supporting Information). First,
cells were seeded on a sample with Neurobasal medium (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 1% B-27 Sup-
plement (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). iNPC03
cells were incubated at 37 °C in a 5% CO, moist atmosphere, and sub-
culture by treatment with trypsin-EDTA (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) in a 37 °C incubator for 3 min, and then centrifuged
at 1500 rpm for 5 min. The iNPCO3 passage process was conducted every
4 days each week. Cells were cultured in CultureOne Supplement (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) to facilitate their differenti-
ation into mature neuron cells.

In vitro cytotoxicity: Cytotoxicity was explored using a CytoSelectTM cell
viability and cytotoxicity assay (Cell Biolabs, San Diego, CA, USA). Live-
dead reagents included calcium-AM for staining living cells (green) and
ethidium homodimer (EthD)—1 for staining dead cells (red). Cells were
seeded onto the electrodes with 1x 1cm area at 2.5 x 10° cells well~1. Af-
ter 24 h of cell culture, the diluted live/dead reagents in PBS were directly
added to the cell culture media at a ratio of reagent to culture media of
1:1, followed by gentle mixing. After incubation in the dark for 30 min, five
representative fields of view were selected per well under a fluorescent mi-
croscope. Numbers of live (green) and dead (red) cells were counted using
the multi-wavelength cell scoring module of MetaMorph software. All data
are reported as the mean + standard deviation (SD) of tests performed in
triplicate. Statistical analysis was carried out by a one-way analysis of vari-
ance (ANOVA) followed by Student’s t-test to determine statistical signif-
icance (p < 0.05).

Cell immunofluorescence (IF) staining: For cell differentiation, cells were
seeded at 2.5 X 10* cells well=! at 11 cm in area. After being cultured with
CultureOne Supplement in Neurobasal medium for 7 to 14 days, neuronal
differentiation of INPCO3 cells was determined by IF staining by the follow-
ing procedures. First, cells were fixed with 4% paraformaldehyde (Sigma—
Aldrich, St. Louis, MO, USA) for 15 min at room temperature, then washed
with PBS three times. Next, cells were permeabilized with 0.25% Triton X-
100 ().T Baker, center valley, PA, USA) for 15 min at room temperature. Af-
ter being washed with PBS three times, cells were nonspecifically blocked
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by 2% (w/v) bovine serum albumin (BSA) for 60 min. Subsequently, cells
were immersed in a 1:250 dilution of class III p-tubulin (Tuj1, GT11710,
GeneTex, Louis, MO, USA), and HB9 / HLXB9 (GTX134781, GeneTex,
Louis, MO, USA) in the dark for 1 h, then stained with a 1:250 dilution of
Alexa Fluor 488 goat anti-mouse (Invitrogen, ref. A11001, Waltham, MA,
USA) and DyLight594 goat anti-rabbit immunoglobulin G (IgG) antibody
(GTX213110-05, GeneTex, Louis, MO, USA) for 1 h in the dark at room
temperature. Afterwards, nuclei of cells were stained with a 1:1000 dilution
of DAPI (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
for 15 min in the dark at room temperature. Images were captured using a
Nikon Eclipse TE2000-U microscope (Tokyo, Japan). Image] software was
used to evaluate the percentage of differentiated cells on the electrode-
posited substrates. Representative fields of view were selected based on
an adequate cell density without a large bare region on the plate. Particu-
larly, a field containing ~40 cells using a 10X objective was selected for sta-
tistical analysis. The percentage of differentiated cells was obtained from
the number of cells present within the microscope field of view. For each
photo, three views were selected, and at least three photos of each sample
were analyzed. Significance was defined as * p < 0.05, ** p < 0.01, and ***
p < 0.001. In all cases, error bars represent the standard error of the mean
(SEM).

NSC cell culture on hydrogel MEAs: iNPCO3s cells were maintained in
tissue culture plates in growth medium at 37 °C and 5% CO,. Hydrogel
MEAs were sterilized by incubation in 70% ethanol for 1 h, followed by
washing with sterile PBS and exposure to UV light for 1 h. Cells were de-
tached from plates with a 0.05% w/v trypsin/EDTA solution and seeded at
a density of 5.0 x 10* cells cm™" at the devices. Then growth medium was
replaced with differentiation medium, which was exchanged every 2 days.

Animal Preparation and Device Implantation: In vivo peripheral nerve
signal recording and stimulation: All experimental procedures were ap-
proved by the Institutional Animal Care and Use Committee (IACUC)
of the Taipei Medical University Laboratory Animal Center. Adult male
Sprague-Dawley (SD) rats weighing 300-370 g was used for sciatic nerve
recording. Rats were anesthetized with zoletil (50 mg k™' g; Vibac Lab-
oratories, Carros, France). Throughout the experiment, rats were placed
on a heating pad, and their breathing rate was monitored every 15 min.
To prepare for the procedure, the hair on both sides of the femur was
clipped, and the area was cleaned and sterilized using Betadine and 75%
ethanol. Once the rats had reached a deep level of anesthesia, a skin in-
cision was made, extending to the dorsal aspect of the paw to expose the
right sciatic nerve. Retractors (17009-07, Fine Science Tools Inc., Foster
City, CA, USA) were used to maintain visibility during the procedure. The
sciatic nerve was carefully lighted and [placed/covered?] with a hydrogel
MEA. In the in vivo experiment, the hydrogel MEAs were connected to
FCB using silver paste, followed by encased in PDMS for stabilization, in
addition, the MEAs/FCB interface is left outside the body to avoid water
invasion. Ground and reference wires were placed on the right hind legs.
Sciatic nerve signals were recorded using the BIOPAC MP36/Recording
Controller (Biopac Systems Inc., Goleta, CA, USA) and BIOPAC MP36
amplifier at a sampling rate of 10 kHz. Different electrode spacings,
namely D1 (3 mm), D2 (2 mm), and D3 (1 mm), were used for signal
detection. The experimental protocol involved initial neural recordings
during a baseline period with no stimuli. Subsequently, a force of 0.245 N
was applied to the gastrocnemius muscle (GM) at 10 s intervals, followed
by 10 s rest periods, to elicit sensory responses in the nerve. The collected
data were processed by dividing them into 10 segments, each contain-
ing 2048 data points, for a fast Fourier transform (FFT) analysis. After
FFT, a frequency range of 60 to 1225 Hz was selected as the main fre-
quency of interest, and integration was applied using the BIOPAC con-
troller (Biopac Systems Inc., Goleta, CA, USA) to minimize ambient noise
and movement artifacts. Statistical significance was determined as fol-
lows: p < 0.05, p < 0.005, and p < 0.001. Error bars in all cases rep-
resent the standard error of the mean (SEM). For electrical stimulation,
another needle was inserted into the GM for electromyographic (EMG)
recording. The MEA was connected to an external stimulator (A-M Sys-
tems/Recording Controller and A-M Systems amplifier, Intan Technologies
LLC., Los Angeles, CA, USA). Amplifier gain was set to 1000 with the out-
put of the amplifiers bandpass-filtered at 300 Hz to 10 kHz. EMG record-
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ings were conducted with the leg in a natural relaxed position to prevent
any movement restrictions. Stimuli were delivered in the form of constant
voltage pulses (10 Hz) with an intensity from 1 to 5 mA and every 1's
to gradually elicit nerve responses. Electrode distances used for stimula-
tion were D1 (3 mm), D2 (2 mm) and D3 (1 mm). CAPs were continually
recorded before and after stimulation, and responses were saved to data
files.

In vivo neural signal recording and stimulation for sciatic nerve injury:
Creation of peripheral nerve crush injury and in vivo implantation proce-
dures were approved by the Institutional Animal Care and Use Committee
(IACUC) of the Taipei Medical University Laboratory Animal Center and
performed following guidelines for the care and use of animals. After ex-
posure of the sciatic nerve by the surgery described above, the nerve was
crushed at a point 5 mm distal to its origin using Adson-Brown tweez-
ers for a duration of 5 min. Subsequently, the hydrogel MEA (n = 3 per
group) was wrapped around the crushed sciatic nerve after removing the
surrounding tissues. The device was fixed onto the sciatic nerve using a
silicone tube, and the f connector was positioned in the neck area within
the muscle and subcutaneous space. Muscle and skin incisions were sep-
arately sutured, and animals were allowed to recover while being regu-
larly monitored during the study. At specific time points (t=0, 1, 7, and
14, and 28 days), animals were euthanized using the anesthetic rompun
(10 mg k=" g; Bayer, Leverkusen, Germany). Nerves were harvested and
processed for a histological analysis. Electrophysiology was conducted
post-transplantation to collect electrical signals from the sciatic nerves.
Rats were anesthetized with 2% isoflurane in balanced oxygen under ster-
ile and body-temperature warming conditions.

For electrical stimulation, animals in the stimulation group (n = 3) were
connected to the A-M system via the connector. Biphasic pulses were de-
livered to the chosen stimulation channel at an average of 10 Hz and con-
stant voltage pulses of 3 mA for cycles of 5 min on/5 min off at 80% of
movement threshold, which activates neurons without causing large con-
tractions. Stimulation was administered for 27 days, every 3 days, starting
3 days after injury.

Analysis of walking tracks: To evaluate sciatic nerve functional recovery of
rats in each group, a walking track analysis was performed at 7, 14, and 28
days post-surgery. Rats were led to the entrance of a narrow channel (10 x
10 X 60 cm) and were guided to walk toward the exit to record the walking
track. Three metrics were measured to calculate the sciatic function index
(SFI), including paw length (PL, distance from the third toe to the heel),
toe spread (TS, distance from the first to the fifth toes), and intermediary
toe spread (IT, distance from the second to the fourth toes). The SFI was
calculated using the following formula:

EPL — NPL ETS — NTS
SFI = —-383X ———— +109.5 _—
8:3x NPL +109.5 % NTS
EIT — NIT
133 X ———— —8.38 5
* NIT ©)

where E is the experimental side and N is the normal side. An SFl equal to
—100 indicates total impairment, whereas an SFl oscillating ~0 is consid-
ered to reflect normal function.

Analysis of grip strength test: Animals were tested using a grip strength
meter (303500-M/E, TSE Systems, Chesterfield, MO, USA), consisting of
a grasping grip (6 cm wide) connected to a sensor module. During the
test, the animal was fixed around the shoulders with the left hand, while
the right hand held the lower body, and the legs grasped a grid connected
to a force transducer with its hind legs and was then pulled by the tail with
increasing force until the grip was eventually lost. The animal grasped the
grip and was slowly and consistently pulled by the tail until it detached
from the grip. The applied maximum force was measured during three
repetitive trials and averaged.

Tissue section IF: Section IF followed that described by Hsu et al.[3¢]
At 7, 14, and 28 days post-surgery, harvested nerves were removed and
fixed in 4% paraformaldehyde at pH 7.4 for 5 h at 4 °C. Following fix-
ation, nerves were then washed in PBS three times for 10 min each
time. After fixation, a nerve was sectioned and embedded in optimum
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cutting temperature compound. Horizontal cryostat sections were sliced
and then stained for an immunohistochemical analysis. To ensure better
antibody penetration for nerve-crushed samples, the epineurium was re-
moved in these preparations after washing in PBS. Then, sections were
stained overnight at 4 °C with the primary antibody solutions. The ob-
tained slides were stained as follow: 1) g-I1l tubulin (1:100) for regener-
ated axons; 2) S1008 (1:100) for Schwann cells; 3) MAP2 (1:100) (the
predominant cytoskeletal regulator within neuronal dendrites); 4) CD68
(1:100) (a protein highly expressed by cells in the monocyte lineage); 5)
iNOS (1:100) (a potent signaling molecule that can be produced by var-
ious cell types, including macrophages themselves); 6) and Iba1(1:100)
(a calcium-binding protein, is exclusively expressed in macrophages and
microglia). The secondary antibody was stained for 2 h using Alexa 488
and then washed three times with PBS. Next, the section was stained
with DAPI (1:200) for 30 min and then washed three times with PBS.
The morphology of all the stained sections was observed using a Multi-
photon Confocal Microscope System (MCMS) (TCS-SP5-X AOBS, Leica,
Mannheim, Germany). The intensity and alignment of regenerating axons
were analyzed by Image ProPlus and Image] software, respectively. * p <
0.05, ** p < 0.005, and *** p < 0.001 indicated significant differences
as analyzed by a one-way ANOVA with post-hoc Tukey honest significant
difference (HSD) test, and results are presented as the mean + standard
error of the mean (SEM).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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