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ABSTRACT

With no effective treatments for functional recovery after injury, spinal cord injury (SCI) remains one of the unresolved healthcare
challenges. Human induced pluripotent stem cell (hiPSC) transplantation is a versatile patient-specific regenerative approach for
functional recovery after SCI. Injectable electroconductive hydrogel (ECH) can further enhance the cell transplantation efficacy
through a minimally invasive manner as well as recapitulate the native bioelectrical microenvironment of neural tissue. Given
these considerations, we report a novel ECH prepared through self-assembly facilitated in situ gelation of natural silk fibroin (SF)
derived from mulberry Bombyx mori silk and electrically conductive PEDOT:PSS. PEDOT:PSS was pre-stabilized to prevent the
potential delamination of its hydrophilic PSS chain under aqueous environment using 3% (v/v) (3-glycidyloxypropyl)trimethox-
ysilane (GoPS) and 3% (w/v) poly(ethylene glycol)diglycidyl ether (PeGDE). The resultant ECH formulations are easily injectable
with standard hand force with flow point below 100 Pa and good shear-thinning properties. The ECH formulations with unmod-
ified and GoPS-modified PEDOT:PSS, that is, SF/PEDOT and SF/PEDOTGoP maintain comparable elastic modulus to spinal
cord (~10-60kPa) under physiological condition, indicating their flexibility. The GoPS-modified ECHs also display improved
structural recoverability (~70%-90%) as compared to the unmodified versions of the ECHs (~30%-80%), as indicated by the three
interval time thixotropy (3ITT) test. Additionally, these ECHs possess electrical conductivity in the range of ~0.2-1.2 S/m compa-
rable to spinal cord (1-10S/m), indicating their ability to mimic native bioelectrical environment. Approximately 80% or more cell
survival was observed when hiPSC-derived cortical neurons and astrocytes were encapsulated within these ECHs. These ECHs
support the maturation of cortical neurons when embedded for 7days, fostering the development of a complex, interconnected
network of long axonal processes and promoting synaptogenesis. These results underline the potential of silk ECHs in cell trans-
plantation therapy for spinal cord regeneration.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
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1 | Introduction

Spinal cord injury (SCI) has debilitating impacts in a patient's
life due to severe disruption in the transfer of motor and sen-
sory information between the brain and muscles. This disrup-
tion results in varying degrees of paralysis below the level of
the injury, including loss of movement, sensation, bowel and
bladder control, and sexual function, and includes depression
in 11%-37% patients [1]. With no effective treatments for func-
tional recovery after injury, SCI remains one of the unresolved
healthcare challenges to date. SCI affected 6.4 million people
in Europe with an incidence of 0.19 million during the period
1990-2016.

SCI, which is primarily caused by vehicle accidents, falls, and
violence, affects the most active and productive age group (less
then ~40years old) of people. Current management options
for SCI are costly, with a patient in the United States facing a
lifetime expense of $2.4-$5 million, depending on the severity
of the injury, and treatments still do not fully restore lost func-
tions [1, 2]. Existing clinical interventions focus on leveraging
the spared neurons/axonal pathways in treating the symptoms
of the injury, which include early decompression surgery, mean
arterial pressure, steroids (methylprednisolone sodium succi-
nate (MPSS)), moderate hypothermia (33°C), motor training,
and therapeutic electrical stimulation [3, 4]. Spinal cord has lim-
ited regenerative capacity due to its inability to produce growth
factors and lack of physical support following cystic cavity for-
mation after injury. SCI pathophysiology is further complicated
by ischemia, neuroinflammation, scarring, excitotoxicity, ionic
imbalance, and cell death [4]. Thus, no single regenerative or
rehabilitative strategy has achieved full or near-full functional
recovery after SCI.

Although intraspinal cell transplantation therapies have
emerged as a promising and minimally invasive strategy to treat
primary and secondary injury cascades in SCI, they have lim-
itations in terms of efficacy and translation [5]. There is lack of
consensus on the optimal transplanted cell type for recovery
post-SCI. Stem cell-derived therapies may use immature pro-
genitor cells, which may not differentiate into a desirable cell
type [6]. Mature cell transplantation offers more control over
final lineage commitment, but is more sensitive to procedures
done before transplantation [7]. Recently, the advancement of
human induced pluripotent stem cell (hiPSC) technology has
been demonstrated to produce functional neuronal network or
tissue resembling central nervous system with high efficiency,
establishing it as an attractive cell type for SCI cell transplan-
tation [8-14].

An optimum and efficient cell delivery technique is still
needed as cell transplantation is traditionally plagued by low
cell viability, with survival rates as low as 1% [6]. Traditional
cell delivery using a syringe injection of cell suspension in
aqueous buffer exposes the transplanted cells to shear forces,
causing membrane damage, and cell death [15]. In this regard,
injectable but thixotropic bioactive hydrogels can be utilized
to encapsulate cells, allowing the majority of the hydrogel to
go through the needle as a solid while adjacent edges to the
needle wall flow as a fluid. As a result, it can limit shear stress
exposure to a small fraction of cells, resulting in a better viable

cell delivery yield [16]. Indeed, injectable viscous hydrogels,
as opposed to preformed scaffolds, can fill and mold to the
shape of a contusion SCI without requiring tissue removal and
losing reparative activity and can act as a physical support to
bridge the lesion and also integrate itself with the native tissue
[4, 17]. Additionally, hydrogels can also be engineered for en-
hanced cell viability and neuronal regeneration, in particular,
by mimicking the native tissue environment.

Given these considerations, we hypothesize that an injectable
electroconductive hydrogel (ECH) formulation, designed to
mimic the native bioelectrical environment of neural tissue
and combined with hiPSC-derived cortical neurons, could
offer a more advanced and patient-specific regenerative ap-
proach for addressing SCI. The ECH formulation offers the
unique advantage of not only recapitulating the native bio-
electrical microenvironment, but also promoting cell-to-cell
communication and synaptic function [3, 4, 18]. Additionally,
it provides a suitable platform for therapeutic localized electri-
cal stimulation to enhance functional neuronal growth [3, 19].
Despite the significant potential and numerous advantages
of injectable ECHs in soft bioelectronics, along with recent
advancements in synthesis and characterization techniques
as reviewed by Pefias-Nuiiez et al. [20], there have been few
studies specifically focusing on the application of ECHs for
spinal cord repair (SCR). However, recognizing their immense
potential, research efforts employing ECHs for SCR have
gradually increased in the last few years, with some studies
demonstrating the benefits of electrical stimulation and com-
bining it with ECHs for enhancing functional recovery after
SCI [21-25]. Readers are also referred to elsewhere for a de-
tailed overview on ECHs for SCR [26]. Notably, few studies
have investigated the combination of ECHs with cell therapy
for SCR [21, 27-30], a strategy that holds the potential for su-
perior functional outcomes by harnessing the synergistic ef-
fects of both approaches. Further development and a deeper
understanding of these synergistic impacts remain areas for
ongoing research.

However, as mentioned earlier, fate-restricted, postmitotic
matured neuronal cells with long axonal processes are highly
mechanosensitive and cannot multiply and therefore, have
limited efficacy in cell therapy applications. iPSC-derived
neuronal cells have been previously demonstrated to gener-
ate functional neural networks with a good cell survival rate
when encapsulated within bioactive but passive (nonconduc-
tive) hydrogels [8, 16, 31, 32]. Few conductive scaffolds were
previously demonstrated to drive neurogenesis from iPSCs,
while none showed any neural network formation [18, 33, 34].
In contrast, only one study reports hyaluronic acid based ECH
incorporated with carbon nanotube and polypyrrole for en-
hanced neurogenesis of iPSC-derived neurons [35]. Therefore,
appropriately designing the ECH formulation with the neces-
sary bioactivity, mechanical properties, shear-thinning char-
acteristics, and thixotropic behavior is crucial to ensure the
survival of this specific cell type and facilitate the effective
integration needed for functional neural network formation.
Poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate)
(PEDOT:PSS) is one of the widely investigated conductive poly-
mer for neural interfacing and nerve repair, owing to its flex-
ibility similar to plastics and excellent electronic conductivity
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(~200S/cm) similar to metals [36, 37]. PEDOT:PSS alone has
been shown to form injectable hydrogels [38] and demon-
strated good biocompatibility [39]. Interestingly, PEDOT:PSS
has been demonstrated to exhibit mixed ionic and electronic
conductivity in a hydrated environment and therefore, can
match effectively with the ion transport in biological tissues
[40, 41]. To enhance bioactivity and tissue adhesiveness,
PEDOT:PSS has been combined with various bioactive mol-
ecules and biopolymers, such as polyethylene glycol-peptide
[42], alginate [43], carboxymethyl cellulose-dopamine [44],
gelatin or gelatin methacryloyl (GelMA) [45-48], heparin [49],
and SF [50-52]. While most of these PEDOT:PSS based hydro-
gels were assessed with cell types other than neural cells, only
few of the PEDOT-based hydrogels, which were combined with
gelatin and GelMA were assessed with dorsal root ganglion
[47] and primary rat neocortical astrocytes [48]. Recently, Gao
et al. developed a 3D bioprinted scaffold composed of GelMA,
hyaluronic acid, and PEDOT, loaded with rat neural stem cells
(NSCs) [53]. Their study demonstrated that this conductive
hydrogel formulation, combined with NSCs, enhanced neural
regeneration, reduced glial scarring, and promoted improved
myelination in a rat SCI transection model. Similar studies
were also reported by Song et al. who developed PEDOT/gel-
atin/polyethylene glycol based rat NSC laden 3D bioprinted
hydrogel scaffold for improved functional recovery after SCI
with reduced glial scar formation [54, 55]. Though the investi-
gation of PEDOT-based ECHs for SCR applications has begun
recently; however, a minimally invasive approach has yet to
be explored. PEDOT-based ECHs have been also largely un-
derexplored with hiPSC-derived neural cells. A single study
reported by Feig et al. encapsulated hiPSC-derived neural
progenitor cells (NPCs) within PEDOT:PSS based injectable
granular hydrogel and showed their viability till 5days [56].
However, this study has not assessed the neural network for-
mation ability or hiPSC-derived astrocyte viability within the
hydrogel.

Therefore, in the present work, we utilize Bombyx mori SF, a
high performance naturally derived protein with excellent bio-
compatibility, and tunable biodegradability to develop conduc-
tive hydrogels blended with PEDOT:PSS [57-59]. SF consists
of unique amino acid sequences of large hydrophobic regions
(AGSGAGA) separated by smaller hydrophilic regions, in-
cluding some highly reactive amino acids like lysine, tyrosine,
serine, aspartic acid, and glutamic acid [60, 61]. The unique
hydrophobic-hydrophilic amino acid sequence makes it prone
to self-assembly of its hydrophobic regions, resulting in in situ
gelation in response to temperature changes, mechanical/
shear forces, or even electric fields [57, 58]. Due to the reactive
amino acids, SF can also be modified to tailor its physicochem-
ical properties [60, 61]. The unique hydrophobic-hydrophilic
amino acid sequence makes it prone to self-assembly of its hy-
drophobic regions, resulting in in situ gelation in response to
temperature changes, mechanical/shear forces, or even elec-
tric fields [57, 58]. Taking this unique advantage, an inject-
able ECH has been prepared blending SF with PEDOT:PSS
using a cross-linker free strategy. There have been concerns
regarding the cytocompatibility of PEDOT:PSS, primarily due
to its hydrophilic PSS chains, which can degrade or delami-
nate from PEDOT chains in an aqueous environment, lead-
ing to cytotoxic effects [37, 62, 63]. Hence, PEDOT:PSS was

modified by 3% (v/v) hydrolyzed silane cross-linker, namely
(3-glycidyloxypropyl)trimethoxysilane (GoPS) and poly(eth-
ylene glycol)diglycidyl ether (PeGDE). Modifying PEDOT:PSS
with PeGDE previously resulted in a highly hydrophilic scaf-
fold with improved stability and conductivity [64]. While
modification of GoPS was reported to reduce the conductivity
of PEDOT:PSS, the resultant formulation demonstrated good
biocompatibility [65]. Recently, GoPS-modified PEDOT:PSS
was used to fabricate an ultra-comfortable nerve cuff for long-
term interfacing with peripheral nerves, indicating the poten-
tial functional applications of GoPS-modified PEDOT:PSS in
soft bioelectronics [66]. Nevertheless, the ECH formulations
prepared with these unmodified and modified PEDOT:PSS
variants were evaluated for their injectability and mechanical
behavior, followed by cytocompatibility testing with C3H10
mouse embryonic fibroblasts. After optimizing the composi-
tion of the ECHs, they were further tested for mechanical sta-
bility, rotational rheometry, and electroconductivity including
biodegradability and microstructural features. hiPSC-derived
mature cortical neurons and astrocytes were encapsulated
within the silk-based ECHs to confirm cell survival, and neu-
ronal network formation was assessed after 7days of culture
using B(III) tubulin staining. The results demonstrate the po-
tential of this approach for functional neural network forma-
tion in SCI treatment.

2 | Materials and Methods
2.1 | Materials

Degummed Bombyx mori silk fibers were received from Institute
of Advanced Study in Science & Technology, Guwahati, India.
Lithium bromide (LiBr) and high conductivity grade poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
were purchased from Sigma-Aldrich. The majority of cell cul-
ture reagents including neurobasal medium, DMEM/F-12,
fetal bovine serum (FBS), N-2 supplement, MEM nonessential
amino acids (NEAA), f-mercaptoethanol, B-27 supplement,
GlutaMAX, and penicillin-streptomycin (Pen-Strep) were ac-
quired from Thermo Fisher Scientific. Dulbecco's Modified
Eagle’s Medium (DMEM) with low glucose for C3H10 cell cul-
ture was obtained from Sigma-Aldrich. The C3H10 T1/2 cell
line was purchased from ATCC for initial evaluation of the ma-
terials' cytocompatibility. Calcein AM and ethidium monoazide
bromide (EMA) were obtained from Cambridge Bioscience.
Purified anti-tubulin $ 3 (TUBB3) antibody (BL-801202) was
obtained from BioLegend.

2.2 | Extraction of SF

Degummed silk fibers were digested in a 9.3M LiBr solution at
60°C for 4h. Typically, a 9.3M LiBr solution was used to dis-
solve 5g of degummed silk fibers, with a 1:4 ratio of silk to LiBr
(i.e., 1g of silk fibers in 4mL of LiBr solution) [59]. The highly
viscous SF solution was then dialyzed in distilled water for 48h
using a 12kDa cellulose membrane (Sigma-Aldrich), with regu-
lar water changes every 8h at room temperature. The dialyzed
SF solution was then subjected to centrifugation at 5000 rpm for
10min at 4°C to eliminate any undissolved particulates. The

3 0of 21

85U80|7 SUOWIWOD 3A 8.0 (o (dde aLp Aq peusenob afe sajoie YO ‘8sn J0 Sa|nJ Joy AriqiT8uIUO 8|1 UO (SUOIPUOD-pUe-SW.l /W00 A3 1M Afe.q 1 [eul|uo//Sdny) SUORpPUOD pue swie 1 8y} 89S *[5202/50/90] o Ariqiaulluo A8|Im ‘uligna aBe|j0D AnuliL Aq 658, 'Wq(/200T 0T/10p/w00 A8 1w AreIq1ul|uo//Sdny WOy papeojumoq ‘T ‘SZ0Z ‘G9672GST



concentration of the regenerated protein was calculated using
the gravimetric method and then stored at a temperature of 4°C
until it was ready to be used for subsequent experiments.

2.3 | Pre-Stabilization of PEDOT:PSS

To prevent the possible dissociation of PSS chains in aque-
ous environment [37, 63], commercially available 1.1wt%
PEDOT:PSS solution was modified with a hydrolyzed silane
cross-linker, namely 3-GoPS and PeGDE (Figure 1A), follow-
ing previous reports with slight modification [62]. Briefly,
3% (v/v) of GoPS was mixed with the PEDOT:PSS solution
and subjected to 1hour of sonication using a probe sonica-
tor (VCX 130, Sonics & Materials Inc., USA) followed by

A PEDOT:PSS B

PEDOTPeG

PEDOT/PEDOTGoP/

heating at 100°C for another 1h. Previous studies have modi-
fied PEDOT:PSS films or sponges using GoPS, with the cross-
linking process requiring annealing at 140°C for 30-60 min
[62, 65, 67, 68]. GoPS reacts with the negatively charged
sulfonate groups (—SO3") in the PSS chains of PEDOT:PSS
through ring-opening reactions of its epoxy groups, which
requires overcoming a certain activation energy barrier
(Figure S1). Therefore, a heat treatment is a critical step to
induce this covalent cross-linking [68, 69]. GoPS has a boil-
ing point of 120°C, which means that PEDOT dispersions
modified with GoPS exhibit a higher boiling point compared
to pure water, consistent with previous reports [70, 71]. The
beaker was covered during heating to prevent any evapora-
tion. PEDOT:PSS solution was also modified using 3% (w/v)
PeGDE to enhance its long-term stability. To obtain a uniform

3 wt% Silk fibroin

pH neutralization Incubation at 37°C
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FIGURE1 | (A) Schematic of PEDOT:PSS pre-stabilization using GoPS and PeGDE. (B) Representative preparation process of SF/PEDOT:PSS
based conductive hydrogel highlighting the role pH adjustment step, which delayed the gelation process resulting in flexible injectable hydrogel,

while without pH adjustment (at acidic pH) stiff, non-injectable hydrogel is formed. (C) Gelation of different variants of electroconductive hydrogels

(ECHs) under incubation at 37°C for 20 min, showing inversion test results and their injectability with representative visual images.
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mixture, PEDOT-PeGDE solution was also probe sonicated for
1h. The GoPS and PeGDE modified PEDOT:PSS variants are
denoted as PEDOTGoP and PEDOTPeG, respectively.

2.4 | Preparation of Injectable SF/PEDOT:PSS
Based Conductive Hydrogel

The scheme of preparation of SF/PEDOT:PSS hydrogels is
shown in Figure 1B. Briefly, the pH of unmodified and mod-
ified PEDOT:PSS variants were neutralized prior to mixing
with SF solution. Commercially available PEDOT:PSS vari-
ants are acidic in nature (pH < 4), which interacts aggressively
with SF solution, resulting in an inhomogeneous and phase-
separated hydrogel formulation, which are not practically
injectable (Figure S3). The increased protonation of lysine res-
idues (i.e., =NH,*) in SF at low pH leads to strong Coulombic
electrostatic interactions with the negatively charged sulfon-
ate groups (i.e., —SO;7) in the PSS of PEDOT:PSS, causing
rapid gelation [58, 72]. In contrast, at neutral pH, the partially
deprotonated carboxyl groups (—COO~) in SF show electro-
static repulsion with the negatively charged SO; groups of
PSS, which may contribute to the slower gelation process
[58]. Hence, pH neutralized PEDOT:PSS variants were mixed
with 2 or 3wt% of SF solution and incubated at 37°C for
20-30min hydrogel formation. Previously, 0.52% PEDOT:PSS
was reported to be toxic to embedded cells within its hydro-
gels [73]. Therefore, two concentrations, namely 0.06 and
0.12wt% of different PEDOT:PSS variants, that is, unmodi-
fied PEDOT:PSS, PEDOTGoP, and PEDOTPeG were used for
fabricating the ECHs. The different ECHs codes are described
in Table 1.

2.5 | Physicochemical Characterization
2.5.1 | Gelation Kinetics Study

Gelation kinetics were assessed in terms of change in ECH
turbidity using UV-Visible absorption spectroscopic method
as reported elsewhere [58]. 200uL of different ECHs variants
(Table 1) including pure SF solution were incubated in a covered
96 well plate at 37°C and absorbance at 550 nm was recorded at
every 3min up to 26 min and then, at 5min interval up to 70 min
using a multiplate-reader (Synergy HT Multi-Mode Microplate
Reader, BioTek Instruments, USA) equipped with temperature
control. Pure SF (3wt%) was used as a control. The process of ge-
lation of SF results in the formation of a varied microstructure,

TABLE1 | Sample codes with their composition.

which in turn leads to an elevated level of light scattering within
the visible range. This ultimately leads to an increase in turbid-
ity, resulting in an increase in absorbance at 550nm. The gela-
tion time point (when the solution begins to gel) was identified
as the time point when the average absorbance reached half of
its maximum value, while the gelation process was considered
complete when the absorbance stabilized at a saturated level
[58, 74].

2.5.2 | FT-IR Spectroscopy

The secondary structure of the various ECHs was investi-
gated using FT-IR Spectrum 100 with ATR (Perkin Elmer).
Transmission and absorption spectra of freeze-dried ECH scaf-
folds were recorded within a spectral range of 4000-650cm™" ata
1cm~!interval and 16 scans. To determine different components
of SF secondary structure, amide I regions (1705-1590cm™)
of the absorption spectra of all the samples were analyzed fol-
lowing a protocol reported elsewhere [57, 58]. Briefly, second
derivative spectra was extracted from sample absorption spec-
trum by using a third degree polynomial function with a 9-point
Savitski-Golay smoothing function, which was then subjected
to Gaussian peak deconvolution method using OriginPro 2024
software [57, 58]. Briefly, second derivative spectra was extracted
from sample absorption spectrum by using a third degree poly-
nomial function with a 9-point Savitski-Golay smoothing func-
tion, which was then subjected to Gaussian peak deconvolution
method using OriginPro 2024 software. The average percent
composition of fibroin secondary structures including {3 sheet
structure (indicator for silk gelation) was calculated by integrat-
ing the area of each deconvoluted curve and then normalizing
to the total area of the amide I region. The peaks in the range of
1695-1700, 1666-1685, 1650-1660, 1635-1645, 1610-1635, 1600—
1610cm™! are attributed to different SF secondary structures
such as antiparallel 8 sheet, loops or turns, a helices, random
coils, parallel 8 sheet, and side chains, respectively [57, 58, 75].

2.5.3 | Compression Test

The mechanical properties of different ECHs were evaluated in
terms of their uniaxial unconfined compressive strength using a
Zwick Universal testing machine mounted with a Zwick 200 N
load cell (Zwick Roell, UK). Hydrogel samples, 1h post-gelation,
were cut into cylindrical shape with a dimension of 5x5mm
and compression was conducted with a preload of 0.1N and at
a compression rate of 0.1 mms~! up to 80% compression strain

PEDOT:PSS variants

Concentration (Wt%) Sample code of ECHs

Silk fibroin (SF) PEDOT:PSS
PEDOTGoP

PEDOTPeG

0.06 SF/PEDOTO06
0.12 SF/PEDOT12
0.06 SF/PEDOTO06GoP
0.12 SF/PEDOTO06GoP
0.06 SF/PEDOTO06PeG
0.12 SF/PEDOT12PeG
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at room temperature. The compressive modulus was calculated
as the slope of the linear elastic region of the stress—strain curve.
For confirming the mechanical stability in aqueous environ-
ments, ECHs were incubated in 1X phosphate buffer solution
(PBS, pH=7.4) for 24h prior to the compression test. All mea-
surements were carried out for n =3 samples per group.

2.5.4 | Rheological Assessment

All silk-based hydrogel formulations were evaluated for viscos-
ity, dynamic viscoelastic behavior, and structural recovery under
shear stress through rotational shear rheometry using an Anton
Paar MCR102e rheometer. The hydrogel samples were assessed
1h post-gelation with dimension of 8mm diameter and 5mm
height at a physiological temperature (37°C). Viscosity tests were
performed across a shear rate range of 0.1-250s~! encompassing
21 datapoints. For amplitude measurements, shear strain from
0.01% to 100% was applied over different silk-based hydrogels at
an angular frequency of 10rads™!. The change in storage (G’) and
loss (G'") modulus was displayed against changing shear stress
to find out the flow point (crossover of G’ and G'’). The three
interval time thixotropy (3ITT) test was conducted to assess the
hydrogel's ability to recover its structural integrity. The 3ITT test
measures viscosity during three consecutive shearing intervals as
a function of time to determine how much of the initial viscos-
ity can be recovered and the time required for recovery. Ideally,
an injectable or printable material should flow instantly under
stress and regain its viscoelastic properties once the stress is re-
moved. In this test, the first interval measures the viscosity of the
viscoelastic fluid at low shear, followed by a high shear interval
to simulate structural breakdown under conditions such as those
experienced at the walls of a printing nozzle. Finally, the viscos-
ity is measured again at a low shear interval to monitor structural
recovery. For injectable or printable materials, a good recovery
parameter is considered to be at least 80% of the original struc-
tural properties, ensuring sufficient layer stacking ability while
maintaining the material's initial mechanical characteristics
[76]. In this test, the hydrogel samples were first subjected to a
low shear strain of 1% at 1 Hz for 120s (1st interval), followed by
a high shear strain of 500% at 1Hz for 120s (2nd interval), and
finally the stress was released with a shear strain of 1% at the
same frequency for 240s (3rd interval).

2.5.5 | Conductivity Test

Electrical conductivity of different ECHs was tested using a
source meter (Keithley 2400, Tektronix, USA) in customized
two probe set up. Hydrogel samples were positioned between
two parallel brass plates and current-voltage (I-V) characteris-
tics were recorded under potential sweep from —1 to +1V range
at an increment of 40mVs~!. The measurement was conducted
with the hydrogel samples with an approximate dimension of
5x5mm (diameter and height).

The conductivity (o) of various samples was determined using
the following formula:

Here, R and A are the resistance and area of the sample, whereas
L is the distance between the two probes of the source meter.

I-V measurement was also performed with the freeze-dried
scaffolds of the various SF/PEDOT-based ECHs within a po-
tential sweep from —1 to +1V to differentiate the inherent
electronic conductivity of PEDOT:PSS from the ionic contri-
bution, that observed in case of the hydrogel samples. The
conductive ability of the ECH samples was also tested by pow-
ering a blue LED (50-70 mW) through them using a bread-
board setup. All measurements were carried out for at least
n =3 samples per group.

2.5.6 | Electrochemical Impedance Spectroscopy (EIS)

Samples were prepared for EIS by applying 20 uL of each gel to
a polished glassy carbon (GC) electrode with an inner diameter
of 3mm. Swagelok three-electrode cells were assembled using
the as-prepared gel on GC as working electrode; YP-50 activated
carbon (Kuraray) with 10% polytetrafluoroethylene (PTFE)
binder (Sigma) as the counter electrode; Ag/AgCl as the refer-
ence electrode; cellulose filter membrane (Whatman) as the
separator; and 10x PBS (Fisher) as the electrolyte. EIS spectra
were obtained using a BioLogic VMP 300 potentiostat at open
circuit voltage, from 1 Hz to 100kHz, averaging three points per
frequency, with an amplitude of 10mV.

2.5.7 | Enzymatic Degradation Study

In vitro biodegradation behavior of the silk-based conduc-
tive hydrogels was evaluated in presence of protease XIV
from Streptomyces griseus (Sigma-Aldrich, >3.5Umg™!) at
37°C to determine their stability in physiological conditions.
Protease XIV can effectively break down the 3-sheet crystal-
line structures in SF and therefore, widely used for assessing
biodegradation of silk-based biomaterials [19]. In brief, var-
ious hydrogel samples were incubated in PBS with 2UmL™!
of protease XIV in a 35x10mm Petri dish separately. The
initial weight of each hydrogel sample along with the Petri
dish (excluding the proteolytic solution) was recorded. The ex-
periment lasted until Day 31, with the enzyme solution being
refreshed at every 3days. During each solution change, the
weight of each sample (including the vial) was recorded after
rinsing the hydrogel samples with distilled water very care-
fully. Care was taken to prevent any mass loss due to mechani-
cal stress during handling. For instance, forceps were not used
to lift the hydrogel; instead, after washing the hydrogel, the
remaining solvent was gently absorbed using tissue paper to
minimize damage.

The percentage of remaining mass after incubation was calcu-
lated using the following formula:

Mass in time’t’ (in mg)

— X 100%
Initial mass

% Mass remaining = Initial mass —

A control study by incubating the hydrogel samples in phosphate
buffer saline (PBS, pH=7.4) at 37°C was carried out simultane-
ously for the same period and mass loss profile was evaluated.
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2.5.8 | Swelling Study and Microstructural Evaluation

Swelling ratio is an important parameter, which indicates hy-
drogel network hydrophilicity as well as relative cross-linking
density. Mass swelling ratio of different silk-based hydrogels
were determined following a protocol described by Caliari et al.
[77]. In summary, all hydrogel samples were incubated in 1x
PBS (pH7.4) at 37°C for 24h to achieve equilibrium swelling.
The wet weight (M) was then recorded after gently removing
the excess solvent. The hydrogel samples were subsequently
lyophilized, and the dry weight (M) was measured. The mass
swelling ratio was calculated, which is defined as M, /M.
Subsequently, the microstructure of the lyophilized hydrogel
scaffolds was assessed using scanning electron microscopy
(Zeiss ULTRA plus) to correlate the observed swelling property.

2.6 | Cell Culture
2.6.1 | C3H10 Cell Culture

C3H10 T1/2, Clone 8, mouse embryonic fibroblasts were ob-
tained from ATCC. The cells were cultured in growth media
consisting of low-glucose DMEM with 10% v/v FBS and 2% v/v
Pen-Strep, maintained at 37°C with 5% CO,. The cells were pas-
saged every 3days or upon reaching 80% confluency.

2.6.2 | Human iPSC Neuronal Culture

The human iPSC line, KOLF2.1J used in this study was pur-
chased from the Jackson Laboratory [78]. Culturing of iPSC
prior to differentiation was performed on vitronectin (VTN;
0.5ugcem~2; Thermo Fisher Scientific, USA) with complete
Essential 8TM flex media (E8; Thermo Fisher Scientific, USA).
Detachment for passaging and seeding was accomplished using
ethylenediaminetetraacetic acid (EDTA; 0.5mM; 1 mL; Thermo
Fisher Scientific, USA) [13]. iPSCs were patterned toward a cor-
tical fate as previously described, using neural maintenance
media (NMM, full composition in the Table S1) supplemented
with SMAD inhibitors SB431542 (10 uM; Bio-Techne, USA) and
LDN193189 (100nM; Sigma-Aldrich, UK) for 10days [10-12].
The NPC population at present is maintained in NMM following
the initial passaging on Day 11 onto poly-L-ornithine/laminin-
coated plate. Between Day 11 and 20, the NPCs are confirmed
as a pure neuronal population through immunocytochemistry.
Cortical neurons were derived by culturing NPCs in a six-well
plate without passaging for 2weeks. Following this period, the
cortical neurons were ready for experimentation. In this study,
cortical neurons from Day 50 to Day 60 cultures were utilized.

For cortical astrocytes, the NPC population cultured in NMM
from Day 30 was subjected to cortical astrocyte progenitor pat-
terning. This is accomplished by changing the media to ASTRO
media (full composition in the Table S2) supplemented with
epidermal growth factor (EGF, 20ng/mL; Sigma-Aldrich, UK)
and human leukemia inhibitory factor (hLIF, 20ngmL~!; Novus
Biologicals) and passaging onto Geltrex (1x; Thermo Fisher
Scientific, USA) plates [9]. Terminal differentiation to mature
cortical astrocytes takes place from Day 80 to Day 120. This

process involves replacing the EGF and LIF containing ASTRO
media to ASTRO media supplemented with BMP4 (20ngmL~;
BioLegend) and hLIF (20ngmL™) for 7days followed by 3 days
in ASTRO media without factors. After this 10-day process, ma-
ture cortical astrocytes were used for experimentation with the
hydrogels.

2.7 | Live/Dead Assay

Preliminary  biocompatibility = of = SF/PEDOTO06, SF/
PEDOTO06GoP, and SF/PEDOTO06PeG was tested by seeding
C3H10cells on the surface of hydrogels at a density of 2 x 10° cells/
well. Pristine SF solution as well as the different PEDOT:PSS
variants were sterilized by autoclaving them for 15min, fol-
lowed by 1h of UV treatment. For cell seeding on the surface,
a thin hydrogel layer was formed over a cover slip of 10mm
diameter (thickness: 0.13mm). C3H10 cells were also encapsu-
lated within different hydrogel samples at density of 2 x 107 cells/
mL and deposited over a 10 mm cover slip (thickness: 0.13 mm).
Viability of cells seeded on the surface and encapsulated within
the hydrogels was assessed by live/dead assay after 3 and 6days
of culture, respectively. Cells were stained using 2pL/mL EMA
and 0.5uLmL™! calcein AM in PBS, followed by an incubation
for 45min at 37°C and 5% CO,,.

Live/dead staining was also performed to determine the viability
of hiPSC-derived neurons and astrocytes, embedded in different
hydrogel samples over 3days. Matured iPSC-derived astrocytes
and neurons were encapsulated within different hydrogels at
densities of 3x 107 and 2 x 10°cellsmL~}, respectively. Live/dead
imaging was acquired using Olympus fluorescent microscope.

2.8 | B(II) Tubulin Immunostaining

To confirm the typical neuronal characteristics including visual-
ization of development of axon and dendrites of the matured iPSC-
derived neurons encapsulated within various ECHs, cells were
stained using neuronal marker- anti-B(III) tubulin (BL-801202,
BioLegend) after 7days of culture. Thin hydrogel layers were pre-
pared on cover slips (Karl Hecht Cover Slips, 12mm diameter,
0.13mm thickness), with cells embedded in them. The samples
were rinsed with 1x PBS thrice and fixed with 4% paraformalde-
hyde (PFA) for 25min at room temperature, followed by washing
with PBS. The cells were blocked and permeabilized using 10%
FBS in PBS containing 0.3% (v/v) Triton X-100 (Sigma-Aldrich) for
2h. Cell laden ECHs were incubated with 5ug/mL of anti-B(III)
tubulin (1:1000) using 2% BSA in 1x PBS containing 0.06% Triton
X-100 and incubated at 4°C for overnight. Subsequently, the sam-
ples were washed three times for 10min each with PBST (1x
PBS containing 0.02% Triton X-100), followed by incubation with
4pg/mL of secondary antibody goat anti-mouse IgG H&L Alexa
Fluor 488 (Abcam, ab150113) in PBST for 2h in the dark at room
temperature. Cells were counterstained with 1ug/mL of DAPI
(1:2000) in PBST for nucleus for 15min. Once the staining process
was completed, cell laden hydrogels together with the coverslips
were mounted on glass slide and fixed using prolong gold anti-fade
solution and were visualized under a Leica SP8 scanning confocal
microscope and representative images are presented.
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2.9 | Statistical Analysis

All tests with a minimum of n=3 were replicated. Statistical
analysis was performed using GraphPad Prism 10 software.
Students t-test, One-way or two-way analysis of variance
(ANOVA) analysis were used where appropriate to evaluate the
statistical significance. For multiple comparisons, Tukey's test
was performed along with ANOVA. Statistical significance was
defined at p <0.05. Results are presented as mean + standard de-
viation (SD) or mean +standard error of the mean (SEM).

3 | Results and Discussion

3.1 | Fabrication of SF/PEDOT:PSS Based
Injectable Conductive Biomimetic Hydrogel

The main goal of this study was to develop a highly conductive
hydrogel, mechanically robust yet flexible, that has suitable
bioactivity to facilitate the formation of functional neuronal
networks among encapsulated iPSC-derived neurons. For this,
we chose highly bioactive SF blended with electroconductive
PEDOT:PSS to fabricate an injectable ECH. There are practical

concerns associated with hydrophilic PSS chains in PEDOT:PSS,
which can be degraded or dissociated from PEDOT chains under
aqueous environment, causing cytotoxic effects [37, 63, 73].
Hence, PEDOT:PSS was modified by 3% (v/v) GoPS and PeGDE
(Figure 1A). The incorporation of GoPS into PEDOT:PSS was
confirmed from the GoPS specific vibrational band around
1100cm~! (Si—0—Si) in the FT-IR spectra of PEDOTGoP
(Figure S2) [79], while the strong peaks at 2872 and 1081 cm™!
corresponding to —CH stretching and ether bonds showed suc-
cessful modification of PEDOT:PSS with PeGDE (Figure S2) [62].

SF, owing to its unique composition of large hydrophobic do-
mains separated by smaller hydrophilic regions, can undergo
self-assembly of the hydrophobic domains under temperature
change and thus form parallel/antiparallel 8 sheets leading to
in situ gelation [57, 58]. SF has previously been demonstrated
to undergo accelerated gelation when blended with an anionic
or a negatively charged agent, or an amphiphile such as tanic
acid [80], sodium dodecyl sulfate (SDS) [74], and sophorolipid
[72, 81]. PEDOT:PSS exhibits similar chemical characteristics, in
addition to conductivity, with hydrophobic PEDOT chains and
hydrophilic PSS, which is also negatively charged due to sul-
fonate groups (SO,~). Therefore, SF was observed to gel faster
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FIGURE 2 | Physicochemical and biocompatibility of silk-based ECHs. (A) Gelation kinetics at physiological conditions (37°C, neutral pH) pre-

sented in terms of absorbance displayed by different silk-based hydrogels with time. (B) FT-IR spectra of freeze-dried scaffolds of pure silk hydrogel
and different variants of ECHs, as indicated. (C) Amide I peak deconvolution results showing relative percent of various silk fibroin secondary struc-
tures, as labeled (parallel § sheet content is highlighted). (D) Mechanical property of different ECHs with 0.06 and 0.12wt% of PE, showing their
compressive modulus (elastic modulus). (E) Live/dead imaging results showing viability of C3H10 cells, cultured on the surface of different ECHs for
3days (upper panel) and embedded within the gels after 6 days (lower panel). Live and dead cells appear green and red, respectively. **p <0.01 and
*p<0.05 in (D). Data were mean = SD (n=3). Scale bar=100um (E).
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when blended with different variants of PEDOT:PSS at 37°C,
when compared to pristine SF (Figure 2A). In fact, gelation oc-
curs instantly under low pH conditions. Commercially available
PEDOT:PSS variants are generally acidic in nature (pH <4). The
addition of acidic PEDOT:PSS enhances the protonation of lysine
residues in SF. This, in turn, strengthens the electrostatic interac-
tions between the protonated amino groups of SF and the nega-
tively charged sulfonate groups of PSS in PEDOT:PSS. As a result,
highly inhomogeneous, phase-separated hydrogels are formed,
which are not practically injectable (Figure S3). Therefore, the
pH of the different PE variants was neutralized by adding NaOH
prior to mixing with SF solution, which allows sufficient time-
frame to achieve a uniform, homogeneous SF/PEDOT hydrogel
(Figure 1B). The potential reason for this delayed gelation could
be decreased protonation of lysine residues. While these residues
can still interact electrostatically with the SO,~ groups of PSS,
the interaction is less extensive compared to that under acidic
conditions. Furthermore, the partial deprotonation of carboxylic
groups in SF might cause electrostatic repulsion with the neg-
atively charged PSS chains, potentially delaying the hydropho-
bic interactions required for gelation for approximately 20 min.
The silk blends with various PEDOT:PSS variants formed gels
after being incubated at 37°C for 20min, as confirmed by the
inversion test (Figure 1C). This is also consistent with gelation
kinetics study that indicated the initiation of gelation process
of SF/PEDOT formulations at 5-11 min after mixing (Table S3).
Additionally, the resulting ECHs exhibit good injectability when
tested with a 22 G needle. However, SF/PEDOTPeG ECHs ap-
peared to be softer as compared to the other variants after 20 min
(during inversion test), potentially due to the delayed gelation ki-
netics (Figure 2A, Table S3). An important observation from the
gelation kinetics study was that; similar to previously reported
amphiphiles, various PEDOT:PSS variants also induced acceler-
ated gelation of SF even at neutral pH. All SF/PEDOT formula-
tions started gelation approximately 5-11 min after mixing, with
the process concluding within 30-45min as indicated by satu-
rated absorbance (Figure 2A, Table S3). In contrast, the gelation
time was approximately 35min in pristine SF solution (3wt%),
before achieving maximum absorbance at around 60 min.

The major constituent of the ECHs was found to be SF, as evi-
denced by the FT-IR spectra of the various ECHs, which displayed
strong characteristic SF bands for amide I, II, and III cantered
around 1620, 1513, and 1235cm™}, respectively (Figure 2B) [82].
Particularly, the appearance of strong band at 1620cm™! in all
the ECHs corresponds to the $-sheet of SF, indicating successful
gelation [57]. Conversely, characteristic peaks for PEDOT:PSS,
such as C=C stretching in the thiophene ring of PEDOT (~1502-
1557cm™1), C=C stretching in the aromatic rings of PSS (~1601-
1659 cm™'), and symmetric and antisymmetric stretching of S=0
(~1162 and ~1059 cm™!, respectively) [83-85], seen in the FT-IR
spectra of different PEDOT:PSS variants (Figure S2), mostly
overlapped with the SF peaks in the FT-IR spectra of the ECHs
(Figure 2B) [82]. The effect of accelerated gelation on the second-
ary structures of SF, due to the addition of different PEDOT:PSS
variants, was assessed through peak deconvolution of the highly
sensitive amide I region (Figure S4). The relative percentages of
various secondary structures are presented in Figure 2C. The
results show a relatively higher 8-sheet content (~60%-66%) in
the different ECHs compared to pure SF (~59%). Additionally,
the ECHs with modified PEDOT:PSS variants (SF/PEDOT06GoP

and SF/PEDOTO06PeG) exhibited higher -sheet content com-
pared to SF/PEDOTO06. Interestingly, the relative percentage of
a-helices was reduced in the ECHs with modified PEDOT:PSS
variants. Thus, the increase in -sheet content and reduction in
a-helices content collectively suggest improved gelation in terms
of homogeneity and uniformity of the resulting ECHs. This has
particular implications in the flow behavior of the ECHs, which
is discussed in the subsequent sections. Although the relative 3-
sheet percentage in the ECHs with modified PEDOT:PSS vari-
ants was higher, we did not observe an increase in their stiffness
constant or compressive fus compared to the ECHs with un-
modified PEDOT: PSS (Figure 2D). This finding contrasts with
previous reports suggesting that an increase in f3-sheet content
correlates with enhanced stiffness [86]. However, overall, all
ECH variants exhibited significantly higher compressive modu-
lus (~100-230kPa) than pure silk hydrogel (~42.94+13.11kPa)
(Figure S5), which also had higher f-sheet content, aligning
with previous findings [86]. The discrepancy between the FT-
IR analysis and compression test results likely arises from the
different types of samples used for these analyses. FT-IR mea-
surements were conducted on freeze-dried hydrogel scaffolds,
while compression tests were performed on hydrogel samples
1hour post-gelation. The reduced compressive modulus of the
ECHs with GoPS modified PEDOT:PSS variants also indicated
improved flexibility, which is essential for good injectability. As
mentioned earlier, our goal is to develop a mechanically robust
yet flexible conductive biomimetic hydrogel that can support the
formation of neuronal networks by embedding iPSC-derived
neuronal cells. Given that neuronal differentiation of iPSCs is
complex, time-consuming, and expensive, it is essential to first
assess the biocompatibility of the materials. To this end, we cul-
tured C3H10 mouse embryonic fibroblasts on the surface of dif-
ferent ECH variants and assessed cell viability using live/dead
staining after 3days (upper panel in Figure 2E). Representative
live/dead images show elongated and spreading morphology
of fibroblasts on SF/PEDOT06GoP and SF/PEDOTO06, while
the cells on SF/PEDOTO06PeG appeared round and stressed.
Additionally, live/dead imaging results revealed that cells encap-
sulated within the ECHs showed healthier, spreading morphol-
ogy in SF/PEDOT06GoP compared to SF/PEDOTO06PeG, with
SF/PEDOTO06 demonstrating slightly better cell behavior overall
(lower panel in Figure 2E). The findings highlight the potential
toxicity issue associated with SF/PEDOTO06PeG group, while
some other reports suggested low cytotoxicity or improved cell
viability of PeGDE cross-linked conductive scaffolds including
PEDOT:PSS [62, 87]. Studies that reported improved cell viability
typically evaluate PeGDE cross-linked PEDOT:PSS dry scaffolds,
noting their enhanced hydrophilicity. In contrast, the present
study uses SF/PEDOTPeG hydrogels, where PeGDE may become
more reactive in a hydrated environment, potentially leading to
undesirable side reactions and increased cytotoxicity. This expla-
nation is consistent with previous research that has highlighted
the potential toxic effects of PeGDE-based hydrogels [88, 89].

3.2 | Mechanical Stability

The ECHs are intended to be used for long-term culture of
iPSC-derived neurons to evaluate their potential for SCR in a
minimally invasive manner. This application requires the hy-
drogel network to maintain integrity and mechanical stability
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in aqueous (cell culture media) conditions. Previous studies
have shown that the strength and structure of SF can be com-
promised in aqueous environments [90]. Though this impact is
minimal in the case of silk scaffolds, hydrogels are more suscep-
tible to changes in mechanical strength due to their relatively
softer nature and swelling behavior. Cheng et al. highlighted
that water molecules weaken the hydrogen bonding between the
f-sheets in the crystalline regions of SF, leading to a weaker and
more brittle SF structure [91]. Indeed, any significant change in
mechanical behavior can ultimately affect the conductive net-
work. Therefore, a uniaxial unconfined compression test was

conducted on various silk-based hydrogels before and after a
24-h incubation in PBS. As expected, all hydrogel samples, in-
cluding pure silk hydrogel, exhibited a decrease in both com-
pressive modulus (Figure 3A,B) and strength (Figure S5) after
PBS incubation. Post-treatment, all ECHs retained compressive
modulus and strength in the range of 25-110kPa (Figure 3B)
and 170-215kPa (Figure S6), respectively. The compressive
strength of pure silk hydrogel decreased from 194.64+30.38
to 78.60+34.87kPa, and the compressive modulus also signifi-
cantly dropped from 42.94 +13.11 to 16.34 £ 5.75kPa (Figure S5).
The results suggest that even after PBS treatment, all ECHs,
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FIGURE 3 | Mechanical stability and rheological behavior. (A) Representative stress versus strain curves and (B) the corresponding compres-

sive moduli of various silk-based ECHs before and after incubation in PBS for 24 h. (C) Viscosity test results showing shear-thinning property with

increasing shear rate; (D) Amplitude sweep showing the change in the storage (G’) and loss (G'") modulus of the silk-based hydrogels with applied

stress. (E) Three interval time thixotropy (3ITT) test results depicting the dynamic viscoelastic behavior of the ECHs under low to high shear stress

and structural recoverability features. **p <0.01 and *p <0.05 in (B). Data were mean+SD (n=3).
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except SF/PEDOT12, maintain comparable elastic modulus
similar to spinal cord or neural tissue (10-60kPa) [18, 92]. While
silk hydrogels retain similar elasticity, their structural integrity
was completely compromised during the compression test, in
contrast to the relatively intact hydrogel structures of the ECHs
(Figure S7). The enhanced mechanical stability of the ECHs
compared to pure silk hydrogels can be ascribed to the poten-
tial electrostatic interactions between the negatively charged
PSS groups of PEDOT:PSS and the protonated amino groups of
SF, which contribute to the structural integrity of the hydrogel
network.

3.3 | Rheological Behavior

Rheological studies shows that the viscosity of different silk-
based hydrogels decreased with increasing shear rate, in-
dicating their non-Newtonian shear-thinning property and
thereby, validates their injectability in a minimally invasive
manner (Figure 3C). Although the viscosity of the different
ECHs were higher than pure silk hydrogel, all of them, ex-
cept SF/PEDOT12, showed similar shear-thinning behavior
with increased shear rate. The viscoelastic nature and flow
point of different ECHs were assessed with the help of am-
plitude measurement (Figure 3D). The ECHs with unmodi-
fied PEDOT:PSS variants exhibited a higher storage modulus
(3000-3500 Pa) compared to those with modified PEDOT:PSS
variants (1000-2500Pa). This finding aligns well with the
compression testing results, which demonstrated that SF/
PEDOTO06 and SF/PEDOT12 are stiffer (higher modulus) and
tougher (higher compressive strength) than SF/PEDOT06GoP
and SF/PEDOT12GoP. Notably, the ECHs with GoPS-modified
PEDOT:PSS displayed a larger linear viscoelastic region
(LVR) (10<LVR > 15Pa) compared to the unmodified versions
(0<LVR<10Pa). A larger LVR indicates that these hydrogels
can withstand greater strains or stresses while maintaining
their viscoelastic properties. Practically, this means the mod-
ified ECHs can undergo more deformation without deviating
from their linear viscoelastic behavior, indicating greater flex-
ibility. This is further supported by the compression study,
which suggested a lower elastic modulus for the ECHs with
GoPS-modified PEDOT:PSS. However, after a certain ap-
plied stress, both storage modulus (G’) and loss modulus (G"")
started to deviate from LVR and intersects each other at an
applied stress below 100Pa (Figure 3D). This intersection or
cross over point of G’ and G” is called flow point, at which a
viscoelastic solid start to display its liquid like flow behavior.
Practically, it is a measure of stress necessary to induce flow
[76]. Both the shear-thinning and amplitude sweep suggest
good injectability of the ECHs for minimally invasive appli-
cations. However, the hydrogel network undergoes structural
breakdown under injection force, which can be accompanied
by changes in chain orientation or disassembly of the polymer/
hydrogel network. For an injectable hydrogel used in tissue re-
pair applications, structural recovery is crucial. This ensures
that the injected hydrogel remains localized at the injury site
and potentially maintains the integrity of the cellular net-
work when used for cell delivery applications. Therefore, the
3ITT test was employed to uncover the dynamic viscoelastic
behavior under low to high shear stress. All ECHs exhibited

viscoelastic solid gel-like behavior (G’ > G’’) under low shear
stress during the first time interval (0-120s) (Figure 3E).
However, when subjected to a sudden increase in shear stress
in the second time interval (120-240s), they displayed fluid-
like behavior (G”>G’), confirming their observed shear-
thinning property. In the third time interval (240-4805), as the
applied stress is slowly removed, all ECHs regained its solid gel
structure causing again G’ > G"’. Indeed, the ECHs with GoPS
modified PEDOT:PSS, demonstrated higher structural recov-
erability (~70%-90%) as compared to the unmodified versions
of the ECHs (~30%-80%), when compared to their initial G’
value. In fact, SF/PEDOT12, which had the highest stiffness
constant (less flexibility), exhibited the lowest structural re-
coverability (~30%). The enhanced structural recoverability of
the ECHs with GoPS modified PEDOT:PSS can be attributed
to their increased flexibility, as revealed by compression test
analysis. The representative injectability visual image of SF/
PEDOTO06GoP clearly showed the unform hydrogel thread
ejected from a 22 G nozzle, validating its structural integrity
after injection (Figure 1C). The 3ITT test also revealed the
higher G’ value for the unmodified versions of the ECHs as
compared to their modified counterparts, and thus also once
again validated the compression test results. While the com-
pression test shows the purely elastic response of the hydrogel
samples under significant deformation, the oscillatory test (am-
plitude sweep) provides insight into the viscoelastic properties
under a small oscillatory shear, specifically the storage modu-
lus (G"). All ECHs demonstrated a storage modulus (G’) in the
range of 1000-3000 Pa, which falls within the typical range for
the normal spinal cord (100-3000Pa) [93]. These SF/PEDOT-
based ECHs exhibit greater mechanical resilience, as indicated
by their higher storage modulus, compared to previously re-
ported injectable hydrogels (~1000 Pa) used for SCR [16, 21]. At
the same time, they demonstrated favorable flow properties,
making them suitable for minimally invasive applications.

3.4 | Conductive Behavior

Room temperature current-voltage (I-V) measurement was
performed to assess the electroconductive behavior of the var-
ious ECHs under a bias voltage +£1V. The measurement was
carried out with the hydrated hydrogel samples implying that
the contribution of ionic conductivity in the I-V characteris-
tics. This is evident as some current passing through the pure
silk hydrogel (Figure 4A). However, all the ECHs displayed
nonlinear I-V characteristics with significantly higher cur-
rent values than the pure silk hydrogel. While electrons and
holes are the primary charge carriers in traditional semicon-
ductors, electrically conducting polymers (ECPs) have unique
charge carriers-solitons, polarons, and bipolarons [94]. As a
result, their charge transport behavior varies depending on
the applied bias voltage. In PEDOT:PSS, polarons and bipolar-
ons are the primary charge carriers, which are quasi-particles
formed when an electron is removed or added to the polymer
chain, creating localized charge states that contribute to its
electrical conductivity [95]. ECPs, including PEDOT:PSS, are
well-known for exhibiting nonlinear I-V characteristics due to
their distinct charge transport mechanisms [96-99]. Previous
studies have shown that ECPs display Ohmic behavior at
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FIGURE4 | Electrical conductivity and electrochemical impedance results. (A) Room temperature current-voltage (I-V) characteristics under a
potential sweep from +1 to —1V measured using a two probe set-up and (B) the conductivity values of various silk-based hydrogels derived from the

I-V measurement. (C) Visual photographs showing ability of various hydrogel variants to transmit electrical signal through them by illuminating a

blue LED (50-70 mW) using a power supply. Data were mean + SD (n=3) in (B); *p <0.05. (D-H) Electrochemical impedance results showing Bode

plots of various silk-based hydrogels as indicated. (I) High frequency impedance comparison of various silk-based conductive hydrogels including

pristine SF.

low-voltage regions due to the higher density of intrinsic charge
carriers compared to injected charge carrier density [99, 100],
which is also observed in this case within the voltage range of
approximately +0.5 to —0.5V (Figure 4A). However, at higher

voltages, the density of injected charge carriers becomes
equivalent to the density of the thermally generated free carri-
ers, causing the current to vary nonlinearly with voltage. This
behavior follows the space-charge-limited conduction (SCLC)
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mechanism due to trapped charges [99, 100]. PEDOT:PSS is
well-known for exhibiting both ionic and electronic conduc-
tive behaviors [40, 41]. Therefore, at higher voltages, ion mi-
gration within the hydrated hydrogel environment can occur,
leading to space-charge formation and electrochemical doping
effects [40]. These factors can also contribute to the nonlinear
I-V characteristics of these ECHs. Nevertheless, nonlinear be-
havior can still be observed in the I-V characteristics of the
freeze-dried scaffolds of these ECHs (Figure S7), due to the
distinct charge transport properties of ECPs.

Indeed, all the ECHs showed significantly higher conduc-
tivity (>0.0002Smm™" or 0.2Sm™"), when compared to that
of the pure silk hydrogel (~0.001Sm™") (Figure 4B). Pure
PEDOT:PSS hydrogels can exhibit conductivity as high as
~4000Sm™! [38], while PEDOT:PSS containing carbon nano-
tubes has a reported conductivity of ~2000Sm™! [39]. Most
existing studies on highly conductive PEDOT-based hydro-
gels (without biopolymer components) require harsh chemi-
cal treatments, such as H,SO, treatment, during fabrication
to enhance conductivity. In contrast, the silk-based ECHs
developed in this work use only water-based processing, of-
fering a gentler and more environmentally friendly approach.
These ECHs still demonstrates commendable conductivity in
the range of ~0.2-1.2Sm™}, which is much higher than pre-
viously reported biocompatible PEDOT:PSS/gelatin hydro-
gels (~0.8uScm™) [48] or polyacrylamide/SF/PEDOT:PSS/
graphene oxide hydrogels (~0.085Sm™") [50]. The silk-based
ECHs possess conductivity comparable to the conductivity
of normal spinal cord (1-10Sm™") [101], indicating their abil-
ity to mimic the native bioelectrical microenvironment. The
ability to conduct electrical signal through these ECHs was
further verified by illuminating a blue LED using a 3.3/5V
power supply (Figure 4C). The silk hydrogel, possessing min-
imal conductivity, resulted in very dim illumination of the
blue LED, whereas the ECHs produced a bright illumination,
highlighting their superior conductive properties. Although
silk hydrogel prepared in deionized water, they showed some
(ionic) conductivity, however, their freeze-dried scaffold
counterparts exhibited no current flow implying their intrin-
sic insulating property (Inset of Figure S8).

EIS was used to probe the response of the various silk-based
hydrogels at frequencies from 1Hz to 100kHz. In case of silk-
based conductive hydrogels, impedance decreases dramatically
with increasing PEDOT:PSS concentration, with SF hydrogel
being notably more resistive than all others across the entire fre-
quency range (Figure 4D-H). SF also showed the largest phase
at 1Hz, implying greater surface polarization at low frequencies,
and being less efficient for electrostimulation [102]. At an elec-
trophysiologically relevant frequency of 1000Hz, impedance
decreases approximately linearly with PEDOT:PSS concentra-
tion (Figure 4I). However, the modification of PEDOT:PSS with
GoPS raises impedance relative to the ECHs containing unmod-
ified PEDOT:PSS. Above 1000 Hz, the impedance converges for
the ECHs with 0.06 and 0.12wt% PEDOT:PSS, respectively, re-
gardless of its modification with GoPS. This implies that GoPS
has little to no negative effect on the intrinsic electrical conduc-
tivity of the hydrogels but may impact diffusional properties
at lower frequencies due to the interconnected network of PSS
chains.

3.5 | InVitro Degradation Behavior, Swelling,
and Microstructures of Silk-Based Conductive
Hydrogels

We assessed the biodegradation characteristics of the various
ECHs by simulating the physiological microenvironment with
a protease solution over a period of 31days. The enzymatic deg-
radation behavior of the different silk-based hydrogels is shown
as a percent of mass remaining at each time point as indicated
(Figure 5A). The ECHs exhibited slower mass loss as compared
to pure silk hydrogel. Pure silk hydrogel showed ~40% mass loss
over 31days under proteolytic condition, which is consistent
with a previous report [57], while all ECHs demonstrated ~10%
mass loss during the same period. The representative photo-
graphs of the degraded hydrogel samples are shown in Figure 5B
after 31days. Although the interaction mechanisms between SF
and PEDOT:PSS were not explored in the present work, the neg-
atively charged sulphonate group (—SO,~) of PSS in PEDOT:PSS
is likely to electrostatically interact with the protonated lysine
residues, resulting in a highly cross-linked network. Such tightly
cross-linked network in the ECHs might prevent protease par-
ticles from cleaving the peptide bond in SF protein as reported
earlier [103, 104]. This ultimately led to improved stability of
the hydrogel architecture of the various ECHs, which is evident
from Figure 5B. There is no difference observed in the degra-
dation behavior of the unmodified ECHs and the ECHs with
GoPS-modified PEDOT: PSS. Interestingly, the ECHs exhibited
accelerated proteolytic degradation over the following 4 weeks,
with over 50%-60% mass loss, while pure SF hydrogels showed
nearly complete degradation (Figure S9). This accelerated deg-
radation of ECHs after the initial 4weeks aligns with previous
studies on CNT-based conductive hydrogels [23]. The stability
of the various ECHs, including pure silk hydrogel, was further
confirmed by the observation of less than 5% mass loss after in-
cubation in PBS (pH 7.4) at 37°C for 31 days (Figure S10). A key
finding that underscores the exceptional stability of these ECHs
is their current conduction ability, even after 31 days of incuba-
tion in PBS (Figure S11). The incubated ECHs maintained the
ability to conduct approximately 0.2mA of current, indicating
their potential suitability for long-term cell culture applications
under electrical stimulation, which is the primary objective in
developing this ECH.

ECHs with unmodified PEDOT:PSS variants showed relatively
lower swelling behavior when compared to the ECHs with mod-
ified PEDOT:PSS variants (Figure 5C), which can be attributed
to their highly dense and low porous morphology as evidence
by FESEM results (Figure 5D). The greater electrostatic inter-
action is assumed to induce tightly packed networks (with low
porosity) as can be seen in FESEM images of SF/PEDOT06 and
SF/PEDOT12. These tightly packed structures may prevent or
limit the penetration of water molecules deep into the hydrogel
network, leading to their slow degradation rate and reduced
swelling behavior [105]. Additionally, the higher compressive
strength (Figure S6) and modulus (Figure 3B) of SF/PEDOT06
and SF/PEDOT12 are supported by their dense tightly packed
networks [105]. In contrast, in case of the GoPS-modified ECHs,
the degree of such interactions might be limited. It is because
GoPS was shown to interact with the highly active sulphonate
groups (—S0O,") in PSS [79] leaving fewer active sites for elec-
trostatic interaction with SF. This results in relatively larger
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and B); *p <0.05.

pore sizes in SF/PEDOT06GoP and SF/PEDOT12GoP, which
is supported by their increased swelling behavior along with
lower compressive modulus and strength, as discussed above.
However, a better understanding about the interaction mecha-
nisms of SF with different PEDOT:PSS variants will be needed
to validate these explanations.

3.6 | Viability of Encapsulated iPSC-Derived
Neurons and Astrocytes

To reiterate, our goal is to develop injectable ECHs for poten-
tial applications in spinal cell transplantation and as a physical
support to bridge lesions by integrating with the surround-
ing native tissue. Hence, it is essential to test the viability of
the hiPSC-derived cortical neurons and glia embedded in the
different silk-based ECHs. Most cell transplantation methods
have traditionally struggled with poor viability, with reported
survival rates as low as 1% [6]. Maintaining the viability of
iPSC-derived differentiating neuronal cells within hydrogels
is challenging because these cells are prone to undergoing cell
death in the absence of proper cell adhesion through a process
called anoikis (i.e., programmed cell death triggered by the lack
of matrix attachment) [16]. Although amino acid sequence in
SF is composed of a range of reactive amino acids, silk hydro-
gel has not been investigated with iPSC-derived neuronal cells
yet. Therefore, we encapsulated hiPSC-derived mature cortical
neurons and astrocytes within various silk-based ECH vari-
ants and assessed their viability after 3days of culture using
a live/dead assay. Representative live/dead imaging results of
the both cell types showed a very high density of viable cells

(green) as compared to few dead cells (red) in all of the silk-
based ECH variants (Figure 6A,B). Quantitative analysis of the
live/dead imaging results also demonstrated more than 80%
of viability of both hiPSC-derived matured cortical neurons
and astrocytes within the ECHs (Figure 6C,D). These ECHs
demonstrated cell viability comparable to a 3D bioprinted fibrin
hydrogel, which exhibits functional neuronal connectivity [8]
and superior to a protein-engineered hydrogel proven effective
in treating injured cervical spinal cord [16]. These SF/PEDOT-
based ECHs exhibited superior cellular morphology and distri-
bution of both hiPSC-derived cortical neurons and astrocytes
compared to similar cells encapsulated in PEDOT:PSS hydro-
gel [56]. The presence of neurite projections within the various
ECHs indicates the stability of the neuronal network integrity,
suggesting their promising potential for spinal cell transplan-
tation. The findings reveal that ECH variants with 0.06 wt%
PEDOT:PSS or GoPS-modified PEDOT:PSS exhibited relatively
higher cell viability and robust axonal projections compared to
ECH with 0.12wt% PEDOT:PSS (SF/PEDOT12), though the
differences were not statistically significant. The ECHs with
GoPS-modified PEDOT:PSS possessed soft microenvironment
(storage modulus ~1000-2000Pa), which was demonstrated
previously for improved neuronal differentiation of NSCs [21].
Specifically, the lower stiffness and higher porosity of the
GoPS-modified ECHs contributed to enhanced cell viability.
Increased porosity with larger pore sizes facilitates the effective
transport of nutrients and oxygen to the cells within the hydro-
gels, ensuring cell survival [8]. It is to be noted that pure SF hy-
drogel supported enhanced viability (> 80%) of cortical neurons
and astrocytes when compared to that on PEDOT:PSS drop
casted film (Figure S12). Astrocyte viability was approximately
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65%, while around 75% of cortical neurons remained viable on
the PEDOT:PSS film. This result suggest that inherent bioac-
tivity of SF had a significant role in enhanced cellular viability
within the ECHs. SF is a naturally derived protein composed
of amino acid sequences that include several highly reactive
amino acids such as lysine, tyrosine, serine, aspartic acid, and
glutamic acid [61]. These amino acids can mimic native ECM
interactions with cell surface integrins, thereby enhancing cel-
lular adhesion and proliferation. In addition to SF chemistry,
the interconnected porous structure of the various silk-based
hydrogels contributed to enhanced cellular viability, consistent
with previous studies [106, 107].

3.7 | Neural Network Formation

So far, we have demonstrated that silk-based injectable ECHs
can support the viability of hiPSC-derived mature cortical neu-
rons and astrocytes and provide preliminary evidence of main-
taining axonal projections. Cell transplantation using mature
cell types is more effective as it provides greater control over the
final lineage commitment [7]. However, this approach is chal-
lenging because mature cells are more susceptible to changes
in neuronal network formation efficiency during manipulations
before transplantation [16]. To confirm typical neuronal fea-
tures such as axonal growth and synapse formation by mature
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cortical neurons within the ECH network, cells were immunos-
tained after 7days of culture with a neuronal marker, S(III) tu-
bulin, which is a crucial microtubule component required for
axon and dendrite development. Representative confocal im-
ages show the matured cortical neurons encapsulated in various
ECHs expressed S(III) tubulin (green) throughout all the cell
bodies (blue for nucleus) and axonal projections (Figure 7A).
Importantly, the neurons extended elaborate axonal processes
with extensive branching, forming a complex axonal network
that interacted among themselves. The complexity of the neu-
ronal network formed with these ECHs resembles that of the
iPSC-derived neuronal networks reported in previous studies
[8, 16, 108]. Many of the encapsulated neurons in these ECHs
exhibited a pyramidal morphology (Figure 7B) suggesting their
excitatory features [8], which play crucial role in transmitting
signals and other synaptic functions. A functional neural net-
work is also characterized by axonal branch development and
synaptic plasticity [109, 110]. The encapsulated cortical neu-
rons in the ECHs revealed extensive collateral branches from
the axon shaft (Figure 7C). A functional neural network is

also characterized by axonal branch development and synap-
tic plasticity [109, 110]. The encapsulated cortical neurons in
the ECHs revealed extensive collateral branches from the axon
shaft (Figure 7C). Collectively, the ECHs support the matura-
tion of cortical neurons by fostering the development of a com-
plex, interconnected network of long processes and promoting
synaptogenesis. Indeed, the ECH formulation with the highest
content of unmodified PE, specifically SF/PEDOT12, exhibited
poorer neuronal network formation. This can be attributed to
its higher stiffness (compressive modulus) and more compact
hydrogel network with lower porosity, as demonstrated by the
compression test and microstructural analysis discussed in the
preceding sections. This explanation aligns well with previous
studies, which have indicated that rigid gels limit functional
connectivity among neurons [32, 111]. To further emphasize the
visual observations, the confocal images were analyzed using
Image]J software for quantitative measurement of axonal length
and branches as described previously [109, 110]. The total axonal
lengths and number of axon collaterals (branches) were mea-
sured in five random regions of an ECH formulation. The data are
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FIGURE 7 | Neuronal network formation within various ECHs. (A) f(III) tubulin immunostaining (green) of hiPSC-derived matured cortical

neurons (DRGs) neurons, counterstained with DAPI for nucleus (blue), grown within various ECHs for 7 days; scale bar =100 um. (B) Zoomed con-

focal images highlighting pyramidal morphology of excitatory neurons (yellow arrowhead); scale bar =20 um. (C) A representative image of neuron

(in SF/PEDOT06) showing axonal collaterals with white arrowhead. Quantitative assessment of (III) tubulin immunostaining results showing (D)

axonal length per neuron and (E) branching number per neuron. *p <0.05; Data were mean + SEM (n=>5).
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presented as axonal length per neuron and number of branches
per neuron (Figure 7D,E). The results showed the longest axonal
projection and higher branching on SF/PEDOT12GoP followed
by SF/PEDOTO6. In contrast, SF/PEDOT12 exhibited shorter
axonal projection and lower branching, aligning with the find-
ing suggested by visual observation of B(III) tubulin stained
images. The results are statistically significant between SF/
PEDOT12 and SSF/PEDOT12GoP. Overall, the GoPS-modified
ECHs showed enhanced neural network formation along with
the ECHs with 0.6wt% PE, that is, SF/PEDOT06. These ECH
formulations exhibit nearly identical stiffness, porosity, and con-
ductive behavior, indicating that these material properties play
a crucial role in determining the efficiency of neuronal network
formation and functional connectivity [8, 31, 32, 111]. Moreover,
the encapsulated iPSC-derived neurons within these ECHs
demonstrated superior axonal projections when compared to
the iPSC neurons grown within a protein-engineered polymeric
hydrogel, reported elsewhere [16]. Hence, apart from the bioac-
tivity conferred by SF, interconnected porous morphology and
compatible mechanical environment, the electroconductive
microenvironment within the ECHs can offer better regulation
of intracellular and extracellular Ca?* dynamics for enhanced
axonal projections in the cortical neurons. The increased intra-
cellular Ca?* signaling can activate downstream PI3K/AKT sig-
naling pathway, which in turn promote CREB (cAMP response
element-binding protein) and BDNF (brain derived neurotrophic
factor) transcriptional expression, leading to enhanced axonal
growth [22, 25]. Feig et al. were the first to demonstrate the via-
bility of hiPSC-derived NPCs within a PEDOT:PSS hydrogel for
up to 5days [56]. In the present study, the SE/PEDOT:PSS based
injectable ECHs, which were developed using cross-linker free
strategy, supported the formation of a complex neural network
by hiPSC-derived neurons, as well as the viability of hiPSC-
derived astrocytes.

4 | Conclusions

In conclusion, the present study demonstrated a versatile, cross-
linker free strategy to develop an injectable conductive hydro-
gel, both mechanically robust and flexible, which can support
functional neural neuronal networks using encapsulated hiPSC-
derived matured neurons. The ECH was prepared by blending
bioactive SF with PEDOT:PSS, where self-assembly of hydropho-
bic domains of SF induce in situ gelation through hydrophobic-
hydrophilic interactions at physiological temperature (37°C).
The introduction of electroconductive PEDOT:PSS, makes the
gelation process faster due to its amphiphilic nature. Accelerated
gelation kinetics induced by various PEDOT:PSS variants was
supported by the higher @-sheet content suggesting improved
gelation homogeneity. The ECHs exhibited superior mechani-
cal property than silk hydrogel, assessed in terms of compres-
sive modulus, which is also comparable to spinal cord or neural
tissue (~10-60kPa) under physiological condition. The ECHs
also demonstrated non-Newtonian shear-thinning properties,
crucial for minimally invasive delivery. The flow point of these
ECH formulations were below 100 Pa, indicating their potential
injectability using a normal syringe with normal thumb pushing
of an individual. The fabricated ECHs are electrically conduc-
tive, which was evidenced by their nonlinear I-V characteris-
tics and bright illumination under a blue LED. hiPSC-derived

cortical neurons and astrocytes embedded in the silk-based
ECHs showed more than 80% cell viability, suggesting their po-
tential integration with iPSC transplantation therapy for SCR. As
indicated by B(III) tubulin immunostaining, the ECHs support
the maturation of cortical neurons by fostering the develop-
ment of a complex, interconnected network of long processes,
and promoting synaptogenesis. Overall, this study provides
strong evidence that silk-based ECHs can be effectively inte-
grated with iPSC transplantation therapy, ensuring the viability
of mature fate-restricted neurons within their hydrogel network.
Additionally, these ECHs offer a native bioelectrical microenvi-
ronment that promotes increased excitatory activity among the
neurons, ensuring a functional neural network. Given the multi-
faceted SCI pathophysiology characterized by various processes,
including glial scar formation, vasculature disruption, sustained
inflammation, cell death, growth factor deficiency, and so forth
[3,112-114], the present study is limited in assessing the material
impact on cell viability and neuronal network formation only. To
establish the ECHs developed in this study as a viable clinical
option for SCI treatment, comprehensive evaluation is needed
in an SCI-like microenvironment that involves complex inter-
actions among the heterogeneous cell populations of the spinal
cord, including neurons, astrocytes, microglia, and circulating
macrophages, both in vitro and in vivo. Despite these limitations,
the promising preliminary findings of the present study demon-
strated a bioactive and conductive minimally invasive platform
with potential applications in SCR. The next step involves assess-
ing this minimally invasive platform in combination with hiPSC
technology under exogenous wireless electrical stimulation, both
in vitro and in vivo, using the capacitive coupling power transfer
technique demonstrated recently [24].
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