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ABSTRACT: Neural tissue engineering (TE) represents a promising ERNENZESNE . rowth Factor Stemness Maimtenance

new avenue of therapy to support nerve recovery and regeneration. To . -t @ Release 3

recreate the complex environment in which neurons develop and \, J /

mature, the ideal biomaterials for neural TE require a number of R hiPSC-derived

properties and capabilities including the appropriate biochemical and % NSCs

physical cues to adsorb and release specific growth factors. Here, we R\ i

present neural TE constructs based on electrospun serum albumin (SA) "Hemin-doped Electrical  Neuronal Differentiation
SA fibrous scaffolds  Stimulation & Maturation

fibrous scaffolds. We doped our SA scaffolds with an iron-containing

porphyrin, hemin, to confer conductivity, and then functionalized them

with different recombinant proteins and growth factors to ensure cell attachment and proliferation. We demonstrated the
potential for these constructs combining topographical, biochemical, and electrical stimuli by testing them with clinically relevant
neural populations derived from human induced pluripotent stem cells (hiPSCs). Our scaffolds could support the attachment,
proliferation, and neuronal differentiation of hiPSC-derived neural stem cells (NSCs), and were also able to incorporate active
growth factors and release them over time, which modified the behavior of cultured cells and substituted the need for growth
factor supplementation by media change. Electrical stimulation on the doped SA scaffold positively influenced the maturation of
neuronal populations, with neurons exhibiting more branched neurites compared to controls. Through promotion of cell
proliferation, differentiation, and neurite branching of hiPSC-derived NSCs, these conductive SA fibrous scaffolds are of broad

application in nerve regeneration strategies.
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1. INTRODUCTION

Nerve injuries in either the central nervous system (CNS) or
peripheral nervous system (PNS) can cause severe neurological
deficits, resulting in the diminished physical and psychological
well-being of patients.”> As the regenerative ability of the
human nervous system is limited, these injuries can be
permanent due also to the relative shortage of therapeutic
options.” Although nerve repair in the PNS can be achieved by
autologous transfer of a normal nerve from an uninjured site, its
application is restricted by limited tissue supply and the
potential undesirable effects at the donor site.’ Given these
considerations, tissue engineering strategies incorporating both
biomaterials and cellular therapies represent a promising new
avenue for therapeutic nerve repair and neuroregeneration.

In order to successfully recreate intricate and functional
neural tissue in vitro, several different components and
properties are necessary. First, building a bioengineered
construct that mimics neural tissue requires the presence of a
scaffold that can provide housing for a supportive extracellular
environment along with the physical guidance necessary for
nerve repair and neural regeneration.”> A widely used method
to construct scaffolds for neural tissue engineering (TE) is
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electrospinning: this is a simple, potentially large-scale
fabrication process capable of generating nano/microscale
fibers for 3D scaffold architecture.”” While artificial polymeric
scaffolds are widely used, the generation and use of self-derived
biomaterials from adults remains to be explored.® Serum
albumin (SA), which is abundant and can be rapidly
replenished in humans or animals, has been widely used in
biomedical research for cell culture and storage, in vitro
fertilization, and transplantation.” As a natural carrier protein
with multiple ligand binding sites and the ability to bind
different cellular receptors, SA has also been exploited as a
potential delivery platform for drugs and biomolecules.'’ With
its ease of isolation from clinical samples and lowest cost
compared to other commercially available proteins, SA has
become an attractive autogenic biomaterial for TE with optimal
cell compatibility.”' '

In addition to a suitable scaffold supporting cellular growth
and differentiation, it is also desirable to integrate multiple
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different cues into any tissue-engineered construct to
recapitulate the tissue’s natural microenvironment. A variety
of different factors have already been used in tissue engineering
scaffolds to promote nerve regeneration. For example, nerve
growth factor (NGF)," brain-derived neurotrophic factor
(BDNF),"*"® and glial-derived neurotrophic factor (GDNF)*¢
successfully encapsulated into different electrospun scaffolds
showed that the synergistic effects of nanofiber topography and
sustained growth factor delivery could promote cellular
proliferation and differentiation in targeted cells. As a well-
characterized neurogenic factor affecting neural stem cell
(NSC) proliferation and differentiation, fibroblast growth
factor-2 (FGF2) (basic FGF)'” has also been encapsulated
into fibrous biomaterials for TE purposes.''®

An ideal construct for neural TE also needs to take into
account the inherent electroresponsive properties of neurons
and the effect of electrical stimulation on developing neuronal
networks. Several studies have suggested an important role of
external electrical stimulation on enhancing neuronal differ-
entiation, neurite sprouting, neurite outgrowth, and neurite
orientation.'”™** In recent years, fibrous scaffolds with
electrically conductive properties have been used in neural
TE to actively modulate cell responses like differentiation and
neurite guidance following application of external electric
stimuli.”” For example, various conducting polymers, such as
polypyrrole (PPy)**** and polyaniline (PAN 1), graphene,”®
and gold nanoparticles,29 have individually been blended with
other polymers and successfully electrospun into fibrous
materials. Other studies also achieved conductive fibrous
scaffolds by depositing a layer of conductin§ polymers or
metallic nanoparticles onto the template fibers.””~>*

In this study, we sought to combine these complex stimuli—
topography, growth factor release, and electrical stimulation—
into a single construct designed specifically for neural TE
applications. The scaffold construct is based on our recent
study of a new type of conductive freestanding hybrid material
based on the bovine SA protein.”” After electrospinning, we
doped the SA mat with a hemin dopant, which resulted in a
very high macroscopic conductance. Hemin, the oxidized form
of iron protoporphyrin IX (Fe*"), is critical to cellular
homeostasis and gene regulation, and is also one of the main
electron mediators in nature.*® This facile approach using
electrospinning and doping in hemin solution eliminates the
need for a complicated fabrication process. The large affinity of
hemin to the SA mat also avoids the leaching of dopants out of
the mat in an aqueous environment.”> The 3D electrospun
fibrous structure, the biocompatibility of the raw materials, and
the strength of electrical conductivity make hemin-doped SA
mats a promising material for bioelectronic devices and tissue
engineered constructs.

To test the potential application of the SA constructs for
neural TE, we utilized human induced pluripotent stem cell
(hiPSC)-derived NSCs, which represent an attractive cell
source for TE and regenerative medicine.”” These cells are
generated by reprogramming somatic cells such as fibroblasts
into an undifferentiated state.”® The generated cells are capable
of self-renewal, providing a stable source of pluripotent cells;
unlike embryonic stem cells (ESCs), hiPSCs can bypass certain
ethical issues and can also be used for the production of
patient-specific cells, reducing the risk of immune rejection.””
While many studies done within the field of neural TE often
use immortalized cell lines such as SH-SYSY and PC12 cells, or
primary cultures from animal models,*>***" the hiPSC-derived
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neural populations provide a more clinically and biologically
relevant platform by which to test the function of designed
biomaterials. We demonstrated the potential of this protein-
based material that can be readily produced from an autologous
origin, as a source for growth factor signaling by incorporating a
human recombinant protein, FGF2, into the SA fibrous
scaffolds. Finally, the conductive nature of the construct
enabled us to explore the effect of electrical stimulation on
clinically relevant human NSCs. The feasibility of using the
hemin-doped SA fibrous scaffold for neural TE is concluded
with the functional enhancement of neuronal cell behaviors.

2. MATERIALS AND METHODS

2.1. Fabrication of Electrospun SA Fibrous Scaffolds. SA
scaffolds were fabricated as previously described by Amdursky et al.*®
Briefly, bovine SA lyophilized powder, >96% (agarose gel electro-
phoresis), (Sigma-Aldrich, UK.) was dissolved in a 90 v/v % 2,2,2-
trifluoroethanol (Sigma-Aldrich) solution. We premixed the polymer
solution (14 w/v % bovine SA) on a tube roller overnight, and S v/v %
of 2-mercaptoethanol (Sigma-Aldrich) was added 30 min before
electrospinning. The polymer solution was electrospun using a syringe
equipped with an 18 gauge steel needle, a 10 kV potential, a throw
distance of 10 c¢m, and a syringe flow rate of 0.8 mL/h. Electrospun SA
mats were obtained on an Al-foil-wrapped rotating drum with 10 cm
diameter at an average speed of approximately 1000 rpm at a relative
humidity (RH) of 35—55%.

2.2. Preparation of Hemin-Doped SA Fibrous Scaffolds. The
hemin dopant (porcine; Sigma-Aldrich) was first dissolved in dimethyl
sulfoxide (DMSO; Sigma-Aldrich) to make an 11 mM stock hemin
solution. We then made the final doping solution of 130 #M hemin by
diluting the stock solution with phosphate buffer solution (PBS).
Electrospun SA mats were cut into smaller samples (10 mm wide, 30
mm long) and doped in the solution with shaking at room
temperature overnight. Prior to use, the doped SA samples were
immersed in PBS at least overnight to wash away the residual
unincorporated dopants.

2.3. Electrochemical Properties of Hemin-Doped SA Fibrous
Scaffolds. Nondoped and hemin-doped SA fibrous scaffolds were
immersed in PBS in the cell culture constructs (described in section
2.6). Cyclic voltammetry (CV) was performed using an eDAQ 410
System (eDAQ Pty Ltd., Australia) by applying cyclic potential in the
+0.75 V bias range at a scan rate of 40 mV/s.

2.4. Scanning Electron Microscopy (SEM). SA mats were
dehydrated by incubation for at least 30 min in progressively higher
concentrations of ethanol (Sigma-Aldrich) in water (30, 50, 70, 80, 90,
and 100 v/v %) under gentle shaking. SA mats were then incubated in
100 v/v % EtOH for 1 h, with refreshing of the solution three times,
followed by one wash in hexamethyldisilazane (Sigma-Aldrich) for §
min, and finally air drying overnight under a chemical hood. A 10 nm
thin film of Cr was deposited on the sample by sputter coating to
prevent charging. The sample was analyzed at S keV with a Sigma 300
SEM instrument (ZEISS, Germany).

2.5. Cell Culture. The human episomal iPSC line (Epi-hiPSC)
(Thermo Fisher Scientific, UK.) was maintained on Matrigel-coated
culture plates in feeder-free culture conditions with the use of
chemically defined Essential 8 media (Thermo Fisher Scientific).
Colonies of Epi-hiPSCs were passaged by dissociation with 0.5 M
EDTA (pH 8.0; Thermo Fisher Scientific) diluted 1:1000 in sterile
PBS when they reached 80—90% confluence. Neural differentiation
was based on a published protocol with some modifications."" Briefly,
Epi-hiPSC cultures were used for neural conversion when they reached
confluence. The cells were differentiated into neuroectoderm by dual-
SMAD signaling inhibition** using neural induction medium
[Advanced DMEM/F-12 medium (Thermo Fisher Scientific), 1 v/v
% N-2 supplement (Invitrogen, UK.), 0.2 v/v % B27 Supplement
(Invitrogen), 1 v/v % penicillin/streptomycin (Invitrogen), 1 v/v %
GlutaMAX (Invitrogen) supplemented with SB431542 (10 uM;
Tocris, UK.), dorsomorphin (2 uM; Calbiochem, UK.), and N-
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acetylcysteine (1 mM; Sigma-Aldrich)] for 6—7 d. After enzymatic
dissociation, we then passaged and plated down the neural stem cells
(NSCs) on laminin-coated plates in NSCR base medium [Advanced
DMEM/F-12 medium (Thermo Fisher Scientific), 1 v/v % N-2
supplement (Invitrogen), 0.2 v/v % B27 Supplement (Invitrogen), 1
v/v. % penicillin/streptomycin (Invitrogen), 1 v/v % GlutaMAX
(Invitrogen)]. After 3—5 d culture, Epi-hiPSC-derived NSCs
proliferated and formed neural rosette structures. The NSCs were
then maintained in F20 medium [NSCR base medium supplemented
with 20 ng/mL FGF2 (PeproTech)]. NSCs were usually subcultured
every 5—7 d on laminin-coated plates for the first few passages and on
Matrigel-coated culture plates for later passages.

2.6. Design of Cell Culture Device. We assembled the electrical
stimulation device for Epi-hiPSC-derived NSCs on glass slides and
hemin-doped fibrous scaffolds based on a conventional six-well tissue
culture plate (Figure S1A). Each scaffold was placed on a glass
coverslip in a well. Two Au mylar (Vaculayer, Canada) electrodes were
placed on top of the two ends of the scaffold with the conductive side
(10 mm X 10 mm) facing down and the rest of the electrodes tightly
folded alongside the culture well. An ~S50 mm thick poly-
(dimethylsiloxane) (PDMS, Dow Corning, UK.) ring fitted to the
well with 10 mm inner diameter was placed and pressed on the stack
of cover glass, SA fibrous scaffold, and mylar electrodes. The seam
between the scaffold and the mylar electrodes was sealed by pressing
the PDMS ring tightly to the attached cover glass. The culture devices
of electrical stimulation were sterilized by one wash with 70 v/v %
ethanol, three washes of sterile PBS, and exposure to UV light for an
hour.

2.7. Laminin Coating of Hemin-Doped SA Fibrous Scaffolds.
The scaffolds were assembled into a well device as described in section
2.6 without placing Au mylar electrodes. The mats were incubated
overnight in S00 uL of 0.1 mg/mL poly-p-lysine (PDL; Sigma-
Aldrich) solution, followed by three washes with PBS and then 500 uL
of 10 pg/mL laminin (Sigma-Aldrich) overnight. The coating of
laminin was evaluated with the amount of the remaining laminin in the
coating solution after incorporation. Samples were analyzed using a
Mouse Laminin ELISA Kit (Abcam, U.K.) according to manufacturer
instructions. Absorbance values from ELISA plates were measured at
450 nm with a multimode microplate reader (SpectraMax MS;
Molecular Devices, USA) and were normalized to the glass control.

For the time-lapse laminin adsorption assay, 20 PDL-coated and 20
PDL-laminin-coated nondoped, hemin-doped, and glass substrates
were prepared as mentioned above. Four PDL-coated and 4 PDL-
laminin-coated substrates were stained at different time points (day 0,
day 2, week 1, week 2, and week 3), as described in section 2.12. The
time-lapse laminin adsorption was determined by subtracting the
background mean fluorescence intensity of PDL-coated substrates
from the mean fluorescence intensity of the PDL-laminin-coated
substrates to eliminate the effect of autofluorescence of SA and the
fluorescence quenching caused by the hemin dopant (10 fields were
analyzed per batch of sample, and a total of 40 fields were analyzed).
The stability of the laminin coating was evaluated by comparing the
background-subtracted mean fluorescence intensity at different time
points to day O within the substrate.

2.8. Incorporation and Release of FGF2 of Hemin-Doped SA
Fibrous Scaffolds. The scaffolds were assembled into a well device as
described in section 2.6 without placing Au mylar electrodes. For the
incorporation assay, the device was incubated overnight in 500 uL of
0.1 mg/mL PDL (Sigma-Aldrich) solution followed by three washes
with PBS and then 500 yL of 10 yg/mL laminin (Sigma-Aldrich) with
0.1 ug/mL FGF2 (PeproTech, U.K.) overnight. The incorporation of
FGF2 was evaluated by the amount of the remaining FGF2 in the
coating solution after incorporation (day 0). The release of FGF2 was
examined by replacing the previous solution into fresh PBS at day 0
and day 2 and collecting the solution at day 2 and day S, respectively.
The time points were chosen in accordance with the frequency of the
media exchange. FGF2 was examined by measuring the FGF2 released
in the collected solution. Samples were analyzed using an FGF2
Human ELISA Kit (Thermo Fisher Scientific) according to
manufacturer instructions with five different batches of scaffolds
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analyzed. Absorbance values from ELISA plates were measured at 450
nm with a multimode microplate reader (SpectraMax MS; Molecular
Devices) and were normalized to the initial FGF2 solution.

2.9. Viability and Neuronal Differentiation of hiPSC-Derived
NSCs on Hemin-Doped SA Fibrous Scaffolds. Before cells were
seeded, the cell culture device was assembled and precoated with PDL
and laminin, as described in section 2.7. hiPSC-Derived NSCs were
seeded at a concentration of 200 000 cells in 300 uL of NSCR base
medium in the inner well of the PDMS ring (d = 10 mm). After 30
min of cell adhesion, the constructs were topped up with an extra 3
mL of medium, and cultured at 37 °C in a humid, 5% CO, incubator.
After 24 h, the viability of NSCs on the scaffolds was evaluated using a
LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells (Thermo
Fisher Scientific), which determines cell viability based on the
membrane integrity of cells. Viable cells were stained with green
fluorescence through the reaction of calcein AM with intracellular
esterase, while dead cells were stained with red fluorescence, indicating
lost or damaged cell membranes. To test if the scaffolds were
biocompatible for neuronal differentiation of hiPSC-derived NSCs, the
cells were seeded at a concentration of 200 000 cells in NSCR neuron
medium [NSCR base medium supplemented with 10 ng/mL BDNF
(R&D Systems) and 10 ng/mL GDNF (R&D Systems)] for 7 d, with
medium exchanged every 2—3 d. The cells were fixed after 7 d of
neuronal differentiation and stained for cell observation.

2.10. hiPSC-Derived NSCs on FGF2-Incorporated Hemin-
Doped SA Fibrous Scaffolds and for Electrical Stimulation
Studies. The cell culture constructs were assembled as described in
section 2.6 and then prepared with or without 0.1 ug/mL FGF2
(PeproTech) incorporation, as described in section 2.8. NSCR base
medium was used for electrical stimulation group and blank controls
for FGF2 incorporation experiments, while F20 medium was used for
positive controls for FGF2 incorporation experiments. Confluent Epi-
hiPSC-derived NSCs were dissociated with Accutase (Sigma-Aldrich)
and seeded on SA fibrous scaffolds in the inner well of the PDMS ring
(d = 10 mm) with 62 500 cells in 300 uL of medium. After 30 min of
cell adhesion, the constructs were topped up with an extra 3 mL of
medium, and cultured at 37 °C in a humid, 5% CO, incubator.

2.11. Electrical Stimulation of hiPSC-Derived NSCs on
Hemin-Doped SA Fibrous Scaffolds. Previous studies have
shown that the effects of electrical stimulation on cell behavior vary
depending on parameters such as electrical stimuli, cell types, material
interfaces, and experimental setups.‘n’d"”_45 In our experiment, after 48
h of cell seeding for cell attachment and spreading, trains of SO ms
electrical pulses of S0 mV/cm at 2 Hz for a period of 2 h were applied
at day 2 and day 3 with a 24 h interval between each stimulus via a
33500 Series Trueform waveform generator (Agilent, USA). The
constructs were replaced with fresh media immediately after the
electrical stimulation to avoid undesirable effects of electrical
stimulation on the media. After the final stimulation, Epi-hiPSC-
derived NSCs were further cultured on the scaffolds for 48 h and then
fixed and stained for cell observation. The schematic of the
experimental scheme and the stimulation parameters are shown in
Figure S1B.

2.12. Immunostaining, Fluorescence Microscopy, and
Confocal Fluorescence Microscopy. For laminin immunofluor-
escent staining, SA fibrous scaffolds were blocked with 3 v/v % goat
serum (Sigma-Aldrich) for 30 min, followed with primary antibody,
laminin (1:1000; Abcam) for 1 h, and secondary antibodies (Alexa
Fluor dyes; Thermo Fisher Scientific) for 30 min. For cell culture
experiments, cells with scaffolds were fixed in 4 v/v %
paraformaldehyde (Sigma-Aldrich) for 20 min, permeabilized with
0.2 v/v % Triton X-100 (Sigma-Aldrich) for 15 min, and blocked with
3 v/v % goat serum for 45 min. Cells were then incubated for 1.5 h
with primary antibodies, nestin (1:500; Millipore, U.K.), SIII-tubulin
(1:1000; Sigma-Aldrich), and Ki67 (1:1000; Abcam), followed with
DAPI (Sigma-Aldrich) and secondary antibodies for 45 min. The
stained samples were mounted on slides with FluorSave Reagent
(Millipore) and stored at 4 °C. Images of laminin immunofluorescent
staining were acquired with an epifluorescent microscope (EVOS FL
Cell Imaging System; Life Technologies, U.K.), whereas images of the
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Figure 1. Hemin-doped SA fibrous scaffolds. (A) Schematic of SA fibrous scaffold sample preparation and photographs of nondoped SA fibrous
scaffolds (white, left) and hemin-doped SA fibrous scaffolds (black, right). (B) SEM image of (1) nondoped SA fibrous scaffolds, (2) nondoped SA
fibrous scaffolds with laminin coating, (3) hemin-doped SA fibrous scaffolds, and (4) hemin-doped SA fibrous scaffolds with laminin coating. (C)
SEM imaging for surface roughness of the nondoped SA mats (left) and the hemin-doped SA mats (right). (D) Fiber diameter of nondoped and
hemin-doped SA fibrous scaffolds with and without laminin coating. (One-way ANOVA with post hoc Tukey’s test was used. The results represent
means + s.em. * represents p < 0.05 and ** represents p < 0.01 compared to hemin-doped SA + LN.)

cell experiments were acquired with a SPSMP/FLIM inverted confocal
microscope (Leica, Germany) by sequential scanning. The thickness of
the acquired sample sections was about 40 ym, and z stacks of typically
20 2 pm slices were imaged.

2.13. Imaging Analysis and Statistical Analysis. Image analysis
was performed with Image] 64 (version 2). To quantify fiber diameter,
measurements were made from 300 fibers taken randomly in the SEM
images. The cell viability on the scaffolds was evaluated by the total
coverage area of live cells (green) and the number of dead cells (red)
after 24 h of cell seeding, where a total of 35 images in each group
were analyzed. NSC proliferation and differentiation for biocompat-
ibility were analyzed on five different batches of scaffolds with cell
coverage using Slll-tubulin, a neuron-specific marker, and nestin, a
neural stem cell marker. NSC proliferation, differentiation, and neurite
branching were analyzed with the proliferation marker, Ki67, and SIII-
tubulin, using the “Cell Counter” plugin. Cell proliferation and
differentiation were evaluated with the percentage of the Ki67" cells
and BIII-tubulin® cells over the total number of cells within a field of
40X, respectively. Neurite outgrowth was evaluated using the “Neurite
Tracings” plugin. For statistical analysis, all experiments were
conducted three times (with two biological replicates and three
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technical replicates in each experiment). One-way ANOVA with post
hoc Tukey’s test was used throughout the study unless specified
otherwise. A p-value <0.05 was considered statistically significant and
all results represent means + s.e.m. (In the diagrams, * represents p <
0.0S, ** represents p < 0.01, and *** represents p < 0.001.)

3. RESULTS

3.1. Morphology and Characterization of Hemin-
Doped SA Fibrous Scaffolds. We fabricated SA scaffolds
as previously described by Amdursky et al.’® using an
electrospinning process (Figure 1A) and examined the
morphology and topography of the SA mats with SEM imaging
(Figure 1). The electrospinning of the SA solution produced
fibrous mats (~110 um thick) with an average fiber diameter of
0.95 + 0.13 um (Figure 1B, panel 1). Doping the SA mats with
hemin resulted in a comparatively rough surface compared to
the smooth and uniform surface of the nondoped SA mats
(Figure 1C); however, there was no significant difference in the
average fiber diameters (1.04 + 0.08 um) (Figure 1B, panel 3).
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Figure 2. Laminin adsorption on the SA scaffolds. (A) Remaining laminin in the coating solution measured by ELISA. (One-way ANOVA with post
hoc Tukey’s test was used. The results represent means + s.e.m. ** represents p < 0.01.) (B) Time-lapse laminin adsorption to glass slides,
nondoped, and hemin-doped SA fibrous scaffolds. (One-way ANOVA with post hoc Tukey’s test was used to compare the results of the same
substrate at different time points. The results represent means + s.e.m. * represents p < 0.05 compared to DO nondoped SA; # represents p < 0.05

compared to DO glass.)

To enhance cell attachment and promote neuronal differ-
entiation, we further coated a layer of PDL and laminin using
physical adsorption. After coating, the hemin-doped mats
(Figure 1B, panel 4) exhibited an increase in their fiber
diameters (1.71 & 0.23 pm) that were significantly larger than
the nondoped SA mats coated with PDL and laminin (Figure
1B, panel 2; 0.68 + 0.06 um). Both of the laminin-coated SA
mats exhibited some aggregates resulting from the adsorption
of the laminin proteins.

We next sought to investigate the ability of the scaffolds to
adsorb and retain a laminin coating, in order to assess the
biofunctionalization. We first coated the scaffold for 24 h in a
laminin containing solution with a known concentration, and
then collected the coating solution and evaluated the laminin
adsorption using ELISA to determine the amount of remaining
laminin in the coating solution after incorporation (Figure 2A).
The results showed a significantly higher amount of remaining
laminin in the nondoped SA scaffolds, indicating the hemin-
doped SA scaffolds and the PDL-coated glass slides exhibited
more laminin adsorption compared to the nondoped SA
scaffolds. While initial laminin adsorption is critical for cell
attachment, the maintenance of the adsorbed laminin during
the culture period can further support cell adhesion,
proliferation, and differentiation. To understand if different
substrates exhibited different capabilities for laminin main-
tenance, we coated the laminin on the nondoped, hemin-doped
SA scaffolds and the PDL-coated glass slides, and examined the
immunofluorescent staining of the laminin coating at different
time points (Figure 2B). The results showed a significant
decrease in fluorescence intensity of the laminin protein on
both the nondoped SA scaffolds and glass controls after 3
weeks of being immersed in cell culture medium, with medium
exchange every 2—3 days. However, the hemin-doped SA
scaffolds were able to maintain the laminin coating over the
time period tested.

3.2. Cell Viability, Proliferation, and Neuronal Differ-
entiation on Hemin-Doped SA Fibrous Scaffolds. To test
the potential of our hemin-doped SA mats for neural TE
applications, we cultured hiPSC-derived NSCs on our
constructs, and investigated stem cell proliferation and
induction of neuronal differentiation. We seeded the hiPSC-
derived NSCs on the mats in the assembled cell constructs
(Figure 3A) and examined the cell viability with the LIVE/
DEAD Viability assay 24 h after cell seeding (Figure 3B). The
staining showed no significant differences in the percentage of
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live cell coverage between the nondoped SA, hemin-doped SA
mats, and glass control (Figure 3C, top panel; nondoped SA:
9.50 + 5.69%; hemin-doped SA: 23.56 + 8.43%; glass control:
31.63 + 9.35%). However, there was less live cell coverage and
significantly more dead cells per analyzed image on the
nondoped SA mats compared to the hemin-doped SA mats
(Figure 3C, bottom panel; nondoped SA: 2385 + 419; hemin-
doped SA: 1194 + 311; glass control: 1330 + 201), indicating
that the hemin dopant does not cause significant adverse effects
on cell biocompatibility and improves cell attachment and the
viability of hiPSC-derived NSCs compared to the nondoped SA
mats.

To examine the effect of the nondoped and hemin-doped SA
fibrous scaffolds on the proliferation and differentiation of
hiPSC-derived NSCs, we stained the cells with SIII-tubulin, a
neuronal marker, and nestin, a neural stem cell marker, after 7
days of differentiation (Figure 3D). The immunostaining
revealed that hiPSC-derived NSCs on the nondoped SA
scaffolds clumped together and formed sphere-like structures,
while the cells on the hemin-doped SA scaffolds and the glass
control were widely spread on the substrates. The total cell
coverage on the nondoped SA scaffolds (13.81 + 4.05%) was
significantly lower than the hemin-doped SA scaffolds (30.90 +
3.18%) and glass control (32.09 + 4.30%) (Figure 3E). We
further examined the percentage of cells expressing SIII-tubulin
and nestin over the total cell coverage. While there were many
immature neurons coexpressing both SIII-tubulin and nestin
markers at day 7, there was no significant difference in the
percentage of SlII-tubulin® cells and nestin® cells over the total
cell coverage between the substrates (Figure 3F). Overall, even
though the cellular coverage of the nondoped mats was lower
compared to other groups, the SA scaffolds were biocompatible
to the cell system and did not hinder cell proliferation and
neuronal differentiation of the hiPSC-derived NSCs.

3.3. Effect of Growth Factor Release with Hemin-
Doped SA Fibrous Scaffolds. Next, we evaluated the ability
of our SA scaffolds to incorporate and release signaling factors.
We chose to work with FGF2 as an example of recombinant
protein with a clear effect on NSC populations. For
incorporation of FGF2, we took advantage of the ability of
SA to noncovalently bind a variety of small molecules and
peptides, similarly to the hemin doping procedure. We placed
the SA scaffold into an FGF2 solution and, using ELISA as a
measure of the quantity of recombinant protein bound to our
material, evaluated the amount of remaining FGF2 in the
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(One-way ANOVA with post hoc Tukey’s test was used. The results represent means + s.e.m. * represents p < 0.05.)

coating solution following overnight incubation (Figure 4). We
observed a significant binding of FGF2 to the SA scaffold, while
94.80 + 2.27% and 99.57 & 0.12% of the initial FGF2 in the
solution went inside the nondoped and hemin-doped SA
scaffolds, respectively (Figure 4A). After ensuring that FGF2
could be incorporated into our scaffolds, we further examined
its release by measuring the FGF2 in solution after 2 and 5 days
using ELISA (Figure 4B). Our results indicated that the
incorporation of FGF2 into the SA scaffolds induced a slow
release profile (days time scale). We found that the release of
FGF2 from the nondoped SA scaffolds was 0.12 + 0.05% and
0.18 + 0.02% of the initial FGF2 in the solution
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(corresponding to a release of 0.13% and 0.19%, respectively,
of the initial loaded FGF2 in the nondoped SA scaffold) for
days 2 and 5, respectively. From the hemin-doped SA scaffolds,
the release of FGF2 was 0.34 & 0.12% and 0.65 + 0.50% of the
initial FGF2 in the solution (corresponding to a release of
0.34% and 0.65%, respectively, of the initial loaded FGF2 in the
hemin-doped SA scaffold) for days 2 and S, respectively.
Following the successful incorporation of FGF2 into our
scaffolds, we examined the cellular responses of our hiPSC-
derived NSCs for proliferation and neurogenesis by focusing on
the effects of FGF2 incorporated nondoped and hemin-doped
SA mats on the cells (Figure SA). We found that the FGF2-
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incorporated nondoped SA mats were sufficient to maintain a
proliferative (Ki67*) cell population of 33.75 + 2.52% over S
days of being cultured in basal medium, similar to the degree of
regular exchange of FGF2-containing medium with non-
incorporated nondoped SA mats (31.48 + 3.79%). The mats
supplied with soluble FGF2, FGF2-incoporated mats, and the
combination of both had a significantly higher proliferative cell
population compared to the control nondoped mats without
FGF2 (17.86 + 3.22%). For hemin-doped SA mats, the results
also demonstrated a higher percentage of proliferative cells with
soluble FGF2, FGF2-incorporated mats, and the combination
of both compared to the control hemin-doped mats without
significance (Figure SB and Table S1).

We examined neuronal differentiation of the hiPSC-derived
NSCs by measuring the percentage of fIIl-tubulin® cells. On
both nondoped and hemin-doped SA mats, the NSCs in the
control group without any FGF2 exhibited higher neuronal
differentiation compared to other groups with FGF2 (Figure
SC). This result was consistent with the predicted effect of
FGF2 in maintaining the proliferating stem state of the NSCs.
These results also demonstrated that the hemin-doped SA mats
overall had a higher percentage of differentiated cells compared
to the nondoped SA mats, which hinted at a preference toward
neuronal differentiation on the hemin-doped mats. The highest
neuronal differentiation occurred on the hemin-doped SA mats
without soluble FGF2 and FGF2 incorporation (38.88 =+
7.34%) compared to the other groups (Table S2).

3.4. Effect of Electrical Stimulation on Hemin-Doped
SA Fibrous Scaffolds. The conductive properties of hemin-
doped SA mats (~2 mS/cm) have been detailed previously by
us in Amdursky et al.’”® To use the hemin-doped SA scaffolds
for in vitro electrical stimulation in our current study, we
developed the cell culture construct and optimized the
stimulation protocol. The electrical characterization (current—
voltage behavior) of the scaffolds assembled in our constructs
showed that, when a voltage was applied, a higher current
passed through the hemin-doped SA scaffolds compared to the
nondoped SA scaffolds and PBS control (Figure S2 and text
within). Due to the cells exhibiting different attachment
patterns on the nondoped and hemin-doped SA mats, we
chose glass slides as the nonconductive control in our electrical
stimulation experiments, since this would decouple the effect of
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electrical stimulation through the conductive material and the
effect of material properties on the cells.

We first examined the effects of electrical stimulation on cell
proliferation and differentiation (Figure 6A). Our results
showed that there were significantly more Ki67" cells on the
glass control (38.57 + 5.25%) compared to the hemin-doped
SA scaffolds with and without electrical stimulation (11.05 +
3.04% and 15.10 + 4.08%, respectively). Although the number
of Ki67" cells decreased following the application of electrical
stimulation to the glass control (23.90 = 6.06%; p = 0.149), the
cell percentage remained similar on the hemin-doped SA mats
with and without electrical stimulation (Figure 6B). For
neuronal differentiation (Figure 6C), the glass slides with
electrical stimulation (28.27 + 4.26%) exhibited higher
neuronal differentiation compared to the unstimulated control
(p = 0.309), which suggested the effectiveness of the applied
stimuli. Both hemin-doped SA scaffolds with and without
electrical stimulation exhibited enhanced neuronal differ-
entiation with a significantly higher percentage of SIII-tubulin®
cells (40.73 & 7.64% and 38.91 + 5.63%) compared to the glass
control (14.93 + 2.51%).

To examine the effects of electrical stimulation on neuronal
maturation and network formation as applied through the
hemin-doped SA scaffolds, we examined neurite outgrowth and
branching in the hiPSC-derived neurons (Figure 7). With
electrical stimulation, we observed a nonsignificant increase in
neurite outgrowth on both the glass slides and hemin-doped SA
scaffolds compared to the unstimulated groups (Table S3).
However, the neurons exhibited the longest neurite outgrowth
on the stimulated hemin-doped SA scaffolds (78.14 + 6.40 ym)
among all groups examined. The cells on the hemin-doped SA
mats with stimulation also demonstrated significantly more
neurite branching compared to all other groups (3.76 + 0.12
branches). The amount of neurite branching of cells was as
follows: on the unstimulated hemin-doped SA mats, 2.92 +
0.15; on the glass slides with electrical stimulation, 2.60 + 0.30;
and on the glass slides without electrical stimulation, 2.43 =+
0.17.

4. DISCUSSION

The restoration of functional nerve tissue after injury is an
intricate process requiring multiple stimuli from the micro-
environment.” Here, we present the first report of a hemin-
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doped SA scaffold in neural TE, and demonstrate its ability to
synergistically provide topographical, biochemical, and electrical
stimuli to actively enhance cellular responses.

Our initial characterization of the biointerface with SEM
imaging revealed that, while the nondoped and hemin-doped
SA scaffolds exhibited a similar fiber diameter, the fiber
diameter increased significantly on the hemin-doped scaffolds
compared to the nondoped SA scaffolds after coating with
PDL-laminin. This also correlated with the presence of putative
protein aggregates and a general increase of surface roughness
along the fibers. We also observed significantly more laminin
adsorption on the hemin-doped SA mats compared to the
nondoped SA mats, and a more stable laminin coating on the
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hemin-doped SA mats. Together, these results would suggest
that the difference of the morphology and diameter between
the nondoped and hemin-doped mats after laminin coating
could possibly be related to the difference in their ability to
adsorb extracellular matrix protein such as laminin. The hemin
dopant could be a key regulator in this process, where the
electrostatic interactions between hemin and SA affect
substrate-dependent differences in peptide and protein
adsorption, which offers additional TE advantages. Previously,
to improve cell-material interaction, studies have shown that
an increased surface roughness in an optimum range and a large
surface area can increase cell attachment and cell-material
integration advancing bioelectronic interfaces.***” In addition,
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extracellular matrix proteins can also dynamically regulate cell
behaviors, with laminin being especially shown to guide and
promote neuronal differentiation and neurite outgrowth.** By
examining cell viability, proliferation, and differentiation, we
found that, on the nondoped SA mats, hiPSC-derived NSCs
tended to group in clusters. By contrast, on the hemin-doped
SA mats, the cells exhibited better cell attachment and
performance across the whole mat. In summary, the properties
of the laminin-coated hemin-doped SA scaffolds could provide
surface roughness, high surface area, interconnected porosity,
and higher protein adsorption propensity, as well as the ability
to support cellular attachment, growth, and differentiation.
Together, these findings demonstrate the potential use of our
scaffolds as an attractive biomaterial for neural interfaces.
Since the addition of bioactive factors into TE constructs has
been known to improve cell—tissue interactions, we further
examined the potential of our hemin-doped SA scaffolds for
bioactive molecule release. Previous studies have successfully
delivered bioactive factors, such as growth factors and
neurotrophic factors, through TE substrates via physical
incorporation, chemical conjugation, and polymeric micro-
sphere delivery.””~>' Numerous studies have demonstrated the
incorporation of nerve growth factor into 2D conductive
substrates, and recently also into 3D conductive scaf-
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folds.”>>*™>° For example, Lee et al. fabricated PPy-coated
electrospun poly(lactic acid-co-glycolic acid) (PLGA) nano-
fibers and chemically immobilized NGF onto their surface.*®
Zeng et al. also synthesized conductive NGF-conjugated PPy-
poly(r-lactic acid) (PLLA) fibers through oxidation polymer-
ization and EDC chemistry.”” Because the stability and
functionality of growth factors is critical but difficult to
maintain during chemical incorporation,”’ our SA system—
with its innate property as a natural transport protein—could
be an advantageous platform for delivering biomolecule stimuli.
In the study, we showed that our SA-based hybrid system was
able to physically incorporate the model growth factor FGF2,
and eliminate relatively complex chemical reactions and
polymeric microsphere preparation. Our results also showed a
functional outcome of increased proliferative cells on the
FGF2-incorporated SA scaffolds compared to nonincorporated
mats, and demonstrated for the first time that an electrospun
SA scaffold could be used for the incorporation and release of
bioactive molecules. It was also interesting to find a trend of
higher incorporation and higher release of FGF2 in the hemin-
doped SA scaffolds similarly to what was observed with the
laminin incorporation. Although the specific means by which
hemin regulates protein incorporation remains unclear, we
speculate it could be due to a combination of the following: (1)
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the electrostatic effects of hemin to the SA substrate, (2)
hemin’s effects on SA’s FGF2 binding sites, and (3) the effects
of the increased laminin adsorption on both electrostatic
incorporation and the binding affinity of FGF2. This would
suggest that hemin-doping of the SA scaffold, besides
conferring electroactive properties to the constructs, can also
enhance its bioactive applications.

In our study, we also tested the potential of our hemin-doped
SA scaffolds for in vitro electrical stimulation application.
Previously, Schmidt et al. reported that extracellular electrical
fields of 100 mV for 2 h applied with an oxidized PPy film on
PCI12 cells could increase neurite outgrowth.”® Recent studies
also reported that, with electrical stimuli of 100 mV/cm for 2 h,
PC12 cells on PPy-coated PLGA nanofibers and NGF-
conjugated PLLA fibers showed increases in neurite outgrowth
and extension compared to the unstimulated controls.”””” In
our study, we decided to work with even lower electrical fields
of 50 mV/cm at trains of 50 ms, 2 Hz electrical pulses, since
this electric stimulation protocol did not adversely affect cell
viability in our system and could potentially recapitulate the
endogenous bursting of human pluripotent stem cell-derived
neurons.” It is generally recommended to work with the lowest
electric fields possible to avoid undesirable electrical phenom-
ena next to the electrode, such as water splitting or the
reduction/oxidation of ions.”> We found that increasing the
electric field to 100 mV/cm resulted in unwanted cell death
(data not shown), which might have been related to the
tolerance of our human clinically relevant cells to high electric
fields. Following electrical stimulation, our glass control
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exhibited an increase in neuronal differentiation compared to
the unstimulated glass control, in line with previous studies
which showed that electrical stimulation increased neuronal
differentiation in human stem cells.”*™®> The effects of
electrical stimulation are known to vary according to cell
type, substrate condition, and the exerted intensity.>”**~* In
particular, comparing the effect of electrical stimulation on the
differentiation potential between immortalized cell lines and
iPSC-derived neural progenitors has proven especially difficult,
since iPSC-derived cultures are inherently more sensitive to
change in culture conditions. However, in our experiments, the
overall viability of our cells and a trend to increased neuronal
differentiation after electrical stimulation suggested that our
applied stimuli are biocompatible and sufficient to modulate
cellular behavior. On the other hand, cells on the hemin-doped
SA scaffolds exhibited a significantly higher neuronal differ-
entiation, and there was no significant difference between the
unstimulated and electrically stimulated groups. This observa-
tion could have been the result of the intrinsic properties of the
hemin-doped SA scaffolds inducing NSC differentiation under
basal conditions; the electrical stimulation could thereby not
exert any additive effects, since the population was uniformly
differentiated. Hemin has previously been reported to have
neurotrophic effects that promote survival and induce neurite
outgrowth in both neuroblastoma cell lines and neurons
derived from neural crests.””** Other studies have shown that
hemin is potentially neurotoxic via various oxidative and
nonoxidative mechanisms.®*% The precise biochemical mech-
anism by which the hemin acts in the SA scaffold to
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preferentially give neuronal differentiation will require further
elucidation in future studies.

Beyond its effects on neuronal differentiation, electrical
stimulation on the conductive SA constructs proved to be a
very effective means by which to modulate neuronal maturation
responses. Indeed, we observed significant morphological
changes of the hiPSC-derived neurons, and especially when it
came to neurite branching. Previous studies reported that
electrical stimulation enhances neurite outgrowth and neurite
branching in human neuroblastoma cell lines and animal
cells, %7 While the effects of electrical stimulation have
been widely studied, the mechanisms are not yet fully
understood.'””” Some important mechanisms have been
proposed for the mediation of electric signals including (1)
membrane proteins, which undergo conformational change and
induce integrin-dependent signaling; (2) the modulation of
voltage-sensitive Ca** channels and voltage-sensitive small-
molecule transporters (i.e., serotonin) inducing ion and small
molecule influx, and further triggering downstream signaling;
(3) voltage-sensitive phosphatase activity, which affects
phosphoinositide-sensitive signaling; (4) changes in the
cytoplasmic content of H*, K*, and other ions; (5) electrical
stimulation reorganization of membrane receptor distribution,
which affects actin filaments and microtubules and further
amplifies the gradient of intracellular Ca**; and (6) electro-
phoresis of morphogens through the cytoplasm.””*>*® It has
also been shown that electrical stimulation induces gradients of
ions and molecules within tissue fluid, culture medium, and cell
culture substrates, and affects both protein adsorption and the
macroscopic protein structure in the extracellular environ-
ment.***%7" Our use of a conductive scaffold added an
additional dimension of complexity, since it introduced an
electronic/ionic current within the scaffold itself in addition to
the ionic current in the solution.”® Using a very low electric
field in our study allowed us to try and pinpoint the effect of
electrical stimulation on the scaffold by avoiding additional
effects on electrophoresis and conformational changes of
proteins, along with the redox effects in the cell culture
media and extracellular environment. As shown above, the main
difference found for the hiPSC-derived neurons on the hemin-
doped SA scaffolds (with or without electrical stimulation) was
in the neuronal structures associated with maturation, such as
neurite branching. We propose that the electrical stimuli
applied through the hemin-doped fibrous mats simulate
physiological neuronal activity and subsequently induce large
neurite branching,

5. CONCLUSION

In this study, we present a neural TE platform based on the
hemin-doped SA scaffold. This scaffold can actively provide a
supportive microenvironment and present topographical
guidance, bioactive molecule incorporation, and electrical
stimulation to promote cell engraftment, proliferation, and
differentiation. Our scaffold is biocompatible and supports the
culture and differentiation of clinically relevant iPSC-derived
populations, and is capable of incorporating and releasing
growth factors to modulate cell behavior over long periods of
time. With optimized electrical stimulation parameters, we have
also successfully achieved structural maturation with enhanced
neurite branching. Our hemin-doped SA-based constructs
represent a valuable new platform by which to satisfy the
major essential needs in neural TE with clinical application,
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namely, the combination of autogenic cells with a feasible
artificial fabricated autogenic tissue engineered construct.
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