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Introduction

Abstract

Introduction: Cell transplantation
with hydrogel-based carriers is one 200

of the advanced therapeutics for m Eel 150
challenging diseases, such as spinal ﬁ,) — 7 Neuosphere
cord injury. Electrically conductive &

hydrogel has received much Eabns Sl e 3D Culre
attention for its effect on nerve
outgrowth and differentiation. | e
Besides, a load of neuroprotective | *~
substances, such as lithium chloride [
can promote the differentiation | " blended Hydrogel 1 cattviaity
properties of the hydrogel.
Methods: In this study, alginate/
collagen/reduced graphene oxide hydrogel loaded with lithium chloride (AL/CO/rGO Li+) was
prepared as an injectable cell delivery system for neural tissue regeneration. After determining the
lithium-ion release profile, an MTT assay was performed to check neural viability. In the next step,
real-time PCR was performed to evaluate the expression of cell adhesion and neurogenic markers.
Results: Our results showed that the combination of collagen fibers and rGO with alginates
increased cell viability and the gene expression of collagen-binding receptor subunits such as
integrin al, and B1. Further, rGO contributed to the controlled release of lithium-ion hydrogel in
terms of its plenty of negatively charged functional groups. The continuous culture of NSCs on AL/
CO/rGO Li+ hydrogel increased neurogenic genes’ expressions of nestin (5.9 fold), NF200 (36.8
fold), and synaptophysin (13.2 fold), as well as protein expression of NF200 and synaptophysin
after about 14 days.

Conclusion: The simultaneous ability of electrical conduction and lithium-ion release of AL/
CO/rGO Li+ hydrogel could provide a favorable microenvironment for NSCs by improving their
survival, maintaining cell morphology, and expressing the neural marker. It may be potentially
used as a therapeutic approach for stem cell transplantation in a spinal cord injury.

After 14 days

1 Neurogenic Differentiation

functional recovery.>*!!

Stem cell transplantation is considered a promising strategy
in recovery from sensory and motor injuries after spinal
cord injury (SCI).! Previous studies have described that
neural stem cells (NSCs) have a great therapeutic potential
in the treatment of SCI.>* Studies have shown that NSCs
could be used for the recovery of lost cells and protect
the injury site through suppress neuroinflammation.***
Many previous studies have reported that transplantation
of NSCs into the site of injury promotes remyelination and

However, the challenge in stem cell transplantation is
poor survival of stem cells due to mechanical damage
duringinjection orischemia of the injured area. Also, issues
such as de-differentiation and transplantation rejection
can limit the effectiveness of cell transplantation. In this
regard, creating a favorable microenvironment for cell
transfer can enhance the efficiency of transplantation.'>"

Cell delivery in hydrogel ameliorates cell survival
and provides a proper environment for cell adhesion,
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proliferation, and differentiation."*"* Furthermore, a
hydrogel with the incorporation of growth factors, drugs,
and cells can provide a localized controlled delivery
system.'¢'

Alginate is a herbal polysaccharide consisting of
carboxylated guluronic and mannuronic acid units with
a linear structure similar to hyaluronic acid and could
be an attractive option for nerve culture.” Alginate does
not have cell adhesion properties but can be overcome
by chemical manipulation or blending with other cells’
adhesive materials.?** Previous studies have also shown
that collagen is a suitable candidate to be combined with
alginate. It has also been reported that when the cells
were cultured in this scaffold, they could enhance the
expression of al, a2, and Pl integrins.** Studies have
shown that alginate with incorporation of neurotrophic
factors is a suitable biomaterial that can stimulate axonal
regeneration in SCL.*%

Collagen is an important structural protein in the
extracellular matrix (ECM) and it contains integrin-
binding sites for cell interaction with matrix.”® Previous
studies have successfully used collagen, in various
applications such as reconstruction of tissue defects,
wound healing, and nerve regeneration.”” Collagen could
be combined with alginate to improve cell viability as well
as proliferation and regeneration.*

Considering that the activity of nerve cells is electricity-
dependent, the use of electroactive materials such as
graphene-based material can provide an advantage
substrate for nerve stimulation.” It has been found that
electrical stimulation of conductive substrates could affect
the behavior and fate of the cells.***® Graphene-based
materials, especially reduced graphene oxide (rGO), are
successfully used in nerve tissue engineering due to their
desirable properties such as great electrical conductivity,
biocompatibility, and mechanical strength.***¢ It has
been reported that graphene could effectively enhance
neuronal cell behavior in terms of neural-specific gene
expression and guidance axon growth.””*® Furthermore,
rGO has a higher surface area and plenty of surface
functional groups including carbonyl group and hydroxyl,
which can improve the surface capacity to bind with other
biomaterials such as drugs and chemical molecules, and
facilitate alginate biocompatibility.*

Lithium chloride is a small molecule with
neuroprotective activity and is utilized as a mood stabilizer
in the treatment of bipolar disorder and depression.***!
Lithium-ion could induce proliferation as well as neuronal
differentiation of cultured hippocampal and spinal cord
neural progenitor cells.*** In an animal model, lithium-
ion could enhance hippocampal neurogenesis due to
reducing the microglia and inflammatory macrophage,*
and boosting the recovery of an injured spinal cord by
brain-derived growth factor.*>4>4647

In this study, the blended hydrogel of alginate,
collagen, and rGO loaded with lithium chloride has

been developed as an injectable cell delivery system for
the repair of the injured spinal cord. The pore structure,
swelling, mechanical properties of hydrogel, and releasing
efficiency of lithium-ion from it, as well as the growth and
differentiation of NSCs in this three-dimensional (3D)
hydrogel network, were investigated. The incorporation of
rGO, a conductive substrate, and lithium-ion into blended
hydrogel could provide a suitable microenvironment for
improving neurogenesis and synaptogenesis.

Materials and Methods

Materials

Low molecular weight sodium alginate (LMV), high
molecular weight sodium alginate (HMV), and rGO
particle and sterilized collagen type I were purchased
from Sigma Aldrich (Burlington, United States),
and B27 supplements was purchased from Gibco
(Cambridge, UK). Primary and Secondary antibodies
for immunofluorescence staining were purchased from
Abcam (Cambridge, UK). cDNA synthesis kits for
RT-PCR were purchased from SMOBIO Technology
(Hsinchu, Taiwan). Other chemicals were purchased from
Sigma Aldrich.

Hydrogel preparation

According to previous study*® 1:1 ratio of low molecular
weight sodium alginate (LMV) (30 mg/mL) and high
molecular weight sodium alginate (HMV) (30 mg/mL)
were prepared by dissolving alginate powder in phosphate-
buffered saline containing calcium and magnesium ions
(PBS++) under constant stirring. The prepared alginate
solution was filtered through 0.22 pm nylon membrane.
Then an aqueous rGO at a concentration of 20 ug/mL
was added to the alginate (AL) solution to create the
electroactive hydrogels. Next step, AL/rGO solution were
mixed with sterilized collagen (CO) solution (5 mg/mL)
at 1:1 ratio to obtain a solution of 10.5 mg/mL alginate
and 2.5 mg/mL collagen. It was considered AL and AL/
CO solutions as control groups besides the AL/CO/rGO.
After preparing the solutions, the injectable potential of
three mixtures including AL, AL/CO, and AL/CO/rGO
were confirmed by passing through a syringe (30 gauge),
at room temperature.

For hydrogel formation, sterilized calcium sulfate slurry
(40 puL of CaSO4 per 1 mL of solution) was introduced to
the AL and AL/CO and AL/CO/rGO solutions to crosslink
the hydrogels. A pilot study was conducted to determine
the gelation time for hydrogels. According to that, 25
minutes, 15 minutes, and 10 minutes were required for
hydrogel AL, AL/CO, and AL/CO/rGO, respectively.

Hydrogel characterizations

Swelling ratio

To evaluate the swelling ratio of the prepared hydrogels,
the samples were lyophilized in a freeze-dryer (Alpha 1-4
LD plus; Martin Christ, Osterode am Harz, Germany),
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and incubated at 37°C in PBS solution. The samples were
taken out at predetermined time points and weighed after
the excess solution was blotted. The equilibrium swelling
of each hydrogel was calculated according to the following
formula.*** All measurements were done in triplicate.

Q (%) = [(W,_-W,)/ W] x 100 (1)
Q: swelling ratio, W : swollen state mass, W dried state
mass.

Scanning electron microscopy (SEM)

SEM was performed to assess the morphology of the
prepared hydrogel. The samples were frozen and freeze-
dried, at 0.060 mbar for 24 hours, and were then coated
with gold. The hydrogels were examined using SEM
(Vegall TESCAN, Brno, Czech) with an accelerating
voltage of 15 kV. Finally, Pore sizes were calculated from
the SEM images (n=3) using Image] software (version.
1.53e).

Rheological analysis

Oscillatory rheology was performed using a rheometer
(Physica, MCR 501, Anton Paar, Graz, Australia) equipped
with two 50 mm parallel plates. Hydrogels were prepared
in cylindrical specimens (25 mm in diameter and 2 mm in
thickness). The elastic modulus (G’) and viscous modulus
(G") changes were investigated in frequency sweep tests
(0.01-100 rad/s) and at a strain of 0.3%.°!

Fourier transform infrared spectroscopy (FTIR)

Chemical characteristics of AL, pure CO, AL/CO and
AL/CO/rGO were evaluated using FTIR (PerkinElmer
spectrometer, Hamburg, Germany). The spectra were
recorded within the range of 550-4000 cm™ with a
resolution of 4 cm™ and 32 scans.

Electrical conductivity

The electrical conductivity of freeze-dried hydrogel was
measured by a four-point probe instrument (Model
196 System DMM, Keithley, Cleveland, United States).
Electrical conductivity was calculated using the following
formula. Electrical current was acquired after flowing the
voltage.

6(S/m)=(2.44x10/8S) x (I/E) 2)
o: conductivity, S: sample side area, I: current through the
outer probes, and E: voltage drop across the inner probe.

Lithium-ion release from hydrogels

To prepare lithium chloride loaded hydrogels, three types
of AL, AL/CO and AL/CO/rGO solutions were prepared
as described above. Lithium chloride was dissolved in
polymer solutions before collagen was added, under
stirring condition. Next, hydrogels were cast in cylindrical
specimens (25 mm in diameter and 2 mm in thickness),
incubated in PBS at 37°C. At several time intervals, 1 ml
of release medium was withdrawn and replaced with an
equal volume of fresh PBS. The amount of drug in the

release media was measured using atomic absorption
spectrophotometer (PU9100X, Philips, Amsterdam,
Netherlands). The cumulative release was obtained
according to the following equation. Samples taken
from blank hydrogels were used to subtract background
readings.”” FTIR test, as described above, was performed
for the final mixture of AL/CO/rGO Li+ hydrogel to
evaluate the interaction between the hydrogel and lithium-
ion.

Q=CV +V 2C | (3)
Q: cumulative weight of lithium-ion, C: lithium-ion
concentration at time t, V : volume of the release medium,
V_: volume of supernatant in each sampling time.

Isolation, culture, and characterization of NSCs

Under sterile conditions, NSCs were isolated from 13.5-
day embryonic mouse spinal cord according to the
standard guidelines approved by the Ethics Committee
of Tarbiat Modares University. Cells were cultured in
a growth medium containing DMEM/F12 medium
supplemented with 2% B27, bFGF 20 ng/mL (R&D
Systems, United States), EGF 20 ng/mL (R&D Systems,
United States), and 1% penicillin/streptomycin.” The half
of a growth medium was changed every three days. After 7
days, according to the previous studies, neurospheres were
dissociated mechanically.**** In brief, the neurospheres
with the culture medium were poured into the Falcon
and centrifuged. Then, it was resuspended in the culture
medium and gently titrated until a creamy suspension
was obtained. After 5 minutes, remove the supernatant
containing single cells and continue the titration until
most of the neurospheres were single. The single cells
supernatant was centrifuged for 5 minutes at 1000 rpm,
resuspended in fresh growth medium, and cultivated in
humidified atmosphere containing 5% CO, at 37°C at
37°C. These isolated cells were designated as ‘first passage’
(P1). All experiments were performed with P1.

To identify NSCs, immunohistochemistry was
performed with nestin, SOX2 antibodies according to the
standard procedure and visualized using a fluorescence
microscope (Olympus IX 53, Tokyo, Japan).”

MTT and proliferation assay

The biocompatibility of hydrogels was evaluated. MTT
assay was performed following the manufacturer’s
instructions. Three different culture conditions were
compared: The neurospheres were mechanically
dissociated into single cells and grown with a density of
1x10° cells/mL in (i) AL, (ii) AL/CO, (iii) AL/CO/rGO
sterile hydrogel. The cell culture in two-dimensional (2D)
was considered as control. The cell viability was assessed
at 1, 3, and 7 days post-encapsulation. At each time point,
sodium citrate was used to dissolve AL hydrogel and
sodium citrate/collagenase was used to dissolve AL/CO
and AL/CO/rGO. In brief, after washing the hydrogels
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several times, sodium citrate 3% and collagenase (0.5 mg/
mL) were added to the hydrogels and incubated for 30-60
minutes until the hydrogels are completely dissolved.”®*
Then, the cell was exposed to MTT solution and incubated
at 37°C for 4 hours. Then, the MTT solution was
discarded, whereby DMSO was added. The absorbance
was determined using an Elisa microplate reader (Anthos
2020, Biochrom, Cambridge, UK).

Further, DAPI nuclear staining was performed for
evaluating the proliferation of encapsulated NSCs in
hydrogel. The samples were washed with PBS on days 1,3
and 7 following cell encapsulation. They were then stained
with 4', 6- diamidino-2-phenylindole (DAPI) to label
nuclei of the cells. The cell fluorescence was photographed
using a fluorescence microscope.

Integrin subunit expression and cells attachment

The expression of collagen-binding integrin subunits
was examined to evaluate cell adhesion to hydrogel. Total
RNA were extracted 24 hours after cell encapsulation in
hydrogel. cDNA was synthesized using cDNA Synthesis
Kit, and real-time was performed as described below.
Primer sequences of integrin subunits al, f1 are presented
in Table 1. Also SEM analysis was performed after they
were fixed with glutaraldehyde at 4°C for 1 hour and then
dehydrated by ethanol gradient.*®

Neurogenesis potential of NSC in hydrogel

To evaluate the NSCs differentiation on the AL, AL/
CO, AL/CO/rGO, and AL/CO/rGO loaded with lithium
chloride (AL/CO/rGO Li+) hydrogel, the neurospheres
were mechanically disassociated into single cells and
resuspended in sterile hydrogel solution at a density of
1x10° cells/mL. The mixture was pipetted into a 48-well
plate and incubated at 37°C to form a gel. Once the cells
were encapsulated in the three-dimensional hydrogel, cell
medium DMEM/F12 containing B27 (2%) and FBS 5%
was added to the top of the gels and incubated at 37°C
and 5% CO, for 14 days. The culture media were changed
every 3 days.

Table 1. Forward and reverse sequences of primers used in gRT-PCR

Real-time RT-PCR analysis
Total RNA was extracted and ¢cDNA was synthesized
using Transcriptor First Strand ¢DNA Synthesis Kit.
The qRT- PCR was performed using SYBR Green
master mix (Ampliqon) and an Applied Biosystems
7500 (Life Technologies, California, US) according to
the manufacturer’s protocol. Method 2724 was used to
calculate relative gene expression analysis for hydrogel
was compared to the 2D cultured. GAPDH was used as
the housekeeping gene.”

Primer sequences of integrin subunits al, fl and
nestin, neurofilament 200 (NF200) and synaptophysin are
presented in Table 1.

Immunofluorescence staining

Cell-laden hydrogels were fixed with 4% paraformaldehyde
on day 14 post-encapsulation. Immunofluorescence
staining was performed with primary antibodies: anti-
NF200 (1:500, mouse IgG) and anti-synaptophysin (1:500,
mouse IgG) at 4°C overnight. Thereafter, they were washed
with PBS, incubated with FITC-conjugated secondary
antibody at room temperature, and counterstained with
DAPI. Immunoreactivity was investigated via fluorescence
microscopy.® The number of branch points along the
neurite was measured using Image J software.

Statistical analyses

The data were presented as the mean + standard deviation.
All quantitative experiments were analyzed using one-
way or two-way analysis of variance (ANOVA) and Tukey
multi-comparison tests using GraphPad Prism (Version
8.4.0; GraphPad Software). A P value of <0.05 was
considered statistically significant.

Results

Construction and characterization of hydrogel
AL/CO/rGO hydrogels were ironically crosslinked to
generate hybrid hydrogels, with (Fig. 1 A-C) displaying
the optical photo of the three group hydrogels. As can
be seen, all hydrogels have been uniform, and the color

Gene Sequences of forward and reverse primers Fragment size (bp) Reference
Integrin al CACCTTTCAAACTGAGCCCGCCA 110 .
g GCTGCCCAGCGATGTAGAGCACAT
Integrin B1 TCTCACCAAAGTAGAAAGCAGGGA 138 .
g ACGATAGCTTCATTGTTGCCATTC
Nestin CACACCTCAAGATGTCCC 114 o
GAAAGCCAAGAGAAGCCT
NE200 AGTACCAGGACCTGCTCAAC 155 6
GTGAGTGGACATGGAGGGAA
Svnaptophysin AGCCTCCTCCACTCAGTCTA 243 o
Ynaptophy GCATTCCTCAGCCCCTATCT
GAPDH AAGTTCAACGGCACAGTCAAGG 121 63

CATACTCAGCACCAGCATCACC

gRT-PCR: Quantitative Reverse Transcription PCR
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of hydrogels was noticed to be darker following the
incorporation of rGO. In all hydrogels, injectability
was initially confirmed via a 30-gauge needle (data not
shown). The addition of collagen and rGO accelerates the
gelation of the AL hydrogel, so that the hydrogel turns into
a gel within 10 minutes, and this is the suitable time to use
it for in situ injection.

The SEM electron micrograph (Fig. 1D-F) reveals the
porous structures of these hydrogels. They displayed
high porosity which became dense upon incorporation
with the collagen and rGO. As shown in the graph (Fig.
1G), the average pore diameters were 197.73+26.34,
155.71£30.67, and 141.24+10.13 um in AL, AL/CO
and AL/CO/rGO hydrogels, respectively. The statistical
difference was significant between AL and AL/CO/rGO.

The results of the swelling ratio and water content of
hydrogels are shown in Fig. 1H; the swelling ratios of
hydrogels revealed an ascending trend in the first 200
minutes after immersion in PBS. In periods longer than
200 minutes, it reached a plateau which can show the state
of equilibrium of absorption. Finally, the corresponding
amount of water content for AL, AL/CO, and AL/CO/
rGO was 87.41%2.45, 78.92+0.98, and 73.48+0.52,
respectively. Collagen and rGO incorporation in AL
resulted in relatively lower swelling ratios. The endpoints

(A)

SEM MAG: 300
SEM HV. 15,00 KV

SEMMAG: 300X 5
SEMHV.1500k/ W' 5812mm
Dato(miay): 0112621 Vac: HiVac

(G)

Pore Size ym
Swelling (%)

of the study (250 minutes) were statistically significant
among the hydrogels, while at the other time points, the
level of significance was variable.

Rheological properties of the hydrogels (Fig. 1I) were
detected by measuring the storage modulus (G') and loss
modulus (G”); the AL/CO/rGO hydrogel presented more
than 57 and 118 times increase in the storage modulus
compared to AL and AL/CO at a frequency of 1 rad/s,
respectively. Revealed that the presence of rGO results in
an increase in the gel stiffness.

The results obtained from the electrical conductivity
revealed AL hydrogel alone had a conductivity of about
5.3x10®+0.04 S/m, which is considered a non-conductive
material and by adding rGO, the conductivity grew to
about 8.6x10*+0.21 S/m.

Lithium-ion release from hydrogels

The cumulative release behavior was investigated with
the results presented in Fig. 2A. As shown, an initial burst
release within 24 hours after is seen in all three hydrogels.
While in the rGO-containing group, the burst is reduced
to 17.6% and followed almost sustain continues up to
15 days when about 73.67% of drug was released. On
the other hand, in the AL/CO and AL/CO/rGO groups,
39.08% and 53.73% of initial burst release were measured

(€

Date(mioy): 0212021 Vac: Hac wurc

- AL
- ALCO
- ALCOIGo

et AL
— AUCO
— ALICOIGO

0 60 120 180
Time (min)

240 300 e eSS

Frequency f

Fig. 1. Hydrogel fabrication and characterization. The photographs of hydrogel groups which were used in the experimental design (A-C) AL, AL/CO, and AL/
CO/rGO hydrogel, respectively. SEM image of prepared hydrogel showing porous structure, (D-F) AL, AL/CO and AL/CO/rGO hydrogel, respectively. (G) The
pore sizes of the hydrogel networks decreased with incorporation of collagen and rGO content (* P < 0.05, ** P < 0.01 / n = 3). (H) Swelling ratio of prepared
hydrogels were indicated in 250 min (n = 3). (I) Rheological characterization of AL, AL/CO, and AL/CO/rGO hydrogels (n = 3). AL: Alginate hydrogel; AL/CO:
alginate/collagen hydrogel; AL/CO/rGO: alginate/collagen/reduced graphene oxide hydrogel.
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in the first 24 hours, respectively. Also, in AL and AL/CO
groups, 83.76% and 87.21% of the drug were released after
two weeks, respectively.

Fourier transform infrared spectroscopy

Fig. 2B shows the FTIR spectra of the AL, pure CO,
AL/CO, AL/CO/rGO, and AL/CO/rGO Li+ mixture.
IR spectrum of AL shows carboxyl (symmetric COO
stretching vibration) and hydroxyl groups at 1619 cm™ and
3424 cm™ respectively.®® In the IR spectra of pure CO, the
N-H stretching vibration peak for amide A was 3399 cm®
!, and an amide I band (1618 cm™), amide II bands (1547
cm™), and C=0 band (1695 cm™) were evident.®® The IR
spectra of the AL/CO combination showed merged peaks,
indicating that the components were properly combined
to create the desired hydrogel.” The peaks in the AL/CO/
rGO hydrogel overlap because of the shared functional
groups COO and OH in the rGO and AL/CO structures.
The oxygen functional groups such as OH and COO on
the GO surface create hydrogen bonds with the molecular
chains of the AL, which can increase adhesion between
the rGO and AL surfaces.*® In the spectrum related to AL/
CO/rGO Li+, absorption peaks related to OH, CO and
COO bonds, have shifted. It can indicate the electrostatic
interaction between Lithium-ion and OH, CO and COO
functional groups on the rGO surface.”

Culture and identification of NSCs

Stem cells were isolated from the E13.5 fetal mouse
spinal cord, about 4 days after culture in growth medium.
Some of the stem cells proliferated into floating spherical
cluster with a roughly uniform size and typical shape
called neurosphere (Fig. 3A, B). The neurospheres were
passaged using mechanical dissociation after 7 days (Fig.
3C, D). The neurospheres were stained positive for NSCs
markers including nestin (green fluorescence) and SOX2
(green fluorescence) (Fig. 3E, F).

Biocompatibility and proliferation assay

To further confirm hydrogel cytocompatibility, the MTT
assay was performed using NSCs (Fig. 4A). The AL/CO/
rGO groups revealed a significantly higher absorbance

(A)

— AL
— AL/CO
—— AL/COAGO

Cumulative release (%)

T 1 1 |l Ll
0 2 4 6 8 10 12 14 16
Time (Days)

100 pm

Fig. 3. Culture and characteristics of NSCs. (A-B) Neurospheres showing
spherical uniform size on day 4 and (C-D) after the first passage. (E)
Fluorescence staining of neurospheres indicating nestin and (F) SOX2
expression.

value of cell compared to the control group at 3 and 7
days post-incubation (**P <0.01, **P < 0.01 respectively).
However, on the first day, no significant difference was
observed between the groups, possibly because of cell
adaption. In addition, the AL/CO group had a significant
increase in absorption value after 3 and 7 days (*P < 0.05,
**P < 0.01, respectively), compared to the control group.
Such results indicate AL/CO and AL/CO/rGO hydrogel
had good cytocompatibility of compared to 2D, AL groups.

To visualize the capacity of the proliferation of
encapsulated stem cells on different hydrogels, DAPI
staining via fluorescent microscopy was used on 1, 3,
and 7 days post-cultivation. As depicted in Fig. 4D-F,
no significant change was observed one day after cell
encapsulation, but an obvious proliferation in cells was
observed in AL/CO (Fig. 4G-I) and AL/CO/rGO (Fig. 4
J-L) hydrogel groups compared to the Al groups on days
3and7.

(B)

ALICONGO Lit

ALICONGO

ALCO

e

Transmittance (%)

B

TR COH) 3424 em

1547 e’
(Amide 11)

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

‘Wavenumber (cm™")

Fig. 2. Drug release profile and FTIR absorbance. (A) Drug release profile of AL, AL/CO, and AL/CO/rGO hydrogels loaded with lithium chloride, (n = 3). (B)
FTIR spectra of AL, pure CO, AL/CO, AL/CO/rGO, and AL/CO/rGO Li+ hydrogel (n = 3).
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Cell adhesion and Integrin expression of NSCs in hydrogel
The gene expression of integrin subunits (al, B1) which
are responsible for identifying and binding the matrix
collagen,” was evaluated after 24 hours by real-time PCR
(Fig. 4B). Both al and 1 integrin subunits significantly
enhanced with mean fold changes by 1.75, 2.9 times in the
AL/CO group 24 hours after cell encapsulation compared
to the AL group, respectively. Further, with the addition
of rGO the expression of al and P1 integrin subunits
increased with mean fold changes of 2.45, and 4.05
times, respectively. Furthermore, the morphology of cells
encapsulated in AL/CO/rGO hydrogels was investigated
by SEM. As seen in (Fig. 4C), the hydrogels could support
cell adhesion and improve cell spreading.

Differentiation of encapsulated cells in hydrogel

For considering the neuronal differentiation tendency of
NSCs cultured in on the AL, AL/CO, AL/CO/rGO and
AL/CO/rGO Li+, the genes expression levels of neuronal-
specific makers were assessed on day 14. The expression of
neural markers such as nestin, NF200, and synaptophysin
was assessed in all above groups. The gene expression
of NSCs in the two-dimensional (2D) was considered
as control. According to the results, (Fig. 5A), the gene
expression of nestin in AL/CO, AL/CO/rGO, and AL/CO/

z

(B)

=@ ALCO
AICOIGO

OD values (570nm)
Fold change

o a4 N w & o

1 3 7
Time (Days)

Day 1
D)

AL/CO/rGO

Integrin Subunit

Day 3

rGO Li+ group significantly increased compared with
the control 2D group (**P < 0.01, ***P<0.001, ***P <
0.001 respectively). The expression level of nestin in AL/
CO increased by 2.5 times (**P < 0.01). Also, in AL/CO/
rGO, nestin showed significantly enhanced expression
(**P<0.01).

As indicated (Fig. 5B), the mRNA expression level of
NF200 was significantly highest in both AL/CO/rGO
and AL/CO/rGO loaded with lithium-ion (AL/CO/rGO
Li+) groups (***P<0.001). Note that NF200 expression
in AL/CO/rGO was significantly higher than in AL/CO
groups (***P<0.001). Also, AL/CO/rGO Li+ showed
a significant increase in NF200 expression compared
with AL/CO/rGO group (**P<0.01). The expression of
synaptophysin (Fig. 5C) was the highest in AL/CO/rGO
and AL/CO/rGO Li+ groups, while the AL/CO/rGO Li+
groups showed 3-fold increase in the gene expression
compared with AL/CO/rGO. The results showed that the
AL/CO/rGO Li+ group compared to 2D culture presented
higher expression of neural cell marker in 3D culture
compared with 2D control culture on day 14.

The differentiated cells were also immunoreactive
to NF200 and synaptophysin on day 14; the NF200
immunoreactivity was detectable in all hydrogel groups.
Neurons grown in collagen-containing hydrogels seemed

2 AL
=1 AL/CO

za AL/CO/NGO

Fig. 4. Cytotoxicity and proliferation assay of NSCs in 3D culture. (A) MTT assay of NSCs on 1,3 and 7 days post encapsulation in hydrogel compared with 2D
culture. There was a significant increase in proliferation on day 3 and 7 in AL/CO and AL/CO/rGO (* P< 0.05, ** P< 0.01, *** P< 0.001/ n = 3). (B) Expression
of collagen-binding integrin subunits 24 h post-encapsulation in AL, AL/CO, and AL/CO/rGO hydrogels. (C) The SEM image showed the morphology of the
encapsulated NSCs inside the AL/CO/rGO hydrogel after 24 hours. (D-F) Investigation of growth rate by DAPI staining of NSCs after 1, 3, and 7 days in 3D
culture in (D-F) AL hydrogel, (G-1) AL/CO and (J-L) AL/CO/rGO hydrogels, which showed observable increase in AL/CO and AL/CO/rGO hydrogels on day 4

(n=3).
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to interact with the collagen fibrils and exhibited a
neuronal phenotype (FIG. 5H, 5L, 5P). In the group
without collagen fibers, the encapsulated cell was unable
to form neurite and exhibited spherical shape (Fig. 5D).
Synaptophysin (Fig. 51, 5M, 5Q) in the blend hydrogel
was found within the soma of the neurons, while the
neurites were few. However, in AL group (Fig. 5E), the
immunoreactivity of synaptophysin was inconspicuous
and located in soma of the neurons.

As seen in (Fig. 5T), the average length of neurites in
the AL/CO/rGO Li + group, about 103.3+15.37, was
longer than in the AL/CO/rGO group, about 67.72+9.11
(*P<0.05). This also suggests one of the important
factors of neurological maturity. This, together with gene
expression data, suggests that cells encapsulated in AL/
CO/ rGO Li + matured more efficiently than other groups.

Discussion

The survival and differentiation of transplanted NSCs
is a crucial factor in the success of cell therapy.” Cell
delivery with hydrogel would enhance the efficiency of

(A)

o

NF-200

Fold change
Fold change

AL/COGO

AL/CO/GO Li*

cell transplantation. Hydrogels can provide a supportive
environment for the cell, as well as chemical and
physical stimuli with enhancement of cells survival and
differentiation, bridge nerve regeneration, and prevent
scar formation.”

The alginates and collagen mixture provides a
heterogeneous network that accelerates NSCs attachment
and neural differentiation.® The formation of hydrogel
under natural conditions also promotes cell survival and
facilitates its use in situ delivery.

Recently, conductive substrates such as graphene-
based composites have attracted plenty of attention
in nerve tissue engineering, in order to ameliorate the
transmission of electrical signals in neurons and provide
a suitable environment for neuronal regeneration.”” The
high conductivity and special topographic properties
of graphene can enhance cell scaffold interactions,”
electrical stimulation can significantly improve the
growth of neurite and nerve regeneration.”>”® In this study,
rGO combined with AL/CO hydrogel was used which can
be injected at the site of injury and provides mechanical

Q) (T)

Neurite length (um)
-

@ ]

3 S

Fold change
8

Synaptophysin

Fig. 5. Gene and protein expression of cultured NSCs in the hydrogel. mRNA expression of (A) Nestin, (B) NF200 and (C) Synaptophyoin after 14 days of
neural stem cells culturing on the AL, AL/CO, AL/CO/rGO, and AL/CO/rGO loaded with Lithium-ion compared to 2D culture. (** P < 0.01, *** P < 0.001, n =
3). Immunocytochemistry of NF200 and synaptophysin after 14 days cultured on (D-G) Al, (H-K) AL/CO, (L-O) AL/CO/rGO and (P-S) AL/CO/rGO Li+ (n = 3).
Cell nuclei were stained with DAPI (blue). (T) The average neurite length of NSCs-derived neurons cultured after 14 days in AL/CO/rGO and AL/CO/rGO Li+
hydrogels. (* P < 0.01).
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as well as chemical stimuli to direct cell programming
towards more efficient differentiation. Further, in situ-
gelling system has a great clinical advantage such as ease
of administration and being minimally invasive which can
be considered as one of the best drug delivery systems.”

The combination of high and low molecular weight
alginate polymer results in increase minimally the
viscosity of the solution while the elasticity modulus
increases sufficiently. This advantage not only makes
syringe injection possible, but it also increases the
stability of hydrogel.”® Williams PA et al. showed that the
use of variable molecular weights of alginate improves
the controlled release of lipid vesicles by increasing the
strength and stability of the hydrogel structure.*®

Previous studies showed that neurons in a substrate
with mechanical properties in the range of nerve tissue
generate more branching. Balgude AP et al. showed when
the stiffness of agarose gel increases, the extension of
neurites decreases.”” The elastic model in the range of 50-
350 is appropriate for nerve tissue, according to research
by Flanagan LA et al. The density of branches diminishes
as the stiffness increases.*® In this study, the addition of
rGO has reinforced the mechanical properties, although
the elastic modulus of all three hydrogels were still in the
range of 80-200 Pa in 1 rad/s frequency, especially elastic
modules of AL/CO/rGO was 203 Pa, which stiffness was
near to the human spinal cord tissue ~200.*'

It was observed that all three scaffolds had a high
swelling rate due to the high porosity and the connection
between the pores, which was observed in the SEM image.
However, the addition of rGO slightly reduced the pore size.
Pore size is involved in cell infiltration, tissue ingrowth,
nutrient diffusion, and metabolic waste removal. As
such, the optimal pore size according to the target tissue
is important; if the pores are too large, it would restrict
cell attachment due to a reduction in specific surface area,
and if it is too small it would limit cell migration to the
center.”” Previous studies have demonstrated that pore
size diameter around 100 um seems to be more proper for
the differentiation and regeneration of neurons.** The
addition of rGO boosted the conductivity of hydrogels
in limited semiconductor materials. It was reported that
conductive substrates were in the range of about 10 * S cm
and above affecting the differentiation of stem cells into
neurons.*

This study showed that rGO could provide electrostatic
interaction with lithium-ion through hydroxyl, carbonyl,
and carboxyl functional groups. Although alginate also
has negatively charged groups in its chemical structure,
it is not enough to release lithium-ion in control. While
unique chemical structure of rGO has a high surface
area with multiple oxygenated functional groups, that it
has been able to control the release of lithium-ion and
increase the therapeutic benefit of hydrogel through the
neuroprotective effect of lithium-ion.*” However, in the
AL/CO/rGO group, a minor initial burst release was

considered on the first day. This behavior can be due to
accumulation of drugs on the surface of the hydrogel which
could be rapidly released into the environment. Related
studies reported that GO could be used as immobilization
anchor for BMP, encapsulated in bovine serum albumin
nanoparticles (NPs). They demonstrated that positive
charges of the NPs and negative charges of GO could
be bound together through electrostatic interaction and
provide sustained release of BMP,.*

This study showed that the culture of NSCs in the AL/
CO and AL/CO/rGO hydrogel was biocompatible and
sufficiently improved cell proliferation compared to
control. Rahman et al. reported that the metabolic activity
of cells in the gelatin-methacryloyl (GELMA) loaded with
GO group increased compared to the GELMA group free
GO.¥

In this study, it was shown that cell survival and
proliferation increased upon adding collagen. According
to the increased expression of integrin subunits after 24
hours in the AL/CO group, it seems that collagen fibers
havebeen dispersedin the alginate matrixand the cellshave
been able to interact with the collagen fibers enhancing
cell survival and proliferation. In addition, the presence
of rGO has been effective in regulating the expression
of integrin subunits genes. The effect of graphene-based
material on regulating gene expression can be due to the
improvement of cell interaction with ECM, which occurs
in response to the uptake of protein serum on the scaffold.
Previous study has reported that conductive substrates
could improve the cell-.ECM interaction, which occurs
because of the uptake of proteins serum on the scaffold.”

Gene expression results of neural markers after 14 days’
culture in three-dimensional (3D) hydrogel revealed
that the level expression in the three-dimensional group
increased compared to the two-dimensional group. In
similar studies, encapsulated iPSC-derived neurons in
blended alginate and collagen hydrogel made neural
networks and matured.* The presence of rGO, enhanced
the ability of NSCs to differentiate by upregulated gene
expression of neuron-specific genes such as nestin, NF200,
and synaptophysin. These data are in accordance with
the data reported by Guo et al. stating that presence the
rGO as a coating layer on porcine acellular dermal matrix
significantly enhanced neural differentiation of MSCs
and regulated gene expression of the nestin, Tuj,, and
MAP, protein.* In another study, human NSCs cells were
cultured on a graphene-cellulose scaffold. They found that
the MAP, and synaptophysin were expressed only in the
GO-containing group.”

The effect of conductive substrates in regulating gene
expression canbe due to theimprovement of cell interaction
with ECM, which occurs in response to the uptake of
protein serum on the scaffold. Indeed, this improvement
in cell-ECM interaction stimulates the cellular signaling
cascade, thereby affecting gene expression and cellular
behavior.”” In addition, electrical stimulation improves
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Research Highlights

What is the current knowledge?

v Hydrogels as a supportive substrate could be used for the
cell and neuroprotective agent delivery in SCI treatment.

v Electroconductive materials especially rGO are successfully
used in nerve tissue engineering.

v Lithium-ion could affect the proliferation and differentiation
of NSCs.

What is new here?

Y rGO improves the controlled release of lithium-ion from
the hydrogel.

V The hydrogel's simultaneous capacity for electrical
conduction and lithium-ion release creates an ideal milieu
that promotes the expression of neurogenic genes and the
growth of neural networks.

cell-cell interactions plus biosignaling transmission and
affects the cell fate and behavior.?>*!

Furthermore, our results confirm the neurogenic
effect of lithium chloride with the augmented NF200 and
synaptophysin expression at both mRNA and protein
levels. It also showed longer branches of neurites in this
group compared to the AL/CO/rGO group suggesting
that cells encapsulated in AL/CO /rGO Li+ matured more
efficiently than in other groups. In this regard, it was
observed that neurons isolated from the fetal hippocampus
increased the number of synapses connection after being
treated with lithium-ion.”> Previous studies revealed
that lithium chloride improved mesenchymal stem cell
survival in the long run and could enhance proliferation
or differentiation into neurons in a dose-dependent
manner.”

Possibly, BDNF signaling pathways might be implicated
in the neurogenesis of neural progenitor cells by lithium-
ion.”” Lithium-ion has similar effects as conventional
neurotrophins and growth factors in neurogenesis,
probably due to activation of the ERK pathway and
improvement of neuronal differentiation.*” Taken
together, in this study, injectable electroactive hydrogels
were designed and loaded by a neuroprotective agent,
lithium chloride, for facilitating neuronal differentiation,
which can be applied in SCI regeneration.

Conclusion

This study provided an injectable conductive hydrogel
system that may be potentially used in the future for
delivering cell and neuroprotective agents such as lithium
chloride. The results revealed that AL/CO/rGO Li+ will be
effective in creating a microenvironment for transplanted
cells to survive and differentiate. The presence of rGO
could reinforce the electrical signal and lithium-ion
release from hydrogel with neuroprotective activities

successfully accelerating the regulation of neuronal
differentiation genes and neural network formation in
the hydrogel. Nevertheless, animal studies are required
to further evaluate its safety and effectiveness for clinical
applications.
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