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Abstract

While it is known that mechanical dynamics are influential in neural differentiation for critical processes like neurogenesis
or neurodegeneration, studies on neural stem cell therapies usually focus on biochemical interactions rather than mechanical
aspects, frequently resulting in low efficacy and unfulfilled potential. Therefore, current studies are attempting to elucidate the
effect of mechanical stimulus on neural performance using conventional two-dimensional (2D) planar substrates. Yet, these
2D substrates fail to capture the defining three-dimensional (3D) characteristics of the in vivo neural stem cell environment.
To complete this research gap, we synthesized a series of soft and elastic 3D hydrogels to mimic the neural tissue mechanical
environment for 3D cell culture, using long-chain polyethylene glycol diacrylate (PEGDA) and gelatin-methacryloyl (GeIMA).
By varying the concentration of the polymer, we obtained biomimicking hydrogels with a tensile modulus as low as 10 kPa
and a compressive modulus as low as 0.8 kPa. The in vitro results demonstrated that GeIMA-PEGDA hydrogels have the high
biocompatibility required to support neural cell growth, proliferation, and differentiation, as well as neurite outgrowth. We
then studied the effect of mechanical stretching on the behaviors of neural cells and observed that mechanical stretching could
significantly enhance neurite extension and axon elongation. In addition, the neurites were more directionally oriented to the
stretching direction. Immunocytochemistry and relative gene expression data also suggested that mechanical tension could
upregulate the expression of neural differentiation protein and genes, including GFAP and BIII-Tubulin. Overall, this study
shows that in addition to the specific mechanical properties of GeIMA-PEGDA that improve neural differentiation towards
specific lineages, hydrogel stretching is also a potentially attractive strategy to improve the therapeutic outcomes of neural
stem cell therapies.
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Introduction nesis and many other functions. Among factors that affect

differentiation, the mechanical characteristics of the neural

Due to the long-lived nature and low turnover of neural cells
[1], having their differentiation to be committed into the
proper neural lineage is extremely important for neuroge-
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microenvironment are perhaps the most critical yet unclear
mechanisms, by which the neural cells differentiate under
the influence of both the varying stiffness [2] and cortex
terrain that elongate the cells [3]. This unclear understand-
ing hinders emerging neural treatments like neural stem cell
transplantation [4], in which securing differentiation under
appropriate mechanical conditions is crucial and failure to
do so would be tumorigenic [5]. Therefore, various prelimi-
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nary studies have characterized some aspects of mechanical
neural differentiation [6] via the use of micropatterned sub-
strates [7, 8], material stiffness [9, 10], or material stretching
[11]. However, these studies usually investigate the effects
on conventional two-dimensional (2D) substrates instead of
three-dimensional (3D) scaffolds due to the lack of materi-
als with soft elasticity. Harder materials fail to capture the
in vivo conditions and hence provide less explanatory power
with regard to the underlying mechanisms.

Neural tissue is one of the softest tissues in the body
[12, 13], with moduli about 1-4 kPa for brain [14-20] and
moduli about 0.50-6.63 kPa for spinal cord [21-23]. To
mimic the stiffness of natural neural tissues, we fabricated
a series of soft and elastic hydrogels using a mixture of
gelatin-methacryloyl (GelMA) and high molecular weight
polyethylene glycol diacrylate (PEGDA) to induce neural
differentiation. Although GeIMA and PEGDA have differ-
ent sources, chemical structures, and physical properties,
they both have high biocompatibility, with multiple applica-
tions in cell encapsulation [24-26], stem cell transplantation
[27-29], and tissue engineering [30-33]. In particular, while
GelMA has short photo-cross-linking chains and hence high
matrix rigidity and low flexibility [34], it has outstanding
biocompatibility due to its similar composition to the extra-
cellular matrices [35] and is rich in cell-adhesive peptides for
differentiation [36]. On the other hand, while high molecular
weight PEGDA lacks cell-adhesive peptide, it has a linear
and long-chain molecular structure and hence high elastic-
ity. By changing the ratio of GeIMA and PEGDA hydrogels,
we constructed a series of lifelike tissues to recapitulate the
properties of native neural tissue.

These hybrid GeIMA-PEGDA hydrogels allowed us to
investigate two major aspects of neural differentiation:
Firstly, the hydrogel provided a biocompatible, soft, and
encapsulated 3D environment that mimicked the low stiffness
of neural tissues [20] (approximately 1-7 kPa for neuronal
differentiation [37]); secondly, stretching the hydrogels mim-
icked the morphological changes that closely resemble the
dynamics in the brain for neural differentiation both at
the cellular level (e.g., stretch-activated ion channels for
neural differentiation [38]) and the tissue level (e.g., cell
elongation during neural tube formation [39]). Furthermore,
since traditional stretching setups are unsuitable for long-
term observation and micro-manipulation, we developed a
simple and reproducible neural stretching system by cross-
linking the cell-laden hydrogel onto a plasma-treated elastic
membrane and then stretching the membrane alongside the
hydrogel. This design would enable us to transfer stable strain
and stress to the encapsulated cells effectively.

We envision that showing this design of hybrid hydrogels
that influence neural differentiation in both 3D encapsula-
tion and mechanical stretching could inspire novel strategies

in neuronal regenerative medicine utilizing the mechanical
properties of soft materials.

The paper is organized as follows. We first describe the
synthesis of a series of GeIMA-PEGDA hydrogels with
varying concentrations. Then, we discuss the effects of the
mechanical properties of the stretechable hydrogels on neural
cell differentiation.

Materials and methods
GelMA and PEGDA synthesis

Gelatin (Type A, Sigma-Aldrich) was modified by covalent
immobilization of methacrylate anhydride (MA, Sigma-
Aldrich) via amide reaction [29, 40]. In brief, gelatin
(300 mg) was dissolved in phosphate buffer solution (PBS,
HyClone, pH=7.4) (30 mL) and the mixed solution was
stirred at 50 °C for 30 min. MA (0.03 mL) was added into
the gelatin solution dropwise at a stirring rate of 500 r/min.
The solution was maintained at 50 °C for 2 h. After fil-
tration, the solution was dialyzed with 50 °C water and
freeze-dried. The substitution degree of the resultant GeIMA
was determined by nuclear magnetic resonance spectroscopy
('H-NMR) (JEOL ECZ500R 500 MHz), based on previous
work [29, 40].

PEGDA was synthesized by the reaction between the
hydroxyl group on polyethylene glycol (PEG, 20 kDa,
Sigma-Aldrich) and the carboxyl group on acryloyl chloride
(Sigma-Aldrich) [41]. Briefly, 10 wt% PEG was dissolved in
dichloromethane by stirring for 30 min. Then, acryloyl chlo-
ride and triethylamine (Sigma-Aldrich) were added gradually
and separately to the above solution. The molar ratio of
PEG, triethylamine, and acryloyl was 1:4:4. Under N, pro-
tection, the mixture was stirred overnight. After reaction,
ice-cold ether was added to precipitate the preliminary prod-
uct. The product was further purified by rotary evaporation
and dialyzed to eliminate by-products, then freeze-dried. The
structure of PEGDA was also confirmed by 'H-NMR.

The hybrid hydrogels were prepared by dissolving
varying amounts of freeze-dried GeIMA and PEGDA
macromer with 0.5 wt% photo-initiator lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP, Sigma-Aldrich).
The mixed hydrogel was photo-cross-linked with ultravio-
let (UV) light (360—480 nm) at an intensity of 6.9 mW/cm?
for 20 s.

Mechanical testing
Compression and tensile tests were performed on a mechan-
ical tester (Instron, USA). For tensile tests, hydrogel samples

with a dimension of 30 mm x 10 mm x 3 mm (length x
width x height) were loaded on the mechanical tester. The
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cyclic tensile test was performed by reloading immediately
after the initial loading—unloading trial based on previously
reported procedures [42, 43]. The specimens (length 30 mm,
width 10 mm, and height 3 mm) were stretched to a maxi-
mum strain of 50% for 100 cycles. For the compression test,
cylindrical samples (d=10 mm, /=5 mm) were prepared and
tested on the same machine. All experiments were carried out
at room temperature at a speed of 0.5 mm/min according to
the established protocol [40]. Compressive modulus and ten-
sile modulus were calculated by linear fitting of stress—strain
curves between 0 and 10%.

Swelling experiment

The swelling test was conducted on cylindrical samples
(d=10 mm, h=3 mm) at room temperature to evaluate the
effects of cross-linking on the hydrogels [40]. By measuring
the weight change of samples immersed in PBS at different
time points, we were able to determine the swelling charac-
teristics of the hydrogels. The swelling ratio was calculated
using the formulation below:

s—W;

Swelling = < ) x 100%, @))

i
where W and W; are the wet weights at the end and initial
time points, respectively.

Viscosity test

The viscosity tests for hydrogels of different compositions
were performed on an MCR 702 rheometer equipped with
temperature-controlling systems, using a 25-mm-diameter
parallel plate. The viscosity of the hydrogel solutions was
measured using the shear rate from 0.1 to 1000 s~! at 37 °C.

Degradation of hydrogel

To investigate the connection between hydrogel composi-
tion and degradation properties, we immersed the swollen
hydrogels (d=10 mm, #=3 mm, after 12 h immersion in
deionized water) in 2 mL of 0.2 U/mL collagenase type II
solution (Sigma-Aldrich) at 37 °C [44]. The collagenase solu-
tion was replaced every 2 days to maintain enzyme activity.
We removed hydrogel samples from the collagenase solu-
tion and weighed them at predetermined time points. The
degradation property of hydrogels is determined using the
following equation [45]:

!

W,
Massremaining = (W) x 100%, 2)
0

where W represents the initial weight (equilibrium swelling
weight) of the hydrogel and W; represents the remaining
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wet weight of the hydrogel after collagenase incubation at
different time points.

Cell culture

Mouse neuroblastoma cell line Neuro2a (N2a, ATCC, USA)
was used in this project. This cell line has been extensively
used in studies of neuronal differentiation, axon growth, and
signaling pathways [46]. N2a cells were cultured as described
in previous work with a complete growth medium (89%
Dulbecco’s Modified Eagle Medium (DMEM) high glucose
+ 1% penicillin—streptomycin solution + 10% fetal bovine
serum (FBS)). For differentiation of N2a, a differentiation
medium (98% DMEM-high glucose + 1% penicillin—strep-
tomycin solution + 1% FBS + 10 uM retinoic acid) was
used [47]. The medium was replaced every 2 days during the
incubation period.

Cell culture on 2D hydrogel

The precursor hydrogel solution with 0.5 wt% LAP was fil-
tered through a 0.22-pum filter for sterilization. 150 wL of
hydrogel was pipetted to each hole of a 12-well plate and
the plate was placed into a 37 °C incubator for 10 min to
spread the hydrogel to the entire area. After that, the hydro-
gel was cross-linked for 20 s under UV at an intensity of 6.9
mW/cm? (360480 nm). Following hydrogel cross-linking,
N2a suspensions (1 x 10° cells/mL) were seeded on top of the
hydrogel at a density of 1 x 10* cells/cm? and left to adhere
overnight. For cell viability and proliferation, the complete
growth medium was applied, while for cell differentiation of
N2a, a differentiation medium (98% DMEM-high glucose
+ 1% penicillin—streptomycin solution + 1% FBS + 10 uM
retinoic acid) was used.

Cell encapsulation in hydrogel and stretching the 3D
hydrogel system

N2a cells were encapsulated in precursor hydrogel at a den-
sity of 1 x 10° cells/mL. We dripped 10 pL of cell-loaded
hydrogel solution onto the plasma-treated rubber bands.
After UV photo-cross-linking for 20 s at an intensity of 6.9
mW/cm? (360-480 nm), the cell-laden hydrogel that was
sitting on the rubber band could be cross-linked onto it. To
prepare the 3D stretching system, we used a glass cutter to
cut three different lengths of glass for each stretching pro-
portion (i.e., initial length=24 mm; 25% stretching=30 mm;
50% stretching=36 mm). Then, we tied and fixed the plasma-
treated rubber bands on some initial-length pieces of glass
slide and dripped 10 nL of cell-loaded hydrogels suspen-
sion onto the rubber bands. After photo-cross-linking, we
stretched the rubber bands so that the corresponding hydro-
gel was also stretched alongside the rubber band, and we
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subsequently fixed them onto the glass of a specific length
so that the rubber bands (and hydrogel) stayed at a stretch-
ing ratio of either 25% or 50%. A video showing the 3D
stretching hydrogel system is provided in the Supplementary
Information (Video S1). The prepared glass and rubber bands
were sterilized by autoclave before use.

Cell viability, proliferation, and morphology
characterization

Cell viability

For cell viability evaluation, we conducted a live/dead assay
(Thermo Fisher, Hong Kong, China) by following instruc-
tions from the manufacturer. Briefly, a certain amount of
live/dead solution (4 mmol/L ethidium homodimer-1 and
2 mmol/L calcein AM in PBS) was added to each sample
and incubated for 30 min at 37 °C. After washing with PBS,
the samples were examined with a fluorescence microscope
(Nikon, Japan).

Cell proliferation

Cell counting kit-8 (CCK-8, Sigma-Aldrich) was used to
measure in vitro cell proliferation according to the manu-
facturer’s instructions. CCK-8 solution was added to each
well and incubated for 2 h on days 1, 3, and 5 of culture. The
optical density (OD) was detected by a microplate reader
(Bio-Rad 550, California, USA) at 450 nm.

Cell morphology

The cells were fixed with 4% paraformaldehyde for 20 min,
then permeabilized with 0.1% Triton X-100 for 20 min and
blocked for 45 min using 1% bovine serum albumin (BSA)
at room temperature. Subsequently, samples were incubated
in Alexa Fluor 488-conjugated phalloidin solution (Thermo
Fisher, Hong Kong, China) (1:200 dilution) for 45 min and
DAPI solution (Thermo Fisher, Hong Kong, China) (1:1000
dilution) for another 5 min in the dark. After washing samples
with PBS three times, we examined them by fluorescence
microscopy.

Immunocytochemistry

For immunostaining, hydrogel specimens were also fixed in
4% paraformaldehyde for 20 min. Then, the samples were
permeated in 0.1% Triton X-100 for another 20 min. After
incubation with 1% BSA for 45 min, samples were incubated
in a mixture of two primary antibodies (rabbit anti-GFAP
1:500 and mouse anti-BIII-Tubulin 1:500) (Abcam, UK), in

Table 1 Primer sequence for RT-qPCR

Target Sequence (5'- 3')

GAPDH F: GCTGGAGGGCGAAGAAAAC
GAPDH R: GCCTTCTGACACGGATTTGG
Nestin F: AAGTTCCCAGGCTTCTCTTG
Nestin R: GTCTCAAGGGTATTAGGCAAGG
GFAP F: GCTGGAGGGCGAAGAAAAC
GFAP R: GCCTTCTGACACGGATTTGG
Tujl F: ACCCCGTGGGCTCAAAAT

Tujl R: CCGGAACATGGCTGTGAACT

primary antibody diluent overnight at 4 °C. After primary
antibody binding, the samples were incubated in a mixture
of two secondary antibodies (Goat pAb to Rb 488 FITC-
conjugated 1:500; Goat pAb to Ms 594 Red conjugated
1:500) (Abcam, UK) in secondary antibody dilution for 2 h
at 37 °C in the dark. Finally, samples were stained with DAPI
solution (1:1000 dilution) for 5 min at 37 °C.

Gene expression

Gene expression was detected by the reverse transcription
quantitative polymerase chain reaction (RT-qPCR), based on
the literature [48]. After culturing cells on 2D hydrogel for
different lengths of time, they were collected by trypsiniza-
tion. For 3D hydrogels that encapsulated cells, we used
collagenase type II (Sigma-Aldrich) to digest the hydrogels
and release the encapsulated cells. Total RNA was extracted
from the collected N2a cells using a Total RNA Kit (Omega,
Hong Kong, China) and was reverse transcribed into com-
plementary DNA (cDNA) using the Prime Script RT Master
Mix Kit (Takarabio, Hong Kong, China). We used GAPDH
as an internal control for normalization. The sequences of
the sense and antisense primers for related genes are pro-
vided in Table 1. The 2722 method was used to calculate
gene expression.

Statistical analysis

The statistical analysis was performed with SPSS software.
Unless otherwise stated, all tests were repeated in triplicate.
Results were presented as mean =+ standard deviation (SD).
A normality test was conducted for each set of data, showing
whether the data followed a normal distribution. We adopted
the two-tailed Student’s ¢ test to compare the two different
groups; *p<0.05, **p<0.01, and ***p<0.001 indicate sta-
tistically significant differences.
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Results and discussion
Physical and chemical characterization of hydrogels

First, we characterized the synthesis of GeIMA by 'H-NMR
(Fig. 1a). The appearance of the vinyl group at about 5.64 and
5.36 ppm (1 ppm=1 x 10~°) confirmed successful grafting of
MA onto the gelatin. Meanwhile, the increase in the methyl
peak at 1.9 ppm and the decrease in the peak at 2.9 ppm (the
protons of methylene of lysine) also confirmed the modifica-
tion of MA. The degree of substitution (DS) was calculated as
90% by changes in the peak area of lysine methylene protons
(2.9 ppm) on the gelatin and GelMA [40]:

I
DS = (1 _ —1) x 100%, 3)
L

where /1 and I, represent the integrated area of lysine methy-
lene on GelMA and gelatin, respectively. We also examined
the synthesis of PEGDA with 'H-NMR. As shown in Fig. 1b,
compared with PEG, characteristic peaks of the acrylate
group were observed at 5.8, 6.1, and 6.4 ppm, confirming
successful synthesis of PEGDA. Meanwhile, the peak at
about 4.3 ppm was identified as representing the ether groups
(-CH,0CO-) in the PEGDA molecular structure [49, 50].
Since the mechanical properties of hydrogels have a sig-
nificant influence on the growth and differentiation of nerve
stem cells, we fabricated hydrogels with different compo-
sitions and mechanical properties (Figs. lc—1j). The three
different compositions are annotated as follows: G for 5 wt%
GelMA, G:P=4:1 for 4 wt% GelMA + 1 wt% PEGDA, and
G:P=2.5:2.5 for 2.5 wt% GelMA + 2.5 wt% PEGDA. All
hydrogels showed a typical linear elastic performance at low
stress. Initially, we investigated the changes in tensile per-
formance with different compositions. As can be seen from
Figs. 1c—1e, incorporation of PEGDA significantly improved
the elongation at break. Of the three compositions, the
G:P=2.5:2.5 group had the largest elongation (about 180%),
followed by the G:P=4:1 group (about 150%) and lastly the
G group (about 60%). As the ratio of PEGDA increased, the
tensile stress and tensile modulus of the composite hydro-
gels significantly decreased from~60 kPa (5 wt% GelMA)
to about 10 kPa (G:P=2.5:2.5). We then performed the cyclic
tensile test on the hydrogel samples. The typical stress—strain
curves for different runs (1st cycle, 10th cycle, and 100th
cycle) are shown in Figs. 1f—1h. All hydrogels exhibited
excellent tensile recoverability after 100 loading—unload-
ing cycles, demonstrating the outstanding stretchability of
hydrogels. Hysteresis, a feature of viscoelastic materials,
was also observed in these cyclic tensile curves [42, 51].
When the hydrogels were stretched to the same strain sev-
eral times, a hysteresis loop with a small residual strain could
be seen in the 1st loading—unloading cycle to the 10th cycle,
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and hysteresis reached a steady state with much less sig-
nificance for the 10th to 100th cycles. These cyclic tensile
results demonstrated that all hydrogels had stretchability and
recoverability for application of stretching stimulation. Com-
pared with pure GeIMA hydrogel, incorporating PEGDA
significantly moderated tensile strength and improved the
stretchability of the hydrogel matrix. Additionally, incorpo-
rating long-chain PEGDA decreased the compression stress
and modulus from~ 6 kPa (5 wt% GelMA) to 0.8 kPa (G:P
=2.5:2.5), as shown in Figs. li and 1j. Since neural differen-
tiation is usually favorable with stiffness ranging from 1 to
10 kPa, our hydrogels are considered suitable to mimic the
physiological microenvironment [37].

Because the swelling behavior reflects the hydrogel cross-
linking performance and has an important influence on the
mechanical properties, this was also tested and is shown in
Fig. 1k. We found that the swelling reached equilibrium after
9 h soaking in PBS. The swelling ratio increased with the
increase in PEGDA, and the G:P=2.5:2.5 group showed the
largest swelling ratio (about 80%), while the GeIMA group
showed the smallest swelling ratio (about 8%). These results
were consistent with our expectation: Incorporation of high
molecular weight PEGDA modulated the stiffness, elonga-
tion, and swelling of hydrogels due to the increased chain
flexibility and changes in the cross-linked network structure
[52-54].

Viscosity, like many other mechanical properties, also
influenced cellular behaviors. Primarily, viscosity affects cell
behavior due to structural reorganization of the matrix [55,
56]. To evaluate whether the viscosity of GeIMA-PEGDA
hydrogels is suitable for neural cell encapsulation, growth,
and differentiation, we tested the viscosity of hydrogels of
different compositions with the MCR 702 rheometer using
the shear rate from 0.1 to 1000 s~! at 37 °C (Fig. S1 in Sup-
plementary Information). Results showed that all hydrogels
exhibited similar shear-thinning properties. As the proportion
of PEGDA increased, the viscosity of the composite hydro-
gels decreased slightly from 6.8 mPa-s to 4.7 mPa-s, similar
to the viscosity of neural extracellular matrix (ECM)-derived
hydrogels with proven capability for cell survival [57].

The degradation results of different hydrogels in col-
lagenase solution are shown in Fig. S2 (Supplementary
Information). The hydrogels with higher PEGDA concentra-
tions degraded faster than pure GelMA hydrogel, with full
degradation by 50 h for the G:P=2.5:2.5 group and 80 h
for the G group. Generally, traditional PEGDA hydrogel
is susceptible to slow degradation [58]. However, the high
molecular weight and low concentration could significantly
accelerate hydrolysis of PEGDA hydrogel due to higher
ratios of hydrolysable esters and lower cross-link density
[59]. Meanwhile, enzymatic degradation of the GeIMA net-
work accelerated hydrolysis of PEGDA, resulting in rapid
degradation of GeIMA-PEGDA hydrogels. Although the
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Fig.1 Synthesis and physical characterization of hydrogels.
a Schematic of GelMA synthesis with 'H-NMR spectra of gelatin and
GelMA. b Schematic of PEGDA synthesis with 'H-NMR spectra of
PEG and PEGDA. ¢, d Tensile properties of hydrogels. e Elongation at
break of hydrogels. Cyclic tensile stress curves of G f, G:P=4:1 g, and

weak cross-linking network shortened degradation time, it
endowed the hydrogel with soft and flexible properties for
cell survival and application of mechanical stimulation.

Cell viability and proliferation on 2D hydrogels

To verify the feasibility of GelMA-PEGDA hydrogels for
neural tissue engineering, we evaluated the cell viability and
proliferation of N2a cells on 2D hydrogels. We determined
the viability of cells on the hydrogels by live/dead staining

G:P=2.5:2.5 h hydrogels. i, j Compression properties of hydrogels.
k Swelling properties of hydrogels. G represents 5 wt% GelMA,
G:P=4:1 represents 4 wt% GelMA + 1 wt% PEGDA, and G:P=2.5:2.5
represents 2.5 wt% GelMA + 2.5 wt% PEGDA. 1 ppm=1 x 10~°

and used N2a cells cultured on a 12-well plate as control. As
can be seen in Figs. 2a and 2c1, the cells were highly viable,
and no significant cytotoxicity was found. The cells remained
90% viable after 1 and 5 days of culture. The N2a cells were
also uniformly dispersed onto the hydrogels as in the control
samples, indicating the excellent cytocompatibility of our
hydrogels.

To observe the morphology of N2a cells on hydrogels,
we used phalloidin/DAPI to stain N2a cells, resulting in cell
nuclei stained in blue and actin filaments in green (Fig. 2b).
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Fig.2 Viability and proliferation of N2a on 2D hydrogels. a Live/dead
staining of N2a on day 1 and day 5. b Cell morphology of N2a by F-
actin staining on day 1 and day 5. c1, ¢2 Cell viability and proliferation

N2a cells were spherical and distributed evenly on day 1.
After 5 days of cultivation in complete growth medium,
the number of cells increased significantly, but most cells
remained undifferentiated and had a round morphology.
The proliferation of N2a was further evaluated with CCK-8
(Fig. 2¢2). After 5 days of culture, we found that the control
group (on tissue culture plastic) had the fastest growth, fol-
lowed by the G and G:P=4:1 groups. Cells in the G:P=2.5:2.5
group had the lowest proliferation, possibly due to the high

@ Springer

G:P=2.5:2.5

GiP=2.5:2.5

(c2)

4= [ Ctrl

w
1
O
Q
a~!
]
y

Yo de e
b v %

Absorbance at 450 nm
[\®]

[—} L
1
3
*
*
>

| |
Day 3 Day §

Time (d)

Day 1

at different times. Ctrl: N2a cultured on a 12-well plate; G means 5 wt%
GelMA; G:P=4:1 means 4 wt% GelMA + 1 wt% PEGDA; G:P=2.5:2.5
means 2.5 wt% GelMA + 2.5 wt% PEGDA

ratio of PEGDA, which is short of biological ligands (e.g.,
RGD peptides) to engage cell surface receptors for cell adhe-
sion and proliferation [60].

Cell differentiation on 2D hydrogels

After showing that the hydrogels had good cytocompatibility,
we further used the differentiation medium to induce neural
differentiation on 2D hydrogels. First, phalloidin/DAPI stain-
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ing was used to observe the morphology of N2a cells before
and after differentiation on day 1 and day 5. As in the previ-
ous experiments, N2a cells cultured in a 12-well plate were
used as control. Figure 3a shows that the cells were spherical
and did not spread on day 1. The morphology of the cells
changed significantly after 5 days of cultivation in differenti-
ation medium, and most cells completely spread in a spindle
shape. At the same time, N2a cells differentiated, and long
synapses were observed in the 5 wt% GelMA and G:P=4:1
groups. However, cells in the G:P=2.5:2.5 group were not as

w

—

Relative gene expression
N~

expression on day 5 (yellow represents nestin; green represents GFAP;
red represents Tuj-1). Ctrl: N2a cultured on a 12-well plate; G means
5 wt% GelMA; G:P=4:1 means 4 wt% GelMA + 1 wt% PEGDA;
G:P=2.5:2.5 means 2.5 wt% GelMA + 2.5 wt% PEGDA

spread out as in the other two groups, which can be attributed
to the high PEGDA ratio not providing a biological ligand
for cell adhesion, as we mentioned above.
Immunocytochemical staining and RT-qPCR were further
used to evaluate the degree of cell differentiation and gene
expression using the following three representative biomark-
ers: nestin, a neural progenitor marker for undifferentiated
neural stem cells; PIII-Tubulin (Tuj-1), a tubulin protein
expressed in neurons which plays a key role in normal axon
guidance and maintenance [61]; and GFAP, an astrocyte-

@ Springer



722

Bio-Design and Manufacturing (2022) 5:714-728

expressed glial fibrillary acidic protein which can be used
as an astrocyte marker [62]. As shown in Fig. 3b, N2a cells
were spherical without neurite outgrowth, and only slight
signals of the neural differentiation markers (GFAP, Tuj-
1) were present around the nucleus in all groups on day
1, while neural differentiation markers were significantly
expressed with obvious neurite growth both in the control
group and the hydrogel groups on day 5. We then quan-
tified the neurite length, as shown in Fig. 3cl; the neurite
length was calculated using ImagelJ software (Simple Neurite
Tracer) by tracing each individual neuron and its total neurite
length [63]. From the data, the neurite growth of the GeIMA
group is much more apparent; neurite length decreased as
more PEGDA was incorporated, and we attribute this to the
increasingly weak cell adhesion due to the lack of RGD pep-
tide. From Fig. 3c, one can see that the quantitative gene
expression of nestin was lowest in the control group, where
it increased along with increasing PEGDA concentration.
Meanwhile, GFAP (a marker for astrocytes) was consid-
erably more evident on the stiffer hydrogel group (lower
PEGDA concentration) (Figs. 3b and 3c3), in contrast to the
expression of Tuj-1 (Fig. 3c4). These data all agree with the
literature by demonstrating that a stiffer hydrogel mechani-
cal environment makes neural stem cells slightly more prone
to astrocyte differentiation [37, 64—66]. We also noticed that
while there was no significant difference between the GeIMA
group and the G:P=4:1 group in terms of neural marker
expression, there was lower expression in both Tuj-1 and
GFAP in the G:P=2.5:2.5 group. Again, this was likely due
to the weaker cell adhesion of the hydrogel with a higher
PEGDA concentration.

Cell viability, proliferation, and differentiation in 3D
hydrogels

After we confirmed that 2D hydrogels were indeed effec-
tive, we were able to evaluate whether the same applied in
3D hydrogels. To confirm the viability of the cells in the
3D hydrogel, we performed live/dead staining on the 3D
encapsulated cells. From Fig. 4al, one can see that most
cells were alive in all hydrogels, with almost no dead cells
on day 1, and the cells were able to proliferate and form
cell clusters after 5 days of cultivation, indicating the rela-
tively high biocompatibility of GelMA-PEGDA hydrogels
for 3D cell encapsulation. CCK-8 was used to quantitatively
evaluate cell proliferation. As shown in Fig. 4a2, the pro-
liferation of encapsulated N2a cells in all hydrogels was
remarkably increased with culture time from day 1 to day
5. Also, similar to 2D hydrogels, cell proliferation in the
G:P=2.5:2.5 group was relatively low compared with the 5
wt% GelMA group and the G:P=4:1 group, which again is
likely due to having more PEGDA incorporated and hence
lesser RGD peptide, as discussed above. We observed cell
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morphology in 3D hydrogels with a bright-field microscope
(Fig. 4b). Compared with 2D hydrogels, cell differentiation
in 3D hydrogels was significantly reduced and also seems to
be different. Specifically, the cell morphology was slightly
different between the GeIMA group and the PEGDA group
(G:P=4:1 and G:P=2.5:2.5), with cells in GelM A being round
and having more synapses (indicating differentiation into
glial cells), and the morphology of cells in the PEGDA
group being more fusiform (indicating differentiation into
neuronal cells). To confirm our observation, immunofluo-
rescence staining and RT-qPCR were used to evaluate cell
differentiation and gene expression in 3D hydrogel after
5 days of culture. As shown in the immunofluorescence
data (Figs. 4c and 4d), there was higher green fluorescence
(GFAP) in GelMA hydrogels and higher red fluorescence
(Tuj-1) in GeIMA-PEGDA hydrogels. This was consistent
with our observations from cell morphology. Such discrep-
ancies compared to the results of 2D hydrogels could be
attributed to neural stem cells being more sensitive to stiff-
ness than RGD content in a 3D environment [67], so that the
stiffer hydrogel environment (GelMA) is more conducive to
differentiation of glial cells, while the softer environment
(GeIMA-PEGDA) is more conducive to differentiation of
neuronal cells [37, 65, 68]. In fact, these results also corre-
spond to those from other studies where neural differentiation
was significantly influenced by material stiffness in a 3D
environment [37, 69]. As for the reduced differentiation in
the 3D hydrogels compared to the 2D hydrogels, this could
imply that neural differentiation requires much more delicate
regulation in a mimicking microenvironment such as the 3D
hydrogels. We thus further investigated the effect of mechan-
ical stimulation (i.e., stretching) on neural differentiation in
a 3D environment.

Effect of stretching 3D hydrogels on N2a
differentiation

Effect of stretching 3D GelMA hydrogel on N2a
differentiation

We investigated GelM A hydrogels undergoing 0%, 25%, and
50% of stretch from their original length, as shown in Fig. 5.
Live/dead assay showed that cells still had high activity in
stretched hydrogels on day 1 (Fig. 5a). Although some dead
cells were observed, most of the cells were still alive, demon-
strating the negligible effect of stretching on the viability
of the encapsulated cells in the hydrogel. We observed cell
morphology in 3D hydrogel after stretching, with bright-field
microscopy (Fig. 5b). Compared with the unstretched hydro-
gels, the cells in the stretched hydrogels had more synaptic
structures and longer axons (red arrows in Fig. 5b) as the
stretching ratio increased (25% versus 50% stretching ratio),
which was especially evident on day 5. Specifically, the cells
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G:P=2.5:2.5

Live/Dead

GFAP/Tuj-1

Fig. 4 Effect of hydrogel stiffness on N2a differentiation in 3D hydro-
gels. al Live/dead staining on day 1 and day 5. a2 Cell proliferation in
3D hydrogel. b Cell morphology on day 1 and day 5. ¢ Immunoflu-
orescence staining on day 5. d1-d3 RT-qPCR analysis of neural

were round and did not show much neurite outgrowth on
day 1, but the cell pseudopodia showed obvious elongation
on day 5, especially for the stretching group. Again, most
cells were in glial cell form in GeIMA hydrogel since they
were susceptible to glial differentiation in the slightly stiffer
environment (7—10 kPa) [68].

Immunocytochemistry and quantitative gene expression
examination was also conducted to study the effect of
mechanical stimulation on neural differentiation in stretching
and non-stretching GeIMA hydrogel. GFAP and BIII-Tubulin
were selected as specific markers of glial cells and neu-
ronal cells, respectively. Compared with the non-stretching
group, longer neurite length was observed with an increase in
stretching ratio (Fig. 5c). Based on the results of RT-qPCR,
the relative gene expression of GFAP (2.3-fold) and BIII-
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differentiation-related gene expression on day 5 (yellow represents
nestin; green represents GFAP; red represents Tuj-1). G means 5 wt%
GelMA; G:P=4:1 means 4 wt% GelMA + 1 wt% PEGDA; G:P=2.5:2.5
means 2.5 wt% GelMA + 2.5 wt% PEGDA

Tubulin (1.5-fold) was significantly increased in the stretched
hydrogel compared with the non-stretched one, suggesting
that mechanical stimulation could promote differentiation of
N2a. Furthermore, expression of GFAP (a marker of glial
cells) increased more than BIII-Tubulin (a marker neuronal
cell) after stretching, probably as a result of the higher mod-
ulus (stiffness) of GeIMA hydrogel.

Effect of stretching 3D GelMA-PEGDA hydrogel on N2a
differentiation

In addition to stretching GeIMA hydrogels, we stretched
GelMA-PEGDA hydrogels (G:P=4:1 and G:P=2.5:2.5), as
shown in Fig. 6. Most of the cells maintained high viability
after stretching (Figs. 6al and 6a2). The morphology of N2a
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GFAP/Tuj-1

Fig.5 Effect of stretching 3D G (5 wt% GelMA) hydrogel on N2a dif-
ferentiation. a Live/dead staining on day 1. b Cell morphology on days
1 and 5. ¢ Immunofluorescence staining on day 5. d1-d3 RT-qPCR
analysis of neural differentiation-related gene expression on day 5 (yel-

cells after stretching was imaged with microscopy on day 1
and day 5 (Figs. 6b1 and 6b2). Almost no neurite outgrowth
was observed on day 1, but much more significant cell neurite
development was seen after 5 days of culture compared to the
GelMA group. Interestingly, stretching induced significant
neurite outgrowth with longer neurites than the unstretched
control group. Most notably, neurites grew randomly in the
0% stretched hydrogels on day 5 (Figs. 6¢l and 6¢2), but
showed more directional orientation in the stretching coun-
terparts. That is, the orientation of neurite extension tended
to follow the direction parallel to the mechanical tension in
the stretched hydrogels, instead of exhibiting the random out-
growth seen in the non-stretching groups.

These observations were further confirmed by immuno-
cytochemistry (Figs. 6¢1 and 6¢2). Elongated neuron growth
was observed in the stretched GelMA-PEGDA hydrogels
compared to the non-stretched one. Also, neurite elongation
displayed a growth orientation that coincided with tensile
force. Meanwhile, the intensity of Tuj-1 (red), a neuronal
differentiation marker, was increased in the stretching group.
To further evaluate relative gene expression, RT-qPCR was
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complemented to quantify it (Figs. 6d1-6d6). In concor-
dance with the immunofluorescence results, the relative gene
expression of GFAP and Tuj-1 was about threefold and
twofold higher in the stretched GelMA-PEGDA hydrogel
than the control after 5 days of culture. These results clearly
demonstrated that the mechanical tension apparently influ-
ences neural differentiation toward neurons under stretching
conditions, especially when the hydrogels are sufficiently
flexible. The differentiation of 3D-encapsulated neural cells
was significantly influenced by their 3D environment. On the
one hand, cells cultivated in the stiffer hydrogel were more
likely to differentiate into glial cells, while cells encapsu-
lated in the soft hydrogel were more prone to differentiation
into neuronal cells. On the other hand, mechanical stretching
further enhanced neural differentiation by promoting neurite
extension and axon elongation.
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Fig. 6 Effect of stretching 3D GeIMA-PEGDA hydrogel on N2a differ-
entiation. a Live/dead staining on day 1 for GeIMA-PEGDA hydrogel
G:P=4:1 (al) and G:P=2.5:2.5 (a2). b Cell morphology on day 1 and
day 5 for GeIMA-PEGDA hydrogel G:P=4:1 (b1) and G:P=2.5:2.5 (b2).
¢ Immunofluorescence staining on day 5 for GeIMA-PEGDA hydrogel
G:P=4:1 (c1) and G:P=2.5:2.5 (¢2). (d1-d6) RT-qPCR analysis of neu-

Conclusions

In conclusion, we successfully prepared soft and stretch-
able GelMA-PEGDA hydrogels to create favorable 3D
mimicking microenvironments for neural cell culture. By
incorporating PEGDA into the biocompatible GeIMA poly-
mer and varying its concentration, we were able to not only
regulate the matrix stiffness of hydrogels, but also enhance
the tensile properties of the hydrogels in general. Although
the addition of PEGDA slightly influenced cell viability and
proliferation due to the lack of the RGD group, GelMA-
PEGDA still has the extremely high biocompatibility needed
for 3D neural cells to thrive. Meanwhile, stem cells are more
favorable for glial cell differentiation with high GFAP protein
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ral differentiation-related gene expression on day 5 for GeIMA-PEGDA
hydrogel G:P=4:1 (d1-d3) and G:P=2.5:2.5 (d4-d6) (yellow represents
nestin; green represents GFAP; red represents Tuj-1). 0% means 0%
stretching ratio; 25% means 25% stretching ratio; 50% means 50%
stretching ratio. G:P=4:1 represents 4 wt% GelMA + 1 wt% PEGDA
and G:P=2.5:2.5 represents 2.5 wt% GelMA + 2.5 wt% PEGDA

expression in GeIMA hydrogel (~5.8 kPa), and more favor-
able for neuronal cell differentiation with high Tuj-1 protein
expression in GeIMA-PEGDA hydrogel (0.8-2.8 kPa) with a
higher PEGDA concentration. This can be mostly attributed
to the change of stiffness even under changes in concentration
of RGD peptides. In fact, both the decrease in RGD peptide
concentration and the stiffness play a similar role in discour-
aging cell adhesion to that suggested by a landmark study
[70], while neural stem cells are also especially sensitive
to stiffness. Neural differentiation is significantly influenced
by the mechanical modulus of 3D hydrogels compared to the
changes in concentration of RGD peptides, as shown in other
studies [67]. This suggests that stiffness plays the dominant
role in regulating neuronal cell differentiation, as is shown
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by our data and consistent with many other studies [37, 69].
Furthermore, we show that 3D neural differentiation could
be enhanced by mechanical tensions in terms of axon elonga-
tion and neurite orientation. Altogether, the data suggest that
mechanical stretching in a 3D hydrogel microenvironment
improves neurogenesis in general, not only agreeing with cur-
rent knowledge of in vivo neural mechanical niches, but also
demonstrating that GeIMA-PEGDA hydrogel encapsulation
and stretching are possible strategies to improve efficacy
and viability of neural stem cell therapies for regenerative
medicine.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42242-022-00209-z.
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