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Background: The induced neural stem cells (iNSCs) held great promises for cell replacement therapy, but 
iNSCs modulation need improvement. Matrix stiffness could control stem cell fates and might be effective to 
iNSCs modulations. Here the stiffness of hydrogel matrix on the adhesion, proliferation and differentiation 
of iNSCs were studied.
Methods: Hyaluronic acid (HA) hydrogels with gradient stiffness were prepared. The structure and 
stiffness of hydrogels were detected by scanning electron microscopy (SEM) and rheological test. iNSCs 
were generated from human blood mononuclear cells and cultured in the hydrogels. The cell adhesion, 
proliferation and differentiation on gradient stiffness hydrogels were examined by CCK-8 test and 
immunofluorescence staining.
Results: All hydrogels showed typical soft tissue, with the elastic modulus increasing with concentration 
(0.6–1.8%), ranging from 17 to 250 Pa. The iNSCs maintained growth and differentiation on all gels, 
but showed different behaviors to different stiffness. On the softer hydrogels, cells grew slowly at first but 
continuously and fast for long term, tending to differentiate into neurons; while on the harder hydrogels, 
cells adhered and grew faster at the early stage, tending to differentiate into glia cells after long term culture.
Conclusions: The results suggested that hydrogels stiffness could regulate the key cellular processes of 
iNSCs. It was important for iNSCs modulation and application in the future.
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Introduction

Neural stem cells (NSCs) can self-renew and differentiate, 
and are regarded as a promising therapy for neural injuries. 
In particular, induced neural stem cells (iNSCs) developed 
by directly reprogramming somatic cells through several 

transcription factors exhibit pluripotency to differentiate 
into neurons, astrocytes, and oligodendrocytes. It provides 
alternatives to induced pluripotent stem cells (iPSCs) with 
the advantages of easier culture and safer. Moreover, iNSCs 
also avoid many of the problems of immune rejection, 
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cell source, and ethical issues (1), they are ideal seed 
cells for neural regeneration. However, the support and 
differentiation of iNSCs are mainly generated by complex 
growth factors with a long induction process (2,3), and apart 
from efficiency, the safety, controllability of differentiation, 
and long-term survival should be considered and require 
improvement. The effective regulation of the survival, 
proliferation, and differentiation of iNSCs has become a 
critical issue for its application.

It is well known that the cellular microenvironment, 
composed of extracellular matrix (ECM), bio-factors and 
physical cues, can directly modulate the fate of NSCs, 
including their survival, proliferation, migration, and 
differentiation (4). The mechanical properties of the ECM 
were found to control cellular fate independently (5,6). 
In particular, the hydrogels, as native ECM mimics with 
similar stiffness to brain tissue, were often used to support 
cells and regulate their behavior (7). For example, a soft 
matrix of 20 kPa, which was similar to brain tissue, induced 
bone marrow mesenchymal stem cells to differentiate into 
nerve cells (1). Moreover, iPSCs derived NSC was found 
differentiated into smooth muscle cells on the stiff surface, 
while became glial cells on the soft surface (8). It suggested 
the potential roles of stiffness in iNSC modulation. But 
inducing iNSC to major types of neural lineages was still a 
key problem in neural regeneration, that is, the formation 
of “brain-like tissue”. In this study, the effects of “brain-
similar” matrix stiffness on the fates of iNSCs will be 
investigated. Hyaluronic acid (HA) was the main structural 
component in the brain ECM and often be used for highly 
hydrated matrix preparation in neural tissue engineering. 
So, the HA hydrogels were prepared to mimic brain ECM, 
and gradient stiffness will be used to test the impacts on 
iNSCs adhesion, proliferation, and differentiation. It is 
important for understanding the iNSCs regulation and their 
future applications.

We present the following article in accordance with 
the MDAR reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-6189).

Methods

Preparation of the hydrogel

Sodium hyaluronate (FREDA, China) of 0.6, 0.8, 1.0, 1.2, 
and 1.8 g samples was dissolved respectively in 10 mL 
ddH2O to prepare 0.6%, 0.8%, 1.0%, 1.2%, and 1.8% HA 
solutions, respectively. After adjusting pH to 3.5–4.75 by 

adding 1 mol/L HCl, adipic acid dihydrazide (ADH) was 
added and thoroughly stirred, and the mixture was then 
filled into 48-well plates, followed by adding 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) 
(HA: ADH: EDC =1:5:2) to crosslink for 3 days. Finally, 
the hydrogels were freeze-dried and UV sterilized for cell 
culture.

Morphology and stiffness detection of the hydrogel

For morphological testing, the structure of the freeze-dried 
hydrogels was detected, and pore size was measured by 
scanning electron microscopy (SEM).

The stiffness of wet hydrogel was quantitatively 
characterized by storage modulus and measured by rotational 
rheometer through the Small Amplitude Oscillatory Shear 
(SAOS) test. Briefly, hydrogels of different concentrations 
were crosslinked with the above method in a mold of 3 cm 
diameter to form a 1mm thin sheet and for the SAOS test 
with the following parameter settings: frequency sweep tests, 
frequency range from 0.1 to 100 rad/s, and strain =1%.

Culture of iNSCs

iNSCs were generated from reprogrammed human blood 
mononuclear cells following our previous method and 
transfected EGFP. The iNSCs was identitied by NSC 
markers Sox1, Sox2, OLIG2, PAX6, NESTIN, GFAP and 
Ki67 (9). Subsequently, iNSCs were seeded in 0.6%, 0.8%, 
1.0%, 1.2%, and 1.8% HA hydrogels in 48-well plates 
at the concentration of 2×105 cells per well. Cells were 
cultured in proliferation medium [DMEM/F12: neurobasal 
=1:1, 1× N2, 1× B27, 2 mM GlutaMAX, 1% NEAA (Life 
Technologies, USA), 10 ng/mL rhLIF (Millipore, USA),  
3 μM CHIR99021, and 2 μM SB431542 (Gene Operation, 
USA)] for the first 3 days, then changed into neural cell 
standard medium (DMEM/F12: neurobasal =1:1, 1× N2, 
1× B27, 2 mM GlutaMAX, 1% NEAA) for the following  
14 days.

Cell proliferation by CCK-8 assay

The cell proliferation in different hydrogels was assessed 
by CCK-8 kits (Dojindo, Japan) on days 3, 7, 10, and 14 
of standard medium culture. Briefly, 300 μL 10% CCK-8 
solution per well were incubated for 3 hours, then 100 μL 
solution per well was sucked out to a 96-well plate for the 
450 nm absorbance value test.

https://dx.doi.org/10.21037/atm-21-6189
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Cell differentiation by immunofluorescence staining

The proliferation and differentiation of iNSCs in different 
hydrogels were examined by immunofluorescence staining. 
The cells were fixed with 4% paraformaldehyde, and Sox2 
was used to mark iNSCs (1:800, Santa Cruz, CA, USA) and 
Ki67 (1:500, Millipore, USA) to show the proliferation. 
Tuj-1 (1:500, Sigma, USA) and NeuN (1:500, Invitrogen, 
USA) were used for neuron differentiation, and GFAP 
(1:200, ZSGB-BIO, China) and O4 (1:1,000, R&D, USA) 
were used for astrocytes and oligodendrocytes. After routine 
primary and secondary antibodies staining, cells were 
photographed under confocal microscopy and quantified 
by ImageJ software, while the 0.6% hydrogel degraded in  
14 days and cells of this group were not stained.

Statistical analysis

The data were expressed as mean ± SD and analyzed 
with IBM SPSS Statistics 26. The hydrogel pore size was 
analyzed by ANOVA, and the OD value was examined by 
chi-square test. The differences were considered significant 
when P<0.05 (confidence level of 95%).

Results

Morphology of the hydrogels

The freeze-dried hydrogel presented a loose, porous sponge 
structure (Figure 1A), with uniform pore size under SEM, 
and the pore sizes gradually decreased with the increase of 
HA concentration (Figure 1B, Table 1).

Stiffness of the hydrogel

Rheometer results showed that the stiffness of HA 
hydrogels expressed by storage modulus, increased with 
increasing concentration (Figure 1C). When angular 
frequency increased, the stiffness of the 0.6–1.2% gradient 
HA hydrogels increased gradually, while that of the 
1.8% group increased rapidly and obviously. There were 
significant differences in HA hydrogels with different 
concentrations (P<0.05).

Adhesion and proliferation of iNSCs on hydrogels

After being seeded in hydrogels, many iNSCs aggregated 

into spheres and were seen to adhere to the surface or inside 
the hydrogel in each group under fluorescence microscopy 
(Figure 2A). After culture in the hydrogel for 14 days in 
standard medium, iNSCs of all 0.8–1.8% HA hydrogel 
groups expressed Sox2 and Ki67 on immunofluorescence 
staining, indicating the cells maintained stem cell 
proliferative properties (Figure 2B-2D, Table 2). As 0.6% 
hydrogels degraded, the results were not shown. However, 
the degree of proliferation was different in hydrogels with 
different stiffness. The proportion of Sox2 positive stem 
cells was higher in 1.8% hydrogel, while lower in softer 
hydrogels with a trend of differentiation, especially in 1.2% 
hydrogel.

The CCK-8 test showed the iNSCs proliferated rapidly 
with similar trends in 1.0%, 1.2%, and 1.8% HA hydrogels 
on the 3rd day. The OD value of the 1.0% hydrogel group 
was the highest, indicating this middle-stiffness hydrogel 
was more suitable for cell short-term proliferation. 
However, when culture time extended to 14 days, the 
cell proliferation in 0.6% and 0.8% hydrogel showed 
continuously rising trends, indicating that hydrogels 
with lower stiffness were more suitable for long-term cell 
proliferation. In particular, iNSCs in 0.8% HA hydrogel 
grew the fastest at the end of culture (Figure 2D).

Differentiation of iNSCs by immunofluorescence staining

The immunofluorescence staining results (Figure 3A-3C,  
Table 3) show that iNSCs on hydrogels of different 
concentrations could differentiate into neurons and 
glial cells. Cells in 0.8% hydrogel were more likely to 
differentiate into Tuj-1 and NeuN positive neurons and 
could also differentiate into a relatively high proportion 
of O4-positive oligodendrocytes and less GFAP-positive 
astrocytes. The ratio of neurons/glial cells in 0.8% 
hydrogel was higher than other hydrogels, suggesting 
that low-stiffness hydrogel was the most conducive to 
neuron differentiation. In 1.0% hydrogel, iNSCs were less 
differentiated with a meager differentiation rate but higher 
Sox2 positive rate (Figure 3D), indicating the iNSCs tended 
to maintain their stemness. In 1.2% hydrogel, iNSCs 
differentiated most easily, with the highest rates of Tuj-
1 and NeuN positive neurons, GFAP positive astrocytes, 
and O4 positive oligodendrocytes. In 1.8% hydrogel, cells 
differentiated less, and were mainly GFAP and O4 positive, 
suggesting that iNSCs in hydrogels with higher stiffness 
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Figure 1 Morphology and stiffness of hydrogels. (A) The general and electron microscopic morphologies of HA hydrogels with 
different concentrations: 0.6% (a), 0.8% (b), 1.0% (c), 1.2% (d), and 1.8% (e). The appearances of hydrogels were similar and 
presented as loose, porous structure with connected pores under the SEM (bar =100 μm). (B) Pore size distribution of hydrogels 
of different concentrations. The pore size was uniform in each group and decreased with increasing HA concentration, gradually 
reducing from 100.380±10.267 to 57.849±10.212 μm. (C) The stiffness of HA hydrogels of different concentrations. The modulus 
of HA hydrogels increased with the concentration, ranging from 17–250 Pa, showing as typical soft tissues. #, significant difference 
(P<0.05) from 0.6% HA (same abscissa); ^, significant difference (P<0.05) from 1.0% HA (same abscissa); *, significant difference 
(P<0.05) from 1.2% HA (same abscissa); +, significant difference (P<0.05) from 1.8% HA (same abscissa). HA, hyaluronic acid; SEM, 
scanning electron microscopy.

Table 1 Aperture size and storage modulus of hydrogels

Concentration Aperture size (μm) Storage modulus (Pa)

0.60% 100.380±10.267#^ 17.990–20.021+*^

0.80% 92.424±11.766# 28.778–46.900+*

1.00% 94.980±2.274# 41.065–77.621+*

1.20% 85.236±6.655# 70.542–85.8923+

1.80% 57.849±10.212 136.277–250.3633
#, significant difference (P<0.05) from 0.6% HA; ^, significant difference (P<0.05) from 1.0% HA; *, significant difference (P<0.05) from 1.2% 
HA; +, significant difference (P<0.05) from 1.8% HA. HA, hyaluronic acid.
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were inclined to differentiate into glial cells.

Discussion

iNSCs achieved by reprograming have great therapeutic 
potential for neural injuries, and the effective control of 
their fate and function is crucial for their application. 
Soft tissue of the central nervous system has a modulus 
of elasticity between 150–1,500 Pa (10), and in this study, 
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Figure 2 Proliferation of iNSCs in hydrogels by immunofluorescence staining and CCK-8 test. (A) Morphology of iNSCs in the HA 
hydrogel of 0.6% (a), 0.8% (b), 1.0% (c), 1.2% (d), and 1.8% (e). Many cells aggregated as cell balls. Images were merged with green 
fluorescence and bright field (bar =100 μm). (B) Sox2 and Ki67 immunofluorescence staining of iNSCs on hydrogels for 14 days. 
iNSCs were Sox2 and Ki67 positive in all 0.8–1.8% HA hydrogels (bar =100 μm). (C) The Sox2 and Ki67 positive rates of iNSCs by 
immunofluorescence staining. There were some differences but none were statistically significant between the groups. (D) The OD 
value of iNSCs cultured in hydrogels by CCK-8 test. The OD values were higher in 1.0–1.8% hydrogels on the 3rd day and then 
decreased. However, from the 7th day on, they increased till the 14th day in all the hydrogels and grew faster and continuously in 
0.6–1.0% gels, indicating the long-term proliferation of iNSCs. Three days: *, significant difference (P<0.05) from 1.2% HA (same 
abscissa); Δ, significant difference (P<0.05) from 1.0% HA (same abscissa); 7 days: +, significant difference (P<0.05) from 1.8% HA (same 
abscissa); 10 days: !, significant difference (P<0.05) from 1.8% HA (same abscissa); ^, significant difference (P<0.05) from 1.2% HA 
(same abscissa); #, significant difference (P<0.05) from 0.6% HA (same abscissa); 14 days: &, significant difference (P<0.05) from 0.6% 
HA (same abscissa). iNSCs, induced neural stem cells; HA, hyaluronic acid.

Table 2 iNSCs proliferation in HA hydrogels with different 
concentrations by immunofluorescent staining

Concentration Sox2 (%) Ki67 (%)

0.80% 4.169±0.164 4.986±0.272

1.00% 6.093±2.801 6.093±3.233

1.20% 3.631±0.821 4.524±0.351

1.80% 8.530±0.547 9.582±2.212

iNSCs, induced neural stem cells; HA, hyaluronic acid.
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soft HA hydrogels were used to mimic brain tissue for 
regulating the growth and differentiation of iNSCs. HA is a 
major component of brain ECM and has natural advantages 
in regulating cellular growth, differentiation, and  
migration (11). HA hydrogels of different stiffness were 
obtained by adjusting the concentration from 0.6% to 1.8%, 
with a modulus of elasticity between 25–250 Pa.

The results showed the proliferation of iNSCs was 
regulated by hydrogel stiffness. iNSCs survived and 
maintained proliferation in all hydrogels but this effect was 
greatest in softer 0.8–1.0% HA hydrogels with a gradual 
upward trend, suggesting softer HA hydrogel are suitable 
for long-term iNSCs proliferation and culture. Moreover, 
the cells grew faster in 1.0% hydrogel initially, suggesting 
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Figure 3 Differentiation of iNSCs by immunofluorescence staining. (A-C) The iNSCs on different hydrogels can differentiate into 
neurons (NeuN and Tuj-1), astrocytes (GFAP), and oligodendrocytes (O4) (bar =200 μm). (D) The positive rates of neurons and glial 
cell differentiation. The differentiation rates were different but not statistically significant. The iNSCs in 0.8% HA hydrogel tended 
to differentiate into more neurons; in the1.0% group tended not to differentiate, preserving the stemness; in the 1.2% group most 
easily differentiated, with a little more glial cells; and in the 1.8% group tended to glial cells. iNSCs, induced neural stem cells; HA, 
hyaluronic acid.
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this stiffness was more suitable for the rapid adhesion 
of iNSCs. Similar results showed 1.0% HA hydrogel 
mimicked the mechanical behavior of brain tissue, and 
favored NSCs differentiation to neurons (12) and effectively 
supporting NSC growth (13).

Stiffness has been proven to play an important role 
in inducing the differentiation of neural crest stem cells 
(NCSCs) (8). Our results found that iNSCs in soft “brain-
like” HA hydrogel could differentiate into neurons, 
astrocytes, and oligodendrocytes, and the stiffness of 
hydrogel mediated the differentiation direction and rate. 
The stiffness of the hydrogels was similar to that of brain 
tissue, which will be helpful to induce iNSCs to form the 
neural lineages. In 0.8% hydrogel, the neurons and the 
ratio of neurons/glial cells were the highest, suggesting 
that a soft matrix is more suitable for iNSCs differentiating 
into neurons. In 1.8% hydrogel, iNSCs were prone to 
maintain stem cell features with a low differentiation rate 
and showed a tendency to differentiate into glial cells. 
Another study showed iPSCs derived NSC can separately 
differentiate into mesenchymal cells and glias on stiff and 
soft surface mimicking the vascular environment (8). So 
it can be seen that stiffness in microenvironment plays a 
decisive role in iNSCs differentiation. As a mechanical 
stimulus, stiffness might interact with the integrins on the 
cell membrane and affect cell functions directly (10). The 
mechanical stimulation sensor of the cell membrane then 
interacts and transduces the mechanical signal into the NSC 
differentiation program (14), suggesting stiffness could 
effectively and individually regulate the proliferation and 
differentiation of iNSCs.

Conclusions

Our study showed that HA hydrogel stiffness affected the 
proliferation and differentiation of iNSCs. These results 
suggested the physical microenvironment, especially 
stiffness, could be used as an effective and secure strategy 

to regulate iNSCs and improve their survival and 
differentiation for future neural repair.
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Table 3 iNSCs proliferation in HA hydrogels with different concentrations by immunofluorescent staining

Concentration Tuj-1 (%) NeuN (%) GFAP (%) O4 (%)
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1.00% 0.980±0.564 1.397±0.693 2.051±1.141 1.577±0.265
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