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Abstract

Human induced pluripotent stem cell-derived neural progenitor cells (hiPSC-NPCs) are considered
as a promising cell source for transplantation and have been used for organoid fabrication to
recapitulate central nervous system (CNS) diseases in vitro. The establishment of three-
dimensional (3D) in vitro model with hiPSC-NPCs and control of their differentiation is
significantly critical for understanding biological processes and CNS disease and regeneration.
Here we implemented 3D methacrylated hyaluronic acid (Me-HA) hydrogels with encapsulation
of hiPSC-NPCs as in vitro culture models and further investigated the role of the hydrogel rigidity
on the cell behavior of hiPSC-NPCs. We first encapsulated single dispersive hiPSC-NPCs within
both soft and stiff Me-HA hydrogel and found that hiPSC-NPCs gradually self-assembled and
aggregated to form 3D spheroids. Then, the hiPSC-NPCs were laden into Me-HA hydrogels in the
form of spheroids to evaluate their spontaneous differentiation in response to hydrogel rigidity.
The soft Me-HA hydrogel-encapsulated hiPSC-NPCs displayed robust neurite outgrowth and
showed high levels of spontaneous neural differentiation. We further encapsulated Down
Syndrome (DS) patient-specific hiPSC-derived NPCs (DS-NPCs) spheroids within our hydrogels.
DS-NPCs remained excellent cell viability in both soft and stiff Me-HA hydrogels. Similarly, soft
hydrogels promoted neural differentiation of DS-NPCs by significantly upregulating neural
maturation markers. This study demonstrates that soft matrix promotes neural differentiation of
hiPSC-NPCs and HA-based hydrogels with hiPSC-NPCs or DS-NPCs are effective 3D models for
CNS disease study.
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Stiffness tunable 3D HA-based hydrogel models were implemented to control the progenitor
properties and neuronal differentiation of hiPSC-NPCs or DS-NPCs.
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Introduction

Neurodegeneration-related injuries or diseases often make extensive neuronal death,
subsequently resulting in permanent dysfunction due to the inferior regenerative capacity of
the central nervous system (CNS).1-3 Cell replacement therapies hold great promise for
neuronal regeneration and CNS functional recovery.** Specifically, human induced
pluripotent stem cells (hiPSCs) reprogrammed from somatic cells have been recently
recognized as a promising cell source for personalized therapies by using the patient's
autologous cells.8.7 Moreover, hiPSCs have been successfully differentiated into neural
progenitor cells (NPCs) and then various CNS related cell phenotypes including neurons and
glial cells, which are significantly invaluable for in vitro disease modeling, drug discovery,
and developing regenerative therapies.8:9 However, the inferior survival rate of grafted cells
and inappropriate cell scaffold platform limit the efficacy of hiPSC-based regenerative
therapies.19-12 Therefore, development of physiologically relevant in vitro model with
hiPSC-derived NPCs (hiPSC-NPCs) plays an important role in not only understanding
neural network development, behavior and activities under physiological or pathological
situations, but also identifying key characteristics of cell-matrix interactions to direct the
appropriate design of functional grafts for CNS injuries or diseases. In addition, the cell fate
of engrafted hiPSC-derived progenitor or precursor cells are typically poorly controlled,
leading to the formation of teratomas, which is one of the major challenges in hiPSC-based
cell therapies.13 It is thus of significant importance to delicately control the
microenvironment and mediate the differentiation of hiPSC-NPCs to avoid tumor formation.

A promising in vitro model for the support of 3D hiPSC-NPC culture and differentiation
involves the implementation of 3D biomimetic platforms that mimic the unique
physiological microenvironment of extracellular matrix (ECM) in native CNS. Natural
hydrogel-based scaffolds have been recognized as compelling materials for mimicking the
native ECM recently.14-17 One example of the most commonly used hydrogel systems for
neural stem cells and hiPSC based cells is Matrigel, a matrix extracting from the Englebreth-
Holm-Swarm mouse sarcoma.18-20 Although Matrigel has been demonstrated as an effective
CNS-related cell carrier, it cannot be employed for clinical usage due to its unknown growth
factor composition and murine sarcoma origins.21-23 Therefore, there is an unmet need to
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develop other component-defined hydrogel systems to support hiPSC-NPCs and to improve
the controllability. A number of attempts have been made to develop modified hyaluronic
acid, agarose, alginate, or peptides-based hydrogel materials for hiPSC encapsulation.24-27
Promoting and controlling differentiation of the NPCs to neurons is a major aim in
transplantation studies.28:29

Another important aspect for hiPSC-NPC in vitro model construction is to control the
hydrogel matrix rigidity. In nature, ECM mechanics are one of key characteristics to adjust
and support the differentiation and function of the corresponding cells.30-32 It has been
found that the immature brain of rat and pig exhibited roughly twice as stiff as adult brain,
demonstrating larger force requirement for brain development.33:34 Moreover, many studies
have demonstrated that nerve-related cells could sense and respond to mechanical cues from
the culture substrate.35-37 Softer substrates have been found to promote the neuronal
maturation and differentiation,38:3% as well as neurite outgrowth and axon specification,*0
whereas astrocytes spread less and adhered poorly to softer gels.*142 Another study showed
that neuronal cultures were more adherent to stiff gels and neurite length had no stiffness
preference.#3 However, information about the influence of the matrix rigidity on iPSC-NPC
culture and differentiation is still lacking. Therefore, the development of ECM-mimicking
hydrogel models with tailorable stiffness is an important target to extend the understanding
of iPSC-NPC response to stiffness and provide material design parameters for future
applications in regeneration of CNS system.

In response to the aforementioned challenges, we fabricated hydrogels based on
methacrylated hyaluronic acid (Me-HA) as a 3D environment for the in vitro culture of
hiPSC-NPCs. We hypothesize that the matrix stiffness of hyaluronic acid (HA, a major ECM
component in the fetal mammalian brain) in CNS tissues directly affects NPC differentiation
and that an HA-based 3D culture system could be employed to investigate and mimic these
effects in vitro. We evaluated the effect of Me-HA hydrogel stiffness on the cell viability,
migration, and spontaneous differentiation of hiPSC-NPCs. We further differentiated Down
Syndrome (DS) patient-specific hiPSCs into NPCs (DS-NPCs) and investigated the viability
and neural differentiation of DS-NPCs cultured in the same hydrogels.

Experimental

Cell culture and differentiation

The two healthy hiPSC lines and two DS hiPSC lines were reprogrammed from fibroblasts
obtained from healthy and DS individuals, respectively, as described in our previous study.*
An embryoid body-based differentiation procedure was used for differentiation of these
hiPSCs to NPCs.#> The hiPSC-NPCs and DS-NPCs were maintained in growth medium
(GM) containing DMEM/F12 medium (Hyclone), 1xB27 (Thermo Fisher Scientific), 1xN2
(Thermo Fisher Scientific), basic fibroblast growth factor (20 ng/mL, bFGF, Peprotech), 1%
penicillin/streptomycin (P/S, Thermo Fisher Scientific). The cells were seeded on 6-well
polystyrene plates (Corning) coated with Matrigel (Corning) cultured at 37 °C with 5% CO»
using standard protocols.** For spontaneous differentiation of these NPCs, cells were
cultured in spontaneous differentiation medium (SDM) consisting of DMEM/F12 medium,
1xB27, 1xN2, and 1% P/S. For neuronal differentiation, cells were cultured in neuronal
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differentiation medium (NDM) consisted of neurobasal medium (Hyclone) and DMEM/F12
medium (1:1), 1xB27, 1xN2, 10 uM N8,2"-O-dibutyryladenosine 3”,5"-cyclic
monophosphate sodium salt (cCAMP, Sigma), 200 nM ascorbic acid, brain derived
neurotrophic factor (10 ng/mL, BDNF, Peprotech), glial-derived neurotrophic factor (10
ng/mL, GDNF, Peprotech), laminin (1 pg/ml, Corning), and 1% P/S. All experiments
conducted on hiPSCs were approved by the Stem Cell Research Oversight Committee at the
University of Nebraska Medical Center.

Polymer modification and hydrogel preparation

Photocrosslinkable hyaluronic acid (HA, ~1200 kDa, NovaMatrix) was synthesized as
previously reported through the reaction of methacrylic anhydride (Sigma) with 0.5% HA in
deionized water.46 A hydrogel precursor solution composed with Me-HA (0.75%w/v) was
dissolved in cell culture medium with 0.05% w/v 2-hydroxy-1(4-(hydroxyethox)pheny)-2-
methyl-1-propanone (Irgacure 2959, CIBA Chemicals). The gel precursor was transferred
into silicone molds (8 mm in diameter, 1 mm in thickness, for single cell and spheroid
encapsulation) and subsequently exposed to OmniCure S2000 UV lamp (Lumen Dynamics)
for 30 s or 60 s at room temperature to generate stiffness-controlled hydrogel matrix. The
distance between the silicone mold and UV lamp was maintained at 10 cm and the
irradiance of the light was 320 pW/cm? (Blak-Ray Ultraviolet meter, UVP Inc). For single
cell encapsulation into hydrogels, the hiPSC-NPCs with a density of 1x108 cells/ml were
utilized as shown in Fig. 1A. For cell spheroid encapsulation, hiPSC-NPCs or DS-NPCs
spheroids were first prepared by the cell suspension culture as shown in Fig. 1B and C.
Briefly, single dispersive cell resuspension was placed into low-attachment 6-well plate
(Corning) with 1.5 x10° cells per well. After 2 days of culture, the cells self-assembled as
cell clusters in the shape of free floating spheroids due to spontaneous fusion among single
cells. Then hiPSC-NPCs or DS-NPCs spheroids were resuspended within hydrogel
precursor solutions before UV photocrosslinking. These cell-laden hydrogels scaffolds were
maintained in SDM or NDM at 37 °C with 5% CO, for 28 days, and the medium was
replaced every 2 days.

Physical characterization of the hydrogel scaffolds

Surface morphologies of Me-HA hydrogel scaffolds were characterized by utilizing
scanning electron microscopy (SEM, FEI Quanta 200) after freeze-drying. The stiffness of
Me-HA hydrogel scaffolds was conducted using a compression tester (Nanosute, Agilent
Techologies) at room temperature.

Cell viability and morphology

An inverted optical microscope (Leica DMI1/MC120) with HD camera was employed to
observe the morphology and migration of single cells or cell spheroids cultured in hydrogel-
free medium or laden in hydrogel scaffolds. The viability of single cells or cell spheroids
within the hydrogel scaffolds or hydrogel-free medium was determined after 28 days of
culture by Live/Dead assay (Thermo Fisher Scientific) as previously described*” and
fluorescence images were obtained using a confocal laser scanning microscopy (CLSM,
LSM 710, Carl Zeiss, Germany).
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Self-assembled hiPSC-NPC spheroid density and area

Based on Live/Dead assay images for encapsulated single hiPSC-NPCs within hydrogels,
we calculated the self-assembled hiPSC-NPC spheroid density and area distribution in
hydrogels with different stiffness. Spheroid density was quantified by counting the spheroid
number via ImageJ and standardizing to image area. NIH Image J was used to measure the
spheroid area and then the histograms were plotted. In total three samples for each condition
were used and three images from each sample were analyzed.

Immunofluorescent staining

All samples were fixed in 4% paraformaldehyde, permeabilized in 0.2% Trion X-100 and
then blocked with 1% bovine serum albumin (BSA) overnight at 4 °C. The samples were
then treated with primary antibodies to pllI-Tubulin (1:500, Biolegend), and S100B (1:250,
Sigma) overnight at 4 °C. Secondary fluorescent antibodies were incubated for 2 h and
nuclear counterstaining (Draq 5, 1: 1000, Thermo Fisher Scientific) were performed for 30
minutes at room temperature. The stained samples were imaged with Zeiss 710 CLSM.

Length and extension speed of neurite outgrowth

For neurite outgrowth length and extension speed measurement, nine encapsulated hiPSC-
NPC spheroids in three different hydrogel samples were randomly selected and imaged by
using inverted microscope after 28-day culture. Ten longest and ten shortest neurites from
one side of each spheroid were measured and averaged to generate the average neurite length
for that particular side of the spheroids. The same analysis was then conducted on the other
side. Then the average migration speed was calculated based the average length in both side
and culture time. All measurements were conducted using NIH Image J software.

RNA isolation and qPCR

Total RNA was extracted from cell-encapsulated hydrogel constructs or cell spheroids
cultured in hydrogel-free medium using QIA-Shredder and RNeasy mini-kits (Ql1Agen)
according to the manufactures' instructions. Total RNA was synthesized into first strand
cDNA in a 20 uL reaction using iScript cDNA synthesis kit (BioRad Laboratories). Real-
time PCR analysis was performed in a StepOnePlus™ Real-Time PCR System (Thermo
Scientific) using SsoAdvanced SYBR Green Supermix (Bio-Rad). cDNA samples were
analyzed for the gene of interest and for the housekeeping gene 18S rRNA. The level of
expression of each target gene was calculated using comparative Ct (2-24Ct method. Al
primers used in this study are listed in Supplementary Table S1.

Statistical analysis

All quantitative data were expressed as mean + standard deviation (SD). Pairwise
comparisons between groups were conducted using ANOVA with Scheffé post-hoc tests in
statistical analysis. A value of p<0.05 was considered statistically significant.
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Me-HA Hydrogel Formation, Morphology and Mechanical Properties

Hydrogels with tunable stiffness were fabricated by photocrosslinking Me-HA precursor.
SEM images showed that the microstructure morphologies of Me-HA hydrogels exhibited
very irregular pore shapes and relatively open 3D network structure, which varied slightly
between the two freeze-dried Me-HA hydrogels prepared from different crosslinking time
(Fig. 2A, B). The varied UV crosslinking time (30 s or 60 s) was employed to control the
stiffness of the resulting Me-HA hydrogel matrix. The compression modulus of the
hydrogels was significantly raised by increasing the photocrosslinking time (Fig. 2C).
Specifically, the stiffness of 60 s crosslinked Me-HA hydrogels increased to 1.41+0.27 kPa
in comparison with 0.51+0.20 kPa for 30 s crosslinked counterparts. In this study, the softer
hydrogel with stiffness of 0.51+0.20 kPa is denoted as “soft” hydrogel, and the stiffer one
with the stiffness of 1.41+0.27 kPa is denoted as “stiff” hydrogel.

3D In Vitro Culture of hiPSC-NPCs Single Cells Within Bioactive Me-HA Hydrogels

We first evaluated cell survival and morphology of hiPSC-NPCs encapsulated within our
Me-HA hydrogels with the form of single cells (Fig. 3A). Although a few dead cells were
observed in the Live/Dead assay, there were no significant differences in cell viability
between two groups. The hiPSC-NPCs showed high viability in both soft and stiff hydrogels
throughout 28-day culture. Importantly, single hiPSC-NPCs gradually self-assembled and
aggregated to form 3D spheroids when they were encapsulated into both soft and stiff Me-
HA hydrogels. The hiPSC-NPCs laden in soft hydrogels showed a similar spheroid density
compared with those within stiff hydrogels (Fig. 3B). However, hiPSC-NPCs within soft
hydrogels showed greater aggregating potency with significant larger spheroid diameters
(Fig. 3C).

The hiPSC-NPCs have the capacity to differentiate into different CNS related cell
phenotypes, such as neurons (Bl11-Tubulin+) and astrocytes (S100B+) depending on various
cell substrates and culture conditions.12:4849 We examined and compared the cell phenotype
change of single cell dispersed hiPSC-NPCs in both soft and stiff Me-HA hydrogels in SDM
for a period of 28 days. The encapsulated hiPSC-NPCs in the both hydrogel types expressed
Bll1-tubulin (green) and S100B (red) as shown after immunofluorescent staining, suggesting
they spontaneously differentiated into mixed populations of cells (Fig. 3D). However,
hiPSC-NPCs in the soft hydrogels appeared to express remarkably less S100B than lIl1-
Tubulin, indicating that soft hydrogel promoted spontaneous neuronal differentiation.

Soft Hydrogels Promoted iPSC-NPC Spheroid Migration, Neurite Outgrowth and Neural
Differentiation

Encapsulated single hiPSC-NPCs have been demonstrated above to form spherical,
multicellular aggregates in Me-HA hydrogels. In order to accommodate this cell self-
assembly capacity and phenomenon, we first generated sphere-shaped cell aggregates with
the diameter ranging between 50 and 300 um by culturing the cells in suspension to form
spheroids and then encapsulating these hiPSC-NPC spheroids into Me-HA hydrogels (Fig.
1B). The 3D organoids better mimic cell growth and differentiation observed in 3D CNS
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under physiological conditions, compared with 2D cultures.>? Cell behavioral differences for
hiPSC-NPC spheroids within soft and stiff hydrogels were observed and evaluated by using
phase contrast microscopy. After 28-day culture in SDM, the hiPSC-NPC spheroids within
soft hydrogels showed robust neurite outgrowth, whereas limited neurites were observed in
stiff hydrogels (Fig. 4A). Neurite morphometric analysis demonstrated that the mean value
of neurite outgrowth length was significantly longer in soft hydrogels in comparison with the
stiff counterparts (Fig. 4B). Interestingly, we observed that hiPSC-NPC spheroids migrated
towards each other within soft hydrogel after 28 days of culture, indicating that the cell
spheroids could remodel the hydrogels (Fig. 4C). We then performed Live/Dead assay to
determine the effects of the hydrogel stiffness on viability of hiPSC-NPC spheroids at day
28 after conditioning in SDM. The hiPSC-NPC spheroids cultured in hydrogel-free SDM
were utilized as a control group. The hiPSC-NPC spheroids within both soft and stiff
hydrogels showed high viability, without obvious difference compared to hydrogel-free
hiPSC-NPC spheroids (Fig. 5). In consistent with optical images, hiPSC-NPC spheroids
showed extensive neurite outgrowth in soft hydrogels, whereas limited neurites were
observed in stiff hydrogels and no neurites for hydrogel free spheroids.

We next evaluated the spontaneous differentiation potential of hiPSC-NPC spheroids in our
Me-HA hydrogels and hydrogel-free SDM during 28 days of culture. Immunofluorescent
staining showed that pl11-tubulin and S100B were expressed by hiPSC-NPC spheroids in all
the three groups (Fig. 6A). However, lowest S100B expression was found in soft Me-HA
hydrogel, which demonstrated that lower hydrogel stiffness suppressed the astrocyte
differentiation capacity of hiPSC-NPC spheroids (Fig. 6A). Furthermore, l11-tubulin was
only observed within the spheroids in hydrogel-free group and stiff hydrogel group, while it
was present in the cell extensions in soft hydrogel group, which confirmed that softer
hydrogel noticeably promoted neurite outgrowth.

To further examine the expression levels of phenotypic markers, gene expression of the
neural progenitor markers, Nestin and Sox2, the neuron and neuronal maturation markers,
TUBB3 and MAP2, the astrocyte marker S100B, and the oligodendrocyte marker MBP were
quantified by qPCR in soft and stiff hydrogel groups relative to the hydrogel-free group (Fig.
6B). The gene expression levels of Nestin and Sox2 were significantly higher in the stiff
hydrogel group than the hydrogel-free group and soft hydrogel group, and the neuronal gene
expression levels (i.e. TUBB3 and MAP2) in the soft hydrogel group were significantly
upregulated comparing to the other two groups. The expression of the MBP and S100B was
not significantly different among these three groups. These data demonstrated that softer
hydrogel environment promoted the neuron differentiation and maturation. Moreover, stiffer
hydrogel matrix may maintain the stemness of hiPSC-NPCs for a prolonged period.

Soft Hydrogels Promoted Neuronal Differentiation and Maturation of DS-NPC Spheroids

Since we have demonstrated that soft hydrogel promoted spontaneous neuronal
differentiation of hiPSC-NPCs derived from normal fibroblasts, we then asked whether soft
matrix could also facilitate neuronal differentiation of hiPSC-NPCs from patient with CNS
disease. Here, we studied the NPCs derived from DS patient-specific hiPSCs, because
previous studies in human brain tissues, transgenic mouse model and DS hiPSC models

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2018 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al. Page 8

showed that DS-NPCs exhibited a gliocentric shift and impaired neurogenesis.**51-53 We
further generated DS-NPC spheroids and encapsulated the spheroids in our hydrogels with
different stiffness and condition the constructs in NDM for 28 days. Live/dead assay showed
that high survival ratio of DS-NPCs, but no discernible neurite outgrowth was found among
all the three different groups (Fig. 7A). We did not find any neurite outgrowth from the
spheroids. Immunofluorescent staining showed that neuron-related proteins, plll-tubulin and
NeuN, were expressed by DS-NPC spheroids in all the three groups, with an increased
NeuN expression observed in soft Me-HA hydrogel (Fig. 7B). Results of gPCR also
confirmed that DS-NPC spheroids showed highest gene expression level of neural
differentiation and neuron maturation markers, including DLG4, Synapsinl, TUBB3 and
NeuN, in soft Me-HA hydrogel, whereas stiffer hydrogel either had no effects or
downregulated expression of these markers (Fig. 7C). Together, these results supported that
lower hydrogel stiffness robustly enhanced the neural differentiation and maturation of DS-
NPCs upon induction utilizing NDM.

Discussion

Although several proposed cell types, including immortalized neural cell lines, and neural
stem/progenitor cells, may be utilized for the CNS regeneration, hiPSC-derived NPCs hold
great promise for patient-specific cell replacement therapies.54-56 Additionally, hiPSCs are
highly expandable and are capable of generating large numbers of NPCs, which have also
emerged as an unlimited cell source for disease modeling and drug screening.57:58 However,
more detailed characterization of hiPSC-NPCs and better understanding of their cell-cell and
cell-matrix interactions are needed, in order to maximize their therapeutic potential.
Moreover, until now, biomaterial science still remains ongoing challenges for developing a
well-controlled culture model for 3D hiPSC-NPC growth in vitro and a permissive
environment for effectively manipulating cellular behavior of hiPSC-NPCs.59:60 For
example, silk based scaffolds with collagen hydrogel has been used to support human
induced neural stem cells and their co-culture to generate the engineered cortical brain
tissue.81 The objective of this study is to determine whether the HA-based 3D hydrogel
system could serve as an ECM-mimicking platform to improve the survival rate of hiPSC-
NPCs and how the hydrogel rigidity control the phenotype change and functional maturation
of hiPSC-NPCs in vitro. Our Me-HA hydrogel system possesses three advantages. First, HA
is an essential organizational and structural component in the ECM of native tissues. It is
particularly abundant in the fetal brain and surrounding immature neurons during
differentiation in the spinal cord, indicative of its vital role in CNS development.62-64
Second, Second, the hydrogel formulation can be well controlled and defined with better
reproducibility than Matrigel.246° Third, our Me-HA hydrogels can combine with other
hydrogel systems (i.e. gelatin, collagen, and alginate) and also allow for the incorporation of
specific neurotrophic factors or drugs to form a complex and advanced system for the
application of neural tissue engineering.

Maintaining high cell survival of hiPSC-NPCs after encapsulation into hydrogel matrix is
significantly important since this is the first step toward integration into 3D in-vitro culture
model and realization of subsequent targeted differentiation. Low in vivo or in vitro survival
rates and poor neurite outgrowth was observed when various NPCs were encapsulated
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within the hydrogels or injected into animal models.®8:67 Locally injected cells generally had
poor viability, often with as few as 1-20% of cells being able to survive after
transplantation.3>:68 Suspension culture usually lead to considerable cell agglomeration, cell
death or uncontrolled differentiation.6%:70 Moreover, low cell viability, limited cell growth,
and uncontrolled differentiation were also observed in the hydrogel culture systems,
including acrylate-modified HA hydrogels (60-90 kDa), agarose hydrogels and alginate
hydrogels.2” In this study, HA with high molecular weight of ~1200 kDa was utilized to
fabricate hydrogel matrix. We demonstrated that when encapsulated into our Me-HA
hydrogels in the form of single cells, the hiPSC-NPCs displayed robust survival rate.
Previous studies also showed that HA with high molecular weight was an essential
organizational and structural component in the native brain ECM and had neuroprotective
effects.”:72 However, no discernible neurite outgrowth was generated in our Me-HA
hydrogels. Instead, single hiPSC-NPCs spontaneously migrated and accumulated in
dispersive sphere-like circular islands. Other studies also demonstrated poor neurite
outgrowth capacity and spontaneous formation of spherical aggregates for single-cultured
hiPSC-NPCs.26:62.73 This indicates that paracrine is important for survival and function of
hiPSC-NPCs within matrix. This self-assembled cell behavior led us to pre-manufacturing
hiPSC-NPC spheroids prior to the encapsulation into Me-HA hydrogels. The Me-HA
hydrogel-encapsulated hiPSC-NPC spheroids exhibited robust survival and neurite
outgrowth in vitro.

Mechanotransduction in soft tissues, particularly its influence on progenitor cell
differentiation, has begun to be explored recently.”* Accumulating evidence suggests that the
mechanical properties of the culture matrix can modulate important neuronal differentiation,
maturation, and functions such as growth, extension, branching, and activity.49.75.76 Several
studies have shown that the local elastic modulus of the brain is in the range of 0.1-1.5
kPa.#2:77-19 Some other studies showed broader stiffness ranging from 0.1 to 10 kPa.*0.62
The difference is probably due to the use of different brain anatomy and species, different
age and different testing methods. In our study, the control of crosslinking time was utilized
to directly manipulate the mechanical properties of the Me-HA hydrogel matrix for
assessing the influence of the matrix stiffness on hiPSC-NPC responses. The stiffness of the
soft hydrogel is in the lower native brain stiffness range, while the stiff one is in the middle
or upper range. Notably, hiPSC-NPC single cells or spheroids showed more differentiation
towards a neuronal phenotype in SDM in the soft Me-HA hydrogels over a period of 28 days
of culture. In particular, neurites with extended length outgrowth from hiPSC-NPC
spheroids positive for the neuronal marker gl11-tubulin were only found in soft hydrogel
group, and significantly higher mature neuronal gene expressions were found in soft
hydrogel group. In contrast, stiff Me-HA hydrogel was capable to restrict hiPSC-NPC
spheroids spontaneous neural differentiation and better maintain the progenitor properties of
hiPSC-NPC.

Down syndrome (DS) is the most common genetic cause of intellectual disability, and
development of the DS brain is associated with decreased neuronal and abnormal
differentiation.80:81 However, the cause of the neurodegenerative process in DS is unknown.
In our present study, the DS-NPC-based spheroids were also encapsulated into Me-HA
hydrogels with different stiffness. The DS-NPCs remained good cell viability after
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encapsulation. Although the expected neurite outgrowth was not obtained in both soft and
stiff hydrogel group, our immunofluorescent staining assay and together with qPCR results
showed that DS-NPCs laden into softer hydrogels presented robustly highest neuron-specific
protein and gene expression in NDM, demonstrating the softer stiffness could promote the
transformation of DS-NPCs into neuronal phenotype. This also indicates that only
mechanical cue is probably not enough to promote functional neural differentiation of DS-
NPCs. Other physical and biochemical cues, hydrogel recipes, or their combination may
have more effects on DS-NPCs fate in 3D culture. To the best our knowledge, this is the first
demonstration of using 3D hydrogel culture micro-environment to support high cell viability
and enhanced neural differentiation of DS-NPCs in vitro.

Conclusions

In this study, we demonstrated the feasibility and benefit of using Me-HA based hydrogel
matrix as 3D models for in vitro hiPSC-NPC culture and differentiation. Human iPSC-NPCs
or DS-NPCs with the states of single-cell suspension, or multi-cell spheroids were
encapsulated into Me-HA hydrogels with different matrix stiffness. We reported the ability
of our stiffness-controlled Me-HA hydrogels to support cell viability. Lower hydrogel
stiffness promoted the differentiation of hiPSC-NPCs or DS-NPCs towards a mature
neuronal phenotype. Specially, robust neurite outgrowth was observed when hiPSC-NPC
spheroids were laden into softer hydrogel matrix. However, higher hydrogel stiffness was
capable to better maintain the progenitor properties of hiPSC-NPCs. Together, our results
presented remarkable evidence, demonstrating that our Me-HA hydrogel matrix not only
showed potential as model systems to mechanistically investigate hiPSC-NPC or DS-NPC
differentiation and eventually direct their fate into matured neurons in vitro, but also
provided meaningful information on scaffold construction for neural tissue engineering.
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Fig.1.
Schematic of experimental design. (A) Homogeneous hiPSC-NPC encapsulation within Me-

HA hydrogels: single dispersive hiPSC-NPCs and hydrogel precursors were loaded into
silicone molds and subsequently exposed to 365 nm UV light for 30 s or 60 s. The cell-
hydrogel constructs were maintained in spontaneous differentiation medium (SDM) for 28
days. (B) hiPSC-NPC spheroids encapsulation within hydrogels: hiPSC-NPC cell spheroids
were first fabricated by the cell self-assembly method after 2 days of culture and then
encapsulated within the hydrogels. The spheroid laden constructs were conditioned in SDM
for 28 days; (C) DS-NPC spheroids laden within hydrogels: DS-NPC spheroids were first
manufactured, and then were incorporated into hydrogels. The hydrogel-encapsulated DS-
NPC spheroids were conditioned in neural differentiation medium (NDM) for 28 days. Scale
bars = 200 pm.
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Fig.2.
Physical properties comparison of Me-HA-based hydrogel constructs prepared at different

crosslinking time. SEM images of freeze-dried Me-HA-based hydrogel constructs using
varied crosslinking time: (A) 30 s and (B) 60 s. Scale bars = 100 pm. (C) Compressive
modulus of these two different hydrogels performed at wet condition (**p<0.01).
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Fig.3.
Soft Me-HA hydrogels promoted the spontaneous spheroid-shaped self-assembly and

neuronal differentiation of single dispersive hiPSC-NPCs. (A) Representative fluorescent
images of living cells (green) and dead cells (red) within single hiPSC-NPC laden hydrogels
in SDM after 28-day culture. Scale bars = 100 um. (B) Spheroid density and (C) spheroid
area distribution analysis of single hiPSC-NPCs encapsulated into soft and stiff hydrogels.
(D) Representative immunofluorescent staining for S100B (red), pl11-tubulin (green) and
nuclei (blue) within single hiPSC-NPC laden hydrogels in SDM after 28-day culture.
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Fig.4.
Soft hydrogels promoted spontaneous migration and neurite outgrowth of hiPSC-NPC

spheroids. (A) Representative phase contrast images of hiPSC-NPC spheroids laden
hydrogels in SDM after 28-day culture. Scale bars = 300 um. (B) Average neurite outgrowth
from hiPSC-NPC spheroids encapsulated into soft and stiff hydrogels (**p<0.01). (C)
Representative migration images of hiPSC-NPC spheroids encapsulated into soft hydrogels
in SDM after 28-day culture. Scale bars = 300 um.

J Mater Chem B Mater Biol Med. Author manuscript; available in PMC 2018 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 18

Hydrogel Free

Soft

Stiff

Fig.5.

Bc?th soft and stiff hydrogels supported high viability of hiPSC-NPC spheroids.
Representative fluorescent images of living cells (green) and dead cells (red) of hiPSC-NPC
spheroids cultured in hydrogel-free medium or laden in hydrogel scaffolds in SDM after 28-
day culture. Scale bars on left panel= 200 pm, right panel= 50 pm.
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Fig.6.

Soft hydrogels promoted spontaneous neurite outgrowth and neuronal differentiation of
hiPSC-NPC spheroids, and stiff hydrogels were capable to better maintain the progenitor
properties of hiPSC-NPCs. (A) Representative immunofluorescent staining for S100B (red),
BlH1-tubulin (green) and nuclei (blue) of hiPSC-NPC spheroids cultured in hydrogel-free
medium or laden in hydrogel scaffolds in SDM after 28-day culture. Scale bars on left
panel= 200 pm, right panel= 50 um. (B) qPCR analysis of Nestin, Sox2, TUBB3, MAP2,
MBP and S100B of hiPSC-NPC spheroids cultured in hydrogel-free medium or laden in
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hydrogel scaffolds in SDM after 28-day culture. Relative gene expression is presented as
normalized to 18S and expressed relative to hiPSC-NPC spheroids cultured in hydrogel-free
medium (n=3; bars that do not share letters are significantly different from each other
(p<0.05); *p<0.05).
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Fig.7.
Soft hydrogels supported high viability of DS-NPC spheroids and promoted neuronal

differentiation of DS-NPC spheroids. (A) Representative fluorescent images of living cells
(green) and dead cells (red) of DS-NPC spheroids cultured in hydrogel-free medium or
laden in hydrogel scaffolds in NDM after 28-day culture. Scale bars= 300 um. (B)
Representative immunofluorescent staining for NeuN (red), pll1-tubulin (green) and nuclei
(blue) of DS-NPC spheroids cultured in hydrogel-free medium or laden in hydrogel
scaffolds in NDM after 28-day culture. Scale bars= 300 um, (C) gPCR analysis of DLG4,
Synapsinl, TUBB3, and NeuN of DS-NPC spheroids cultured in hydrogel-free medium or
laden in hydrogel scaffolds in NDM after 28-day culture. Relative gene expression is
presented as normalized to 18S and expressed relative to DS-NPC spheroids cultured in
hydrogel-free medium (n=3; bars that do not share letters are significantly different from
each other (p<0.05); **p<0.01).
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