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ABSTRACT

To reflect human development, it is critical to create a substrate that can support long-term cell survival, dif-
ferentiation, and maturation. Hydrogels are promising materials for 3D cultures. However, a bulk structure
consisting of dense polymer networks often leads to suboptimal microenvironments that impedes nutrient ex-
change and cell-to-cell interaction. Herein, granular hydrogel-based scaffolds were used to support 3D human
induced pluripotent stem cell (hiPSC)-derived neural networks. A custom designed 3D printed toolset was
developed to extrude hyaluronic acid hydrogel through a porous nylon fabric to generate hydrogel granules.
Cells and hydrogel granules were combined using a weaker secondary gelation step, forming self-supporting cell
laden scaffolds. At three and seven days, granular scaffolds supported higher cell viability compared to bulk
hydrogels, whereas granular scaffolds supported more neurite bearing cells and longer neurite extensions (65.52
+ 11.59 pm) after seven days compared to bulk hydrogels (22.90 + 4.70 pm). Long-term (three-month) cultures
of clinically relevant hiPSC-derived neural cells in granular hydrogels supported well established neuronal and
astrocytic colonies and a high level of neurite extension both inside and beyond the scaffold. This approach is
significant as it provides a simple, rapid and efficient way to achieve a tissue-relevant granular structure within

hydrogel cultures.

1. Introduction

The development of in vitro neural tissue analogs is of considerable
interest in the field of biomedical engineering, particularly for disease
modeling and drug screening applications. Widely used conventional
two-dimensional (2D) cultures differ from brain tissue in many ways,
spatially limiting cell-to-cell and cell-to-extracellular matrix (ECM) in-
teractions and lacking cues and structures that support and pattern cells,
growth factors, nutrients, and waste exchange in vivo [1].
Three-dimensional (3D) model systems can be used to more closely
replicate in vivo human neural development. More recently, sponges and
electrospun fibrous scaffolds used as culture substrates have been shown
to have beneficial effects on neural survival, proliferation, differentia-
tion, and neurite outgrowth [2-10]. Organoid techniques that allow for
the growth and patterning of human pluripotent stem cells (PSCs) into
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multiple cell types has the importance of cell-to-cell interactions in 3D
human neural tissue development in vitro [11,12]. Despite tremendous
efforts to create 3D neural cultures in vitro, development of reproducible
models that support longer-term neural network development remains
challenging. During cultures, issues such as slow exchange of nutrients,
oxygen and waste into and out of cell agglomerations and bulk mate-
rials, as well as the inability to dynamically modulate cell-to-cell and
cell-to-matrix interactions still need to be overcome [13].

Hydrogels are highly hydrated 3D crosslinked polymer networks. As
tissue culture scaffolds, they are extremely customizable and their low
material density and high levels of hydration permit cellular accessi-
bility, useful in microscopy and other types of investigation [14].
Through modification of material stiffness, porosity and the addition of
biological factors, it is feasible to generate highly tailored niche mi-
croenvironments for in vitro cell culture and in vivo transplantation.
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More recently, hydrogels have become one of the most well-established
and commonly used materials for tissue engineering applications. Bulk
hydrogels (i.e. hydrogels crosslinked in-place into a continuous volume)
have been used to augment the delivery of biological factors [15-18],
acting as highly tailorable support matrices, bridging damaged tissues,
and to serving as cell carriers that support cell viability whilst pre-
venting cell loss in cell therapies [19-21]. However, crosslinking
hydrogel around cells in suspension entraps the cells in a nanoscale
mesh that can limit outgrowth, connectivity, tissue development and
basic cellular physiological processes [22]. One way to overcome these
challenges is to modify bulk hydrogel by breaking it into a granular
structure and placing cells at the discontinuity boundaries between
granules. Furthermore, the assembled hydrogel granular matrix can be
used as a modular biomaterial implant analogous with complex native
tissue structures that have interconnected micropore or mesopore sys-
tems [23-25]. Cell cultures within granule-like hydrogel structures have
previously been investigated in vitro and in vivo. In one study, rat hip-
pocampal neurons cultured on chitosan hydrogel microparticles in vitro
were found to form 3D interconnected and electrophysiologically active
neural networks [26]. In this study, cells were plated onto the surface of
microbeads. To ensure homogeneous cell distribution, the beads in cell
suspension required multiple repositioning and remixing during plating
over a 3-4-h incubation period. In another study in vivo, a macroporous
hydrogel composite scaffold formed using polyethylene glycol (PEG)
microparticles was transplanted into a mouse spinal cord injury model
[23]. The resulting tissue growth in the multi-phase scaffold led to
functional recovery, with robust axon elongation, myelination and
decreased glial scarring. However, the fabrication of the type of scaffold
used required multiple additional steps including the removal of excess
photoinitiator, molding, and ethanol sterilization prior to transplant.
Use of granular hydrogel scaffolds with sterile toolsets can significantly
simplify the complexity of scaffold fabrication and seeding, making
these types of study more accessible.

A significant advantage of granular hydrogel scaffolds is that the
granules can be fluidized and undergo shear-thinning upon compression
[271], facilitating transport and localized placement whilst also shielding
cells from shear stress during injection [28]. This is of particular interest
for in vivo applications. For example, hyaluronic acid (HA)-based
microgels injected into a stroke cavity model and annealed in situ sup-
ported tissue growth with reduced inflammation, increased vasculari-
zation, promoting neural progenitor proliferation and migration into the
stroke site [29]. Fragmented chitosan microgels injected into a rat spinal
cord injury model were similarly found to enhance spinal tissue repair
[30]. Granular hydrogel systems have also been used for cell delivery,
drug delivery and other tissue engineering applications [31-35],
including bone and cartilage regeneration [36-39], as well as the
growth of skin [24,40] and heart tissue [41-43].

Many different techniques have been used to fabricate hydrogel
microparticles, including the use of batch emulsions, microfluidic
emulsions, template lithography, electrohydrodynamic spraying, and
mechanical fragmentation [44,45]. Of these techniques, microfluidic
emulsions, lithography and electrohydrodynamic spraying provide the
highest degree of control over individual particle shape and size; how-
ever, production tends to be low-throughput and scaling-up can be
challenging and costly [45]. In contrast, batch emulsions or mechanical
fragmentation can be used to rapidly produce large amounts of granular
hydrogel, albeit with increased variability in particle size and shape
[45-48]. Importantly, mechanical fragmentation does not require the
subsequent removal of extraneous solutions, such as emulsion chem-
icals, greatly simplifying the use of this technique in biologically sen-
sitive applications.

Mechanical fragmentation is advantageous in its speed and
simplicity [45], enabling rapid scale-up. Various methods have been
used for mechanical fragmentation, including blending hydrogels in a
homogenizer or a consumer-grade blender [30,49], as well as mechan-
ically forcing hydrogels through a steel mesh [47]. Fragmentation of
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chitosan hydrogel in a homogenizer produced granules sized between
20 pm and 150 pm, with size dependent on rotation speed and blending
time [30]. Gelatin hydrogels blended with a consumer-grade blender
decreased in size with increased blending time, with a blending time of
120 seconds resulting in microparticles with a mean Feret diameter of
55.3 &+ 2 pm [49]. In this study forced extrusion through a porous mesh
was used to produce results in gel fragments with a controlled size dis-
tribution related to mesh pore size. Previously, polycarboxybetaine
hydrogels fragmented using a steel mesh have been found to produce
microgel fragments 15-30 pm in diameters [47].

Granular hydrogel scaffolds facilitate homogenous cell seeding,
better control over local cell-to-cell density and provide biologically
relevant structure within culture scaffolds; however, the adoption of
granular scaffolds presents unique challenges. Issues such as hydrogel
loss during fabrication, granule size variability and granule dispersion in
culture medium can cause complications to experimental setup and limit
outcomes. Furthermore, understanding how granular scaffolds can be
used to facilitate cell seeding, modulate cell viability and support longer-
term cultures has not been well established. In this study these issues are
explored through the culture of human induced pluripotent stem cell
(hiPSC)-derived cortical neurons in granular hyaluronan hydrogel
scaffolds. A custom designed 3D printed toolset was used to fabricate
granular hydrogel scaffolds. The toolset designs are made available to
increase the accessibility and customizability of the techniques used.
Due to the toolset’s sterilizability, we do not require complicated ster-
ilization methods, and the enclosed design of our toolset avoids waste of
materials during hydrogel extrusion and seeding. Hyluronan was chosen
as a base substrate as it is a major constituent of the proteoglycan rich
environment of developing neural tissue [50]. Insufficient nutrient and
metabolic waste exchange and inhibition of cell-cell interaction can
occur within bulk hydrogels [51], and use of multiphase granular scaf-
folds may overcome these issues, presenting a promising approach for
long-term in vitro 3D neural culture, supporting complex neural network
development.

2. Materials and Methods
2.1. Cell culture

hiPSCs, line 010S-1, was derived at the Highfield Unit, Warneford
Hospital, Oxford from a skin biopsy of an 18-year-old female healthy
subject. hiPSCs were maintained on Matrigel™ (Corning, UK)-coated
culture plates using Essential 8 media (Thermo Fisher Scientific, UK)
and mTeSR™1 media (STEMCELL Technologies, UK) and were passaged
using 0.5 mM EDTA (pH 8.0; Thermo Fisher Scientific) in phosphate
buffer solution (PBS) when they reached appropriate confluency. Neural
differentiation was based on previously published protocols with some
modifications [5,52-54]. hiPSC cultures were used for neural conver-
sion when reached confluence. Neural Basal Medium was prepared by
mixing [Neurobasal Medium (Thermo Fisher Scientific), 2 v/v % B27
Supplement (Invitrogen), 1 v/v % MEM Non-Essential Amino Acids
(Thermo Fisher Scientific), 1 v/v % penicillin/streptomycin (Invi-
trogen), 1 v/v % GlutaMAX (Invitrogen)] and [Advanced DMEM/F-12
medium (Thermo Fisher Scientific), 1 v/v % N-2 supplement (Invi-
trogen, UK), 0.2 v/v % B27 Supplement (Invitrogen), 1 v/v % pen-
icillin/streptomycin (Invitrogen), 1 v/v % GlutaMAX (Invitrogen)] at
1:1 ratio. The cells were differentiated via dual SMAD signaling inhi-
bition [55], using Neural Basal Medium supplemented with SB431542
(10 pM; Calbiochem, UK) and InSolution™ AMPK Inhibitor, Compound
C (2 pM; Calbiochem, UK)] for 7-10 d. Differentiated cells were
passaged on laminin from Engelbreth-Holm-Swarm murine sarcoma
basement membrane (10 pg/ml; Sigma-Aldrich, UK)-coated plates in the
Neural Basal Medium. After 3-5 d, the cells proliferated and formed
neural rosette structures. The culture medium was changed into Neural
Basal Medium supplemented with 20 ng/ml Recombinant Human
FGF-basic (bFGF; PeproTech). These derived neural progenitor cells
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(NPCs) were passaged every 5-7 d using Accutase (STEMCELL Tech-
nologies) on laminin-coated plates for the first few passages and on
Matrigel-coated plates for later passages. Differentiation of the NPCs
into neurons was performed using Neural Basal Medium supplemented
with 10 ng/ml glial cell-derived neurotrophic factor (GDNF; PeproTech)
and 10 ng/ml brain-derived neurotrophic factor (BDNF; PeproTech).

Another hiPSC-derived NPC line used in this study was AXOL13 cells,
purchased from Axol Bioscience, UK. NPCs (50,000 cells/cm?) were
plated onto laminin-coated plates in Neural Plating Medium (Axol
Bioscience, UK) for 24 h. Cultures were maintained in Neural
Maintenance-XF Medium (Axol Bioscience) and neuronal differentiation
was performed using Neural Differentiation-XF Medium (Axol Biosci-
ence) in accordance with the manufacturer’s protocols. The line 010S-1
hiPSCs were used in cell viability and neurite outgrowth studies and
both line 010S-1 and AXOL13 cells were used in long-term culture
studies.

2.2. Fabrication and assembly of 3D printed tools

To improve the ease and repeatability of hydrogel granule fabrica-
tion and the homogeneity of cell and granular gel mixing, three types of
work devices were designed and fabricated, including a hydrogel frag-
mentation device, a cell mixer device, and a three-way combined device,
where the hydrogel fragmentation device and the cell mixer device were
merged into a single device (Fig. 1).

Working prototypes of the 3D printed toolset were designed using
AutoCAD Inventor software (Autodesk, USA) and realized with high-
resolution 3D printing on a Form2 printer (FormLabs, USA). Inventor
software was used to generate stereolithography (STL) files that were
processed using PreForm software (FormLabs, USA) prior to printing.
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The STL files and FORM files of the 3D Printed Toolkit have been made
available on the Open Science Framework (https://doi.org/10.17605/
OSF.I0/6XK3Q).

The Form2 printer uses Durable Resin v2 (Express Group Ltd, UK)
that contain photo-initiators and a layer-by-layer laser-based photo-
polymerization process to fabricate parts that have a minimum XY
feature size of 200 pm and a minimum layer height of 25 pm. Following
printing, parts were washed in 70 v/v % ethanol (2 x 10 min) to remove
non-polymerized resin and post cured under UV light. For the gel frag-
mentation device, polydimethylsiloxane (PDMS, Sylgard 184, Corning,
UK) was cured for 4 h at 60 °C onto the surface of the part that contacts
an 8 mm nylon mesh disc. This PDMS layer provided a compliant surface
that was needed to form a seal around the nylon mesh inside the device.
To test the devices, 2 w/v % HyStem® hydrogel (fabricated as described
in Section 2.3) was extruded through the assembled device between two
2.5 ml luer-lock syringes (Fig. 1A-D), and the hydrogel fragments were
mixed with an equal volume of media, together with 20 v/v % of the
primary crosslinker concentration by pressing the two solutions through
the mixing device using 2.5 ml lure-lock syringes (Fig. 1E-H). The mixed
solution was collected into a second 2.5 ml syringe and gel discs were
cast from the resulting mixture. The gel fragmentation device and the
mixer device were further merged into a three-way combined device
(Fig. 1I and J). During the assembly process, an 8 mm nylon mesh disc
was placed on one of the three channels for gel fragmentation and three
pieces of 3 mm (length) x 4 mm (inner diameter) x 8 mm (outer diam-
eter) clear silicone tubing were then placed inside the device for all three
channels before fastening with their outer caps to avoid leakage. To test
gel fragmentation using the three-way combined device, 2 w/v %
HyStem® hydrogel was extruded through the channel installed with the
nylon disc between two 1 ml luer-slip concentric tip syringes while the

Hydrogel Fragmentation Device

Pre-cut Silicone
Tubing

8 mm Nylon
Mesh Disc

Outer Cap

Fig. 1. Designed 3D printed toolsets for granular hydrogel composite fabrication. (A-D) Hydrogel fragmentation device, (E-H) Cell mixer device, and (I-J) Three-
way combined device, which merges the hydrogel fragmentation device and the cell mixer device (scale bars = 1 mm).
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spare channel was blocked and sealed with a custom designed plug. To
test cell mixing using the three-way combined device, the hydrogel
fragments were mixed with an equal volume of media (with the sec-
ondary crosslinker of 20 v/v % of the primary crosslinker concentration)
by pressing the two solutions back and forth three times between two 1
ml luer-slip concentric tip syringes while the gel fragmentation channel
was blocked and sealed with the plug.

2.3. Bulk and granular hydrogel fabrication

The hydrogel used in this study was fabricated using a commercially
available kit, HyStem® (Sigma-Aldrich), consisting of HyStem® (re-
combinant derived thiolated hyaluronan precursors, Mw 158 kDa) and
Extralink-1 (polyethylene glycol diacrylate (PEGDA), Mw 3.4 kDa),
previously characterized [56-58]. 2 w/v % hydrogels were used and the
hydrogels were fabricated following a modified version of the manu-
facturer’s recommended protocols. Briefly, 500 pl of degassed water was
added to the HyStem® component and allowed to dissolve on a roller
mixer at room temperature for 30 min, making a 2 w/v % HyStem®
solution. The Extralink-1 crosslinker supplied with the kit was recon-
stituted as 2 w/v % concentration with 250 pl degassed water. Degassed
water was used in precursor solutions to mitigate the effects of oxidative
crosslinking caused by oxygen exposure of thiol groups with disulfide
links [56,57].

For bulk hydrogels, 1:1 (v:v) ratio of PBS/medium and 150 pl of the 2
w/v % Extralink-1 were added to the 500 pl 2 w/v % HyStem®. The
system was gelled in a 1 ml syringe at 37 °C for 30 min to form a final
volume of 1 w/v % bulk hydrogel. For granular hydrogels, 125 pl of the
2 w/v % Extralink-1 was mixed with 500 pl 2 w/v % HyStem® and the
system was pre-gelled in a 1 ml syringe at 37 °C for 2.5 h. Once gelled,
gel fragments were formed by extruding the hydrogel through the gel
fragmentation device or the gel fragment channel of the three-way
combined device with an 8 mm nylon mesh disc and the gel fragments
were collected using a syringe. 1:1 (v:v) ratio of PBS/medium and the
secondary Extralink-1 crosslinker with various concentrations was
added to the gel fragments and mixed using the cell mixing device or the
cell mixing channel of the three-way combined device. The mixed sys-
tem was collected in a syringe and gelled at 37 °C for 30 min to form a
final volume of 1 w/v % granular hydrogel and extruded into a cell
culture dish. Schematic diagram of the fabrication process of the gran-
ular hydrogel composite is shown in Fig. 2. Alternatively, without the
addition of a secondary crosslinker, use of wells or chambers made by
agarose assembled with porous membranes could assist to hold the mix
of cells and hydrogel granules together. To maintain the structural
integrity of the granular hydrogel composites, laminin was refreshed
each time cell culture media was replaced.

2.4. Characterization and analysis of hydrogel granule size

Fragment size was characterized using optical microscopy following
hydrogel fragmentation through nylon mesh of different pore sizes.
Discs were punched from cell sieves and filters using a biopsy punch (8
mm diameter). Cell sieves with nylon mesh pore diameters of 40 pm and
70 pm were sourced from Fisher Scientific (UK) and nylon mesh filter
discs with 5 pm and 10 pm pore diameters were obtained from Millipore
(UK). To form the hydrogel, 2 w/v % HyStem® hydrogel were fabricated
as previously described in Section 2.3. Once gelled, hydrogel fragments
were formed by extruding the hydrogel through the nylon mesh discs
with various pore sizes and repeated three times to generate fine gel
fragments. The process of mechanical fragmentation was achieved in
<5 min and these fragments were collected in a sterile Petri dish and
100 pl of the gel fragments were mixed with 1 ml of PBS. This solution
was then run across a 9 cm petri-dish held at a 45° angle and excessive
PBS was removed such that individual gel fragments could be visualized
using a brightfield imaging system with differential interference
contrast (DIC). This method measures the size of swollen hydrogel
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Fig. 2. Schematic of multiphase hydrogel fabrication, including hydrogel
fragmentation, cell mixing process, secondary crosslinking, and gel disc casting
(XL: crosslinker; ECM: extracellular matrix; SF: soluble factor; NPCs: neural
progenitor cells; pgel: microgel).

granules, which better represents the size and morphology seen during
cell culture in media. Images were taken within 10 min of placing the gel
fragments onto the dish to avoid dehydration of the gel. ImageJ software
was used for image analysis to calculate the average diameters of the gel
fragments.

2.5. Rheological characterization

Micro-rheological characterization of bulk and granular hydrogel
gelation was performed using Diffusing Wave Spectroscopy system
(DWS RheoLab; LS instruments, CH). With the use of this technique,
speckle patterns resulting from the interaction of a 650 nm laser and
600 nm diameter tracer particles (1 w/v %) entrapped in the hydrogel
were analyzed to evaluate how gel network interaction modulated the
tracer particle’s thermal motion. For bulk hydrogels, various concen-
trations of HyStem® precursors (0.5, 1.0, 1.5, or 2.0 w/v %) were
reconstituted with corresponding amounts of degassed water and
fabricated following the manufacturer’s recommended protocol. Briefly,
a 10 w/v % solution of 600 nm polystyrene tracer particles (Sigma-
Aldrich, UK) were added to the gel precursors together with 1x
Extralink-1 crosslinking solution. The mixture was added to 2 mm thick
glass cuvettes (LS Instruments, CH), sealed with a lid and wrapped in
parafilm to prevent dehydration, and then placed into the micro-
rheology system. Using a custom script created using the RheoLab 6.2
software (LS Instruments, CH), recordings were taken at 37 °C for 30
cycles (each cycle was constituted of 30 s multi-tau mode measurement,
followed by 30 s echo mode measurement) with no time delay between
each cycle. To examine micro-rheological properties of granular
hydrogels, 2.0 w/v % hydrogel fragments with 10 w/v % 600 nm
polystyrene tracer particles were formed following the procedures
described in Section 2.3 using a 40 pm pore diameter nylon mesh. A 10
w/V % solution of 600 nm polystyrene tracer particles in PBS was mixed
with the same amount of the hydrogel fragments, together with the
secondary crosslinker at 10, 20, 30, or 50 v/v % of the primary cross-
linker concentration. The mixture was then added to a 2 mm thick glass
cuvette and the cuvette was sealed as described above to prevent
dehydration. Measurements were recorded at 37 °C for 30 cycles (each
cycle was constituted of 30 s multi-tau mode measurement, followed by
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30 s echo mode measurement) with no time delay between each cycle.
For data analysis, a custom python script (created using PyCharm
community edition software, JetBrains, UK) was used to collate the data
from the generated text files (one per time point) and the storage
modulus G’ was plotted for equivalent oscillatory mode at frequency of
10 and 100 Hz for granular hydrogels and bulk hydrogels, respectively.

2.6. Cell encapsulation in bulk and granular hydrogels and gel casting

For cell encapsulation in granular hydrogels, 2 w/v % HyStem®
hydrogel fragments were fabricated as shown in Section 2.3 using a pre-
sterilized three-way combined device after autoclave. 5 x 10* cells/cm?
hiPSC-derived NPCs were seeded on TCPs as the 2D control for baseline
cell viability and performance. To achieve similar cell density, ~107
cells/ml was chosen by scaling up the cell numbers seeded on 2D sur-
faces into 3D culture (see Table S1. Equivalent cell seeding densities for
2D controls and 3D cubic hydrogel models). 2 x 107 cells/ml of hiPSC-
derived NPCs were first resuspended in F20 Medium supplemented with
200 pg/ml laminin and 50 ng/ml BDNF. 400 pl of hydrogel fragments
were then mixed with an equal volume of the cell suspension, together
with the secondary crosslinker at 20 v/v % of the primary crosslinker
concentration by pressing the hydrogel fragments and cell solution back
and forth three times between two 1 ml luer-slip concentric tip syringes
while the gel fragment channel of the three-way combined device was
blocked and sealed with the custom designed plug. The final granular
hydrogel composites with ~107 cells/ml hiPSC-derived NPCs were
incubated and gelled at 37 °C for 30 min after adding the secondary
crosslinker. For bulk hydrogels, 400 pl of 2 w/v % precursor HyStem®
component was mixed with an equal volume of the cell suspension,
together with the same amount of total Extralink-1 crosslinker added
into the granular hydrogel composites using a 1 ml syringe. The system
was gelled in the syringe at 37 °C for 30 min after adding the crosslinker
to form the final bulk hydrogel of ~107 cells/ml hiPSC-derived NPCs.
After hydrogel formation, the bulk and granular hydrogels were cast into
discs using two slices of glass slides with space thickness of 500 pm in
between. The hydrogel discs of 500 pm thickness were gently trans-
located into glass-bottom dishes (Greiner Bio-One Ltd, UK), topped up
with Neural Basal Medium supplemented with 10 ng/ml BDNF and 10
ng/ml GDNF for neuronal differentiation, and maintained by half media
exchange every 3 days.

2.7. Immunostaining and fluorescence microscopy

Cell-hydrogel constructs were fixed in 4.0 v/v % paraformaldehyde
(Sigma-Aldrich) in PBS for 30 min at room temperature, blocked and
permeabilized in 0.2 v/v % Triton X-100 (Sigma-Aldrich) and 5 v/v %
bovine serum albumin (Sigma-Aldrich) in PBS for 1-2 h at room tem-
perature. Each step described above was followed by three washes with
PBS for 5 min. The constructs were then incubated for overnight at 4 °C
in 0.2 v/v % Triton X-100 and 0.2 v/v % bovine serum albumin (Sigma-
Aldrich) in PBS with primary antibodies, Nestin (1:500; Millipore),
GFAP (1:1000; Sigma-Aldrich), Neurofilament (1:1000; Abcam, UK),
and BIII-tubulin (1:1000; Sigma-Aldrich) (Table S2). After a minimum of
3 washes with PBS for 1 h on the shaker at low speed, the constructs
were incubated for overnight at 4 °C in 0.2 v/v % Triton X-100 and 0.2
v/v % bovine serum albumin in PBS with NucBlue Live ReadyProbes™
Reagent (Invitrogen) or Hoechst 33342 staining solution (Thermo Fisher
Scientific), and Alexa Fluor secondary antibodies (Thermo Fisher Sci-
entific), followed with 3 washes with PBS for 1 h on the shaker at low
speed. The stained samples were stored at 4 °C and the images were
acquired with a Nikon Eclipse Ti-E inverted fluorescence microscope
(Nikon Instruments Inc., UK).

2.8. Cell viability assay

Human iPSC-derived NPCs were encapsulated within bulk and
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granular hydrogels, as well as seeded onto control tissue culture poly-
styrene (TCP) plates in Neural Basal Medium supplemented with 10 ng/
ml BDNF and 10 ng/ml GDNF. The cell seeding densities were ~107
cells/ml and 5 x 10*/cm? for the hydrogels and TCP controls, respec-
tively. Cell viability was evaluated on Day 1, Day 3, and Day 7 using a
live cell stain, Calcein AM (Abcam), and DRAQ5™ (Abcam), which is a
cell permeable far-red fluorescent DNA dye staining cell nuclei. Images
for cell viability assay were acquired with a Nikon TiE C2+ confocal
microscope (Nikon Instruments Inc., UK) by sequential scanning. The
thickness of the acquired hydrogel sections was about 500 pm and z
stacks of typically 79 x 6.5 pm slices were imaged. The cell viability was
determined by the percentage of the number of viable cells to the total
number of cell nuclei analyzed using Imaris Image Analysis Software
(Oxford Instruments plc, UK). A filter was applied to remove the back-
ground noise based on the particle size (>524 um>), which correlates to
the soma diameter of the NPCs of 10 pm.

2.9. Neurite outgrowth of induced pluripotent stem cell-derived neurons

For morphological analysis of neurons, confocal images were ac-
quired with a Nikon TiE C2+ confocal microscope by sequential scan-
ning. To observe neurite outgrowth, a smaller step size along the z-axis
was taken for a higher z-axis spatial resolution. The acquired hydrogel
sections were about 300 pm thick with z stacks of typically 95 x 3.2 ym
slices. 3D imaging software Avizo version 2020.1 and earlier versions
(Thermo Fisher Scientific) were used for neurite outgrowth analysis.
Voxel size of 0.62 (x) x 0.62 (y) x 3.2 (z) pm was defined by the image
acquisition parameters. Neurite tracing was performed using the Fila-
ment Editor workroom of the Avizo XFiber extension module, which
manually extracts individual neuronal traces in 3D by determining
nodes along the z-axis. Each of the traced neurites was labelled as a
graph and the neurite length was extracted from each graph. Neurite
outgrowth was evaluated by statistical data analysis on the average
neurite length and the number of neurite bearing cells. Following the
identification of neurites, a spatial graph containing all the extracted
neurites overlapped with the raw data were present in 3D using the
volume rendering and spatial graph view modules.

2.10. Statistical analysis

For statistical analysis, all experiments were conducted three times
with three technical replicates in each cell experiment. For cell viability,
the results were from three independent experiments with three tech-
nical replicates and at least three different fields were analyzed per
sample. For neurite outgrowth, the results were from three independent
experiments with three technical replicates and two different fields were
analyzed per sample. Ten neurites per imaged field were traced if
possible (for some fields, less than 10 neurites were identified) and a
total of ~180 neurites per group were analyzed at each time point. One-
way ANOVA with post hoc Tukey’s test and two-sample t-test were used
throughout the study and specified in figure legends. A p-value <0.05
was considered statistically significant and all results represent means +
SEM unless specified otherwise. (In the diagrams, * represents p < 0.05,
** represents p < 0.01, and *** represents p < 0.001.)

3. Results and discussion
3.1. Formation and microstructure of granular HA hydrogels

To fabricate the granular scaffolds used in this study, a 3D printed
extrusion and mixing tool was developed with low chamber volume,
reducing hydrogel loss during fabrication (see https://doi.org/10.1760
5/0SF.10/6XK3Q). Thiol-functionalized hyaluronan hydrogel (HyS-
tem™, Sigma-Aldrich, UK) was crosslinked and extruded through a fine
sterile woven nylon fabric placed into the custom extrusion chamber
between the two syringes. During optimization, different concentrations
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of hydrogel were evaluated. It was found that 4 w/v % hydrogels were
too viscous to extrude, whilst 1 w/v % hydrogels resulted in swollen
granules that were weak and not suitable for longer-term culture. 2 w/v
% hydrogel granules swell to ~1 w/v % hydrogel when mixed 1:1 with
cells suspended in culture medium. The size and shape of the 2 w/v %
hydrogel granules were characterized using optical microscopy (Fig. 3
and Figure S1).

Extrusion of hydrogel through the nylon mesh resulted in irregularly
shaped granules (Fig. 3A). Following extrusion, these granules expanded
to more than twice the diameter of the extrusion pores (granular size ~
2x nylon mesh pore size). Specifically, extrusion through fabric with
pore widths of 70 pm, 40 pm and 10 pm resulted in average granule
diameters of 149 + 50 pm, 69 + 21 pm and 30 + 8 pm, respectively
(Fig. 3B). The force required to extrude hydrogel though the nylon fabric
increased with decreasing pore diameter, such that it became impossible
to manually extrude 2 w/v % hydrogel through 5 pm diameter pores.

The ability to easily control hydrogel granule size enables their use to
be tailored to experimental requirements and to fit the scale of relevant
biological features. For example, mature human neurons typically have
soma diameters of 10-50 pm, whilst axons and dendrites have diameters
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of 0.2-3 pm [59]. Whilst it may be desirable to match the size of these
biological features directly, a compromise must be made between
scaling down to match cell and dendrite size and scaling up granule size
to reduce the overall combined surface area of the granules. This com-
bined surface area (effectively the size of the absorption space between
granules) acts to dilute the coverage of both secondary crosslinkers and
biological factors added during cell-mixing. In this study gel granules
extruded through 40 pm pore diameters and having diameters of 69 +
21 pm were chosen as a suitable compromise between these two
considerations.

3.2. Rheological analyses of bulk HA hydrogels

Hydrogel scaffold mechanical properties have been found to play a
significant role in determining cellular responses. Micro-rheology (DWS
RheoLab, LS instruments, CH) was used to determine the mechanical
properties of PEGDA-crosslinked thiol-modified hyaluronan hydrogel,
using multi-tau and echo measurement modes (Fig. 4 and Figure S2).
The storage modulus (G') and the loss modulus (G”) of the hydrogels
were low at the beginning of gelation with G’ lower than G”. As gelation

40 ym Pores

70 pm Pores

@8 Swollen granule size

&
@Q

<&
«“Q

Pore size

Fig. 3. Microstructures of extruded hydrogel granules. (A) Hydrogel granules fabricated with nylon mesh weaves of 10, 40, and 70 pm pore sizes. The fabricated gel
granules are highlighted with a yellow border having been fluidized in PBS and imaged using transmitted white light illumination with differential interference
contrast (DIC) (scale bars = 50 pm). (B) Gel granule size is proportional to the pore diameter of nylon meshes with uniform pore diameters which are commercially
available (The results represent means + SD. N = 26, 18, and 6 for 10, 40, and 70 pm pore sizes, respectively. * represents p < 0.05 and ** represents p < 0.01.).
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Fig. 4. Rheological analyses of bulk HA hydrogels. (A) Gelation kinetics (G’ and G”) of bulk HA hydrogels made of various concentrations (0.5, 1.0, 1.5, and 2.0 w/v
%) of HyStem® precursors. (B) Storage moduli (G) of bulk HA hydrogels with various concentrations of HyStem® precursors after 30 min gelation measured by DWS
RheoLab. (One-way ANOVA with post hoc Tukey’s test was used. The results represent means + SEM. N > 3. ** represents p < 0.01 and *** represents p < 0.001.)

proceeded, the value of G’ gradually increased and became higher than
that of G”, indicating the formation of the crosslinked hydrogel network.
The gelation point, where G’ and G” intersect, marks the hydrogel’s
liquid-solid transition boundary [60]. For all groups, except the 0.5 w/v
% mix that did not form a hydrogel, gelation occurred within 10 min and
hydrogels reached their ultimate storage modulus within 30 min. The
shortest gelation time (~2 min) was observed for the 2.0 w/v %
hydrogel. The highest G’ value was measured for the most concentrated
hydrogel formulation (324 + 93 Pa for 2.0 w/v %), whereas significantly
lower G’ values were recorded for lower hyaluronan hydrogel concen-
trations (95 4 7 Pa for 1.5 w/v %, 50 = 12 Pa for 1 w/v % and 3 &+ 1 Pa
for 0.5 w/v %). This decrease in G’ with gel precursor concentration
follows directly from the increase in relative hydration and the decrease
in effective crosslinking density and physical entanglement between
hydrogel polymer chains. A significant variability in mechanical
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properties was observed between different batches of the commercially
sourced hydrogels tested (Figure S1). Despite this, the storage moduli of
each group were found to be significantly different based on One-way
ANOVA analysis (Fig. 4B).

3.3. Rheological analyses of granular HA hydrogels

Unbound hydrogel granules disperse when placed into culture me-
dium and need to be contained within a chamber. To overcome this, a
secondary weak crosslinking step can be used to loosely bind granules
together into a scaffold that is self-supporting in culture medium. The
secondary crosslinker can be added at the time of cell mixing, together
with cells and other biological factors. To determine the effect of this
additional secondary crosslinker on swelling dynamics and scaffold
mechanical properties, micro-rheology was performed on tracer
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Fig. 5. Swelling of granular hydrogel composites and effects of secondary crosslinking on rheology. (A) Gelation kinetics (G’ and G”) of granular HA hydrogel
composites made of 2.0 w/v % hydrogel granules and secondary crosslinkers at 10, 20, 30, or 50 w/v % of the primary crosslinker concentration. (B) Storage moduli
(G) of granular HA hydrogels with various concentrations of secondary crosslinker after 30 min gelation. (One-way ANOVA with post hoc Tukey’s test was used. The

results represent means + SD. N = 3. * represents p < 0.05.)
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particles encapsulated within hydrogel granules that were mixed (1:1)
with the secondary crosslinker solution. Subsequent granule swelling,
enmeshing, and secondary crosslinking leads to a reduction in tracer
particle free motion, enabling the overall increase in system storage
modulus to be measured. It was not possible to directly compare the
rheological properties of the bulk and granular hydrogels as the location
and compartmentalization of the tracer particles differs between the two
systems.

Storage modulus (G’) was found to increase throughout the 30-min
investigation while the loss modulus (G”) of all granular hydrogels
maintained low with G’ higher than G (Fig. 5 and Figure S3). Following
30 min of gelation, granular hydrogel mixed with solutions of secondary
crosslinker at 10 v/v %, 20 v/v %, 30 v/v % and 50 v/v % (relative to the
primary crosslinker concentration) acquired G’ values of 99 + 43 Pa,
121 + 25 Pa, 225 + 60 Pa and 188 + 28 Pa, respectively. Granular
hydrogel of 30 v/v % secondarily crosslinker resulted in systems with
significantly higher G’ values compared to that of 10 v/v % secondarily
crosslinker (Fig. 5B). It was found that cells cultured within the stiffer
granular hydrogel composites (with secondary crosslinkers at 30 v/v %
and 50 v/v % of the primary crosslinker concentration) formed tight cell
clusters (Figure S4). Granular hydrogels bound with the secondary
crosslinker at 10 v/v % of the primary crosslinker concentration were
mechanically weak and broke apart in culture. Granular scaffolds with a
secondary crosslinker at 20 v/v % of the primary crosslinker concen-
tration were chosen for further study, as they promoted low levels of cell
clustering whilst also remaining intact throughout the 28-day culture
period.

The mechanical properties of a culture substrate are known to
modify cell behaviors, and this is especially true for neural cells. For this
reason, hydrogel polymer choice, chain length, density, and crosslinking
regimes are often tailored to match tissue properties. For example, thiol-
modified HA crosslinked with PEGDA can be tailored to match a range of
storage moduli ranging between 11 Pa and 3500 Pa by varying macro-
mer and crosslinker concentrations [61]. NPC self-renewal and neural
differentiation has been shown to occur more readily in softer matrices
(E ~ 100-1000 Pa) [62-64], and in particularly, softer hydrogels
(~100-500 Pa) have been previously found to promote neuronal dif-
ferentiation, while stiffer hydrogels (~1000-10,000 Pa) have been
found to enhance glial differentiation [65,66]. Neuronal maturity has
been shown to be enhanced on soft substrates [67]. Furthermore, for
NPCs encapsulated in 3D alginate hydrogels, both proliferation and
differentiation of the encapsulated NPCs were found to be significantly
increased when the elastic modulus of the alginate hydrogel decreased
[68].

In this study, the storage modulus of both the bulk and granular
hyaluronan hydrogels was found to fall within the range known to
promote NPC proliferation and differentiation [64-66,68]. However, for
bulk hydrogel, a compromise exists between choosing a hydrogel that
will support cells and remain stable throughout extended culture pe-
riods, whilst also being soft enough to permit neurite extension. In
contrast, for granular hydrogels, cells are seeded into the space between
hydrogel granules, such that the cell perceives a micro-environment that
is both stiff at the granule boundary for attachment and, at the same
time, weak between granules to support neurite extension and cell
migration. This granular boundary intersection microenvironment
forms a biologically relevant niche that can be tailored to better match
the organization of the chosen tissue type.

3.4. Cell viability in granular hydrogel composites

Biocompatibility of granular hydrogel composites were evaluated
using clinically relevant hiPSC-derived neuronal populations. Unlike
primary cultures from animal models or immortalized cell lines
commonly used in in vitro modelling systems, the use of clinically rele-
vant cell populations can facilitate the translation of basic research into
clinical applicability. Confluent hiPSCs were directed toward
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neuroectoderm via dual SMAD signaling inhibition [55]. The derived
NPCs proliferated and formed characteristic neural rosette structures,
which appear during early hiPSC neural development [69]. After
dissociating and incorporating hiPSC-derived NPCs into bulk hydrogels
and granular hydrogel composites, it was found that the granular
hydrogel scaffolds supported higher levels of cell viability in comparison
to the bulk hydrogel scaffolds. Cell viability was compared at 1, 3 and 7
days. No significant difference in cell viability was observed on the first
day of culture (bulk cell viability: 73 + 6%; granular cell viability: 76 +
3%) (Fig. 6). Previous studies have reported that shear-thinning be-
haviors of hydrogels can protect cells from shear stresses applied during
cell-hydrogel mixing and syringe injection [27,28,45]. While extruding
cells in non-crosslinked solutions, the shear thinning behaviors in bulk
hydrogels may transfer shear forces to encapsulated cells, thus affecting
cell viability. In our experimental set up, encapsulated cells were sur-
rounded by crosslinked bulk hydrogel or stable hydrogel granular
composites and cell viability during mixing and following syringe
extrusion remained high. However, mixing and extruding with different
pressures and speeds was not investigated. After three days in culture,
cell viability in granular hydrogels was found to be significantly higher
than for cells encapsulated in bulk hydrogel (bulk cell viability: 40 +
5%; granular cell viability: 60 + 6%) and after seven days in culture, cell
viability in the granular hydrogel scaffolds remained significantly higher
(Bulk: 36 + 6%; Granular: 63 + 7%). Culture on 2D surfaces (not being
comparable to 3D culture results) [70] demonstrated overall high levels
of cell viability. Unlike immortalized neural cell lines that are known to
be extremely tolerant [5,71], hiPSC-derived NPCs are inherently sensi-
tive to 3D culture conditions and their response is likely to be more
representative of overall scaffold biocompatibility.

Maintaining higher levels of cell viability in hydrogel culture is
complex and depends on multiple factors. For example, the viability of
rat NPCs cultured in Hyaluronan hydrogel was found to decrease from
~80% to ~40% over 24 h [72]. Decreasing cell viability has also been
seen in mouse and human NPC cultures encapsulated in self-assembled
peptide, Matrigel, and collagen hydrogels [21,73]. Often the rate of cell
death increases over time as cells proliferate and form tight clusters. This
level of cell death demonstrates a fundamental failure of these culture
environments, indicating that cells are either stressed or not provided
with the necessary cues and factors needed for survival. In our study,
there was a significant decrease in cell viability in bulk hydrogels at Day
3 (p <0.001) and Day 7 (p < 0.001) compared to Day 1. However, there
was no significant difference in cell viability observed in granular
hydrogel composites at Day 3 (p = 0.134) and Day 7 (p = 0.233)
compared to Day 1, demonstrating that granular hydrogel composites
pose minimal impacts to cell viability in short term cell culture.

Cells mixed into granular gels can be spaced homogenously during
seeding, cells in the granular hydrogel composite were found to
distribute homogenously in all three dimensions (Figure S5), suggesting
that nutrients throughout the scaffold were consumed more homoge-
neously during the early culture period. The granular architecture was
also thought to provide a more permissive environment for cell migra-
tion as there are interspaces between hydrogel granules and the addi-
tional secondary crosslinker may create interconnected micropore or
mesopore systems (Figure S6-S7), where an average pore size of 1378 +
157 (mean + SEM) pm? was found based on SEM image analysis
(Figure S8; n = 3, 1353 pores analyzed). Furthermore, whilst untethered
factors can quickly diffuse out of hydrogel matrices and become lost
from the culture [73], it is possible that regions of enriched ECM
deposited by cells between granules entrapped factors, slowing their
release, consumption, and degradation. Cell viability in granular
hydrogel composites was similar to that observed in HA hydrogel net-
works chemically tethered with BDNF [72]. Cell viability was used to
evaluate the biocompatibility of the granular hydrogel composites in
this study. It would be of interest to also determine how other cell re-
sponses, such as cell proliferation and metabolic activity, are modulated
by granular scaffold architecture in future studies.
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Fig. 6. Cell viability of hiPSC-derived NPCs in bulk and granular hydrogel constructs. (A) Fluorescent images of hiPSC-derived NPCs on tissue culture polystyrene
(TCP) as well as bulk and granular hydrogel constructs at Day 1, Day 3, and Day 7 (Calcein AM, green; DRAQ5™, red/blue; scale bars = 100 pm). Cell viability as the
percentage of live cells among total cell nuclei in bulk and granular hydrogel systems was examined on (B) Day 1, (C) Day 3, and (D) Day 7. (Two-sample t-test was
used. The results represent means = SEM. N = 3; n = 9. * represents p < 0.05 and ** represents p < 0.01.).

3.5. Neurite outgrowth and extension in granular hydrogel composites

Granular HA hydrogels were found to promote and support neurite
extension. Confocal microscopy was used to image neurite bearing cells
and analyze neurite length in bulk and granular hydrogels. Measure-
ment of neurite length was performed directly on the 3D reconstructed
confocal models, rather than by tracing on compressed 2D projection
images [19,74,75]. Cell morphology in the two groups was found to be
significantly different, with cells taking on very different morphologies

over time (Fig. 7, Movie S1-S4). Analysis was performed by counting
neurites on up to 10 randomly selected cells in each 3D image volume.
After three days in culture, both hydrogel scaffolds were seen to support
similar numbers of neurite bearing cells (Bulk: 8.89 + 0.61; Granular:
10.0 £+ 0.00; p = 0.088). However, the length of neurites extending from
cells in the granular gel far exceeded neurite length in bulk hydrogels
(Bulk average neurite length: 16.69 + 2.63 pm; Granular average neurite
length: 53.38 + 8.72 pm) (Fig. 7D). After seven days of culture, the
number of neurite bearing cells was significantly decreased in bulk
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Fig. 7. Neurite outgrowth and neurite network formation in bulk and granular hydrogel constructs. 3D reconstruction of confocal images of cells in bulk and granular
hydrogels at (A) Day 3 and (B) Day 7 (Calcein AM, green; DRAQ5™, blue; neurite tracing, yellow; scale bars = 200 pm). Number of neurite bearing cells at (C) Day 3
and (E) Day 7 as well as the average neurite length at (D) Day 3 and (F) Day 7 were examined as indications of neurite outgrowth and neural network formation.
(Two-sample t-test was used. The results represent means + SEM. N = 3; n = 9. ** represents p < 0.01, *** represents p < 0.001, **** represents p < 0.0001.).

hydrogel (Bulk: 3.94 + 1.17; Granular: 10.0 + 0.00; p < 0.0001).
Neurite length in bulk hydrogel, whilst longer than on the third day of
culture, was on average three times shorter than neurite length in
granular hydrogels (Bulk average neurite length: 22.90 + 4.70 pm;
Granular average neurite length: 65.52 + 11.59 pm). In comparison,
neurons cultured for seven days in methacrylated HA hydrogels were
found to have average neurite lengths of ~14 pm in stiffer bulk hydrogel
(1.41 + 0.27 kPa) and ~49 pm in softer bulk hydrogels (0.51 + 0.20
kPa) [76].

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2021.07.008

Whilst bulk hydrogels have been widely used as drug delivery ve-
hicles and cell carriers in tissue engineering studies, cell morphology
and process extension are often not analyzed or reported in the early
stages of culture [77-81]. Neurite branching and extension are signifi-
cant morphological changes during neuronal differentiation and matu-
ration [82], and neurite outgrowth in scaffolds is a good indicator of the
scaffold’s ability to support the essential process of cell attachment and
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extension. Neurite extension is impeded by the cell’s surrounding
microenvironment that may lack sufficient adhesive ligands to support
cell attachment and migration. Laminin is one of the main components
in developing neural tissues and is known to enhance cell adhesion,
growth, and differentiation [83,84]. To support cell attachment, laminin
was incorporated into both the bulk and granular hydrogels. Neurite
extension can also become impeded by the surrounding matrix forming
an impenetrable densely crosslinked polymeric shell around the neuron
[78-80]. For granular scaffolds, the space between hydrogel granules
may act in a similar way to interconnected void spaces in porous solid
scaffolds, allowing for the rapid diffusion of nutrients and cell signaling
factors [27,85], and providing pathways to support cell migration and
neurite extension [29]. In comparison to scaffolds fabricated by other
granular hydrogel fabrication methods (e.g. using microfluidic devices
or batch emulsion), mechanically fragmented granular hydrogel scaf-
folds have been shown to be more porous, while void space fraction is
similar [48]. This increased porosity may further facilitate cellular
interaction. For microgels fabricated using microfluidic water-in-oil
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droplet segmentation, it was found that the median pore size of the
microporous network increased with microgel diameter [86]. In a
different study, mechanically fragmented granular hydrogels with an
average granule diameter of ~100 pm were found to have a void space
of ~8% and a median pore size of ~100 pmz [48]. Cells respond
differently to biophysical and biochemical environments. For example,
human mesenchymal stem cells were found to increase migration speed
on concave spherical structures in comparison to flat surfaces and
convex spherical structures [87]. This was thought to result from dif-
ferences in cytoskeletal forces generated on each surface type, leading to
nuclear deformation and promoting varying degrees of osteogenic
differentiation.

Whilst the effects of hydrogel granule size are unknown, granule size
may indirectly modulate protein distribution within a granular scaffold.
Smaller granules have a greater relative outer surface area than larger
granules for the same mass of hydrogel. If larger proteins collect on
granular boundaries during seeding, a scaffold composed of larger
granules would accrue a relatively greater amount of protein per surface
area from a fixed concentration solution than a scaffold composed of
smaller granules. This variation in protein concentration could in turn
modulate cell behavior. While a wide range of topographical length
scales and geometries have been developed to study the outgrowth and
functions of neural stem cells [88], the effects of hydrogel granular size
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on regulating cell proliferation, differentiation, neurite extension and
migration have not been well studied. The custom designed toolset is
well suited to facilitate this type of investigation.

3.6. Long-term culture of hiPSC-derived NPCs in granular hydrogel
composites

To investigate the longer-term culture potential, stem cell-derived
neural cells were seeded into granular hydrogel scaffolds and cultured
for one or three months, then assessed by immunostaining with neuronal
(anti-Tujl) and astrocytic (anti-GFAP) markers (Fig. 8 and Figure S9-
S§10). Axons were stained with an anti-neurofilament antibody to
observe axon outgrowth of the differentiated neurons. When grown in
conventional monolayer culture, NPCs differentiated into both astro-
cytes and neurons that form connected clusters spreading across the
culture plate (Fig. 8A). To perform longer-term culture in hydrogels,
PDMS crowns were fabricated to fit into the wells of a 12-well plate and
hold the 3D cultures in a static position below a central well that was
used to add culture medium (Fig. 8B). The cultures remained in place
under the central well and grew neurites that extended out onto the
plate (Fig. 8C). Imaging also revealed that hiPSC-derived NPCs prolif-
erated and differentiated into large densely packed cellular clusters
connected by large bundles of neurites. These cell clusters were seen to

Fig. 8. Long-term culture (3 months) of AXOL13 NPCs in granular hydrogel composites. (A) hiPSC-derived neurons grew to form connected neural networks on
tissue culture polystyrene (TCP) (scale bar = 100 pm). (B) Image of inverted PDMS 12-well plate microchambers assembled with porous membranes (white circles;
scale bar = 10 mm). (C) Composite epifluorescence and brightfield image of granular microgel neural culture in PDMS chamber (scale bar = 5 mm). (D) Enlarged
epifluorescent image of granular microgel neural culture (scale bar = 5 mm). (E-H) Close-up of sections marked in (D), showing (E) Cellular clusters with extensive
neurite growth inside the granular microgel scaffold (scale bar = 100 pm), (F) Large densely packed cellular clusters (scale bar = 100 pm), (G) Astrocyte growth
between the neural clusters in the periphery of the culture (scale bar = 100 pm), and (H) Well aligned neurite and astrocyte extensions in the periphery of the culture
(scale bar = 100 pm). Immunostaining reveals neurons (Tuj1, Green), astrocytes (GFAP, Red), and axons (Neurofilament, Blue).
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contain populations of both neurons (Tuj1+ cells) and astrocytes (GFAP
+ cells) (Fig. 8D-G). The neuronal coverage was higher than astrocytic
coverage after 1 month and 3 months culture and both neuronal and
astrocytic coverage increased over time (Figure S10A). During neural
development in vertebrates, neurogenesis precedes gliogenesis [89].
Astrocytes are known for supporting neurons for synaptogenesis,
neuronal regeneration, and neurite outgrowth and guidance [89,90].
Astrocytes were also observed between the neuronal clusters and were
well aligned with the neurites in the peripheral region of the culture
(Fig. 8H). The neuronal clusters were surrounded by extensive neurite
growth both inside the granular microgel scaffold and extending well
aligned neurite projections beyond the hydrogel scaffold. The extended
neurites or axons were found to cross over long distances and the mean
length of neurites/neurite bundles was increased over time from 1.2 mm
at 1 Month to 4.0 mm at 3 Month (Figure S10B-D), demonstrating the
capability of the granular hydrogel system to support cell culture, neural
differentiation, and neurite elongation over long periods. Electrophysi-
ology of human iPSC derived neurons in hydrogel culture has been
demonstrated elsewhere [91]. Whilst no attempt was made to record
electrophysiological activity from the long-term cultures, the presence
of bundles of neurites between the neural clusters suggests the formation
of neural networks.

Whilst culture of neural cells in biomaterials is well established,
relatively few studies investigate longer-term neural growth in the cul-
ture matrix. Bulk collagen and self-assembling peptide hydrogels have
been used for culturing adult mouse neural stem cells (NSCs) for up to 5
months [73]. The study reported non-preferential differentiation of
NSCs into neurons, astrocytes, and oligodendrocytes after three-month
in culture and neuronal cells were found to appear earlier than glial
phenotypes. However, neurite extension and network formation in
long-term culture were not reported. Matrigel, a basement membrane
extract, has been widely used in neural organoid cultures. Differentiated
PSCs embedded in Matrigel can be cultured for 3-6 months, undergoing
self-organization to form organoids in-part resembling tissue structures
found in vivo [92]. The resulting neural organoids contain many
different cell types, including radial glial cells, neuroepithelial pro-
genitors, neuronal lineage cells and astrocytes [93,94], with cell di-
versity increasing over time [93]. In this study, use of stably crosslinked
hydrogels was chosen to support longer-term culture, and the presence
of neurons and astrocytes was examined in situ using confocal micro-
scopy. Scaffold degradation can also be used to release and isolate cells
for characterization. This approach requires the use of materials that can
be degraded without damaging cells. For example, thermoresponsive
hydrogels have been used for cell encapsulation and harvesting [95,96].
However, these cultures tend to become unstable in longer-term studies.
The selection of suitably stable degradable materials that support
longer-term culture will be the focus of future studies.

Although considerable effort has been made to develop different
types of 3D hydrogel substrate for long-term cell culture, most 3D cul-
ture studies still rely on the use of biologically derived ECM constructs,
such as Matrigel [13]. While these native ECM hydrogels present a
highly biocompatible and permissive scaffold, high batch-to-batch
variability and the xeno- and tumorigenic origins of Matrigel are often
cited as drawbacks [51]. Chemically defined synthetic polypeptide
hydrogels with the flexibility that can be tailored for tissue engineering
applications have also been used for neural culture [51,73]. However,
unmodified ECM extract and polypeptide hydrogels degrade relatively
quickly in culture and often require the supplementation of additional
ECM proteins as a dissolved component to prolong culture stability [51].
Granular hydrogel systems, based on chemically defined hydrogels,
remain stable throughout extended culture periods and represent a
promising approach to cell culture for long-term studies.

The custom designed 3D printed toolset presented in this study can
fabricate multiphase hydrogels contain ECM, cells and soluble factors.
To enhance cell performances, granular gels can be functionalized to
increase the retention of soluble bioactive factors. HyStem®-HP
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hydrogel contains similar components as the HyStem® hydrogel in
combination with a thiol-modified heparin, which forms an ionic bond
with proteins, thus facilitating the slow release of the encapsulated
bioactive factors and ensuring its release in close proximity to the cells
[97]. Other hydrogel polymers which can immobilize soluble factors via
covalent immobilization (e.g. carbodiimide coupling immobilization
[98]), physical immobilization (e.g. biotin-streptavidin interactions
[99]) and ECM-inspired immobilization (e.g. heparin or adhesive
protein-based binding methods [100,101]) can also be adapted as the
base material for granular hydrogel composites to support long-term
soluble factor release [102].

4. Conclusion

In this study, granular hydrogel scaffolds were optimized for the
culture of human iPSC-derived cortical neurons and cells were seeded
into the laminin-rich weak gel layer formed between swollen hydrogel
granules. The optimized granular hydrogel scaffolds supported signifi-
cantly higher cell viability and neurite outgrowth over 3 and 7 days in
culture. Furthermore, the granular hydrogel construct was able to sup-
port longer-term neural culture over three months, demonstrating that
the scaffolds can support the development of both neuron and astrocyte
colonies with extensive neurite outgrowth and complex neurite
network.

A 3D printed manual extrusion and mixing toolset was created to
simplify hydrogel granule generation and seeding with minimal
hydrogel loss. Granular hydrogel scaffolds are highly customizable and
can be readily adapted for use in modern patterning techniques, whilst
their relative simplicity also makes this approach suited to applications
in a clinical setting. The feasibility of using the designed 3D printed
toolset for granular hydrogel fabrication should be extensible to other
materials and other cell types with tunable materials and particle sizes.
The multiphase cell encapsulating hydrogel system developed in this
study can be valuable for in vitro cell culture models for disease modeling
and drug screening as well as for the potential treatment of neurological
diseases.

Supporting Information

Supporting Information is provided for further results, including size
distribution of extruded hydrogel granules in Figure S1, rheological
analyses (G’ and G”) of bulk and granular HA hydrogels in Figure S2 and
S3, SH-SY5Y cell encapsulation in granular hydrogel composites in
Figure S4, homogenous cell distribution in granular hydrogels in
Figure S5, characterization of internal structure of bulk and granular
hydrogels in Figure S6, SEM images and image analysis of bulk hydro-
gels and granular hydrogel composites in Figure S7 and Figure S8, long-
term culture of hiPSC (line 010S-1)-derived NPCs in a granular hydrogel
composite in Figure S9, analysis of neural differentiation and neurite
extension in long term neural culture in granular hydrogel composites in
Figure S10, and neurite outgrowth and extension in bulk and granular
hydrogel constructs in Movie S1-S4. Materials and Methods with
equivalent cell seeding densities for 2D controls and 3D cubic hydrogel
models in Table S1 and a list of antibodies used for immunostaining in
Table S2 as well as details on the SH-SY5Y neuron culture was included.

Notes

The authors declare no competing financial interest. The research
materials supporting this publication can be accessed by contacting Prof
Hua Ye.

CRediT authorship contribution statement

Chia-Chen Hsu: Conceptualization, Writing — original draft, Inves-
tigation, Methodology, Visualization, Formal analysis. Julian H.



C.-C. Hsu et al.

George: Conceptualization, Methodology, Writing — review & editing,
Investigation, Visualization. Sharlayne Waller: Writing — review &
editing, Methodology, Investigation. Cyril Besnard: Writing — review &
editing, Formal analysis. David A Nagel: Writing — review & editing,
Methodology. Eric J Hill: Writing — review & editing, Methodology.
Michael D. Coleman: Writing — review & editing, Funding acquisition.
Alexander M. Korsunsky: Writing — review & editing, Formal analysis.
Zhanfeng Cui: Conceptualization, Writing — review & editing, Super-
vision, Funding acquisition. Hua Ye: Conceptualization, Methodology,
Writing — review & editing, Supervision, Project administration, Fund-
ing acquisition.

Acknowledgements

This study was supported by funding from the Biotechnology and
Biological Sciences Research Council (BB/H008527/1) (www.bbsrc.ac.
uk), China Regenerative Medicine International (CRMI), Jiangsu In-
dustrial Technology Research Institute (JITRI), and Engineering and
Physical Sciences Research Council (EPSRC EP/P005381/1 and EP/
V007785/1).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioactmat.2021.07.008.

References

[1] B. Koo, B. Choi, H. Park, K.-J. Yoon, Past, present, and future of brain organoid
Technology, Mol Cells 42 (9) (2019) 617-627.

[2] J.M. Corey, D.Y. Lin, K.B. Mycek, Q. Chen, S. Samuel, E.L. Feldman, D.C. Martin,
Aligned electrospun nanofibers specify the direction of dorsal root ganglia neurite
growth, J Biomed Mater Res A 83A (3) (2007) 636-645.

[3] J.Y. Lee, C.A. Bashur, A.S. Goldstein, C.E. Schmidt, Polypyrrole-coated
electrospun PLGA nanofibers for neural tissue applications, Biomaterials 30 (26)
(2009) 4325-4335.

[4] M.H. Bolin, K. Svennersten, X. Wang, 1.S. Chronakis, A. Richter-Dahlfors, E.W.
H. Jager, M. Berggren, Nano-fiber scaffold electrodes based on PEDOT for cell
stimulation, Sens Actuators B Chem 142 (2) (2009) 451-456.

[5] C.-C. Hsu, A. Serio, N. Amdursky, C. Besnard, M.M. Stevens, Fabrication of
hemin-doped serum albumin-based fibrous scaffolds for neural tissue engineering
applications, ACS Appl. Mater. Interfaces 10 (6) (2018) 5305-5317.

[6] J. Xie, M.R. MacEwan, A.G. Schwartz, Y. Xia, Electrospun nanofibers for neural
tissue engineering, Nanoscale 2 (1) (2010) 35-44.

[7] K. Chwalek, D. Sood, W.L. Cantley, J.D. White, M. Tang-Schomer, D.L. Kaplan,
Engineered 3D silk-collagen-based model of polarized neural tissue, J Vis Exp 105
(2015) €52970-e52970.

[8] M.D. Tang-Schomer, J.D. White, L.W. Tien, L.I. Schmitt, T.M. Valentin, D.

J. Graziano, A.M. Hopkins, F.G. Omenetto, P.G. Haydon, D.L. Kaplan,

Bioengineered functional brain-like cortical tissue, Proceedings of the National

Academy of Sciences 111 (38) (2014) 13811.

E. Entekhabi, M. Haghbin Nazarpak, M. Shafieian, H. Mohammadi, M. Firouzi,

Z. Hassannejad, Fabrication and in vitro evaluation of 3D composite scaffold

based on collagen/hyaluronic acid sponge and electrospun polycaprolactone

nanofibers for peripheral nerve regeneration 109 (3) (2021) 300-312.

[10] K. Chwalek, M.D. Tang-Schomer, F.G. Omenetto, D.L. Kaplan, In vitro
bioengineered model of cortical brain tissue, Nat Protoc 10 (9) (2015)
1362-1373.

[11] T.K. Matsui, Y. Tsuru, K.-I. Kuwako, Challenges in modeling human neural circuit
formation via brain organoid Technology, Frontiers in cellular neuroscience 14
(2020), 607399-607399.

[12] M.A. Lancaster, M. Renner, C.-A. Martin, D. Wenzel, L.S. Bicknell, M.E. Hurles,
T. Homfray, J.M. Penninger, A.P. Jackson, J.A. Knoblich, Cerebral organoids
model human brain development and microcephaly, Nature 501 (7467) (2013)
373-379.

[13] C. Vallejo-Giraldo, M. Genta, O. Cauvi, J. Goding, R. Green, Hydrogels for 3D
neural tissue models, Understanding Cell-Material Interactions at a Molecular
Level 8 (1286) (2020).

[14] E.R. Aurand, J. Wagner, C. Lanning, K.B. Bjugstad, Building biocompatible
hydrogels for tissue engineering of the brain and spinal cord, J. Funct. Biomater. 3
(4) (2012) 839-863.

[15] U. Freudenberg, A. Hermann, P.B. Welzel, K. Stirl, S.C. Schwarz, M. Grimmer,
A. Zieris, W. Panyanuwat, S. Zschoche, D. Meinhold, A. Storch, C. Werner, A star-
PEG-heparin hydrogel platform to aid cell replacement therapies for
neurodegenerative diseases, Biomaterials 30 (28) (2009) 5049-5060.

[9

—

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[391]

[40]

[41]

[42]

Bioactive Materials 9 (2022) 358-372

A. Jain, Y.-T. Kim, R.J. McKeon, R.V. Bellamkonda, In situ gelling hydrogels for
conformal repair of spinal cord defects, and local delivery of BDNF after spinal
cord injury, Biomaterials 27 (3) (2006) 497-504.

J. Li, D.J. Mooney, Designing hydrogels for controlled drug delivery, Nat Rev
Mater 1 (12) (2016).

N. Moriarty, A. Pandit, E. Dowd, Encapsulation of primary dopaminergic neurons
in a GDNF-loaded collagen hydrogel increases their survival, re-innervation and
function after intra-striatal transplantation, Sci. Rep. 7 (1) (2017) 16033.

M.M. Adil, T. Vazin, B. Ananthanarayanan, G.M.C. Rodrigues, A.T. Rao, R.

U. Kulkarni, E.W. Miller, S. Kumar, D.V. Schaffer, Engineered hydrogels increase
the post-transplantation survival of encapsulated hESC-derived midbrain
dopaminergic neurons, Biomaterials 136 (2017) 1-11.

T.-Y. Cheng, M.-H. Chen, W.-H. Chang, M.-Y. Huang, T.-W. Wang, Neural stem
cells encapsulated in a functionalized self-assembling peptide hydrogel for brain
tissue engineering, Biomaterials 34 (8) (2013) 2005-2016.

A. Marchini, A. Raspa, R. Pugliese, M.A. El Malek, V. Pastori, M. Lecchi, A.

L. Vescovi, F. Gelain, Multifunctionalized hydrogels foster hNSC maturation in 3D
cultures and neural regeneration in spinal cord injuries, Proc. Natl. Acad. Sci. U.
S. A. 116 (15) (2019) 7483-7492.

J.A. Brassard, M.P. Lutolf, Engineering stem cell self-organization to build better
organoids, Cell Stem Cell 24 (6) (2019) 860-876.

C.M. Dumont, M.A. Carlson, M.K. Munsell, A.J. Ciciriello, K. Strnadova, J. Park,
B.J. Cummings, A.J. Anderson, L.D. Shea, Aligned hydrogel tubes guide
regeneration following spinal cord injury, Acta Biomater 86 (2019) 312-322.
D.R. Griffin, W.M. Weaver, P.O. Scumpia, D. Di Carlo, T. Segura, Accelerated
wound healing by injectable microporous gel scaffolds assembled from annealed
building blocks, Nat. Mater. 14 (7) (2015) 737-744.

C.B. Highley, K.H. Song, A.C. Daly, J.A. Burdick, Jammed microgel inks for 3D
printing applications, Adv. Sci. 6 (1) (2019) 1801076.

M.T. Tedesco, D. Di Lisa, P. Massobrio, N. Colistra, M. Pesce, T. Catelani,

E. Dellacasa, R. Raiteri, S. Martinoia, L. Pastorino, Soft chitosan microbeads
scaffold for 3D functional neuronal networks, Biomaterials 156 (2018) 159-171.
L. Riley, L. Schirmer, T. Segura, Granular hydrogels: emergent properties of
jammed hydrogel microparticles and their applications in tissue repair and
regeneration, Curr. Opin. Biotechnol. 60 (2018) 1-8.

L. Cai, R.E. Dewi, S.C. Heilshorn, Injectable hydrogels with in situ double network
formation enhance retention of transplanted stem cells, Advanced Functional
Materials 25 (9) (2015) 1344-1351.

L.R. Nih, E. Sideris, S.T. Carmichael, T. Segura, Injection of microporous
annealing particle (MAP) hydrogels in the stroke cavity reduces gliosis and
inflammation and promotes NPC migration to the lesion, Adv. Mater. 29 (32)
(2017).

J. Chedly, S. Soares, A. Montembault, Y. von Boxberg, M. Veron-Ravaille,

C. Mouffle, M.-N. Benassy, J. Taxi, L. David, F. Nothias, Physical chitosan
microhydrogels as scaffolds for spinal cord injury restoration and axon
regeneration, Biomaterials 138 (2017) 91-107.

W. Jiang, M. Li, Z. Chen, K.W. Leong, Cell-laden microfluidic microgels for tissue
regeneration, Lab Chip 16 (23) (2016) 4482-4506.

Y. Jiang, J. Chen, C. Deng, E.J. Suuronen, Z. Zhong, Click hydrogels, microgels
and nanogels: emerging platforms for drug delivery and tissue engineering,
Biomaterials 35 (18) (2014) 4969-4985.

A.S. Mao, J.-W. Shin, S. Utech, H. Wang, O. Uzun, W. Li, M. Cooper, Y. Hu,

L. Zhang, D.A. Weitz, D.J. Mooney, Deterministic encapsulation of single cells in
thin tunable microgels for niche modelling and therapeutic delivery, Nat. Mater.
16 (2) (2017) 236-243.

T.H. Qazi, J.A. Burdick, Granular hydrogels for endogenous tissue repair,
Biomaterials and Biosystems 1 (2021), 100008.

J. Koh, D.R. Griffin, M.M. Archang, A.-C. Feng, T. Horn, M. Margolis, D. Zalazar,
T. Segura, P.O. Scumpia, D. Di Carlo, Enhanced in vivo delivery of stem cells
using microporous annealed particle, Scaffolds 15 (39) (2019), 1903147.

X. Zhao, S. Liu, L. Yildirimer, H. Zhao, R. Ding, H. Wang, W. Cui, D. Weitz,
Injectable stem cell-laden photocrosslinkable microspheres fabricated using
microfluidics for rapid generation of osteogenic tissue constructs, Adv. Funct.
Mater. 26 (17) (2016) 2809-2819.

F. Li, V.X. Truong, P. Fisch, C. Levinson, V. Glattauer, M. Zenobi-Wong,

H. Thissen, J.S. Forsythe, J.E. Frith, Cartilage tissue formation through assembly
of microgels containing mesenchymal stem cells, Acta Biomater 77 (2018) 48-62.
Q. Feng, Q. Li, H. Wen, J. Chen, M. Liang, H. Huang, D. Lan, H. Dong, X. Cao,
Injection and self-assembly of bioinspired stem cell-laden gelatin/hyaluronic acid
hybrid microgels promote cartilage repair in vivo, Adv. Funct. Mater. 29 (50)
(2019), 1906690.

J. Wu, G. Li, T. Ye, G. Lu, R. Li, L. Deng, L. Wang, M. Cai, W. Cui, Stem cell-laden
injectable hydrogel microspheres for cancellous bone regeneration, Chemical
Engineering Journal 393 (2020), 124715.

B. Li, L. Wang, F. Xu, X. Gang, U. Demirci, D. Wei, Y. Li, Y. Feng, D. Jia, Y. Zhou,
Hydrosoluble, UV-crosslinkable and injectable chitosan for patterned cell-laden
microgel and rapid transdermal curing hydrogel in vivo, Acta Biomater 22 (2015)
59-69.

A.W. Smith, C.E. Segar, P.K. Nguyen, M.R. MacEwan, L.R. Efimov, D.L. Elbert,
Long-term culture of HL-1 cardiomyocytes in modular poly(ethylene glycol)
microsphere-based scaffolds crosslinked in the phase-separated state, Acta
Biomater 8 (1) (2012) 31-40.

M.H. Chen, J.J. Chung, J.E. Mealy, S. Zaman, E.C. Li, M.F. Arisi, P. Atluri, J.

A. Burdick, Injectable supramolecular hydrogel/microgel composites for
therapeutic delivery, Macromol. Biosci. 19 (1) (2019), e1800248.


http://www.bbsrc.ac.uk
http://www.bbsrc.ac.uk
https://doi.org/10.1016/j.bioactmat.2021.07.008
https://doi.org/10.1016/j.bioactmat.2021.07.008
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref1
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref1
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref2
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref2
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref2
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref3
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref3
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref3
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref4
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref4
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref4
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref5
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref5
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref5
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref6
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref6
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref7
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref7
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref7
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref8
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref8
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref8
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref8
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref9
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref9
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref9
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref9
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref10
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref10
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref10
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref11
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref11
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref11
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref12
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref12
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref12
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref12
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref13
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref13
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref13
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref14
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref14
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref14
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref15
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref15
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref15
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref15
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref16
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref16
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref16
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref17
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref17
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref18
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref18
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref18
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref19
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref19
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref19
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref19
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref20
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref20
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref20
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref21
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref21
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref21
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref21
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref22
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref22
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref23
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref23
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref23
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref24
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref24
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref24
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref25
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref25
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref26
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref26
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref26
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref27
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref27
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref27
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref28
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref28
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref28
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref29
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref29
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref29
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref29
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref30
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref30
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref30
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref30
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref31
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref31
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref32
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref32
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref32
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref33
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref33
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref33
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref33
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref34
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref34
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref35
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref35
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref35
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref36
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref36
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref36
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref36
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref37
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref37
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref37
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref38
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref38
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref38
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref38
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref39
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref39
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref39
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref40
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref40
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref40
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref40
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref41
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref41
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref41
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref41
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref42
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref42
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref42

C.-C. Hsu et al.

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

J. Fang, J. Koh, Q. Fang, H. Qiu, M.M. Archang, M.M. Hasani-Sadrabadi, H. Miwa,
X. Zhong, R. Sievers, D.-W. Gao, R. Lee, D. Di Carlo, S. Li, Injectable drug-
releasing microporous annealed particle, Scaffolds for Treating Myocardial
Infarction 30 (43) (2020), 2004307.

T. Farjami, A. Madadlou, Fabrication methods of biopolymeric microgels and
microgel-based hydrogels, Food Hydrocoll 62 (2017) 262-272.

A.C. Daly, L. Riley, T. Segura, J.A. Burdick, Hydrogel microparticles for
biomedical applications, Nature Reviews Materials 5 (2019) 20-43, https://doi.
org/10.1038/541578-019-0148-6.

C.L. Franco, J. Price, J.L. West, Development and optimization of a dual-
photoinitiator, emulsion-based technique for rapid generation of cell-laden
hydrogel microspheres, Acta Biomater 7 (9) (2011) 3267-3276.

A. Sinclair, M.B. O’Kelly, T. Bai, H.-C. Hung, P. Jain, S. Jiang, Self-Healing
zwitterionic microgels as a versatile platform for malleable cell constructs and
injectable therapies, Adv. Mater. 30 (39) (2018), e1803087.

V.G. Muir, T.H. Qazi, J. Shan, J. Groll, J.A. Burdick, Influence of microgel
fabrication technique on granular hydrogel properties, ACS Biomaterials Science
& Engineering (2021), https://doi.org/10.1021/acsbiomaterials.0c01612.

T.J. Hinton, Q. Jallerat, R.N. Palchesko, J.H. Park, M.S. Grodzicki, H.-J. Shue, M.
H. Ramadan, A.R. Hudson, A.W. Feinberg, Three-dimensional printing of complex
biological structures by freeform reversible embedding of suspended hydrogels,
Sci Adv 1 (9) (2015), e1500758.

P. Kamali-Zare, C. Nicholson, Brain extracellular space: geometry, matrix and
physiological importance, Basic Clin Neurosci 4 (4) (2013) 282-286.

J. George, C.-C. Hsu, L.T.B. Nguyen, H. Ye, Z. Cui, Neural tissue engineering with
structured hydrogels in CNS models and therapies, Biotechnol. Adv. (2019),
107370.

B. Bilican, A. Serio, S.J. Barmada, A.L. Nishimura, G.J. Sullivan, M. Carrasco, H.
P. Phatnani, C.A. Puddifoot, D. Story, J. Fletcher, I.-H. Park, B.A. Friedman, G.
Q. Daley, D.J.A. Wyllie, G.E. Hardingham, I. Wilmut, S. Finkbeiner, T. Maniatis,
C.E. Shaw, S. Chandran, Mutant induced pluripotent stem cell lines recapitulate
aspects of TDP-43 proteinopathies and reveal cell-specific vulnerability, Proc.
Natl. Acad. Sci. U. S. A. 109 (15) (2012) 5803-5808.

C.-C. Hsu, J. Xu, B. Brinkhof, H. Wang, Z. Cui, W.E. Huang, H. Ye, A single-cell
Raman-based platform to identify developmental stages of human pluripotent
stem cell-derived neurons, Proceedings of the National Academy of Sciences 117
(31) (2020), 18412.

L. Nguyen, C.-C. Hsu, H. Ye, Z.F. Cui, Development of an in Situ Injectable
Hydrogel Containing Hyaluronic Acid for Neural Regeneration, Biomedical
Materials, 2020.

S.M. Chambers, C.A. Fasano, E.P. Papapetrou, M. Tomishima, M. Sadelain,

L. Studer, Highly efficient neural conversion of human ES and iPS cells by dual
inhibition of SMAD signaling, Nat. Biotechnol. 27 (3) (2009) 275-280.

X.Z. Shu, Y. Liu, Y. Luo, M.C. Roberts, G.D. Prestwich, Disulfide cross-linked
hyaluronan hydrogels, Biomacromolecules 3 (6) (2002) 1304-1311.

K. Ghosh, X.Z. Shu, R. Mou, J. Lombardi, G.D. Prestwich, M.H. Rafailovich, R.A.
F. Clark, Rheological characterization of in situ cross-linkable hyaluronan
hydrogels, Biomacromolecules 6 (5) (2005) 2857-2865.

X. Zheng Shu, Y. Liu, F.S. Palumbo, Y. Luo, G.D. Prestwich, In situ crosslinkable
hyaluronan hydrogels for tissue engineering, Biomaterials 25 (7) (2004)
1339-1348.

S.W. Moore, M.P. Sheetz, Biophysics of substrate interaction: influence on neural
motility, differentiation, and repair, Dev. Neurobiol. 71 (11) (2011) 1090-1101.
L. Weng, X. Chen, W. Chen, Rheological characterization of in situ crosslinkable
hydrogels formulated from oxidized dextran and N-carboxyethyl chitosan,
Biomacromolecules 8 (4) (2007) 1109-1115.

J.L. Vanderhooft, M. Alcoutlabi, J.J. Magda, G.D. Prestwich, Rheological
properties of cross-linked hyaluronan-gelatin hydrogels for tissue engineering,
Macromol. Biosci. 9 (1) (2009) 20-28.

A. Arani, M.C. Murphy, K.J. Glaser, A. Manduca, D.S. Lake, S.A. Kruse, C.

R. Jack Jr., R.L. Ehman, J. Huston 3rd, Measuring the effects of aging and sex on
regional brain stiffness with MR elastography in healthy older adults, Neuroimage
111 (2015) 59-64.

A.J. Engler, S. Sen, H.L. Sweeney, D.E. Discher, Matrix elasticity directs stem cell
lineage specification, Cell 126 (4) (2006) 677-689.

N.D. Leipzig, M.S. Shoichet, The effect of substrate stiffness on adult neural stem
cell behavior, Biomaterials 30 (36) (2009) 6867-6878.

A.J. Keung, E.M. de Juan-Pardo, D.V. Schaffer, S. Kumar, Rho GTPases mediate
the mechanosensitive lineage commitment of neural stem cells, Stem Cells 29
(11) (2011) 1886-1897.

K. Saha, A.J. Keung, E.F. Irwin, Y. Li, L. Little, D.V. Schaffer, K.E. Healy, Substrate
modulus directs neural stem cell behavior, Biophys. J. 95 (9) (2008) 4426-4438.
AL Teixeira, S. Ilkhanizadeh, J.A. Wigenius, J.K. Duckworth, O. Inganas,

O. Hermanson, The promotion of neuronal maturation on soft substrates,
Biomaterials 30 (27) (2009) 4567-4572.

A. Banerjee, M. Arha, S. Choudhary, R.S. Ashton, S.R. Bhatia, D.V. Schaffer, R.
S. Kane, The influence of hydrogel modulus on the proliferation and
differentiation of encapsulated neural stem cells, Biomaterials 30 (27) (2009)
4695-4699.

Y. Elkabetz, L. Studer, Human ESC-derived neural rosettes and neural stem cell
progression, Cold Spring Harbor Symposia on Quantitative Biology 73 (2008)
377-387.

M. Kapatczyniska, T. Kolenda, W. Przybyta, M. Zajaczkowska, A. Teresiak, V. Filas,
M. Ibbs, R. Blizniak, £. Luczewski, K. Lamperska, 2D and 3D Cell Cultures — a
Comparison of Different Types of Cancer Cell Cultures, Archives of Medical
Science, 2016.

371

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

871

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

Bioactive Materials 9 (2022) 358-372

D. Joung, V. Truong, C.C. Neitzke, S.-Z. Guo, P.J. Walsh, J.R. Monat, F. Meng, S.
H. Park, J.R. Dutton, A.M. Parr, Others, 3D printed stem-cell derived neural
progenitors generate spinal cord scaffolds, Adv. Funct. Mater. 28 (39) (2018),
1801850.

T. Nakaji-Hirabayashi, K. Kato, H. Iwata, Hyaluronic acid hydrogel loaded with
genetically-engineered brain-derived neurotrophic factor as a neural cell carrier,
Biomaterials 30 (27) (2009) 4581-4589.

S. Koutsopoulos, S. Zhang, Long-term three-dimensional neural tissue cultures in
functionalized self-assembling peptide hydrogels, matrigel and collagen I, Acta
Biomater 9 (2) (2013) 5162-5169.

K. Farrell, J. Joshi, C.R. Kothapalli, Injectable uncrosslinked biomimetic
hydrogels as candidate scaffolds for neural stem cell delivery, J. Biomed. Mater.
Res. A 105 (3) (2017) 790-805.

Z.-N. Zhang, B.C. Freitas, H. Qian, J. Lux, A. Acab, C.A. Trujillo, R.H. Herai, V.
A. Nguyen Huu, J.H. Wen, S. Joshi-Barr, J.V. Karpiak, A.J. Engler, X.-D. Fu, A.
R. Muotri, A. Almutairi, Layered hydrogels accelerate iPSC-derived neuronal
maturation and reveal migration defects caused by MeCP2 dysfunction, Proc.
Natl. Acad. Sci. U. S. A. 113 (12) (2016) 3185-3190.

S. Wu, R. Xu, B. Duan, P. Jiang, Three-dimensional hyaluronic acid hydrogel-
based models for in vitro human iPSC-derived NPC culture and differentiation,
Journal of Materials Chemistry B 5 (21) (2017) 3870-3878.

N. Broguiere, A. Husch, G. Palazzolo, F. Bradke, S. Madduri, M. Zenobi-Wong,
Macroporous hydrogels derived from aqueous dynamic phase separation,
Biomaterials 200 (2019) 56-65.

J.A. Burdick, M. Ward, E. Liang, M.J. Young, R. Langer, Stimulation of neurite
outgrowth by neurotrophins delivered from degradable hydrogels, Biomaterials
27 (3) (2006) 452-459.

K.J. Lampe, R.G. Mooney, K.B. Bjugstad, M.J. Mahoney, Effect of macromer
weight percent on neural cell growth in 2D and 3D nondegradable PEG hydrogel
culture, J. Biomed. Mater. Res. A 94 (4) (2010) 1162-1171.

M.J. Mahoney, K.S. Anseth, Three-dimensional growth and function of neural
tissue in degradable polyethylene glycol hydrogels, Biomaterials 27 (10) (2006)
2265-2274.

R.M. Namba, A.a. Cole, K.B. Bjugstad, M.J. Mahoney, Development of porous PEG
hydrogels that enable efficient, uniform cell-seeding and permit early neural
process extension, Acta Biomater 5 (6) (2009) 1884-1897.

S. Kang, X. Chen, S. Gong, P. Yu, S. Yau, Z. Su, L. Zhou, J. Yu, G. Pan, L. Shi,
Characteristic analyses of a neural differentiation model from iPSC-derived
neuron according to morphology, physiology, and global gene expression pattern,
Sci. Rep. 7 (1) (2017), 12233.

A. Farrukh, S. Zhao, A. del Campo, Microenvironments designed to support
growth and function of neuronal cells, Frontiers in Materials 5 (2018) 62.

W. Ma, T. Tavakoli, E. Derby, Y. Serebryakova, M.S. Rao, M.P. Mattson, Cell-
extracellular matrix interactions regulate neural differentiation of human
embryonic stem cells, BMC Dev. Biol. 8 (2008) 90.

N.A. Peppas, Y. Huang, M. Torres-Lugo, J.H. Ward, J. Zhang, Physicochemical
foundations and structural design of hydrogels in medicine and biology, Annu.
Rev. Biomed. Eng. 2 (2000) 9-29.

D.R. Griffin, W.M. Weaver, P.O. Scumpia, D. Di Carlo, T. Segura, Accelerated
wound healing by injectable microporous gel scaffolds assembled from annealed
building blocks, Nature Materials 14 (7) (2015) 737-744.

M. Werner, S.B.G. Blanquer, S.P. Haimi, G. Korus, J.W.C. Dunlop, G.N. Duda, D.
W. Grijpma, A. Petersen, Surface curvature differentially regulates stem cell
migration and differentiation via altered attachment morphology and nuclear
deformation, Advanced Science 4 (2) (2017), 1600347.

C. Simitzi, K. Karali, A. Ranella, E. Stratakis, Controlling the outgrowth and
functions of neural stem cells: the effect of surface topography, ChemPhysChem
19 (10) (2018) 1143-1163.

J. Schiweck, B.J. Eickholt, K. Murk, Important shapeshifter: mechanisms allowing
astrocytes to respond to the changing nervous system during development, injury
and disease, Front. Cell. Neurosci. 12 (2018) 261.

K. Reemst, S.C. Noctor, P.J. Lucassen, E.M. Hol, The indispensable roles of
microglia and astrocytes during brain development, Front. Hum. Neurosci. 10
(2016) 566.

S.-Y. Lee, J.H. George, D.A. Nagel, H. Ye, G. Kueberuwa, L.W. Seymour,
Optogenetic control of iPS cell-derived neurons in 2D and 3D culture systems
using channelrhodopsin-2 expression driven by the synapsin-1 and calcium-
calmodulin kinase II promoters, Journal of Tissue Engineering and Regenerative
Medicine 13 (3) (2019) 369-384.

E. Di Lullo, A.R. Kriegstein, The use of brain organoids to investigate neural
development and disease, Nat Rev Neurosci 18 (10) (2017) 573-584.

G. Quadrato, T. Nguyen, E.Z. Macosko, J.L. Sherwood, S. Min Yang, D.R. Berger,
N. Maria, J. Scholvin, M. Goldman, J.P. Kinney, E.S. Boyden, J.W. Lichtman, Z.
M. Williams, S.A. McCarroll, P. Arlotta, Cell diversity and network dynamics in
photosensitive human brain organoids, Nature 545 (7652) (2017) 48-53.

X. Qian, H.N. Nguyen, M.M. Song, C. Hadiono, S.C. Ogden, C. Hammack, B. Yao,
G.R. Hamersky, F. Jacob, C. Zhong, K.-J. Yoon, W. Jeang, L. Lin, Y. Li, J. Thakor,
D.A. Berg, C. Zhang, E. Kang, M. Chickering, D. Nauen, C.-Y. Ho, Z. Wen, K.

M. Christian, P.-Y. Shi, B.J. Maher, H. Wu, P. Jin, H. Tang, H. Song, G.-L. Ming,
Brain-region-Specific organoids using mini-bioreactors for modeling ZIKV
exposure, Cell 165 (5) (2016) 1238-1254.

B.L. Ekerdt, C.M. Fuentes, Y. Lei, M.M. Adil, A. Ramasubramanian, R.

A. Segalman, D.V. Schaffer, Thermoreversible hyaluronic acid-PNIPAAm
hydrogel systems for 3D stem cell culture, Advanced healthcare materials 7 (12)
(2018) €1800225-e1800225.


http://refhub.elsevier.com/S2452-199X(21)00341-8/sref43
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref43
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref43
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref43
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref44
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref44
https://doi.org/10.1038/s41578-019-0148-6
https://doi.org/10.1038/s41578-019-0148-6
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref46
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref46
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref46
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref47
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref47
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref47
https://doi.org/10.1021/acsbiomaterials.0c01612
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref49
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref49
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref49
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref49
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref50
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref50
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref51
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref51
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref51
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref52
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref52
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref52
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref52
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref52
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref52
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref53
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref53
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref53
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref53
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref54
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref54
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref54
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref55
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref55
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref55
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref56
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref56
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref57
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref57
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref57
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref58
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref58
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref58
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref59
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref59
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref60
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref60
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref60
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref61
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref61
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref61
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref62
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref62
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref62
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref62
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref63
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref63
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref64
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref64
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref65
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref65
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref65
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref66
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref66
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref67
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref67
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref67
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref68
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref68
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref68
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref68
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref69
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref69
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref69
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref70
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref70
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref70
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref70
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref71
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref71
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref71
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref71
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref72
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref72
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref72
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref73
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref73
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref73
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref74
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref74
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref74
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref75
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref75
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref75
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref75
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref75
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref76
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref76
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref76
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref77
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref77
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref77
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref78
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref78
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref78
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref79
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref79
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref79
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref80
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref80
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref80
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref81
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref81
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref81
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref82
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref82
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref82
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref82
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref83
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref83
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref84
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref84
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref84
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref85
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref85
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref85
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref86
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref86
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref86
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref87
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref87
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref87
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref87
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref88
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref88
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref88
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref89
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref89
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref89
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref90
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref90
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref90
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref91
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref91
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref91
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref91
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref91
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref92
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref92
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref93
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref93
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref93
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref93
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref94
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref94
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref94
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref94
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref94
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref94
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref95
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref95
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref95
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref95

C.-C. Hsu et al.

[96]

[97]

[98]

[99]

Y. Lei, D.V. Schaffer, A fully defined and scalable 3D culture system for human
pluripotent stem cell expansion and differentiation, Proceedings of the National
Academy of Sciences of the United States of America 110 (52) (2013)
E5039-E5048.

X. Xu, A.K. Jha, R.L. Duncan, X. Jia, Heparin-decorated, hyaluronic acid-based
hydrogel particles for the controlled release of bone morphogenetic protein 2,
Acta Biomater 7 (8) (2011) 3050-3059.

L.L.Y. Chiu, R.D. Weisel, R.-K. Li, M. Radisic, Defining conditions for covalent
immobilization of angiogenic growth factors onto scaffolds for tissue engineering,
Journal of Tissue Engineering and Regenerative Medicine 5 (1) (2011) 69-84.
J.-M. Nam, P.M. Nair, R.M. Neve, J.W. Gray, J.T. Groves, A fluid membrane-based
soluble ligand-display system for live-cell assays, ChemBioChem 7 (3) (2006)
436-440.

372

[100]

[101]

[102]

Bioactive Materials 9 (2022) 358-372

M. Kisiel, M.M. Martino, M. Ventura, J.A. Hubbell, J. Hilborn, D.A. Ossipov,
Improving the osteogenic potential of BMP-2 with hyaluronic acid hydrogel
modified with integrin-specific fibronectin fragment, Biomaterials 34 (3) (2013)
704-712.

S. Thones, S. Rother, T. Wippold, J. Blaszkiewicz, K. Balamurugan, S. Moeller,
G. Ruiz-Gomez, M. Schnabelrauch, D. Scharnweber, A. Saalbach, J. Rademann,
M.T. Pisabarro, V. Hintze, U. Anderegg, Hyaluronan/collagen hydrogels
containing sulfated hyaluronan improve wound healing by sustained release of
heparin-binding EGF-like growth factor, Acta Biomaterialia 86 (2019) 135-147.
Z. Wang, Z. Wang, W.W. Lu, W. Zhen, D. Yang, S. Peng, Novel biomaterial
strategies for controlled growth factor delivery for biomedical applications, NPG
Asia Materials 9 (10) (2017) e435-e435.


http://refhub.elsevier.com/S2452-199X(21)00341-8/sref96
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref96
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref96
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref96
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref97
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref97
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref97
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref98
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref98
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref98
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref99
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref99
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref99
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref100
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref100
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref100
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref100
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref101
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref101
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref101
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref101
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref101
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref102
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref102
http://refhub.elsevier.com/S2452-199X(21)00341-8/sref102

	Increased connectivity of hiPSC-derived neural networks in multiphase granular hydrogel scaffolds
	1 Introduction
	2 Materials and Methods
	2.1 Cell culture
	2.2 Fabrication and assembly of 3D printed tools
	2.3 Bulk and granular hydrogel fabrication
	2.4 Characterization and analysis of hydrogel granule size
	2.5 Rheological characterization
	2.6 Cell encapsulation in bulk and granular hydrogels and gel casting
	2.7 Immunostaining and fluorescence microscopy
	2.8 Cell viability assay
	2.9 Neurite outgrowth of induced pluripotent stem cell-derived neurons
	2.10 Statistical analysis

	3 Results and discussion
	3.1 Formation and microstructure of granular HA hydrogels
	3.2 Rheological analyses of bulk HA hydrogels
	3.3 Rheological analyses of granular HA hydrogels
	3.4 Cell viability in granular hydrogel composites
	3.5 Neurite outgrowth and extension in granular hydrogel composites
	3.6 Long-term culture of hiPSC-derived NPCs in granular hydrogel composites

	4 Conclusion
	Supporting Information
	Notes
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A Supplementary data
	References


