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Viscoelastic N‑cadherin-like interactions
maintain neural progenitor cell stemness
within 3D matrices

Michelle S. Huang 1,2, Bauer L. LeSavage 3, Sadegh Ghorbani 4,5,
Aidan E. Gilchrist 6, Julien G. Roth 7,8, Carla Huerta-López4, Esther A. Mozipo3,
Renato S. Navarro4 & Sarah C. Heilshorn 4

Neural progenitor cells (NPCs) hold immense potential as therapeutic candi-
dates for neural regeneration, andmaterials-based strategies have emerged as
attractive options forNPCexpansion. However,maintainingNPC stemness has
proven challenging in vitro, due to their propensity to form cell-dense neu-
rospheres. While neurospheres promote cell–cell interactions required for
NPC stemmaintenance, they also restrict oxygen transport, leading to hypoxia
and limited cell expansion. To overcome these limitations, we investigate two
materials-based approaches to maintain NPC stemness: 1) physical matrix
remodeling within a viscoelastic, stress-relaxing hydrogel and 2) matrix-
induced N-cadherin-like signaling through a cell-instructive peptide. While
viscoelasticity alone is sufficient to maintain NPC stemness compared to an
elastic environment, NPCs still preferentially form neurospheres. The addition
of N-cadherin-like peptides promotes a distributed culture of NPCs while
maintaining their stemness through cadherin-mediated signaling, ultimately
exhibiting improved long-termexpansion andneural differentiation. Thus, our
findings reveal matrix viscoelasticity and engineered N-cadherin-like interac-
tions as having a synergistic effect on NPC expansion and differentiation
within 3D matrices.

Neural progenitor cells (NPCs) are a promising source for nervous
system regenerative therapies, as they can differentiate into neurons,
astrocytes, and oligodendrocytes1–3. However, a critical limitation
preventing clinical translation is the inability to efficiently and
reproducibly expand NPCs in vitro while maintaining their stem cell
phenotype4. Loss of NPC stemness is also observed in vivo
throughout the aging process and in pathological disease states,
causing diminished ability for NPC self-renewal and biased

differentiation5–7. These phenotypic abnormalities are due in part to
complex environmental changes in the stem cell niche, including
altered extracellular matrix (ECM) biochemical and biomechanical
properties8–10. Therefore, understanding the role of cell–cell and
cell–matrix interactions in the NPC niche is critical to revealing
the required signals that enable NPC stemness maintenance to
achieve efficient cell expansion while retaining their differentiation
capacity.
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Traditionally, NPCs are cultured in two-dimensional (2D) mono-
layers or as three-dimensional (3D) neurospheres because they are
highly density dependent. Neurosphere culture allows cells to be
maintained as large 3Dcell clusters, resulting in a significant increase in
the total number of cells per surface area compared to 2D planar
culture11,12. NPCs are able to survive, self-renew, and differentiate
throughout neurosphere culture. Unfortunately, neurosphere culture
remains limited in overall cell expansion due to size limitations that
inhibit oxygen diffusion into the cell-dense core, causing necrosis13,14.
In both 2D monolayers and 3D neurospheres, the cells are present in
non-representative geometries that preclude the formation of dis-
tributed 3D cellular networks. To overcome these challenges, the use
of 3D synthetic matrices has emerged as an alternative approach to
influence stem cell behavior for cell expansion and manufacturing.
Unlike surface area-limited 2D cultures or diffusion-limited neuro-
sphere cultures, synthetic matrices can provide 3D instructive cues to
support scalable cell expansion for potential cell-based therapies15–17.
Thus, the development of 3D biomaterials to support the long-term
expansion of NPCs that results in a stem-like homogeneous, dis-
tributed, and network-forming populationwould greatly increase their
potential therapeutic relevance.

Biochemical and biophysical factors of the microenvironment
play a key role in directing stem cell behavior within the native stem
cell niche18–20. Previous studies have identified cell-adhesive ligand
composition21,22, matrix stiffness23,24, and stress relaxation rate25,26 as
important parameters for modulating NPC differentiation and fate
acquisition. In contrast to these previous studies, we are interested
in identifying the signaling cues that will support the high-density
culture of viable NPCs in an undifferentiated, stem-like state that
still maintain the capacity to differentiate. In embedded 3D cultures
of NPCs, we have previously shown that matrix remodelability
impacts stemnessmaintenance, with gels that aremore remodelable
significantly improving NPC differentiation capacity17,27. Specifically,
we found that proteolytic matrix degradation allows encapsulated
NPCs to spread within the material to form N-cadherin-mediated
cell–cell contacts, leading to downstream stem cell maintenance.
These cell–cell contacts and N-cadherin engagement subsequently
activate β-catenin signaling, which plays a significant role in the
regulation of the stem cell phenotype. Thus, it is not matrix degra-
dation per se that enables robust stemness maintenance, but rather
the presence of cell–cell interactions. Cells can remodel their matrix
in several ways, including permanent enzymatic remodeling of
degradable matrices and dynamic network remodeling of viscoe-
lastic and viscoplastic matrices28. As matrix stress relaxation enables
degradation-independent, cell-directed matrix remodeling, we
hypothesized that a viscoelastic, stress-relaxing matrix would pro-
mote NPC proliferation and stemness maintenance through
increasing cell–cell contact.

Viscoelasticmaterials, such as brain tissue, undergo remodeling in
response to cell-imposed forces29. In comparison to purely elastic
materials, viscoelastic hydrogels that exhibit stress relaxationpromote
cell spreading, migration, and proliferation in 3D25,30,31, which we rea-
soned would lead to cell–cell interactions important for maintaining
NPC stemness. Stress relaxation can be engineered within hydrogels
through various strategies, including polymer entanglements, weak
physical associations, and dynamic covalent chemistry29. Here, we
leveraged dynamic covalent hydrazone bonds to introduce stress
relaxation into hyaluronic acid (HA) and elastin-like protein (ELP)
engineered hydrogels. We have previously demonstrated that varying
the ratio of benzaldehyde-functionalized HA and aldehyde-
functionalized HA can afford precise control over the crosslinking
kinetics, and therefore, the stress relaxation rate, of the resulting
hydrogels25.

HA was chosen due to its high prevalence in the native brain
ECM32, while the engineered ELPwas selected for itsmodular tunability

to directly specify the concentration of different cell-adhesive peptide
motifs33–35. Specifically, we use ELP variants containing a fibronectin-
derived, integrin-engaging RGD peptide that is known to support the
culture of NPCs and differentiated neural cell types36–38. Additionally,
to directly engage the N-cadherin receptors responsible for cell–cell
signaling in NPCs, we engineered a new ELP variant containing an N-
cadherin-derived HAVDI peptide. Early sequencing and inhibition
studies initially identified the HAVDI motif from the first extracellular
domain (EC1) of N-cadherin as a cadherin cell adhesion site39–41. While
the HAVDI peptide alone cannot mimic all aspects of N-cadherin
function42, several studies have demonstrated its antagonistic activity
as a soluble peptide in modulating fibroblast adhesion and neurite
outgrowth in vitro41,43. By instead tethering the HAVDI peptide to
matrices, it was able to act as an N-cadherin agonist in several appli-
cations, including influencing the morphology and fate commitment
of mesenchymal stromal cells44–47, promoting neurogenesis of neural
stem cells48, directing cell fate and diversity in neural organoids49, and
supporting the formation of synaptically connected neurons50. As
cell–cell contact plays an important role inmaintaining NPC stemness,
we hypothesized that incorporation of HAVDI within our designer,
viscoelastic matrix would promote NPC stemness maintenance and
enhance differentiation capacity.

Here, we develop amodular, 3D engineered hydrogel platform to
define the necessary matrix properties for robust NPC expansion and
differentiation in vitro. We demonstrate that in the absence of HAVDI,
matrix viscoelasticity is required for NPC proliferation in the form of
neurospheres, where cell–cell contact between cells within the neu-
rospheres is sufficient to maintain stemness. When RGD and HAVDI
peptides are simultaneously incorporated into fast-relaxing, viscoe-
lastic hydrogels, NPCs no longer form neurospheres and instead form
a distributed 3D network of NPCs throughout the hydrogel. Dis-
tributed 3D NPC cultures are able to undergo long-term expansion,
exhibit high viability, and maintain the capacity to differentiate into
glial cells and neurotransmitter-responsive neurons. Ultimately, our
results suggest that the combination of matrix viscoelasticity and
engineered N-cadherin-like interactions can regulate the phenotype of
encapsulated NPCs to maintain their stem cell phenotype and differ-
entiation capacity in vitro.

Results
Matrix stress relaxation enables cell–cell contact-mediated
stemness maintenance
To first assess the role of matrix remodelability, we evaluated NPC
stemness maintenance in a family of materials with differing stress
relaxation rates and identical biopolymer compositions. We recently
developed a family of engineered viscoelastic matrices consisting of
HA and ELP, which we termHELP. HELP hydrogels have independently
tunable stress relaxation rates, stiffness, and cell-instructive ligand
density25,51. Here, the HA (1wt%) and ELP (1 wt%) polymers were
crosslinked using either static or dynamic covalent bonds (Fig. 1a, b).
Stress-relaxing HELP gels were formed bymodifying HA with either an
aliphatic aldehyde (fast exchange kinetics) or benzaldehyde (slow
exchange kinetics) functional group. When combined with hydrazine-
modified ELP, dynamic covalent hydrazone bonds form, resulting in a
viscoelastic, stress-relaxing hydrogel (Fig. 1a). Elastic, non-stress-
relaxing HELP gels were formed by combining a tetrazine-modified
HA with a norbornene-modified ELP to form static covalent crosslinks
(Fig. 1b). All hydrogels were formed with a shear elastic modulus of
~800Pa (Fig. 1c, Supplementary Fig. 1a, b), which falls within the range
of stiffness reported fornative brain tissue andhasbeendemonstrated
to support both neuronal and glial differentiation27,52,53. Additionally,
these hydrogels all included 1mM of an extended cell-adhesive argi-
nylglycylaspartic acid (RGD) peptide derived from fibronectin in the
ELP polymer backbone. RGD is known to engage several cell surface
receptors, including integrin subunit β1, which has been shown to
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regulate NPC function in vivo and support cell adhesion and neurite
outgrowth in vitro36,54–56.

To control the stress relaxation rate of the viscoelastic HELP gels,
we varied the ratio of aldehyde- to benzaldehyde-functionalized HA to
be 0:100 or 50:50, resulting in Dynamic Slow and Dynamic Fast HELP
gels, respectively. Shear rheology confirmed that the stress relaxation
rate of the dynamic HELP hydrogels could be tuned independently of
matrix stiffness (Fig. 1d). The stress relaxation half-life (τ1/2), which is
defined as the time required for the stress to reach half its initial value
under a constant applied strain, ranged from ~104s for Dynamic Fast
gels to ~105s for Dynamic Slow gels (Fig. 1e). As expected, Static gels

did not relax in response to the applied strain even after 24 h.While the
stress relaxation rates of the dynamic HELP hydrogels are slower than
those of native rat brain tissue (Fig. 1d), this family of HELP gels pre-
sents a tunable system for reproducibly controlling matrix stress
relaxation over timescales known to impact NPCs25. All three cross-
linking chemistries were highly cytocompatible, as NPCs dissociated
into single cell suspensions couldbe encapsulatedwithin theHELPgels
with high viability (>90%) (Fig. 1f, Supplementary Fig. 2a).

We next investigated the capability of NPCs to maintain stemness
within hydrogels of different stress relaxation rates. As progenitor
cells, a hallmark of NPC stemness maintenance is the ability to self-
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renew. Over 7 days in maintenance medium, NPCs exhibited sig-
nificantly higher rates of metabolic activity in Dynamic Fast and
Dynamic Slow gels, compared to Static gels (Fig. 1g), suggesting that
cells may be more proliferative in stress-relaxing matrices. Immunos-
taining for the proliferation marker Ki67 further revealed that NPCs
within both dynamic gels maintained significantly higher percentages
of cells in an active proliferative state (~30% and ~24% in Dynamic Fast
and Dynamic Slow, respectively, compared to ~1.4% in Static)
(Fig. 1h, i). Similarly, a significantly higher total number of cells was
present withinDynamic Fast andDynamic Slow gels at day 7 compared
to Static gels (Fig. 1j). Collectively, these data demonstrate that while
all hydrogel conditions supported NPC viability, the static, non-stress-
relaxing condition led to decreased proliferation, resulting in limited
potential for expansion.

Changes in NPC stemness were further evaluated by performing
immunostaining and immunoblotting for the classical NPC stemness
markers, Nestin and Sox212,57. NPCs encapsulated within Dynamic Fast
and Dynamic Slow gels expressed Nestin and Sox2 at significantly
higher levels than those encapsulated within Static gels (Fig. 1k, Sup-
plementary Fig. 2b, c). Furthermore, a higher percentage of Sox2+ cells
was observed in Dynamic Fast (~82%) and Dynamic Slow (~76%) gels
compared to Static (~25%) gels (Supplementary Fig. 2d). At an indivi-
dual cell level, the Sox2 intensity per cell was also higher in Dynamic
Fast and Dynamic Slow gels compared to Static gels (58.3 and 54.5 vs
15.0a.u., respectively, Fig. 1l). No significant differences in proliferation
or Nestin and Sox2 expression were observed as a function of stress
relaxation rate for the two dynamic gels. These data suggest that NPCs
are able to maintain stemness within stress-relaxing hydrogels,
whereas they exhibit a loss of stemness within non-stress-relaxing,
elastic hydrogels.

Since NPCs rely on cell–cell contact to maintain stemness, we
hypothesized that the dynamic HELP gels promoted NPC neurosphere
formation, which would then result in cell–cell signaling through
adjacent NPCs. Indeed, by day 7, NPCs within both dynamic gels
formed multicellular neurospheres, with ~78% and ~75% of cells in
Dynamic Fast and Dynamic Slow gels, respectively, found in clusters
(Figs. 1k, 2e). In contrast, a majority of NPCs within Static gels (~61%)
remained as single cells (Supplementary Fig. 2e). Further, the few
neurospheres that formed within Static gels were much smaller in size
compared to the neurospheres formed within the dynamic conditions
(Supplementary Fig. 2f), and they exhibited decreased proliferation
compared to neurospheres in both dynamic hydrogel conditions and
suspension culture (Fig. 1j), suggesting that matrix confinement may
inhibit NPC expansion. Interestingly, most of the Sox2+ cells within all

hydrogel conditions were found within neurospheres (~85% in
Dynamic Fast, ~88% in Dynamic Slow, ~79% in Static), regardless of
neurosphere size (Fig. 1m), with a greater number of Sox2+ cells per
neurosphere as the neurosphere diameter increased (Supplementary
Fig. 2g). Even in the Static gels, where significantly fewer neurospheres
formed, NPCs within clusters expressed Sox2 (Supplementary Fig. 2h).
Across all hydrogel conditions, the single cells lost expression of
Nestin andSox2 (SupplementaryFig. 2h). Because themajority ofNPCs
within Static gels were single cells, this non-stress-relaxing condition
was insufficient at maintaining NPC stemness. Taken together, these
results indicate that NPC stemness relies on cell–cell interactions,
which are favored bymatrix remodelability, when encapsulated within
3D matrices.

N-cadherin adhesive interactions enable stemness maintenance
of a distributed 3D NPC culture
While dynamic HELP hydrogels were able to maintain NPC stemness
over 7 days, the NPCs within these hydrogels were expanding as neu-
rospheres. Neurosphere culture has several limitations, including: (1)
heterogeneous cell populations, (2) limited ability to control sponta-
neous NPC differentiation, and (3) necrotic cores due to poor oxygen
and nutrient transport through the cell-dense spheres13,14. Neuro-
sphere formation is also not representative of the physiological orga-
nization of NPCs in vivo58. During neural development, NPCs do not
exist as neurospheres, but instead extend processes outwards from
the cell body towards the ventricular and pial surfaces, which later
serve as guides along which differentiating neurons migrate59. Within
this developing niche, N-cadherin is broadly expressed and con-
tributes to the strong adhesion between NPCs to maintain tissue
architecture60.We therefore hypothesized that a 3Dmatrix that is both
remodelable and mimics the broad expression of N-cadherin present
in the developing brain would allow for dispersed NPC cultures that
maintain NPC stemness without forming neurospheres.

To explore the possibility that N-cadherin adhesive interactions
may regulate NPC morphology and stemness maintenance in 3D cul-
tures, we engineered our dynamic HELP gels to present both integrin-
binding and N-cadherin peptide motifs, modeling both cell–ECM and
cell–cell interactions, respectively (Fig. 2a). The modular ELP compo-
nent of HELP hydrogels can be designed to present a variety of cell-
instructive ligands through specification of the primary amino acid
sequence. Our group has previously cloned and reported on a library
of ELPswith tunable ligandsderived fromseveral ECMproteins33. Here,
we expand on this library by engineering a new ELP containing an N-
cadherin-derived HAVDI sequence in the protein backbone

Fig. 1 | 3D matrix stress relaxation is required for NPC stemness maintenance.
a Schematic of Dynamic HELP gels (Dynamic Fast or Dynamic Slow), which are
composed of aldehyde- or benzaldehyde-modified hyaluronic acid (HA) and
hydrazine-modified elastin-like protein (ELP) crosslinked through dynamic cova-
lent bonds. b Schematic of Static HELP gels, which are composed of tetrazine-
modified HA and norbornene-modified ELP crosslinked through static covalent
bonds. cShear storagemoduli of rat brain and all threeHELPgel formulations (N = 3
independent runs, data are means ± standard deviation). d Normalized repre-
sentative stress relaxation profiles for rat brain and all three HELP gel formulations.
e Stress relaxation half-lives (τ1/2) of Dynamic Fast and Dynamic Slow HELP gels
(N = 3 independent runs, data are means ± standard deviation). ****p <0.0001.
f Representative maximum projection fluorescence images of NPCs encapsulated
within all three HELP gel formulations after 7 days of culture with calcein AM
labeled live cells (green) and ethidium homodimer-1 labeled dead cells (red).
g Quantification of the relative metabolic activity of encapsulated NPCs over time,
relative to the activity 1 hourpost-encapsulation (N = 4 replicate hydrogels, data are
means ± standard deviation). Day 1: Dynamic Fast vs. Static *p =0.0397; Day 3:
Dynamic Slow vs. Static ***p =0.0004, Dynamic Fast vs. Static ****p <0.0001; Day 7:
Dynamic Fast vs. Static, Dynamic Slow vs. Static ****p <0.0001. h Representative
maximum projection fluorescence images of NPCs encapsulated within all three

HELP gel formulations after 7 days of culture with labeled cells in active phases of
the cell cycle (Ki67, white). Nuclei are counterstained with DAPI (blue).
i Quantification of the percentage of Ki67+ cells after 7 days in culture (n = 6 ran-
domized field of views, N = 3 replicate hydrogels, data are means ± standard
deviation). ****p <0.0001. j Quantification of the relative dsDNA content of
encapsulatedNPCs over time (N = 4 replicate hydrogels, data aremeans ± standard
deviation) compared to suspension neurosphere cultures. ****p <0.0001.
k Representative maximum projection fluorescence images of NPCs encapsulated
within all threeHELP gel formulations after 7 days of culture labeledwith the neural
stem cell markers Nestin (red) and Sox2 (green). Nuclei are counterstained with
DAPI (blue). l Quantification of Sox2 intensity after 7 days in culture (n = 75 single
cells for Dynamic Fast, 50 single cells for Dynamic Slow, and 57 single cells for
Static, data are means ± standard deviation). a.u., arbitrary units. ****p <0.0001.
mQuantification of the percentage of Sox2+ cells that are in clusters vs. single cells
after 7 days in culture (N = 5 replicate hydrogels). Statistical analyses performed as
one-way ANOVA with Tukey’s multiple comparisons test (c, i, m), two-tailed
unpaired t test (e), two-way ANOVA with Tukey’s multiple comparisons test (g, j),
and Kruskal-Wallis with Dunn’s multiple comparisons test (l). Source data are
provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-60540-8

Nature Communications |         (2025) 16:5213 4

www.nature.com/naturecommunications


(Supplementary Fig. 3). To enhance conformational flexibility, a flex-
ible GGS repeat is incorporated flanking the HAVDI sequence. Engi-
neered ELPs with the following sequences were successfully cloned
and expressed: (1) an N-cadherin-derived HAVDI sequence to artifi-
cially induce cell–cell signaling, (2) a fibronectin-derived, integrin-
binding RGD sequence to mimic cell–matrix signaling, and (3) a
scrambled, cell-inert RDG sequence to which cells cannot bind

(Fig. 2b). The biochemical identity of these three ELPs was confirmed
through amino acid analysis, demonstrating excellent agreement
between the theoretical and observed amino acid frequencies for the
designed ELP sequences (Supplementary Fig. 4).

Several in vitro studies have demonstrated that the co-
presentation of both RGD and HAVDI peptides at equimolar con-
centrations improves cell adhesion over HAVDI alone for
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mesenchymal stromal cells and neural stem cells46,48. Additionally,
integrin–cadherin crosstalk can alter the mechanosensing of viscoe-
lasticity in 2D61. Therefore, we blended our ELP variants at 1:1 ratios of
RGD:HAVDI, RGD:RDG, and HAVDI:RDG before combining them with
our modified HA to create HELP gels that present both ligands, RGD
only, and HAVDI only, respectively. This experimental design allowed
us tomaintain constant biopolymer concentrations (1wt% ELP and 1wt
% HA) across all hydrogels. Shear rheology confirmed that all six
dynamic hydrogels exhibited similar gelation profiles and hydrogel
stiffness (Fig. 2c, Supplementary Fig. 5). Finally, blending of the dif-
ferent ELP variants resulted in similar stress relaxation rates for both
the family of Dynamic Slow HELP gels and the family of Dynamic Fast
HELP gels (Fig. 2d).

Single cell suspensions of NPCs were encapsulated within the
Dynamic Slow and Dynamic Fast HELP gels displaying different ligand
combinations (RGD-RDG, RGD-HAVDI, andHAVDI-RDG) (Fig. 2a). After
7 days of culture, NPCs remained highly viable (> 90%) in all hydrogel
conditions (Supplementary Fig. 6a, b). In Dynamic Slow HELP gels, the
NPCs formed neurospheres regardless of ligand presentation (Fig. 2e,
Supplementary Fig. 6c). Accordingly, the NPCs were able to maintain
expression of stemness markers, Nestin and Sox2, due to cell–cell
contact provided by adjacent cells within the neurosphere. mRNA
expression of Nestin and Sox2 was also statistically similar across all
Dynamic Slow conditions (Fig. 2f). In Dynamic Fast HELP gels, striking
differences in NPC morphology emerged as a function of ligand pre-
sentation. Similar to the Dynamic Slow conditions, NPCs in RGD-RDG
and HAVDI-RDG matrices also formed neurospheres (Fig. 2g, Supple-
mentary Fig. 6c). However, NPCs in Dynamic Fast RGD-HAVDImatrices
exhibited a spread, elongated morphology and extended Nestin+
projections throughout the hydrogel while remaining primarily sin-
gularized (Fig. 2g, Supplementary Fig. 6c). These morphological dif-
ferences only emerged in Dynamic Fast gels that presented both RGD
and HAVDI ligands.

Although NPCs within Dynamic Fast RGD-HAVDI gels often
remained distributed as single cells with minimal cell–cell contact,
they still maintained expression of Nestin and Sox2 (Fig. 2h). Wes-
tern blot analysis confirmed that Nestin and Sox2 expression were
also maintained at the protein-level (Supplementary Fig. 6d, e).
NPCs within Dynamic Fast RGD-HAVDI gels formed significantly
fewer neurospheres (~28%) compared to NPCs within the other
hydrogel conditions (~76% average), which were all statistically
similar (Fig. 2i). The neurospheres that formed within the Dynamic
Fast RGD-HAVDI gels were also much smaller than those in the other
Dynamic Fast and all Dynamic Slow hydrogel conditions (Fig. 2j). In
the Dynamic Fast RGD-HAVDI gels, ~89% of Sox2+ cells were found
as single cells rather than cells in clusters (Fig. 2k). In comparison, in
the other hydrogel formulations, most of the Sox2+ cells (~80%
average) were found in clusters (Fig. 2k). Despite these differences
in morphology, NPCs in all Dynamic Fast hydrogel conditions were

able to proliferate. Consistent with previous reports, hydrogels that
included the RGD ligand (either with or without the HAVDI ligand)
had slightly increased proliferation by day 7 (Supplemen-
tary Fig. 6f).

Taken together, these data suggest that co-presentation of RGD
and HAVDI ligands within Dynamic Fast HELP gels is sufficient to
enable stemness maintenance of a distributed 3D culture of NPCs.
Interestingly, co-presentation of these ligands within Dynamic Slow
HELP gels still resulted in neurosphere formation, suggesting that the
slow relaxation timescale of Dynamic Slow gels may result in cellular
confinement. Consistent with this idea, neurospheres within Dynamic
Slow gels exhibited smooth neurosphere boundaries with no neuritic
projections (Fig. 2e, g), while neurospheres within Dynamic Fast gels
(either RGD only or HAVDI only) extended small projections radially
outwards (Supplementary Fig. 6c). The neuritic projections from
neurospheres within Dynamic Fast gels were similar in length but
shorter than the neuritic projections from single cells present in
Dynamic Fast RGD-HAVDI gels (Supplementary Fig. 6g). Given that the
NPCs within Dynamic Fast RGD-HAVDI gels were able to maintain
stemness as single cells, this suggests that N-cadherin signalingmaybe
transmitted through the engineered matrix.

Matrix-induced HAVDI presentation promotes cadherin-
mediated β-catenin signaling
We next evaluated whether N-cadherin-like signaling in Dynamic Fast
RGD-HAVDI hydrogels was regulated through similar mechanisms as
signaling through true N-cadherin cell–cell contacts (i.e., NPCs in
neurospheres). N-cadherin is expressed in the adult murine NPCs used
here17, and immunostaining confirmed that NPCs in all hydrogel con-
ditions expressed N-cadherin, suggesting that N-cadherin-mediated
contact may be relevant for stemness maintenance in this system
(Fig. 3a). Previous work has implicated N-cadherin cell–cell contacts in
modulating β-catenin signaling, which has been demonstrated to play
a role in maintaining NPC stemness17,62. We therefore hypothesized
that in the absence of neurosphere formation, HAVDI presentation in
this engineered hydrogel was promoting NPC stemness by activating
β-catenin signaling through engineered N-cadherin contacts.

To demonstrate that the HAVDI motifs within our engineered
hydrogels could stimulate N-cadherin cell-surface receptors, NPCs
encapsulated within Dynamic Fast RGD-HAVDI hydrogels were treated
with an inhibitor of N-cadherin binding (cyclic HAV peptide)41. Within
the Dynamic Fast RGD-HAVDI hydrogels, NPCs weremostly present as
single cells (Fig. 2g), so the cyclic HAV peptide was expected to pri-
marily block the binding of N-cadherin to HAVDI motifs within the
matrix. As expected, preventing N-cadherin binding through this small
molecule inhibitor resulted in decreased levels of active (non-phospho
S45) β-catenin (Supplementary Fig. 7a, b) and decreased expression of
the β-catenin responsive gene Axin2 (Fig. 3b, c).MYC and CCND1, other
targets of the β-catenin signaling pathway that regulate stem cell self-

Fig. 2 | HAVDI/RGD co-presentation within fast stress-relaxing matrices per-
mits NPC stemness maintenance as a distributed 3D culture. a Schematic
representation of the engineered peptides (RGD, HAVDI, RDG negative control)
used in this study to emulate both cell–ECM and cell–cell interactions through
integrin and N-cadherin receptors, respectively. b Amino acid sequences for the
bioactive domains of RGD-, HAVDI-, and negative control RDG-ELP variants, as well
as the elastin-like sequence used for all ELPs. c Shear storage moduli of Dynamic
Slow HELP gel formulations with different ligand combinations (N = 3 independent
runs, data are means ± standard deviation). d Stress relaxation half-lives (τ1/2) of
Dynamic Fast and Dynamic Slow HELP gels with different ligand combinations
(N = 3 independent runs, data are means ± standard deviation). RGD-RDG:
***p =0.0002; RGD-HAVDI: ***p =0.0006; HAVDI-RDG: ***p =0.0005. NPCs encap-
sulated within either Dynamic Slow (e, f) or Dynamic Fast (g, h) HELP gels after
7 days of culturewere immunolabeled for Nestin (red) and Sox2 (green) with nuclei
counterstained (blue) (e, g) and analyzed for mRNA expression of Nestin and Sox2

(f, h) (N = 4 replicate hydrogels, data are means ± standard deviation).
i Quantification of the percentage of neurospheres formed after 7 days in culture
(N = 4 replicate hydrogels, data are means ± standard deviation). ****p <0.0001.
j Quantification of the diameter of neurospheres after 7 days in culture (n = 175
neurospheres for Dynamic Slow RGD-RDG, 99 neurospheres for Dynamic Slow
RGD-HAVDI, 127 neurospheres for Dynamic Slow HAVDI-RDG, 47 neurospheres for
Dynamic Fast RGD-RDG, 54 neurospheres for Dynamic Fast RGD-HAVDI, and 31
neurospheres for Dynamic Fast HAVDI-RDG, medians and quartiles denoted by
dotted lines). ****p <0.0001. k Quantification of the percentage of Sox2+ cells that
are in clusters vs. single cells after 7 days in culture (N = 4 replicate hydrogels).
****p <0.0001. Statistical analyses performed as one-way ANOVA with Tukey’s
multiple comparisons test (c), two-way ANOVA with Tukey’s multiple comparisons
test (d, f, h, i, k), and Kruskal-Wallis with Dunn’s multiple comparisons test (j).
Source data are provided as a Source Data file.
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renewal63,64, were also downregulatedwhen cadherin interactionswere
blocked (Supplementary Fig. 7c, d). Together, these data suggest that
β-catenin activity within our viscoelastic engineered hydrogels is spe-
cifically due to matrix interactions with N-cadherin receptors. Addi-
tionally, NPCs cultured in the presence of the cyclic HAV peptide
exhibited decreased expression of Nestin and Sox2 (Supplementary
Fig. 7e–h), indicating that the N-cadherin-like signaling within our
engineered hydrogels are necessary for maintaining NPC stemness. As
a control experiment, we explored the initiation of β-catenin signaling
in engineered hydrogels lacking the HAVDI motif. Without the HAVDI
peptide, we reasoned that only hydrogels that induce neurosphere
formation (and hence a large amount of cell-cell contacts) would be
able to initiate β-catenin signaling. Consistent with this idea, in RGD-
only gels, NPCs exhibited significantly increased β-catenin signaling in
both Dynamic Fast and Dynamic Slow gels compared to Static gels

(Fig. 3d, e). Thus, the single cells found in Static RGD gels were unable
to initiate β-catenin signaling.

In contrast, the single cells grown in Dynamic Fast RGD-HAVDI
hydrogels were able to initiate expression of the β-catenin-reporter
Axin2 gene (Fig. 3f). Interestingly, expression levels of Axin2 were
similar across all viscoelastic gel formulations, includingDynamic Slow
andDynamic Fast gels with RGD-RDG ligands, RGD-HAVDI ligands, and
HAVDI-RDG ligands. These data suggest that similar levels of β-catenin
signaling arepossible for cultures that formneurospheres and cultures
that remain as singularized cells when the HAVDI ligand is present in a
fast stress-relaxing hydrogel. Interestingly, NPCs encapsulated within
Static RGD-HAVDI hydrogels exhibited decreased expression of Axin2
(Supplementary Fig. 8a), suggesting that a viscoelastic environment
might be required for the HAVDI motifs to stimulate N-cadherin cell-
surface receptors. Immunostaining and immunoblotting also revealed

�

�

�

Fig. 3 | HAVDI matrix presentation maintains β-catenin signaling similar to
neurospheres. a Representative maximum projection fluorescence images of
NPCs encapsulatedwithinDynamicSlowandDynamicFastHELP gels after 7 days of
culture labeled with N-cadherin (red) with nuclei counterstained (blue).
b Schematic of N-cadherin engagement throughmatrix-presentingHAVDI peptides
within Dynamic Fast RGD-HAVDI hydrogels (left) and schematic of N-cadherin
blocking with the soluble, cyclic peptide cHAV (right). c Gene expression of the β-
catenin reporter Axin2 after 7 days in culture in Dynamic Fast RGD-HAVDI hydro-
gels with or without the cHAV inhibitor (N = 4 replicate hydrogels, data aremeans ±
standard deviation). ****p <0.0001. d Schematic of a dynamic, stress-relaxing
hydrogel that permits cell–cell contact through neurosphere formation (left) and
schematic of a static, non-stress-relaxing hydrogel that prevents neurosphere for-
mation (right). e Expression of Axin2mRNA after 7 days of culture in Dynamic Fast,
Dynamic Slow, and Static hydrogels with only the RGD ligand (N = 4 replicate

hydrogels, data are means ± standard deviation). ****p <0.0001. f Expression of
Axin2 mRNA after 7 days of culture in Dynamic Slow and Dynamic Fast hydrogels
with different ligand combinations (N = 4 replicate hydrogels, data are means ±
standard deviation). g Quantification of β-catenin fluorescence intensity, normal-
ized by cell number, after 7 days in culture in Dynamic Slow and Dynamic Fast
hydrogelswith different ligand combinations (n = 8 randomizedfieldof views,N = 4
replicate hydrogels, data are means ± standard deviation). h Representative max-
imum projection fluorescence images of NPCs after 7 days of culture within
Dynamic Slow and Dynamic Fast HELP gels labeled with β-catenin (yellow) with
nuclei counterstained (blue). Statistical analyses performed as two-tailed unpaired t
test (c), one-way ANOVA with Tukey’s multiple comparisons test (e), and two-way
ANOVAwith Tukey’smultiple comparisons test (f, g). Source data are provided as a
Source Data file.
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similar levels of active (non-phospho S45) β-catenin (Fig. 3g, Supple-
mentary Fig. 8b, c) and Axin2 (Supplementary Fig. 8d) across all vis-
coelastic hydrogel conditions, both in gel conditions that promote
neurosphere growth and gel conditions that enable the growth of
distributed cells. Notably, singularizedNPCswithinDynamic Fast RGD-
HAVDI hydrogels exhibited active β-catenin expression at statistically
similar levels to those that formedneurospheres (Fig. 3g, h). Therefore,
matrix presentation of HAVDI within Dynamic Fast RGD-HAVDI
hydrogels appears to artificially induce downstream β-catenin signal-
ing within a distributed 3D culture of NPCs that has limited cell-cell
contact.

Distributed 3D NPC cultures support long-term NPC expansion
A key requirement for NPC expansion is the ability to maintain viable,
self-renewing NPCs over long-term culture. One of the limitations of
neurosphere culture is the limited diffusion of oxygen and nutrients
through a large, cell-dense structure that often leads to the develop-
ment of necrotic cores13,14. While all Dynamic HELP conditions were
able to maintain NPC stemness (either as neurospheres or distributed

cultures), we hypothesized that only the Dynamic Fast RGD-HAVDI
hydrogels would support long-term NPC expansion due to the ability
to maintain NPC stemness without developing necrosis. To evaluate
this hypothesis, NPCs were cultured in maintenance medium for 14
days within either Dynamic Slow RGD-HAVDI gels, where NPCs
robustly formed neurospheres, or Dynamic Fast RGD-HAVDI gels,
whereNPCs remaineddistributed asmostly single cells throughout the
hydrogel. All hydrogels remained stable for up to 14 days in culture,
with limited erosion observed for both hydrogel conditions (Supple-
mentary Fig. 9). Importantly, NPCs within both Dynamic Fast and
Dynamic Slow gels maintained expression of Nestin after 14 days in
culture (Fig. 4a). As expected, NPCs that were cultured as neuro-
spheres developed necrotic cores with apoptotic cells as evidenced by
immunostaining for cleaved caspase-3 (Fig. 4a, b). In contrast, NPCs
within the Dynamic Fast gels with distributed NPCs exhibited low
expression of cleaved caspase-3. A lactate dehydrogenase (LDH)
cytotoxicity assay also indicated significantly higher levels of cyto-
toxicity within Dynamic Slow cultures with large neurospheres com-
pared to Dynamic Fast cultures with distributed NPCs (Fig. 4c).

Fig. 4 | NPCs inneurospheres exhibit limited expansiondue tohypoxia and cell
death, whereas distributed NPC cultures maintain viability and proliferation
over long-term culture. a Representative maximum projection (left and center)
and single z-plane cross-section (right) fluorescence images of NPCs encapsulated
within Dynamic Fast and Dynamic Slow RGD-HAVDI HELP gels after 14 days of
culture labeled with Nestin (red) and cleaved caspase-3 (yellow), with nuclei
counterstained (blue). b Quantification of cleaved caspase-3 area, normalized by
cell number, after 14days in culture. Eachdata point represents the average cleaved
caspase-3 area per nucleus from one confocal z-stack containing several cells or
neurospheres (N = 3 replicate hydrogels, data are means ± standard deviation).
***p =0.0001. c LDH cytotoxicity assay, normalized to metabolic activity, after
14 days in culture (N = 4 replicate hydrogels, data are means ± standard deviation).

***p =0.0009. d Representative brightfield and fluorescence images of NPCs
encapsulated within Dynamic Fast and Dynamic Slow RGD-HAVDI HELP gels after
14 days of culture labeled with a fluorogenic hypoxia probe (red). e Quantification
of fluorescence intensity of cultures stained with hypoxia probe. Each data point
represents the fluorescence intensity from one confocal z-stack containing several
cells or neurospheres (N = 3 replicate hydrogels, data are means ± standard
deviation). ****p <0.0001. f Quantification of the relative metabolic activity of
encapsulated NPCs at days 7, 10, and 14, relative to the activity 1 hour post-
encapsulation (N = 4 replicate hydrogels, data are means ± standard deviation).
****p <0.0001. Statistical analyses performed as two-tailed unpaired t test (b, c, e)
and two-way ANOVA with Šídák’s multiple comparisons test (f). Source data are
provided as a Source Data file.
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We hypothesized that hypoxia due to limited oxygen diffusion to
the neurosphere core may be the cause of the observed cell death. A
fluorogenic hypoxia assay confirmed that NPCs within the Dynamic
Slow gels were experiencing hypoxic conditions at significantly higher
levels compared to NPCs within Dynamic Fast gels (Fig. 4d, e), sup-
porting the notion that distributed 3D NPC cultures better support
viable, self-renewing NPCs over long-term culture. Of note, NPCs
within the Dynamic Slow gels did not experience apoptotic or hypoxic
conditions at early time points (Supplementary Fig. 10), suggesting
that long-term neurosphere culture, rather than material chemistry,
limits oxygen diffusion. To directly assess the capacity for expansion
within RGD-HAVDI HELP gels, a fluorescence-based assay was used to
detectmetabolically active cells within each culture over time (Fig. 4f).
After 7 days, the relative metabolic activity between Dynamic Fast and
Dynamic Slow gels remained similar. However, as the neurospheres
within the Dynamic Slow gels continued to grow larger, the overall
metabolic activity stopped increasing and plateaued at day 10. In
contrast, NPCs within the Dynamic Fast gels were able to continue
expanding through day 14, as evidenced by the monotonic increase in
overall metabolic activity. These data suggest that at day 10, the oxy-
gen demands outpace the diffusion rate within neurosphere cultures,
as the neurospheres become hypoxic and exhibit limited expansion.
WhenNPCs are distributed throughout the hydrogel, the diffusion rate
is no longer limiting, allowing for continued NPC proliferation. Toge-
ther, these data reveal that Dynamic Fast RGD-HAVDI gels that enable
distributed NPC cultures throughout the hydrogel are critical for
maintaining viability for long-term NPC expansion.

To further confirm that Dynamic Fast RGD-HAVDI gels are able to
support long-term NPC expansion, we evaluated the ability of NPCs to
maintain their viability and stem-like phenotype after being passaged
from the hydrogels. NPCs were seeded either on 2D tissue culture
plastic (TCP) or in 3D Dynamic Fast RGD-HAVDI gels and cultured in
maintenance medium for 7 days. On day 7, NPCs on 2D TCP were
passaged, and the 3D HELP gels were degraded via a brief hyalur-
onidase and elastase treatment to retrieve the encapsulated NPCs.
Both conditions were then reseeded onto TCP for 72 hours before
assessing viability, morphology, and expression of stemness markers
(Supplementary Fig. 11a). The 3D passaging process resulted in high
viability (> 95%), similar to when NPCs are routinely passaged in 2D
(Supplementary Fig. 11b, c). In both cases, Nestin+/Sox+ NPCs were
observed by immunostaining 72 hours after passage (Supplementary
Fig. 11d), indicating that NPCs were able to maintain their stemness
after being retrieved from 3D gels. While Nestin+/Sox+ NPCs were also
observed in the 2D TCP condition, transcriptomic analyses revealed
that NPCs passaged from 2D TCP altered their gene expression of
several NPC stemness (Nestin, Sox2) and pro-neuronal differentiation
(NeuroD1, DCX) markers (Supplementary Fig. 11e). In particular, Nestin
levels exhibited a 2-fold decrease whereas Sox2 levels were 24 times
higher compared toNPCs prior to seeding onTCP. TCP-passagedNPCs
also significantly upregulated their expression of early neuronal mar-
kersNeuroD1 (5-fold) andDCX (46-fold), suggesting that the NPCsmay
be beginning to undergo spontaneous differentiation in 2D. In con-
trast, NPCs cultured and passaged from 3D HELP gels maintained
relatively constant expression ofNestin, Sox2, andNeuroD1 and a slight
increase (6-fold) in DCX (Supplementary Fig. 11f). These differences in
gene expression were also accompanied bymorphological differences
(Supplementary Fig. 11d). Distributed NPCs passaged from 3D HELP
gels maintained their characteristic spindle-shaped morphology.
Interestingly, NPCs passed from 2D TCP displayed an aberrant mor-
phology, often with a single Nestin+ neurite at one end and diffuse
Nestin signal at the opposing end. These results indicate that NPCs can
be retrieved from Dynamic Fast RGD-HAVDI gels while maintaining
their stem-like phenotype, supporting the use of these HELP gels for
long-term expansion of NPCs.

Distributed 3D NPC cultures enhance neural differentiation
In addition to maintaining expression of stem cell markers and self-
renewal capacity, stem cell function also includes maintaining multi-
potency. Thus, an additional functional output for NPC stemness
maintenance includes the capacity to differentiate intomultiple neural
cell types, such as neurons and astrocytes. We hypothesized that dis-
tributed NPC cultures would result in more efficient neural differ-
entiation, as NPCs in neurospheres may yield heterogeneous cell
populations due to differences in paracrine signaling at the periphery
compared to the core of the neurosphere. To evaluate differentiation
capacity, NPCs were cultured in Dynamic Fast HELP gels with different
ligand combinations (RGD-RDG, RGD-HAVDI, and HAVDI-RDG) for
7 days inmaintenancemedium prior to transitioning to differentiation
conditions. Differentiation was assessed by immunostaining after
14 days of total culture.

To induce astrocytic differentiation, epidermal growth factor
(EGF) and basic fibroblast growth factor (FGF-2) were removed from
the culture medium, which was then supplemented with bone mor-
phogenetic protein 4 (BMP-4). After 7 days of differentiation,
immunostaining of S100 calcium-binding protein B (S100β) and glial
fibrillary acidic protein (GFAP) was used to indicate astrocytic dif-
ferentiation (Fig. 5a). To induce neuronal differentiation, EGF and
FGF-2 were removed from the culture medium. Immunostaining of
βIII-tubulin and microtubule-associated protein 2 (MAP2) was used
to indicate neuronal differentiation (Fig. 5b). While someNPCswithin
all Dynamic Fast conditions were capable of undergoing both
astrocytic and neuronal differentiation, closer inspection revealed
differences in differentiation efficiency depending on ligand pre-
sentation. Specifically, NPCs that formed neurospheres within RGD-
RDG and HAVDI-RDG hydrogels displayed more heterogeneous
expression of differentiation markers compared to NPCs that
remained distributed throughout the RGD-HAVDI hydrogels
(Fig. 5c, d, Supplementary Fig. 12a, b). Neurospheres exhibited
increased expression of differentiation markers in cells at the per-
iphery, whereas expression was lower for cells within the neuro-
sphere. The decreased expression at the neurosphere core could
potentially be due to deteriorating cell health from limited oxygen,
decreased nutrient diffusion, and/or changes in paracrine signaling
and morphogen exposure (Fig. 4a). In contrast, distributed NPCs
within RGD-HAVDI hydrogels exhibited more uniform expression of
astrocytic and neuronal differentiation markers throughout the cul-
ture. This more uniform expression for distributed NPCs correlated
with a significantly increased expression of both astrocytic (GFAP,
Fig. 5e; S100β, Supplementary Fig. 12c) and neuronal (MAP2, Fig. 5f)
differentiation markers on a per cell basis compared to the hydrogel
conditions with neurospheres.

The morphology and expression of neuronal markers MAP2 and
βIII-tubulin suggest that culturing NPCs within Dynamic Fast RGD-
HAVDI gels may enhance their functional differentiation. Therefore,
we next cultured NPCs in RGD-HAVDI gels for 7 days in maintenance
medium, followed by 2 weeks in neuronal differentiation medium to
allow for further neuronal maturation. To assess neuronal differ-
entiation at a functional level, we first performed immunostaining for
post-synaptic (PSD95) and pre-synaptic (synapsin, SYN1) markers.
Neurons differentiated within Dynamic Fast RGD-HAVDI gels as dis-
tributed 3D cultures exhibited both post-synaptic and pre-synaptic
proteins properly distributed along βIII-tubulin+ neuronal processes
(Fig. 6a). In contrast, when neurons were differentiated as neuro-
spheres in Dynamic Slow RGD-HAVDI gels, there was limited
expression of synaptic markers, even in the βIII-tubulin+ regions of
the neurosphere (Fig. 6b). Overall, the expression of both PSD95 and
SYN1 were significantly higher in the Dynamic Fast RGD-HAVDI gels
compared to the Dynamic Slow RGD-HAVDI gels (Supplementary
Fig. 12d, e).
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As additional evidence of neuronal maturation, we evaluated the
ability of neurons differentiated within Dynamic Fast RGD-HAVDI
gels to conduct signals via ion currents. Differentiated neurons are
neurotransmitter-responsive and exhibit experimentally measurable
changes in intracellular calcium levels65–67. Therefore, we evaluated
changes in intracellular calcium concentration by time-lapse micro-
scopy in response to stimulation by the neurotransmitter γ-
aminobutyric acid (GABA). Consistent with previous studies encap-
sulating NPCs within 3D collagen gels or 3D ELP gels27,68, different
types of calcium transients were observed upon neurotransmitter
stimulation within Dynamic Fast RGD-HAVDI gels. These included: (1)
short duration increases in intracellular calcium concentration that
then returned to baseline and (2) a series of consecutive spikes in
intracellular calcium concentration (Fig. 6c, SupplementaryMovie 1).
In comparison, minimal calcium fluxes were observed in Dynamic

Slow RGD-HAVDI gels (Supplementary Movie 2). Together, these
results indicate that remodelable hydrogels presenting both ECM-
derived integrin ligands and N-cadherin-like peptides promoted 3D
distributed cultures of NPCs, which in turn permit their neuronal
differentiation and maturation.

Discussion
These studies have identified the synergistic effects of matrix stress
relaxation andmatrix-induced N-cadherin signaling on regulating NPC
morphology, stemness maintenance, and differentiation potential.
Importantly, the proclivity for NPCs to form hypoxic, heterogeneous
neurospheres in vitro was mitigated when both fibronectin-derived
RGD ligands andN-cadherin-derivedHAVDI ligands were incorporated
within our fast-relaxing, viscoelastic hydrogel. Within these Dynamic
Fast RGD-HAVDI hydrogels, NPCs proliferated and expanded as

�
�

�

�

Fig. 5 | Neurosphere formation leads to heterogeneous, limited neural differ-
entiation,whereas distributed3DNPCcultures enhanceneuraldifferentiation.
Representative maximum projection fluorescence images of NPCs within Dynamic
Fast HELP gels after 7 days of (a) astrocytic differentiation or (b) neuronal differ-
entiation. a Immunolabeling for the astrocytic markers S100β (yellow) and GFAP
(red), with nuclei counterstained (blue). b Immunolabeling for the neuronal mar-
kers βIII-tubulin (magenta) and MAP2 (green), with nuclei counterstained (blue).
Single z-plane fluorescence images of neurospheres compared to maximum pro-
jection fluorescence images of distributed NPCs within Dynamic Fast HELP gels
after 7 days of (c) astrocytic differentiation or (d) neuronal differentiation.

c Immunolabeling for the astrocytic markers S100β (yellow) and GFAP (red), with
nuclei counterstained (blue). d Immunolabeling for the neuronal markers βIII-
tubulin (magenta) and MAP2 (green), with nuclei counterstained (blue). Quantifi-
cation of (e) GFAP or (f) MAP2 expression area, normalized by cell number (N = 4–5
replicatehydrogels, data aremeans ± standarddeviation).GFAP:RGD-RDGvs. RGD-
HAVDI ***p =0.0003, RGD-HAVDI vs. HAVDI-RDG ****p <0.0001; MAP2: RGD-RDG
vs. RGD-HAVDI **p =0.0018, RGD-HAVDI vs. HAVDI-RDG ****p <0.0001. Statistical
analyses performed as one-way ANOVA with Tukey’s multiple comparisons test
(e, f). Source data are provided as a Source Data file.
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distributed 3D cultures spread throughout the matrix. Although there
was limited cell–cell contact within these distributed cultures com-
pared to neurosphere cultures, the dispersed NPCs still maintained
stemness through engagement with HAVDI ligands, which elicited
N-cadherin engagement and downstream β-catenin signaling. By pre-
venting the diffusion limitations inherent in cell-dense neurosphere
cultures, distributed NPC cultures in Dynamic Fast RGD-HAVDI
hydrogels exhibited long-term viability and increased expansion. Fur-
thermore, distributed 3D NPC cultures could be expanded and dif-
ferentiated within a single hydrogel platform to acquire both glial and
neuronal cell fates, achieving functional neurotransmitter-responsive
neurons.

In addition to serving as a stem cell niche for NPC expansion and
differentiation, the culture of NPCs within 3D protein-engineered
hydrogels also presents a tunable, well-defined platform for studying
the combined effects of both cell-derived andmatrix-derived adhesion
signaling. NPCs interact with their surroundings through both cell–cell
and cell–ECM interactions. However, conventional biomaterials pri-
marily focus solely on recapitulating the properties of the ECM. This
hydrogel system integrates cadherin-based motifs (cell–cell) with
integrin-based motifs (cell–ECM), revealing that both are required for
maintaining NPC stemness in distributed 3D cultures. Within these
Dynamic Fast RGD-HAVDI HELP gels, HAVDI ligands activate down-
stream β-catenin signaling to a similar extent as true N-cadherin-based

cell–cell contacts, thereby enabling stemness maintenance of NPCs.
Interestingly, RGD is also required to prevent neurosphere formation
and maintain a distributed 3D culture. While RGD alone has not been
explicitly implicated in maintaining NPC stemness, RGD has been
shown to promote NPC adhesion, proliferation, and neurite
outgrowth36,69,70. A recent study showed that cells significantly slowed
their migration when cultured on a cadherin-functionalized surface
compared to when cultured atop matrix proteins71; this suggests that
cellmigrationmay be altered in theHAVDI-RDGgels thatpreventsNPC
dispersal throughout the matrix. This idea is consistent with reports
from others that HAVDI and RGD ligands may be synergistic when
presented together in syntheticmatrices46,48,61. Thus, futurework could
explore the synergistic effects of RGD and HAVDI ligands on NPC
migration in 3D.

Another interesting finding is that Dynamic Fast RGD-HAVDI
hydrogels, but not Static RGD-HAVDI hydrogels, are required for β-
catenin signaling through the HAVDI peptide. One potential explana-
tion for these results is that the faster stress-relaxing hydrogels enable
dynamic ligand rearrangement. Analogous to integrin clustering in
cell–matrix adhesions, cadherins also cluster during the formation of
adherens junctions on the cell membrane72,73. Previous work with
integrin receptors has demonstrated that ligand mobility and clus-
tering play important roles in driving the acquisition of different cell
fates30,74,75. Therefore, we postulate that within our HELP system, cells

� � � �
Fig. 6 | NPCs differentiated from distributed 3D NPC cultures mature into
functional neurons. Representative maximum projection fluorescence images of
NPC-derived neuronswithinDynamic Fast (a) andDynamic Slow (b) HELPgels after
14days of differentiation labeledwith the synapticmarkers PSD95 (green) and SYN1
(white). c Time-lapse microscopy of four representative NPC-derived neurons

within Dynamic Fast HELP gels after 14 days of differentiation incubated with the
calcium-sensitive Fluo-4AMdye and treatedwith γ-aminobutyric acid (GABA) (left).
Quantified relative fluorescence of Fluo-4AM for cells 1-4 over time (right). Source
data are provided as a Source Data file.
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within the Dynamic Fast HELP hydrogels may be actively rearranging
and clustering the RGD and HAVDI ligands, and that ligand mobility
would be much more limited in the Static HELP system. While ligand
mobility and stress relaxation rate are linked within the hydrogel sys-
tem used here, future work could explore the development of new
biomaterials to disentangle the roles of ligand mobility and stress
relaxation.

Here, the HELP platform enables independent tuning of cell-
instructive ligands and matrix mechanics, enabling systematic studies
of adhesion signaling in different viscoelastic contexts. One limitation
of this system, however, is the range of matrix stress relaxation rates
achievable. While native brain tissue has a stress relaxation half-life on
the order of ~102s, the stress relaxation half-life of the Dynamic Fast
condition is ~104s. Future studies could investigate this signaling
crosstalk at faster, more physiological matrix stress relaxation rates,
such as those reported for native brain tissue. Additionally, while this
study makes use of two different cell-instructive ligands, the mod-
ularity of the HELP hydrogel system could enable the further
exploration of the combinatorial effects of additional cell-instructive
peptides for guiding NPC differentiation or alternative cadherin-
derived motifs that may engage with other cell types.

Overall, this work presents a hydrogel system wherein cell-
instructive ligands and matrix stress relaxation rate can be indepen-
dently tuned. Encapsulation of adult NPCs in a viscoelastic hydrogel
presenting both integrin-binding and cadherin-bindingmotifs enabled
their expansion as a distributed 3D culture. We anticipate that these
results will be influential in designing instructive biomaterials that take
into account both biophysical and biochemical matrix properties for
clinically relevant stem cell expansion.

Methods
ELP expression and characterization
ELPs containing the RGD and RDG motifs were recombinantly
expressed and purified, as previously described76. BL21(DE3)pLysS
Escherichia coli (Invitrogen) were transformed with a pET15b plasmid
encoding the ELP sequence. Single transformed colonieswere selected
and cultured in autoclaved growth medium (Terrific Broth (Thermo
Fisher) supplemented with 0.4% glycerol (Thermo Fisher) and 100 µg/
mL ampicillin) at 37 °C overnight. The next day, 20mL of overnight
culture were transferred to each of twelve baffled flasks containing 1 L
autoclaved growth medium. Cells were cultured at 37 °C under con-
stant agitation until anoptical density (λ = 600nm)of 0.6was reached.
The temperature was then lowered to 32 °C until an optical density
(λ = 600nm) of 0.8, at which point ELP expression was induced by
1mM isopropyl β-d-1-thiogalactopyranoside (Thermo Fisher). After
7 hours, cultures were harvested by centrifugation, resuspended in
TEN buffer (10mM Tris Base, 100mM NaCl, and 1mM EDTA, pH 8.0),
and frozen at−80 °C. Cellswere lysed through3 freeze-thawcycles and
incubated with 10μM deoxyribonuclease I (Sigma Aldrich) and 1mM
phenylmethanesulfonyl fluoride (PMSF; Thermo Fisher).

ELPs were purified with 3 rounds of thermal cycling. For each
round, the pH of the sample was adjusted to 9.0 prior to the cold spin
(15,000 x g, 4 °C, 1 hour). Subsequently, 1M NaCl was added to the
supernatant and agitated at 37 °C for 3 hours prior to the hot spin
(15,000 x g, 37 °C, 1 hour). The resulting pellet was solubilized in
ultrapure water and allowed to dissolve overnight at 4 °C. After 3
rounds, one last cold spin was performed, and the resulting super-
natantwas dialyzed against ultrapurewater in 10 kDamolecularweight
cutoff (MWCO) dialysis tubing for 3 days. Samples were subsequently
lyophilized and stored at −20 °C.

The expression and purification of ELP containing the HAVDI
motif was similar to the above protocol with the following differences:
plasmids were transformed into BL21 StarTM (DE3)pLysS Escherichia
coli, ELP was expressed for 24 hours at 25 °C, and 0.5M ammonium
sulfate was used for purification.

Synthesis of hydrazine-functionalized ELP
ELPwasmodifiedwith hydrazine as previously described51. Lyophilized
ELP was dissolved at 7.3% (w/v) in anhydrous dimethyl sulfoxide
(DMSO; SigmaAldrich) at room temperature (RT). After dissolution, an
equal volume of anhydrous N,N-dimethylformamide (DMF; Sigma
Aldrich) was added. In a separate flask, tri-Boc-hydrazinoacetic acid
(2.1 eq. per ELP amine; Sigma Aldrich) and hexafluorophosphate aza-
benzotriazole tetramethyl uronium (HATU; 2 eq. per ELP amine; Sigma
Aldrich) were dissolved in the same volumeof anhydrous DMF used to
dissolve the ELP. After dissolution, 4-methylmorpholine (5 eq. per ELP
amine; SigmaAldrich) was added and allowed to react for 10min atRT.
The tri-Boc-hydrazinoacetic acid solution was then transferred drop-
wise into the ELP solution and allowed to react overnight at RT under
constant agitation. The next day, the reaction was precipitated in ice-
cold diethyl ether (Thermo Fisher), pelleted by centrifugation, and
dried under nitrogen gas to yield Boc-protected ELP. The Boc pro-
tecting groups were removed by resuspending the dried pellet in 1:1
dichloromethane (DCM; Sigma Aldrich):trifluoroacetic acid (TFA;
Sigma Aldrich) supplemented with 5% (v/v) triisopropylsilane (Sigma
Aldrich). The reaction was stirred for 4 hours at RT in a vented flask,
precipitated in ice-cold diethyl ether, pelleted by centrifugation, and
dried under nitrogen gas to yield hydrazine-functionalized ELP. The
dried pellet was solubilized in ultrapure water and dialyzed against
ultrapure water in 10 kDa MWCO dialysis tubing for 3 days. Samples
were subsequently sterile filtered, lyophilized, and stored at −20 °C.

Synthesis of norbornene-functionalized ELP
ELP was modified with norbornene as previously described25. Lyophi-
lized ELP was dissolved at 7.5% (w/v) in anhydrous DMSO at RT. After
dissolution, an equal volume of anhydrous DMF was added. In a
separate flask, t-Boc-N-amido-PEG12-acid (2 eq. per ELP amine;
BroadPharm) and HATU (2.2 eq. per ELP amine) were dissolved in the
same volume of anhydrous DMF used to dissolve the ELP. After dis-
solution, 4-methylmorpholine (5 eq. per ELP amine) was added and
allowed to react for 10min at RT. The t-Boc-N-amido-PEG12-acid
solution was then transferred slowly into the ELP solution over the
course of 10min and allowed to react overnight at RT under constant
agitation. The next day, the reaction was precipitated in ice-cold die-
thyl ether, pelleted by centrifugation, and dried under nitrogen gas.
The Boc protecting groups were removed following the sameprotocol
as the hydrazine-functionalized ELP to yield a PEG-functionalized ELP.
The dried pellet was solubilized in ultrapure water, dialyzed against
ultrapure water in 10 kDa MWCO dialysis tubing for 3 days, and
lyophilized.

For norbornene conjugation, the lyophilized PEG-functionalized
ELP was dissolved at 7.5% (w/v) in anhydrous DMSO at RT. After dis-
solution, an equal volume of anhydrous DMF was added. In a separate
flask, exo-5-norbornene carboxylic acid (2 eq. per ELP amine; Sigma
Aldrich) and HATU (2.2 eq. per ELP amine) were dissolved in the same
volume of anhydrous DMF used to dissolve the ELP. After dissolution,
4-methylmorpholine (5 eq. per ELP amine) was added and allowed to
react for 10min at RT. The exo-5-norbornene carboxylic acid solution
was then transferred slowly into the ELP solution over the course of
10min and allowed to react overnight at RT under constant agitation.
The next day, the reaction was precipitated in ice-cold diethyl ether,
pelleted by centrifugation, and dried under nitrogen gas to yield
norbornene-functionalized ELP. The dried pellet was solubilized in
ultrapure water and dialyzed against ultrapure water in 10 kDa MWCO
dialysis tubing for 3 days. Samples were subsequently sterile filtered,
lyophilized, and stored at −20 °C.

Synthesis of benzaldehyde- and aldehyde-functionalized HA
HA was modified with benzaldehyde and aldehyde as previously
described25,77. First, 100 kDa sodium hyaluronate (HA; LifeCore) was
functionalized via EDC chemistry to form an HA-alkyne intermediate
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polymer. Briefly,HAwasdissolved at 1% (w/v) inMESbuffer (0.2MMES
hydrate (Sigma Aldrich), 0.15M NaCl, pH 4.5) at RT. After dissolution,
propargylamine (0.8 eq. per HA dimer unit; Sigma Aldrich) was added,
and the pH was immediately adjusted to 6.0. N-hydroxysuccinimide
(NHS; 0.8 eq. per HA dimer unit; Thermo Fisher) and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC; 0.8 eq. per
HA dimer unit; Thermo Fisher) were then added sequentially, and the
reaction was allowed to proceed overnight at RT under constant agi-
tation. The reaction was then dialyzed against ultrapure water in
10 kDa MWCO dialysis tubing for 3 days, sterile filtered, lyophilized,
and stored at −20 °C.

The conjugationof benzaldehyde and aldehyde functional groups
occurred through a subsequent copper-catalyzed azide-alkyne click
chemistry reaction of either a small-molecule azidobenzaldehyde
(synthesis previously described77) or Ald-CH2-PEG3-azide (Broad-
Pharm) to achieve benzaldehyde- or aldehyde-functionalized HA,
respectively. Briefly, lyophilized HA-alkyne was dissolved at 1% (w/v) in
10x isotonic phosphate-buffered saline (PBS; 81mM sodium phos-
phate dibasic, 19mM sodium phosphate monobasic, 60mM sodium
chloride, pH 7.4) supplemented with 1mg/mL β-cyclodextrin (Sigma
Aldrich) at RT. After dissolution, the reaction mixture was degassed
under nitrogen for 30min. Degassed solutions of sodium ascorbate
(Sigma Aldrich) and copper (II) sulfate pentahydrate (Sigma Aldrich)
were then added sequentially to final concentrations of 4.52 and
0.24mM, respectively. For benzaldehyde-functionalized HA, synthe-
sized azidobenzaldehyde (2 eq. per alkyne group) was dissolved in
anhydrous DMSO and added to the reaction vessel. For aldehyde-
functionalized HA, Ald-CH2-PEG3-azide (2 eq. per alkyne group) was
directly added to the reaction vessel. The solution was degassed for an
additional 10min, and then the reaction was allowed to proceed for
24 hours at RT under constant agitation in the dark. After 24 hours, an
equal volume of 50mM EDTA (pH 7.0) was added to chelate the
copper for 1 hour at RT. The reaction was then dialyzed against ultra-
pure water in 10 kDa MWCO dialysis tubing for 3 days, sterile filtered,
lyophilized, and stored at −20 °C.

Synthesis of tetrazine-functionalized HA
HA was modified with tetrazine as previously described25. 100 kDa HA
dissolved at 1% (w/v) in 0.1M MES hydrate (pH 7.0) at RT. After dis-
solution, 1-hydrozybenzotriazole hydrate (2 eq. per HA dimer unit;
Sigma Aldrich) was added and allowed to dissolve for 15min. In a
separate flask, tetrazine amine (2 eq. per HA dimer unit; Conju-Probe)
was dissolved in a 5:1 mixture of acetonitrile (MeCN; Sigma Aldrich)
and deionized water. After dissolution, EDC (2 eq. per HA dimer unit)
was added. The tetrazine amine solution was then transferred slowly
into the HA solution over the course of 30min and allowed to react
overnight at RT under constant agitation. The reaction was dialyzed
against a 10% MeCN solution in 10 kDa MWCO dialysis tubing for
2 days, followed by ultrapure water for 3 days. Samples were subse-
quently sterile filtered, lyophilized, and stored at −20 °C.

HELP gel formation
Lyophilized ELP and HA were separately dissolved in 10x isotonic PBS
at 2% (w/v) overnight at 4 °C. Once dissolved, the solutions were kept
on ice until use. For Static HELP gels, an equal volume of ELP and HA
solutions was mixed together in a tube, and 10 µL of the resulting
mixture was pipetted into each custom-made silicone mold (4mm
diameter, 0.8mm height, plasma bonded to a 12-mm circular #2 glass
coverslip, Electron Microscopy Sciences). The gels were immediately
incubated on ice for 5min, RT for 15min, then 37 °C for 10min. For
Dynamic HELP gels, 5 µL of HA was first pipetted into each custom-
made silicone mold and placed on ice. An equal volume of ELP was
then added to each mold and immediately mixed with the same pip-
ette tip in circularmotions. The gelswere immediately incubated at RT
for 15min followed by 37 °C for 10min.

Hydrogel rheological characterization
Shear rheology was performed using a stress-controlled ARG2 rhe-
ometer (TA instruments) with a cone-on-plate geometry (20mm, 1°
cone angle). Hydrogel samples of 48 µL were deposited on the rhe-
ometer stage, and heavymineral oil was used to ensure hydration over
the course of all measurements. Samples were allowed to crosslink
under 1% oscillatory strain and 1 rad/s angular frequency following the
specified gelation protocol for each gel (see HELP gel formation). Gels
were incubated for an additional 15min at 37 °C complete crosslinking.
To evaluate the elastic properties of our hydrogels, a frequency sweep
was performed from 0.1 to 100 rad/s under 1% oscillatory strain at
37 °C. The storage and loss moduli were reported from the values at
1 rad/s from these measurements. Following the frequency sweep, the
samples were incubated at 37 °C for 5min under 1% oscillatory strain
and 1 rad/s to allow the rheometer geometry to equilibrate. Toevaluate
the stress relaxation behavior of our hydrogels, the samples were
placed under 10% strain and the stress was measured over a period of
24 hours. The time at which the stress drops to half its initial value was
reported as the τ1/2. Data was collected with the TRIOS software (TA
instruments).

Murine brain rheology
Fresh brain tissue was acquired from Sprague-Dawley rats (female,
24 weeks of age, RNU−/− athymic, Charles River Laboratories).
Mechanical measurements were collected between 1 to 2 hours fol-
lowing resection. Each tissue was trimmed to 8-mm-diameter and 2-
to 4-mm-thick sections and allowed to equilibrate to RT in PBS.
Mechanical characterization was performed using a stress-
controlled ARG2 rheometer with a parallel plate geometry (8mm).
To prevent slippage, a thin section of sandpaper was adhered to
both the rheometer stage and the geometry head. To perform the
measurements, the geometry head was lowered onto the tissue until
the normal force reached a value of 0.1 to 0.2 N. Storage moduli and
stress relaxation data were then obtained as described above.

NPC culture
Adult hippocampal murine NPCs micro-dissected from the dentate
gyrus were kindly provided by Prof. Theo Palmer (Stanford
Neurosurgery)78. NPCs were cultured in NPC maintenance medium
consisting of Neurobasal-A (Thermo Fisher), B-27 supplement (2%,
Thermo Fisher), and GlutaMAX (1%, Thermo Fisher), supplemented
with fresh 20 ng/mL FGF-2 (PeproTech) and 20 ng/mL EGF (Pepro-
Tech) on polyornithine- and laminin-coated tissue culture plastic.
Before encapsulation, cells were trypsinized, pelleted, resuspended,
and counted. The cell pellet was resuspended in a 2% (w/v) ELP
solution at 2x the desired final cell density (i.e., 8 ×103 cells/µL for a
final cell density of 4 × 103 cells/µL). HELP gels were formed as
described above, and then 1mL of maintenance media was added to
each well of a 24-well plate, which contained one 10 µL gel. The cul-
ture medium was replenished every other day. To induce astrocytic
differentiation, the culture medium was replaced with Neurobasal-A,
2% B-27 supplement, and 1% GlutaMAX, supplemented with fresh
20 ng/mL BMP-4 (PeproTech). To induce neuronal differentiation,
the culture medium was replaced with Neurobasal-A, 2% B-27 sup-
plement, and 1% GlutaMAX.

Hydrogel erosion
HELP gels were formulated with 0.9% ELP-hydrazine, 0.1% Cy5-
conjugated ELP-hydrazine, and 1% HA (functionalized with either
aldehyde or benzaldehyde) in 4mm molds as described above. After
gelation, 1mL of maintenance media was added to each gel. At the
indicated time points (Fig. S9), 200 µL of media was collected for
fluorescent measurement, and the remainder was replaced with 1mL
of fresh media. The fluorescence intensity of the Cy5-conjugated ELP-
hydrazine released into the media was measured on a plate reader
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using an excitation of 640nm and emission of 670 nm. After 14 days,
the remaining hydrogels were completely degraded using hyalur-
onidase (2000U/mL) and elastase (250U/mL). The fluorescence signal
from the degraded hydrogelswas used to normalize the data. Datawas
collected with the SoftMax Pro software (Molecular Devices).

Viability and proliferation assays
To assess cell viability, NPC-laden hydrogels were incubated in a
solution of PBS supplemented with 2 µM calcein-AM (Invitrogen) and
4 µM ethidium homodimer-1 (Invitrogen) for 10min at 37 °C. The gels
were washed and imagedwith a confocal microscope (Leica SPE, Las-X
software). Metabolic activity was measured using the alamarBlue Cell
Viability Reagent (Invitrogen) following the manufacturer’s protocols.
To measure cell proliferation, cell lysate was first isolated by trans-
ferring the gels into Eppendorf tubes and treating them with an equal
volume of PBS supplemented with hyaluronidase (2000 U/mL) and
elastase (250U/mL) for 30min at 37 °C. The samples were then
resuspended in cell lysis buffer (20mM Tris HCl, 150mM NaCl, 0.5%
Triton X-100, pH 7.4), incubated on ice for 20min, and stored at
−80 °C until use. Cell proliferation was then characterized by quanti-
fying the dsDNA content using the Quant-iT PicoGreen dsDNA Assay
Kit (Invitrogen) following the manufacturer’s protocols.

Immunocytochemistry
NPC-laden hydrogels were fixed in 4% paraformaldehyde in PBS at RT
for 20min, washed three times with PBS, and stored at 4 °C until use.
Sampleswere permeabilizedwith 0.25% (v/v) TritonX-100 in PBS (PBS-
T) for 1 hour at RT with gentle rocking. For blocking, samples were
incubated with 5% (w/v) bovine serum albumin (BSA; Roche), 5% (v/v)
goat serum (Gibco), and0.5%TritonX-100 in PBS for 3 hours atRTwith
gentle rocking. Primary antibodies were diluted in antibody dilution
solution, which consists of 2.5% (w/v) BSA, 2.5% (v/v) goat serum, and
0.5%TritonX-100 inPBS. Primary antibodieswere incubatedovernight
at 4 °C with gentle rocking at the following dilutions: rabbit anti-Ki67
(1:100, Abcam, ab16667), rabbit anti-Sox2 (1:400, Cell Signaling,
23064), mouse anti-Nestin (1:400, BD Biosciences, 556309), mouse
anti-N-cadherin (1:400, BD Biosciences, 610920), rabbit anti-non-
phospho (active) β-catenin (Ser45) (1:1000, Cell Signaling, 19807),
rabbit anti-Axin2 (1:200, Invitrogen, PA5-21093), rabbit anti-cleaved
caspase-3 (1:400, Cell Signaling 9661), rabbit anti-S100β (1:500, Pro-
teintech, 15146-1-AP, chicken anti-GFAP (1:500, Aves Labs, GFAP),
chicken anti-βIII-tubulin (1:500, Aves Labs, TUJ), rabbit anti-MAP2
(1:500, Sigma Aldrich, ab5622), mouse anti-PSD-95 (1:500, NeuroMab,
75-028), rabbit anti-Synapsin I (1:500, Sigma Aldrich, ab1543). The
following day, samples were washed three times with PBS-T for 30min
each, and then secondary antibodies were diluted in antibody dilution
solution as follows: goat anti-rabbit Alexa Fluor 488 (1:500, Invitrogen,
A-11008), goat anti-mouseAlexa Fluor 594 (1:500, Invitrogen, A-11032),
goat anti-chicken Alexa Fluor 647 (1:500, Invitrogen, A-21449). 4′,6-
diamidino-2-phenylindole (DAPI; 1μg/mL, Cell Signaling, 4083s) was
included in the secondary antibody solution to stain nuclei. Samples
were incubated overnight at 4 °C with gentle rocking. The following
day, samples were washed three times with PBS-T for 20min each and
then mounted onto no. 1 coverslips with ProLong Gold AntiFade
Mountant (Thermo Fisher). After curing for 24 hours, stained hydro-
gels were imaged with a confocal microscope (Leica SPE, Las-X soft-
ware). All images were taken at a z-depth of at least 50 µm from the
coverslips to avoid possible confounds imparted by the mechanical
properties of the glass.

RNA isolation and qPCR
For quantitative polymerase chain reaction (qPCR), encapsulated
cells were first released from the hydrogels by transferring the gels
into Eppendorf tubes and treating them with an equal volume of PBS
supplemented with hyaluronidase (2000 U/mL) and elastase (250U/

mL) for 30min at 37 °C. The samples were then resuspended in
TRIzol reagent (Invitrogen) and stored at −80 °C until use. The
samples were thawed on ice and disrupted by probe sonication
(Heilscher UP50H, 50% amplitude (25W), 30-kHz frequency, 0.5 s
cycle). mRNAwas purified using a phenol-chloroform extraction with
5PRIME phase lock gels (Quantabio) and subsequent isopropyl
alcohol precipitation. After two washes with 70% ethanol, samples
were then dried and resuspended in nuclease-free water. mRNA
(200 ng) was reverse transcribed using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). cDNA samples were
diluted 10-fold in nuclease-free water, then 6.6 µL of cDNA per gene
was mixed with 0.9 µL of 5 µM forward and reverse primer pair
solution and 7.5 µL of Fast SYBR Green Master Mix (Applied Biosys-
tems). The reactionmixture was run on a StepOnePlus Real Time PCR
System, collected using the StepOne software (Applied Biosystems),
and analyzed using the ΔCT method. Primer sequences can be found
in Supplementary Table 1.

Western blot
For Western blotting, encapsulated cells were first released from the
hydrogels as described above. Cells were pelleted by centrifugation,
the supernatant containing degraded hydrogel was removed, and the
cells were resuspended in RIPA lysis buffer supplemented with 1mM
PMSF and protease inhibitor tablets (Roche). The samples were
incubated on ice for 20min and stored at −80 °C until use. The
samples were thawed on ice, diluted in 5x gel loading buffer
(300mM Tris at pH 6.8, 50% glycerol, 10wt % sodium dodecyl sul-
fate, and 0.05 wt % bromophenol blue) containing 500mM dithio-
threitol, and boiled for 10min prior to separation on precast 12%
polyacrylamide gels (Bio-Rad). Gels were transferred onto poly-
vinylidene fluoride membranes (Invitrogen) via wet transfer for
70min at 100 V. Membranes were cut to enable staining of different
molecular weight proteins from the same gel and blocked in 5% milk
for 1 hour at RT. They were then incubated with the following pri-
mary antibodies diluted in 5% milk overnight at 4 °C: mouse anti-
Nestin (1:1000, BD Biosciences, 556309), rabbit anti-Sox2 (1:1000,
Millipore Sigma, AB5603), rabbit anti-non-phospho (active) β-catenin
(Ser45) (1:1000, Cell Signaling, 19807), rabbit β-actin (1:1000, Cell
Signaling, 4970). The next day, membranes were washed three times
for 5min each with TBS-T: tris-buffered saline (20x stock: 3M NaCl
and 750mM Tris hydrochloride at pH 7.2) supplemented with 0.25%
(v/v) Tween-20. They were then incubated with the appropriate
horseradish peroxidase-conjugated secondary antibody (Jackson
ImmunoResearch) diluted in TBS-T for 1 hour at RT. Membranes were
washed four times with TBS-T for 10min each, developed using
either the SuperSignal West Pico or Femto Chemiluminescent Sub-
strate (Thermo Fisher), and imaged using a ChemiDoc MP gel ima-
ging system (Bio-Rad). Data was collected with the Image Lab
software (Bio-Rad).

Cadherin inhibition
For cadherin blocking studies, NPCs were trypsinized and incubated in
maintenance medium with 0.5mg/mL cHAV peptide (Exherin, Adooq
Biosciences) at 37 °C for 30min under constant agitation. NPCs were
then pelleted by centrifugation and encapsulated within hydrogels as
described above. Encapsulated cells were cultured in maintenance
medium containing 0.5mg/mL cHAV peptide for 7 days, replacing the
medium every other day.

Cytotoxicity and hypoxia assays
Cytotoxicity was characterized by measuring lactate dehydrogenase
(LDH) activity. Samples of culture medium were collected in LDH
storage buffer (200mM Tris-HCl (pH 7.3), 10% glycerol, 1% BSA) and
stored at −80 °C until use. The LDH-Glo Cytotoxicity Assay (Promega)
wasperformedon the samples following themanufacturer’s protocols.
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Hypoxia in live cells was measured using the Image-iT Red Hypoxia
Reagent (Invitrogen) following the manufacturer’s protocols and then
imaged using a confocal microscope (Leica SPE, Las-X software).

Passaging from HELP gels
Encapsulated cells were first released from the hydrogels by trans-
ferring the gels into Eppendorf tubes and treating them with an
equal volume of PBS supplemented with hyaluronidase (2000 U/
mL) and elastase (250 U/mL) for 30min at 37 °C. Cells were pelleted
by centrifugation, and the supernatant containing degraded
hydrogel was removed. The resultant cell pellet was then trypsi-
nized, pelleted, resuspended, and counted before seeding on
laminin-coated plates.

Calcium imaging
NPCs were incubated with Fluo-4 AM dye (1000X, Invitrogen) and
PowerLoad concentrate (100X, Invitrogen) in Neurobasal-A medium
without phenol red for 1 hour at 37 °C. The hydrogel sampleswere then
washed with normal physiological medium (145mM NaCl, 5mM KCl,
1.8mM CaCl2, 0.8mM MgCl2, 10mM HEPES, 10mM glucose, pH 7.4)
andmaintained in normal physiological medium at room temperature
for the duration of the experiment. The samples were then placed on
the microscope stage, the cells were exposed to 10 µM GABA, and
immediately imaged on a confocal microscope (Leica SPE, Las-X soft-
ware) by exciting at488nmevery 2 s for 10min. Toquantify changes in
intracellular calcium concentration, regions of interest were drawn
around the cells in FIJI, and the integrated pixel intensity was recorded
at each time point.

Image analysis
Neurosphere cluster size and number were performed using Cell-
Profiler based on DAPI staining. Shape analysis was performed by
thresholding the image, removing objects with 2D projected areas
less than 400 µm2, and calculating the diameter. The number of DAPI
+ nuclei, Ki67+ cells, and Sox2+ cells; the intensity of Sox2 and β-
catenin; as well as the cleaved caspase-3 area, GFAP area, S100β area,
and MAP2 area, were quantified using CellProfiler. Nuclei and cells
were immunolabeled with the relevant markers or antibodies and
identified using “IdentifyPrimaryObjects” with the “Minimum Cross-
Entropy” thresholding method, followed by “MeasureImageAr-
eaOccupied” or “MeasureObjectIntensity.” Quantification on a per
cell basis was done by normalizing the area of expression by the
nuclei count. To characterize the length of individual neuritic pro-
jections, Nestin-expressing projections were manually traced and
quantified with the SNT toolbox79.

Statistical analysis and reproducibility
The data collected for this manuscript were obtained from over 30
distinct batches of NPC thawing to initiate encapsulated NPC cul-
tures, four expressions and modifications of ELP, and three mod-
ifications of HA. Results were consistent across all biological and
material batches. The data shown in figures are independent repli-
cates for a given experiment. Experiments in which representative
images are shown were repeated a minimum of three times. No data
were excluded from the analyses. The investigators were not blinded
to allocation during experiments and outcome assessment. Statis-
tical analyses for this study were performed using GraphPad Prism
version 10 software. Details of specific statistical methods for each
figure are included within the figure captions. For all studies, not
significant (ns; p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated in this study have been deposited in the Stanford
Digital Repository, which can be accessed through the persistent URL
and the DOI (https://doi.org/10.25740/wq151qj9347). Source data are
provided with this paper.
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