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Mobility mediates maturation:
Synthetic substrates to enhance
neural differentiation
Julien G. Roth,1,2 Michelle S. Huang,3 and Sarah C. Heilshorn2,4,*
1Institute for Stem Cell Biology and Regenerative Medicine, Stanford University School of Medicine, Stanford, CA, USA
2Stanford Brain Organogenesis, Wu Tsai Neurosciences Institute & Bio-X, Stanford University, Stanford, CA, USA
3Department of Chemical Engineering, Stanford University, Stanford, CA, USA
4Department of Materials Science and Engineering, Stanford University, Stanford, CA, USA
*Correspondence: heilshorn@stanford.edu
https://doi.org/10.1016/j.stem.2023.01.001

Thematuration of human induced pluripotent stem cell (hiPSC)-derived neurons in 2D is dependent upon cell
attachment, spreading, and pathfinding across a biomaterial substrate. In this issue ofCell StemCell, Álvarez
et al.1 demonstrate that highly mobile supramolecular scaffolds facilitate long-term hiPSC-derived motor
neuron culture, increase maturation-related phenotypes, and recapitulate disease-relevant pathologies.
Although the extracellular matrix (ECM)

shapes key neurodevelopmental pro-

cesses in vivo, including proliferation, dif-

ferentiation, migration, and maturation, to

date, two-dimensional (2D) neural cell

culture has primarily relied on heteroge-

neous, insufficiently manipulatable mate-

rials.2 As such, there exists a need within

the field of human in vitro developmental

and disease modeling to incorporate and

characterize the effects of ECM-inspired

signaling cues. Although several studies

have probed the effects of either

decreasing the endogenous expression

of ECM molecules in vivo or supplement-

ing in vitro neural cultures with exogenous

ECM molecules,2 relatively few studies

have leveraged the potential of human

stem cells within their experiments. More-

over, to our knowledge, no studies have

characterized the effects of engineering

matrix mobility, namely of cell-adhesive li-

gands, into the biomaterial substrate atop

which human stem cell-derived neurons

are cultured. In this issue of Cell Stem

Cell, Álvarez et al. demonstrate that

increasing the mobility of the bioactive,

laminin-inspired IKVAV epitope upregu-

lates b1-integrin (ITGB1) signaling in hu-

man induced pluripotent stem cell

(hiPSC)-derived motor neurons (MNs),

which in turn leads to differences in

neuron survival, aggregation, and both

morphological and electrophysiological

maturity.1

In an effort to incorporate ligand

mobility into a synthetic ECM-inspired

platform, Álvarez et al. developed a
collection of synthetic peptide amphiphile

(PA) nanofibers that each display the lam-

inin-derived IKVAV bioactive sequence

yet differ in their hydrogen bonding pep-

tide sequence (Figure 1A).1 These differ-

ences drove differences in the molecular

mobility of the PAs and thus the degree

of motion of the bioactive sequence.

Interestingly, the topography of the resul-

tant substrate bore striking similarity to

the decellularized adult mouse spinal

cord. The hiPSC-derived MNs that were

cultured atop the most mobile PA sub-

strates (referred to as PA2) became en-

riched for ChAT+ and ISL1/2+ post-mitotic

neurons compared with less-mobile PA

substrates (PA1 or PA3) or commercial

laminin 111. Moreover, MNs cultured on

PA2 for over 45 days exhibited markedly

decreased neuron aggregation as well

as increased neurite length and branching

complexity (Figure 1B). An additional

15 days of culture revealed that the MNs

cultured on PA2 also expressed an

increased amount of both pre-synaptic

(synapsin [SYN1] and synaptophysin

[SYP]) and post-synaptic (PSD95)

markers (Figure 1C). These changes in

protein expression were also associated

with increased functional maturation,

with larger percentages of MNs that ex-

hibited spontaneous excitatory postsyn-

aptic potentials greater than 100 pA, as

well as MNs exhibiting action potentials

with larger amplitudes and higher syn-

chronized activity.

Mechanistically, the authors identify

integrin signaling, through increased
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engagement of the transmembrane b1-

integrin receptor, as a driver of the func-

tional maturation described above. By

decreasing the supramolecular motion

of the substrates through electrostati-

cally crosslinking the PA nanofibers, the

authors observed a decrease in b1-integ-

rin activation as well as its downstream

signaling factors. Furthermore, knocking

down ITGB1 with small interfering RNA

resulted in MNs on PA2 scaffolds with

increased aggregation and decreased

PSD95 and SYP expression, whereas

lentiviral overexpression of ITGB1 on

the less mobile PA1 scaffolds rescued

the maturation phenotype. Together,

these studies confirmed that the mobility

of cell-adhesive ligands can dramatically

alter integrin engagement and down-

stream signaling.

The authors concluded their study by

leveraging their PA platform to study the

pathology of amyotrophic lateral sclerosis

(ALS). When grown on the PA2 substrate,

two-month-old mutant SOD1+/4AV MNs

exhibited SOD1 protein aggregation

indicative of ALS pathophysiology that

was not observed in isogenic control

(SOD1+/+) MNs.

This study marries complex, tightly

controlled materials development with

extensive cellular characterization. The re-

sults include both practical advances,

namely the capacity to maintain a mostly

homogeneous, aggregate-free population

of iPSC-derived neurons for over

60 days in 2D, and developmental insights,

namely that mobile IKVAV presentation
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Figure 1. Dynamic neural ECM-inspired biomaterial substrates enhance hiPSC-derived MN maturation
(A) Schematic of PA supramolecular nanofibers.
(B) hiPSC-derived MN morphology and aggregation differs as a function of the substrate they are cultured atop of.
(C) MNs cultured atop the highly mobile PA2 substrate exhibit increased physiological maturity.
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improves neural maturation efficiency.

Poly-D-lysine/laminin coatings, the con-

ventional off-the-shelf option for 2D neural

cultures,wereshown todegradeover time,

whereas thePAsubstrateswerepreserved

across 60 days in vitro. As such, the

longevity of these PA substrates makes

them a unique platform for maintaining

ex vivo neuronal cultures without the need

for exogenous laminin additionor repeated

passages. Intriguingly, these substrates

also upregulate b1-integrin engagement

and downstream signaling, thereby guid-

ing neural maturation.

Over the past decade, a burgeoning

niche of investigations has begun to

shed light on the instructive role of the

neural ECM in mediating neural cell

behavior and maturation. An early study

in 2014 identified a biophysical matrix

cue, matrix stiffness, as a key factor in

guiding the neural differentiation of hu-

man embryonic stem cells (hESCs)

cultured atop polyacrylamide hydrogels.3

Additionally, a synthetic poly(ethylene

glycol) system was used to demonstrate

that the dorsal-ventral patterning of

hESCs can be influenced by matrix stiff-

ness, degradability, and the presence of

laminin.4 In parallel, the importance of

biochemical ECM-derived signaling

cues has been established. For example,

substrate-bound peptide ligands were

found to spatiotemporally control the

morphology of hESC-derived neural

stem cells that were cultured atop these

substrates.5 Furthermore, culturing hu-

man induced neural stem cells in 3D

silk scaffolds with decellularized porcine
116 Cell Stem Cell 30, February 2, 2023
brain ECM increased axonal network

density, rates of differentiation into neu-

rons and astrocytes, and spontaneous

neuronal activity.6 A more reductionist

approach demonstrated that endoge-

nously secreted laminin is critical for

proper laminar organization and synapse

formation in both hESC- and hiPSC-

derived neural retinal organoids.7 Further

studies demonstrated that the addition

of laminin 111 to an alginate hydrogel

mediated long-term hiPSC-derived

neuron maintenance while concurrently

increasing the electrophysiological matu-

rity of the resultant neural network.8

Finally, a recent study from 2022

observed that dynamic, viscoelastic algi-

nate scaffolds increase hESC-derived

neural progenitor cell neurite extension

and, when integrated with conductive

carbon nanomaterials, decrease neural

aggregation.9 As we are just beginning

to uncover the intricacies of neural

ECM-inspired signaling, breakthrough

approaches in designing tunable bioma-

terials combined with the continued

development of stem cell-based models

will enable insights into how cell-matrix

interactions influence neurodevelopment

and neurological disorders. With regard

to these previous studies, the work pre-

sented by Álvarez et al. describes a

new and relatively underexplored bio-

material-mediated signaling cue: the

molecular mobility of the laminin-derived

integrin ligand.

The findings presented by Álvarez

et al. demonstrate that as the fields of

materials science and stem cell biology
become increasingly interwoven, we

must take into consideration how matrix

molecular mobility and resultant recep-

tor clustering can help us design

improved models of the nervous sys-

tem. This work accomplishes this

while contributing to the long-standing,

yet still-developing, story of the role

of integrin signaling throughout

neurodevelopment.10
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