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Advancing models of neural
development with biomaterials

Julien G. Roth®', Michelle S. Huang

and Sarah C. Heilshorn®>®

Human cortical development is characterized by a series
of highly regulated, dynamic processes that begin with
the emergence of neuroepithelial stem cells and cul-
minate in the maturation of neural circuits. Given the
limitations inherent in obtaining samples of the human
brain, researchers have turned to model systems to pro-
vide insight into conserved developmental processes.
Crucially, these processes may also be implicated in the
aetiology of neurodevelopmental disorders (NDDs).
Unfortunately, investigations into the molecular and
physiological causes of NDDs have proven challenging,
and the translation of research findings into clinical
therapeutics has largely underdelivered'. These short-
comings can be attributed, in part, to the limitations
of conventional preclinical models’~'. Mouse models of
brain development are limited by anatomical and phys-
iological differences that have emerged over at least
70 million years of evolutionary time separating mice
and humans’~’. For example, the rodent cerebral cortex
is lissencephalic, represents a disproportionally smaller
percentage of total brain mass and contains approx-
imately 1,000-fold fewer neurons than the human cere-
bral cortex®’. Furthermore, mouse and human cortical
neurons are distinguished by changes in morphology, rel-
ative abundance, laminar distribution and gene expres-
sion patterns’. Importantly, the gene families with the
greatest divergence in expression between humans and
rodents include those encoding neurotransmitter recep-
tors and ion channels that are current targets for drugs
designed to clinically manage NDDs. Moreover, the
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Abstract | Human pluripotent stem cells have emerged as a promising in vitro model system for
studying the brain. Two-dimensional and three-dimensional cell culture paradigms have provided
valuable insights into the pathogenesis of neuropsychiatric disorders, but they remain limited
in their capacity to model certain features of human neural development. Specifically, current
models do not efficiently incorporate extracellular matrix-derived biochemical and biophysical
cues, facilitate multicellular spatio-temporal patterning, or achieve advanced functional
maturation. Engineered biomaterials have the capacity to create increasingly biomimetic
neural microenvironments, yet further refinement is needed before these approaches

are widely implemented. This Review therefore highlights how continued progression and
increased integration of engineered biomaterials may be well poised to address intractable
challenges in recapitulating human neural development.

prefrontal cortex, a brain region implicated in NDDs'?,
is significantly larger and more structurally and func-
tionally complex in humans than in rodents''-"*. Unlike
mice, non-human primates competently emulate the
cognitive, behavioural and social traits of humans, but
they require extensive resources, and studying such pri-
mates raises important ethical discussions'*. Although
the non-human primate cerebral cortex is more similar
to the human cerebral cortex, its use as a model of the
human brain is undermined by decreased expansion,
a lower diversity of cortical progenitor subtypes and
decreased progenitor cell proliferation rates'>"".

While animal models permit direct probing of
neurodevelopmental mechanisms in functional brain
tissues over time, human studies are limited to the use
of post-mortem samples, biopsy samples from surgical
resection, neuroimaging and neuropharmacological
treatments. Although recent efforts have demonstrated
the restoration of some cellular functions after death
in brain tissue from pigs'?, this approach is consider-
ably limited in its throughput. Healthy human brain
biopsy samples, often obtained from individuals with
epilepsy for whom pharmacotherapy was not effec-
tive, provide functional tissue that can be maintained
for weeks'” and modulated with optogenetics®, but
they are limited in their ability to accurately model a
wide range of disorders and are restricted by their low
throughput and high heterogeneity with respect to cell
type, morphology and proliferation rate”**. Functional
neuroimaging offers a window into human neural
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<« Fig. 1| The developmental trajectory of in vivo and in vitro model systems. a | During

postconception weeks 3 and 4, a layer of neuroepithelial cells expands, elongates and
folds to form the neural tube. Following neurulation, the neural progenitor cells within the
neural tube are patterned across both rostrocaudal and dorsoventral axes by morphogen
gradients. The first neurons emerge at postconception week 6. Once radially migrating
neurons reach their target cortical layer, their axons are guided by chemoattractive and
chemorepulsive cues, including secreted molecules, cell surface molecules and the
extracellular matrix. Neurogenesis and neuronal migration are followed by the generation
and maturation of astrocytes and oligodendrocytes. Last, synaptogenesis, myelination and
circuit refinement by synapse elimination continue late into the postnatal years.
Several excellent reviews present comprehensive discussions of these processes”*#*>73,
b | Pluripotent stem cells can be derived from the inner cell mass of human blastocysts or
by reprogramming somatic cells. The process of guiding pluripotent stem cells into neural

cell fates is inspired by in vivo neurogenesis, wherein neuroepithelial cells differentiate
into neural progenitors and, eventually, functional neurons and glia. To achieve this
progression in vitro, two-dimensional (2D) differentiation relies on exposing a monolayer
of cells to a defined concentration of small molecules that modulate signalling pathways
implicated in neural cell fate acquisition. Three-dimensional (3D) approaches can
generally be subdivided into directed and undirected differentiation. In directed
differentiation, a series of patterning molecules are used to drive specific brain
regionalization and cell fate. These brain region-specific neural organoids can be fused
into assembloids, which elicit cellular migration and circuit formation. In undirected
differentiation, cellular aggregates are embedded in an exogenous biomaterial and
allowed to stochastically pattern. While both 2D and 3D differentiation paradigms
broadly recapitulate the emergence of spatio-temporally appropriate cell types,
multiple differences between in vivo and in vitro neurodevelopment remain. Of note,
the emergence of radially arranged progenitor cells in neural rosettes reflects, but does
not completely emulate, the neural tube.

Human pluripotent

stem cells

(Human PS cells). A broad
category of human stem cells
that includes both embryonic
stem cells and induced
pluripotent stem cells. Stem
cells are defined by their
capacity to continuously divide
into identical, undifferentiated
daughter cells and to
differentiate into cells from
any of the three germ layers.

Organoids

Three-dimensional clusters of
organ-specific cells of multiple
subtypes that self-organize and
exhibit some organ-appropriate
functions.

Assembloids
Three-dimensional,
self-organizing cultures
derived by fusion of organoids
with other organoids or

cell lineages.

physiology, and pharmacological therapeutics provide
information about facets of disease pathology, yet
these techniques are limited in their ability to provide
mechanistic insights as they lack cellular and molecular
resolution”*°. Fundamentally, all these approaches are
unable to model NDDs as they are restricted to times-
cales outside those relevant for brain development and
therefore offer a single end point for disorders with
dynamic developmental trajectories®”’.

The disparity in certain species-specific develop-
mental milestones and our limited access to func-
tional human brain tissue at specific developmental
time points has led to an emphasis on ex vivo investi-
gations into neural development (FIG. 1). While studies
that use non-human cell lines have driven significant
discoveries and precipitated the generation of com-
pelling cell culture platforms, translating these find-
ings to human brain development will require the use
of human pluripotent stem cells (human PS cells). Early
efforts to recapitulate neural development in vitro relied
on regulating key signalling cascades previously identi-
fied in model organisms. The neural induction of human
PS cells is often mediated by the exogenous application of
small molecules that modulate signalling pathways rele-
vant to neural development®-*. Differentiating human
PS cells into neural cells in a two-dimensional (2D)
monolayer format has facilitated the generation of vari-
ous neuronal and glial subtypes’'~**, as well as the model-
ling of cellular processes in neural development™~** and,
by extension, the aetiology of NDDs*~*. The demon-
stration that somatic cells can be directly reprogrammed
into neuronal cells®, and that these neuronal cells main-
tain hallmarks of ageing such as epigenetic DNA methyl-
ation and gene expression’"”, while instrumental to
studies of neurodegenerative disorders, is less relevant
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to investigations into neural development, and there-
fore is not a focus of this Review. Monolayer cell culture
systems are often characterized by less diverse cell type
populations and a high degree of control over micro-
environmental cues (both biochemical and biophysical).
However, although 2D cell culture platforms facilitate
high-throughput manipulation of individual cells, they
remain limited by technical challenges in maintaining
long-term cultures and their inherent inability to emu-
late the more complex cell-cell interactions occurring in
the developing mammalian brain.

Three-dimensional (3D) neural cultures recapitulate
many of the cytoarchitectural features of the developing
brain, and therefore may be better suited to study the
spatio-temporal dynamics of neural development™°.
Although 3D neural tissue constructs can trace their
derivation back to dissociation-reaggregation studies
pioneered in the 1960s°*°” and progenitor cell-derived
neurospheres first developed in the 1990s**°, the first
human PS cell-derived neural organoids were devel-
oped in the early 2010s*. In recent years, two distinct
approaches for generating human PS cell-derived neu-
ral organoids have emerged: undirected (non-patterned)
and directed (patterned) differentiation. Undirected
differentiation strategies, in which human PS cells are
embedded in an extracellular matrix (ECM) and cultured
in the absence of inductive signals, are characterized
by the emergence of neuroepithelial structures that
exhibit various neural fates and non-neural cell types®-".
Alternatively, directed differentiation strategies rely on
small molecules and growth factors to reliably guide
aggregated human PS cells towards distinct brain
region-specific identities*®”’* and biologically relevant
physiologies, including myelination”’°. Joining brain
region-specific organoids together as assembloids, or
fusing these organoids with other cell types, permits the
study of cell migration, such as interneuron migration
from the ventral forebrain to the dorsal forebrain”-*!,
of interactions between neural cells and microglia®,
and of circuit formation with long-range connections,
as in cortico-striatal®' or cortico-motor®*’ assembloids.
While undirected neural organoids have been used
to study disease phenotypes®>*>*, the higher degree
of control imparted in the derivation of directed neu-
ronal organoids®”*® may better facilitate reproducible
mechanistic studies®”"””%”%, Advances in both undi-
rected and directed neural cell culture approaches have
yielded organoids that emulate the cellular diversity of
the human fetal cortex*, produce temporally dynamic
cerebrospinal fluid-like products®, functionally inte-
grate and vascularize within mouse brains® and, when
cultured over long periods, model forebrain chromatin
dynamics’ and the transition into postnatal states™.

Although innovations in the culture of neural orga-
noids have created in vitro models that bear increas-
ing similarity to their in vivo counterparts, a number
of limitations remain. For example, while human PS
cell-derived neural organoids can exhibit neuroepi-
thelial wrinkling®*** and are instructive in studies of
Miller-Dieker syndrome®, they fail to recapitulate
gyrification’®””. This restriction may be due to limits
in the diffusion of nutrients within cell culture media,
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the absence of functional vasculature or a deficiency
in extracellular mechanical cues. Owing to a lack of
spatio-temporal signalling cues, neural organoids
do not recapitulate some cytoarchitectural features
of the central nervous system, such as the formation of
clearly distinguishable cortical layers” or an ECM-rich
subplate”™'". Recently, cell stress pathways have been
proposed to be upregulated in brain organoids'®. It
remains to be seen whether these features depend on
culture conditions (that is, the presence of serum or
undefined ECM materials), and subsequent long-term
studies with brain region-specific organoids described
endoplasmic reticulum and glycolysis trajectories
consistent with a homeostatic state”" . Finally, while
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the electrophysiological properties of neurons mature
within organoids over time®’"""*, the lack of sensory
input precludes activity-dependent programmes of
maturation in vitro. Taken together, although important
aspects of in vivo biology have been recapitulated with
neural organoids, these systems remain limited by their
incomplete and insufficiently controlled incorporation
of cellular and acellular microenvironmental cues.
Biomaterials have the potential to address current
limitations in cellular models of neural development
(FIG. 2). The definition of biomaterials has evolved as a
function of their increasingly widespread application'®;
herein, biomaterials are broadly defined as any mate-
rial that has been designed to purposefully interact with
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Fig. 2 | Biochemical and biophysical signalling cues within the neural
microenvironment. The neural microenvironment is multifaceted,
spatio-temporally dynamic and, thus far, insufficiently emulated in vitro.
Biomaterials have the potential to recapitulate extracellular matrix
(ECM)-derived biochemical and biophysical cues, spatio-temporally
conserved paracrine and juxtacrine signalling, and electrical stimulation.
a| Biomaterials can be engineered to incorporate cell-interactive domains
within their backbones to recapitulate the signalling cues presented by the
neural ECM and basement membrane. b | Material scaffolds can be
engineered to restrict cell geometry. Encapsulated cells can remodel
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their local niche by secreting proteases to degrade surrounding materials
or by exerting strain on surrounding materials. ¢ | Conductive polymers
enable electrical signal propagation, which both promotes neurite
outgrowth and enhances functional maturation. d | Various cell type-
specific growth factors can be tethered to biomaterials to provide
spatio-temporal control over cell fate and morphology. The capacity to
pattern the local environment with biomaterials, and techniques that use
biomaterials such as three-dimensional bioprinting, may facilitate
co-cultures with neural and non-neural cells that induce both paracrine
and juxtacrine signalling.
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Neural progenitor cell
(NPC). A neural stem
cell with limited capacity
for self-renewal.

individual cells or cell constructs. These materials are
derived by a range of synthesis strategies and have mark-
edly differing chemical compositions and structural
features. The deliberate modulation of these properties
results in a breadth of biomaterials that induce morpho-
logical and physiological changes in cells. Throughout
this Review, we present recent applications of bioma-
terials for enhancing our understanding of human
neural development (TABLE 1). Specifically, we explore
biomaterial-based approaches for advancing models
of neural development, focusing on matrix-derived
biochemical and biophysical cues, spatio-temporally
controlled cell patterning and mature neuronal circuit
development. Additionally, for each strategy, we provide
a forward-looking perspective on innovations in bioma-
terials science that are poised to create in vitro models
that more closely recapitulate key processes of human
brain development.

ECM-derived biochemical signalling

The neural ECM influences cellular proliferation, dif-
ferentiation, migration and maturation throughout
brain development'*~'%. Unlike the ECMs of other tis-
sues, the neural ECM consists primarily of hyaluronic
acid (HA), chondroitin sulfate proteoglycans (CSPGs)
and heparan sulfate proteoglycans, link proteins, tenas-
cins, laminins and reelin'®. As it contains a relatively
low percentage of fibrous proteins, including collagen
and fibronectin, the neural ECM resembles a lattice of
amorphous aggregates'”’ (FIG. 3a). Importantly, the neu-
ral ECM exhibits spatio-temporally dynamic prevalence
and composition. For example, CSPGs and tenascin R
are differentially distributed across spatially distinct
brain regions''’, and, as a function of time, CSPGs tran-
sition from larger to smaller variants, overall HA con-
tent decreases and tenascin C is replaced with tenascin
R1L12 These transitions in ECM composition affect
the structure of the matrix itself and coincide with the
shift from a rapidly expanding tissue to one wherein
growth has ceased and synapses are reinforced'®.

With regard to the effect of the ECM on neural cell
proliferation and differentiation, the higher expres-
sion of HA has been associated with decreased neural
progenitor cell (NPC)'"* and astrocyte proliferation'*!"*.
Moreover, enzymatic disruption of CSPGs, and a con-
comitant decrease in the abundance of cell-surface
CSPGs, reduces NPC proliferation and leads to more
NPCs adopting a glial cell fate'', while the addition
of exogenous CSPGs stimulates the proliferation of
NPCs'". Tenascin C and laminin increase the prolifera-
tion rates of NPCs through upregulation of the epider-
mal growth factor and fibroblast growth factor (FGF)
signalling pathways, respectively''“'?, while tenascin R
decreases proliferation and biases NPCs towards glial
cell fates'”. Tenascin C also inhibits oligodendrocyte
differentiation'**-'*°, and laminin promotes neural differ-
entiation by upregulating the integrin-WNT7A-decorin
pathway'?’.

The effect of the extracellular environment on the
migration and outgrowth of brain cells was documented
as early as 1928, when Santiago Ramén y Cajal observed
a “strange propensity of the nerve sprouts to adhere to
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supports or pre-established pathways”'**. More recent
studies have demonstrated that a reduction in the level
of either HA or laminin results in a decrease in neuronal
projection length'*>'*, whereas reductions in CSPG
levels promote axonal growth'”'-'%. Higher levels of
HA mediate increased neural migration''>"* through a
receptor for a hyaluronan-mediated motility-mediated
signalling cascade'”’, and tenascin R initiates the
tangential migration of forebrain neuroblasts in an
activity-dependent manner'*. Laminin disruption has
resulted in both the disruption of interkinetic nuclear
migration'”” and the migration of neurons to more
superficial cortical layers'®.

Finally, the neural ECM has been implicated in reg-
ulating the later stages of neural development, namely
axon myelination, synaptogenesis and neural circuit for-
mation. Disruptive mutations in genes coding for laminin
or laminin receptors result in hypomyelination''*,
whereas both tenascin C and tenascin R inhibit the
extension of myelin sheets by oligodendrocytes'**'**. Late
in prenatal development, synapses are surrounded by an
ECM mesh composed of HA, link proteins, CSPGs and
tenascin R that is referred to as the ‘perineuronal net’
and has been implicated in stabilizing neural circuits,
while limiting the formation of new synapses'**~'*’. This
loss of neural plasticity has been reversed via the admin-
istration of chondroitinase, implying that the enzymatic
degradation of circuit-stabilizing molecules can promote
synaptogenesis and functional maturation'*>'*>!%,

Although the neural ECM shapes key developmental
processes, 2D and 3D culture approaches rely mostly on
heterogenous, insufficiently manipulatable ECM-inspired
materials (such as Matrigel) or are cultured as free-floating
cell aggregates devoid of exogenous ECM'“-*". Therefore,
the introduction of biomaterials that better emulate the
composition or downstream signalling effects of the endo-
genous neural ECM may yield cell culture models with
more biomimetic neural proliferation, differentiation,
migration and maturation (FIG. 3b).

Natural materials. To date, only two naturally derived
biomaterials, Matrigel and purified laminin, have rou-
tinely been integrated into human PS cell models of
neural development. Matrigel has provided a support
scaffold for neural cell growth in several seminal stud-
ies of 3D human stem cell-derived models of neural
development®*"1°>'>* As a murine sarcoma-derived
reconstituted basement membrane, Matrigel lacks
many neural ECM components that influence brain
development, including several glycoproteins and
proteoglycans'**-'*. Moreover, Matrigel contains growth
factors that are known to affect neural cell physiology,
including transforming growth factor-B, epidermal
growth factor, FGF2, platelet-derived growth factor
and insulin-like growth factor 1 (REF'”). Importantly,
both Matrigel and growth factor-reduced Matrigel
have been shown to affect neural differentiation by
increasing both neurite length'**'** and the number of
dopaminergic neurons'”’ compared with conventional
ECM molecules. Matrigel is commonly used because
of its simplicity (that is, its propensity to crosslink at
temperatures above 10°C) and commercial availability,
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Table 1 | Biomaterials used in neural cell culture

Biomaterial

Material modifications and
manipulations

Decellularized tissues

Decellularized brain
tissue

Matrigel

Natural biopolymers
Agarose

Alginate

Collagen

Fibrinogen

Hyaluronic acid

Laminin

Vitronectin

Addition of collagen |

Microfabricated compartment

Microfluidic gradient generation

3D bioprinting into alginate scaffold

Photopatterned with SHH and CNTF

3D bioprinting; addition of chitosan
and agarose

RGD peptide; reduced alginate MW

IKVAV and FGF2 peptide-DNA

Addition of hyaluronic acid
Photopatterned with NGF

Microfluidic device; co-culture with
MSC-derived cells

Microfluidic device; co-culture with
human iPS cell-derived ECs

3D bioprinting; addition of alginate,
genipin and guggulsterone PCL
microspheres

Addition of chitosan

RGD, YIGSR and IKVAV peptides

Density gradient multilayer
polymerization

Micropatterned substrates

Addition of entactin

Micropatterned substrates

Protein-engineered materials

Elastin-like protein

RGD and MMP-sensitive peptides

RGD peptide; microfluidic gradient
generation

Cell type

Human iNSCs
Human ES cells

Human ES cells

Human ES cells

Human iPS cells
Mouse ES cells

Human iPS cell-derived NPCs,
mouse iPS cell-derived OPCs

Mouse NPCs

Human iPS cells

Human iPS cell-derived NPCs
Mouse NSCs

Mouse NSCs

Mouse ES cells
DRGs
Human NSCs

Human ES cell-derived NSCs

Human iPS cell-derived NPCs

Human iPS cells

Human iPS cell-derived NPCs
Human iPS cell-derived NPCs
Mouse NPCs

Human ES cells

Human ES cells

Mouse ES cells
Mouse NSCs

Human ES cells

Mouse NPCs

DRGs

Outcome

Enhances NPC differentiation and
maturation

Drives neural organoid folding through
cytoskeletal contraction

Supports the growth of cerebral organoids

Directs rostrocaudal organization during
neural differentiation

Supports the growth of forebrain organoids
Affects neural differentiation

Supports a 3D spinal cord tissue-like
platform

Directs migration of NPCs towards SHH

Supports differentiation into neurons and
astrocytes

Reveals NPC sensitivity to differences in stress
relaxation

Induces transient, controllable NSC
migration

Enhances expression of neuronal markers
in soft hydrogels

Enhances neuronal differentiation
Guides neurite outgrowth by patterning NGF

Increases neuronal expression compared
with glial expression

Supports the formation of vascular networks
within neural spheroids

Increases expression of neural, astrocytic
and oligodendrocytic markers

Promotes neural differentiation in the
absence of neural induction medium

Enhances neuronal differentiation through
combination of peptides

Accelerates differentiation and permits
neuronal migration

Influences differentiationin a
stiffness-dependent manner

Increases NPC expansion, differentiation
and neurite outgrowth

Mediates ectodermal border formation

Stabilizes the formation of polarized
telencephalic neuroepithelium

Reduces tensile strain-mediated
oligodendrocyte differentiation

Guides neuroepithelial and neural plate
patterning

Maintains NPC stemness and enhances
differentiation capacity

Enhances neurite extension or neurite
guidance

Refs

63,152,

166

153

43

159

266

270

209

199

164

265

289

165

169

167

186

221

163

236

220

2212
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Table 1 (cont.) | Biomaterials used in neural cell culture

Material modifications and
manipulations

Biomaterial

Synthetic polymers

Carbon nanotubes Single walled; electrical stimulation;

PLGA scaffold
Multiwalled, multilayered

Graphene Rolled graphene oxide foam;

electrical stimulation

Electrical stimulation

PCL Microspheres containing

guggulsterone

PEDOT-PSS; granular
PEDOT-PSS; electrical stimulation
Chitosan/gelatin scaffold

PEDOT

Polyethylene glycol  Micropatterned substrates; Matrigel

adsorption

Integrin-binding and
MMP-degradable peptides

MMP-sensitive peptide; addition
of ECM components

PLGA Fibres; Matrigel embedding

Microspheres containing FGF2
Polyacrylamide GAG-binding peptide
Oligonucleotide-based crosslinking
Functionalized with laminin
Doped with DBS; electrical

stimulation

Doped with DBS; electrical
stimulation; encapsulation in alginate

Polypyrrole

Cell type

Human iPS cell-derived NSCs
Mouse NSCs

Human NSCs

Mouse NSCs

Human iPS cells

Human NPCs
Human NPCs
Mouse NSCs

Human ES cell-derived NECs
Human astrocytes

Mouse ES cells

Human ES cells, human iPS
cells

Human ES cells, mouse NSCs
Human ES cells

Mouse NSCs

Mouse NSCs

Human NSCs

Human iPS cell-derived NPCs

Outcome Refs

Enhances NSC differentiation via a R

depolarizing direct current
Facilitates neuronal differentiation and 31
synapse formation

Directs growth of neural fibres e

Yields higher neuron density and more 319

spontaneous synaptic activity
Increases expression of TUJ1 and OLIG2 222
in human iPS cell aggregates

Maintains viability 38

Induces more neurons with longer neurites i

Improves adhesion and increases 326327

proliferation

Controls neural organoid polarization 2

Maintains astrocyte quiescence 17

Affects cytoskeleton-mediated symmetry 19

breaking and DV patterning

Guides 3D differentiation of neural
organoids

Maintains cells in less differentiated state
through controlled release

Enhances neuronal differentiation on 195

compliant substrates

Reveals temporal sensitivity in directing 196
neuronal differentiation

Promotes neuronal differentiation on soft 208

surfaces

Promotes induction of neurons over glial cells %

Upregulates expression of neurotrophic 3

growth factors

3D, three-dimensional; CNTF, ciliary neurotrophic factor; DBS, dodecylbenzenesulfonate; DRG, dorsal root ganglion; DV, dorsoventral; EC, endothelial cell;

ECM, extracellular matrix; ES cell, embryonic stem cell; FGF2, fibroblast growth factor 2; GAG, glycosaminoglycan; IKVAV, isoleucine-lysine-valine—-alanine-valine;
iNSC, induced neural stem cell; iPS cells, induced pluripotent stem cells; MMP, matrix metallopeptidase; MSC, mesenchymal stem cell; MW, molecular weight; NEC,
neuroepithelial cell; NGF, nerve growth factor; NPC, neural progenitor cell; NSC, neural stem cell; OPC, oligodendrocyte progenitor cell; PCL, polycaprolactone;
PEDOT, poly(3,4-ethylenedioxythiophene); PLGA, poly(lactide-co-glycolide); PSS, polystyrene sulfonate; RGD, arginine—glycine—aspartate; SHH, sonic hedgehog;

YIGSR, tyrosine—isoleucine-glycine-serine—-arginine.

but given its heterogeneity, poor emulation of native
neural ECM and capacity to bias differentiation, other
biomaterials should be considered for in vitro models
of neural development. Unlike sarcoma-derived matri-
ces, protein-based or polysaccharide-based biomaterials
have the potential to introduce cell-interactive domains
and cell-mediated degradation in a chemically defined,
modifiable matrix.

A collection of studies in the early 1980s demonstrated
a role for laminin in driving neurite outgrowth's-'%,
and it has since remained a standard component of
2D neural culture paradigms. More recently, a study
comparing various coating materials demonstrated
that purified laminin drove the greatest increase in
the number of nestin-expressing and TUJ1-expressing
(TUJ*) human embryonic stem cell (ES cell)-derived

NPCs and immature neurons, respectively’**. In 3D
serum-free floating cultures of mouse ES cell-derived
cortical neuroepithelium, the addition of laminin with
entactin induced the formation of a polarized neuro-
epithelium with a continuous peripheral basement
membrane'®’. Moreover, exogenous laminin prevented
the formation of neural rosettes, and the continuous
layer of FOXG1*PAX6'EMXI1* telencephalic NPCs
gave rise, over time, to mature cell types, including
TBR2" intermediate progenitors, early TBR1*CTIP2*
cortical neurons and late BRN2*CUX1* cortical neu-
rons. Subsequent 3D neural organoid differentiation
protocols, which omit the addition of exogenous ECM
components, have documented the emergence of sim-
ilar cell diversity and spatial arrangement®. However,
given that the cortical basement membrane persists at
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<« Fig. 3| Engineered matrices to recreate ECM-derived signalling cues. a| The native
extracellular matrix (ECM) in the brain presents a complex microenvironment composed
primarily of hyaluronic acid (HA), proteoglycans, tenascins, link proteins, laminins,

fibronectins and collagens

106

.Neural ECM is unique insofar as it contains relatively low

levels of fibrous proteins (collagen and fibronectin) and high levels of glycosaminoglycans,
including chondroitin sulfate proteoglycans (CSPGs). The pericellular neural ECM is
described as a supramolecular assembly of HA-link protein~CSPG-tenascin. b | Various
materials have been used for modelling the native brain microenvironment, including
decellularized brain matrices, natural biopolymers, protein-engineered biomaterials and
synthetic polymers. c | Biomaterial strategies designed to manipulate the local cellular
environment include controlling either biochemical or biophysical signalling cues
presented to cells. The presentation of certain cell-adhesive ligands can increase neural

marker expression'®

*. Modulating material stiffness can drive neural differentiation

195

Both stress relaxation and degradability have been shown to have a role in maintaining
neural progenitor cell stemness maintenance through increased cell—cell contact’"".
Matrix confinement can drive wrinkling in neural organoids®. HSPG, heparan sulfate

proteoglycan.

Natural biomaterials
Biomaterials derived from
natural sources, including
proteins, polysaccharides and
decellularized tissue matrices.

Neural stem cells

(NSCs). Multipotent cells

that maintain the capacity to
undergo limitless self-renewing
cell divisions and create
progeny of restricted lineages
that differentiate into mature
neural and glial cells.

the pial surface throughout neural development, it fol-
lows that the mechanism underlying laminin-induced
neural polarization and basement membrane integrity
is worthy of further exploration.

In an effort to emulate the composition of the neural
ECM in vitro, recent studies have applied natural bio-
materials to influence neural development'®-'*. For
example, HA hydrogel beads were created by adding
HA to an alginate solution that was mixed with mouse
ES cells and dropped into calcium chloride'**. Compared
with fibronectin, the addition of HA drove an increase
in both neuronal and glial marker expression, while
also biasing neurons towards a glutamatergic subtype.
A subsequent study used an HA-based hydrogel, created
by resuspending HA and chitosan in a cell-containing
dextran-sodium chloride solution, to demonstrate that
human induced PS cells (iPS cells) can be differentiated
into structures expressing NPC genes after 14 days in
the absence of neural induction medium'®. Finally, the
differentiation of human PS cell-derived NPCs was
accelerated within a methacrylate-modified HA'*". The
density gradient created within this material, achieved
by mixing small-molecule density modifiers with the
prepolymer solution, mediated the identification of an
NDD-associated gene mutation on neuronal migra-
tion. By relying primarily on resuspending and mixing
commercially available materials, these studies demon-
strate that the incorporation of natural biomaterials into
culture systems is generally quite feasible. Although
decellularized neural ECM may present a higher degree
of experimental complexity, the recellularization of
decellularized ECM offers several compelling advan-
tages over single-component biomaterials'®®. Inspired
by the prospect of creating a natural biomaterial that
recapitulates the temporal dynamics of the neural ECM,
laminin-coated silk scaffolds were supplemented with a
mixture of type I collagen and decellularized ECM from
either a fetal pig or an adult pig'®®. Culturing human
neural stem cells (NSCs) induced from neonatal foreskin
fibroblasts within these materials for up to 7 months
revealed differences in the abundance of TUJ1* neu-
ronal projections relative to GFAP* astrocytes. Taken
together, the results of these preliminary studies indicate
the potential of influencing neural development with
readily available mimics of the endogenous neural ECM.
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Designer materials. Unlike naturally derived materi-
als, synthetic materials are capable of being tailored to
accommodate a range of biochemical and biomechani-
cal properties. The high degree of experimenter-driven
customization in these materials has enabled tightly con-
trolled experiments that characterize the role of distinct
ECM-derived developmental cues. By leveraging statis-
tical modelling, a recent study characterized the effect
of ECM-inspired peptide sequences on the survival and
differentiation of human iPS cell-derived NPCs within
HA hydrogels'®. Initial screens of 16 distinct hydrogel
formulations with differing concentrations of known
adhesive ligands (RGD, YIGSR and IKVAV peptide
ligands) revealed that YIGSR promoted a high level of
cell survival. Following two additional iterations, to first
optimize the RGD concentration and then the IKVAV
concentration, the study authors obtained a gel with
distinct adhesive ligand concentrations, which increased
cell spreading, neurite extension and the expression of
SOX2 and DCX, markers of NPCs and immature neu-
rons, respectively. Although this HA hydrogel could be
tuned to different stiffnesses by varying the polymer
weight percentage, the study authors limited their gels
to a single HA concentration. To address a wider array
of developmental cues, an automated liquid-dispensing
robot was developed to create polyethylene glycol
(PEG) hydrogels with unique combinations of stiffness
(0.5-8kPa), degradability and ECM matrix compo-
nents (laminin, entactin, collagen, fibronectin and per-
lecan)'*>'”°. This high-throughput system facilitated the
observations that intermediate stiffnesses and laminin
promote mouse ES cell neural differentiation (as deter-
mined by increased SOX1 expression) and polarity
(as determined by a higher percentage of actomyosin
contractile rings). Additionally, when compared with
encapsulating cells within Matrigel, a differentiation-
optimized PEG hydrogel resulted in neuroepithelial colo-
nies with more homogeneous spherical shapes, increased
polarity and a constrained colony area over time. These
studies demonstrate the potential for designer matrices
to serve as platforms for high-throughput investigations
into the contributions of distinct components of the
neural ECM in neural development.

Synthetic matrices have also been used to probe
the effects of the temporally dynamic presentation of
ECM-derived cues to NSCs. For example, a strategy
based on the reversible interaction between complemen-
tary DNA tethers was used to evaluate neonatal murine
spinal cord-derived NSC migration and proliferation
in response to IKVAV and FGF2 (REF.""). Interestingly,
binding of IKVAV-linked ‘bioactive’ DNA to the ‘sur-
face’ DNA strands, which were themselves bound to an
alginate-coated glass surface, induced migration of NSCs
away from a neurosphere, while the addition of a fully
complementary ‘displacement’ DNA strand not linked
to IKVAYV resulted in a retraction of NSCs. This retrac-
tion was associated with a reduction in the B1 integrin
signal and increased laminin production. Importantly,
the addition of an FGF2 ‘bioactive’ strand increased
proliferation, while the return of the IKVAV ‘bioactive’
strand prompted repeated neural migration. Overall,
these studies illustrate the unique potential for tunable
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Box 1 | Biomaterial-based platforms for characterizing neural development

In addition to their utility as a medium for modulating the processes that underlie neural

development, biomaterials can serve as platforms for characterizing neural development.

This potential is reinforced by two recent demonstrations of hydrogel-tissue chemistry.
First, by crosslinking acrylamide and bisacrylamide to molecules with available amines
within tissue, the CLARITY (clear lipid-exchanged acrylamide-hybridized rigid imaging/
immunostaining/in situ hybridization-compatible tissue-hydrogel) tissue clearing
technique significantly limits the degree of protein loss**°. The thermally initiated
hydrogel mesh effectively replaces lipid bilayers with a synthetic biomaterial and serves
as a support structure for molecular and cellular information. A collection of hydrogel-
tissue hybridization strategies has emerged in the years since CLARITY was introduced,

including PACT**, PARS**’, ePACT**, ACT-PRESTO?***, MAP***, EXM*** and SWITCH?*.
Second, hydrogel-tissue chemistry was leveraged to achieve in situ three-dimensional
(3D) single-cell RNA sequencing through STARmap (spatially resolved transcript
amplicon readout mapping)**°. By functionalizing an in situ constructed cDNA amplicon
with an acrylic acid N-hydroxysuccinimide moiety and copolymerizing it with acrylamide
monomers, a hydrogel-amplicon network is created. This network stabilizes the
amplicons in 3D space throughout subsequent protein and lipid removal, ensuring that
the 3D spatial information of each amplicon is retained. A similar approach for achieving
spatially resolved single-cell RNA sequencing was later reported which incorporates
the ExM hybridization strategy’*’. Looking forward, we anticipate there being great
value in synergizing techniques that characterize the 3D proteomic and transcriptomic
landscapes with techniques to manipulate or model neurodevelopmental processes.

Synthetic biomaterials
Biomaterials derived from
synthetic sources, including
metals, ceramics, synthetic
polymers and composites.

Decellularization

The process of isolating
tissue-specific extracellular
matrix by removing cell
content.

Protein engineering

The process of modifying
existing protein sequences
through substitution, insertion
or deletion of nucleotides in
an encoding gene.

synthetic biomaterials to support high-throughput, tem-
porally dynamic investigations into the influence of the
ECM on neural development.

Outlook. Natural and synthetic biomaterials have the
capacity to emulate neural ECM-derived biochemical
cues and drive neural proliferation, migration, differ-
entiation and maturation. Each material class harbours
compelling advantages and, as is the case for most sys-
tems, important shortcomings. While natural mate-
rials such as collagen or Matrigel contain a multitude
of cell-interactive domains and are inherently biode-
gradable, they are limited by batch-to-batch variability
and a low degree of tunability. Conversely, synthetic
materials such as PEG or poly(lactide-co-glycolide) are
highly tunable and well defined yet lack tissue-specific
structure and biochemical cues barring further mod-
ification. Without these modifications (such as the
inclusion of cell-adhesive peptide ligands and sites for
protease-mediated degradation'”?), synthetic bioma-
terials are typically incapable of supporting essential
cellular physiologies'*'®. Concerted research efforts in
biomaterials science have focused on the identification
and manipulation of a minimal set of ECM-mimetic bio-
chemical and biophysical signalling cues. In addition to
probing cell-ECM interaction pathways, these studies
contribute to an overarching goal of enabling reproduci-
ble synthetic materials to emulate the microenvironment
of natural biomaterials'’>'"*,

Looking forward, while several studies have character-
ized ECM deposition by neural cells in vitro'**'**'”', the
contributions of cell-secreted ECM in an ECM-mimetic
biomaterial are poorly understood. To expand on this
characterization, future studies could characterize the
spatio-temporal dynamics of nascent ECM protein
secretion via incorporated methionine analogues and
bio-orthogonal fluorophore labelling'”. Importantly,
this technique is applicable to non-genetically modified
cells as the methionine analogue (azidohomoalanine)

is simply added to the culture medium. Coupling
such an assay with hydrogel-tissue chemistry-based
tissue decellularization and immunofluorescent label-
ling of neural and glial cells could reveal the contribu-
tions of distinct cells to the emergence of neural ECM
(including neural basement membrane) in vitro (BOX 1).
To further characterize the contributions of individ-
ual cells to the neural ECM and expand on work that
evaluated the effects of naturally derived biomaterials
on the recapitulation of human brain gene expression
patterns'”®, single-cell RNA sequencing could be syn-
ergized with high-throughput matrix composition
screens. Additionally, following recent evidence that the
controlled presentation of ECM to intestinal spheroids
directed tissue-wide polarity'”, future studies with neu-
ral organoids could explore the consequences of adding
and removing ECM-mimetic biomaterials for the forma-
tion of polarized organizing centres and cortical layers.
In keeping with the desire to achieve high-throughput,
reproducible characterization, a microengineered mul-
tiwell plate and automated cell culture strategy could
be used to investigate ECM-derived signalling in neu-
ral development'”®. Finally, protein engineering is a thus
far underexplored third class of biomaterial synthesis
strategy. Recombinant protein-based biomaterials can
be designed to contain a variety of ECM-inspired pep-
tides, and, as such, allow modular control over the bio-
chemical and biomechanical properties of the material
microenvironment'”>'®, Incorporating these chemically
defined, tunable protein-engineered biomaterials into
studies of neurodevelopment would facilitate mecha-
nistic studies of cell-matrix interactions. While several
of these suggestions require high technical proficiency,
simply transitioning to a defined culture material
will both improve reproducibility and mediate more
bottom-up investigations into ECM-derived biochemical
differentiation cues.

ECM-derived biophysical signalling

Cells are exquisitely sensitive to mechanical inputs from
their surrounding microenvironment, changing shape
and cytoskeletal organization in response to matrix ten-
sion and relaxation. Stiffness, stress relaxation, degra-
dability and confinement affect neural development in
2D and 3D cell culture microenvironments'®' (FIG. 3c).
Cells detect and respond to changes in their microen-
vironment through transmembrane receptors, such as
cadherins and integrins, which transduce mechanical
stimuli to biochemical responses'*>'*. Biomaterials
with tunable biophysical matrix properties are capable
of presenting these mechanical stimuli to cells and have
been implicated in a number of pertinent developmen-
tal processes, including neural compartmentalization'®,
differentiation'*>'*%, migration'"’, proliferation'*, axon
growth'® and synaptic plasticity’".

Stiffness. Brain tissue is substantially softer than sev-
eral other tissues of the human body. Depending on
the developmental stage, brain region and method of
measurement, an elastic modulus (E) ranging from
several hundred pascals to a few thousand pascals has
been reported's*'?"*2. It follows that culturing NSCs on

www.nature.com/nrn



tissue culture plastic (2-4 GPa), approximately seven
orders of magnitude stiffer than native brain tissue,
could affect cell behaviour in vitro'”***. To address this
inconsistency, biomaterials can be designed with a range
of physiologically relevant stiffnesses. For example, the
stiffness of polyacrylamide hydrogels can be easily tuned
by changing their chemical composition and crosslink-
ing density. Tuning matrix stiffness alone has been
shown to drive differentiation of monolayer human ES
cells into physiologically active neurons in the absence
of soluble inductive factors'”. Notably, the hydrogels
that were most effective in inducing neural differen-
tiation had stiffnesses similar to the stiffness of native
brain tissue (E ~ 700 Pa). While static stiffness can influ-
ence neural differentiation, a recent study demonstrated
that adult rat hippocampal NSCs possess a mechanical
memory wherein transient exposure to specific sub-
strate stiffnesses during a defined time window deter-
mines their lineage commitment'*. While this study also
used a polyacrylamide gel, the authors incorporated an
additional oligonucleotide-based mechanism to allow
dynamic and reversible stiffness modulation without
gel swelling and contraction. Interestingly, a pulse of
soft substrate (E ~300Pa) delivered from 12 to 36h
after initial differentiation is both necessary and suffi-
cient to direct neuronal differentiation on stiff matrices
(E~3kPa). Conversely, a pulse of stiffness on otherwise
soft matrices in the same time window suppressed neu-
ronal differentiation. Mechanistically, stiffness-sensitive
neural differentiation is associated with the transcrip-
tional co-activator Yes-associated protein (YAP), either
through the inhibition of YAP nuclear localization'”
or through YAP-B-catenin interactions'. YAP sig-
nalling has been identified to play a role in translating
changes in cytoskeletal tension into the expression of
ECM-remodelling genes via mechanical activation by
Rho GTPases'”'*. Although the full repertoire of sig-
nalling regulators and pathways remains under investi-
gation, these studies, along with a collection of studies
using mouse NSCs'”~*"!, highlight the importance of
matrix stiffness in promoting neurogenesis.

Stress relaxation. Native brain tissue is viscoelas-
tic, exhibiting a time-dependent response to applied
forces**>**. Specifically, viscoelastic materials such as
brain tissue are often stress relaxing, such that when
a force is applied, the material responds to dissipate
that force'*>*"*. Throughout neural development, these
mechanical forces influence key processes, including
neurogenesis, cell migration, compartmentalization and
synapse formation'®>'*’. Natural biomaterials, including
collagen and fibrin, exhibit stress relaxation; however,
the ability to independently tune their stress relaxation
rates without altering other properties (that is, stiffness,
degradability and adhesive ligand density) poses a sig-
nificant challenge®”. Recently, elegant methods have
been developed to overcome this challenge. In alginate
hydrogels, for example, the rate of stress relaxation can
be independently tuned by altering the chemical compo-
sition of the gel and the molecular weight of alginate®®.
This platform has been used to study the effect of
stress relaxation on cells encapsulated in 3D materials,
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predominantly using cells described as human mesen-
chymal stem cells (MSCs). For MSCs, fast-relaxing
hydrogels promote cell spreading and drive osteogenic
differentiation”*. While stress relaxation is an important
mechanical property of the developing brain with impli-
cations in ageing®” and disease pathophysiology*”, min-
imal research has been done to understand its impact
in neural development. A study comparing the effects
of stiffness, stress relaxation and adhesive ligand den-
sity in ionically crosslinked alginate hydrogels showed
that differences in stress relaxation drive the greatest
differential gene expression in human PS cell-derived
NPCs*™. Notably, stress relaxation induces the differ-
ential expression of genes implicated in cytoskeletal
remodelling and oligodendrocyte differentiation, sug-
gesting that the shape and fate of NPCs may be affected
by the viscoelastic properties of the matrix. Given the
impact of stress relaxation on MSC behaviour, contin-
ued mechanistic study of matrix stress relaxation within
in vitro models of neural development could similarly
provide insight into the effects of brain viscoelasticity on
NPC morphology and differentiation.

Matrix degradation. In addition to cell-induced strain,
matrix remodelling can also occur through cell-mediated
degradation. This degradation is triggered by the secre-
tion of proteases that degrade the surrounding ECM
and, in doing so, provide space for cell proliferation and
ECM deposition. While cells can readily expand in sub-
confluent 2D cultures, matrix remodelling is required for
cells in 3D cultures to spread or migrate’'’. To facilitate
matrix degradation in 3D cultures, protein-engineered
biomaterials, such as elastin-like protein hydrogels, have
been designed with proteolytically cleavable sequences.
In such a system, the matrix preserved the self-renewing
potential of adult mouse hippocampal NPCs by increas-
ing cadherin-mediated cell-cell contact’'. Furthermore,
matrix degradation was shown to enhance the differ-
entiation capacity of mouse NPCs encapsulated in
protein-engineered 3D hydrogels as a function of
remodelling time?'”. Even in highly degradable matrices,
sufficient remodelling must occur via matrix degrada-
tion for mouse NPCs to differentiate into neurons and
astrocytes. These results suggest that matrix remodelling
may serve to prime the NPCs for differentiation, whereas
other biochemical and mechanical cues, such as adhesive
ligand density'*>'*” and stiffness'**'*, respectively, may
bias the fate of NPC differentiation.

Matrix confinement. Investigations into the effects of
micropatterned cell culture substrates and scaffolds are
inspired, in part, by studies which demonstrated that
ES cell renewal capacity and differentiation trajectory
are influenced by colony geometry”'*-". Several sub-
sequent studies revealed that geometric confinement
is sufficient to induce reproducible self-organization of
human ES cells into all three germ layers following dif-
ferentiation with BMP4 (REFS*'**""). During embryonic
development, the process of blastula folding and germ
layer differentiation, known as gastrulation, is followed
by neurulation in which the neural plate invaginates to
form the neural tube. In 1874, Wilhelm His Sr proposed
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Neuroepithelial cells

(NECs). Early neural stem cells
emerging from neuroectoderm
that ultimately give rise to
radial glia and other cells in
the early developing central
nervous system.

Organ-on-a-chip

(O0C). A class of
microphysiological systems
wherein specialized

cells are cultured within
microfluidic chips.

that neurulation is driven by mechanical forces".

In the years that followed, the role of biophysical sig-
nalling cues in neural induction, as described previ-
ously, became widely accepted®”’. These signalling cues
emerge within a spatially confined microenvironment;
thus, recapitulating that confinement in a controlled,
reproducible manner may provide unique insights into
neurodevelopmental mechanisms. For example, a recent
study in which human ES cells were cultured on top of
vitronectin-coated circular polydimethylsiloxane islands
revealed that cell shape and cytoskeletal contractile force
guide neuroepithelial border patterning®’. A subsequent
study explored the spatio-temporal dynamics of early
ectodermal patterning in human ES cells, and observed
that neural, neural crest, placodal and epidermal pro-
genitors can reliably be derived on micropatterned
surfaces in a geometry that emulates the medial-lateral
axis in vivo™'.

While the two previously described studies used
micropatterned surfaces to study the effects of geomet-
ric confinement on neural induction in two dimensons,
a similar micropatterned surface was recently used to
influence the development of 3D neural constructs®”.
Seeding human PS cell-derived neuroepithelial cells
(NECs) on micropatterned PEG substrates***** demon-
strated that the initial size and shape of the 2D NECs
influence the emergence of singular neural rosettes.
Once released from their geometric confinement, NECs
exhibited radial outgrowth, while maintaining a singular
neuroepithelium within a 3D hemispherical structure,
implying that neural organoids with reproducible, sin-
gular polarized neuroepithelial regions can be fabricated
with micropatterned substrates. A subsequent study
cultured human PS cells with poly(lactide-co-glycolide)
fibre microfilaments in an effort to physically guide the
3D differentiation of neural organoids in suspension cul-
ture from the inside’”. The microfilament-engineered
cerebral organoids were elongated, contained lower pro-
portions of non-ectodermal cell types and upregulated
their expression of forebrain markers such as FOXG1
and EMXI. Controlling human PS cell colony geometry,
in both two dimensions and three dimensions, with bio-
materials therefore permits reproducible investigations
into the effects of colony size, shape and surface area on
cell fate acquisition, border formation and polarity.

Due to their biomimetic cytoarchitecture and cell
density, 3D organoid models may be an ideal platform
for characterizing biomechanically driven neurodevel-
opmental processes. Neural organoids have been cul-
tured within a Matrigel scaffold on a microfabricated
organ-on-a-chip (OoC) system to physically confine cel-
lular expansion®. Wrinkling of the neural organoid was
observed at a critical nuclear density that was achieved
by physical confinement. However, treatment with an
inhibitor of myosin contractility resulted in loss of sur-
face wrinkling, revealing that the folding may be the
result of a combination of core cytoskeletal contrac-
tions and cellular expansion at the periphery. While the
study authors reported similar results upon reducing
the hydrogel density, their OoC model could be lever-
aged further to understand how manipulating other
mechanical cues of the gel (that is, stiffness, stress

relaxation or degradability) could alter cytoskeletal
contraction and cortical folding.

Outlook. The previously described studies highlight
the importance of mechanical cues in directing neural
cell behaviour. In most of these studies, the mechani-
cal properties of the matrix remain constant over time.
However, native brain tissue has spatio-temporally
dynamic mechanical properties. Atomic force micros-
copy reveals that the ventricular zone and subventricular
zone gradually stiffen over the course of development,
and stiffness has been shown to vary across cortical
layers**®. It follows that biomaterials with dynamic
mechanical properties could be leveraged to recapitulate
the gradual stiffening of the neural microenvironment.
For example, methacrylated HA hydrogels can be grad-
ually stiffened from 150 to 3,000 Pa via photo-activated
crosslinking, which activates inert chemical groups upon
exposure to UV light’”. Enzyme-mediated stiffening
has also been demonstrated using PEG-norbornene
hydrogels with tyrosinase-mediated stiffening?**. These
approaches may facilitate characterization of the effects
of temporally dependent changes in matrix stiffness on
neural development. Spatial control over biophysical
properties of biomaterials may be mediated by advanced
manufacturing processes, including 3D printing*”’, gra-
dient photomasks***! or temperature fluctuations*.
Although creating biomaterials with spatio-temporally
tunable mechanical properties may be achievable,
consideration must be given to the distinct responses
of different neural and glial cell subtypes to the said
properties.

Current neuronal cell culture paradigms rarely char-
acterize the effects of strain and shear forces on neural
development. Tensile strain, for example, affects radial
glia as they retain their apical-basal contacts in the thick-
ening cortex*”. Mechanical tension on individual neu-
ral cells in two dimensions has been shown to stimulate
neurite elongation®***** and decrease oligodendrocyte
differentiation in an integrin a6-dependent manner®*;
however, the influence of tensile strain on in vitro mod-
els of the developing human cortex has not yet been
investigated. The flow of cerebrospinal fluid across the
ventricles during brain development guides ependymal
cell orientation and directs neuroblast migration®”*%.
Additionally, shear forces induced by blood flow in the
neurovascular niche affect metabolic coupling between
neural and endothelial cells*** and barrier permeability™.
OoC systems permit the exposure of cells to tunable
flow as well as ECM-derived signalling cues, and sev-
eral recent studies have explored their use in relation
to neurovascular development****'; however, there has
been less characterization of the effects of such flow on
neuronal migration. These approaches to study mechan-
ical strain and shear have yet to be thoroughly explored
in a 3D neuronal context, but they have the potential
to inform how external forces may influence polarity,
cell-cycle dynamics and cell fate in the developing brain.

Finally, to date, neither single-cell encapsulated neu-
ral cells nor cortical organoids have achieved folding
resembling the gyrification in the cerebral cortex. While
recent studies have induced surface wrinkling through
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spatial confinement™ or PTEN-knockout mediated NPC
expansion”, neither demonstrated folding restricted to
the cortical plate as occurs in vivo (outer folding and
inner smoothness)**?. Neural organoids mature beyond
the developmental stage wherein gyrification starts”,
yet their limited surface area and lack of ECM or asso-
ciated mechanical forces may preclude the emergence
of physiological folding**. If gyrification is achievable
for human PS cell-derived in vitro models of the brain,
ECM-mediated biophysical signalling cues may prove
to play a crucial role?*>***. Such cues derived from the
neural ECM, including components of the HLC com-
plex (HAPLN1, lumican and collagen), were shown
to increase tissue stiffness, upregulate HA deposition
and induce folding in explants of human fetal cerebral
cortex’*. Importantly, leveraging biomaterials to emu-
late ECM-derived mechanical forces has the potential
to facilitate studies characterizing the mechanisms
underlying congenital lissencephalies.

Spatio-temporal patterning

Throughout neural development, critical cellular pro-
cesses such as fate specification, migration and axonal
projection are spatio-temporally choreographed by
morphogen gradients, cytoarchitecture, cell-cell con-
tacts and paracrine signalling”*"". However, standard
in vitro cell culture paradigms routinely present a spa-
tially isotropic environment, which results in uniform
cell types or stochastic self-assembly. Moreover, as a
consequence of discrete medium change schedules
and supplement degradation, the culture environment
fluctuates over time in a manner that may or may not
reflect the temporal dynamics observed in vivo. Finally,
as a consequence of the challenges inherent in localiz-
ing specific medium requirements to distinct cell types,
multicellular co-cultures, especially those with cells from
different germ layers, have proven challenging to main-
tain. Engineered systems, and biomaterials in particular,
have the capacity to mediate the production of cellular
models that consistently recapitulate the spatio-temporal
signalling dynamics and cellular composition within the
brain and, therefore, are a reliable platform for inves-
tigating the unique contributions of distinct signalling
cues to neural development (FIG. 4a,b).

Controlled release. The ECM sequesters soluble growth
factors and, in this way, controls the bioavailability of key
signalling molecules in the neural microenvironment™.
The controlled release of soluble molecules over time has
been a focus of materials science for years***’. In these
approaches, a supplement is embedded into particles
or tethered to material backbones and slowly released
over time, thereby stabilizing fluctuations in concen-
tration. For example, soluble FGF2 rapidly degrades in
cell culture, dropping to only 50% of its original con-
centration within 4h, and almost completely disappear-
ing over 72h*'. However, embedding FGF2 in polymer
microspheres prevents much of this degradation, both
allowing the concentration of FGF2 in the medium
to remain stable over several days and mediating the
stemness maintenance of human ES cell-derived NPCs.
Such microsphere approaches can also accommodate
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various molecules in different matrices. For example, the
incorporation of guggulsterone in poly(e-caprolactone)
microspheres induced an increase in the expression of
TUJ1 and OLIG2 in human iPS cell aggregates®”.

Including biomaterials within OoC systems has
emerged as a promising method for controlling
the spatial distribution of signalling molecules.
The generation of concentration gradients using a
polydimethylsiloxane-based microfluidic mixer has
been widely reported”***. A recent study demonstrated
the utility of such gradient generators in directing the
rostrocaudal organization of stem cells throughout neu-
ral differentiation®. Here, a layer of human ES cells on
Matrigel was exposed to a gradient of the WNT signal-
ling activator GSK3 inhibitor during conventional dual
SMAD neuronal differentiation. A variety of assays,
including single-cell RNA sequencing, revealed that the
WNT activation gradient causes cells to adopt differ-
ent identities along the rostrocaudal axis, correspond-
ing to the applied gradient, in advance of expressing
neural-specific cell fate markers. Additional studies
leveraging natural and protein-engineered biomaterials
and OoC systems have demonstrated a role for more
defined biomaterials in spatial growth factor presenta-
tion. Specifically, encapsulating human fetal telence-
phalic NSCs within a collagen hydrogel, itself situated
in a microfluidic array that facilitated the exchange
of MSC-derived glial cell-derived neurotrophic fac-
tor enriched medium, resulted in increased neuronal
marker (TUJ1 and MAP2) expression compared with
glial marker (GFAP and OLIG2) expression*”. In
another study, chick dorsal root ganglion-derived sphe-
roids encapsulated in elastin-like protein demonstrated
enhanced neurite extension towards a nerve growth
factor (NGF) gradient as a function of the RGD ligand
concentration”*. While these studies used single-cell
suspensions within their OoC systems, the potential
for these systems to recapitulate a range of biochemi-
cal and biophysical signalling cues has precipitated the
emergence of studies exploring organoids-on-a-chip*’.
Most of these studies examine non-neural organoids
within OoC systems and have been excellently reviewed
elsewhere?” >,

The spatial patterning of molecules in a hydrogel
substrate is also well established”*>**". In these systems,
growth factors are bound to a biomaterial, and cells are
cultured on top of, or within, it. While this approach
can be used to achieve a controlled release of growth
factors similar to particle encapsulation, its greater
potential lies in its ability to be photopatterned*>***. By
conjugating growth factors to light-sensitive carriers,
the factors can be selectively bound to specific locations
within the hydrogel. For example, an agarose hydrogel
with spatially patterned sonic hedgehog (SHH) and
ciliary neurotrophic factor (CNTF) was created fol-
lowing sequential irradiation with a two-photon laser
in the presence of maleimide-barnase and maleimide—
streptavidin and, subsequently, barstar—-SHH and biotin—
CNTF fusion proteins®*’. Mouse retinal precursor cells
cultured on top of the gels exhibited activation of both
the SHH pathway and the CNTF pathway, and sub-
ventricular adult mouse NPCs preferentially migrated
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Fig. 4 | Biofabrication strategies to modulate multicellular neural maturation. a| Cellular identity is spatially patterned

by morphogen gradients in vivo. Similar morphogen or growth factor gradients can be generated by microfluidics,

and growth factor release can be stabilized using drug-releasing microparticles or nanoparticles. Such approaches can
enable spatially patterned in vitro cultures in two dimensions and three dimensions. b | The developing brain comprises
different cell types and structures, including blood vessels. Bioprinting and biomaterial-based scaffolds may enable the
generation of more complex structures and human neurovascularization in three dimensions. ¢ | Electrical activity during
development can be emulated by electrical stimulation using engineered materials, such as carbon nanotubes, graphene
and conductive polymers. Ultimately, such techniques may enable a multi-electrode array-like structure embedded in
three-dimensional (3D) cultures. BMP, bone morphogenetic protein; SHH, sonic hedgehog.

into gels with SHH. A more recent study developed
a one-step binding process using a synthetic photo-
caging system and biotinylated growth factors, which
was able to guide the neurite outgrowth of dorsal root
ganglion axons by patterning NGF*®. In summary, the
biomaterial-mediated controlled release of patterning
molecules and growth factors may ameliorate concerns
related to signalling cue degradation and facilitates spa-
tial control over signal patterning. Taken together, these
advances have the potential to improve the reliability
of neural differentiation, while also creating dynamic
multicellular microenvironments.

3D bioprinting. 3D bioprinting, a process in which cells
are suspended in a hydrogel or hydrogel precursor and
the resulting suspension is patterned using 3D printing
techniques, has been extensively used to achieve cellular

heterogeneity within in vitro tissue constructs. In one
such study, human iPS cell-derived spinal NPCs and
mouse oligodendrocyte progenitor cells were printed
with various hydrogels (gelatin methacrylate, gelatin
mixed with fibrin, and diluted Matrigel) into pre-made
silicone structures using a custom microextrusion sys-
tem in a temporally efficient manner**. After several
days in culture, both cell types remain viable, extend
projections and, in the case of the spinal NPCs, show
calcium activity. This work highlights two important
considerations for bioprinted constructs: print-time
constraints due to desiccation and cell type-specific
material optimization. Recently a bio-orthogonal bio-
material crosslinking strategy demonstrated the ability
to address both of these requirements”. In this study,
human PS cell-derived neural organoids were printed
into a reversible gel support bath to limit desiccation
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within a PEG bioink with mechanical properties pre-
viously shown to support mouse NPC expansion®*.
While promising, the chemical modifications required
to mediate such bio-orthogonal crosslinking may be too
technically complex to achieve widespread adoption.
Alternatively, alginate has emerged as an ideal bioink for
neural cells due to its neural biocompatibility*®, relative
ease of use (that is, crosslinking occurs in the presence of
divalent cations) and widespread availability. Human iPS
cells printed within an alginate, carboxymethyl chitosan
and agarose bioink were able to differentiate into neu-
rons and astrocytes®”’. As the cells were cultured, they
migrated to form embryoid bodies, thereby demonstrat-
ing a degree of self-assembly. In another study, human
iPS cell-derived NPCs printed within a fibrin, alginate
and genipin bioink containing guggulsterone-eluting
microspheres exhibited increased expression of neuronal
(TUJ1 and tyrosine hydroxylase), astrocytic (GFAP) and
oligodendrocytic (O4) markers®”'. Given the ability to
direct not only cell arrangements but also spatial sig-
nalling cues with biomaterials, 3D bioprinting has the
potential to create biomimetic, cellularly diverse neural
tissue constructs.

Vascularization. The development of human brain
vasculature begins with the infiltration of the neural
tube by endothelial cell-derived blood vessels, which
sprout in tandem with a gradient of neurogenesis in the
forebrain*?-"". Importantly, both juxtacrine and recip-
rocal paracrine relationships have been documented
between endothelial cells and NPCs*>~**'. Traditional
in vitro cerebral vascularization studies have relied
on co-culture systems with mature endothelial cells
obtained from both human tissue (for example, human
umbilical vein endothelial cells) and adult mouse brains
(for example, immortalized mouse brain endothelial
cells (bEnd.3 cells))?**>. These cells exhibit low pro-
liferation rates and high degrees of heterogeneity in
genotype and phenotype®®’. Moreover, the cell culture
platforms themselves fail to recapitulate the spatial
arrangement of NPCs and endothelial cells, resulting
in non-physiological gradients of diffusible signalling
cues’™. Although microfluidic devices have been used
to expose bEnd.3 cells to neural-conditioned medium
with defined gradients*, these systems lack the cell-
cell contact inherent in native tissue. Partly to capture
this cell-cell contact, an embryoid-body cell culture
protocol was leveraged to generate 3D vascularized
neural spheroids from postnatal rodent cortex.
Additionally, human iPS cell-derived neural organoids
were xenografted into an adult mouse and vascular-
ized by endogenous endothelium®. These approaches
recapitulated some of the spatial dynamics of neurovas-
cularization, but they are undermined by their depend-
ence on mouse cells. Several recent studies have aimed
to circumvent the introduction of non-human cells by
culturing human PS cell-derived neural organoids at an
air-liquid interface’”**; however, these organoids fail
to incorporate juxtacrine and paracrine signalling from
endothelial cells.

The use of biomaterials to address challenges asso-
ciated with modelling human neurovascularization
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in vitro remains underexplored. Of note, a recent study
co-cultured human iPS cell-derived endothelial cells and
motor neuron neurospheres within a collagen hydrogel,
which was itself injected into a microfluidic device and
subjected to intraluminal flow*®. Interestingly, while
introducing perfusion did not affect vascular network
morphology or permeability, the frequency of neuron
firing, peak calcium concentration and rate of depolar-
ization all increased. Importantly, in perfusion-lacking
paradigms, the 3D co-culture of endothelial cells and
motor neuron neurospheres resulted in both parac-
rine (BDNF) and juxtacrine (DLL4-NOTCHI1 and
JAG1-NOTCH]1) signalling, which increased the
expression of mature motor neuron markers, the extent
of neurite outgrowth, synapse formation and neural
activity. While this study did not use the distinct micro-
fluidic channels within the chip to provide different
media to the encapsulated endothelial cells and motor
neuron neurospheres, OoC systems have the potential
to alleviate concerns related to the challenges of optimiz-
ing a single culture medium for different cell types™***.
Taken further, by integrating tunable biomaterials into
OoC systems, both soluble and tethered biochemical
cues may be tailored to specific populations of cells.

Outlook. Although a wide breadth of technical
approaches to achieve spatial patterning within neural
tissue constructs have been described, many opportu-
nities remain to further enhance morphogen release,
cytoarchitecture, cell-cell contact and paracrine signal-
ling. While 2D cell culture may provide more control
over the administration of these signalling cues to indi-
vidual cells, adapting these biomaterial-based strategies
for 3D cell culture will allow researchers to capitalize
on the system’s unique advantages. A recent attempt to
engineer morphogen release in 3D neural organoids
highlighted the potential utility of biomaterials in con-
trolling spatio-temporal signal presentation. In this
study, a cellular organizer consisting of SHH-releasing
human PS cells was embedded within a forebrain orga-
noid and, following doxycycline induction, drove the
expression of ventral forebrain markers”’. By leverag-
ing genetic engineering to create an inducible signalling
centre within a 3D tissue construct, the study authors
simultaneously derived telencephalic and diencephalic
domains of the forebrain and, in doing so, better reca-
pitulated the spatio-temporal dynamics of early corti-
cal development. However, in approximately 25% of
cases, the organizer itself split into multiple centres.
A material-based artificial signalling centre with acel-
lular control over signalling gradients may ameliorate
concerns related to signal integrity and, in doing so,
provide improved reproducibility.

Biomaterials can serve as the matrix within which
cells are patterned with an exogenously supplied gra-
dient or the medium through which said gradient is
created. Although most prior work incorporated sin-
gle, linear exogenous signalling gradients, a recent
study demonstrated that a four-channel microfluidic
device generating two spatially orthogonal gradients
can pattern collagen-encapsulated mouse ES cells into
motor neurons*”. Additionally, photoreversible protein
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patterning and the integration of Boolean logic gates
into biomaterials facilitate spatio-temporal control of
growth factors and cells**~**. This degree of multiface-
ted, microenvironment-specific control (enzymatic
oligopeptide degradation, reduction-mediated disulfide
bond breaking and UV-induced photoscission) could
be applied towards recapitulating complex patterns of
growth factor presentation throughout neural develop-
ment. In keeping with leveraging the local niche towards
driving spatial patterning, a recent study demonstrated
that oligonucleotide aptamer biomaterials with bound
growth factors release their cargo upon the application
of traction forces from encapsulated cells**. The pros-
pect of a cell-responsive growth factor release mecha-
nism holds great potential as a means of creating cell
type-specific signalling niches within engineered 3D
microenvironments.

Although the integration of biomaterial-based strat-
egies for engineering vascularized neural constructs
in vitro is in its infancy, evidence from tangential studies
suggests that biomaterials may eventually play a criti-
cal role in modelling neurovascularization. For exam-
ple, applying flow with millifluidic chips may improve
the generation of vascular networks with perfusable
lumens®”’. Given the propensity for endothelial cells to
sprout through degradable bioinks towards a gradient
of angiogenic factors, intercalating neural constructs
within degradable bioinks may facilitate neurovascu-
lar interactions™®. Additionally, controlling integrin
activation with functionalized hydrogels may drive the
formation of space-filling, mature vasculature in neural
cell-endothelial cell co-cultures*”. Finally, printing sac-
rificial gelatin inks within neural tissue constructs con-
sisting of collagen, Matrigel and thousands of cerebral
organoids®”’, and perfusing the tubular channels with
human iPS cell-derived endothelial cells, would allow
investigations into the effects of vascularization on a
much larger scale than previously considered possible.

Material-driven maturation

The endogenous bioelectric field is instrumental in reg-
ulating embryogenesis. Recent evidence has suggested
that these bioelectric signalling cues serve instructive
roles as patterning agents both within the brain®’*"*
and as a function of the brain®”. To ensure precise and
efficacious delivery of electrical stimuli to neural cells
in vitro, a range of biomaterial scaffolds have been devel-
oped that provide both structural support and electrical
stimulation (FIC. 4c).

Carbon-based materials. Carbon-based materials are
a unique subset of conductive materials owing to their
high degree of biocompatibility, conductivity, stability,
scalability, capacity to be functionalized to promote spe-
cific cellular responses (that is, cell adhesion and growth)
and potential as nanofillers within hybrid hydrogels™**%.
Two distinct forms of carbon biomaterials, carbon nano-
tubes (CNTs) and graphene, have emerged as promising
platforms for controlling neurodevelopmental processes.

CNTs are cylindrical materials that readily form
robust 3D microporous scaffolds which remain electri-
cally conductive under mechanical deformation due to

the high number of junction points in the percolated
network™**"”. This stability may prove to be particularly
important when synergizing biomechanical stimulation
with bioelectrical stimulation in multifaceted models of
the neurodevelopmental microenvironment. Several
studies from the early 2000s demonstrated the utility of
CNTs as substrates that could induce increased neurite
branching and action potential frequency through the
formation of tight cell-material contacts’-*'". Recently,
single-walled CNT-polymer composites were shown to
affect human iPS cell-derived NSC differentiation fol-
lowing the delivery of a depolarizing direct current™’.
Subsequent experiments revealed that the fibrous struc-
ture of multilayered CNTs could drive synapse forma-
tion through integrin-mediated interactions between
mouse NSCs and the CNT?". Specifically, stimulated
embryonic whole-brain NSCs acquired maturer phe-
notypes, including an increased prevalence of synapto-
physin, longer and more complex neuritic branching,
and increased sodium current peaks. The cytotoxicity
of CNTs has recently re-emerged as a controversial issue
following their inclusion on the ‘Substitute It Now’ list
of hazardous chemical and nanomaterials in 2019°"°.
In response, some in the scientific community were
quick to call attention to numerous studies demonstrat-
ing the relative safety of these materials®**">. While the
safety concerns of including CNTs within in vitro models
of neural development are minimal, the heterogeneity of
CNTs in length, diameter, rigidity and chemical func-
tionalization requires scientists to evaluate cytotoxicity
on a case-by-case basis. Finally, while CNTs emulate
fibrillar structures found in collagen-rich ECM, the
neural ECM more closely resembles amorphous aggre-
gates of proteoglycans within a larger lattice structure.
Given the influence of surface geometry on neural
differentiation’"**>**, studies comparing CNTs with
conductive polymers (CPs) with more biomimetic
conformations may yield compelling insights.

Unlike CNTs, which have a tubular structure,
graphene is a 2D carbon material in which a single layer
of carbon atoms is arranged in a hexagonal lattice. By
means of synthetic approaches, such as chemical vapor
deposition, graphene can be patterned on substrates with
various geometries. In addition to their geometric diver-
sity, graphene sheets are also highly conductive, mechan-
ically robust and well suited to bioimaging®'®. While the
cytotoxicity of graphene and graphene derivatives is
dependent on various factors, including size, degree of
functionalization and synthesis measures’"’, graphene
is generally considered to be biocompatible. Therefore,
graphene biomaterials have been used to modulate neural
development in vitro. For example, rolled graphene oxide
foams were shown to direct the growth of neural fibres as
human ES cell-derived NSCs differentiated into neurons
following electrical stimulation’'®. In response to delivery
of 10-s voltage pulses in the early stage of differentiation,
NSCs increased their proliferation rate and preferen-
tially differentiated into TUJ1* neurons compared with
GFAP" glia. The high conductivity and favourable sur-
face chemistry of graphene have also been utilized to
promote neuronal network signalling. For example, dif-
ferentiating rat hippocampal NPCs on graphene sheets
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increased the number of MAP2* neurons, spontaneous
calcium spikes, and spontaneous and miniature synaptic
activity*"’. Taken together, these results point to a power-
ful avenue of research in which carbon-based materials
are leveraged to promote neural maturation.

Conductive polymers. Although less extensively explored
than carbon-based scaffolds, CPs are promising plat-
forms for electrically stimulating neural cells with sev-
eral potential advantages, including improved flexibility,
dual electronic and ionic conductivity, chemical versa-
tility and tunability, and straightforward processability
from solution®”’. When doped into an oxidized state,
CPs can transport electrical charges across the alter-
nating double bonds in their conjugated backbones,
which allows them to couple electric fields to nearby
cells via sustained electrical currents. Commonly used
CPs include polyaniline (PANI), polypyrrole (PPy) and
poly(3,4-ethylenedioxythiophene) (PEDOT), as these
conjugated polymers are stable in their doped state®'.
The biocompatibility of this doping process, in addition
to the CP itself, needs to be considered when designing
cellular studies. For instance, PANI is less often used
with cells since it has low conductivity above pH 4 and
is usually doped with a strong acid such as hydrochloric
acid*””. On the other hand, PPy and PEDOT are com-
monly polymerized in the presence of biocompatible
anionic small molecules or polymeric dopants such as
dodecylbenzenesulfonate and polystyrene sulfonate
(PSS), respectively.

While demonstrations of CPs in studies probing
neural development are limited, initial results suggest
that CPs can enhance neuronal differentiation and neu-
ritic extension. PPy was shown to be compatible with
clinically relevant human brain tissue-derived RenCell
CX NSCs*. PPy films were electropolymerized onto
gold-coated polymers, then coated with laminin to
promote NSC adhesion. Biphasic electrical stimulation
on dodecylbenzenesulfonate-doped PPy films induced
seeded NSCs to primarily form TUJ1* neurons over
GFAP glia and increased the total neurite length per cell.
Interestingly, cell clustering on electrically stimulated PPy
was observed, with clusters localized to the more con-
ductive regions of the film. Similar results were obtained
using spin coating to generate PEDOT-PSS films from
a solution containing a polar co-solvent that increases
film conductivity by promoting favourable phase separa-
tion of PEDOT from PSS**. In this environment, pulsed
DC electrical stimulation significantly increased human
fetal brain tissue-derived RenCell VM NSC elongation,
the percentage of TUJ1* neurons compared with GFAP*
glia and neurite length. Finally, a recent study demon-
strated that genetically modifying neurons to secrete
enzymes that catalyse PANI polymerization results in
the deposition of CPs at the cell surface’. These locally
synthesized materials were shown to induce decreased
action potential firing and increased capacitance in acute
brain slices. In freely moving Caenorhabditis elegans, the
deposition of PANI near cholinergic motor neurons
resulted in impaired locomotion, while its deposition
near GABAergic motor neurons resulted in increased
reversal frequencies and sharp turns.
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In addition to electrical conductivity, recent evidence
suggests that the geometry of the conductive support may
impact cell fate. A study explored the impact of geometry
on the behaviour of human NPCs under electrical stimu-
lation by electroplating dodecylbenzenesulfonate-doped
PPy onto either a 2D substrate or a plating wire from
which the electroplated PPy was subsequently detached
to create a freestanding 3D PPy tube’”. Human iPS
cell-derived NPCs immobilized in alginate hydrogels
were seeded either on top of the 2D films or within the
3D tubes. While cells in both cases experienced simi-
lar electric field strengths, the geometry impacted the
electric field distribution such that cells in 3D tubes
experienced more unidirectional stimulation than those
seeded on 2D films. Electrical stimulation upregulated
neurotrophic growth factors in both two dimensions
and three dimensions, although it was more successful
at upregulating glial cell-derived and brain-derived neu-
rotrophic factors in the 3D tubes. However, these results
are difficult to decouple from the markedly decreased
viability of cells within the 3D tubes (19% dead com-
pared with 1.6% dead in two dimensions), which may
de due to the impermeability of smooth PPy coatings
limiting nutrient and waste diffusion.

Cell viability in 3D geometries can potentially be
improved by incorporating CPs into 3D hydrogel scaf-
folds, combining electrical conductivity with porosity
to enable nutrient and waste transport. Compared with
the smooth CP structures used as conductive supports
in the previously discussed studies, CP-based hydro-
gels maintain an ECM-like 3D environment for cells
while allowing greater contact with electrically conduc-
tive components. Although there is some preliminary
evidence that CP-based hydrogels can promote NSC
proliferation and differentiation into neurons, existing
studies either do not involve human PS cell-derived
NPCs**** or do not include electrical stimulation®**.
For example, the presence of PEDOT was shown to
improve the adhesion and increase the proliferation
of rat hippocampal progenitors within biodegradable
chitosan-gelatin hydrogel scaffolds’*. Moving forward,
incorporating electrical stimulation with these hydrogel
scaffolds could potentially further shift the balance of
differentiation towards neuronal lineages and provide
a novel way to clarify the role of scaffold geometry in
neural development.

Outlook. The unique combination of electrical con-
ductivity and structural tunability of conducting
scaffolds could, in principle, provide unique physi-
cal conduits for electrical coupling between neurons.
Realizing the potential of these biomaterials will require
advances in both material development and biological
characterization.

With respect to developing new biomaterials, one
key advance would come from the spatial patterning of
stimulation. While clearly influencing the development
of cells within their systems, most of the experimental
paradigms discussed above deliver stimulation over the
entire conductive area. Future systems could use novel
materials to deliver chronic, spatially defined stimula-
tions that more closely resemble neuronal inputs in vivo
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Box 2 | Ethical considerations pertinent to deriving models of the human brain

Ethical limitations on in vivo neurodevelopmental research have driven researchers to
create increasingly biomimetic in vitro models of functioning human brains. Eventually
these efforts may yield constructs with such high biological fidelity that ethical issues
reappear’*®**°, Anticipated questions of morality can be broadly described as falling
within three categories: a neural tissue’s capacity to sense its environment, the consent
of a cell donor and the precision of language used by both scientists and the media.
First, society generally accepts that many important preclinical studies inflict pain

on model organisms (ranging in behavioural complexity from mice to primates), but it
demands that the potential benefits justify the pain. Neural organoids with nociceptive
sensory neurons have already been developed®". Assessing the perception of painin
such organoids is highly important; one group has already called for a moratorium on
research with neural organoids until such studies are performed**'. Second, donors

of the somatic cells that are reprogrammed into the stem cells used to make human
pluripotent stem cell-derived neural tissue may object to scientists creating in vitro
models of functional brain tissue that share their genetic background; therefore,
specific informed consent is prudent. Last, organoids (more so than two-dimensional
neurons) raise issues associated with communication, as scientific publications balance
the desire to broadcast innovative research with the public’s proclivity to jump to
visions of scientists probing mature human brains in tanks. The ubiquitous use of

the misleading term ‘mini-brain’ suggests that popular science media, as well as a
number of highly regarded academic journals, still have room for improvement in

this regard. Moreover, researchers should be careful to portray these constructs and
their limitations realistically, while concurrently emphasizing the potential value

of such models for studying disease aetiology and, eventually, for relieving human
suffering. Looking forward, transplanting human organoids into model organisms

adds a substantial degree of complexity to all these issues. In an effort to address

these concerns, the US National Academies convened a committee to report on
ethical, legal and regulatory issues associated with neural chimeras and organoids,

and released its findings in a consensus study report®.

to drive the formation of specific circuits. Individually
addressable locations could also enable the recording
of extracellular potentials, allowing a multi-electrode
array and bidirectional input and output. These mate-
rials could be integrated into larger 3D structures, such
as mesh electrodes, to allow integration within a neural
organoid. Additionally, to support longitudinal studies
of development, the systems need to be robust enough
to survive hundreds of days of culture and repeated
handling. Finally, while efforts have been made to cre-
ate conductive biomaterials with tunable mechanical
properties*****, further exploration into the synergistic
effects of material-provided bioelectric and biophysical
signalling cues is required.

There is also a need for comprehensive investiga-
tion of the biological effects of these engineered mate-
rials, especially over the long time frames that may be
required to allow the electrical activity within in vitro

neural constructs to resemble those of preterm infants™'.

Although the materials themselves are often well char-
acterized, previous work has primarily focused on a
handful of metrics, such as gene expression or neuritic
outgrowth, to draw conclusions about the effects of the
materials on cell development. More nuanced biologi-
cal questions remain. For example, how do changes in
electrical activity affect the emergence of neuronal cir-
cuits in vitro? Is it possible for conductive substrates to
mimic input from other brain regions? Answering these
questions would lead to a more complete understand-
ing of neural development in vitro and open avenues for
disease modelling.

While not a focus of this Review, biomaterials have
also emerged as a compelling means by which to meas-
ure neural activity both in vitro and in vivo. Given
the potential for biomaterial-based neural interfaces
to be implemented in diagnostic and therapeutic set-
tings, studies probing their long-term biocompatibil-
ity, mechanical mismatch and signal-to-noise ratio are
garnering great interest. Several recent reviews have
thoroughly characterized this space’*~*.

Finally, as 2D and 3D in vitro neural cell culture
platforms continue to acquire increased functional
maturation and, by extension, enhanced developmental
fidelity, questions related to the ethics of these models
will become ever more important (BOX 2).

Conclusions

The immense potential of human PS cells lies in their
ability to recapitulate developmental trajectories. While
current strategies to guide human PS cell differentiation
have significantly progressed since their inception, they
remain limited in their capacity to recreate important
facets of the neural microenvironment. Within these
niches, cells are exposed to ECM-derived biochemi-
cal and biophysical cues, spatio-temporally conserved
paracrine and juxtacrine signalling, and electrical stim-
ulation. The direct incorporation of biomaterials, and
the application of techniques that rely on biomateri-
als, has the potential to emulate neurodevelopmental
signals and, by extension, to create more biomimetic
models of the human brain. These advanced in vitro
models will facilitate investigations into previously
inaccessible developmental processes and disease aeti-
ologies, and, in turn, mediate the discovery and pre-
clinical validation of therapeutics aimed at ameliorating
neurodevelopmental diseases.
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