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Abstract
Neurological and psychiatric disorders account for an increasing proportion of the global disease burden. Correspondingly the neuropharma-
ceutical industry has experienced a significant contraction in recent years resulting in a poor variety of therapies available to treat an expanding
range of conditions. Perhaps the greatest contributor to this failure in drug-discovery is the lack of understanding of the underlying biology of
the nervous system and how molecular scale events translate into macroscale pathologies. Due to the unique nature of the human nervous
system commonly used model organisms are often poorly representative of human pathologies resulting in a need for the development of
advanced in vitro models that are capable of faithfully modeling complex structures within the brain. In this prospective, strategies for the
generation of neuronal circuits and cultivation of complex three-dimensional (3D) cultures are explored. Frequently these constructs provide
valuable insights into systems and processes that are difficult to explore in vivo due to the isolated and delicate nature of neuronal tissues. New
developments are required to assess the physiological functions of 3D tissues in vitro.

Introduction
Neurodegenerative diseases and mental disorders currently pre-
sent a huge burden to national healthcare systems, a burden that
is predicted to become increasingly overwhelming as the
Western population ages. As of 2004 mental and neurological
disorders represented the greatest burden of disease in
Europe[1] with up to 38.2% of Europeans suffering from
some form of disorder in 2010, up from 27.4% in 2005.[2] As
of 2010 the total cost of this burden was an estimated €798 bil-
lion with 60% of this figure resulting from direct costs of treat-
ment and the remaining 40% due to lost productivity.[3] The
approach to this daunting challenge has been somewhat vari-
able, with international efforts to map the human brain and con-
nectome underway in the US, EU, and China, along with
attempts to raise awareness and diagnosis of mental disorders,
both coinciding with a 70% contraction in neuropharmaceutical
drug research programs over the 10-year period between 2002
and 2012.[4] The reasons for this contraction are varied, how-
ever major contributors include extremely low rates of drug
candidates reaching phase I clinical trials, with just 8% of com-
pounds reaching such a stage between 1993 and 2004,[5] along
with poor assignment of manpower and capital. Primarily this
lack of success is the result of a poor understanding of the
underlying biology of neurodegenerative and mental health dis-
orders, and a paucity of effective models for the translation of in
vitro assays to in vivo therapies.[6] There are numerous exam-
ples of clinical trial failures that have been based wholly on ani-
mal model results. The usefulness of animal models has been

questioned for many years, with some suggesting that results
from these models are not representative of likely effects
found in humans due to interspecies variance. Certainly the
gap between in vitro methodologies and human clinical trials
has not been reduced substantially for neurodegenerative dis-
eases, with translation of therapies into either clinical trial or
therapeutics taking a considerable amount of time. With trials
failing there is now a growing concern over how well-adapted
future methodologies must be to bridge this gap and better
inform the development of clinical trial design. In vitro models
which better reflect the natural tissue are difficult to develop,
yet such a tool would address these difficulties and aid the
development of treatments and their translation. In this prospec-
tive, we highlight several such ambitious methodologies.

The human brain is one of the most structurally complex
organs known to science and is arguably the defining feature
of the “homo” genus from which we derive the intelligence
and adaptability to create suitable ecological niches in almost
every environment. Historically functions of the brain, such as
voluntary movement or language expression, have been corre-
lated to specific anatomical structures within the tissue with dis-
tinct neuronal populations. While this regional specialization
has been validated to some degree by functional magnetic reso-
nance imaging (fMRI) and studies of dysfunction,[7] it cannot be
ignored that cerebral and nervous function stems from the
molecular activity of neuronal populations and the synaptic cir-
cuits formed between various populations, and that as such ana-
tomical distinctions alone are of insufficient resolution to define
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function. That is to say, analyses of anatomical regions of the
brain alone cannot provide sufficient mechanistic explanations
of a pathophysiology if the pathology arises from a breakdown
of multiple circuits and inter-regional connections. More
recently efforts have focused primarily on unraveling the com-
plex network of synaptic connections formed by neurons,
known as the connectome. In the human brain this connectome
may amount to upwards of 1015 individual synapses,[8] and up
to 1012 in mice.[9] As such tracing these networks on a cellular
scale in vivo will likely remain an extreme technical challenge
for the foreseeable future.

Molecular analysis of gene expression suggests that the pri-
mate central nervous system (CNS) is produced by a series of
evolutionarily adaptive gene networks.[10] Genes relating to
the development of the nervous system including “AHI1”,
which aids axonal path finding, and “FOXP2”, which is
required for the development of vocalization, are differentially
expressed in primate development compared with common
mammalian model organisms and often contain mutations
unique to Homo sapiens.[11] Although the use of standardized
Carnegie stages has been extrapolated to neurogenesis during
development, the underlying genetic and molecular differences
between humans and model organisms result in significantly
different end-points of development. While the initiation of
developmental landmarks may be comparable, the progression
of this development clearly results in vastly different cytoarch-
itecture as demonstrated by the greatly increased encephaliza-
tion quotient and cerebral volume found in H. sapiens. Early
in the development of the primate brain unique patterns are evi-
dent, such as the differentiation of distinct inner and outer radial
glia (a supporting cell type specifically involved in establishing
neuronal architecture during neurogenesis) separated by an
inner fiber layer of the sub-ventricular zone that is not present
in rodent neurogenesis.[12] Considering these translational dif-
ficulties, it is perhaps unsurprising that existing in vivo models
are often unfit for proving efficacy in the treatment of neurolog-
ical and psychiatric disorders, and that in vitro models of isolated
neuronal circuits using human-derived cell cultures could poten-
tially provide a platform from which neuropharmaceutical drug
discovery could be revolutionized. Such brain-on-a-chip devices
offer great potential, with advancing technologies emerging and
combining to enable highly precise neuronal circuits as excellent
functional mimics of discrete neural tissue.

Biochemical niche of neurogenesis
Novel in vitro cell culture methodologies, particularly within
three-dimensional (3D) culture, have looked toward mimicking
environmental cues found in the normal cellular niche. These
have included chemical and biochemical markers (often
added as supplements to media), micro and nanotopographical
cues (to mimic extracellular structures) and more recently
mechanical properties, such as stiffness and elasticity. The lat-
ter has been a focal point of 3D culture systems due to the use of
hydrogels to support cell culture. Here we review some of the
main drivers and highlight research in this area.

The mechanical properties of nervous tissue are in large part
dictated by the make-up of the extracellular matrix (ECM),
which changes dramatically according to a predictable spatio-
temporal pattern over the course of development and matura-
tion.[13] During development, neuronal outgrowth and circuit
formation is guided by a series of chemotrophic factors and bio-
physical cues (Fig. 1). Radial glia migrate from the basal lamina
of the cerebral sub-ventricular zone and lay down the develop-
mental neural matrix along which neural progenitor cells
migrate. Multiple distinct populations of radial glia have been
identified[14] with sub-populations providing progenitor cells
for the rapidly expanding glial and neuronal populations.[15]

In the developing cortex, distinct anatomical regions are
formed by varying composition of the ECM and associated
growth factors.[16] The cell bodies of neural progenitors remain
in a laminin-rich region of the ventricular zone and migrate
along the processes of radial glia extending to the basal lamina
and pia mater. These processes pass through a region rich in
chondroitin sulfate proteogylcans (CSPGs) in the cortical inter-
mediate zone before making contact with the laminin-rich basal
lamina,[17] thus as progenitor cell migrate along extended pro-
cesses of radial glia, they encounter a variety of distinct
mechanical and biochemical environments due to differential
mechanical properties, exact matrix composition, and retention
of growth factors, which serve to guide differentiation and axon
outgrowth.[18,19] Ventral-dorsal and rostral-caudal patterning
are achieved via gradients of Wnt/bone morphogenic protein,
and retinoic acid/fibroblast growth factor, respectively[20]

from which neural progenitors differentiate to form the spinal
cord, hindbrain, midbrain, and forebrain.

Mature neuronal ECM
The decellularized ECM of nervous tissue can promote varied
cellular responses depending upon its anatomical source. ECM
derived from the spinal cord has been demonstrated to produce
significantly reduced neurite outgrowth in vitro in 3D hydrogel-
based cultures of N1E-115 cells, compared with cortical ECM
derivatives.[22] Cortical ECM contains a significantly higher
proportion of sulfated glycosaminoglycans (GAGs) than that
derived from the spinal cord, the latter showing a significantly
greater proportion of collagen within its composition.[23] These
differences may influence cell behavior by varying mechanical
properties or due to differential binding of integrin proteins on
the neuronal membrane.[24] Work by Saha et al.[25] highlighted
that neuronal stem cell proliferation and differentiation fate can
be guided by the stiffness of the substrate material. On materials
with a Young’s modulus ≤10 Pa both proliferation and differ-
entiation capacity are inhibited; proliferation and neuronal dif-
ferentiation are promoted in the range modulus 100–500 Pa,
whereas glial differentiation is greatly favored on materials
with a modulus of 1000–10,000 Pa.

The ECM of the CNS (Fig. 2) is comprised a dense network
of α-laminin and collagen IV patterned with a variety of linker
proteins which serves as a barrier to guide patterning of radial
glia migration and subsequent cellular architecture of neuronal
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progenitor cells during development.[26] The remaining neuro-
nal ECM can be divided into the diffuse interstitial matrix and
the much denser perineuronal nets (PNNs) that surround neuro-
nal soma, nodes of Ranvier, and unmyelinated neurites.[27] In
both matrices, the bulk material is comprised of hyaluronan
and CSPGs onto which covalently bound peptide motifs and
proteoglycans are presented, creating more complex regional
cellular patterning. The PNN forms as a neuron becomes
mature and typically exhibits inhibitory activity with regards
to plasticity and neurite outgrowth.[28] Beyond the GAG back-
bone, the PNN is comprised primarily of the CSPG aggrecan,
hyaluronan, proteoglycan link protein 1 (HAPLN1), revican,
and tenascin. Removal of various components of the PNN,
including aggrecan,[29] and tenascin-R,[30] has been demon-
strated to recover rates of neurite outgrowth however whether
this is due to changes in the mechanical properties of the peri-
neuronal space, removal of an inhibitory chemical signal, or
some combination of both factors is not yet fully understood.

In vitro tissue slice culture models
Organotypic tissue-slice cultures are a commonly used method
of assessing the physiological properties of anatomical struc-
tures in their native conformation. While these methods provide

a means to investigate/interrogate living tissue, there are disad-
vantages over in vivo studies surrounding the damage to outer
cell layers when cutting, as well as limitations on functional tis-
sue being dissected due to loss of region connectivity along an
axis orthogonal to the slide direction. Notwithstanding, tissue
slice models offer major benefits over single-cell populations
studies in conventional well plates, not least due to the com-
plexity of tissue obtained and plethora of interconnecting neu-
ral cell types.

The first description of nervous tissue in slice culture
appears in the early 1960s following the work of Bousquet
and Meunier.[31] Organotypic cultures allow for the investiga-
tion of cell function and response to stimuli, while the cells
retain the native ECM and phenotypic distribution, and may
be cultured for several weeks or months depending on the
age of the donor tissue and substrate. Modern neuronal slice
culture protocols call for the use of a supporting permeable
membrane with the slice culture on one side and a supply of
media on the other to ensure sufficient nutrient provision as
well as aeration. Earlier methods of providing trophic support
include in oculo cultures in which the tissue slice is grown in
the anterior chamber of a rodent eye and visualized through
the cornea.[32] Significant differences have been observed in

Figure 1. Neurogenesis in the mammalian brain occurs over the course of a series of well-defined processes. Briefly, neuroepithelial cells and radial glial adhere
to the laminin-rich meninges and ventricular zone. Neural and glia progenitor cells migrate along these processes to the relevant region of the brain passing
through a variety of biochemical niches. This highly complex process is reviewed extensively.[21] Copied with permission from Paridaen and Huttner.[21]
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mature, postnatal, and embryonic organisms in the outcomes of
tissue-slice preparation. Provided sufficient trophic support is
made available to the culture, a process that often requires sig-
nificant optimization,[33,34] cell outgrowth and a degree of tis-
sue remodeling can occur over the course of a slice culture’s
lifetime. In slice cultures of embryonic nervous tissue, this
has amounted to as much as an eightfold increase in size
from E14 rat spinal cord slices.[35] Preparation of slice cultures
from postnatal donors may result in similar, if reduced, rates of
expansion; however, cellular phenotypes are considered to be
more mature and cultures may survive for several months in
optimal conditions.[36] Slice cultures prepared from adult or

even post-mortem donors are likely to be more representative
as models of a mature nervous system; however, there are cur-
rently few optimized techniques for their long-term culture and
significant issues with neuronal cell death and gliosis
remain.[36] While slice cultures preserve the native cytoarchi-
techture with a high degree of fidelity, their use for studying
neuronal circuits as they exist in vivo is limited by the sever-
ance of extrinsic neurite projections. Although synaptic con-
nections and neural circuits that exist within the slice are
likely to be preserved, a significant proportion of the neuronal
population undergoes axotomy (axonal damage) during slice
preparation. In embryonic and postnatal cultures axotomy

Figure 2. The neuronal ECM forms a collagen and laminin-rich basal lamina surrounding cerebral blood vessels. A diffuse ECM consisting primarily of
hyaluronan and CSPGs such as aggrecan forms the bulk of the tissue; however, this matrix condenses around neuronal cell bodies and synapses to form a dense
perineural net that inhibits plasticity and cell migration.[27] Coped with permission from Bradbury and Burnside.[27]
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results in significant rates of neuronal cell death, which may be
attenuated via treatment with neural or glial-derived neurotro-
phic factors via agonism of tyrosine receptor kinases.[37,38] In
contrast, slice cultures from adult donors experience much
higher rates of neuronal survival and reorganization of the tis-
sue cytoarchitechture, likely due to the presence of locally pro-
duced and secreted growth factors within the slice culture.[36]

Elasticity of neuronal tissue
By their nature tissue slice cultures allow for comparatively
trivial manipulation of cells in their native conformation due
to removal of obstructing protective features found in vivo,
such as the skull and blood–brain barrier. While representation
of a healthy physiological state is restricted in neuronal slice
cultures by the effects of axotomy and circuit-breaking as
described above, the electrophysiological and mechanical prop-
erties of tissue samples can be readily assessed on a single-cell
scale using extremely mature assays such as patch-clamping
and atomic-force microscope (AFM) indentation. AFM prob-
ing of neuronal organotypic organ slice cultures has been
used to demonstrate that the structural complexity of the tissue
is reflected in widespread heterogeneity of mechanical proper-
ties, both within anatomical structures and between individual
cells. Elkin et al.[39] demonstrated via AFM indentation on 1
mm-thick slices of rat hippocampi that the elastic modulus
varies significantly between the various cell layers that make
up the tissue, ranging from 308 Pa in response to a 3 μm inden-
tation of the striatum radiatum, to 137 Pa in the CA1 pyramidal
cell layer. Fine-detail mapping of the pituitary gland via AFM
has also demonstrated significant variations in tissue elasticity
of the order of 12 kPa/μm.[40] More recently Moeendarbary
et al.[41] have demonstrated using acute slice cultures of rat tis-
sues that stab wounds to the hippocampus and crush wounds to
the spine result in significant reduction in the elasticity and
stiffness of both tissues up to 400 μm from the site of injury,
with a drop of 80% in elastic modulus noticed within the scar
tissue itself. Significant loss of tissue stiffness and elasticity
of spinal cord gray matter was observed outside the wound
lesion in spinal crush models. The observed reduction in stiff-
ness and elasticity was persistent for a 3-week period, trending
toward a return to the original mechanical properties of the tis-
sue. Upregulation of glial fibrillary acidic protein, an indication
of increased glial infiltration and the formation of a glial scar
was observed up to 1000 μm from the wound lesion.
Together these observations oppose the long-held understand-
ing that material stiffness is able to some degree to direct neural
stem cell fate, with glial differentiation occurring preferentially
on stiffer substrates.[25,42,43] However, this reduction in stiff-
ness may also simply be due to temporary changes in the
ECM generated by increased rates of cell migration and recruit-
ment to the wound site.[43]

Organoid fabrication
Isolated pluripotent or embryonic stem cells provide an alterna-
tive approach to modeling in vivo cellular environment. These

cells can be cultured to produce non-adhered spheroids, also
termed “neurospheres” or more recently “organoids”. These
can be guided to present different differentiated cell types
through the application of specific differentiation factors
doped into the cell culture media in vitro. These 3D biologic
constructs present organized cytoarchitechture without the
restrictions that two-dimensional (2D) (largely monolayer)
cell culture offers, which can be used to understand migration,
growth factor distribution and focal adhesion (FA) cluster-
ing.[44] Organoids can be constructed either through aggrega-
tion of non-adherent cells within a supporting hydrogel
matrix such as Matrigel, or through the seeding of cells onto
a scaffold substrate. As the focus of organoid culture is to
mimic the native conformation of a given tissue in vitro, decel-
lularized samples of ECM present an ideal substrate to recreate
a biomimetic niche and have been used to generate renal orga-
noids,[45] cochlear tissue,[46] and nervous tissue.[47,48] While
appealing, the use of decellularized matrices to generate neural
organoids presents serious technical challenges due to the del-
icate and cell-dense nature of the neural tissue. The unique
composition of neuronal ECM plays an essential role in guiding
neuroblast and glial progenitor differentiation that would likely
be absent in non-neuronal ECM as determined by comparisons
of neuronal differentiation and rates of neurite outgrowth on
cortical, spinal, and bladder-derived ECM.[27,49] Native decel-
lularized ECM presents an ideal replica of a mature tissue,
although it suffers from distinct limitations such as an inability
to recreate developmental guidance cues due to the temporal
changes that occur both in the cellular population, and distribu-
tion of growth factors and ECM components.[50] As such it has
become preferable to fabricate organoid cultures using embry-
onic or pluripotent stem cells to generate an in vitro neuroepi-
thelium that can then be directed via the addition of small
molecules and growth factors to undergo neurogenesis.[51–53]

The formation of neural and cortical organoid constructs
from induced human pluripotent stem cells has gained increas-
ing attention as a tool from which the developmental processes
of the human brain [54–56] and its response to stimuli and treat-
ments can be studied.[56] Certainly, these model systems offer
potential for investigative approaches of multiplexed organoid
cell structures [Fig. 3(a)], although discrete neuronal connectiv-
ity is difficult to interrogate.

From constructs to circuits
The use of contact guidance assays to manipulate and guide
neurite outgrowth has been a major tool in developing our
understanding of how neurons align and form organized net-
works in vivo using in vitro culture techniques. Chemical
patterning and physical guidance using micropatterning fabrica-
tion techniques allows for the control of cell alignment and
serves to direct neurite outgrowth such that neural circuits can
be created in a controlled and defined manner, allowing for
the relative comparison of different material properties and fea-
tures on neuronal functions. It is worth noting that on the scale
with which cells interact with their substrate, micropatterning

Biomaterials for 3D Cell Biology Prospective Article

MRS COMMUNICATIONS • VOLUME 7 • ISSUE 3 • www.mrs.org/mrc ▪ 313



techniques often generate physical structures that may them-
selves serve to guide FA formation. Investigations into the
molecular process by which cells adhere to surface motifs dem-
onstrate that cells are sensitive to topographical cues on the
nanometer scale; collagen I, II, III, and V fibrils in vivo all pre-
sent a banding pattern known as the D-period with a regular
interval of 67 nm.[57] Removal of this D-period in collagen I
has been shown to completely erase the ability of aligned fibrils
on a 2D substrate to produce cultures of aligned fibroblasts in
vitro suggesting a key role played by this pattern in guiding
cell alignment.[58] Indeed, molecular analysis of the internal
molecular architecture of FAs within the cell membrane sug-
gests a minimum interval of ∼20–40 nm between adjacent

FAs,[59] while in vitro studies have demonstrated that FA forma-
tion is inhibited if integrin-binding features large enough to sup-
port a single integrin dimer are separated by distances >73
nm.[60] As the size of an individual integrin dimer is in the
region of 8–12 nm[61] these findings suggest that integrin clus-
tering during FA formation plays an essential role in mechano-
transduction and in helping the cell sense the physical
dimensions of its environment. Due to these realities, it should
be noted that methods of chemical surface patterning that do not
maintain a feature height below this 40 nm range should not
truly be considered 2D from a cellular perspective. Certain com-
monly used fabrication methods, such as wet lithography nano-
patterning,[62] should be approached with caution as the

Figure 3. (a) Tissue slice of a cerebral organoid generated using human-induced pluripotent stem cells.[54] Scale bar represents 1000 μm. The pluripotency
marker SOX2 is seen to be localized around pseudo-ventricles as found in vivo. The TUJ1 neuronal filament marker is seen localized primarily to exterior cortical
layers, again mimicking anatomical features of the tissue found in vivo. While a useful tool for developmental studies, such constructs suffer from many of the
issues found in living neuronal tissue, notably a complexity of neural circuitry that is difficult to trace and untangle. (b, c) Schematic representation of permissive
and promoting hydrogels, respectively. While permissive hydrogels readily support the growth of floating cellular aggregates in three dimensions, promoting
hydrogels allow for integrin-binding and cell-stretching, which play a role in organization of nuclear actin and thus gene expression. Cells that are bound to a 3D
matrix more accurately represent cells in their native niche in vivo. Copied with permission from Lancaster et al.[55] and Tibbitt and Anseth.[80]
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resulting patterns are often treated as 2D despite producing fea-
tures that range up to a micrometer above the substrate surface—
this is commonly termed 2.5D.[63] When reviewing work using
structured surfaces it is essential to unpick the effects of surface
features “visible” to cells, be these either chemical modifications
of the surface or structures presenting defined edges with which
cells can interact. Structures in the nanometer range are often
considered too small for cells to directly interact, yet the proteins
adsorbing on them are known to be altered by features in this
size range and subsequently impact on cell–surface interaction.
The competitive adsorption of serum proteins to a substrate,
known as the Vroman effect[64] suggests that in serum-
containing cultures cell–substrate interactions will be mediated
by an intervening layer of adsorbed serum proteins. Thus, in
standard culture protocols great care should be taken to identify
whether cell responses to chemical patterning are truly the result
of integrin–substrate binding, due to the physical structure of the
pattern itself, or due to the differential protein adsorption and
conformation of serum components bound to varying substrate
components.[65]

2D neuronal cell circuit formation
The 2D model circuits have been generated in vitro using poly-
dimethylsiloxane (PDMS) stamps and devices generated via
photolithographic fabrication methods to align segregated pop-
ulations. Small diameter microfluidic channels, typically in the
range of 5–50 μm, are used to guide neurite outgrowth such that
these segregated populations form connected circuits that can
model circuits identified in vivo.[66–68] Such devices can be
readily adhered to microelectrode arrays (MEAs), generating
a controlled neural circuit that can be assayed to record synaptic
activity and action potential spike patterns in long-term cul-
tures, providing valuable functional information regarding the
effects of downstream signaling within a circuit following
insult or treatment of one of the defined regions with a chemical
agent.[69] Such MEA-linked devices provide quantitative infor-
mation regarding the signaling activity within a circuit; how-
ever, are limited by the need for cell–electrode contact to be
made for consistent measurements. In contrast, more mature
techniques for measuring neuronal activity, such as imaging
of calcium fluxes, provide more qualitative and temporally lim-
ited data, but are more directly applicable to in vivo analysis[70]

without the problems electrode probes tend to encounter when
used in vivo such as reactive gliosis producing signal imped-
ance.[71] Although these 2D platforms give extraordinary
insight into functional activity of connected neuronal networks,
they do not present “normal” 3D native tissue structure, which
is considered to play a dominant role in cellular function.

3D models of neuronal cell circuits
Biologic and synthetic polymers have been utilized in
hydrogel-based 3D cell culture.[72,73] These are comprised a
network of hydrophilic polymer chains that sequester copious
quantities of water, up to hundreds of times the dry weight of
the polymer content of the gel.[74] The polymers used, and

network morphology fabricated, can be altered to change the
chemical and physical characteristics of these materials. A vari-
ety of techniques have been established to provide some degree
of control over these properties. Briefly, these techniques
include freeze–thawing of gels on aligned surfaces,[75] modify-
ing the cross-linking agent and target sites on the polymer
chains,[76] modifying the relative strength of the cross-linking
agent,[77] or by controlling the exposure to light in photosensi-
tive polymers.[78]

The polymer network of a hydrogel may be fixed or
dynamic depending on whether the constituent polymer chains
are held together by direct covalent bonding or a more dynamic
attraction such as hydrogen bonding, ionic bonding, or hydro-
phobic forces. Distinctions should be made between water mol-
ecules interacting directly with the polymer chains, known as
bound water, and free water that fills the bulk space between
polymer chains. It has been demonstrated that changes in the
relative quantities of bound and free water, such as when
shear stress is applied to the polymer network causing changes
in polymer chain alignment, can produce significant and
irreversible changes in the mechanical properties of
polysaccharide-based hydrogels, which demonstrates implica-
tions in the synthesis and handling protocols when using hydro-
gels in cell culture.[79]

Hydrogels can further be categorized as “permissive” or
“promoting” (Fig. 3). Promoting hydrogels consist of biologi-
cally derived or otherwise modified polymers that present
chemical motifs that are recognized by integrin proteins on
the cellular membrane, allowing the cell to adhere to the poly-
mer chain and spread, whereas permissive hydrogels support
the proliferation of an encapsulated non-adherent cell popula-
tion.[80] While both hydrogels support the formation of an
endogenous ECM that is laid down by the cells in culture, it
has been demonstrated that cell spreading plays a significant
role in mechanotransduction and results in significant reorgani-
zation of nuclear actin,[81] suggesting cellular adhesion to, as
opposed to simple encapsulation within, a supporting matrix
may play a role in mediating gene expression. Similarly encap-
sulation within a hydrogel that does not itself support cellular
adhesion is associated with significantly reduced neurite out-
growth and as such does not support functionality in neuronal
culture.[82,83] Furthermore, hydrogel random interconnected
pore structure does not enable control of neurite outgrowth
direction. Formation of designer neuronal connectivity, i.e.,
artificially designed living cell circuits, requires the use of
material cues such as those topographic or chemical patterning
methods described previously. While these have been
employed within 2D (or sometimes termed 2.5D) materials
allowing this directional control within 3D are highly sought.
More recently numerous hydrogel materials have been used
to specifically mimic the native properties of neural tissue
and to support 3D neuronal cell cultures. Materials used for
such cultures include gellan gum,[84] functionalized chitosan
and hyaluronan,[85] and methacrylate-modified hyaluronic
acid.[86]
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Neuronal cellular guidance on 3D fibers
The use of aligned electrospun fibers to guide neurite out-
growth was first reported by Yang et al. in 2005[87] and has
since achieved widespread use in neural tissue engineering
and research.[88] Aligned electrospun fibers on a flat surface
present a topographical cue along which neurites can extend
from the neuronal soma; however, nanoscale features such as
kinks that are formed when fibers overlap may interfere with
this alignment.[89] The alignment of neurite outgrowth to
micro- and nanoscale fibers is not entirely dogmatic, indeed it
has been demonstrated that high fiber density and surface treat-
ment with biologically relevant peptide motifs such as laminin
can overcome physical alignment and produce neurite out-
growth perpendicular to the physical guidance cue.[90]

Analysis of physical guidance cues and surface wettability in
tandem suggest that there is no clear defining signal and that
instead surface patterning of deposited serum-proteins deter-
mined by these substrate characteristics likely plays a promi-
nent role.[91] As such it might be useful to consider physical
and chemical modification of surfaces as guides for protein
deposition rather than directly controlling any cellular
response, although cellular adhesion can be controlled rela-
tively precisely via pre-treatment of a surface with adhered pep-
tide motifs or proteins that are recognized by cellular integrins.

The choice of fiber diameter has also been demonstrated to
impact the physiological response of cultured cells. In vivo the
diameter of neurites ranges from 0.08 to 20 μm depending on
cell type, location, and presence of a myelin sheath.[92] The filo-
podia extended by neurites to probe their surroundings and
establish new FAs are typically in the range of 100–300 nm
in diameter.[93] On large diameter electrospun fibers of poly-
caprolactone ranging from 1 to 8 μm in diameter, neurite length
increases with fiber diameter, while neurite diameter decreases
as fiber diameter increases.[94] Similarly, the length of the pri-
mary dendrite of rat subventricular neurons was found to
increase with fiber diameter from 400–1200 nm on electrospun
silk fibroin fibers, while total dendrite number was found to
decrease.[95] Chick dorsal root ganglion explants cultured on
electrospun fibers of poly-L-lactic acid (PLLA) with a fiber
diameter ranging from 1700 to 230 nm have been similarly
demonstrated to show significantly greater neurite length on
wider fibers, while growth perpendicular to fiber alignment is
greatest on small diameter fibers.[96] In contrast to these find-
ings, assessment of neuronal response to aligned and randomly
deposited electrospun fibers of PLLA of varying diameters con-
ducted by He et al.[97] demonstrated a range of responses, with
maximum neurite outgrowth occurring on aligned fibers with a
diameter of 500 nm, which decreased at lower and higher fiber
diameters. Similarly, neural progenitors derived from human
embryonic stem cells cultured on silk fibroin fibers have been
demonstrated by Wang et al.[98] to present significantly reduced
neurite outgrowth on fiber diameters of 800 nm compared with
400 nm diameter fibers. 400 nm diameter fibers also signifi-
cantly upregulated markers of neuronal differentiation, which

contrasts with findings from Christopherson et al.[99] in
which neural stem cells cultured on fibers of polyethersulfone
showed an upregulation of markers of neuronal differentiation
on fiber length of 749 nm when compared with similar fibers
with a diameter of 283 nm. In conclusion, FA formation is
inhibited on fibers below 100 nm in diameter, whereas fibers
with a diameter of the order of a micrometer or above struggle
to produce alignment of neurite outgrowth due to there being
sufficient space for FA formation to develop across a much
wider path.

There is clearly intense research activity in the area of novel
(bio)materials and assessment of how biologic fluids, proteins,
and cells are affected during interactions with these. The ambi-
tion for many of these explorations is the development of mate-
rials with advanced properties, enabling the fabrication of
complex neural architecture. Nano and microfibers offer a
means to rapidly produce mesh networks, onto which neural
cells can adhere and be guided in the direction of the fiber
axis. Further, due to the nature of the fabrication methods,
these can also be layered to form 3D networks, with control
over cell alignment within a 3D stack of aligned fiber
meshes.[87]

Summary and conclusions
Recreating the neuronal niche in three dimensions in vitro is
likely to provide significant challenges for the foreseeable
future. In vivo neurons and glia interact to produce a matrix
that is patterned on macro-, micro-, and nanoscales each of
which provide physical guidance and chemical cues to create
genetically defined functional circuits. While increased sub-
strate stiffness can guide neural stem cells down a glial differ-
entiation pathway in vitro, it has been demonstrated that
developmental brain tissue is stiffer than that of mature brain
tissue, and that glial scar tissue formation (due to trauma dam-
age) results in softening of the surrounding matrix. Considering
this uncertainty, care should be taken in the tuning of substrate
mechanical properties; however, soft materials with elastic
moduli in the range of 1–10 kPa are suitably biomimetic to sup-
port proliferation and differentiation of neuronal progenitors.
The use of aligned fibers capable of supporting integrin-
mediated adhesion to align neurite outgrowth, both on flat
surfaces and as a promoting hydrogel matrix, and the use of
microfluidic systems to provide physical guidance are clearly
viable tools with which defined neuronal networks can be
established in vitro. While the specific response of a given neu-
ron to its physical environment is still indeterminate, initial
analysis from data generated thus far suggests that neurite
extension and alignment is likely ideal when the width of the
cell–substrate interface is in the region of 400-1000 nm;
beyond this range the chance of random neurite outgrowth
and loss of alignment increases. The combination of these pat-
terning and guidance techniques, using the physical barrier cre-
ated by microfluidic channels to maintain segregation of
neuronal populations while permitting neurite outgrowth,
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along with a dynamic hydrogel matrix to replicate the 3D ECM
of the native cellular environment, and micro- and nanoscale
fibers to guide neurite extension, can readily allow for the fab-
rication of complex 3D neuronal circuits. There is clear need
for advanced neural 3D in vitro models to bridge the gap
between the limitations of cellularly complex yet impaired
functional tissue slices and that of very basic single cell-type
populations. We have highlighted here that many methods
are emerging, and being synergistically combined to enable
such advances, although the importance of determining the
physiological parameters presented by these models must be
kept in mind when comparing with the normal in vitro tissue
architecture and its function.
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