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ABSTRACT
Although the process by which the cortical tissues of the brain fold has
been the subject of considerable study and debate over the past few
decades, a single mechanistic description of the phenomenon has yet
to be fully accepted. Rather, two competing explanations of cortical
folding have arisen in recent years; known as the axonal tension and
the differential tangential expansion models. In the present review,
these two models are introduced by analyzing the computational,
theoretical, materials-based, and cell studies which have yielded
them. Then Four-dimensional bioprinting is presented as a powerful
technology which can not only be used to test both models of cortical
folding de novo, but can also be used to explore the reciprocal effects
that folding associated mechanical stresses may have on neural devel-
opment. Therein, the fabrication of ‘smart’ tissue models which can
accurately simulate the in vivo folding process and recapitulate phy-
siologically relevant stresses are introduced. We also provide a general
description of both cortical neurobiology as well as the cellular basis of
cortical folding. Our discussion also entails an overview of both 3D and
4D bioprinting technologies, as well as a brief commentary on recent
advancements in printed central nervous system tissue engineering.
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1. Introduction

The process by which the cortical tissues of the brain enfold in order to form its wrinkled
topology has been the subject of extensive study over the past several decades, yet the
exact mechanisms which guide this process remain poorly understood. However, it has
been found that the manner in which the cortical tissues fold has a critical effect on
conventional neurological development. Therein, aberrant folding has been shown to be
correlated with the presentation of certain neurological disorders, such as autism,
schizophrenia, and some forms of psychosis [1–6]. Both theoretical and computation
models have been proposed in an attempt to give a general description of the
mechanics of neural tissue folding; however, a unified mechanism has yet to be fully
accepted [7–14]. For a more comprehensive discussion of the various proposed compu-
tational models of cortical folding, the reader is referred to the works of Bayly et al.
(2014) and Striedter et al. (2015) [15,16]. Recently, abiotic materials-based studies have
challenged, verified, and extended existing theoretical models of cortical folding [17,18].
However, since these materials-based studies do not incorporate living cells, they largely
cannot account for the potential unforeseen effects that cells and their physiological
processes might have on the mechanics of tissue development such as stiffening and
folding [14,19–21]. Therefore, these materials-based studies arguably best serve as
a general description of the likely mechanisms which underlie cortical folding, rather
than a fully comprehensive account of the phenomenon as a whole.

Living neural tissue is heterogenous in cytological composition and is thereby vari-
able with regard to its localized mechanical properties. Cell and tissue engineering
studies have found that the in vivo process of cortical folding is largely related to the
spatial distribution and patterning of certain cell types within the cortical and sub-
cortical tissues. The expression levels of specific neurotrophic factors and the localized
forces that both cell migration and proliferation impact on the mechanical character-
istics of the developing tissue also play crucial roles in the initiation of the folding
process [14,22–27]. As a general trend, the primary focus of these types of studies has
been on establishing a unidirectional, causative relationship between cellular processes,
such as the rate of proliferation at a given location within a tissue, and the resultant
mechanical stresses they generate being the driving force behind the initiation of
cortical folding. In this way, these studies do not appear to consider the potential for
a positive feedback relationship between the forces cortical cells generate to initiate the
folding cascade, and the reciprocal role the mechanical stretching and compressing of
the buckling tissue may play in reinforcing neural-cell fate commitment and organiza-
tion via mechanosensing mechanisms. If there is indeed a reciprocal relationship
between cell-initiated tissue folding and the secondary effects these stresses confer on
neural-cell processes, then studying this relationship may provide critical insights into
how differences between folding patterns relate to normal and aberrant neurological
functioning. Further exploration of this complex interplay between folding associated
stresses, neural-cell development, and network establishment seemingly demands
a model system which incorporates the spatial-mechanical control of materials-based
studies with the true-to-nature functionality of cell-based models. Namely, in order to
obtain a more comprehensive and physiologically relevant model of the neural-
developmental process of cortical tissue folding, future studies should likely focus on
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using models constructed from cell-laden ‘smart’- materials. These so-called smart
materials can artificially simulate the mechanical stresses associated with cortical folding
in order to observe the potential effects these forces might have on neural-cell matura-
tion and functionality. By extension, the folding patterns of these smart-neural tissue
constructs can be tuned and modified in order to further study the etiology of various
neurological diseases at a biomechanical level. Fortunately, recent advancements in
three-dimensional (3D) and four-dimensional (4D) bioprinting may offer a promising
means by which to reliably fabricate these biomimetic, smart-models of living neural
tissues [28–43].

4D bioprinting is a cutting-edge additive manufacturing technology which has an
intrinsic capability to fabricate de novo living tissue constructs which can be made to
change in various mechanical or physio-spatial aspects when subjected to predeter-
mined stimuli or trigger sources [44]. Moreover, 4D-bioprinting techniques can be used
to place both living cells and growth factors in highly ordered, biomimetic motifs which
can undergo physiologically relevant transformations which accurately simulate devel-
opmental processes, such as tissue stretching, compressing, or the shifting of the
biomaterial’s modulus. In this context, the fourth dimension in ‘4D bioprinting’ refers
to the element of time which one or more of a 3D printed object’s physical attributes are
functionally dependent upon. Put another way, a 4D-bioprinted construct’s conforma-
tion or physical characteristics vary through time as a consequence of a given triggering
mechanism or stimulus. In this way, these complex 4D objects can be designed in such
a manner which they exhibit an inherent ‘self-assembly’ attribute, whereby a construct
will change in shape, conformation, or consistency immediately following the printing
process. The feature of self-assembly that some 4D-bioprinted objects display arises
from physically based information or modular cues which are directly incorporated into
the construct’s design and the formulation of the printing material. Wherein these
internally based cues guide the construct through the dynamic transformation process
once the printing is completed and an external stimulus is enacted [36].

In contrast to the rapidly occurring physical transformations undergone by self-
assembly enabled 4D-printed constructs, most bioprinted constructs used to model
the development of various tissue structures require the transformation process to
occur at more gradual, physiologically relevant timescales. As such, shape memory
polymers (SMPs) are particularly useful biomaterials which can be printed into a given
conformation and can be reversibly transformed between various temporary states as
a function of selective triggering mechanisms [36]. Much in the same way that self-
assembly enabled constructs bear physically encoded information which guides the
transformative process, SMPs and other triggerable constructs rely on physical (or
chemical) modalities inherent to their design and formulation to actuate desired physi-
cal transformations as well. The key difference between constructs which are self-
assembly enabled and those which are not, is that non-self-assembly objects can
maintain a post-print conformation for an extended period of time before the transfor-
mative trigger is enacted. Thereby, cells can easily be seeded onto non-self-assembly
constructs before the transformation process occurs. This, in turn, affords researchers the
opportunity to study the effects that the mechanical stresses generated by the trans-
formation process have on cellular growth and behavior.
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The manner by which a SMP or other 4D-bioprinted construct can be triggered to
undergo a desired physical change is largely contingent on the chemical nature of the
biomaterial. Typically, exogenous trigger mechanisms for 4D-bioprinted constructs
involve thermal induction, chemical or solvent immersion, electrical stimulation, or
light induction [36]. Therein, the speed at which a 4D-bioprinted construct can undergo
a desired physical transformation can be fine-tuned and modulated by varying the
functional chemistry of the biomaterial, as well as the ratio of the various chemical
substituents of the bioink formulation. It should be noted, however, that not all trigger
sources for 4D transformations are appropriate for bioprinted constructs, as will be
discussed further in the ‘Bioprinting’ section.

In the present review, a general overview of the cortical tissues of the brain and a few
crucial developmental aspects of cortical folding are reviewed. Herein, the two major
contemporary models of cortical folding are analyzed by overviewing the computa-
tional, materials, and cell-based studies which have developed them. 4D bioprinting as
a viable methodology for fabricating ‘smart’, living tissue constructs by which to analyze
the nuances of cortical folding biomechanics, and the effects these forces have on
further neuro-development are then introduced. Our discussion of 4D bioprinting of
neural tissues includes a general outline of current 3D- and 4D-printing technologies. We
conclude our discussion with a brief overview of recent advancements in 3D- and 4D
bioprinting of nervous system tissues, and discuss plausible directions future research
might take towards a robust 4D-bioprinted platform for studying the motile aspects of
neurodevelopment and disease.

2. The neurobiology of cortical folding

Due to the complex and highly interconnected nature of the brain’s tissues, its physiol-
ogy and development are exceedingly difficult to model both computationally and
in vitro [45]. Arguably, one of the most challenging facets of neurodevelopment to
simulate is the mechanical folding of the cortical tissues. Namely, there are two cortical
regions of the brain; the cortex of the cerebrum, known as the cerebral cortex, and the
cortex of the cerebellum, known as the cerebellar cortex. The process of cortical folding
of the cerebral cortex is known as ‘gyrification’, whereas the analogous process of
cortical folding in the cerebellum is known simply as ‘foliation’. The actual processes
which guide the folding patterns of these two cortical tissues are different in some
respects, but share many biomechanical similarities. In order to better discuss the
processes of the cortical folding across the cerebrum and the cerebellum, it is useful
to first consider a few key aspects of the brain’s gross anatomy as well as fundamental
cytoarchitectural elements involved in neurodevelopment.

2.1. Overview of gross brain anatomy

The brain is anatomically partitioned into four interconnected tissue subsystems and is
composed of an estimated 86 billion neurons, and some 85 billion non-neuronal cells
[46,47]. In brief, the general tissue subsystems of the brain include the cerebrum (which
is divided into two cerebral hemispheres), the brainstem, the diencephalon, and the
cerebellum [46]. The brainstem is comprised of 3 main parts: (i) the midbrain
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(mesencephalon), which is associated with motor functioning; (ii) the pons, which
encompasses several cranial nerve nuclei and serves as an important conduit for
bidirectional neural tracts; and (iii) the medulla, which largely functions to regulate
vital processes such as heart contraction and breathing [46,48]. The cerebellum or ‘little-
brain’ is located adjacent to the brainstem in the posterior cranial fossa. Its distinctive
exterior is composed of many fine grooves of undulating tissue known as folia, and as
a whole, is largely associated with motor control and muscle memory [46,48]. The
forebrain is composed of both the cerebrum and the diencephalon. The diencephalon
houses both the thalamus, which serves as a cortical relay, and the hypothalamus, which
largely works to modulate autonomic functions such as the regulation of body tem-
perature [46,48]. The cerebrum is the largest portion of the brain and is divided into two,
non-symmetrical hemispheres which entail the cerebral cortex, basal ganglia, hippocam-
pus, and amygdala [46,48–50].

2.2. Cortical tissues of the cerebrum and the cerebellum

The cerebral hemispheres (as well as the cerebellum), are comprised of two distinct
types of tissue matter: (i) a stratified gray matter which forms the outermost cortical
layers; and (ii) the underlying white matter which is composed of myelinated
projection, association, and commissural fibers which work to connect the different
cortical regions to one another and to the other subsystems of the brain [46,50,51].
In both the cerebrum and cerebellum, the connecting fibers of white matter help to
undergird the convoluting ridges of cortical tissue, known as gyri in the former and
folia in the latter. The fissures of varying depth which lie between adjacent gyri and
folia are known as sulci [46,52]. These ridges and fissures effectively work to increase
the brain’s surface area which allows for higher densities of neurons and supporting
glia to occupy the cortical layers than what would be possible if the cortex was
smooth (lissencephalic) instead. The convoluted topology of the cerebral cortex
serves in part to divide the cerebral hemispheres into four discrete primary lateral
regions, known as the frontal, parietal, temporal, and occipital lobes [46,50]. The
cortical tissue which comprises each lobe is further divided into some 52 smaller
Brodmann areas, which are highly interconnected and house unique networks of
neural circuitry [46]. Each Brodmann area is believed to be associated with the
regulation of a unique set of cognitive, sensory processing, and behavioral functions
[46,53]. By extension, it is very likely that proper gyrification is imperative for the
successful establishment, organization, and functioning of the unique neural circui-
try that innervates each discrete Brodmann area, as well as the white matter
projections which interconnect them. Thereby, it can likely be postulated that
aberrant cortical folding in the cerebrum negatively impacts cognition by disrupting
the autonomic functioning and interconnectivity of the Brodmann areas on an
individual to a regional basis.

In a similar manner to the cerebral cortex, the cortex of the cerebellum is itself
divided into many physiologically functioning, anatomical units known as longitudinal
‘micro-zones’ which are constituted by the principal cortical neurons themselves [54].
Expanding upon the micro-zone-based functional unit model which was originally
proposed by Oscarsson, the work of Masao Ito has suggested that the complete
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cerebellar functional unit includes not only the neurons of the cortical circuit, but also
includes the subcortical nuclei as well, in what has been deemed as a cerebellar ‘micro-
complex’ [55]. The cerebellar cortex is estimated to house some 5000 of these micro-
complexes, whereby each region of the cortical circuit is connected throughout the
cortex to the brain stem, and/or spinal cord through projections to and from the
cerebellar and vestibular nuclei, inferior olive, and the parvicellular red nucleus [56]. It
is believed that each micro-complex receives sensory-motor information originating
from elsewhere in the brain as well as the peripheral nervous system (PNS), and is in
turn responsible for actuating unique modulatory controls directly corresponding to
specific motor regions of the body.

The tissues of both the cerebral and cerebellar cortex are highly stratified and are
composed of a diverse array of neural and glial cell types which arrange in complex,
hierarchal patterns. The establishment of these hierarchal patterns arises during early
neurodevelopment and are inter-related with the folding of their resident tissues. The
cortex of the cerebrum has a typical thickness of approximately 2.5 mm, and stratifies
into six discrete layers (I-VI) which contain a range of glial cell-types as well as an
abundance of pyramidal and Betz neurons [57]. The cerebellar cortex on the other
hand typically has a thickness of around 1.2 mm and stratifies into three layers; namely
the granular, Purkinje, and molecular layers [58]. The major input of the cerebellar cortex
arises through excitatory climbing and mossy fibers, while the sole output of the
cerebellar circuit is inhibitory by means of GABAergic synapses of the Purkinje neurons
onto the deep cerebellar nuclei (DCN) [55,56]. The cerebellar cortex contains a massively
parallel network of axonal processes of granular cells, which are by far the most
populous neural cell-type in the entire body.

Evidence suggests that the organization of the neural cells which are observed in
both types of maturing cortical tissues rely heavily on the migration of neural progenitor
cells across the cellular processes of specialized glia cells known as radial glial cells
(RGCs) [59]. As neural progenitor and stem cells migrate, they begin to differentiate, and
thus extend axonal projections of their own. These early axonal projections begin to
interconnect various regions of the developing cortex, as well as connect with the
subcortical white matter. The stresses created by early axonal connectivity as well as
the manner and rate in which early progenitor and neural stem cells proliferate within
regions of the developing cortex form the practical basis of the two primary models of
cortical folding which will be discussed herein.

3. Current models of cortical folding

3.1. Axonal tension model of cortical folding

The core hypothesis of the axonal tension model of cortical folding, originally proposed
by Van Essen, posits that radial anisotropy and connectivity of neuronal axonal processes
to one another and to white matter resident nuclei lead to differential local tensions and
tensions at length [7]. This hypothesis supposes that differences in tension, in turn,
cause some areas of the cortex to be pulled closer together, which can lead to inward or
outward oriented surface buckling, as is shown in Figure 1.
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This hypothetical model of folding posits that initially the thin cortical layers are
tethered to the underlying white matter through the processes of RGCs. As neural cells
migrate along the axis of RGCs, they extend axonal processes of differing lengths toward
circuit-specific cellular targets (and towards subcortical structures) Figure 1c. The central
hypothesis of this model supposes that the differences in length of the axonal projec-
tions, their directionality, the number of connections formed, and the visco-elastic
properties of the neurites themselves provide sufficient tensile forces necessary to
induce cortical buckling [7]. This model postulates that these neurite projections form
before cortical folding is observed, and as more connections arise, greater tension
begins to develop between linked portions of tissue. In this model, folding would be
non-random, as the primary-most driving force behind cortical plate buckling would be
the establishment of specific axonal connections. To this end, the ability of axonal
projections to find and form strong synaptic connections upon their targets is impera-
tive [7]. By extension, the distance which axonal processes would need to be extended
to reach their targets would hypothetically have a considerable net effect on the tensile
force each axon could exert, and on their rigidity. Shorter axonal connections would
likely exert greater force over a smaller area and would thus be more rigid than longer
axonal projections. However, as argued by other sources, discerning whether or not the
presence and morphology of local short axonal connections is a cause of cortical folding
or is rather a function of stability and conservation of energy, is difficult [16,60]. Whereas

Figure 1. Anisotropic growth mechanisms of tissue expansion and tension model of cortical folding.
(a) Diagram of a neuroepithelial sheet which depicts preferential tangential expansion over radial
expansion. This hypothetical anisotropic model supposes that radial rigidity, which arises from
cellular processes being under tension, constrains vertical growth. (b) A proposed swelling balloon-
like model neuroepithelium which sees tangential expansion further arising from outward pressure
exerted from ventricular fluid and compressive surface tensions about the radial axis. (c) Neural cells
(small black circles) migrate along radial glia (red circles with line-like processes) and begin to
extend axonal processes. The hypothetical model proposes that as these processes reach localized
targets, adjacent regions become more connected, while more remote regions drift further apart
(less connected). Local tensions are hypothesized to become stronger than tensions at length
between distant regions, and thus would theoretically promote tangential expansion mediated
folding. Adapted with permission from [7].
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there is some evidence which suggests that axonal tension may play some role in the
formation of cortical folds, the microdissection work of Xu et al. (2010) has demonstrated
that axonal tension is not directed across areas undergoing gyration, challenging the
speculation that axonal tension is the key driving force of cortical folding [61].

3.2. Tangential expansion model of cortical folding

In the differential tangential expansion model of cortical folding, surface instabilities
give rise to predictable folding patterns. Put simply, this description of the cortical
folding mechanism posits that differential tangential growth of regions of the cortex
exerts expansive pressures on the localized tissue. Therein, this tangential expansion
causes cortical buckling which in turn manifests in the formation of discrete gyri/folia
and sulci [10].

From a strictly mechanical perspective, the surface-folding profile of any bi-laminar
system is contingent on two intrinsic aspects of the material system; (i) the thickness of
the respective layers and (ii) the effective modulus (stiffness) of each layer. As a general
trend, the thicker the bottom layer is, the more constrained tangential expansion
becomes in the upper layer, which in turn will decrease both the folding wavelength
and fold amplitude. A similar decrease in both folding wavelength and fold amplitude
would be seen if the modulus of the lower layer is sufficiently greater than that of the
top layer.

An early model of cortical folding proposed by Richman et al. suggested that the
white matter of the brain was highly elastic and that the gray-matter could be simulated
by two laminar sheets which were bound to the elastic underlayment, and to one
another. Richman’s model generally predicts that if the superficial-most layer of the
system expands at a greater rate than the deeper layer, then stress will be generated,
which will cause predictable surface buckling to occur according to the expression:

f x; yð Þ ¼ sin
2πx
Ix

� �
sin

2πy
Iy

� �
(1)

Wherein Ix and Iy represent the wavelength of layer-buckling in the x and y coordinates,
respectively [62].

With this prediction, differential growth of the superficial layer of cortical tissue, in
turn, yields a multitude of possible sinusoidal folding patterns, which appear to be in
relative agreement with in vivo cortical folding trends [62]. It is worth noting, as is
mentioned elsewhere, that this early predictive model does not consider that the white
matter of the brain has a similar modulus/elasticity to the gray-matter [10,16,61]. In
a practical sense, this model has notable application in predicting the general scheme in
which cortical folds will form, but does not account for the underlying source of the
differential growth which drives tangential expansion. Namely, this model would be
effective in predicting how spread apart folds will occur, but cannot, in reality, be used
to predict the exact physiological location in the real cortical tissue where folding will
initiate.

A recent study used a combined computational and materials-based approach to study
the effects that differential tangential expansion within the upper layer of a bi-laminar
system has on the generation of surface instability. Therein, resultant surface instability
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functions as the primary driver of the cortical folding [17]. In this study, researchers used
the common elastomer polydimethylsiloxane (PDMS) to generate a bi-layered model of
brain tissue which could be modified to exhibit variable upper and lower layer stiffnesses
in an effort to recreate surface folding, as depicted in Figure 2. In this model, the upper
PDMS layer represented the gray matter of the brain, while the thicker lower layer
represented the white matter. The study design involved varying the stiffnesses of the
layers in three discrete schemes; (i) {stiff upper layer/soft lower layer}, (ii) {soft upper layer/
stiff lower layer}, and (iii) {soft upper layer/soft lower layer} Figure 2 (a)–(f). Therein, each
bi-layer model was submerged into a solution of hexane in order to induce surface
swelling (expansion) in order to study the resulting folding patterns Figure 2 (g). It was
ultimately found that if the two elastomer layers possessed similar moduli, then the
surface expansion yielded folding patterns most similar to the gyri and sulci of the
cerebral cortex, as shown by Figure 2 (c).

This elastomeric model of cortical folding was further expanded by the same research
group (Tallinen et al. 2016) wherein magnetic resonance images (MRI) of 22-week-old
human fetal brains were taken and were used to create a 3D printed brain mold [18]. At
around 22 weeks of gestation, the human brain is relatively smooth, wherein it begins to
form its stereotyped wrinkled topology around week 23. Researchers made a silicone-
based negative cast from the printed structure and used this silicon cast to create an
elastomeric core to simulate the white matter of the brain, as shown in Figure 3 (a). The
core structure was then coated in swellable polymer to simulate the gray matter. The
construct was then subjected to solvent immersion which caused the outer-most

Figure 2. Surface swellability leads to different cortical folding patterns. (a) Sinusoidal folding occurs
when the upper layer (gray matter) is stiffer than the lower layer (white matter) of a growing bi-layer
cortical model. (b) Cupsed folding occurs when the upper layer is softer than the lower layer. (c)
Distinctive gyri and sulci arise when both the upper and lower layers have similar stiffnesses. (d-f)
show the folding patterns of bi-layer gels which arise from differential swelling. The resultant
patterns demonstrate the sinusoidal, cupsed, and gyri/sulci folding predicted by (a)-(c) respectively.
(g) Elastomer model of the brain folding constructed by making a core hemisphere of radius (r)
which has a shear modulus of (μ0c). The hemispheric core is coated in a thin layer of polymer with
a thickness (T0) which exhibits a shear modulus of (μ0t). The top and core (or upper and lower) layers
have a combined radius (R). The completed model is then submeregd in solvent and allowed to
swell for time (t). When the moduli of both the top and core layers are similar (moduli ratio μt/μc ≈
1) the distinct gyri/sulci folding pattern from (c) arises. Adapted with permission from [17].
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elastomer to expand and generate buckles in a manner which highly resembles in vivo
cortical folding [18] Figure 3 (b-c).

The study does well to demonstrate that initial folding is largely a function of cortical
swelling induced instabilities which confers stereotyped buckling. As with the other
elastomer-based model, this study aims to elucidate the mechanism of cortical folding
alone, and largely does not take into consideration the effects mechanical folding forces,
such as stretching, compression, and stiffening, have on further neural-cell organization
and commitment [63–66]. This model of cortical folding also sees the folding process
occur at a rate which is far faster than what is observed in vivo. Namely, the speeds at
which the buckling and subsequent folding occur, may in fact play a role in determining
the depth of buckling and the specific geometries of the sulci which form. The folds of
the brain take weeks to form, while this experiment showed brain-like folding which
occurred within minutes.

Figure 3. Cortical expansion simulated by a swellable brain model and comparison to computer
simulation of the folding pattern of the in vivo brain. (a) 3D printed model of the smooth human
brain at gestational week 22. The 3D printed smooth brain was used to make a silicone mold, which
served as a cast for the gel-brain model. The gel model was then coated with a thin, swellable layer.
(b) Folding patterns arising from differential swelling of the outer layer of the gel-brain model at
times t0 = 0 mins, t1 = 4 mins, t2 = 9 mins, t3 = 16 mins post-submersion in a hexane solution. (c)
Computer simulation of cortical folding which arises from tangential expansion at gestational weeks
22, 26, 29, 34, and 40, and yields the stereotyped wrinkled patterns observed by adulthood. The
model folding patterns at times t0-t3 in (b) highly resemble the simulated cortical wrinkling at
gestational weeks 22, 26, 29, and 34 respectively in (c). Adapted with permission from [18].
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The models of cortical folding which we have so far discussed have primarily focused
on computational and cell-devoid materials-based approaches to study the underlying
mechanical processes of folding. However, in actuality, there are likely several different
mechanical processes which coalesce to guide the folding phenomenon. From
a materials and computational modeling standpoint, it is important to analyze the
degree to which internal stresses can predict the morphology of cortical folds in both
standard and perturbed conditions and compare the results to what is observed in vivo.
Thereby, to truly test the validity of these models, their predictions should be recapitu-
lated by in vitro cell models of cortical folding. As such, a recent study used a brain-
organoid-on-a-chip to study the biophysical mechanisms which underlie cortical folding
in the context of living cells [25]. In this unique study, human embryonic stem cells
hESCs were grown within a MatrigelTM matrix in order to form millimeter scale brain
organoids, as is described in Figure 4. Researchers observed distinct radial nuclear
orientation, and by day 30 of the study, immunostaining revealed that the organoids
accurately depicted early neural development. The chip construct design held the
organoids in a media reservoir, compressing them between a coverslip and
a membrane, shown by Figure 4 (a). This method of compressing and submerging the
organoids in media may have played a critical role in dissuading the organoid core cell
death that typically plagues organoid studies at the millimeter scale. This compression
might have also imparted additional mechanical stresses on the cells within the orga-
noid which could have in turn biased their folding patterns. On the other hand, this
compression may have also helped to simulate the extrinsic physical constraint that the
skull imparts on the expanding cortex. Surface instabilities arose at days 6–11 Figure 4
(c), and it was found that a nuclear density of ρc = 0.85 ± 0.1 sees an increase in
wrinkling transition Figure 4(g). The wrinkling wavelength λ, the distance between
gyri, was also found to have a positive linear relationship with outer layer thickness.
The surface folding of the organoid study was also compared to MRI images of fetal
brains, which showed that the organoids folded in a similar manner to in vivo cortical
tissues. While these folding trends were consistent, the authors suggest that their
organoids mostly consisted of neural progenitors, while fetal cortical tissue mostly
consists of maturing radial neurons. The authors conclude that their study demonstrates
that for organoids studies, surface layer folding is likely a function of increased growth
coupled with cell contraction within the organoid core. Although there are some
notable dissimilarities between the cellular mechanisms of organoid and in vivo cortical
tissue folding, the findings of this study are seemingly consistent with the differential
tangential expansion explanation proposed by the computational and materials-based
models that have been presented.

Taken together, the computational, materials-based, and organoid studies that have
been conducted in order to study the biophysical mechanisms which guide the cortical
folding of the brain have indeed provided crucial insights into how the process likely
occurs in vivo. However, to gain a more comprehensive description of how the processes
are initiated in the cortical tissues, and to further study the manner in which folding
associated mechanical stresses impact neurodevelopment from a cell biology perspec-
tive, additive tissue engineering approaches are likely necessary. In particular, a strong
case for using both 3D and 4D-bioprinting methodologies towards this aim can be made
[44, 67,68].
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4. 4D bioprinting

The concept of 4D-printing was first introduced by Skylar Tibbits and his MIT team, as is
described in their 2014 publication [69]. As mentioned previously, 4D-printed objects are
essentially defined as being 3D printed objects which as a function of some intrinsic
component of their design and composition, display certain attributes that are tempo-
rally variable. Although there are several physical characteristics which can be trans-
formed over time within a 4D-bioprinted construct, most 4D objects changes in shape
and spatial organization. There is some debate in the field of additive manufacturing as
to what qualifies as a 4D attribute with respect to a printed construct, but as a general

Figure 4. Brain organoid-on-a-chip model of cortical folding. (a) Schematic of neural organoid-on
-a-chip system where the organoid is compressed between a coverslip and a media permeable
membrane. (t) represents the organoid’s thickness while (h) represents the distance between the
coverslip and the membrane, which is equal to 150μm. (b) Side-view (Z-stack) of organoid with
Lifeact-GFP stained actin (green) and H2B-mCherry stained nuclei (red). (c) Development of organoid
wrinkling from days 3–11 (arrows denote initial surface instability which yielded further formation of
wrinkles). (d) Top-down view of neural organoid showing bi-polar morphology and nuclear distribu-
tion. Organoid has an inner surface (r= 0) and an outer surface (r= t). (e) Outer layer wrinkling arises
as the nuclear density (ρ) exceeds a critical density threshold (ρc), ρ> ρc. (f) Linear relationship
between thickness (t) and wrinkle wavelength (λ). (g) Relationship between nuclear density ρ< a>
and Wrinkling index. A critical nuclear density ρc= 0.85 ± 0.1 < a> shows a notable increase in
wrinkle formation. Adapted with permission from [25].
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trend, degradation and color changes are not typically regarded as being truly 4D, as
they are seen as being overly difficult to control. In the case of degradation, an
argument has been made that the printed object itself has to participate in or be
a ‘carrier’ of the physical transformation, rather than simply disappear itself as
a function of time [36].

Both 3D and 4D printing rely on the utilization of both printing platforms and
appropriate printing materials, whether they are thermoplastics, ceramics, hydrogels,
or polymers [44,68]. In the case of bioprinting, fabricated constructs can be printed
devoid of cells initially and can be later seeded (scaffold-based) or the constructs
themselves can be cell-bearing, wherein the printing material (bioink) encapsulates
living cells which are printed into complex, predesigned patterns. In both 3D and 4D
bioprinting, the printing process must itself not be harmful to encapsulated cells.
Specifically in the case of 4D bioprinting, the physical manner in which the printed
construct changes in response to the exogenous trigger, as well as the triggering
mechanism itself must also be mild on both seeded and encapsulated cells. As men-
tioned previously, there have been a multitude of triggering mechanisms which have
been explored to induce transformations within 4D-printed constructs, though many are
harmful to resident cells.

Possibly the most practical means for a 4D construct to be triggered into transform-
ing its shape is through the differential, localized swellability within the material. A major
factor in consideration for using this methodology for triggering a 4D transformation in
the form of shape change is the cytotoxicity of the solvent that the material is subjected
to. Ideally, a solvent such as growth media, PBS, or even water would be the most
favorable for cell-laden constructs. Interestingly, a recent study found that a hydrogel ink
with aligned cellulose fibrils could be printed into highly biomimetic flower-like archi-
tectures and could be made to curl and twist when subjected to water immersion at
varying temperatures [37]. Moreover, it was found that the addition of poly
(N-isopropylacrylamide) to the ink formulation allowed for the shape changes to
become reversible. The results of this study demonstrated that folding geometry could
be tuned and modified by varying print infill density and localized anisotropy, combined
with the alignment of microfeatures within the ink formulation. As a result of the
experimental ink’s high potential to enact controlled stretching and folding across the
construct in response to water submersion, a similar ink could potentially make an
excellent candidate for fabricating a cortical folding model.

4.1. Considerations for 4D-bioprinting neural tissues constructs

In the endeavor to model the processes of cortical tissue folding with a 4D-bioprinting
approach, there are several pivotal developmental and tissue-specific aspects which
should be considered in the construct design process. In this way, a cell-based model
of the developing cortical tissues of the brain should be sufficiently biomimetic and
should undergo the folding process in a physiologically relevant manner. Specifically, for
a bioprinted tissue construct to be biomimetic, the modulus of the printed tissue
networks should be similar to that of the in vivo gray and white matter. Namely, a 4D-
printed brain tissue construct should be made to have a cerebral gray matter modulus
of 0.68 ± 0.20 kPa, a cerebral white matter modulus of 1.41 ± 0.66 kPa, and moduli of
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0.75 ± 0.29 kPa for both the gray and white matters of the cerebellum [12]. In the case of
printable hydrogels, which may be the most effective type of material to fabricate
complex neural tissue constructs, the material modulus can be readily altered by varying
crosslinker concentration or crosslinking conditions. It has been found that the modulus
of a hydrogel has a substantial effect on the proliferation and differentiation of neural
stem cells [70]. Therein, it was observed that increasing the modulus of a hydrogel had
a negative impact on both NSC proliferation rate as well as the expression of the neural
differentiation marker β-tubulin III. In the case of a folding soft material such as
a hydrogel, the areas at the crests and troughs of the forming folds observe
a substantial localized change in material modulus. This change in the localized effective
modulus around the pivot points of the 4D-printed construct can likely be modulated
through the incorporation of multiple printing inks with different mechanical properties.
Therein, the addition of multiple printing materials with varying stiffnesses or thick-
nesses can be used to predetermine folding patterns in order to mimic the various
folding regimes of the brain’s cortical regions. For example, a tandem stereolithography/
bioplotting approach can be used to fabricate a multi-material system with thick lower
layers and thin upper layers in order to accurately replicate the short wavelength and
shallow amplitude folds of the cerebellum.

As it has been demonstrated previously, mechanical forces and mechanosensing play
a crucial role in neural-cell fate-assumption and organization, it would be logical to
hypothesize that in the case of a foldable, 4D-printed hydrogel system with encapsu-
lated NSCs, one would expect to see notable differentiation and cell migration around
the peaks and valleys of the forming folds [63–66]. However, at the current state of 4D
printing of smart materials, it is difficult to precisely control the exact time and force
with which a printed construct can fold. Thereby, it would be difficult to control and
quantify the stresses which encapsulated cells experience around the folding crests and
troughs. Therefore, future cell-based models of cortical folding should include cell
viabilities assays to ensure that the cell populations and proliferation rates around the
pivot points are in fact representative of in vivo cortical folds.

Another critical point to consider in designing a 4D-bioprinted model of cortical
folding is the rate at which the 4D construct enfolds, as mentioned previously. In
order to be sufficiently biomimetic, a 4D-bioprinted cortical model should be made to
gyrate or foliate over the course of 10 or more weeks in vitro. Therein, 4D capable
thermoset SMPs might be a favorable class of biomaterial to explore, owing to their ease
of modification and their generalized sensitivity to thermo-induced shape changes
across a range of temperatures. In general, thermosensitive SMPs often take the form
of thermoset polymeric compounds which are blended into thermo-curable resins.
These resins are often heated to produce irreversible crosslinking across polymeric
substituents as the construct is fabricated/shaped into an original conformation. In
addition to thermo-curing SMPs into permanent shapes, they can also be photocured
with UV light [34–36]. The unique feature of these thermo-responsive polymers is that
they have a specific temperature at which they become increasingly more pliable,
known as the transition temperature Ttrans , wherein if the temperature of the printed
SMP is heated past this critical temperature Tconstruct ≥Ttrans the construct can be easily
molded into a temporary shape. Once the temperature of the SMP construct falls below
the transition temperature, Tconstruct < Ttrans , the polymer re-hardens, and as a result, the
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construct becomes affixed in its temporary shape. When the temperature of the SMP
again re-approaches the transitional temperature, the construct will begin to re-assume
its original, permanent shape and conformation.

Recently, our group formulated an experimental array of novel biocompatible SMP
formulations to explore their potential utility for 4D-bioprinting and tissue regenerative
applications [33–35,44]. It was found that the various polymeric formulations could be
affixed at −18°C into temporary conformations which folded back upon themselves at an
angle of 180°, and could fully recover their original shape at 37°C. Whereas the slowest
speed of recovery (3.9°/s recovery, material C20P300PH) was still substantially faster than
what would be required to make a truly biomimetic model of cortical folding, the results
remain encouraging because they illustrate the wide range of shape transformation
speeds that are possible with various SMPs. If the material which yielded the slowest
recovery time (C20P300PH) could be chemically modified so that its glass transition
temperature Tgc could be increased above 35°C, then its recovery time could possibly be
slowed down to a multiple week time-scale.

In a similar manner to how the SMPs of our above-mentioned study could reassume
their original shape at a physiologically relevant temperature, constructs fabricated from
a novel soybean oil epoxidized acrylate (SOEA) bioink could also recover their printed
shape at 37°C, as outlined in Figure 5. Using a photolithographic-stereolithographic-
tandem fabrication technique the SEOA was fabricated into a heart shape which
displayed a rolled or curled post-printing original shape. Specifically, the heart shape
was partially photocrosslinked using a mask cut-out, and was then further functionalized
with micropatterned grooves using a stereolithography printing system, Figure 5(a).
Once printed, the heart construct was able to be affixed into a flat temporary shape,
and was able to recover its original rolled shape at 37°C, Figure 5 (b-c). As with the SMPs
formulated in the previously mentioned study, the SOEA-based 4D construct recovered
its original shape at a timescale that was far faster than what could be used to simulate
cortical folding. However, the composition of the SOEA ink may be tuned and modified
to promote a slower shape-recovery regime at physiological temperatures.

In addition to the ability of the printing material to change its shape in
a physiologically relevant manner, a 4D-bioprinted construct should also contain brain
and general neural tissue compatible growth factors and biomolecular components,
such as hyaluronic acid (HA) and lectins. Fortunately, many of the hydrogels, SMPs, and
biodegradable elastomers [71] that have been explored for use in 4D-
bioprinting and biomedical applications have readily modifiable surface chemistries,
which can be appended with bioactive components. In the case of 4D enabled hydro-
gels, many pertinent brain-associated ECM components can be readily mixed into the
ink formulation without the need of chemical modification due to their hydrophilicity.

4.2. Bioprinting technologies

Whereas there are a variety of bioprinting technologies that have been developed, not
all printing approaches are necessarily appropriate for the fabrication of complex brain
tissues. However, due to the ever-expanding research in materials science, 3D/4D print-
ing, and tissue engineering approaches, what might not seem useful for these kinds of
studies currently, may, in turn, yield promising results through the technological
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advancements of the near future [72]. As such, the following section includes an over-
view of many types of printing technologies, which are useful for fabricating neurolo-
gical, as well as other complex tissue constructs.

4.2.1. Inkjet bioprinting
Inkjet bioprinting or drop-on-demand printing is a printing methodology which often
uses modified commercial grade inkjet printers to deposit living cells (or biomolecules
such as proteins or growth factors [73]) in a dropwise manner [74]. In this bioprinting
technique, cells and other biomaterials are suspended in a liquid solution known as
a ‘bioink’ and are ejected from a print nozzle onto a desired surface (often a refined glass
sheet or a silicon wafer, known as a ‘biopaper’), to build a drop-by-drop structure from
a predesigned pattern. Inkjet printing, like most other bioprinting technologies, utilizes

Figure 5. A 4D printed thermally sensitive natural soybean oil epoxidized acrylate (SOEA) constructs
developed in our lab. (a) A tandem photolithography-stereolithography process to fabricate heart-
shaped constructs from novel soybean oil epoxidized acrylate. (b) Schematic illustration of the 4D
shape memory process triggered by temperature. (c) Rolled heart-shaped SOEA constructs can be
affixed into flat temporary shapes at −18°C and can fully recover their original shape at 37°C. Scale
bar, 2 mm. Adapted with permission from [35].
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computer-aided design (CAD) renderings to guide the droplet deposition to form the
desired construct shape and form. The resolution at which a construct can be produced
with inkjet printing can be controlled by varying the droplet volume (<1pL to >300pL),
the encapsulated cell concentration (1–2 cells per drop, with overall bulk cell concentra-
tions of <106 cells/ml), and the print rate (1–10,000 droplets per second) [75]. Inkjet
bioprinters can dispense bioink droplets by either cycling the local temperature within
the printing apparatus through resistive heating elements (thermal inkjets) [76] or
through piezoelectric pulses through an actuator [75]. One consideration that must be
made when using any bioprinting technology is the potential detrimental effects that
the printing apparatus might impact on the survivability of the cells encapsulated in the
bioink during the printing process. Studies have found that despite the considerable
heat that encapsulated cells are subjected to in inkjet bioprinters (≤300°C), there is
negligible impact on printed cell integrity, allowing for >89% post-printing viability
[77,78]. This observation is possibly explained in part by the considerably brief amount
of time individual cells in the ink flow spend in close proximity to the heating elements.
An additional advantage to inkjet bioprinting is that it can print multiple cell types
simultaneously [79]. However, a critical limitation of inkjet bioprinting is that the printing
apparatus is prone to clogging at the print nozzle, and thus requires bioink formulations
to assume relatively low viscosities in the range of 3.5–12 mPa/s [75]. The issue therein is
that in order for a printed construct to mimic the microarchitecture of in vivo tissues, it
must maintain high shape fidelity to the original design post-printing. As such, lowering
the viscosity of the bioink decreases its capacity to hold its shape upon deposition on
the biopaper. Therefore, inkjet bioprinters are able to print constructs with high cellular
and biomolecular resolution, but with mid-to-lower shape fidelity. Since there is cur-
rently a limited amount of 4D capable hydrogels, 4D inkjet bioprinting is still in its
infancy.

4.2.2. Extrusion-based bioprinting
Extrusion-based bioprinting methodologies are by far the best characterized and widely
utilized means of fabricating complex biomaterial constructs. Extrusion bioprinting tech-
nologies, including direct-ink-writing micro-extrusion printing, bioplotting, and fused
deposition modeling (FDM), utilize a controlled ejection of continuous streams (or spher-
oids) of bioinks and thermoplastics onto a flat print surface in a layer-by-layer manner to
fabricate tissue constructs [74,75]. These technologies can be used to generate cell-laden (or
cell-devoid) hydrogels [80,81] or layered scaffolds of interconnected thermo-ink networks
by which cells can be seeded [82]. FDM involves the drawing of a thermoplastic material,
such as polycaprolactone (PCL), through a heating element in order to be liquified and
subsequently extruded through a nozzle into layered filaments. Due to the initial solid form
of the printable material, and the considerable temperature that the material must be
heated to (≥120°C) in order to melt [82,83], traditional FDM approaches do not readily
allow for the printing of live (encapsulated) cells [83]. As such, FDM is largely used to print
porous networks of layered filaments that are manually seeded with cells. Whereas one
study showed that PCL can be printed into a construct with considerable uniformity (at 61%
porosity) and subsequently seeded with fibroblasts [82], there is some skepticism as to
whether standard FDM techniques can be used to print more complex tissue geometries,
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such as those of the brain, with appropriate accuracy (as general FDM printers have been
found to show a wide print accuracy range of ± 127μm) [84].

Bioplotting and micro-extrusion printing, in contrast to FDM, can be used to print
a wide variety of cell-laden (and non-cellular) bioinks including ink materials that have
been shown to promote cell viability and proliferation, such as alginate [85], gelatin
[81,85], GelMA/PEGTA [80], modified Gellan Gum [28], Fibrin/Collagen [29], and multi-
combinatorial alginate/chitosan/agarose [30,86] bioinks. Bioplotting and micro-extrusion
printing can be used to print both individual and mixed cell cultures and show greater
promise in fabricating constructs that display considerable mimicry of the cytological
heterogeneity of in vivo tissues.

Both 4D Direct ink writing (DIW) and FDM involve the assemblage of layer-by-layer
3D constructs that are subjected to shape-change initiation post-printing. Of the two
forms of extrusion printing, DIW is likely the most suitable candidate for 4D-
bioprinting applications as DIW inks are often soft materials such as hydrogels,
which effectively mimic the ECM and effective modulus of many native tissues. The
majority of the 4D shape effects that bioplotted or direct ink written constructs are
capable of are contingent on the printed materials’ swellability, the alignment of
microscale components within the ink, and localized anisotropy of printed features
[36,37].

4.2.3. Selective laser sintering
Selective laser sintering is an additive manufacturing technique originally developed in
the mid-1980s, whereby a long wavelength laser (or other high energy electromagnetic
radiation source) is directed upon a reservoir of powdered or beaded solid material to
induced localized melting and fusion of the solid material in a layer-by-layer manner,
forming a 3D pattern as new layers of additional sintering material are filled in [74,87].
To date, common sintering materials have included Nylon [88], PCL [89], and hydro-
xyapatite composites with polyvinyl alcohol [90], PLGA/hydroxyapatite, and PCL/hydro-
xyapatite [87,91]. In quite the similar manner as FDM printing, SLS cannot foreseeably be
used to directly bioprint encapsulated cells into the forming construct due to both the
solid nature of the print material as well as the preclusive high local temperatures
requisite for the polymer material to melt. An additional limitation of SLS utilization
for bioprinting is depreciated fidelity of the printed construct to the original shape
design caused by the spreading of the melting polymer away from the focal point of the
directed laser and subsequent further degradation of the polymer. As such, a modified
approach to SLS known as Surface SLS was developed whereby selective heating of
carbon coated poly(D, L-lactic) acid (PLA) to help compensate for the polymer degrada-
tion problem, but was only able to yield a spatial resolution of ~100-200μm [88], which
is likely too large for the fabrication of more complex tissue types. Additionally, SLS
(much like FDM) yields considerably rigid scaffold networks which are likely unfavorable
for soft neural tissues. These rigid scaffolds also likely require a high level of fibroblast
cell seeding before other cell types could effectively adhere, in contrast to the ECM
mimicry of hydrogels which can be made from dECMs.
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4.2.4. Laser-assisted printing (laser-induced forward transfer)
Laser-induced forward transfer (LIFT) printing is a unique technique to print cells or
other biomolecules onto a substrate in a designated pattern. The LIFT method of
bioprinting is similar to ink-jet bioprinting and some bioplotting systems, in that LIFT
printers deposit encapsulated cells in a dropwise, layer-by-layer manner onto a biopaper
substrate. The key distinguishing feature of LIFT systems is that they employ a pulsed
laser beam (1-100kHz) to cause the ejection of droplets, rather than a piezoelectric or
thermal pulse [92,93]. In LIFT bioprinting, cells are encapsulated into a ribbon of
a biocompatible medium, such as alginate, which is then affixed beneath a metallic
absorption (ablator) layer. Directed pulsing of the laser source along the absorption layer
causes focal point ablation, which induces vapor expansion above the cell-encapsulated
film, which ultimately forces a droplet to be ejected onto the biopaper below [92].

4.2.5. Stereolithography
Stereolithography is a nozzleless fabrication technique that is able to generate cell-laden
or non-cell bearing scaffolds by controlled beaming of directed light through a mirror
array (or directly) into a bath of liquid, photocrosslinkable polymer resin or hydrogel. As
each layer of the construct is photocrosslinked, the bath is lowered, and fresh resin is
added [94]. In terms of printed construct resolution, stereolithography (SL) has been
demonstrated to be one the most effective; reliably yielding submicron resolutions (0.43
μm) for acellular constructs [95] and 50μm for cell-laden ones [96]. SL largely relies on
the integration of various photoinitiators, such as Irgacure 2959, LAP, VA-086, and eosin
Y, to effectively crosslink the cell-bearing resin upon exposure to the directed light. As
such, many stereolithography systems use light sources that project in the UV spectrum.
Consequently, it well understood that UV light damages nucleic acids and can lead to
cancerous growth, thus making UV light SL unfavorable for cell-laden bioinks. In order to
circumnavigate this issue, our group employed a visible light projector and eosin
y photocrosslinker (peak abs eosin y: λ = 510nm, green spectrum) integrated PEG-
GelMA bioink to create a NIH 3T3 cell-laden construct, which displayed 85% cell viability
5 days post-printing [31]. An additional benefit of SL is the ability to integrate growth
factors and nanoparticles into the cell-laden resin to effectively guide the differentiation
of stem cell growth and promote cell proliferation [31,97].

4D stereolithographic printing relies on crosslinking a photocurable, polymeric resin
or hydrogel with built-in shape-change propagating architectural features. These intrin-
sic shape-change directing features create internal stresses within the printed construct
that make a given movement thermodynamically favorable when the printed construct
is subjected to an initiation source such as electromagnetic radiation, heating/cooling,
applied electrical current, or immersion in a solvent solution [33,35,36].

4.3. 3D bioprinting of neurological tissues and progress towards 4D studies

Due to the novel nature of 4D-bioprinting technology, the current literature pertaining
to 4D bioprinting of neural tissues is very limited. Therefore, we will instead briefly
outline a few recent advancements in 3D bioprinting of central nervous system/brain
tissue studies to demonstrate the validity of the bioprinting approach for fabricating
complex neural tissues as the field progresses towards a 4D-printed model in the future.
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In their 2015 study, Lozano et al. used a custom-made, extrusion-based printer to
fabricate a six- layer model of the cerebral cortex [28], illustrated by Figure 6. For their
study, they developed a novel RGD-peptide-modified Gellan Gum (GG) bioink which
encapsulated primary cortical neurons that had been excised from E-18 mice embryos. It
was found that 5X DMEM and 1M calcium chloride could both be used to chemically
cross-link the bioink in a manner that was non-harmful to the encapsulated cells.
Additionally, it was found that at five days of continuous culture, there was no sig-
nificant difference between the survivability of printed neural and glial cells between the
printed constructs and the non-printed controls. The printed constructs were found to
have diffusion coefficients for BSA 5.78 × 10−7 for GG and 5.15 × 10−7 for RGD-peptide
GG. These results help to illustrate that the Gellan-gum hydrogels sufficiently promoted
perfusion of proteinaceous compounds and nutrients in and out of the matrix.
Moreover, researchers found that after five days of continuous culture, encapsulated
neural cells continued to grow, divide, and form neural networks, extending axonal
projections out of the cell-laden layers of the printed construct into the cell vacant
layers, as shown in Figure 6 (d).

Figure 6. Extrusion-based bioprinted 6-layered model of the Cerebral cortex in RGD-peptide
modified Gellan-gum (GG). (a) Solidworks design of 6-layered Cerebral cortex model. (b) Layer-by-
layer extrusion printing of cortical model using RGD-peptide modified Gellan Gum as a bioink. (c)
Distribution of printed cortical neurons throughout the layers of the construct. Construct layers
alternate having incorporated cells or containing no cells. (d) Blow-out image of square area
highlighted in (c) which shows an axonal projection penetrating into a cell-devoid layer. For (c) &
(d), the scale bar is 100μm. Adapted with permission from [28].
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In another recent study, a piezoelectric inkjet printer was used to test the survivability
of rat retinal ganglion (RG) cells and glial cells throughout the printing process [32]. In
a similar manner to the Lozano study, this study found that there was no significant
difference in the survivability of RG cells and glial cells that were printed versus the non-
printed control, even when drops were ejected at a repetition rate of 1 kHz at a speed of
13 m/s. Whereas it was found that there was cell loss in the printing process due to
sedimentation within the printing apparatus itself, there does not appear to be a net
effect on cell viability or retinal ganglion cell neurite extensions.

Interestingly, the work of Hsieh et al. 2015 showed that a thermosensitive murine
NSC-laden hydrogel composed of water dispersed polyurethane (WDPU) nanoparticles,
deemed ‘PU2’, was able to achieve stackable, post-print gelation at 37°C with consider-
able cell viability devoid of a crosslinking agent or harmful UV photoinitiation [98]. The
PU2 bioink was generated by an aqueous synthesis process outlined by Hsu et al. 2014
[71], and was comprised of a > 65% soft segment portion. The soft segment portion of
the bioink was synthesized using a 4:1 Molar ratio mixture of 2 synthetic diols: Poly(ε-
capro-lactone) diol (PCL diol, Mn ~ 2000) as well as poly(D,L-lactide) diol (PDLLA diol, Mn

~2000), which had previously been demonstrated to exhibit highly tunable elasticity,
biodegradability, and most importantly, general cytocompatibility. The PU2 bioink was
subsequently formulated to 25% and 30% solid PU nanoparticle content in ink solution
and loaded with promoter F1B-green florescence protein (F1B-GFP) transfected murine
NSC’s, labeled with PKH26 (Red fluorescent dye), at a cell density of 4 × 106 cells/ml. The
cell-laden PU2 ink was then printed in a layered fashion to yield a 0.34 cm3 construct
upon a fused deposition manufacturing platform (FDM) mounted petri dish at 37°C (at
a pressure of 55 kPa). Interestingly, post-printing inspection of PU2 print filament
diameters showed that both the 25% and 30% PU2 solid component formulations saw
a < 10 μm expansion 72 h after printing (d = 210μm at t = 0 h, d ≈ 220μm at t = 72 h).
This minimal increase in printed fiber swelling seems to imply that PU2 is able to
maintain relatively stable structural conformation upon printing devoid of a harsh
chemical or photonic crosslinking mechanisms. Upon rheological analysis of both PU2
and its companion elastomer ‘PU1’, it was observed that PU2 25% had a modulus (G’) of
~680 Pa while PU1 25% showed a modulus closer to 1.1 kPa, ~20-min post printing. This
relatively low-observed G’ of PU2 25% could have substantial implications for its poten-
tial utility as a hydrogel scaffold for in vitro brain tissue modeling, as it is notably similar
to the purported elasticity modulus range of in vivo brain tissue. Whereas all other
parameters were kept constant between the two PU 25% dispersions, it seems that the
notable difference in the G’ moduli between them is a function of the molecular
differences between their secondary substituent diols. Both PU1 and PU2 had PCL as
the primary diol in their formulations; however, PU1’s secondary diol was Poly(L-lactide)
diol (PLLA diol, Mn ~2000) as opposed to PDLLA diol as in PU2.

Recently, using our custom-made stereolithography printing platform, our lab
successfully fabricated a 4D-printed graphene-enabled polymeric nerve guidance
conduit which could be used for peripheral nervous system regeneration purposes,
as well as for oriented guidance of stem cell growth [33], as is detailed in Figure 7.
Human bone marrow mesenchymal stem cells (hMSCs) were shown to assume
a highly aligned orientation on the 4D-bioprinted scaffolds. Interestingly, 4D-printed
scaffolds also showed enhanced expression of the neurogenic factors ND1, NSE, and
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Ngn2 when compared to the controls. This data suggests that 4D-printed constructs
can reliably enhance neurogenesis, while conferring desirable spatial characteristics
(alignment) on the developing cells. As such, this same methodology for neural tissue
engineering may in the future be extended to modeling radially aligned cortical cell-
expansion. Furthermore, our study demonstrated that a unique laser-induced graded
internal stress followed by a subsequent solvent-induced relaxation (Figure 7e) can
drive a reversible and autonomous change of the programmed configuration after
bioprinting. Moreover, the naturally derived shape memory polymer is able to trigger
an additional ‘thermomechanical programming’ shape transformation over the 4D
effect (Figure 7f).

5. Conclusions and future directions

Various computational and experimental studies have been conducted to model and
elucidate the general mechanismwhich underlies the cortical folding process. In turn, it
has been found that differential tangential expansion and migration of early neural
cells in the developing cortex are mostly responsible for the buckling and folding that is
observed. These and other studies have argued that it is mostly mechanical forces
which guide cortical folding, but further experimentation should be conducted to
verify these assertions. Moreover, additional attention should be devoted to

Figure 7. 4D bioprinting novel SOEA constructs. (a) Bird-like architectures fabricated from SOEA
modified with graphene can achieve a ‘flying’ shape change by varying the graphene concentration
(ranges tested 0–0.8%). (b) 4D bioprinted nerve guidance conduits with and without the addition of
graphene. (c) Schematic of the self-entubulating nerve conduit being grafted onto the terminals of
a damaged nerve (I-IV). The nerve conduit is placed over the damaged nerve stumps in its flattened
temporary shape, but will fully cover the nerve in a self-entubulation/wrapping process at 37°C.
Nerve damage model ensheathed by the 4D printed nanohybrid conduit. (d) Immunofluorescence
staining of hMSCs cultured on both the nanohybrid and uv cured nerve conduits. The printed
conduit demonstrated significantly greater cell alignment than the non-printed UV cured conduit. (e)
Photo images of a reversible shape change process with 4D printed flower structure which can open
in ethanol and close in water. (f) Beyond 4D printing – shape memory effect with the 4D printed
flower structure. Scale bar, 2 mm. Adapted with permission from [33].
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uncovering the effects that folding associated stresses, such as stretching, compres-
sing, and varying stiffness, have on neural-cell fate commitment and terminal migra-
tion [63–66]. We expect that combinational 3D and 4D studies can be used to
interrogate and verify the differential (tangential) growth pattern and axonal tension
models as well as assess the effects of mechanical pressures on neuro-development.
Particularly, the 4D-bioprinting approach is an excellent methodology by which to
study the effects of cortical folding on stem cell proliferation and maturation because
of the ease of experimental manipulation that it provides and its notable modifiability.
Though 4D bioprinting is still in its respective infancy as a fabrication technique, we
anticipate its rapid acceptance and expansion in the greater tissue engineering dis-
cipline in the years to come.
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