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A B S T R A C T   

Over the last decade, scientists have begun to model CNS development, function, and disease in vitro using 
human pluripotent stem cell (hPSC)-derived organoids. Using traditional protocols, these 3D tissues are gener
ated by combining the innate emergent properties of differentiating hPSC aggregates with a bioreactor envi
ronment that induces interstitial transport of oxygen and nutrients and an optional supportive hydrogel 
extracellular matrix (ECM). During extended culture, the hPSC-derived neural organoids (hNOs) obtain milli
meter scale sizes with internal microscale cytoarchitectures, cellular phenotypes, and neuronal circuit behaviors 
mimetic of those observed in the developing brain, eye, or spinal cord. Early studies evaluated the cytoarchi
tectural and phenotypical character of these organoids and provided unprecedented insight into the morpho
genetic processes that govern CNS development. Comparisons to human fetal tissues revealed their significant 
similarities and differences. While hNOs have current disease modeling applications and significant future 
promise, their value as anatomical and physiological models is limited because they fail to form reproducibly and 
recapitulate more mature in vivo features. These include biomimetic macroscale tissue morphology, positioning 
of morphogen signaling centers to orchestrate appropriate spatial organization and intra- and inter-connectivity 
of discrete tissue regions, maturation of physiologically relevant neural circuits, and formation of vascular 
networks that can support sustained in vitro tissue growth. To address these inadequacies scientists have begun 
to integrate organoid culture with bioengineering techniques and methodologies including genome editing, 
biomaterials, and microfabricated and microfluidic platforms that enable spatiotemporal control of cellular 
differentiation or the biochemical and biophysical cues that orchestrate organoid morphogenesis. This review 
will examine recent advances in hNO technologies and culture strategies that promote reproducible in vitro 
morphogenesis and greater biomimicry in structure and function.   

1. Introduction 

In 1998, James Thomson and colleagues reported the isolation of 
human embryonic stem cells (hESCs) from the inner cell mass of human 
blastocysts [1]. This generated excitement for the potential of 
hESC-derived cellular therapeutics. Yet, utilization of human pluripo
tent stem cells (hPSCs) for research purposes such as the study of cell fate 
acquisition, tissue development and physiology, disease modeling, and 
drug screening have been their most impactful applications to date. A 
decade after Thomson’s publication, Yoshiki Sasai demonstrated that 3D 
cellular aggregates of both mouse and human embryonic stem cells 
(hESCs) could spontaneously morph into polarized cortical tissues in 
vitro. These cortical tissues featured microscale cytoarchitectures 

reminiscent of the developing neocortex [2]. With this seminal 
demonstration, hPSC-derived neural organoid (hNO) culture, a practice 
that attempts to recapitulate central nervous system (CNS) morpho
genesis in vitro, emerged as a new experimental modality to study early 
signaling processes that are essential to brain, retina, and spinal cord 
development, function, and disease. Since Sasai’s publication, organoids 
featuring cytoarchitectures and functions similar to a variety of other 
CNS tissues have been demonstrated. This includes the developing 
human telencephalon, optic cup, diencephalon, midbrain, cerebellum, 
and spinal cord [3–8]. 

The importance of hNOs as an experimental model cannot be un
derstated. Classical models of CNS morphogenesis were first derived 
from examination of non-mammalian vertebrate organisms [9,10]. 
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These early characterizations informed the development of non-human 
mammalian models [11]. However, those models are not generalizable 
to humans due to non-conserved CNS features between species of 
different vertebrate clades [12]. For instance, the developing human 
neocortex features both an inner and outer subventricular zone (iSVZ, 
oSVZ), with oSVZ radial glial cells dividing rapidly to increase the 
number and potentially the diversity of cortical neural cell fates [13,14]. 
The oSVZ radial glial cell phenotype even differs between humans and 
other primates, and it likely has a role in the evolutionary expansion of 
the human neocortex [15,16]. Thus, there are inherent limitations in 
using other vertebrate species to draw conclusion about human CNS 
development and disease pathologies. The use of hNOs enables the study 
of some facets of human CNS development while circumventing 
modeling and resource limitations associated with using animal or 
human fetal tissue. 

Human neural organoids are distinct from traditional neurospheres 
and 3D tissue engineered constructs consisting of cells seeded on a 3D 
scaffold. As described by Marti-Figueroa et al. and others, organoids are 
derived from hPSCs or organ progenitors and form tissues that self- 
organize through cell sorting and spatially restricted lineage commit
ment in a biomimetic manner [17–19]. They initiate as an aggregate of 
stem cells receptive to biophysical and biochemical inputs. Over time, 
extrinsic inputs and intrinsic cellular signaling propel the aggregated 
stem cells to morph, i.e. differentiate and self-assemble, into a more 
complex tissue. This morphogenic process results in a level of bio
mimetic cell phenotypic diversity and microscale tissues cytoarchi
tecture that is not achievable by neurospheres and 3D tissue engineered 
constructs [20,21]. 

Traditionally, there are two main strategies to culture neural orga
noids. One strategy utilizes an unguided approach wherein minimal cues 
coax cellular aggregates to differentiate and self-organize [22,23]. 
Despite its minimalistic appearance, this method often generates ‘mixed’ 
organoids where the majority of the cells acquire various neuro
ectodermal fates but a small portion adopt phenotypes of other ecto
dermal, mesodermal, or endodermal lineages. Alternatively, directed 
culture strategies utilize more extrinsic cues and growth factors to 
pattern neural organoids towards a specific CNS regional fate [4,6,7, 
24–27]. This latter strategy reduces the semi-stochastic cell fate acqui
sition associated with the unguided approach but simultaneously re
duces the diversity of neuroectodermal-derived tissue and cell 
phenotypes that emerge within the neural organoid. Despite their 
modeling superiority to standard cell culture methodologies, hNOs 
grown using the previously mentioned strategies have persistent bio
mimicry and standardization issues that could be rectified by enabling 
more precise spatiotemporal control of their in vitro morphogenesis. 

Here, we review bioengineering approaches and methodologies that 
have been used to improve hNO recapitulation of CNS morphogenesis, 
tissue structure, and function. The review is not meant to be exhaustive, 
but instead, will highlight exemplars that encapsulate the various ap
proaches found within the hNO field. In particular, the review focuses on 
the integration of bioengineering techniques to help improve the 
reproducibility of hNO cellular composition and anatomy [22,28,29], 
formation of signaling centers to produced stereotype morphogenetic 
patterning [30], generation of biomimetic circuits including 
inter-regional connectivity [28], and vascularization to enhance matu
ration [31] and reduce cell death [22]. Initially, hNO morphogenesis 
was thought to be an inherently variable, spontaneous process. How
ever, bioengineering strategies are now being developed and integrated 
to effectively control such emergent behaviors. 

2. Bioengineering hNO morphology 

CNS morphogenesis is orchestrated in vivo by myriad, spatially and 
temporally discrete, biochemical and biophysical factors. Lack of control 
over such factors during hNO derivation is the source of organoid 
variability and failure, in some aspects, to recapitulate normal 

developmental processes. Application of biophysical constraints during 
the organoid derivation process is a tractable feat. Thus, researchers 
have begun integrating bioengineering approaches with hNO derivation 
protocols to more effectively control tissue morphology (Fig. 1). 

For over two decades, soft lithography techniques such as micro
contact printing of alkanethiol self-assembled monolayers have been 
used to pattern cell adhesion at the microscale on optically transparent 
substrates [32]. Recently, Knight et al. used these techniques to inves
tigate how a hPSC aggregate’s microscale morphology would influence 
subsequent neuroepithelial tissue emergence, i.e. the inception of hNO 
morphogenesis [33,34]. They hypothesized that the spontaneous 
neurulation-like events that generate polarized neuroepithelial tissues, 
a.k.a. neural rosettes, within hNOs could be reproducibly induced in 
neurally differentiating hPSC aggregates of controlled microscale di
mensions. In their experiments, hPSCs were seeded at cell densities 
sufficient to form a confluent monolayer on micropatterned regions, and 
over 5 days in neural induction media, the cells proliferated to form 3-D 
hemispherical tissues. They observed that hPSCs differentiated to a 
forebrain neuroepithelial fate and cultured on 250μm diameter circular 
micropatterns reproducibly formed tissues with a singularly polarized 
neural rosette, which is mimetic of the embryonic neural tube’s 
cytoarchitecture. Interestingly, reproducible formation of spinal neu
roepithelial tissues with a singularly polarized rosette required smaller 
150μm diameter circular micropatterns due to differences in the cells’ 
biomechanical properties [34]. Their observed effect of hPSC aggregate 
morphology on the emergence of polarized forebrain neuroepithelum 
was also reproduced by Haremaki et al. during derivation of micro
patterned human ‘neuruloids’ [35]. In this study, reproducible and 
spatially stereotyped ectodermal morphogenesis, which entails emer
gence of neuroepithelial, neural crest, sensory placode and epidermal 
tissues, was achieved after forming hPSCs aggregates on 500μm diam
eter circular micropatterns and with exposure to bone morphogenic 
protein-4 (BMP4). These examples demonstrate that even in adherent 
cultures, inceptive tissue morphology is a biophysical characteristic that 
can be engineered to effectively regulate subsequent neural 
morphogenesis. 

When deriving suspension hNOs, the initial spherical hPSC aggregate 
size has also been proven to be an important determinant for protocol 
reproducibility. For example, Zhu and colleagues engineered a micro
pillar array chip in which seeded hPSCs aggregate within the array’s 
inter-pillar regions to form spherical embryoid bodies (EBs) of uniform 
shape and size [36]. EB size can be varied by adjusting the micropillar 
array’s dimensions, and hNOs were most consistent when the micro
pillars were 800 μm in height with a 50 μm pitch. More commonly, 
researchers form cell aggregates from a specified number of hPSCs using 
low-attachment V-bottom well or AggreWell™ plates [37,38]. In these 
platforms, cell aggregate size is indirectly controlled via cell seeding 
density and well dimensions. Subsequent dorsal forebrain patterning of 
such aggregates in suspension culture has been implemented at scale to 
generate cortical hNOs with neuronal subtype lamination similar to the 
inside-out patterning observed in vivo [24,38–40]. At ~7 weeks post 
aggregation, astrogenesis can be observed within these hNOs, and at 
~10-weeks post aggregation, cortical hNOs possess transcriptional 
profiles equivalent to the second trimester human fetal cortex [39]. 
Single-cell RNA-seq analysis proved that hNOs derived using such 
controlled conditions yielded highly reproducible cellular compositions, 
even across multiple hPSC lines [37]. Moreover, the diversity of con
stituent cell phenotypes and their transcriptional profile was similar to 
that of fetal human cortex at ~6 months of gestation [38]. While the 
described cortical hNO protocols begin with forming spheroidal cell 
aggregates of controlled, uniform size, they also exclude embedding the 
organoid within a xenogenic extracellular matrix (EMC) hydrogel dur
ing long-term culture. Hence, the protocols reproducibility may not be 
solely attributed to its inception via uniformly sized hPSC aggregates. 

As an alternative approach to focusing on the initial spheroidal cell 
aggregate’s size, Lancaster and colleagues used poly(lactic-co-glycolic 
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acid) microfilaments to seed the formation of elongated hPSCs aggre
gates with increased surface area-to-volume ratios [41]. They hypoth
esized that the increased surface-area-to-volume ratio would expose a 
larger fraction of the aggregate’s cells to its exterior surface resulting in 
more homogenous neural induction. Indeed, their elongated hPSCs ag
gregates preferentially differentiated into neuroepithelium with negli
gible presence of mesodermal and endodermal phenotypes. The 
resulting microfilament-engineered cerebral organoids (enCORs) dis
played a significant and reproducible increase in the formation of 
forebrain tissues at the expense of more caudal midbrain and hindbrain 
tissues. The observed alteration in organoid composition due to the 
initial hPSC aggregate’s microfilament-guided increase in surface 
area-to-volume ratio further exemplifies the influence of the inceptive 
aggregate’s biophysical characteristics on organoid morphogenesis. 

Regulating hNO morphology during latter stages of derivation pro
tocols is challenging due to the near ubiquitous need for agitated sus
pension culture and the organoid’s constantly increasing size [22]. 
McNulty and Marti-Figueroa et al. attempted to address this issue using 
sacrificially molded alginate hydrogels to encapsulate hPSC aggregates 
and provide sustained imposition of a cylindrical morphology with 
defined microscale dimensions [42]. The combined rigidity and porosity 
of alginate hydrogels enabled stirred-tank bioreactor culture of the 
entire organoid-hydrogel composite, and robust neuroepithelium for
mation was observed over the course of 16 days. However, longer-term 
culture was not feasible due to the hydrogel cavity’s inability to expand 
with the growing neural organoid. Alternatively, Karzbrun and col
leagues avoided agitated suspension culture altogether while using 
microfabricated culture chambers to constrain the morphology of 
developing hNOs [43]. This biophysical constraint induced compression 
forces within the organoid’s expanding neuroepithelium, and mechan
ical instabilities resulting from local changes in cell density as well as 
apical cytoskeletal contraction caused ‘wrinkling.’ The authors argue 
that this is a model of folding during normal human brain development 
[43]. However, a more convincing model of human brain folding was 
developed by Li et al.’s derivation of hNOs from hPSCs with PTEN loss of 
function mutations [44]. The loss of normal PTEN activity 

increasedproliferation of the organoids’ neural progenitor cells, 
including that of HOPX+ outer radial glial cells in the sub-ventricular 
zone. Stresses generated by the resulting rapid tissue expansion 
induced folding of the emerging cortical plate [44]. Such genetic ap
proaches for imposing biophysical factors that regulate organoid 
morphology can be instituted during long-term agitated suspension 
culture. Further integration of both genetic and previously discussed 
physical approaches could eventually enable constant control of bio
physical factors throughout hNO morphogenesis. 

3. Bioengineering symmetry breaking and morphogenetic 
patterning 

Although inceptive hPSC aggregates are initially quite homogenous, 
the mere formation of a 3-D aggregate creates heterogenous cellular 
microenvironments that elicit spontaneous, anisotropic patterns of dif
ferentiation. This phenomenon is observed at the earliest stages of 
normal development. For example, cells on the surface of the 32-cell 
morula differentiate into trophectoderm while cells on the morula’s 
interior experience a different microenvironment and differentiate into 
an inner cell mass fate [45]. In neural organoid culture, this phenome
non induces spontaneous symmetry breaking and body axis-like 
patterning as powerfully exemplified by rostro-caudal, dorso-ventral, 
and medio-lateral tissue organizations observed in mESC-derived cere
bral [46] and spinal organoids [47] and gastruloids [48]. Clearly orga
noids possess the potential for extensive morphogenetic patterning to 
generate tissues containing biomimetic body axis-like structure. The 
challenge is how to reproducibly engineer such morphogenetic 
patterning to increase the biomimicry of hNOs while maintaining con
sistency in each organoid’s anatomy. 

Within the developing CNS, morphogens emanating from signaling/ 
organizing centers’ modulate local cellular differentiation to impart 
axial patterning. In 2013, Lancaster et al. demonstrated that a diverse 
spectrum of brain tissues could develop within hPSC-derived cerebral 
organoids (hCOs) [22]. This prompted the realization that such 
signaling centers could spontaneously arise within hNOs. In 2017, 

Fig. 1. Approaches to bioengineer human neural organoid (hNO) morphology. Human pluripotent stem cell (hPSC) aggregate morphology can be regulated at 
the microscale using microfilaments, micropatterned substrates, micropillar arrays, microwells, molded or 3D printed hydrogels, and microfabricated chamber 
devices. Gene editing tools may also indirectly exert control over hNO morphology (e.g. folding) by regulating cell behavior (e.g. proliferation). 
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Renner et al. verified the presence of such signaling centers as well as 
coordinated axial pattering through a detailed analysis of hCO forebrain 
tissues [30]. In vivo, morphogenesis of the rostral telencephalon is 
orchestrated by fibroblast growth factors (FGFs) secreted from the 
rostral anterior neural ridge, Wnts and BMPs secreted from the dorso
medial cortical hem, and Wnt inhibitors, EGF, and other signaling 
molecules secreted from the antihem (AH; Fig. 2A) [49–52]. The discrete 
spatial presence of these morphogenetic fields instructs dorso-ventral 
patterning of pallial and subpallial telencephalic domains. In their ex
periments, Renner et al. generated 53 hCOs with FGF-2 media supple
mentation during the initial embryoid body culture stage. They observed 
that 11 of the 53 hCOs generated both PSPB-like and cortical hem-like 
signaling centers. Specifically, the expression of Wnt-2b and BMP-6 
overlapped with the presence of cortical hem tissues, and proper 
spatial abutment of choroid plexus-hem-dorsal pallium and lateral 
pallium-subpallial ganglionic eminence tissues was observed across se
rial cryosections [30,53]. This suggests that morphogen molecules are 
present alongside signal center-like structures within hCOs. 

Discrete signaling centers also form within hPSC-derived spinal 
organoids (hSOs) [8,54]. In spinal cord development, rostro-caudal 
patterning of spinal neuroepithelial cell fate requires FGF, Wnt, and 
retinoic acid signaling [55]. Subsequently, dorso-ventral patterning of 
the spinal neuroepithelium is initiated by BMPs and Wnts secreted from 
the dorsal ectodermal roof plate and sonic hedgehog (Shh) secreted from 
the ventral mesodermal notochord (Fig. 2B) [56,57]. In an analogous 
manner, caudalization of hPSCs to spinal neuroepithelial cell fates also 
requires FGF, Wnt, and retinoic acid signaling [58,59]. In hSO culture, 
Ogura et al. demonstrated that roof-plate-like signaling centers can 
spontaneously emerge and secrete BMP4 that activates BMP and Wnt 
signaling within adjacent tissue regions (Fig. 2C) [8]. This induced axial 
patterning of the remaining dorsal progenitor domains within the hSO’s 
neuroepithelium. In a similar hSO approach, Duval et al. observed that 
application of exogenous BMP4 has the strongest dorsalizing effects at 
early exposure times suggesting the existence of an ideal temporal 
window for effective morphogenetic patterning [54]. Conversely, 
development of a ventral signaling center within hSO’s is not sponta
neous, but requires media supplementation with a Shh small molecule 
agonists [8]. At specific levels of Shh activation, Ogura et al. 

demonstrated that floor plate-like signaling centers, which develop 
within the embryo’s spinal neuroepithelium immediately adjacent to the 
notochord and secrete Shh, were observed alongside other ventral pro
genitor domains in hSOs (Fig. 2C). Moreover, the floor plate and ventral 
progenitor domains were spatial organized in a manner consistent with 
morphogenetic patterning of the ventral spinal cord [8]. It remains to be 
demonstrated whether a complete dorso-ventral patterning axis can be 
established within a single hSO. This will likely require further inte
gration of bioengineering methods. 

In an effort to move from spontaneous to more instructed morpho
genetic patterning of hCOs, Cederquist et al. used TALEN-mediated 
genome editing to engineer a doxycycline inducible Shh-expressing 
hPSC line (iShh) that could serve as a prechordal plate-like signaling 
center surrogate (Fig. 2A and C) [60]. Using round bottom microwells, a 
small iShh cell spheroid was formed first before subsequent aggregation 
as part of a larger hPSC spheroid. Upon further culture and doxycycline 
exposure, the iShh cells secreted Shh and acted as a signaling center to 
impart both dorso-ventral and rostro-caudal patterning of telencephalic 
and diencephalic forebrain tissues within the hCO and in a biomimetic 
distance dependent manner. This demonstration provides 
proof-of-concept that synthetic signaling centers can orchestrate hNO 
symmetry breaking and morphogenetic patterning. However, the use of 
cellular surrogates may not be ideal since their uncontrolled migration 
throughout the developing organoid confounds standardization of the 
morphogenetic process [60]. 

The previously discussed studies demonstrate the feasibility of 
standardizing long-range morphogenetic pattering of axial anatomic 
structure within hNOs by either inducing cellular signaling centers, i.e. 
via biochemical or optogenetic stimuli, or using artificial surrogates. 
However, reproducibility of signaling center formation and standardi
zation of the spatial orientation and extent of axial pattern remains 
inconsistent from organoid-to-organoid. A major limitation to achieving 
more consistency is the requisite use of agitated suspension culture, 
which ensures sufficient interstitial nutrient and oxygen diffusion to 
sustain protracted organoid growth and maturation [8,19,39,60]. If this 
limitation can be overcome, then microfluidic culture platforms can be 
used to reproducibly instruct hNO symmetry breaking and morphoge
netic patterning. For example, Manfrin et al. recently developed a 

Fig. 2. Signaling centers and assembloids. (A) The developing vertebrate forebrain is patterned by multiple signaling centers including the anterior neural ridge 
(ANR), the cortical hem (CH), the prechordal plate (PCP), and the antihem (AH, at dorsal-ventral telencephalon boundary). (B) The developing spinal cord is 
patterned by multiple signaling centers including the roof plate (RP), the floor plate (FP), and paraxial mesoderm (PM). It contains both dorsal and ventral pro
genitors. (C) Human neural organoids (hNOs) can be bioengineered as assembloids that contain inducible signaling centers (e.g. inducible Shh (iShh) domains). 
Moreover, interregional phenomena like unidirectional migration of cortical interneuron (cIN)-like cells or axonal extension and preferential targeting may also be 
observed. In spinal cord organoids, exposure to select growth factors induces spontaneous emergence of both dorsal and ventral signaling centers that morphoge
netically pattern adjacent organoid regions. 
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polydimethylsiloxane (PDMS)-based microfluidic device that uses sim
ple Fickian diffusion to create stationary morphogen gradients across a 
micropatterned, geometrically restricted hPSC colony [61]. By applying 
counteracting gradients of BMP4 and Noggin– a BMP4 antagonist, they 
demonstrated controlled induction of differential germ layer fate 
acquisition across the colonies and in a direction parallel to the gradi
ents. Integration of analogous microfluidic devices with hNO derivation 
protocols will be critical for scalable manufacture of tissues with 
reproducible and biomimetic anatomical structure. 

4. Bioengineering interactions between organoid tissues of 
different CNS regions 

Assembloids of intra- and inter-cephalic forebrain organoids have 
been developed as rudimentary models of inter-regional cellular 
migration and axonal targeting followed by synaptogenesis (Fig. 2C) 
[5]. The first assembloid studies characterized the fusion of dorsal and 
ventral telencephalic organoids [27,62,63]. Fusion was initiated by 
culturing prepatterned EBs side-by-side in a microcentrifuge tube/mi
crowell [27,63] or within a globule of Matrigel [62]. Within these 
intra-telencephalic assembloids, biomimetic emergent properties were 
observed such as unidirectional migration of nascent cortical in
terneurons from the ventral towards the dorsal organoid region. As a 
disease modeling exemplar, the assembloid’s ventral portion was 
derived from hiPSCs bearing a Timothy Syndrome (TS) gain-of-function 
mutation [27]. Distinct from their wild-type counterparts, cortical in
terneurons generated within mutant ventral tissues displayed abnormal 
migration patterns, which could be partially corrected using inhibitors 
of L-type calcium channels. 

As an inter-cephanic assembloid example, Xiang et al. devised a 
patterning strategy to generate human thalamic-like organoids (hThOs) 
and fused them with human cortical organoids (hCrO) within a Matrigel 
droplet [5]. The thalamus emerges within the diencephalic vesicle and is 
an important routing and regulatory structure containing many primary 
and higher-order nuclei of differing functions. It is the major relay be
tween the cortex and subcortical tissues [64]. Within hThO-CrO 
assembloids, Xiang et al. observed bundled axonal projections akin to 
reciprocal corticothalamic and thalamocortical projections. The recip
rocal axonal projections preferentially targeted and synapsed with 
post-mitotic neuronal layers instead of progenitor regions within the 
assembloids, which is consistent with cortical-thalamic targeting in the 
developing forebrain [5,65]. Despite obtaining a biomimetic axial or
ganization and rudimentary circuitry, it remains to be examined as to 
whether assembloid fusion led to maturation of the hThO as evidenced 
by emergence of higher order thalamic-like nuclei. More generally, a 
potential limitation of the assembloid approach is the possible exclusion 
of critical inter-regional tissue structures generated via morphogenetic 
patterning during normal CNS development. 

5. Bioengineering models of human circuit formation and 
maturation 

Understanding the association between neuronal circuit function and 
neuropathology is a major objective of neuroscience research. Mecha
nisms underlying neuropsychiatric disorders such as Autism Spectrum 
Disorder, Epilepsy, Down Syndrome, and Schizophrenia indicate irreg
ularities in developmental processes that govern circuit formation and 
network activity. These irregularities may cause imbalances in the 
inhibitory (GABAergic) and excitatory (glutamatergic) signaling within 
local networks [66–73]. Despite the historical use of animal models to 
discern the properties of neuronal circuitry, there are significant con
cerns that some neuropsychiatric phenotypes are not conserved between 
model organisms and humans [73]. This has motivated efforts to 
develop hNOs as models of circuit formation and network activity. 

Extensive scRNA-sequencing has documented that the repertoire of 
fetal neuronal and glial subtypes required for biomimetic neuronal 

circuit formation exist within both cerebral [74] and cortical organoids 
[75] after ~6−8 months of culture. Substantial neuronal maturation 
occurs as evidenced by synapse and dendritic spine formation [74]. 
Moreover, both glutamatergic and GABAergic neurons contribute to the 
organoids’ patterns of electrical activity, which increase consistently 
with culture duration as measured by microelectrode arrays (Fig. 3). 
Analogous to human development, the spatiotemporal patterns of 
electrical activity evolve from discontinuous, non-correlated events 
(immature organoids) to periodic, synchronized bursting events (>6 mo. 
matured organoids). This progression indicates spontaneous formation 
of circuit networks within hNOs [74–76]. After 8 months of culture, 
retinal-like tissues within cerebral organoids contain photoreceptor-like 
cells that can be stimulated to fire action potentials using exogenous 530 
nm light [74]. After 10 months of culture, neural network firing patterns 
within cortical organoids demonstrate attributes of complex, oscillatory 
behaviors observed in human fetal electroencephalograms (EEGs). For 
example, human fetal EEGs at 7 months of gestation are characterized by 
intermittent burst of activity separated by periods of quiescence. Within 
these bursts, the superimposition of both low (e.g. 0.3−2 Hz delta 
waves) and rhythmic, high frequency (e.g. 8−25 Hz) activity can be 
detected [76]. Trujillo et al. documented an analogous superimposition 
within their cortical organoid’s oscillatory network activity (i.e. 
cross-frequency phase-amplitude coupling) using microelectrode arrays 
(MEA). However, as discussed by the study’s authors, multiple experi
mental and clinical variables like skull filtering properties, electrode 
placement, and potential neurological conditions limit direct EEG and 
MEA signal comparison [75]. Moreover, the non-stereotyped cytoarch
itecture of hNOs makes it difficult to correlate the MEA’s local field 
potential measurements with specific, physiologically relevant CNS 
tissue structures or networks. 

Registration of intra-organoid circuits with a physiologically rele
vant network output will likely require integration of novel organoid 
culture and optogenetic techniques. For example, Giandomenico et al. 
combined the previously discussed enCOR method with air-liquid 
interface cerebral organoid slice culture (ALI-COs) [41,77,78]. This 
culture method reduced cell death and increased the number of cortical 
neuron populations as well as short and long-range axonal tract-like 
projections as compared to whole organoid controls [77]. Also, 
ALI-COs could be maintained in long-term culture to allow neuronal 
maturation and spontaneous network formation. Notably, the develop
ment of intracortical callosal-like projections that were responsive to 
endogenous axonal guidance cues and corticofugal-like projection tracts 
that extend away from the ALI-CO gross structure were observed. Using 
retrograde tracing, it was proven that CUX2+ (superficial layer) neurons 
accounted for the vast majority of internal callosal-like projections, 
whereas two-thirds of all exterior projecting neurons were CTIP2+ (deep 
layer) neurons. This distribution of CUX2+ and CTIP2+ neurons is 
mimetic of cortical and corticofugal projections in vivo, respectively. 
Moreover, Giandomenico et al. demonstrated that their corticofugal-like 
projections could synapse with explant mouse spinal cord tissue and 
generate contractions in mouse paraspinal muscle [77]. ALI-CO’ slice 
culture tissue morphology permits direct manipulation of constituents 
cells and circuits for facile integration of synthetic biology tools, e.g. 
optogenetics [79] and rabies virus-mediated monosynaptic retrograde 
tracing [80]. Such integration would help to further decipher and 
potentially modulate circuit network structure, dynamics, and 
maturation. 

6. Bioengineering hNO vascularization 

Poor gas and nutrient diffusion are a persistent issue with suspension 
hNO culture. It reduces cell survival within the organoids’ medulla 
during long-term culture [19]. Organoid culture within spinner flasks or 
oscillatory bioreactors improves gas and nutrients diffusion resulting in 
improved cell viability compared to stationary culture [22,26]. How
ever, agitating bioreactors still do not support sustained organoid 
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expansion without formation of a hypoxic medulla [77]. The desire to 
expand hNO growth in the absence of hypoxia as well as include a 
critical factor of the neurogenic niche [81] and regulator of CNS phys
iology and disease [82] has motivated development of approaches to 
vascularize hNOs [79,83–85]. 

Bioengineering approaches to achieve hNO vascularization have 
varied from co-derivation of cerebral organoids and blood vessels [83] 
to direct organoid implantation into rodents (Fig. 3) [79]. Ham et al. 
demonstrated that VEGF could be included within hCO derivation pro
tocols to induce co-differentiate of endothelial-like cells (ECs) without 
inhibiting neural morphogenesis [83]. The ECs formed tubules within 
the organoid and surrounding Matrigel hydrogel and expressed 
blood-brain barrier (BBB) tight junction protein markers. Also, further 
supplementation with Wnt7a induced co-derivation of pericyte-like cells 
within the hCOs [83]. As an analogous co-derivation approach, Cakir 
et al. engineered doxycycline-inducible ETV2 expression into a hESC 
line [84]. Using an EB composed of 20 % genome edited cells, 
ETV2-induced reprogramming could be used to generate hCOs con
taining ECs that formed perfusable vascular structures in vitro and in 
vivo. As a third approach, Pham et al. re-embedded day 34 hNOs in 
Matrigel containing iPSC-derived endothelial cells (ECs) [85]. After 20 
days of in vitro culture and 2 weeks of implantation in an immunode
ficient NSG mouse, human EC-based tubular structures penetrated the 
hNO’s core sustaining transplant viability in vivo compared to non-EC 
containing organoids [85]. The fourth approach entailed implantation 
of 40–50 day hCOs directly into the retrosplenial cortex of NOD-SCID 
mice [79]. In the absence of hPSC-derived ECs, host vasculature pos
sessing BBB-like features invaded and perfused the organoids supporting 
long-term viability. Moreover, the formation of vascular structures 
enhanced neural differentiation as day 50 implanted hNOs exhibited 
greater numbers of NeuN+ cells compared to day 102, stage-matched, 
non-implanted controls. Interestingly, synaptic connectivity between 
the vascularized hCO and host brain tissues was observed via electro
physiological analysis and immunostaining [79]. Vascularization of 
hNOs is clearly feasible and several transplantation approaches can yield 
functional vascular networks with blood flow [79,84]. However, 
reproducibility of the vascularization time course, vascular tree struc
ture, and homogeneity of spatial distribution within the organoid would 
be improved by further incorporation of sacrificial molding [17,42,86] 

or 3D printing [87,88] techniques. 

7. Conclusion 

The hNO experimental platform holds tremendous promise for 
modeling CNS development, physiology, and disease. However, as in all 
product development pipelines, standardization of hNO derivation 
protocols is critical to reproducibly bioengineer CNS morphogenesis ex 
vivo to create tissues with biomimetic cellular composition, cytoarchi
tecture, and anatomy. As reviewed previously [17], numerous tissue 
engineering methodologies can be applied to hNO culture to precisely 
control biochemical and biophysical microenvironmental facets. It is 
only via such integration that we will be able to decipher the biological 
rules and implement the necessary spatiotemporal control to fully 
bioengineer CNS development ex vivo. Here, we have provided exem
plars of bioengineering approaches to control hNO tissue morphology, 
axial patterning via morphogens emanating from signaling centers or 
assembly of regionally distinct tissues, circuit formation and maturation, 
and vascularization. While these studies advance the field and respond 
to continued pressure to create ever more complex organoid systems, it 
is equally important for the practical application of hNO science to 
synthesize their collective biological findings and use this new knowl
edge to develop bioreactor systems and protocols capable of standard
izing comprehensive hNO manufacture. After all, “organoid biology is 
developmental biology” [18]. If we can understand the rules of human 
CNS development, then we should be able to precisely bioengineer its 
morphogenesis. 
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Fig. 3. Circuit Network Formation and Vascularization. Neuronal activity and maturation of circuits within hNOs can be measured using multielectrode arrays 
(MEAs) to detect the spatial and temporal patterns of neuronal activity. An increase in electrophysiological activity over culture duration and the presence of 
oscillatory waves indicates network formation and maturation. Human neural organoid (hNO) vascularization can be achieved upon invasion of host vasculature 
after implantation or using co-differentiated or supplemented endothelial cells in vitro. 
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Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.semcdb.2020.05.025. 
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