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Human tissues consist of complex cellular 
patterns and structures that arise during 
development and are essential for tissue 
function.[1] Some of these self-organized 
patterns have been recapitulated in vitro, 
in 2D and 3D cell culture.[2,3] For example, 
human organoids derived from embryonic 
stem cells or induced pluripotent stem 
cells (iPSCs) are valuable tools for devel-
opmental biology, disease modeling, and 
regenerative medicine.[3,4] However, these 
structures generated from homogenous 
and uncontrolled cell aggregates sponta-
neously organize over time in an unpre-
dictable and spatially disordered manner. 
Thus far, robust technologies have not 
existed that could control initial 3D cell 
patterns to study how this influences 
development and function. The ability to 
pre-position cell types in the initial state of 
the self-organization process could allow 
greater control over subsequent organ-
ized states. Geometric confinement with 
patterned surfaces for cell attachment at 
the onset of tissue self-organization can 

affect later-stage stem/progenitor cell self-organization events 
such as embryonic germ layer patterning[5] and neural rosette 
formation.[6] However, these approaches were conducted on 2D 
micro-fabricated surfaces and have not yet been extended to pro-
duce defined 3D geometries. Manually generated prepatterned 
3D structures, e.g., assembled brain organoids[7] or functionally 
distinct cell clusters,[8] can be powerful tools for the study of 
neuronal migration across brain regions and brain region spec-
ification induced by signaling molecules. The mechanical auto-
mation of these spatial programming processes would increase 
the reproducibility and complexity of induced self-organization 
in 3D tissue models.

Human brain development is poorly understood due to lack 
of models and experimental tools. It is also one of the softest 
tissues and has remained a challenge for bioprinting. 3D 
bioprinting offers a fast prepatterning method but so far appli-
cations have been limited to the construction of tissues that are 
stiffer than the brain.[9,10] Efforts toward printing soft tissues 
have involved the addition of hard materials for mechanical 
support or have been limited to flat structures.[9,11,12] Neural 
stem cell (NSC) printing has relied on the incorporation of 
polysaccharides such as agarose, alginate and gellan gum,[13–16]  
or synthetic polymer-based scaffolds.[17,18] Additionally, the 
majority of the matrices and scaffolds used for bioprinting have 

Current understanding of human brain development is rudimentary due to 
suboptimal in vitro and animal models. In particular, how initial cell positions 
impact subsequent human cortical development is unclear because experi-
mental spatial control of cortical cell arrangement is technically challenging. 
3D cell printing provides a rapid customized approach for patterning. How-
ever, it has relied on materials that do not represent the extracellular matrix 
(ECM) of brain tissue. Therefore, in the present work, a lipid-bilayer-sup-
ported printing technique is developed to 3D print human cortical cells in the 
soft, biocompatible ECM, Matrigel. Printed human neural stem cells (hNSCs) 
show high viability, neural differentiation, and the formation of functional, 
stimulus-responsive neural networks. By using prepatterned arrangements 
of neurons and astrocytes, it is found that hNSC process outgrowth and 
migration into cell-free matrix and into astrocyte-containing matrix are similar 
in extent. However, astrocytes enhance the later developmental event of 
axon bundling. Both young and mature neurons migrate into compartments 
containing astrocytes; in contrast, astrocytes do not migrate into neuronal 
domains signifying nonreciprocal chemorepulsion. Therefore, precise prepat-
terning by 3D printing allows the construction of natural and unnatural pat-
terns that yield important insights into human cerebral cortex development.
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not recapitulated the functional properties and complexity of 
extracellular matrix (ECM). Other methods are yet to be tested 
for interrogating how initial cell positions trigger self-organiza-
tion or recapitulate human brain developmental events.

We previously 3D printed tens of thousands of pico-
liter aqueous droplets conjoined by lipid bilayers to give 3D 
tissue-like materials.[19] Further, printed cellular structures 
were achieved by using agarose as matrix to give cartilage-
like constructs.[20] To 3D print naturalistic and also artificially 
prepatterned brain tissues, we developed an enhanced droplet 
printing method that enables the construction of soft tissues 
with ECM and without hard materials to affect subsequent 
self-organization. Printed NSCs in ECM were viable, differ-
entiated, and were functional. By spatially arranging NSCs 
inside Matrigel (basement-membrane like ECM), we triggered 
a series of cortical developmental events: neuronal migration, 
differentiation, axon outgrowth, and astrogenesis. Further, 
prepatterned astrocytes (surrounding NSCs) induced robust 
axonal fasciculation, suggesting that astrocytes participate in 
neural tract formation. By combining emerging fast cell pro-
gramming methods[21,22] with our printing technique, we rap-
idly produced differentiated cortical tissues. Finally, we used 
spatial prepatterning to investigate cell migration in cortical 
tissues, which revealed that astrocytes preferentially main-
tained segregation from neurons indicating nonreciprocal 
chemorepulsion between neurons and astrocytes. We thereby 
demonstrate a 3D printing technique that provides prede-
termined cell patterning, enabling insights into subsequent 
self-organization processes that are important in cortical 
development such as axonal fasciculation and cell migration/
segregation.

Reported droplet printing methods are limited to materials 
with low viscosities and low cell densities.[23] To improve the 
performance of our previously described droplet printer,[19] 
we designed a piezo driver capable of higher output voltages 
(Supplementary Information) to eject droplets containing 
materials with higher viscosity (Figure S1a, Supporting Infor-
mation). The ejected, cell-laden, ECM-containing droplets 
spontaneously acquired a monolayer of lipids in the lipid-
containing oil bath. Droplets positioned next to each other 
formed droplet interface bilayers (DIBs), which provided 
the crucial adhesive force for supporting the 3D architec-
ture of the printed droplet networks and allowing patterning 
(Figure  1a).[24] Printing nozzles with different inner diam-
eters were prepared and used to generate droplets with dif-
ferent sizes (Figure  1b). With the same nozzle, the ejected 
droplet size could be further tuned by adjusting the ampli-
tude (voltage) and duration of the printing pulse. Using fluo-
rescently labeled lipids, we also confirmed that DIBs were 
present between droplets (Figure 1c), enabling compartmen-
talization.[19,24] Thus, the droplets are separated from each 
other and do not exchange their ECM or cell contents during 
the printing process.

After printing, the structures were gelated by warming to 
room temperature (RT), during which the intact DIBs kept 
the droplet contents separated (Figure 1d, upper row). Matrigel 
gelation is slow at RT, whereas warming the printed droplets to 
37 °C results in rapid rupture of the DIBs and droplet fusion 
(Figure 1d, middle row). Rupture of DIBs can also occur when the 

printing oil is exchanged with culture medium for postprinting 
culture. It is therefore essential to first gelate the ECM to main-
tain the 3D architecture of the network. To achieve this, we used 
a stepped temperature increase protocol. The printed network 
is first warmed to an intermediate temperature of ≈25 °C for 
30 min, whereby partial gelation of Matrigel occurs, but where 
also the DIBs remain intact and maintain separation of droplet 
contents (Figure  1d, upper row). The network is subsequently 
incubated at 37 °C, whereupon the DIBs break and further gela-
tion occurs across the former interface, leading to droplet con-
nection without content mixing (Figure  1d, bottom row). The 
droplet network could then be transferred from the printing oil 
to culture medium without deformation or exchange of the cell 
contents between droplets (Figure  1e, Figure S1b, Supporting 
Information). The fluorescence of the labeled DIBs slowly dis-
appeared from the networks within a few days while in culture 
(Figure S1c, Supporting Information), indicating that lipids had 
diffused away. Thus, ECM and cells were left behind without 
the need for any additional materials for mechanical support. 
Therefore, this technique allows the prepatterning of cells in 
scaffold-free soft ECM, avoiding the addition of biologically 
incompatible materials. The DIBs provide stabilization during  
the several hours required for materials such as Matrigel to gelate.

We next investigated whether we could construct soft human 
neural tissues using our printing technique. First, we performed 
2D culture of human induced pluripotent stem cell (hiPSC)-
derived NSCs in neural expansion medium with fibroblast 
growth factor (FGF2) and epidermal growth factor (EGF) for 4–7 d  
(Figure  2a). The hNSCs were then harvested and suspended 
in Matrigel at a cell density of 2 × 107 mL−1. After printing with 
this “bioink,” the constructed neural tissues (printed as 7 × 7 × 4 
droplet networks) were cultured in neural maintenance medium 
(NMM) for differentiation. At day 1 postprinting differentia-
tion (ppd), the neural cells started to polarize, producing pro-
cesses (Figure  2b). The neural cells projected processes across 
the former droplet boundaries into the adjacent droplets. The 
number of neural process outgrowths and branches increased 
over the first few days of culture (Figure S3a, Supporting Infor-
mation) and more neural morphological changes appeared over 
longer differentiation times (Figure  2b, Figure S3b, Supporting 
Information). Notably, the printed cells exhibited high viability 
(≈96%), indicating that stress from the printing process had 
been limited (Figure 2c and Figure S2, Supporting Information). 
Immunostaining for the young neuron marker βIII-tubulin with 
TUJ1 antibodies revealed that neuronal processes extended over 
the first 2 weeks of differentiation (Figure 2d). The distribution of 
cells at day 14 ppd was heterogeneous, with TUJ1+ neurons pre-
dominantly found at the surface of a construct whereas SOX2+ 
neural progenitor cells were present throughout the whole con-
struct (Figure S3c, Supporting Information).

We further studied the self-organization of neural cells in 
printed tissues by increasing the cell density to 3.5 × 107 mL−1. 
Constructs printed at high cell density exhibited high via-
bility and the cells were able to proliferate, resulting in dense 
structures (Figure  2e) by day 28 ppd. The high cell density 
also triggered SOX2+ TUJ1+ neural rosette formation at day 
28 ppd (Figure  2e,f). Longer culture led to the formation of 
protuberances and an increasing number of deep cortical layer 
neurons (CTIP2+, Figure 2g). Further, mature neurons (MAP2+ 
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and NeuN+) and astrocytes (GFAP+) appeared after ≈2 months 
of differentiation (Figure 2h). Printed neural tissues were kept 
for over 100 d (Figure S4, Supporting Information). These data 
demonstrate the construction of viable neural tissues with 
different cell densities, and their self-organization and differen-
tiation over long time periods.

Calcium ions (Ca2+) are necessary in many cellular pro-
cesses and serve as intracellular second messengers.[25] 
Spontaneous Ca2+ oscillations have been suggested to 
play a role in brain development.[26] Further, synchronized 
Ca2+ oscillations of interconnected neuronal networks are 

essential for brain functions.[27] To test the functionality 
of the neurons in our printed constructs, we performed 
Ca2+ imaging with Fluo-4. Time-lapse recordings revealed 
spontaneous Ca2+ oscillations in printed constructs after 
4 d ppd (Figure  3a). Individual cell traces showed irreg-
ular patterns of calcium spikes (Figure  3b). Correlation 
coefficients were quantified and revealed low correlation 
between printed neural cells at an early differentiation stage  
(4 d ppd, Figure  3c). However, the cells exhibited more  
frequent and more regular Ca2+ oscillations at day 44 ppd 
(Figure 3d,e) and correlation coefficients revealed significantly 

Figure 1. Lipid-bilayer-supported droplet bioprinting for soft tissues. a) Setup for printing water-in-oil droplets containing cells in ECM. The printer 
consists of a high-power piezo-driver for printing viscous materials, surface-modified glass printing nozzles, and a temperature-controlled manipulator 
stage. The manipulator stage moves under computer control and allows 3D positioning of droplets. Printed droplets are connected by adhesive DIBs to 
form patterned droplet networks. b) Ejected droplet sizes can be controlled by printer nozzle size. Droplet diameters were tuned by changing the voltage 
and width of the printing pulse (n ≥ 3). Example images show droplets containing Matrigel and fluorescently labeled HepG2 cells. c) Left: bright-field 
image of part of a printed droplet network. Droplets contain Matrigel and HepG2 cells at 3 × 107 mL−1. Right: Texas-red-labeled lipids reveal DIBs in 
a printed network. d) Matrigel droplet pairs containing dyes illustrate a stepped temperature increase approach to trigger DIB breakage and droplet 
connection. Top: DIB stays intact during a temperature increase from printing temperature (≈5 °C) to room temperature (RT) and is stable at RT for 
2 h; middle: the DIB ruptures and the droplets fuse when the temperature is brought to 37 °C; bottom: the DIB breaks without droplet fusion after a 
stepwise temperature increase: from printing temperature to RT for 30 min, then RT to 37 °C for 2 h. e) Left, schematic of a 7 × 7 × 8 droplet network 
(eight layers of 7 × 7 droplets). Top right: illustration of the transfer of a printed tissue from printing oil to culture medium. Bottom right: images of 
a printed 7 × 7 × 8 droplet network (HepG2 cells (3 × 107 mL−1) in Matrigel) in oil and then transferred to culture medium (side view). Scale bars are 
100 µm, except the labeled scale bars in (b).
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higher connectivity at this stage of differen-
tiation (Figure  3f). To determine whether 
printed neural tissues could respond to 
stimulation, we exposed the constructs with 
65 d ppd to KCl (60  mM), which evoked 
rapid Ca2+ transients (Figure 3g–i).

Neural cell process outgrowth and cell 
migration are key features of the develop-
ment of the central nervous system.[28] In 
particular, apical NSCs (radial glia) grow 
long processes and migrate away from the 
interior of the developing brain to become 
basal progenitors and outer radial glia. Addi-
tionally, neurons born in the interior extend 
processes and migrate toward the exterior. 
To test whether printed tissues could reca-
pitulate these cortex developmental events, 
we designed a printing scheme (Figure  4a) 
comprising interior hNSCs (orange) encased 
in a cell-free Matrigel exterior compartment 
(blue), hNSCs (in)-Matrigel (out). The inte-
rior neural cells projected processes into the 
exterior Matrigel during the first a few days 
of culture in differentiation medium. The 
length of the processes increased over time, 
and was followed by cell migration from the 
hNSC compartment to the Matrigel compart-
ment (Figure  4b,c). Using red-fluorescent-
protein-labeled hNSCs (RFP-hNSCs), we 
further confirmed the process projection and 
the migration of RFP-hNSCs into the initially 
cell-free Matrigel compartment (Figure  4c). 
At day 28 ppd, neurons had filled the 
Matrigel compartment and immunostaining 

Figure 2. Printed neural tissues recapitulate cortical development events. a) Timeline for the 
production of 3D neural tissues. Further details are described in the Experimental section. 
FGF2, fibroblast growth factor; EGF, epidermal growth factor. b) Process formation in printed 
droplets during postprinting differentiation (ppd). Live cells were stained with Calcein AM 
(CAM). Example images of 1, 4, 8, and 14 d ppd show that printed NSCs project processes 
across droplets and form more polarized morphology over time. c) 96 ± 1% cell viability at day 
1 post printing, n = 5. d) Immunostaining reveals a neuronal (TUJ1+) signal in printed tissues 

that increases over time. The lengths of the pro-
cesses at several time points were quantified (n > 15, 
p < 0.001 between all three groups). Neural tissues 
in (a–d) were printed at a cell density of 2 × 107 mL−1 
as 7 × 7 × 4 droplet networks. e) Left to right: sche-
matic of a printed 7 × 7 × 8 droplet network; the 
corresponding bright-field image of a printed tissue 
constructed from cells at 3.5 × 107 mL−1; high-mag-
nification CAM live-staining; 4′,6-diamidino-2-phe-
nylindole (DAPI) nuclear staining of a section from 
printed tissue all at day 28 ppd. Arrows mark neural 
rosettes formed at 28 d ppd. f) Immunostaining 
for neural markers in rosettes: SOX2, CTIP2, and 
TUJ1. g) Longer differentiation leads to protuber-
ance formation (arrow) and an increasing density of 
cortical neurons (CTIP2+). The bar chart shows the 
number of CTIP2+ cell per unit area of 100  × 100 µm 
at 28 and 56 d ppd, respectively (n = 6, p < 0.001). 
h) Mature neurons (MAP2+ and NeuN+) and astro-
cytes (GFAP+) also appeared after 56 d ppd. Ki67+ 
cells indicate pockets of sustained proliferation. The 
bar chart shows the number of GFAP+ cell per unit 
area of 200  × 200 µm at day 56 ppd (n = 6). Scale 
bars are 200 µm for the bright-field images in (e) and 
(g), 50 µm for the right-most images of (g) and (h), 
and 100 µm elsewhere.
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revealed the presence of progenitors (SOX2+), young neurons 
(TUJ1+), and deep-layer cortical neurons (CTIP2+, Figure  4d). 
Further, staining for TBR1 revealed the differentiation of sub-
plate neurons at day 56 ppd (Figure  4e). Astrogenesis also 
occurred at this time in the previously cell-free compartment 
together with differentiated neurons (MAP2+) and proliferating 
cells (Ki67+). These data show that the interior printed cells 
were able to extend processes and migrate into the cell-free 
exterior, recapitulating aspects of cortical development in a cell 
autonomous manner.

Since astrocytes regulate axon outgrowth and cell migration 
in adult neurogenic niches and in pathology, we hypothesized 
that they may play a role in these events during neurodevelop-
ment. To address this question and test if astrocytes printed 
together with Matrigel in the exterior compartment affect the 
above results, we 3D printed primary human cerebral cortex 

astrocytes around hNSCs. hNSCs and human astrocytes (hAs) 
were printed in an hNSCs (in)-hAs (out) pattern with a higher 
density of hNSCs (3.5 × 107 mL−1) than hAs (1.0 × 107 mL−1) 
to model the early stage of astrogenesis (Figure 4f). Similar to 
the progression observed with hNSCs (in)-Matrigel (out), inte-
rior neural cells projected long processes into the exterior hAs 
compartment, which was followed by neural cell migration 
(Figure  4g,h and Figure S5, Supporting Information). The 
neural cells distributed themselves throughout the network 
with many moving from the interior to the exterior compart-
ment. Unexpectedly, we did not observe hAs in the interior 
compartment by day 28 ppd. The hAs not only remained in 
the exterior compartment but moved to the surface of the con-
structs (Figure 4h). These results suggest astrocyte positioning 
may be restricted by the interior compartment, which was 
primarily neuronal.

Figure 3. Functional and connected neural networks emerge from printed neural tissues. a) Fluo-4 calcium live imaging of printed neural tissues 
revealed spontaneous calcium oscillations at 4 d ppd. b) Single-cell traces are shown, color-coded by their locations in regions of interest as indicated in 
(a). c) Network plots of correlation coefficients reveal limited communication between printed NSCs at 4 d ppd. d–f), Spontaneous calcium oscillations 
(d), single-cell traces (e), and correlation coefficient analysis (f) of printed neural tissues at 44 d ppd. The data reveal increased neural communication 
after a longer period of differentiation. g) Fluorescence intensity map obtained from calcium live imaging at 65 d ppd after KCl (60 mM) treatment. 
Intensities are false-colored according to the “fire” Look Up Table of Fiji. h) Single-cell traces are shown color-coded according to their locations in the 
ROIs indicated in (g). i) Individual time-point frames of ROI1 (yellow outline) reveal that KCl induced a rapid calcium transient in a cell. Images are 
false-colored as in (g). Scale bar for all images is 100 µm.
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Using confocal microscopy, we reconstructed z-stack images 
of day 28 ppd hNSCs (in)-Matrigel (out) and hNSCs (in)-hAs 
(out) printed tissues. Unexpectedly, we observed the formation 
of neural process bundles in the hNSCs (in)-hAs (out) tissues, 
but not in the hNSCs (in)-Matrigel (out) tissues (Figure 5a,b). 
This was not due to preferential axonal growth into the hAs-
containing domains since the TUJ1+ neuronal processes grew 
equally well into cell-free Matrigel or astrocyte-containing exte-
rior compartments (Figure 5c). The process bundles formed in 
the hAs compartment had an average width of 65 ± 22 µm (n = 7)  
compared to 5 ± 3 µm (n > 7) in the Matrigel-only compartment 
(Figure 5d). These data suggest astrocyte-induced neural fascic-
ulation, which was previously observed in mice.[29] To confirm 
this, we also printed an hAs (left)-hNSCs (right) pattern and 
found that hNSCs projected processes toward the hAs compart-
ment (Figure 5e). Moreover, progenitors (SOX2+) aligned along 
the bundled processes indicating axon-guided cell migration 
(Figure 5e,f). The majority of the migrating cells subtended an 
angle of <  20o with an associated process bundle (Figure  5g). 
Although the starting density of the hAs (1.0 × 107 mL−1) was 
less than that of the hNSCs (3.5 × 107 mL−1), similar neural 
cell density was observed in both compartments at day 28 ppd  
(Figure S6, Supporting Information), suggesting neural cell 
migration into the astrocyte compartment. Notably, TUJ1+ 
neuronal processes appeared to be preferentially bundled 
in the hAs compartment but not in the NSCs compartment 
(Figure 5f), again suggesting astrocyte-mediated neural fascicu-
lation. Our data show that astrocytes exert a profound effect on 
the late developmental event of axonal bundling.

Recent advances in rapid cell programming allow the 
production of mature neurons and astrocytes in just a few 
weeks.[21,22,30] These fast programming methods may provide 
important sources of cells for 3D printing of mature brain 
tissues quicker than classic reprogramming. We first tested 
whether we could construct viable differentiated cortical tissues 
by using rapidly matured human cortical neurons (hCNs) with 
hAs. Because the hCNs do not proliferate in 2D culture and 
cannot be harvested without damage after seeding, we added 
them directly into the bioink after thawing (Figure 6a). We first 
3D printed homogeneously mixed hCNs and hAs at a density of 
1.75 × 107 mL−1 for each cell type. After 13 d, printed hCNs had 
produced long axons (Figure  6b). These mature neurons also 

expressed MAP2, the glutamatergic neural marker vGlut1, and 
the synaptic marker SYP (Figure S7, Supporting Information). 
Both hCNs and hAs retained their homogenous distribution 
throughout the printed constructs during 13 d in culture.

Studies in mouse models suggest that cortical astrocytes are 
domain-specific and restricted to their birth place, and cannot 
migrate even after injury.[31,32] Therefore, to investigate hA 
migration, we preorganised neurons and astrocytes in spatially 
segregated compartments, either as hCNs (in)-hAs (out) or the 
reverse (Figure 6c). In the hCNs (in)-hAs (out) constructs, the 
hCNs migrated to the astrocyte compartment after less than 
2 weeks, whereas hAs mostly remained in the outer compart-
ment with a small fraction, ≈7%, migrating to the center of 
the constructs (Figure 6c,d). This is similar to and supportive 
of our data in Figure  4f–h showing neural migration from 
the interior to the exterior astrocyte-containing compartment, 
whereas astrocytes remained in the outer compartment. In the 
hAs (in)-hCNs (out) constructs, ≈80% of the hAs remained in 
the center of the structure (Figure  6d). Thus, in both prepat-
terned constructs, hAs maintained their segregation from neu-
rons but not vice versa, showing a nonreciprocal functional 
interaction.

One of the most powerful tools in developmental biology 
is heterotopic and heterochronic transplantation of tissues, 
such as Spemann and Mangold’s[33] seminal work that uncov-
ered the neural organizer. Juxtaposition of tissue in artificial 
patterns allowed the eventual discovery of molecular mecha-
nisms and signaling pathways necessary for development. 
However, it has been a challenge to juxtapose small clusters 
of distinct cells to ask more fine-grained questions, until the 
advent of 3D bio-printing. Astrocytes are well-distributed in 
different layers of cortex and in close contact with neurons.[34] 
By pre-positioning astrocytes and cortical neurons with dif-
ferent patterns, we demonstrated that neurons readily migrate 
into astrocyte domains but that astrocytes prefer to remain 
segregated from neurons. These observations are consistent 
with previous reports that astrocytes have limited capacity for 
migration from their birth locations. However, by experimen-
tally pre-positioning astrocytes separately but next to NSCs, we 
surprisingly observed that astrocytes assist axonal bundling 
which is a prelude to tract formation. With the future devel-
opment of hiPSC-derived region-specific brain cells, different 

Figure 4. Prepatterning cell-autonomous process outgrowth and cell migration. a) 3D-printed droplet network used for patterned cortical tissues: a  
7 × 7 × 7 droplet network (orange) at the center of a 13 × 13 × 13 droplet network (blue). b) Progression observed for tissues in which hNSCs are encased 
in Matrigel, as shown in (a) (hNSCs yellow, Matrigel blue). During the first 14 d of differentiation, hNSCs projected processes into the Matrigel com-
partment. Cell migration followed. Migrated cells filled the Matrigel compartment at 28 d ppd. Astrogenesis occurred at 56 d ppd. Notably, the printed 
constructs adopted a more spherical geometry after weeks in culture (Figure S3b, Supporting Information). c) Printed fluorescently labeled hNSCs 
showed cell migration. Top: Live images from RFP-hNSCs showed the projection of processes and cell migration into the Matrigel compartments at  
14 d ppd. The dashed lines indicate the boundaries of the inner and outer compartments and the dashed box shows the zoomed-in area of the following 
image. Bottom: The length of process outgrowth was quantified at 1, 3, and 14 d ppd (n = 6 for each time points, p < 0.005 between all three groups). 
The distance of cell migration was quantified at 3 and 14 d ppd (n = 6 for each time point, p < 0.005). d) Immunostaining reveals that printed tissues 
contain progenitors (SOX2+), young neurons (TUJ1+), and cortical neurons (CTIP2+) at 28 and 56 d ppd. e) TBR1 staining reveals differentiation into 
deep-layer cortical neurons at 56 d ppd. Also at this stage, printed constructs contain mature neurons (MAP2+), a small number of astrocytes (GFAP+) 
and proliferating cells (Ki67+). f) Progression observed for hNSCs encased in hAs, as shown in (a) (hNSCs yellow, hAs blue). hNSCs project processes 
into the hAs compartment (14 d ppd). Cell migration follows (28 d ppd). hAs remained at the periphery of the tissues. The cell densities during the 
printing, NSCs (3.5 × 107 mL−1) and hAs (1 × 107 mL−1), mimicked early-stage astrogenesis. g) CAM live-staining image of printed tissues revealed 
processes that cross from the hNSCs compartment to the hAs compartment. h) Immunostaining reveals the cellular architecture of 3D tissues. The 
surface contains evenly distributed neurons (TUJ1+) and astrocytes (GFAP+). The section through a central plane shows neurons within a shell of 
astrocytes. DAPI and TUJ1 staining revealed that hNSCs have migrated toward the astrocyte compartment. Scale bars are 200 µm in (g) (left image), 
and (h) (first two images) and 100 µm in the rest of the images.
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combinations of precursor and mature cells could be assem-
bled through bioprinting to probe local or distant cross-region 
brain activities and malfunctions. For example, deep and upper 
layers of cortical cells might be printed in layered structures to 
study cell migration across different cortical layers.

To achieve such biological insights, we developed a technique 
that can be used to print a variety of soft tissues with ECM 
and without the need to add hard materials. Our technique 
could potentially be applied to other matrices, such as organ/
tissue-derived or artificial ECM, to provide tailored micro-
environments in printed 3D tissues. The fabrication of tissue 
constructs with physiologically relevant cellular microenviron-
ments is crucial for the study of tissues with limited accessi-
bility, such as the human brain. By using Matrigel as the sole 
printing matrix, we have demonstrated that 3D bioprinting can 
be applied to the production of cortical tissues without affecting 
the viability, function and self-organization of the incorporated 
cells. Bioprinting assigns specific cell types to predetermined 
initial positions, unlike the process of organoid formation. 
This spatial prepatterning not only gives better control over 
self-organization processes, but also allows the generation of 
unnatural patterns allowing interrogation of the underlying 
mechanisms of self-organization.

Finally, we demonstrated that by combining our technique 
with fast neuron programming, differentiated cortical tissues 
can be constructed within weeks, whereas organoids take 
months to develop. Although organoids can yield most brain 
cell types following developmental progression, later-born 
cells can take months or more to reach significant numbers. 
Indeed, 2D culture still has an advantage over 3D culture for 
the mass production of homogeneous cells. However, by taking 
advantage of advances in the 2D culture of diverse brain cell 
types, brain tissues from later stages of differentiation might 
be generated through prepatterned constructs in a fast manner. 
Together, our data suggest that 3D bioprinting can be applied 
to spatially position distinct cells to construct 3D tissue models 
and guide self-organization. The approach can be applied to 
study human brain developmental processes such as cortical 
expansion and astrocyte migration/segregation. Finally, dis-
eases could also be modeled by incorporating reprogrammed 
patient cells with specific genetic mutations.

Experimental Section

Printer setup: The printer was modified from what was previously 
described[19] to adapt it to viscous materials and high cell densities (up 
to 3.5 × 107 mL−1). A more powerful piezo-electric driver with voltage 
limits of ±130 V was used to produce a higher ejection force (Supporting 
Information). A Peltier-based temperature-controlled stage was 
attached to the printer with a temperature range of −15 to 80 °C. For all 
experiments, Matrigel-based bioink was printed at ≈5 °C. Glass printing 
nozzles were modified with (3-aminopropyl)trimethoxysilane (Sigma 
Aldrich, 281778) to provide a hydrophilic coating, which prevented 
printing oil from entering the nozzle. The printing oil comprised 
4 mg mL−1 DPhPC (1, 2-diphytanoyl-sn-glycero-3-phosphocholine, Avanti, 
850356) in a mixture of undecane and silicone oil AR20 (both from 
Sigma Aldrich; v:v, 1:4).

Cell Culture And Harvest: Two sources of iPSC-derived hNSCs were 
used: ax0018 from Axol and hNSCs kindly provided by Dr Sally Cowley 
(James Martin Stem Cell Facility, Oxford). The ax0018 cells were derived 
from human fibroblasts (healthy donor) and expressed typical markers of 
cerebral cortical neural stem and progenitor cells, such as PAX6, FOXG1, 
and nestin (manufacturer’s data). The cells were cultured according 
to the manufacturer’s instructions. Briefly, the cells were thawed and 
seeded on 2% Matrigel (Corning, 354230)-coated 6-well plates in Neural 
Plating-XF medium (Axol, ax0033), followed by expansion on the second 
day with Neural Expansion-XF medium (Axol, ax0030), containing EGF 
(20 ng mL−1, Axol, ax0047X) and FGF2 (20 ng mL−1, Axol, ax0047). Cells 
were harvested at ≈80% confluency (ranging from 4 to 7 d postplating) 
for bioink preparation. The NSCs provided by Dr Cowley were human 
fibroblasts reprogrammed according to the protocol of Shi et  al.[2] The 
resulting cortical NSCs were grown as 2D adherent cultures on Matrigel-
coated 6-well plates in NMM: 1:1 v/v N-2 medium and B-27 medium. 
N-2 medium contains advanced DMEM/F12 (Gibco, 12634-010),  
1 × N-2 (Gibco, 17502048), 5  µg mL−1 insulin (Sigma, I9278), 100  µM 
2-mercaptoethanol (Gibco, 31350-010), 1 mM GlutaMax (Gibco, 35050-038),  
100  µM nonessential amino acids (NEAA) (Gibco, 1605380), and  
50 U mL−1 penicillin and streptomycin (Gibco, 15140-122). B-27 medium 
contains neurobasal medium (Gibco, 21103-049S), 1 × B-27 (Gibco, 
17504044), 1 mM GlutaMax (Gibco, 35050-038), and 50 U mL−1 penicillin 
and streptomycin (Gibco, 15140-122). Cultured hiPSC-NSCs were harvested 
between day 30 and 45 of the differentiation protocol. Cells were incubated 
in accutase solution (Sigma Aldrich) for 5 min at 37 °C and dissociated to  
a single cell solution by gentle pipetting. We did not observe obvious 
differences after printing between the two iPSC-NSC lines.

RFP-hNSCs derived from RFP-iPSCs were also provided by Dr 
Sally Cowley.[35] The cells were cultured and passaged the same as the 
nonlabelled hNSCs from Dr Sally Cowley except for the addition of 
2.5 µg mL−1 puromycin in NMM for RFP selection.

Figure 5. Astrocytes induce axonal fasciculation in prepatterned cortical tissues. a) Left: 2D cross-section showing the prepatterned hNSCs (in)-
Matrigel (out) constructs at 28 d ppd. Right: confocal z-projection images reveal that both progenitors (SOX2+) and young neurons (TUJ1+) are on the 
surface of the structures at 28 d ppd. The dashed box shows the zoomed-in area in the following image, in which the dashed line indicates the site of 
the fluorescence profile in (d) (control). b) Left: 2D cross-section showing the prepatterned hNSCs (in)-hAs (out) construct at 28 d ppd. Right: confocal 
z-projection images reveal the existence of astrocytes (GFAP+), neurons (TUJ1+), and neural progenitors (SOX2+) on the tissue surface. The dashed 
box indicates the zoomed-in area shown in the following image. Importantly, process bundles were observed in (b) but not in (a), indicating astrocyte-
assisted neural fasciculation. The dashed line indicates the site of the fluorescence profile in (d) (through the process bundle). c) Process densities are 
similar for both constructs (a and b). Process density is calculated as the ratio of the TUJ1+-fluorescence area to the total area (n = 6, p > 0.9, NS: not 
significant). d) Profile plots of fluorescence intensity along the white dashed lines indicated in (a) and (b). The black dashed box shows the position 
of a neural process bundle. Whisker plot indicates the width of bundles in printed cortical tissues (b) compared to (a) (control, n ≥ 7, p < 0.001). Each 
point indicates the width of one bundle (in (b)) or a process (in (a)). e) Left: Cross-section of the design, hAs (left)-hNSCs (right). Right: confocal 
z-projection images reveal neural progenitors (SOX2+) migrating along neural process bundles. The dashed box shows the zoomed-in area for the 
following images. The dashed lines indicate the sites for the fluorescence profile in (f) (Left, hNSCs compartment and right, process bundles 1–4 in 
hAs compartment). f) Left: fluorescence profiles show that process bundles exist in the hAs compartment but not in the hNSCs compartment. Right: 
Whisker plot comparing the width of process bundles in the hAs compartment with the process at the hNSCs compartment in (e) (n ≥ 7, p < 0.001). 
g) Alignment of migrating cells with process bundles. Left: example of a measurement of the angle between a migrating cell and a process bundle. 
Right: bar chart shows that a majority of cells subtend an angle of < 20o with an associated process bundle (n = 68 cells). Scale bars are 200 µm in 
(a) (first two images), (b) (first two images), and (e) (first image), 20 µm in (g), and 100 µm in the rest of the images.
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iPSC-derived hCNs were purchased from Bit Bio and thawed 
according to the manufacturer’s instructions. The cells were used 
directly for bioink after thawing, without prior 2D cell culture.

Human primary astrocytes (hAs, ScienCell, catalogue #1800) were 
cultured according to the manufacturer’s instructions. Briefly the cells 
were thawed and cultured on poly-L-lysine (Sigma, P4707) coated 
flasks in astrocyte medium containing: DMEM/F12 (Gibco, 11320033), 
1 × N-2 (Gibco, 17502048), 1 × B-27 (Gibco, 17504044), 100 µM NEAA 
(Gibco, 1605380), 100  µM 2-mercaptoethanol (Gibco, 31350-010), 
10 ng mL−1 FGF2 (Gibco, 13256029), 10% FBS (Gibco, 10270-106), and 
1 mM GlutaMax (Gibco, 35050-038). Half of the culture medium was 
exchanged with fresh medium every second day. Cells were harvested 
by incubation with 1 × trypsin-EDTA solution (0.5  g L−1 trypsin, 
Sigma Aldrich, T3924) for 3  min according to the manufacturer’s 
instructions.

Bioink Preparation and Printing Procedure: Prior to use, total cell 
number and cell viability were determined by trypan blue staining by 
using a Countess II automated cell counter (ThermoFisher). Matrigel 
was used without dilution and thawed at 4 °C before use. Cells were 
dissociated to form suspensions of individual cells. After centrifugation 
(5 min at 200 × g), the supernatant was removed. A volume of thawed 
Matrigel, calculated based on the required cell-density of the bioink, was 
then added to the pellet and the cells were suspended on ice to generate 
the bioink, which was loaded into printer nozzles and kept at ≈4 °C 
during the printing process. Printing was performed by using maps 
entered into the custom control software as previously described.[19] The 
printing process took 1–2 h to generate multiple droplet networks.

Phase Transfer of Printed Network: Printed networks were incubated 
at RT for 30  min before transfer to a tissue culture incubator at 37 °C 
for 2 h. Half of the oil was then removed and replaced with silicone oil. 
This oil exchange process was repeated five times to dilute lipid. Culture 
medium was then added to replace half of the oil. The medium was then 
exchanged a further four times (half of the medium was exchanged each 
time) to remove any residual oil.

The phase-transferred tissue constructs with hNSCs (with and without 
astrocytes) were then cultured in NMM to support differentiation. Two-
thirds of the medium were exchanged with fresh medium every 2–3 d.

Printed tissues with hCNs (with and without astrocytes) were 
cultured in comp:GCN medium with 10  µM ROCK inhibitor (Stratech 
Scientific, S1049-SEL) and 1 µg mL−1 doxycycline (Sigma Aldrich, D9891) 
for the first 2 d and doxycycline only for another 2 d. Comp:GCN medium 
alone was then used for up to 10 d. Half of the medium was exchanged 
with fresh medium every second day. The comp:GCN medium contains 
neurobasal medium (Gibco, 21103-049S), 1 mM GlutaMax (Gibco, 35050-
038), 25  µM 2-mercaptoethanol (Gibco, 31350-010), 1 × B-27 (Gibco, 
17504044), 10 ng mL−1 NT3 (R&D Systems, 267-N3-025), and 5 ng mL−1 
BDNF (R&D Systems, 248-BD-005).

Cell Staining and Viability Calculation: Printed tissues were incubated 
with 2.5  µM calcein-AM (Cambridge Biosciences Ltd) and 5.0  µM 
propidium iodide (Sigma Aldrich) for 30  min before imaging. Four 
randomly selected fields of each printed network at different z-heights 
were imaged with ≈30× magnification by using fluorescence confocal 
microscopy (Leica SP5). Dead cells were counted manually due to 
their low number. Live cells were counted using Fiji[36] by setting a 

threshold that matches the Calcein AM (CAM) fluorescence of the live 
cells, followed by particle analysis (size setting: 2 micron2-Infinity). The 
cell number of clusters of cells was determined by using the area of a 
cluster divided by the area of an average cell. The live/dead cell numbers 
from the four images of one sample were averaged to give each data 
point and five samples were used to determine the viability as shown in 
Figure 2c (n = 5).

Tissue Sectioning, Immunostaining, and Imaging: Printed tissues were 
fixed in 4% v/v paraformaldehyde (Sigma Aldrich) for 30  min at RT and 
then quenched in 50  mM glycine (Sigma Aldrich). Tissue sectioning 
was performed using a cryostat to generate 30-µm-thick sections for 
immunohistological analysis. Samples were incubated at 37 °C for 15 min, 
washed in phosphate buffered saline (PBS) and then blocked for 1 h at 
RT with 5% v/v goat serum (Sigma Aldrich) in triton phosphate buffered 
saline (TPBS) containing 0.1% v/v Triton X-100 (Fisher Scientific). Primary 
antibodies (Table 1, Supporting Information) were added in blocking 
solution and samples were incubated for 2 h at 37 °C. Subsequently, samples 
were washed in PBS then incubated with secondary antibodies for 2 h at 
37 °C. Samples were then washed in PBS, incubated with 4′,6-diamidino-2-
phenylindole (1/1000 dilution) in TPBS for 15  min and washed again. All 
printed networks were imaged using fluorescence confocal microscope 
(Leica SP5) and wide-field light microscope (Leica DMI 8).

Process Length Analysis: TUJ1 immunostaining was performed on 
printed tissues as described above. Imaging was conducted with a 
confocal microscope using a 20× objective and z-projection images were 
used for quantification. The length of the TUJ1+ processes emanating 
from the cell bodies at 4, 8, and 14 d ppd was quantified by using the Fiji 
“freehand line” tool and the values are summarized in Figure 2d (n > 15, 
p < 0.001 between all groups).

Cell Number Analysis of CTIP2+ and GFAP+ cells: Printed tissues were 
fixed and cut into 30 µm sections before immunostaining. CTIP2+ cells 
were counted as cell number per unit area in a 100 × 100  µm field at 
28 and 56 d ppd (n  = 6, p  <  0.001). GFAP+ cells were counted as cell 
number per unit area in a 200 × 200 µm field at day 56 ppd (n = 6).

Calcium Imaging and Correlation Analysis: A Fluo-4 Direct calcium 
assay kit (Invitrogen, F10471) was used according to the manufacturer’s 
instructions to measure calcium activities. Briefly, printed neural tissues 
were transferred to 48-well plates and incubated with NMM/Fluo-4 
calcium imaging reagents (v:v, 1:1) for 1 h at 37 °C. Both spontaneous 
and evoked calcium recordings were recorded at 37 °C by fluorescence 
confocal microscopy (Leica SP5) at 1 frame per 2 s for Fig. 3a, 1 frame 
per 15 s for Fig. 3d, and 1 frame per 1 s for Fig. 3g. Preprocessing and 
analysis of time-lapse calcium recordings were performed in MATLAB. 
The nonrigid image registration algorithm scale-invariant feature 
transform (SIFT) Flow was used to correct for local deformations of 
printed tissue relative to the initial frame. Individual neuronal somata 
were manually selected as ROIs, and the pixel mask in the local area was 
refined using independent component analysis (ICA)-based demixing 
of fluorescent transients. ΔF/F0 at time t was calculated with a moving 
baseline as

min( ))2

F t

F x t x t

( )
( ) τ( )− < <

 (1)

Figure 6. Fast production of differentiated cortical tissues. a) Timeline for the production of 3D differentiated cortical tissues. iPSC-derived human 
cortical neurons (hCNs) were used for bioink without preculture, whereas hAs were harvested from 2D culture at day 4–10. Further details are described 
in the Experimental section. b) Immunostaining of tissues constructed from mixed hCNs (TUJ1+ and vGlut1+) and hAs (GFAP+) at day 13 post printing.  
c) Schematic of patterned and reverse-patterned cortical tissues and the observed progression in culture. d) Top: immunostaining of tissue sections 
(surface and a central plane) at 13 d ppd indicates a thicker astrocyte shell compared to the astrocyte shell of the tissue in Figure 4h (same pattern 
but with hNSCs). hCNs have invaded the astrocyte compartment, while most hAs have remained in the outer compartment with a small fraction of 
hAs having migrated toward the center. Bottom: immunostaining of tissue sections (surface and a central plane) from the reverse-patterned cortical 
tissue at 14 d ppd. The arrow indicates an astrocyte that has migrated into the exterior neuron compartment. Synaptic staining (vGlut1) confirmed 
the mature differentiated stage of the hCNs. e) Left: example of segmentation used to define the inner (blue) and outer (orange) compartments that 
are used for the stacked bar chart (right). The two compartments have equal areas. Right: Stacked bar chart of hAs distribution for the two different 
patterns. Tissues were constructed with hCNs (red, 3.5 × 107 mL−1) and hAs (green, 3.5 × 107 mL−1). Scale bars are 200 µm in (b) (first image) and (d) 
(first two images of each row) and 100 µm in the rest of the images.
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To determine the active frames of a neuron, an eight-frame moving 
standard deviation (σmov) was calculated along the time series, with 
the 10th percentile σmov taken as the deviation of baseline noise.   
Active frames were defined as 3 · σmov above the mean intensity value. 
Cross-correlation at zero time-lag is calculated for all pairs of neurons.   
Confidence intervals (CI) of 99.9% for the correlation coefficients were 
determined via cross-correlation of 1000 shuffled ΔF/F0 traces of each 
neuron pair, where each shuffle maintains sequential blocks of active 
frames (3 · σmov) to preserve any slow transients in a calcium signal. 
Only pairs with coefficients >  99.9% CI were considered for further 
analysis.

Process Outgrowth and Cell Migration Analysis: Printed tissues with 
RFP-hNSCs encased in Matrigel were monitored by live imaging. Both 
process projection and cell migration from the RFP-hNSC compartment 
into the Matrigel compartment were analyzed using the Fiji “freehand 
tool.” The length of process outgrowth was quantified at 1, 3, and  
14 d ppd (n = 6 for each time point p < 0.005 between all three groups). 
The distance of cell migration into the cell-free Matrigel was quantified 
at 3 and 14 d ppd (n = 6 for each time point p < 0.005). The box charts 
in Figure  4c show mean, interquartile range (box), and 5th and 95th 
percentiles (whiskers).

Process Density, Process Bundle Width, and Cell Alignment Analysis: 
Printed tissues were fixed and immunostained at 28 d ppd. Process 
densities were calculated as the ratios of the TUJ1+-fluorescence area 
to the total area (n  = 6, p  >  0.9, not significant). The fluorescence 
intensities of process bundles were plotted with Fiji “profile plots” and 
the widths of the bundles were analyzed in Figure 5d,f (n ≥ 7, p < 0.001, 
for both plots). The alignment of migrating cells was quantified as the 
angle between the cells and associated process bundles by using the Fiji 
“angle tool” (n = 68 cells). The percentages of cells with specific ranges 
of angles (0o–10o, 10o–20o, … , 80o–90o) were calculated and presented 
as relative frequency in Figure 5g.

hAs Segregation Analysis: Printed tissues with either hCNs (in)-hAs 
(out) or hAs (in)-hCNs (out) patterns were sectioned, and sections 
from a central plane of the tissues were immunostained with antibodies 
for TUJ1, SOX2, and GFAP as described above. The inner and outer 
compartments (of equal areas) were defined as shown in Figure  6e. 
Fluorescent areas (GFAP+) in both inner and outer compartments were 
quantified using Fiji to generate the stacked bar chat. n  = 3 for both 
patterns.

Statistics: Data are presented either as mean ± standard deviation 
(Figures  2c,d and  6c) or mean with 5th and 95th percentiles and/or 
interquartile range (Figures  2g,h, 4c, and  5c,d,f). Statistical analyses 
were performed using GraphPad Prism 8 or Origin. Statistical analysis 
was performed using the t-test for two groups or one-way analysis of 
variance (ANOVA) with Tukey’s multiple comparisons test when more 
than two groups were compared.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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