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The current methods of generating human cerebral organoids rely excessively on the use of Matrigel or other
external extracellular matrices (ECM) for cell micro-environmental modulation. Matrigel embedding is prob-
lematic for long-term culture and clinical applications due to high inconsistency and other limitations. In this

gliz;l;l;?xrf;turin study, we developed a novel microwell culture platform based on 3D printing. This platform, without using
Embryoid body siheroi d Matrigel or external signaling molecules (i.e., SMAD and Wnt inhibitors), successfully generated matured human
Microfabrication cerebral organoids with robust formation of high-level features (i.e., wrinkling/folding, lumens, neuronal layers).

The formation and timing were comparable or superior to the current Matrigel methods, yet with improved
consistency. The effect of microwell geometries (curvature and resolution) and coating materials (i.e., mPEG,
Lipidure, BSA) was studied, showing that mPEG outperformed all other coating materials, while curved-bottom
microwells outperformed flat-bottom ones. In addition, high-resolution printing outperformed low-resolution
printing by creating faithful, isotropically-shaped microwells. The trend of these effects was consistent across
all developmental characteristics, including EB formation efficiency and sphericity, organoid size, wrinkling
index, lumen size and thickness, and neuronal layer thickness. Overall, the microwell device that was mPEG-
coated, high-resolution printed, and bottom curved demonstrated the highest efficacy in promoting organoid
development. This platform provided a promising strategy for generating uniform and mature human cerebral
organoids as an alternative to Matrigel/ECM-embedding methods.

1. Introduction

Recent advances in the generation of human cerebral organoids have
augmented our understanding of early human brain development and
diseases [1-8]. Human cerebral organoids recapitulate critical
high-level physiological features (e.g., lumen formation [9], cortical
layer development [9], and folding/wrinkling [10]), which emerge
during early brain morphogenesis and successive maturation [3,4].
While various methods were used for unguided human cerebral orga-
noids generation, virtually all require embedding in Matrigel, a complex
basement membrane matrix that modulates the stem cell
micro-environment and cell signaling [11]. However, Matrigel suffers
from inconsistency in manufacturing and complexity in composition
[12]; this variability influences the organoid formation and thus limits
clinical applications of human cerebral organoids [12,13]. Long-term
culturing in Matrigel was also shown to lead to pre-mature organoids
[14] and induce undesired neurite outgrowth [15]. Although synthetic
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extracellular matrix (ECM) substitutes were recently demonstrated [16],
removing these materials (necessary for cell or imaging analysis) is still
problematic because it unavoidably inflicts mechanical damage to the
organoids [17,18]. Thus, finding alternative ECM-free methods con-
tinues to be one major topic of this field.

Microwell platforms [17] and other microfluidic 3D culturing plat-
forms [19,20] have been successfully employed for the generation of
spheroids [21-23], which are similar to organoids but lack high-level
physiological features. When forming spheroid cultures, microwell
platforms provide a geometrically-controlled micro-environment that
defines spheroid biology (e.g., shape, size, and differentiation) [24-26].
Besides, microwell platforms also feature high-scalability, cost-effec-
tiveness, ease of operation, and uniform spheroid generation [21,23,
27-33].

Microwell platforms have been used in facilitating the rudimentary
aggregation of embryoid bodies (EBs), which are spheroids of stem cells
and the precursor of cerebral organoids [2,15,17,34]. Microwell
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platforms aided the initial self-organization of EBs, by providing a
confined space (such as reverse-pyramid-shaped AggreWell [2] and
curved surface [24,32,35]), enabling cell aggregation, and controlling
initial cell densities [32]. Lately, microwell-derived EBs were further
cultured to develop into organoids [17,34], however, still relying on
Matrigel-embedding for modulating the organoid micro-environment
[13,17,34]. In addition, most of the microwell generated spheroids
(structureless aggregation) [36,37] or spheroid-like organoids (e.g. Islet
organoids [21,38]) have much lower structural and developmental
complexity compared to brain organoids. Oftentimes the studies that
employed a microwell platform for the brain organoid generation relied
on Matrigel embedding for organoid maturation. Worthy of mentioning,
arecent study generated uniquely structured spheroids using AggreWell,
and then cultured in an ECM-free environment [2]. The resulting
spheroids showed putative lumen formation, similar to early-stage ce-
rebral organoids [2]. However, no other cerebral organoid characteristic
structures were observed. In an ECM-free system, the effect of the
microwell platform will be a major determining factor in modulating
cell-fate, which provides an opportunity for engineering. However, the
impact of microwell material properties (e.g., geometry, surface
coating) on the subsequent maturation and structure of human cerebral
organoids has been largely understudied.

In this study, we evaluated the long-term effects of a 3D-printed
microwell in unguided organoid formation without introducing Matri-
gel or another ECM. Our results showed the microwell-derived orga-
noids robustly developed mature physiological features (e.g., lumen
structures, cortical layers, and folding/wrinkling), which were not seen
with any other unguided (ECM-free) or microwell methods. With
physiological development similar or superior to the traditional
Matrigel-embedded methods, our micro-well platform presented a sim-
ple, scalable, and ECM-free alternative for the engineering and fabri-
cation of human cerebral organoids.

Furthermore, unlike the existing microwell devices fabricated
through vacuum-based photolithography [31], injection molding
(Aggrewell) [2], and other complex fabrication process [21,29], our
microwell devices were made through 3D-printing and soft lithography
and thus offer an unprecedented capability in rapid prototyping. Thus,
we were able to optimize our 3D-printed microwell platform and found
that the microwell geometry (e.g., printing resolution and well curva-
ture) and surface coating have a profound effect on the early-stage
development of human cerebral organoids. As a cell-repulsive surface
coating, mPEG outperformed Lipidure and bovine serum albumin (BSA)
and generated wrinkling and lumen structures with significantly higher
consistency and efficiency. Additionally, we demonstrated that
high-resolution curved microwell-devices significantly promoted
neuronal differentiation and maturation.

2. Materials and methods
2.1. 3D printing of reverse mold

Devices were designed in SolidWorks (Dassault Systems SolidWorks
Corporation, USA). Each microdevice is composed of a five by five array
of microwells, allowing for high throughput. Two CAD files were pre-
pared: (1) flat microwell geometry and (2) curved microwell geometry.
In both cases, the microwell diameter was kept constant at 800 microns
and the resulting arrays fit comfortably within a six-well plate format.

The molds were printed by two methods; high-resolution direct light
processing (DLP) 3D prints were supplied by ResinWorks3D (Ontario,
Canada) and low-resolution FLX-S85 material inkjet 3D prints were
obtained from an Objet 260 Connex 2 (Stratasys Ltd.).

After printing, all molds were cleaned by sonication in 200-proof
ethanol for 10 min and then dried thoroughly. The molds were placed
under vacuum with two drops of a silanizing agent (97%, 1H,1H,2H, 2H-
Perfluorooctyl-trichlorosilane, Alfa Aesar, USA) for three hours to
improve subsequent polydimethylsiloxane (PDMS) molding.
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2.2. PDMS device preparation

PDMS (Sylgard 184 silicone elastomer; Dow Silicon Corporation,
USA) was prepared at a ratio of 10:1 base to the initiator and degassed
thoroughly. Molds were pre-wet in PDMS, then placed feature-down for
reverse molding (Fig. 1A). After overnight curing at 50 °C, the molds
were peeled from PDMS, forming the microwell platforms for EB ag-
gregation. For sterilization, devices were sonicated in 200-proof ethanol
(3*10 min), and deionized (DI) water (2*10 min). After drying, devices
were autoclaved (Autoclave, Tuttnauer, USA).

2.3. Scanning electron microscopy (SEM)

SEM images were taken with FEI Quanta FEG 650 Scanning Electron
Microscope (SEM) (ThermoFischer, USA).

2.4. Surface coating

Devices were coated with mPEG (mPEG-silane, 5k Da, Creative
PEGWorks, USA), Lipidure (NOF Corporation, Japan), or BSA (Fischer
Scientific, USA). Coating concentrations and the modified coating pro-
tocol were based on previous reports [mPEG [39]; Lipidure [11]; BSA
[21]].

For mPEG coated surfaces, 4 mM mPEG was prepared in 95% ethanol
solution at room temperature. Then, devices were treated with handheld
plasma (Electro Technic Products, USA) for approximately thirty sec-
onds each. 120 pL of mPEG solution was immediately pipetted into the
device and allowed to incubate at room temperature for two hours. All
remaining solution was removed, and devices were stored at 4 °C until
further use.

For Lipidure coated surfaces, Lipidure was prepared at 0.5 wt% in
200-proof ethanol. 120 pL of Lipidure solution was then pipetted into
each device and allowed to incubate at room temperature for two hours.
Afterward, all remaining solution was removed, and devices were stored
at 4 °C until further use.

For BSA coated surfaces, devices were coated in a 3% BSA solution at
37 °C overnight. Afterward, the devices were washed with cell culture
medium (3* 5 min) before cell-seeding. BSA had been diluted in DI water
and sterile filtered before use.

2.5. hESC maintenance and passage

Human embryonic stem cells (hESCs) (H9, passages 35-45, WiCell)
were maintained in a feeder-free environment on vitronectin-coated six-
well plates (Life Technologies, USA). A standard protocol using the
Essential 8 basal medium (Life Technologies, USA) was followed (www.
wicell.com). hESC colonies were passaged by using EDTA (Lonza Inc.,
USA) when they became 60-70% confluent.

2.6. Cell culture in microwell devices

When cells became 60-70% confluent in the six-well plates, hESC
colonies were treated with EDTA for 2 min. Cells were washed with
DMEM/F12 1:1 (Life Technologies, USA) and dissociated into single
cells. Cells were counted under a hemocytometer. ~2 x 10° cells were
prepared in 100 pL Neural Induction Medium (NIM; Neural Induction
Medium:1% NEAA (Life Technologies, USA), 1% N2 supplement (Life
Technologies, USA), 98% DMEM/F12 1:1) and then seeded to each
microwell device. After 24 h, an additional 4 ml of NIM was added. On
day 3, EBs were transferred to T25 flasks. The medium was changed
every other day. Beginning on day 20, 1:50 B27 supplement minus
Vitamin A (Life Technologies, USA) was added to NIM (Fig. 1B).

2.7. The control group (CON)

The control group did not use microwell devices. Instead, the EBs
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Fig. 1. Microwell fabrication and use in human
cerebral organoid culture in this study. A) Sche-
matic of microwell fabrication and post-treatment.
The reverse mold (micropillars) was 3D-printed. By
molding in PDMS through soft lithography, the
microwell platform was created, followed by a sur-
face coating of mPEG, Lipidure, or BSA, and then the
embryonic stem cell (H9) culturing. B) Timeline of
the microwell culturing and human cerebral orga-
noid generation. hESCs (H9) were seeded at 0.2
million cells per microwell device and cultured for
three days for EB formation. The formed EBs were

Cyto-sectioning

DO p3 QI D20 D45
EB formation Cerebral organoid
NIM NIM + B27

then transferred to T25 flasks for prolonged culture

and neural induction. Cerebral organoid formation

hESC (H9) seeding
2 x 105 cells / device

were formed in a T25 flask since day 0. The rest of the culture procedure
was identical to that in microwell devices in section 2.6. For the EB
formation, 60-70% confluent hESC colonies in the six-well plates were
treated with 1 U/mL dispase (Life Technologies, USA) at 37 °C for 1-2
min, followed by DMEM/F12 1:1 washing, as previously reported [40].
After detachment in each well of the well plates, cells were suspended in
NIM in a T25 flask.

2.8. Whole organoid immunostaining

On day 20, organoids were fixed with 4% paraformaldehyde (PFA,
Sigma Aldrich, USA) overnight at 4 °C. Then organoids were washed
with phosphate-buffered saline (PBS) for 2 h at 4 °C. After being washed
with PBS 3 times, samples were processed with 1% Triton X-100 (VWR,
USA) and 5% donkey serum (Millipore, USA) overnight at 4 °C. The next
day, samples were incubated at 4 °C for 24-48 h (depending on the size
of the organoids) with primary antibodies (Table S1), which were sus-
pended in 1% Triton X-100 and 5% donkey serum. Then the organoids
were washed with PBS for 2 h at 4 °C. After being washed with PBS 3
times, organoids were incubated with secondary antibodies, prepared in
5% donkey serum, overnight at 4 °C. The nuclei were counterstained
with Hoechst 33258. Then, samples were washed with PBS for 2 h before
fluorescent imaging.

2.9. Cryo-sectioning and immunostaining

On day 45, cerebral organoids were collected and fixed with 4% PFA
overnight at 4 °C. Then cerebral organoids were washed with PBS for 2 h
at 4 °C. After being washed with PBS for 3 times, samples were cry-
oprotected in 30% sucrose in PBS overnight at 4 °C. The next day,
organoids were transferred to the cryomold and filled with optimal
cutting temperature (OCT) compound (Sakura Finetek, USA). Samples
were then stored at —80 °C. Frozen samples were sliced in a Leica
microtome. The organoids were sliced into 30 pm thickness, and the
sliced samples were transferred to PDL-coated slides for
immunostaining.

The OCT compound was removed by PBS washing for 20 min. The
tissue was outlined by a water-resistant marker. Samples were treated
with 1% Triton X-100 and 5% donkey serum for 1 h at room tempera-
ture. Then the samples were incubated overnight at 4 °C with primary
antibodies suspended in 1% Triton X-100 and 5% donkey serum. The
next day, samples were washed with PBS for 10 min at room tempera-
ture. After being washed with PBS 3 times, samples were then incubated
in secondary antibody, prepared from 5% donkey serum, for 30 min at
room temperature. The nuclei were counterstained with Hoechst 33258.
Then, samples were washed with PBS for 30 min and captured with
fluorescent imaging.
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and maturation were then assessed on day 20 and
day 45 by whole organoid staining and cyto-
sectioning, respectively. NIM medium was used
throughout the entire culture process, and B27 was
added since day 20.

2.10. Image acquisition

Tissue samples were imaged using bright-field (Julistage Real Time
Cell History Recorder, NanoEntek Inc or AmScope IN300TC-FL optical
microscope with a Canon EOS Rebel T5 digital camera) and confocal
imaging (Carl Zeiss LSM-710 live cell imaging system, Zeiss). On day 2,
EBs were imaged within the microwell devices, and formation efficiency
was manually calculated. Day 7 organoids were analyzed for circularity
and diameter from bright-field images using ImageJ (NIH). The wrin-
kling index of the organoids was measured from day 7 to day 20,
following a protocol defined earlier [11]. On day 7 to day 20, organoid
area size was also measured using ImageJ. Day 45 immunostaining
images were similarly processed and measured for lumen diameter,
thickness, and quantity.

2.11. Data analysis

Statistical significance between samples’ means was determined
using a student’s unpaired t-test and between groups was determined by
one-way ANOVA followed by Tukey’s post-hoc tests. Statistical tests
were performed either in SPSS (IBM, USA) or in GraphPad (GraphPad,
USA).

3. Results and discussion
3.1. Device fabrication

Previously, microwell platforms were used for the culturing of 3D
spheroids, which often lack high-level structures. Three characteristics
of microwells were believed critical for the formation of cell aggregates:
spatial confinement for defined cell numbers [26], an anti-fouling
smooth surface for non-adhesive cell contacts [17], and a concave cur-
vature to facilitate spherical aggregation [21,31,35,41]. While the
seeding cell density can help determine the former function, the latter
two characteristics are mostly regulated through device fabrication and
treatment. We sought to extend microwell platforms to cerebral orga-
noid generation, by first investigating how smoothness, curvature, and
anti-fouling surface were realized in our 3D printed platform.

To demonstrate different smoothness and curvature, we employed
various resolutions and curvatures using different printing methods (i.e.,
printing technique and resin) and designs, respectively. Three devices
were fabricated to include high resolution flat—HRF, high resolution
curved—HRC, and low resolution curved—LRC. The PDMS stamps
inversely replicated the 3D-printed molds with high-fidelity after soft
lithography (Fig. S1A&B), with no discernible deviation (Fig. S1C), and
were used for topographic assessment of the printed 3D molds. As shown
in the SEM images (Fig. 2A&B), high-resolution printing (HRF and HRC)
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Fig. 2. Characterization of shape and microtopography of the PDMS microwell devices. A) High-resolution flat (HRF) device. Top and cross-sectional views of
CAD models (upper) and corresponding SEM micrographs (lower) are shown. White dash lines were used to outline a single microwell culturing space. B) High-
resolution curve (HRC) device. Top and cross-sectional views of CAD models (upper) and corresponding SEM micrographs (lower) are shown. White dash lines
were used to outline a single microwell culturing space. C) Low-resolution curved (LRC) devices showed distorted morphology (SEM micrographs, upper), and
anisotropic shape in the x- and y-directions (inspection microscopy sectional views, lower). D) Representative top-view high-magnification SEM images and cor-
responding microtopography analysis of a microwell for HRF (left two), HRC (middle two), and LRC (right two) devices. SEM images of the microwell bottom
revealed microtopography, contours of which were analyzed and annotated in red lines. The microtopography was measured as a distance between two adjacent
contours along the white lines. The contour analysis in HRC and HRF showed a regularly-spaced grid and concentric circles, whereas that in LRC showed irregular
concentric circles. E) Distribution of microtopography periodicity as a function of the device. Periodicity was measured as a distance between two adjacent contours
along the white lines, which are the vertical/horizontal axis for HRF and diagonal axis for LRC and HRC. Statistical analysis: One-way ANOVA with Tukey’s post-hoc

analysis. Scale bars: (A, B and C): 1 mm; (D) 100 pm.

yielded 3D structures faithful to the CAD design, which consists of 800
pm diameter wells with either flat or concave bottom surfaces. The
slanted side-walls which connect to the wells (Fig. 2A&B, Top-View of
HRF and HRC) were designed to accelerate cell movement to the bottom
of the wells.

Further, as seen from the cross-sectional view of the CAD models and
corresponding SEM images, the V-shaped converging pillar created a
network between the wells and medium above, for better nutrient ex-
change. In the HRC design, the contacting angle between the microwell
edge and wall was designed to be 45° (Fig. S3A). The bottom-curved
surface was to aid cell aggregation. In contrast to the high-resolution
devices, the low-resolution printing (LRC) resulted in substantial devi-
ation. In fact, the LRC devices shown in Fig. 2C share the same flat-
bottom design as the HRF devices in Fig. 2A, but deviated far enough
to render a curved bottom. This discrepancy, we believe, was due to the
resolution limit of the printing method. The size of the LRC device fea-
tures were smaller than the minimum resolution of the inkjet printer,
resulting in altered and smoothed dimensions. We also observed
anisotropic printing deviation with the LRC devices, where the wells
were shallower in the x-direction and deeper in the y-direction (Fig. 2C).
This deviation may be due to the motion of the printhead during
printing, as ink material was deposited in parallel lines before curing
[42]. Nevertheless, the LRC device, which was the most similar to a
V-shaped well amongst our devices, maintained all essential features.
Namely, it had a slanted wall and a narrow well, which helped in cell
aggregation, and a network between wells for nutrient exchange.

Other studies producing microwells for cell aggregation have
generally created smooth-surfaced structures. In contrast, 3D printing
unavoidably created surface texture and micro-topography due to its
intrinsic mechanism of polymer fiber deposition [43-46] (Fig. 2). Thus,
we observed that the printing technique’s resolution determined the
pattern and periodicity of these micro-topographic features (Fig. 2D&E).
High-resolution devices (HRC and HRF) had significantly lower and
consistent periodicity compared to low-resolution devices (LRC)
(Fig. 2E). In the HRF devices, a grid-like pattern made up of approxi-
mately 29 pm squares was apparent. The HRC devices had concentric
ridges, repeating, on average, every 26 pm. The LRC devices’ micro-
topography was less regular; we measured distances between concentric
ridges ranging from 14 to 130 um. Collectively, although the curved
devices (LRC and HRC) may functionally be similar, their differences in
periodicity and topography provided different 3D micro-environments
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during cell aggregation, further the

organoid-maturation process.

which  may impact

3.2. Effect of geometry and surface coating on EB formation efficiency

We sought to test the influence of each device on EB formation,
which is the first developmental step towards organoid formation [21].
During EB formation, cells establish cell-cell connections that lead to
self-assembly and differentiation [2]. The initial size of EBs has been
shown to affect the subsequent maturation of organoids [47]. In
microwell platforms, an EB’s initial cell aggregation is mainly affected
by microwell’s geometry [48] and surface coating [17], similar to the
spheroid formation. Hence, to establish a method that reproducibly
generates human cerebral organoids in ECM-free conditions, optimiza-
tion of initial EB formation parameters is crucial.

First, three coating materials (i.e., mPEG, Lipidure, and BSA), which
are commonly used in spheroid culture, were chosen to test the effect of
surface coating on EB aggregation. We verified the efficacy of these
coating by measuring the change in the surface property (water-contact
angle) and stem cell adhesiveness on flat PDMS surfaces. For all coat-
ings, the hydrophilicity of the coated surfaces increased significantly
compared to an uncoated surface (Fig. S2A). These results are consistent
with the anti-fouling mechanisms of the chosen passivation materials
[39,49,50]. The inherent hydrophobicity of PDMS promotes protein
adsorption and cell attachment [49,51,52]. Passivation coatings gener-
ally render a PDMS surface hydrophilic, preventing protein adsorption
and cell-adhesion [53]. For BSA, albumin protein adsorbs to the PDMS
surface like any protein, which renders the surface hydrophilic [49,54,
55], creating an anti-fouling layer that inhibits other protein adsorption.
However, protein-based anti-fouling coatings are temporary because the
PDMS regains its hydrophobicity over time. For mPEG coating, a
self-assembled monolayer of the PEG moieties [39,56], covalently
attached to the surface of the substrate, forms an anti-fouling surface by
exerting steric repulsion to protein absorption [57,58] (Fig. S2B). Lip-
idure, a zwitterionic based coating, is made of a biocompatible polymer,
phosphorylcholine, which has equal amounts of negative and positive
charges [57,58]. This equal charge distribution makes the surface
electrically neutral, which prevents protein adsorption. It is noteworthy
that Lipidure is used in many commercial products for EB and other 3D
spheroid generation [50]. We also established the efficacy of each sur-
face coating in a stem cell adhesiveness assay, where cell attachment



C. Chen et al.

was negligible in all samples but substantial in the positive control
(vitronectin coated) (Fig. S2C).

Then, we evaluated the synergistic effect of geometries (i.e., LRC,
HRC, HRF) and coating materials on EB formation. Devices in all ge-
ometries, coated with mPEG, Lipidure, BSA, and uncoated, were seeded
with hESCs and cultured for three days for EB formation. As seen in
Fig. 3A, both surface coating and device geometry influenced cell
morphology and aggregation. To compare between groups, we quanti-
fied EB formation efficiency, which we defined as the percent of wells
that formed a single aggregate with a clear border, a hallmark of EB
development (Fig. 3B: Top).

With respect to surface coating, EB formation efficiency was the
highest and most consistent in mPEG-coated devices, followed by Lip-
idure, BSA, and then uncoated (Fig. 3C). In fact, EB formation efficiency
in coated devices was significantly higher (p < 0.001) compared to
uncoated devices, demonstrating the crucial role of a surface coating.
Because of this result, we excluded uncoated surfaces from further
experiments.

In regard to geometry, we observed a general trend that curved de-
vices (LRC and HRC) had significantly higher EB formation efficiency
than flat devices (HRF) (p < 0.05) (except for BSA coated devices). This
trend was observed irrespective of surface coating or device resolution.
Our observations are consistent with previous studies, which have found
that curved microwell environments promote better cell aggregation in
spheroids [25,41].

We also quantified multiple EB formation, where a single well
formed two or more EBs (Fig. 3B: Bottom). Geometry-wise, flat wells
generated significantly more multiple EBs than curved devices (LRC and
HRC) (p < 0.001) (except for BSA coated devices). This observation is
consistent with other studies [59]. With regard to coating, BSA coated
wells produced significantly more multiple EBs than Lipidure or mPEG
coated wells (p < 0.01). Although interesting, multiple EB formation is
undesirable, as it increases variability in the generated EBs [59]. Hence,
we excluded BSA coated microwells from further experiments.

The 3D micro-environment described here allowed us to control
single EB formation through geometry and surface coating. As shown in
previous studies [17], we observed that anti-fouling coating was
necessary to achieve high and consistent EB formation. Besides, un-
coated devices had less than half EB formation efficiency compared to
the most efficient conditions (mPEG and Lipidure). Additionally, the
prevalent formation of multiple EBs in BSA coated devices is likely due
to the stability of BSA coating, which is vulnerable to culture conditions
and is likely to crack into multiple small coated areas [54,55].
Furthermore, device curvature did not seem to salvage BSA coated de-
vices, as BSA-coated HRC (curved) and HRF (flat) devices showed an

A mPEG

Lipidure

HRF
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insignificant difference in EB formation efficiency.

Similarly, no surface coating salvaged any flat-curvature condition,
as HRF devices showed similar single-EB formation in all surface-coated
groups. In summary, these results proved that the surface coating and
geometry plays a vital role in initial EB formation in our platform.
Among all coating materials, mPEG showed the highest percentage of
single-EB formation. However, as there were no statistically significant
differences between mPEG and Lipidure coated curved devices, both
coatings were used in further studies.

3.3. The effect of micro-environment on EB and organoid morphology

The timeline of human cerebral organoid generation using our
method is similar to that of a typical unguided one, including EB for-
mation, EB growth, organoid formation, and organoid maturation
(Fig. 4A). Development of brain organoids often consists of multiple
stages, each involving different developmental milestones. For example,
during EB formation by day 7, it is vital to generate cell aggregates of
high sphericity that can be surrounded by a well-formed basement
membrane. In contrast, during organoid development after day 7, it is
desired to generate surface wrinkle/folding, which creates irregular
non-spherical shapes. Hitherto, we explored the effect of geometry and
surface coating on single-EB and multiple EB formation efficiency as a
key milestone during EB formation (day 0-3). In previous studies of EB
cultures, these microwell properties had a prolonged effect in regulating
the stem cell proliferation and subsequent differentiation long after cells
were transferred out of the microwell [33]. Herein, we explored whether
such a prolonged effect existed in our organoid culture platform by
evaluating the developmental milestones in each stage. Various micro-
well geometries and surface coatings were used to evaluate their
long-term effect. The result was also compared to that of the control
group (CON; never cultured within the microwell device), introduced in
methods 2.7.

Day 7 is often considered to be the timing of mature EB formation. In
traditional organoid generation methods, EBs are then embedded in
Matrigel for neural differentiation and develop into organoids. The size
and circularity of EBs are vital for this transition [1]. Hence, it is
necessary to determine these characteristics of EBs on day 7. In our
system, on day 7, as a whole, EBs generated in all tested conditions (all
geometries; control group, mPEG, and Lipidure) showed characteristic
EB morphology (i.e., round, with an optically clear smooth boundary)
(Fig. 4B). Within each device geometry, EBs derived from mPEG coated
devices had higher circularity than those derived from Lipidure coated
devices (Fig. 4C). Additionally, EBs derived from high-resolution devices
(HRC, HRF) showed a higher circularity than those from low-resolution

M Single EB
N Multiple EB : -

150

EB Formation Efficiency (%)
@ =)
o o

mPEG Lipidure BSA Uncoated

Fig. 3. EB formation efficiency of the microwell devices. A) Representative bright-field images of EB formation in microwells on day 2, with respect to various
surface coating materials and device geometries. The white line indicates a single microwell culture space. EBs were visible as the dark-phased cell aggregates. B)
Examples of single and multiple EB formation. C) Quantification of single and multiple EB formation efficiency with respect to surface coatings and microwell
geometries, including the uncoated groups. All surface coated groups formed more EBs than the uncoated ones. Within each group, curved devices (LRC and HRC)
had higher efficiency than flat devices (HRF) in single EB formation. Statistical analysis: One-way ANOVA with Tukey’s post-hoc analysis. Stars and pound signs
indicate the significance of single and multiple EB formation, respectively, compared to uncoated devices. Scale bar (A, B): 500 pm. All data were presented as mean

+ SD.
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Fig. 4. Characterization of EB and organoid formation. A) Timeline illustrated a multi-stage culturing process, including EB formation in microwells, EB growth
in suspension, organoid formation, and organoid maturation. Major experiments and procedures were labeled above the timeline, along with the days. Major analyses
and associated figures in this paper were labeled beneath the timeline. The cell culture medium condition was tagged in the yellow stripe. B) Representative bright-
field images of EBs on day 7 of the control group (CON) and microwell groups (with respect to three geometries and two coating conditions). C) EB circularity on day
7. The mPEG-HRC was not significantly different from CON, while other microwell groups were significantly lower. D) EB diameter on day 7. All groups were
significantly larger than CON group in diameter. E) Bright-field images of HRC-derived organoids from day 7 to day 20 exemplified the organoid growth and
wrinkling/folding formation. The bottom right image illustrated how Lg and Ly were measured for the determination of the wrinkling index. F) Area size as a function
of time in LRC, HRC, HRF, and CON. All showed an increasing trend, with all microwell groups significantly larger than CON. G) Circularity as a function of time in
LRC, HRC, HRF, and CON. The circularity of all groups declined after day 7 or 12 at various speeds, with CON being the slowest and HRC being the fastest. The HRC
group achieved the lowest circularity on day 20. H) Wrinkling index as a function of time in LRC, HRC, HRF, and CON. Wrinkling index of all microwell groups
increased since day 7 at various speeds, with HRC group being the fastest and the highest. In contrast, CON group stayed un-wrinkled (wrinkle index ~ 1.0) until day
20, when the wrinkle index increased slightly. I) Inmunocytochemistry of whole-mount organoids on day 20 revealed the overall cell organization for each
microwell group and CON. Sox2, Tujl, Actin, and Hoechst (Ho) were used to mark stem cells, differentiated neurons, cytoskeleton (neurites), and nuclei (all cell
types). The location of wrinkling grooves was marked with white arrows. Note, all microwells used in E)-I) were coated with mPEG for maximum performance. Scale
Bars (B, E): 500 pm; (I) 200 pm. (C, D) Every condition was statistically compared to CON group using Student’s t-test ****P < 0.0001; ns, no significance. All data
were presented as the mean + SEM.

devices, regardless of surface coating. Compared with the control group, was our first implication of differences between the long-term effects of
most microwell devices (both geometry and coating) produced signifi- the microwells on organoid formation.
cantly reduced circularity (Fig. 4C) on day 7. Notably, however, the Furthermore, beginning on day 12, we observed the surface wrin-
mPEG-coated HRC group produced EBs of a comparably high circularity, kling or folding in organoids derived from mPEG coated devices.
which was not significantly different from that of the control group. Wrinkling or folding emerges in the neural tube, which defines different
Within all device groups, EB diameter showed an inverse relation to regions of the brain [5,11] and promotes the expansion of the
the circularity on day 7, i.e., the most circular groups were also the three-dimensional brain surface area [62-64] in a confined space.
smallest in diameter (Fig. 4C&D). In addition, the device-generated EBs Early-stage organoid wrinkling was previously found in a 2D model to be
were all significantly larger (2-3 folds higher diameter) than the control remarkably analogous to cortical gyrification in folding morphology and
group (Fig. 4D), suggesting that microwell devices promoted temporal dynamics [11]. To characterize the folding extent, the wrin-
proliferation. kling index was measured as the contour length Lg normalized by the
Although the LRC and HRC groups showed an insignificant differ- outer convex contour length Ly (Fig. 4E&H). A wrinkling index larger
ence in EB formation efficiency, the LRC group yielded a much lower than 1 indicates the formation of wrinkling. In microwell-derived
circularity. This result can be attributed to the LRC device’s anisotropic organoids, the wrinkling index became larger than 1 on day 12 and
shape, as seen from the SEM images (Fig. 2C&D). The prolonged effect of continued to increase after that (Fig. 4E&H). In contrast, wrinkling did
this anisotropic point-of-contact surface might lead to anisotropic EB not emerge in the control group until day 20. In addition, wrinkling
shape, thus leading to lower circularity. In addition, the mPEG derived increased at a faster rate in microwell derived organoids, as compared to
EBs showed higher circularity than the Lipidure derived EBs; this is the control group, with surface wrinkling being highly expressed in the
likely because mPEG coating, as a self-assembled monolayer, forms a HRC generated group. Among the microwell generated organoids, the
permanent, single-molecular smooth and compliant surface (Fig. S2B) wrinkling dynamics started to plateau on day 20 at 1.24, 1.69, and 1.20
[60,61]. This surface can facilitate higher cell aggregation and pro- for LRC, HRC, and HREF, respectively.
longed anti-fouling effect. In contrast, EBs derived from Lipidure coated The emergence of wrinkling created an irregular-shaped organoid
surface showed lower circularity and less desirable morphology. Hence, edge, which intuitively decreased the circularity. In our system, the LRC
we only selected mPEG generated EBs for differentiation and maturation and HRF group’s circularity exhibited a peak on day 12 and then
analysis due to better resulting EB morphology. decreased. In contrast, the control and HRC groups’ circularity consis-
We further analyzed the organoid formation phase from day 7 to day tently showed a decreasing trend since day 7 (Fig. 4G), in which the
20 by monitoring the variation in area size, wrinkling index, and circularity of the HRC derived organoids was lower compared to the

circularity (Fig. 4E-H). The area size of the device-derived organoids control group. On day 20, the HRC group had the lowest circularity and
was larger than the control group (Fig. 4F). Notably, the area size of HRC highest wrinkling index compared to all other groups (Fig. 4H). The
derived organoids was the closest to the control group on day 20. This circularity in the LRC, HRF, and control groups was close, but the LRC
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and HREF still behaved better in wrinkling formation than the control
group. This variation of circularity can be attributed to surface folding or
winkling formation. Folding increased the 3D surface area size of the
organoids, however, due to folding on the surface, the circularity
decreased. Previous studies, using ECM embedding or confining EBs in
laminated devices, demonstrated that wrinkling formation is induced
and modulated by the mechanical micro-environment of the outer layer
cells [11,65,66]. We believe our microwell device played a similar role
by providing spatial confinement to the growing EBs. In a novel way, our
results showed that these effects were long-term, as the HRC-derived
organoids formed higher amounts of folding. The HRC’s strong
confinement effect was evidenced by its superior EB circularity on day 7,
as we described in previous sections, which can be correlated to the
increased folding during organoid formation. From our results, micro-
well devices promoted organoid early-stage growth and wrinkling/-
folding formation, which were tunable through the 3D geometry of the
well.

Cell differentiation status and organization are also vital for the
proper development of organoids [67]. We used whole-mount staining
to assess the 3D morphology and cell distribution in our early-stage
human cerebral organoids. Stemness marker Sox2, p-Tubulin III
marker Tujl, and cytoskeletal marker actin were used to label stem cells,
neurons, and actin filaments, respectively (Fig. 4I). Sox2 signals were
preferentially located in the center of organoids in microwell-cultured
organoids, especially those in the high resolution printed microwell
devices (HRF and HRC). This result suggested the formation of
well-organized stem cell structures, such as lumens. In contrast, the
distribution of Sox2 was random and not well organized for lumen
formation for the control group. The expression of Tuj1l was observed in
all microwell-devices generated organoids, which indicated proper
neuronal differentiation. In the control group, the signal of Tujl was
discontinuous and scattered. Additionally, more enriched neuronal
axons (actin-labeled) were observed on the surface of HRC- and
HRF-generated organoids, which suggested enhanced neuronal differ-
entiation and the development of neuronal layers. These primary char-
acteristics indicated that microwell devices, especially those of higher
resolution, promoted the self-organization of human cerebral organoids.
In contrast, we rarely observed a well-defined cell organization in the
control group.

With the whole mount staining of the HRC group, we observed an
interesting wrinkling pattern of several long and deep grooves (exem-
plified in Figs. 41 and S3B white arrows). These grooves were parallel to
one other and equally spaced with a periodicity of 30-40 um on day 20
(Fig. S3B). Their position and spacing matched the microtopography
trace found in HRC microwell-devices (spaced by 10-26 pm) (Fig. S3A),
suggesting the grooves grew from the imprint of the microwells in
proportion to the entire organoid growth. On day 3, the average diam-
eter of transferred microwell-derived EBs was 430 pm. As the organoids
grew from day 20 to day 45, the microtopography trace was also
increased from 30 pm to 60 pm (Fig. S3C). This fold change is consistent
with the fold change of cell diameter, which was ~1018 pm on day 20
and ~1950 pm on day 45. Detailed monitoring of the mechanisms of this
imprinting is currently under investigation for our follow up study.

3.4. Lumen structure and matured neuronal layer formation of the human
cerebral organoids

We performed cryogenic sectioning on organoids and further char-
acterized the lumen formation and neuronal maturation as two key
features for the early development of the human cerebral organoids.
Following neural induction, fluid-filled lumens appear within the
organoids [68]. These ventricle-like lumen formation is a hallmark of
healthy developed organoids in early stages [69,70]. Lumens supply
Sox2+ cells that differentiate and migrate to support neurogenesis,
ventricle expansion, and cortical development [68,71-73]. Thus, lumen
properties (size, thickness, and number) may be critical to the
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organoids’ subsequent cortical layer development [74].

In our system, on day 20, multiple ventricle-like lumens were formed
in all device-derived organoids (Fig. 5A). These lumens exhibited a
healthy, spherical shape and radiating cell arrangement, similar to those
generated through Matrigel-embedded methods [11]. In contrast, the
control group formed none or very few, ill-shaped lumens. Quantifica-
tion of lumen size, thickness, and number per organoid confirmed these
qualitative observations (Fig. 5B-D). In all measures, the two curved
groups were significantly better than the control. Among all device
groups, HRC was once again the best choice in promoting lumen for-
mation, producing significantly more, larger, and thicker lumens than
the LRC and HRF groups (Fig. 5B-D). Taken together, our results suggest
that both curvature (perhaps more significantly) and the resolution of
3D printed microwells played an important role in promoting lumen
formation. In addition, the variance of lumen characteristics for each
device group was small: only 5-10% of the average values. This variance
was significantly lower compared to Matrigel-embedded traditional
methods (which we estimate to be 30-60% based on our previous
culturing experience). Thus, our method presents a robust bio-
manufacturing strategy to generate consistent lumen models.

In human cerebral organoids, the lumen is the source of undiffer-
entiated stem cells, which is critical for cortical development. These
stem cells differentiate batch by batch into neurons, migrate to the
organoid edge, and form matured layers [71]. Thus, the success of the
following corticogenesis in the organoids depends on the quality of
lumen structures and mature neuronal layer. To evaluate these struc-
tures, we evaluated organoid maturation through immunocytochem-
istry on day 45 (Fig. 5E). Mature neurons and dendrites were labeled
using the neuronal nuclei marker NeuN and microtubule-associated
protein 2 marker Map2, respectively. The neuronal dendrites were
enriched and continuous in the HRC group, in contrast to the thin and
non-homogenously scattered organization in the control and HRF
groups (Fig. 5E). The LRC group showed continuous organization,
slightly thicker than the control and HRF groups (Fig. 5E). The intensity
of NeuN was also much higher in the HRC group than other conditions,
taken together, indicating that the HRC microwell-devices promoted the
layer maturation.

The subsequent thickness quantification of the matured neuronal
layer based on Map2 staining found a device-dependent trend similar to
that of the lumen characteristics. Specifically, both bottom-curved de-
vice groups yielded a significantly thicker neuronal layer than the
bottom-flat device group and non-device control. The HRC group yiel-
ded the thickest layer (592.88 pm), doubling that of the control
(Fig. SE&F). Taken together, our results suggest that both curvature
(much more significantly) and the resolution of 3D printed microwells
played an essential role in promoting cell differentiation and matura-
tion. Because lumen formation and maturation followed similar trends,
our results imply that these processes are related, and perhaps syner-
gistic. We plan to investigate this connection in future work thoroughly.

Our study showed that microwell devices, especially with high-
resolution concave surfaces, were able to facilitate the process of orga-
noid development, from EB formation and wrinkling/folding to lumen
formation and neuronal layer maturation. Such a process demands a
series of micro-environment modulations, which is usually achieved by
Matrigel-embedding in traditional unguided methods. For instance, in
previous reports, lumens and other key organoid features were not
observed until ECM embedding [11]. However, the side effects of
Matrigel and other ECM materials should not be neglected, as we dis-
cussed in the introduction. Strikingly, our microwell platform produced
results similar to or better than the Matrigel-embedded methods, sug-
gesting a viable substitute for Matrigel embedding. This is likely
attributed to our novel microwell designs combining several features
that may modulate the early-stage micro-environment. These features
were individually found to promote 3D culture systems in previous
studies. Specifically, the provided concave spherical curvature and high
spatial confinement were found to promote 3D cell aggregation in
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spheroids [25,30,38], very similar to the vital influence of the skull in
the brain development [75-78]. In EB formation, these two features
were further shown to increase the cell packing density [37], form
tighter junctions, and modulate ECM networks [36,37]. Previous studies
also established that microwell device’s 3D topography and surface
coating could affect cell behaviors (e.g., proliferation, differentiation)
[17,41,79,80] and tissue morphogenesis (e.g., surface wrinkling) [10,
81]. Furthermore, the provided deep and highly-networked (as dis-
cussed in section 3.1) microwells were previously found to enhance cell
aggregation, nutrient exchange, and physiological functions of spher-
oids [21,38].

EBs in our devices were only cultured for 3 days before transferring
to culture flasks but still showed that the effect of the micro-
environmental modulation went far beyond the treatment period
(until day 45, the longest time we explored). Unlike a real skull that
grows along with the brain, our devices are fixed in size and shape. Thus,
they could only hold the culture for up to three days before nutrient/
waste exchange became challenging. Yet, the formed human cerebral
organoids showed superb development in all tested characteristics,
equivalent to or better than the Matrigel-embedding method. Although
cultured in microwells for only 3 days, these organoids demonstrated
superb maturation and quality in the long term. This prolonged effect
was likely attributed to the three-germ layer formation pre-defined
during the EB formation. The three-germ layer formation, especially
ectoderm layer’s promotion, is essential to organoid development [82].
This spherical confinement was shown to lead to consistent EBs with
distinct germ layers and enriched SOX2 (ectoderm marker) [11,83].
Besides, the higher cell packing density in the microwell derived EBs
(like the effect of the skull and meninges [84]) intensifies the cell-cell
tension that drives the folding process [11].

Previous work from other researchers used microwells for ECM-free
EB formation [2]; the resulting spheroids achieved putative organoid
features (e.g., lumen), but failed to develop other vital features (e.g.,
wrinkling/folding, neuronal layer). In contrast, the human cerebral
organoids developed in our study have exhibited a much more
comprehensive range of features, including wrinkling/folding and
neuronal layer besides lumen. Another advantage of our approach is that
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Fig. 5. Characterization of early-stage matura-
tion of organoids. A) Inmunocytochemistry of actin
in LRC, HRC, HRF and CON revealed detailed lumen
structures and cell organization, as outlined by white
dashed lines. B) The diameter of lumens on day 20
was significantly larger in LRC and HRC group than
CON, with the HRC group having the largest lumens.
C) The thickness of lumens on day 20 shared a
similar trend with the lumen diameter. D) The
number of lumens on day 20 was significantly larger
in all microwell groups than CON, while the HRC
group generated the highest lumen numbers. E)
Immunocytochemistry of organoid cryogenic sec-
tions on day 45 revealed neuronal cell layers, as
labeled by mature neuron related markers NeuN and
Map2. F) The thickness of Map2 positive cells in
CON, HRF, LRC and HRC averaged over at least 3
organoids. The thickness of the mature layer was
significantly increased in LRC and HRC group. The
HRC group has the maximum average value of the
thickness of mature neurons. The data are presented
as the mean + SEM. Every microwell condition was
compared to control using Student’s t-test. *P < 0.05;
**Pp < 0.01; ***P < 0.001; ns, no significance. Scale
bars (A: 100 pm, E: 50 pm). Note, all data were ac-
quired with at least 3 organoids for each condition.
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it is unguided and Matrigel-free. We attribute this substantial advance-
ment of our platform to the likely synergistic effect of our microwell
designs that innovatively integrated high curvature, networked-space,
and deep pocket, as well as treatment time. Yoon et al. allowed cell
aggregation in the microwell device for only 18 h [2]. This treatment
time was only ~25% of that in our study, possibly insufficient in thor-
oughly modulating the micro-environment during EB formation. Addi-
tionally, we have shown that the curvature providing compliant contact
was critical for the EB formation and had long-term effects on organoid
development. In that sense, the reverse-pyramid shape used in their
study was likely to further reduce the modulation ability of the device.
Growing long-term brain organoids is time- and supply-consuming, with
a high risk of necrosis. In our microwells, we observed better-organized
development and more mature neuronal layers, as compared to the
organoids at the same age in other methods. In other words, the
development is faster with our system, which could be a more efficient
model for the late-stage development: superficial layer and whole-tissue
level maturation.

4. Conclusion

We demonstrated, for the first time, a 3D printed microwell platform
to generate human cerebral organoids with mature physiological fea-
tures, without the use of Matrigel/ECM embedding or external signaling
molecules (i.e., SMAD and Wnt inhibitors). Our results confirmed that
surface coating influences the EB generation efficiency, in which, we
found mPEG is better for PDMS microwell coatings, compared to Lip-
idure or BSA. We also showed that microwell device geometry is vital for
EB formation efficiency: curved geometry is better for organoid gener-
ation than flat geometry. In addition, we found that the 3D printing
modality affected the fidelity of the microwell system, which led to
isotropic (HRC) and anisotropic (LRC) curved geometry. Higher-fidelity
HRC devices led to better organoid formation and maturation, compared
to the lower-fidelity, anisotropic LRC devices. Furthermore, we showed
that the device geometry and microtopography had a long-term impact
on the organoid growth, even after cells had been removed from the
devices for over two months. Even without ECM-embedding or chemical
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guidance, we still observed high-level structures like wrinkling/folding
and lumen. This is a significant step forward, helping to expand our
knowledge of organoid generation methods. Specifically, the micro-
environment modulated by high-resolution printed, bottom-curved de-
vices resulted in the highest lumen formation and the thickest layers of
mature neurons, which modeled early organoid development effectively
in an ECM-free condition.
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