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Precise spatial organization of cells is critical for engineering functional tissues
and constructing human developmental models. Here, we report the devel-
opment of acoustic cell patterning (ACP), an ultrasound-based method cap-
able of rapidly generating spatial patterns of multiple cell types on both rigid
and compliant substrates without requiring chemical or physical modification
of the substrates. Spatially controlled co-patterning of human endothelial and
stromal fibroblast cells through ACP reveals geometry- and substrate-
dependent vascular morphogenesis. Applied to human pluripotent stem cells
(hPSCs) within a microfluidic device, ACP forms neural tube-like structures
exhibiting in vivo-like spatially patterned gene expression, including caudal
emergence of HOXC10. ACP also generates a uniform array of hPSC clusters on
soft substrates, forming epiblast-like tissues that undergo spontaneous BMP-
dependent amniogenesis and primordial germ cell-like specification. These in
vivo-like developmental features are not observed in structures derived from
patterned hPSCs using microcontact printing on stiff substrates. Together,
these results demonstrate the unique capabilities of ACP for engineering
spatially organized multicellular systems and modeling early human devel-
opment under conditions that better mimic in vivo environments.

Spatial organization of cells, in concert with microenvironmental cues,
is a central determinant of cellular behaviors, governing processes
such as cell migration, differentiation, tissue patterning, and disease
progression'. Controlling cell spatial arrangement is thus essential for
engineering functional tissues and constructing in vitro models of
human development for scientific discoveries and translational appli-
cations. Among existing cell patterning techniques, microcontact
printing (uCP) is widely used to generate reproducible patterning by
pre-coating adhesive molecules to anchor cells on stiff surfaces such as

glass or poly-dimethylsiloxane (PDMS) substrates®*. While capable of
generating colonies with well-defined geometries and cell density, uCP
constrains tissue expansion, introduces contamination risk during pre-
coating of substrate °, alters cell behavior via adhesion®, and is
incompatible with soft, more in vivo-like extracellular matrix (ECM)-
based substrates. Recently, 3D bioprinting has gained substantial
interest in achieving spatial control in building tissue constructs’’.
However, the physical demands of extrusion in 3D printing, including
temperature, pressure, and cross-linking process, can impair cell
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viability’ ™, making it challenging to construct tissue models from cells

such as human pluripotent stem cells (hPSCs) that are sensitive to
culture conditions. These difficulties hinder the development of
in vitro models that require patterned multicellular structures sensi-
tive to the cell microenvironment.

Leveraging the developmental potential of hPSCs'*®, in vitro
human embryo models derived from hPSCs that mimic early
embryogenic events*?° provide essential tools to interrogate early
human development, disease mechanisms, and drug responses®* %,
These models overcome the ethical and technical limitations in
assessing native embryonic tissues and the inability of animal models
to recapitulate human-specific developmental features. hPSCs
undergo morphogenetic self-organization under suitable culture
conditions and can form multicellular structures with molecular, cel-
lular, and architectural features resembling early embryonic
tissues>?»>2*272°  However, protocols of human embryo modeling
typically rely on stochastic aggregation of disassociated hPSCs, often
with heterogeneous cell distribution, inconsistent morphologies, and
low efficiency'*'%°°, For instance, neural tissues derived from spon-
taneous differentiating hPSCs in conventional 3D cultures frequently
lack the spatial organization characteristics of early
neurodevelopment®. Conventional 3D cultures to form epiblast-like
tissues through stochastic clustering of hPSCs often lead to hetero-
geneous development of these structures”5,

These challenges motivate this study to develop acoustic cell
patterning (ACP) for controlling spatial organization of cells to
improve tissue organization of multicellular systems and hPSC-derived
embryo models***2, ACP employs plane-traveling ultrasound waves to
rapidly organize free-floating cells into spatial patterns. Without
requiring chemical or structural substrate modification or the need for
creating pre-defined adhesive regions, ACP allows for contactless, free-
form cell patterning, capable of generating multicellular structures on
both hard and compliant substrates, including tissue culture plates,
hydrogels, and within microfluidic platforms.

A variety of both labeling-based and label-free patterning tech-
nologies have been developed to achieve spatial cell patterning,
advancing the engineering of complex tissue architectures and
embryonic models. For example, Sloan et al. used a magnetic approach
to assemble organoids into assembloids®. Within the field of
acoustic manipulation, acoustic radiation force (ARF) has emerged as a
powerful and non-invasive tool for directing cellular organization.
Early efforts utilized short-path-length ultrasound standing-wave
traps to investigate the physical environment of 2D cell aggregates™.
Since then, ultrasound standing waves have been successfully
used to promote cellular organization: Hocking and
colleagues employed standing-wave fields to create vascular networks
within 3D hydrogels®** and to study ultrasound-driven vascular
morphogenesis”. Recent advancements have further expanded the
capabilities of ultrasound-based techniques, enabling the assembly of
multilayered, brain-like constructs® and the engineering of aniso-
tropic muscle tissues®. Notably, high-resolution acoustic patterning
has been used to quantify spatiotemporal cell organization via Voronoi
tessellation** and to construct functional collateral cylindroids for
therapeutic applications”. Most recently, Armstrong et al. demon-
strated high-resolution cell patterning to engineer cartilage constructs
in agarose*, while others have generated multicellular patterns*®.

However, these traditional acoustic approaches often depend on
fixed standing-wave geometries, which require parallel reflective sur-
faces or specific spatial arrangements of transducers tuned to parti-
cular wavelengths to achieve cell aggregation. These constraints can
limit the compatibility and adaptability of such systems with standard
laboratory equipment and cell culture systems. In contrast, ACP
employs a plane, traveling ultrasound wave generated by a single
transducer that transmits through a customizable, 3D-printed thin-
plate structure placed beneath a standard glass-bottom tissue culture

dish. This setup generates a structured ARF field within the dish to
drive cell patterning, eliminating the need for specialized reflective
housing or special modifications to the cell culture dish. The ACP
configuration offers a a small footprint with high flexibility, con-
veniently built on off-the-shelf transducers and easy swapping of plate
geometries for multi-step or multi-cell type patterning in standard
tissue culture plates or even microfluidic devices.

In this work, we show geometry- and substrate-dependent vas-
cular morphogenesis and vasculogenesis generated using ACP from
controlled, co-patterned human endothelial and stromal fibroblast
cells as well as key embryonic developmental events in hPSC-derived
embryo models, features absent or not possible with uCP on stiff
substrates. Integrated with a microfluidic device, ACP generates neural
tube-like structures (NTLS) with rostral-caudal (R-C) patterning. ACP
also generates a uniform array of hPSC clusters on compliant ECM
beds, forming epiblast-like cysts that exhibit inward embedding into
the underlying matrix and spontaneous BMP-dependent amniogenesis
and germline cell specification, key peri-implantation human devel-
opmental milestones that are not recapitulated in hPSC cysts gener-
ated on solid substrates.

Results

ACP achieves free-form cell patterning

In ACP, an ultrasound wave is applied to propagate through a 3D-
printed thin plate placed underneath a standard glass-bottom culture
dish to rapidly pattern cells without direct physical contact (Fig. 1a).
Within seconds of ultrasound application, randomly distributed cells
in suspension in the dish are rapidly organized into parallel lines or
bands (Fig. 1b) or other two-dimensional (2D) configurations (Fig. 1c),
depending on the design of the thin plate (Figure S1and Figure S2). For
example, using a plate with a 2D array of circular holes (Figure S2a),
ACP generates a distinct secondary acoustic pressure field (Figure S2b,
¢), producing a spatially modulated ARF field that organizes normal
human lung fibroblasts (NHLFs) into a spatial pattern matching the
hole-array plate (Figure S2d).

Finite element analysis (FEA) simulations using a COMSOL model
(Supplementary Code 1) show that the incident ultrasound wave
transmitting through a slit structure excites an anti-symmetric Lamb
wave within the glass substrate (Figure Sl1a, b). This, in turn, generates a
secondary acoustic pressure field in the culture medium inside the
dish, characterized by periodic pressure maxima in x-direction that is
orthogonal to the orientation of the slits (Fig. 1d and Figure Sic). The
gradients of the secondary acoustic pressure field establish an ARF
field via momentum transfer*** on suspended cells in a location-
dependent manner (Fig. 1e and Figure S1d), driving them toward local
force minima where stable cell patterns emerge.

FEA simulations further reveal a resonant phenomenon of the
secondary acoustic pressure field, depending on the frequency of the
incident ultrasound wave and the geometric dimensions of the slit
structure (Fig. 1f, g). Under a resonant condition with a slit period of
0.8 mm, slit width of 0.4 mm, acoustic pressure of 0.1MPa, and fre-
quency of 1.68 MHz (condition A in Fig. 1f), the ARF acting on a 10 um-
radius cell reaches ~0.4nN in the x-direction and -0.2nN in the z-
direction (Fig. 1h). Under another resonant condition (condition B in
Fig. 1g; slit period: 1.8 mm; width: 0.8 mm; frequency: 0.56 MHz), the
ARF magnitude is substantially lower (Fig. 1h), resulting in broader line
widths of patterned cells. Larger inter-line spacing is also generated in
condition B, compared to under condition A, corresponding to the
greater spacing between the slits (Fig. 1i). These results confirm that
the spatial and amplitude characteristics of ARF determine spatial cell
patterning in ACP. In practice, the efficiency and fidelity of cell pat-
terning are also impacted by ACP application duration and the prop-
erty of culture medium surrounding the cells. For instance, a 0.2nN
ARF is sufficient to displace a cell by 200 um within -~ 0.13 s in cell
culture medium, which has a viscosity comparable to that of water
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(-0.0007 Pa-s), whereas this time increases to -2.64 s when medium
viscosity becomes 20 times greater. Thus, for cells suspended in cul-
ture medium, which has a relatively low viscosity, ACP achieves spatial
organization of cells quickly in the order of seconds, forming stable
cell pattern after cells attach to the substrate, typically within 30 min
after ACP application.

To pattern cells in biologically relevant hydrogels, ACP is applied
to spatially organize cells before hydrogel gelation, forming a stable
cell pattern in a solidified hydrogel. Geltrex, a basement membrane
matrix widely used to support mammalian cell adhesion, proliferation,
and differentiation'**°, remains liquid at 4 °C and undergoes gelation
above 15 °C within 5-10 min. Applying ACP using a slit structure for 10 s
to hPSCs suspended in 30% liquid Geltrex maintained at 4 °C generates
a line pattern of hPSCs, which become immobilized as Geltrex transi-
tions from liquid to gel as it warms up to room temperature.

The cell density and width of the line patterns of hPSCs generated
in Geltrex using ACP depend on acoustic pressure of the incident
ultrasound wave (Fig. 1j) and initial cell seeding density (Fig. 1k). At a
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Fig. 1| Acoustic cell patterning (ACP) platform and characterization of the
acoustic radiation force field. a ACP uses an ultrasound wave traveling through a
3D-printed plate structure placed underneath a glass-bottom cell culture dish for
spatial organization of cells. b, ¢ Examples show a line pattern and a 2D pattern of
normal human lung fibroblasts (NHLFs) respectively generated using ACP. Ultra-
sound wave application was 10 s at 1.68 MHz and 0.1 MPa. d Global view of the
simulated acoustic pressure field generated in ACP using a slit structure placed
underneath a glass-bottom cell culture dish. e Normalized acoustic radiation force
(ARF) field in x-z plane (top) and x-y plane (middle) inside the dish generated by ACP
as well as a schematic of the patterned cells (bottom). The slit structure is placed in
x-y plane with slits in y-direction. f Normalized ARF in x-direction vs. frequency of
incident ultrasound wave and the period of slit structure. Slit width is 0.4 mm.

g Normalized ARF in x-direction vs. frequency of incident ultrasound wave and
period of slit structure. Slit width is 0.8 mm. h ARF in x-direction as a function of the
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constant seeding density of 10x10° cells/mL, increasing acoustic
pressure from 0.075MPa to 0.24 MPa leads to increased cell density
within lines (from 1.5 x10° to 3.5 x10° cells/mm?) and decreased line
width (from 150.4 + 8.1 um to 91.2 +5.4 um) (Fig. 1j). Under a constant
acoustic pressure of 0.15 MPa, increasing the seeding density from 5 x
10° to 40 x 10° cells / mL results in increased cell density (from 3 x 10
to 5x10° cellsymm?) and line width (from 69.3 +5.7 to 146.4 + 6.5 um)
(Fig. 1k). Since ACP employs ultrasound waves of low intensity, it
generates minimal temperature increases that are less than 1.5°C
(Figure S3), and hPSCs maintain high viability after ACP exposures as
shown by flow cytometry assay (Figures S4-S11).

These results show that ACP achieves spatial organization of cells in
a standard cell culture dish without the need for structural or chemical
modification of the substrate. Unlike uCP, ACP captures nearly all initially
dispersed cells in culture medium into spatial patterns, thereby mini-
mizing cell loss as no post-patterning washing steps are needed. This
feature provides useful advantages when working with low-abundant cell
populations or cells with high sensitivity to multi-step handling.
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acoustic pressure amplitude of the incident ultrasound wave generated in ACP
using parameters at point A in (f) and point B in (g). i Normalized ARF field in x-z
plane and the resulting line pattern of cells generated using parameters at A in (f)
(left) and parameters at B in (g) (right), respectively. j Representative bright field
images of line patterns of hPSCs generated using ACP (top), cell density within the
patterned lines (bottom, left), and line width (bottom right) vs. acoustic pressure of
the incident ultrasound wave, respectively. Cell seeding density 10 M cells/mL. Data
are presented as mean *s.d. n =3 independent experiments. k Representative
bright-field images of line patterns of cells formed using ACP (top), cell density
within the patterned lines (bottom, left), and line width (bottom, right) vs. cell
seeding density, respectively. Data are presented as mean +s.d. The acoustic
pressure of the incident ultrasound wave is 0.15 MPa. n =3 independent experi-
ments. Source data are provided as a Source Data file.
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ACP enables spatial patterning of single and multiple cell types
ACP can organize cells into spatial patterns through sequential pat-
terning steps using the same plate structure or by employing plate
structures with different geometries or dimensions (Figure S12). For
example, an ACP application for 10 s with a slit plate aligns NHLFs into
a line pattern. After allowing the cells to attach to the glass coverslip
for 30 min, a second population of NHLFs is introduced, followed by
another 10-s ACP application with the same slit structure shifted par-
allelly by 50 um. This multi-step ACP patterning produces an inter-
leaved parallel line pattern composed of the two cell populations
(Figure SI12a). If the second ACP is applied with the slit structure
rotated by 90°, an orthogonal grid pattern composed of the two cell
populations is generated (Figure S12a).

Interestingly. if the sequential orthogonal patterning is
done without allowing cells to attach after the first ACP application, a
regular array of cell clusters can be generated instead, as shown in the
example in Figure S12b. Here, after an initial ACP application that
forms lines of NHLFs, a second ACP is immediately applied to the
aligned but not yet unattached cells with the slit structure rotated by
90°, the cells in the lines are then driven into discrete positions along
the orthogonal direction, producing a regular array of cell clusters
(Figure SI12b).

ACP generates lumenized endothelial structures

The capability of ACP in generating spatially controlled cell patterning
is exploited to influence vascular morphogenesis by controlling
the spatial organization of human umbilical vein endothelial cells
(HUVECs), either alone or with NHLFs under various conditions (Fig. 2
and Figure S13). Here, NHLFs, as stromal support cells, secrete ECM
and paracrine signals to support HUVEC survival and stabilize nascent
vasculature*. In these experiments, ACP (duration 10 sec, 0.12 MPa,
1.68 MHz; slit period: 0.8 mm; width: 0.4 mm) is applied to cells sus-
pended in fibrinogen solution, which solidifies with the addition of
thrombin right before ACP exposure. Co-patterning of HUVECs and
NHLFs (cell ratio of 1:1) across varying seeding densities reveals striking
differences in vascular network morphology after five days of co-
culture (Figure S13a). As shown by quantitative image analysis using 2D
fast Fourier transform (FFT)*, co-patterning of HUVECs and NHLFs by
ACP results in an eight-fold increase in the alignment of angiogenic
sprouts compared to those from a randomly seeded mixture of
HUVECs and NHLFs (Figure S13b, c). Enhanced network connectivity,
indicated by the increased total sprout length within a defined region
of interest and the average length of individual sprouts, particularly at
higher seeding densities, is also observed for ACP-enabled co-pat-
terning of HUVECs and NHLFs (Figure S13e). Moreover, the number of
branching points remains relatively constant, suggesting that ACP
primarily enhances vascular elongation and alignment rather than
branching complexity (Figure S13e). These results generated via ACP
applications for 10 - 20 sec are consistent with commonly observed
vasculogenesis from HUVECs.

ACP is also applied to enable vascular assembly from spatially
controlled, co-patterning of HUVECs and NHLFs on both rigid (glass)
and compliant (fibrin gel) substrates (Fig. 2). Red and green dye-
labeled NHLFs are used to show their spatial patterning on glass
(Fig. 2a) or on top of a soft fibrin hydrogel (Fig. 2b) with or without
physical separation between the two cell populations. By day 7, vessel-
like structures with narrow lumens are formed from HUVECs co-
patterned with NHLFs on glass (Fig. 2c). In contrast, when patterned
HUVECs are spatially separated from NHLFs, either on glass (Fig. 2d) or
atop a soft fibrin gel (Fig. 2e), they form significantly larger and more
defined lumens (Fig. 2f), as shown by an increased lumenal cross-
sectional area, from 3.1+3.9 um? (direct co-patterning on glass) to
335.9+85.4um? (on glass with spatial separation) and further to
885.1+187.0 um? (on soft gel with spatial separation). These data
suggest the effects of spatial organization of HUVECs in relation to

NHLFs as well as the surrounding ECM on vasculogenesis. The cap-
ability of ACP for achieving multicellular patterning could be useful for
improving in vitro vascularized tissue models***° by controlling cell-
cell interaction.

ACP enables construction of neural tube-like structures (NTLS)
Similar to patterned hPSC colonies generated by pCP for neural
induction and regional patterning in a microfluidic gradient
environment*°, ACP is applied to hPSCs suspended in 30% Geltrex at
low temperature (on ice) to rapidly form line patterns in a glass-
bottom microfluidic device within 10s (Figure S14 and Fig. 3a). The
patterned hPSCs in Geltrex start to self-organize within 24 h (Supple-
mentary Movie 1). By day 3, they form discernible apical lumens,
similar to those formed by uCP-patterned hPSC colonies (Fig. 3a).

To achieve controlled morphogen gradients along the length of
ACP-patterned hPSC colonies, the microfluidic device is designed with
five channels separated by four rows of microposts (Fig. 3a). With a
diameter of 200 um and spaced 150 um apart from each other, the
microposts compartmentalize different fluid phases, ie., sequentially
loaded cell-laden liquid Geltrex, acellular liquid Geltrex, and culture
medium within the central channel, Geltrex channel, and two medium
channels, respectively (Fig. 3b).

Following initial generation of patterned hPSCs using ACP, gra-
dients of CHIR99021, FGF8, and retinoic acid (RA) are applied through
the medium channels of the microfluidic device to establish morpho-
gen gradient along the length of hPSC colonies (the rostral-caudal or
R-C axis) between days 2 and 5, in addition to basal neural induction
medium (NIM) applied uniformly in the central channel (Fig. 3b).
CHIR99021, FGF8, and RA are selected for their well-established roles
in axial neural patterning: CHIR99021 activates WNT signaling to
promote caudal neural identity**?, FGF8 supports posteriorization and
midbrain-hindbrain boundary formation*>**, and RA functions as a
morphogen that regulates HOX gene expression in a concentration-
dependent manner®™*°, Together, these gradients recapitulate the
combinatorial signaling environment that drives spatially patterned
NT development in vivo.

The patterned hPSC colonies generated using both ACP and pCP
platforms are structurally similar on day 4 as elongated tubular
structures, and they both express neural progenitor marker SOX2 and
exhibit lumenal localization of Ezrin and ZO-1 and membrane-
associated expression of 3-catenin (Figure S15).

By day 7, ACP-patterned hPSC colonies form NTLS that display
spatially ordered expression domains of HOXB1, HOXB4, and HOXC9
along the R-C axis. OTX2, a transcription factor specifying anterior
neural fates (forebrain and midbrain), is detected at the rostral end of
NTLS anterior to the HOX-positive regions (Fig. 3b), supporting faithful
R-C neural patterning. While HOXC9 is localized to the caudal NTLS
region by day 7, HOXCI10 expression is absent at this stage (Fig. 3b).

Notably, extending the culture of ACP-patterned NTLS under
continuous morphogen gradients until day 14 results in the emergence
of a HOXC10-expressing domain at the distal caudal end (Fig. 3c). At
this stage, the rostral and caudal ends of ACP-patterned NTLS exhibit
significant tissue growth, extending out of the central channel through
the spaces between adjacent posts (Fig. 3c). This outward growth
demonstrates that ACP-patterned NTLS possesses the capacity for
axial extension beyond its intial pattern. In contrast, NTLS formed by
uCP remains morphologically constrained without the caudal emer-
gence of the HOXC10 expression domain (Fig. 3d). In these cases, the
cells are anchored directly to the pre-patterned 2D surface.

ACP-generated NTLS exhibit caudal fate independent of pro-
liferation and tubule length

To investigate whether more caudal fates, specifically expression of
HOXCI10, emerge exclusively in ACP-generated NTLS and not in pCP-
patterned ones due to differences in proliferation or tissue elongation,
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Fig. 2 | Multilayered and 3D co-patterning of cells and engineered vascular
lumen formation using ACP. a ACP application to pattern NHLFs (stained in red)
on top of an underlayer of unpatterned NHLFs (stained in green) seeded on the
glass bottom of a cell culture dish; colors reveal the spatial relationship of the cells.
b ACP application to pattern NHLFs (red) on top of a solidified fibrin gel layered
over unpatterned NHLFs (green) on the glass well bottom; colors reveal the spatial
relationship of the cells. c-e ACP applied to HUVECs to promote tube formation
over 7 days in culture, with representative confocal images from above and cross-
section at the dotted line, respectively, showing HUVECs patterned directly on a
layer of unpatterned NHLFs (c), HUVECs patterned on glass and covered by a layer
of fibrin and unpatterned NHLFs (d), as well as HUVECs patterned on a layer of fibrin
gel and covered by an additional layer of fibrin and unpatterned NHLFs (e). f Areas
of the lumen for those in (c-e), respectively. ACP was applied for 10 s using ultra-
sound waves at 1.68 MHz and 0.15 MPa. Slit structure: period 0.8 mm and slit width
0.4 mm. Data are presented as mean + s.d. Cell seeding density was 1M cells/ml.
n=3 independent experiments. Source data are provided as a Source Data file.

EdU assay is performed on both NTLS generated using ACP and
ICP and our EdU assay data show similar proliferative profiles: uni-
formly distributed proliferating cells on day 3 (Figure S16a, c), followed
by a shift of proliferating cells toward the rostral end by Day 5 (Fig-
ure S16b, d). Increasing the adhesive pattern length in pCP (from 4 mm
to 6 mm) does not induce caudal HOXC10 expression (Figure S17),
whereas shortening the initial ACP-patterned NTLS length from 4 mm
to 2mm still results in robust HOXCIO expression by Day 14
(Figure S18).

Examination of the mechanotransductive signaling in pCP- and
ACP-patterned NTLS through immunostaining of YAP revealed that on
day 1, a lower percentage of cells with nuclear YAP is seen in puCP-
generated structures than in ACP-patterned tissues (Figure S19). This
difference might be associated with a difference in cell anchorage.

Together, these results indicate that caudal emergence of
HOXC10 in ACP-generated NTLS but not in pCP-patterned ones is not
attributed to differences in proliferation or tissue length in these two
systems. Rather, axial elongation of NTLS, which is promoted by a
relatively unconstrained 3D environment in ACP, might be a determi-
nant factor of caudal emergence of HOXC10 expression in NTLS during
its progressive R-C neural patterning”. Morphogenetic changes in
tissues are tightly connected with gene expression patterns: gene
expression controls cell behaviors that drive tissue shape changes,
while tissue morphogenesis influences gene expression through
mechanical and spatial cues. This dynamic feedback loop ensures
robust, self-organizing development, with both processes constantly
shaping each other. Thus, ACP might offer a more flexible cell pat-
terning tool for modeling developmental processes than traditional

surface-patterning methods by better mimicking the unconstrained,
3D morphogenetic in vivo environment.

We also used the microfluidic platform to establish antiparallel
morphogen gradients along the length of ACP-patterned NTLS to
model dorsoventral (D-V) neural patterning (Figure S20a). Opposing
gradients of BMP4, RA, and smoothened agonist (SAG, a sonic
hedgehog or SHH signaling agonist) are introduced to recapitulate the
in vivo D-V patterning signal environment*®, BMP4 directs neural crest
specification and dorsal neural patterning®®, SHH (mimicked by SAG)
serves as a key ventralizing cue secreted from the notochord and floor
plate, and RA modulates neural progenitor identity while enhancing
cellular responsiveness to both BMP and SHH signaling®®®. This
combinatorial gradient system successfully induces spatially pat-
terned expression of canonical D-V neural lineage markers, with SOX10
and PAX3 expressed dorsally and OLIG2 confined to ventral domains
(Figure S20b).

There are two advantages for choosing the long axis (length
direction) of ACP-patterned NTLS as its D-V axis for demonstrating D-V
patterning. Firstly, this allows clear detection of spatially segregated
expression domains of canonical D-V neural lineage markers along the
length of NTLS. Secondly, this strategy is compatible with the design of
the microfluidic gradient device and ACP operation to enable the
scalable formation of D-V patterned NTLS in the microfluidic device.
Together, our data highlight the capability of ACP to generate neural
tissue models that can exhibit regional patterning along both R-C and
D-V axes, respectively. Future follow-up studies are needed to develop
innovative approaches to apply ACP to achieve neural patterning in the
orthogonal R-C and D-V axes simultaneously in the same neural tissue.

ACP generates human epiblast models

ACP sequential cell patterning (Figure S2b) is used to generate a spa-
tially organized array of hPSC clusters with a uniform size (Fig-
ure S14a). In ACP, the number of hPSCs in each cluster could be
modulated by controlling the initial cell seeding density. As the seed-
ing density increases from 32 x10* to 58 x10° cells cm™, the average
number of hPSCs in each cluster increases from 22.2 + 8.2t0 50.4 +12.0
(Figure. S21b, c). Upon subsequent culture, ACP-patterned hPSC clus-
ters exhibit more notable expansion on day 3 than uCP-generated
clusters, with cell number per cyst reaching 33.6 +14.9 as compared to
20.1+15.8 in uCP-generated clusters (Figure S21d). Randomly seeded,
un-patterned hPSCs, in comparison, form cell clusters with a much
wider range of cell number per cluster, 36.8 +34.7 (Figure S21d).
Compared to the cysts formed from unpatterned hPSCs (Figure S22a),
ACP-generated hPSC clusters translate into more consistent 3D hPSC
cysts in size and morphology on day 6 (Figure S22b).

We examined tissue morphology and marker expression related
to structural organization and mechanotransductive state for hPSC
clusters on glass, under ACP, uCP, and random seeding conditions. Our
results (Figure S23) show that hPSC colonies from pCP show a promi-
nent radial organization and cell-cell junctions on day 1, with a single
central apical lumen, marked by EZRIN and ZO-1, emerging at the
colony center. In contrast, on day 1, hPSC colonies from ACP and
random cell seeding appear as disorganized loose cell aggregates
without a central lumen. By Day 3, uCP-generated clusters have
resolved into highly uniform, spherical cysts with a single, large central
lumen marked by apical localization of EZRIN and ZO-1. Conversely,
hPSC clusters formed by ACP and random cell seeding remain largely
disorganized, often exhibiting multiple small lumens.

To leverage the capability of ACP for spatial cell patterning on soft
substrates, which provide a more embryonic-like culture environment,
ACP is applied to pattern hPSCs into clusters on soft Geltrex matrix
(ECM) beds or glass substrates, with diluted Geltrex (4%) added to
culture medium to establish a 3D environment (Fig. 4a). The hPSC
clusters self-organize into epithelialized cystic structures within 4 days
on both ECM bed or glass substrates, featuring a central apical lumen
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HOXCI10 on day 14. d Immunostaining images and heatmaps (n=5) of R-C pat-
terning of NTLS generated using uCP showing HOXC9 and HOXCI10 on day 14. ACP
application duration 10 s, ultrasound frequency 1.68 MHz, 0.24 MPa, slit structure
period 0.8 mm and width of 0.4 mm. NIM: neural induction medium. Source data
are provided as a Source Data file.

marked by EZRIN and ZO-1 expression, mimicking the peri-
implantation stage epiblast structure (Fig. 4b and Figure. S24).

While hPSCs can self-organize and form lumenal structures
regardless of whether the cells are patterned on glass surfaces or ECM
beds, the hPSC cysts on ECM beds display more symmetric morphol-
ogies, quantified by width-to-height ratios, compared to those gener-
ated on glass surfaces using ACP (Fig. 4c and Figure. S25). Interestingly,
ACP-generated cysts on ECM beds exhibit progressive ingrowth into
the underlying Geltrex matrices (Fig. 4d, Figure S25a-c), a phenom-
enon not possible in those cultured on rigid glass substrates
(Figure. S25d-f).

To more directly exclude potential effects of ultrasound itself on
cellular state, we performed comparative experiments to compare the
pluripotent markers in ACP-treated hPSCs that were subsequently
cultured under random seeding conditions on a glass substrate with
untreated hPSCs cultured under random seeding conditions. Our
results (Figure. S26) show that the pluripotent markers remained
stable; ultrasound exposure did not impact the levels of pluripotency
markers in the cells.

While ACP-generated hPSC cysts formed on glass substrates
retain pluripotency with high levels of expression of core pluripotency
markers OCT4, NANOG, and SOX2, those formed and grown on soft
Geltrex beds exhibit spontaneous differentiation with decreased
expression of OCT4 and NANOG, even in the absence of exogenous
differentiation factors (Fig. 5a, b). Spontaneous differentiation of hPSC

cysts on soft Geltrex beds is abolished with BMP inhibitor LDN193189
added on day 2 or days 2-3 (Figure S27), supporting the involvement
of BMP signaling in the observed spontaneous differentiation
of hPSCs.

Quantification of expression of several BMP molecules (BMP2,
BMP4, BMP6, and BMP7) was performed using qRT-PCR across four
experimental groups: un-patterned hPSC cysts on glass (un-patterned-
glass), un-patterned cysts on Geltrex beds (un-patterned-ECM), ACP-
patterned cysts on glass (ACP-glass), and ACP-patterned cysts on
Geltrex beds (ACP-ECM). By day 6, BMP expression - particularly BMP4 -
is markedly elevated in the two groups on Geltrex beds (unpatterned-
ECM and ACP-ECM), with an even greater upregulation under ACP-
ECM condition (Fig. 5c). No significant BMP expression is observed in
the unpatterned-glass group, while the ACP-glass group shows mod-
erate increases in BMP6 and BMP7. At an earlier timepoint (day 4), only
the ACP-ECM group exhibits elevated BMP expression (Figure. S28).

We further performed Brillouin microscopy to quantify the
mechanical stiffness of hPSC cysts in situ formed under different
conditions. Brillouin images are constructed from the Brillouin shift
resulting from the interaction of incident laser light with the thermally
induced acoustic phonons inherent to the material®’. Our results show
that higher levels of Brillouin shift, representing stiffer materials, are
generated by ACP-patterned hPSC cysts on glass surfaces than by ACP-
patterned cysts on ECM beds (Fig. 5d—f). Even greater levels of Brillouin
shift are detected in pCP-generated cysts on glass substrates
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(Figure S29). These data suggest the impact of both substrate stiffness
and patterning method on the mechanical stiffness of hPSC cysts.

Interestingly, ACP-patterned hPSC cysts on ECM beds exhibit
lower levels of Brillouin shift than ACP-generated cysts on glass sur-
faces at their bottom surfaces, but similar levels are detected at the
middle transverse plane in both types of cysts (Fig. 5f). This suggests a
greater stiffness gradient in ACP-patterned hPSC cysts on ECM beds, as
compared to in ACP-generated (Fig. 5f) or uCP-generated cysts on glass
(Figure S29). A similar stiffness gradient is also observed in cysts
formed from randomly seeded hPSCs on an ECM bed, but not on glass
substrates (Figure S29).

Amniogenesis and germline induction in ACP-generated
epiblast models

Epiblast-like structures formed by hPSCs on ECM beds exhibit early
hallmarks of amniotic differentiation on day 4, characterized by
upregulation of GATA3, ISL1, phosphorylated SMAD1/5 (pSMAD1/5),
and TFAP2A, which are known lineage markers of human amniogenesis
(Fig. 6a). The proportion of cells within each cyst expressing these
amniogenesis markers is significantly higher in ECM-supported cul-
tures than in those grown on glass (Fig. 6b). In contrast, hPSC cysts
cultured on glass substrates remain pluripotent without exhibiting
these differentiation signatures (Fig. 6a, b). A distinct subpopulation of
cells co-expressing TFAP2C, NANOG, and SOX17, markers associated
with the specification of hPGCLCs, emerge in hPSC cysts on ECM beds
on day 4 (Fig. 6b) and remain on day 6 (Fig. 6c). The percentage of cells
per cyst with positive nuclear expression of GATA3, ISL1, pSMAD1/5,
and TFAP2A respectively was significantly higher in ECM-supported
cultures than in cysts on glass (Fig. 6d). Notably, the subpopulation of

ECM-supported cysts that included positive specification of human
primordial germ cell-like cells (hPGCLCs) increased from 34.4% (11/32)
on day 4 to 45.8% (11/24) on day 6, while no hPGCLCs are detected in
any of the cysts on glass on either day 4 (0/34) or day 6 (0/34) (Fig. 6e).

Amniogenesis and hPGCLC induction were also observed in hPSC
cysts derived from random seeding of hPSCs on ECM beds, while no
amniogenesis or hPGCLC specification was observed in hPSC cysts
formed from randomly seeded or unpatterned hPSCs on glass (Fig-
ure S30). Our results reveal the emergence of a distinct subpopulation
of cysts that included a significantly higher percentage of cells with
decreased nuclear expression of NANO, OCT4, and SOX2 (Fig-
ure S30a). Compared to the ECM-supported cysts formed from ACP-
patterned hPSCs (Fig. 6d), the cysts formed from unpatterned hPSCs
produced a smaller subpopulation of cysts that included cells with
positive expression of GATA3, ISL1, pSMADI/5, and TFAP2A, respec-
tively (Figure S30b), suggesting the patterning effects of ACP on the
matched substrate condition. Similarly, compared to cysts formed
from patterned hPSC using ACP (Fig. 6e), the subpopulation of ECM-
supported cysts that included positive specification of hPGCLCs was
much smaller, with only a few cysts with triple-positive nuclear
expression of TFAP2C-NANOG-SOX17 (Figure. S30c). These data sug-
gest the contributions of substrate stiffness and cell patterning to a
lesser degree to amniogenesis and hPGCLC induction in hPSC-derived
epiblast models.

Overall, these results show that on rigid glass substrates, pCP
produces hPSC cysts with more regular morphology, clearer single
central lumens, and tighter apical junctional organization than ACP at
early time points. However, these results reveal the suitability of ACP
for patterning and generating hPSC cluster arrays on soft, ECM-based
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Fig. 5 | Substrate stiffness modulates the differentiation and mechanical
properties of ACP-generated hPSC cysts. a Immunofluorescence staining of
pluripotency markers (OCT4, NANOG, SOX2) showing differentiation of ACP-
generated cysts on ECM groups and glass, respectively. The experiment was
repeated independently 3 times with similar results. b Percentage of the cells
stained positive for each immunostaining marker in cysts from ECM and glass
groups on Day 4. n=3 independent experiments. ¢ qRT-PCR analysis of BMP
pathway activity in cysts on day 6 under the four indicated conditions. Data were
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normalized against GAPDH and then to the glass control group. n=3. Data are
presented as mean + s.d. d, e Brillouin-shift images of cysts formed from hPSCs
patterned on glass (d) and ECM bed (e) using ACP. Top: Brillouin-shift images in x-z
plane (sagittal plane); Lower images: the bright-field images and Brillouin-shift
images in x-y plane (transverse plane) of the cyst near the bottom (left) and middle
plane (right). f Brillouin shift in ACP-generated cysts on glass and ECM bed
respectively. Data are presented as mean *s.d. n =3 independent experiments.
Source data are provided as a Source Data file.

beds, which were more uniform compared to spontaneously formed
clusters from unpatterned hPSCs on soft, ECM-based beds. This is
inaccessible to pCP that requires adhesive coatings on rigid surfaces.
Our observations regarding matrix ingrowth, isotropic cyst morphol-
ogy, BMP-dependent spontaneous amniogenesis, and emergence of
hPGCLCs are not recapitulated in cysts formed on glass, regardless of
whether the underlying clusters were generated by pCP, ACP, or ran-
dom seeding.

Discussion

Spatial organization of cells is fundamental to engineering complex
tissue architectures and constructing faithful embryonic models for
fundamental studies and translational applications. ACP is a new
ultrasound-based technique that uses plane traveling ultrasound
waves for rapid, free-form spatial organization of cells. The ACP
method exploits the secondary acoustic pressure field generated by
the forced excitation of a rigid substrate, such as a glass slide, in the
form of a Lamb wave induced by an incident plane ultrasound wave.
This excitation, facilitated by a 3D-printed plate structure and tuned to
resonance, produces a spatially periodic ARF field with a penetration
depth of approximately 100-150 um above the substrate. The resulting
ARF is sufficiently strong to enable rapid, contact-free, and efficient
cell patterning without requiring chemical or structural substrate
modifications. Notably, ACP captures nearly all cells in suspension,
eliminating the need for surface adhesion molecules and minimizing

cell loss typically associated with post-patterning washing steps. While
the present work focuses on a specific slit-based plate design, the
underlying principles of ACP are generalizable and can be extended to
diverse plate geometries and acoustic configurations to achieve free-
from-cell patterning.

The utility of ACP is explored in several use cases in this study.
ACP-mediated spatial patterning of endothelial and stromal cells
reveals geometry- and substrate-dependent features of vascular mor-
phogenesis, including enhanced alignment, lumenogenesis and mor-
phometric changes. We further demonstrate the application of ACP for
multi-step and multi-cell-type patterning to control the spatial rela-
tionship of HUVECs and NHLFs, which is not readily achievable using
random cell seeding or uCP.

ACP-patterned hPSCs within a microfluidic device develop into
NTLS with distinctive features not observed in uCP-derived counter-
parts, including axial tissue elongation beyond the initial patterns as
well as caudal HOX10 gene expression. These differences may be due
to the less restricted tissue growth environment for ACP-patterned
NTLS compared to those generated from uCP, where cells are tethered
via adhesion molecules on a stiff substrate. ACP may provide a more in
vivo-like cellular environment for ACP-patterned hPSC aggregates.
While initial results suggest cell anchorage might impact the
mechanical state and developmental trajectories of patterned tissues,
the mechanistic basis of these observations remains to be elucidated
using lineage tracing, live imaging, and single-cell transcriptomics
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glass or ECM bed on day 6, respectively. Experiment was repeated independently 3
times with similar results. d The percentage of cells in each cyst with positive
expression of amnion markers GATA3, ISL1, pSMAD1/5, and TFAP2A on Day 4. Data
are presented as mean + s.d. n=3 independent experiments. e The percentage of
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cultured on glass (red dots) or ECM bed (blue dots) on day 4 and day 6, respec-
tively. n =3 independent experiments. Source data are provided as a Source

Data file.

technologies to dissect how morphogen gradients, ECM cues, and
mechanical forces regulate NTLS morphogenesis and patterning.

ACP is capable of patterning hPSCs on soft substrates such as ECM
bed, a capability not achievable using uCP. ACP generates cell clusters
on soft ECM beds with a more uniform size distribution than those
formed from randomly seeded hPSCs on ECM beds. The epiblast-like
structures derived from ACP-patterned hPSC clusters on soft ECM
substrates exhibit developmental phenotypes not observed in glass-
supported cultures formed using ACP, uCP, or from randomly seeded
hPSCs. These features of ACP-patterned structures on ECM beds
include embedding into the supporting matrix, more isotropic cyst
morphology, spontaneous amniotic differentiation, and the emer-
gence of hPGCLCs, implicating a critical role of ECM microenviron-
mental cues in directing morphogenesis and lineage choices of the
epiblasts during peri-implantation human development. While hPSCs
possess an innate capacity for self-organization, ACP patterning pro-
motes their structural organization and might provide additional
biophysical cues to mediate intracellular mechanotransductive
signaling.

Although our data suggest the involvement of BMP signaling, the
relative contributions of individual BMP ligands (e.g., BMP4 vs. BMIP7)
and how the ECM signals activate BMP activities, which in turn regulate
lineage choices of hPSCs toward different cell fates, require additional
mechanistic investigations. The specific mechanisms by which ECM
properties, both biochemical composition and mechanical stiffness,
influence epiblast morphogenesis and lineage diversification in ACP-
patterned hPSC cysts are not fully understood. As Geltrex is an unde-
fined, natural hydrogel (similar to Matrigel), future studies using che-
mically defined and mechanically tunable synthetic ECM systems are

needed to isolate the effects of specific ECM parameters and improve
the reproducibility and applicability of our study.

The advantages of ACP can be appreciated by a comparison with
existing patterning approaches. pPCP and related stencil/photo-
lithography-based techniques offer high reproducibility and sub-
micron resolution in terms of patterning geometry, but they
fundamentally depend on pre-coated adhesion molecules on rigid
substrates such as glass or PDMS. They are incompatible with soft or
matrix-based substrates that better mimic the in vivo environment. In
addition, these methods are not readily reconfigurable and typically
require multi-step washing that leads to cell loss, a limitation particu-
larly relevant for low-abundance or sensitive cell populations such as
hPSCs. Extrusion- and inkjet-based 3D bioprinting offer programmable
3D architectures and cell-density control, but suffers from nozzle-
induced shear stress that can compromise viability and function,
particularly for shear-sensitive cell types such as hPSCs and neural
progenitors; reported viabilities in extrusion bioprinting range from
40-90% depending on bioink rheology, nozzle geometry, and pres-
sure, and digital light processing-based printing introduces additional
concerns regarding photoinitiator toxicity and UV exposure®’. Digital
light processing-based printing achieves higher resolution but intro-
duces photoinitiator toxicity and UV-exposure constraints. Label-
based contactless approaches such as optical tweezers and dielec-
trophoresis offer dynamic single-cell control but typically require cell
tagging, specialized electrode or laser hardware, and are not readily
compatible with standard culture vessels or hydrogel-based 3D
environments.

In contrast, ACP uses a single transducer and a swappable, 3D-
printed thin plate placed beneath an unmodified glass-bottom dish to
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generate a structured ARF field to achieve cell repositioning, elim-
inating the need for reflective housings used in other acoustic-based
methods, surface chemistry, photoinitiators, or extrusion nozzles,
with no measurable effect on viability and pluripotency with tem-
perature increases below 1.5 °C (Figures S3-S5).

The principal limitations of ACP include a lateral resolution set by
the acoustic wavelength and the geometry of the secondary pressure
field (typically tens of micrometers, somewhat coarser than the few-
micrometer resolution achievable by |LCP), a vertical force penetration
of 100 - 150 um above the substrate that currently restricts patterning
to quasi-2D or thin 3D layers rather than thick volumetric constructs,
and dependence on a low-viscosity carrier for cell movements (e.g.,
liquid pre-gel solutions) for efficient cell repositioning. Future work
that combines ACP with multi-axis transducers or layer-by-layer
hydrogel deposition could extend its capability toward fully volu-
metric, programmable 3D constructs while preserving the substrate
flexibility and cell-friendly nature that distinguish ACP from existing
approaches.

In summary, results in this study show that ACP achieves rapid,
free-form, contactless patterning of single or multiple cell types on
both rigid (glass) and compliant (Geltrex, fibrin) substrates, and inte-
grates seamlessly with microfluidic platforms, capabilities that are not
collectively achievable with any single existing approach. ACP enables
the formation of NTLS that exhibit caudal patterning of HOX genes and
epiblast-like tissues on soft ECM substrates that undergo spontaneous,
BMP-dependent amniogenesis and hPGCLC specification. These
results, which are not observed in hPSC clusters patterned on stiff
substrates using either uCP or ACP, or from randomly seeded hPSCs,
demonstrate the potential of ACP for investigating how spatial pat-
terning and microenvironmental context regulate tissue morphogen-
esis and cell fate decisions, with potential applications in
developmental biology, tissue engineering, stem-cell research, and
regenerative medicine.

Methods

This research did not involve human participants or live animals. All
experiments involving human pluripotent stem cells were conducted
with prior approval from the Human Pluripotent Stem Cell Research
Oversight (HPSCRO) Committee at the University of Michigan, Ann
Arbor (HPSCRO application #1049, approved 09 January 2023), in
compliance with all relevant institutional and national guidelines. The
H9 (WA09) human embryonic stem cell line was obtained from WiCell.
Primary human umbilical vein endothelial cells (HUVECs) and Normal
human lung fibroblast cells (NHLFs) were commercially obtained.

Cell cultures

Primary human umbilical vein endothelial cells (HUVECs) (Lonza,
Walkersville, MD) were used in this study. HUVECs were plated in a
tissue culture flask and grown in fully supplemented VascuLife endo-
thelial cell culture medium (Lifeline Cell Technology, Frederick, MD).
Normal human lung fibroblast cells (NHLF) were purchased (Lonza
Inc., Walkersville, MD) and cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% FBS and 1% penicillin
streptomycin. Cells were maintained at 37°C in 100% humidified air
containing 5% CO2, and the medium was changed every other day. In
some experiments, NHLFs were dyed red or green using CellTracker
fluorescent probes (Thermo Fisher) as red or green.

Human pluripotent stem cells (hPSCs) (WA09, WiCell; NIH regis-
tration number: 0062) were used in this study. They were authenti-
cated by original sources and in-house via immunostaining for
pluripotency markers. The cells were tested negative for mycoplasma
contamination (LookOut Mycoplasma PCR Detection Kit, Sigma-
Aldrich). They were maintained in a standard feeder-free culture sys-
tem using mTeSR1 medium (STEMCELL Technologies) and lactate
dehydrogenase-elevating virus (LDEV)-free hESC-qualified reduced

growth factor basement membrane matrix Geltrex (Thermo Fisher
Scientific; derived from Engelbreth-Holm-Swarm tumors, similarly to
Matrigel) in accordance with the manufacturer’s guidelines. Cell cul-
ture was visually inspected during each passage to confirm the absence
of spontaneously differentiated, mesenchymal-like cells in culture.
Only hPSCs between P50 and P70 were used in this study.

Experimental setup for acoustic cell patterning (ACP)

A slit plate structure (thickness 1 mm), which includes an array of
periodic, parallel slits with equal separation distance, was 3D-printed
with a slit width of 0.4 mm and a period of slits of 0.8 mm, using a
Formlabs 3B SLA printer with clear resin. A planar, circular ultrasound
transducer (diameter 2.54cm, center frequency 1.68 MHz; Piezo
Technologies, Inc.) was used for ACP in this study and was calibrated in
free field beforehand using a hydrophone (Onda, HNR-0500). The
transducer, driven by an arbitrary waveform generator (33220 A; Agi-
lent) and a power amplifier (75A250; Amplifier Research), was placed
facing upward inside a small water tank, filled with deionized water for
acoustic coupling. The cell culture dish or a microfluidic device
housing the cells was placed above, at the Rayleigh distance of the
transducer (95 mm), with only the bottom of the dish or microfluidic
device submerged in water to maintain the sterility of the cells. The slit
structure was placed beneath in close contact with the bottom of the
cell culture dish or microfluidic device.

Theoretical framework of ACP and COMSOL simulation
In ACP, an incident planar ultrasound wave is applied to transmit
through a 3D-printed plate structure placed underneath the glass slide
of a glass-bottom cell culture dish, resulting in a gradient acoustic
field®*¢¢, The gradient pressure distribution above the glass surface
originated from the interaction of the incident sound waves with the
resonant excitation of a specific mode in the composite structure (3D-
printed slit structure and glass plate).

The acoustic radiation force (ARF), F, acting on a cell in ACP is
determined from the gradient of the Gor’kov potential U*” as

= _VU. @

The Gor’kov potential is a function of the acoustic pressure (p)
with the components in three directions p, p,,and p,, and is calculated
using

2 2 2 2
U=Ky,(pl") = Kalpe*+ |py| + [P @

where K; = %V(C%ﬁ—ci), K,= %V(%), which depend on

the volume of the cell (V), density of the cell (o) and density of the
medium (po), as well as the speed of sound in the cell (c.) and medium
(co), respectively.

COMSOL MULTIPHYSICS 5.4 was used to calculate the acoustic
pressure distribution and ARF acting on a spherical cell using Eq. (1).
The ultrasound field was modeled using the Pressure Acoustics, Fre-
quency Domain (for water) and Structural Mechanics module (for
epoxy, glass, and cell). The material parameters used in our simulation
were included in Table 1.

Infrared (IR) imaging for temperature measurement during ACP
application

IR imaging was used for non-destructive, non-contact temperature
measurement of tissue/cell temperature in situ in this study. For
measurements, an IR camera (Silver 5600, FLIR Systems, Boston, MA,
USA) was positioned above and facing downward to obtain record
images of the sample with and without ACP application for a total
duration of 3min at a 30 Hz frame rate. For ACP, ultrasound was
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Table 1 | Material properties used in COMSOL simulation of ACP

Materials Density (p) Pressure-wave speed (c,,) Shear-wave speed (c;) Speed of sound (c)
Water 1000 kg/m? - - 1500 m/s
3D-printed Resin 1100 kg/m?® 2700 m/s 1600 m/s -

Glass 2490 kg/m?® 5660 m/s 3300m/s -

Cell 1068 kg/m? 1689 m/s 690 m/s -

applied continuously for 20s. The temperature within the region of
interest as a function of time was obtained from the recorded video
images.

Flow cytometry

Cells or tissues were dissociated using Accutase for 10 min at 37 °C on
the day of sample collection. Cells were then washed with PBS and
stained with Bioscience™ Fixable Viability Dye eFluor™ 780 (Invitro-
gen™) according to the manufacturer’s instructions. After staining,
cells were washed with PBS, resuspended in cold staining buffer, and
filtered to obtain single-cell suspensions immediately prior to flow
cytometric analysis.

Samples were acquired on a Bio-Rad ZE5 Cell Analyzer, with
25,000-30,000 cells recorded per group, and data were analysed
using FlowJo v11. The gating strategy is shown in Supplementary Fig. S4
and gating data are available in Source Data: the primary cell popula-
tion was first gated on an FSC-A versus SSC-A plot to exclude debris
and non-cellular events on the basis of size and granularity, and live
and dead cells were then discriminated on the basis of Fixable Viability
Dye eFluor 780 signal. Unstained live cells and stained dead cells were
used as compensation and gating controls. All sample groups were
collected from at least three independent batches.

Patterning of HUVECs and NHLFs in a glass-bottom cell culture
dish using ACP

Fibrinogen stock solutions of 4.0 mg ml™ were prepared by dissolving
lyophilized bovine fibrinogen (F8630, Sigma) in phosphate
buffered saline (PBS; Gibco) at 37°C. The fibrinogen solutions
were filtered using a 0.2um PVDF syringe filter. Bovine thrombin
(T6634; Sigma) was dissolved in a sterile-filtered solution of 0.1 %w/v
bovine serum albumin (Sigma) in DI water to form a 50 Unit/ml stock
solution.

HUVECs and NHLFs were trypsinized and suspended in DMEM at a
given seeding cell density, and well mixed at a 1:1 ratio. 100 pl of
2.5 mg/ml cell-fibrinogen solution was made by mixing 62.5 pl of 4 mg/
ml prepared fibrinogen, 10 pl FBS, 0.8 pl thrombin (Sigma, 50 Unit/ml)
and 26.7 pl cell- DMEM.

The well-mixed cell-fibrinogen solution was quickly seeded on the
glass-bottom dish (MatTek Corporation, P35G-1.5-14-C) and placed on
the 3D-printed mask for ACP application (0.24 MPa for 10s). After
patterning, 2 mL cultured medium of fully supplemented VasculLife
was added and changed every other day.

Immunofluorescence staining of angiogenic sprouts and
quantification

Prior to staining, patterned HUVENCs within the fibrin hydrogels were
fixed in zinc-buffered formalin (Z-Fix, Anatech, Battle Creek, MI). After
10 min, the fixative was removed, and the samples were washed 2 times
with PBS. Endothelial cell-specific lectin Ulex Europaeus Agglutinin I
(UEA-I, Vector Laboratories, Burlingame, CA) was utilized to stain the
HUVEC. A staining solution consisting of 1% BSA, 20 pg/mL rhodamine-
labeled UEA-I, and 10 nM DAPI in PBS was incubated with a cell-
embedded fibrin hydrogel sample and left for 45min at room tem-
perature. Samples were then washed with PBS 2-4 times prior to
imaging. An optical microscope (Olympus IX81, Olympus) was used to
take single fluorescent images of endothelial networks.

Image) (Fiji distribution, version 1.5.3; NIH, Bethesda, MD) was
utilized to merge fluorescent and bright-field images. The Angiogen-
esis Tube Formation module in Metamorph Premier imaging software
(https://www.moleculardevices.com/products/cellular-imaging-
systems/acquisition-and-analysis-software/metamorph-microscopy,
version 7.8.6.0, Molecular Devices, Sunnyvale, CA) was used to quan-
tify the area of each fibrin hydrogel occupied by endothelial tubules as
a metric of microvascular network coverage®®. UEA-l images were
converted to grayscale 8-bit images for alignment analysis of the
angiogenic sprouts. ImageJ, supported by the Oval Profile plugin
(https://imagej.net/ij/plugins/oval-profile.html), was used for 2D FFT
analysis, and the 2D FFT intensity at a given angle was defined as
alignment*’. The rescaled alignment was subtracted 1 from the output
that was normalized by the minimum value.

For quantification, five images per construct were taken over a
50 um depth (10 slices at 5um thick) at 4X magnification. Slices were
superimposed using maximum intensity z-projection, and the length
of sprouts was quantified using the Angiogenesis Tube Formation
module in Metamorph Premier (Molecular Devices).

Patterning of hPSCs to form Neural tube-like structures (NTLS)
using ACP

Colonies of hPSCs in tissue culture plates were dissociated using
Accutase (Sigma-Aldrich) at 37 °C for 8 min before being suspended in
DMEM/F12 (GIBCO) as single cells. Cells were then centrifuged and re-
suspended in 30% Geltrex-mTeSR containing 10 pM Y27632 (Tocris), a
ROCK inhibitor that prevents dissociation-induced apoptosis of hPSCs,
at a concentration of 10x10° cells/mL. For patterning in a glass-
bottom cell culture dish, 100 pL hPSC suspension in 30% Geltrex at
4 °C and brought to room temperature was introduced into the dish,
and ACP with a slit structure was applied for 10-30s.

To generate NTLS using ACP, patterning of hPSCs was performed
in a microfluidic device fabricated based on a previous design®.
Briefly, the microfluidic device was fabricated with five parallel chan-
nels defined and separated by arrays of microposts on a glass slide,
including a central channel flanked by two parallel channels on each
side. Each post had a diameter of 200 um and the posts were spaced at
a periodic interval of 150 um. The inner sets of posts served to confine
the injected sol-cell suspension within the central channel by surface
tension. After solidification, liquid Geltrex was introduced and con-
fined in the channels outside the central channel by the other sets of
posts. The medium within the center of each channel via surface ten-
sion during loading, while still permitting the diffusion of neurode-
velopmental factors across adjacent channels.

For patterning in a microfluidic device*®, 10 uL hPSC suspension
with 30% Geltrex (at 4°C) was brought to room temperature and
introduced into the central channel through the loading port on the
microfluidic device (day 0). The microfluidic device was placed on the
3D-printed slits structure for 10-30 s ACP application. Then the device
with the cells was incubated at 37 °C for 10 min to complete Geltrex
solidification. Subsequently, geltrex was introduced into the adjacent
channels and incubated for an additional 10 min. The two medium
reservoirs of the central channel are then immediately filled with fresh
mTeSR medium containing 10 pM Y27632.

After patterning and on day 1, the culture medium in the left and
right reservoirs of the central channel was switched to a neural
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induction medium (NIM) comprising the basal medium and dual SMAD
inhibitors (DSi; TGF-B inhibitor SB431542, 10 pM, STEMCELL Tech-
nologies; BMP4 inhibitor LDN193189, 200 nM, STEMCELL Technolo-
gies) to induce neural differentiation.

To generate rostral-caudal (R-C) patterned NTLS, CHIR99021
(CHIR, 3 uM, STEMCELL Technologies), FGF8 (200 ng mL-1, PEPRO-
TECH), and retinoic acid (RA, 500 nM, STEMCELL Technologies) were
supplemented into NIM in the right reservoir of the central channel
from day 2 to day 5. Culture medium in the left and right medium
reservoirs was switched back to fresh NIM from day 5 to day 7, or from
day 5 to day 12. The medium was replenished daily.

For D-V patterning of NTLS, CHIR (3 pM), FGF8 (200 ng mL™), and
RA (500 nM) were supplemented in NIM in both channels at day 2 and
day 3. From day 4 to day 7, the culture medium in the left channel was
changed to new basal medium with BMP4 (25 ng mI™, R&D Systems),
and the right channel was changed to basal medium supplemented
with RA (500 nM) and SAG (500 nM, StemCell Technologies). All
reservoirs were switched to fresh basal medium for day 8 and day 9.

EdU assay of NTLS

For Edu assays, 600 uL of 10 uM EdU working solution prepared using
the Click-iT™ Plus EdU Cell Proliferation Kit for Imaging (Alexa Fluor™
488 dye; Invitrogen™) was added to each microfluidic device and
incubated for 1h at 37 °C. The staining procedure followed the man-
ufacturer’s instructions, except that the incubation times of sub-
sequent steps were adjusted to accommodate 3D tissues. Samples
were fixed with 4% paraformaldehyde (PFA) at room temperature for
5h. The microfluidic device was then carefully peeled off and lifted to
allow reagent access to the previously gel-embedded tissue region.
Cells were permeabilized with 0.5% Triton X-100 overnight at 4 °C.
Samples were subsequently incubated with the Click-iT® Plus reaction
cocktail for 3h at room temperature, followed by Hoechst/DAPI
nuclear staining for 3 h at room temperature.

Antibodies

All primary antibodies used in this study are commercially available
and have been validated for the species and application (immuno-
fluorescence/immunocytochemistry) used here by the respective
manufacturers; validation statements, antibody profiles and citing lit-
erature are available on the manufacturers’ websites via the catalogue
numbers and RRIDs given in Table 2. All primary and secondary anti-
bodies used for immunofluorescence in this study, together with their
supplier, catalogue number, RRID, clone (where applicable), and
working dilution, are listed in Table 2.

Primary antibodies were diluted in phosphate-buffered saline
(PBS) containing 4% (v/v) donkey serum (Sigma-Aldrich) and applied
overnight at 4°C. Secondary antibodies were diluted in the same
buffer and applied overnight at 4 °C. Cell nuclei were counterstained
with 4/,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific)
applied together with the secondary antibodies. Antibody specificity in
our hands was further supported by the expected subcellular locali-
zation of each marker (for example, nuclear localization of OCT4,
NANOG, SOX2, GATA3, ISL1, TFAP2A, TFAP2C, SOX17 and the HOX
proteins; apical/junctional localization of ZO-1 and EZRIN; membrane-
associated localization of -catenin) and by the absence of signal in
secondary-antibody-only controls.

Immunofluorescence imaging of YAP

Fluorescence staining was performed on samples patterned with uCP
and ACP after one day of culture, using an anti-YAP primary antibody
(clone D8HIX, Cell Signaling Technology, cat. no. 14074, 1:200) and
DAPI (4’,6-diamidino-2-phenylindole; Thermo Fisher Scientific); full
antibody details are given in Table 2. Confocal microscopy was used to
capture images of the samples, obtaining confocal images for both the
DAPI and YAP channels. Image analysis was carried out using ImageJ.

The nuclear area of cells was determined from the DAPI images, while
the YAP fluorescence images indicated the distribution area of YAP
within the cells. Cells are classified as YAP distributed either in the
nucleus or outside the nucleus. The percentage of cells with nucleus
YAP was calculated by the cell number with YAP among the total
number of cells. The results showed that cells patterned by ACP
exhibited a higher nuclear YAP percentage compared to cells on uCP
patterns, indicating that YAP in ACP-patterned cells was more con-
centrated in the nucleus, whereas in uCP-patterned cells, YAP was more
broadly distributed in the cytoplasm.

Immunofluorescence staining of NTLS

After overnight incubation with 4% donkey serum (Sigma-Aldrich) to
block non-specific binding, samples were incubated overnight at 4 °C
with primary antibodies against ZO-1, OCT4, SOX2, OTX2 (FB/MB
marker), HOXB1 (HB marker), HOXB4 (HB/SC marker), HOXC9 (SC
marker), HOXC10 (SC marker), and, for dorsoventral patterning, PAX3,
SOX10 and OLIG2, followed by overnight incubation with the corre-
sponding Alexa Fluor-conjugated donkey secondary antibodies. All
primary antibodies were used at 1:200, and all secondary antibodies at
1:400; suppliers, catalogue numbers, and RRIDs are listed in Table 2.
Cell nuclei were stained with DAPI (Thermo Fisher Scientific).

NTLS were imaged using an Olympus IX81 inverted microscope
equipped with a spinning-disk confocal (Yookogawa CSU-X1), solid-
state lasers (Solamere Technology) controlled by a National Instru-
ments DAQmx, and an iXON3 EMCCD camera (Andor Technology). An
array of partially overlapping images (50% overlap) was taken by
MetaMorph software (Molecular Devices) to cover the entire NTLS
area. Images were stitched using the ImageJ plugin MIST. The intensity
heatmaps of lineage markers were generated using a custom MATLAB
script. Briefly, DAPI images were used to generate a binary mask deli-
neating the NTLS area. Fluorescence intensity values for each lineage
marker within the masked regions were summed pixel-wise across
multiple experiments and subsequently normalized to the maximum
cumulative intensity, producing normalized heatmaps representing
aggregate spatial marker distributions

Patterning of hPSCs to form epiblast-like structures using ACP
Before patterning hPSCs using ACP in a glass bottom (MATTEK, 35 mm
dish, No. 1.5 coverslip, 14 mm glass diameter), the dish was treated with
UV-ozone for 7 min (Ozone cleaner; Jelight).

For patterning hPSCs on an ECM bed, 15 ul of undiluted Geltrex™
was evenly spread on the glass on ice and stored in a 4 °C fridge for up
to 3 hours before patterning. Before the use for the ACP experiment,
the dish was placed in the incubator 37 °C for 30 min.

To form hPSC cysts, colonies of hPSCs in tissue culture plates
were dissociated using Accutase (Sigma-Aldrich) at 37 °C for 8 min
before being suspended in DMEM/F12 (GIBCO) as single cells. The cells
were then centrifuged and resuspended in mTeSR containing 10 pM
Y27632 (Tocris) at a concentration of 5 x 10° cells/mL. Next, 100 pL of
the hPSC suspension was added to the central well of a glass-bottom
dish, or to an ECM bed on day 0. The dish was then placed on a 3D-
printed slit structure for ACP application for 10-25 s. The slit structure
was then rotated 90-degree for a second ACP application for 10 - 45 s.
The dish was left undisturbed for 5 min to allow cell attachment before
being transferred to an incubator at 37 °C. On day 1 (24 h afterwards),
the culture medium was replenished with fresh mTeSR1 without
Y27632 for continuous culture. From day 2, a 3D culture protocol was
applied, with the culture medium changed to mTeSR with 4% (viv)
Geltrex™ supplemented. Thereafter, mTeSR medium was replen-
ished daily.

Brillouin imaging and quantification
Brillouin microscopy is based on the principle of spontaneous Brillouin
scattering®?, which is an interaction between incident laser light and
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Table 2 | Antibodies used for immunofluorescence

Target / antigen Supplier Catalogue no. RRID Host / clone Dilution
Primary antibodies

OCT4 Santa Cruz Biotechnology  sc-5279 AB_628051 Mouse monoclonal (C-10) 1:200
NANOG Cell Signaling Technology =~ 4903 AB_10559205  Rabbit monoclonal (D73G4) 1:200
SOX2 Cell Signaling Technology 3579 AB_2195767 Rabbit monoclonal (D6D9) 1:200
SOX10 R&D Systems AF2864 AB_442208 Goat polyclonal 1:200
SOX17 R&D Systems AF1924 AB_355060 Goat polyclonal 1:200
OTX2 R&D Systems AF1979 AB_2157172 Goat polyclonal 1:200
HOXB1 R&D Systems AF6318 AB_10972265  Sheep polyclonal 1:200
HOXB4 DSHB 2 anti-Hoxb4  AB_2119288 Rat monoclonal (112) 1:200
HOXC9 Abcam ab50839 AB_880494 Mouse monoclonal 1:200
HOXC10 Abcam ab153904 AB_2687827 Rabbit polyclonal 1:200
PAX3 DSHB Pax3 AB_2315061 Mouse monoclonal (Pax3) 1:200
OLIG2 Proteintech 13999-1-AP AB_2157541 Rabbit polyclonal 1:200
Z0-1 Thermo Fisher Scientific 33-9100 AB_2533147 Mouse monoclonal (ZO1-1A12)  1:200
EZRIN Sigma-Aldrich E8897 AB_476955 Mouse monoclonal (3C12) 1:200
Brachyury (T/TBXT) Thermo Fisher Scientific PA5-46984 AB_2610378 Goat polyclonal 1:200
YAP Cell Signaling Technology 14074 AB_2650491 Rabbit monoclonal (D8H1X) 1:200
B-Catenin Cell Signaling Technology 8480 AB_11127855 Rabbit monoclonal (D10A8) 1:200
GATA3 Cell Signaling Technology 5852 AB_10835690  Rabbit monoclonal (D13C9) 1:200
ISL1 DSHB 39.4D5 AB_2314683 Mouse monoclonal (39.4D5) 1:200
TFAP2A Abcam ab108311 AB_10861200  Rabbit monoclonal 1:200
TFAP2C Santa Cruz Biotechnology  sc-8977 AB_2286995 Rabbit polyclonal 1:200
Phospho-SMAD1/SMADS5 (pSMAD1/5) Thermo Fisher Scientific 700047 AB_2532276 Rabbit polyclonal 1:200
F-actin Thermo Fisher Scientific MA1-80729 AB_936561 Mouse monoclonal 1:200
Laminin Sigma-Aldrich L9393 AB_477163 Rabbit polyclonal 1:200
Secondary antibodies

Donkey anti-rabbit IgG, Alexa Fluor 546 Thermo Fisher Scientific A10040 AB_2534016 Donkey polyclonal 1:400
Donkey anti-mouse IgG, Alexa Fluor 488  Thermo Fisher Scientific A-21202 AB_141607 Donkey polyclonal 1:400
Donkey anti-mouse IgG, Alexa Fluor 546  Thermo Fisher Scientific A10036 AB_2534012 Donkey polyclonal 1:400
Donkey anti-goat IgG, Alexa Fluor 647 Thermo Fisher Scientific A-21447 AB_2535864 Donkey polyclonal 1:400
Donkey anti-rat IgG, Alexa Fluor 488 Thermo Fisher Scientific A-21208 AB_2535794 Donkey polyclonal 1:400
Donkey anti-sheep IgG, Alexa Fluor 647 Thermo Fisher Scientific A-21448 AB_2535865 Donkey polyclonal 1:400

Other stains

DAPI (nuclear counterstain)

Thermo Fisher Scientific

as per manufacturer

Rhodamine-labeled UEA-| lectin

Vector Laboratories

20 ugmL™

thermally induced acoustic phonons inherent to the material. This
interaction results in scattered light that has a frequency shift , given
byw=24 %’ sin(§), where n is the refractive index of the material, 1 is
the laser wavelength, M’ is the longitudinal modulus, p is mass density,
and @ is the scattering angle. With the assumption that the ratio of
refractive index and density (i.e., n/,/p) is approximately constant in
biological samples, Brillouin shift can be used to estimate the relative
change of longitudinal modulus®”°.

The Brillouin shift at each spatial location of the sample was
acquired using a self-built confocal Brillouin microscope”. Briefly, a
660 nm laser was used as the light source, and the laser beam was
focused onto the sample through an objective lens (40%/0.6, Olym-
pus), achieving a spot size of approximately 0.7 um laterally and
2.5 um axially. The same objective lens was used to collect the back-
scattered (6=180°) Brillouin signal. The Brillouin spectra of the scat-
tered light were analyzed using a two-stage virtually imaged phased
array (VIPA) spectrometer. Samples were maintained in an on-stage
incubator (Okolab) at 37 °C and 5% CO, throughout the experiments.
The laser power at the sample was set at 20 mW, with an acquisition
speed at 25 ms per pixel. Brillouin images were acquired via scanning at

a step size of 1um in the lateral direction and 2pum in the axial
direction.

Images of the Brillouin shift of hPSC-derived cysts in this experi-
ment were obtained from the sagittal plane and two transverse planes
of the cysts, and averages of the Brillouin shifts were computed for
each specified plane. The averaged shifts in the sagittal plane were only
computed using the Brillouin-shift data in the lower half of the sagittal
plane (near the basal interface with the substrate) of all cysts, because
the Brillouin shifts were degraded in the top half due to decreased
signal at increased imaging depth.

At increased imaging depths, refractive index inhomogeneity
and optical scattering within the sample perturb the propagation
trajectory of the incident laser beam in the Brillouin microscope.
These effects distort the focal volume and change the scattering
geometry, such that the effective scattering angle deviates from
the 180° backscattering condition. Consequently, the measured
Brillouin  shift is reduced, introducing depth-dependent
artifacts. In experiments, signal intensity was used as a practical
criterion to determine the artifact-free depth range for quantitative
analysis.
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Table 3 | qRT-PCR primer sequences

Gene Forward (5’ to 3’) Reverse (5’ to 3')

GAPDH CTCTGCTCCTCCTGTTCGAC TTAAAAGCAGCCCTGGTGAC
BMP2 ACTACCAGAAACGAGTGGGAA GCATCTGTTCTCGGAAAACCT
BMP4 TCCACAGCACTGGTCTTGAG GGGATGTTCTCCAGATGTTCTT
BMP6 AGCGACACCACAAAGAGTTCA GCTGATGCTCCTGTAAGACTTGA
BMP7 TCGGCACCCATGTTCATGC GAGGAAATGGCTATCTTGCAGG

Immunostaining of epiblast-like structures

After overnight incubation with 4% donkey serum (Sigma-Aldrich) to
block non-specific binding, samples were incubated overnight at 4 °C
with primary antibodies against OCT4, NANOG, SOX2, EZRIN, ZO-1, -
catenin, F-actin, laminin, GATA3, ISL1, TFAP2A, phospho-SMAD1/5,
TFAP2C, SOX17 and Brachyury, as indicated in the corresponding fig-
ures, followed by overnight incubation with the corresponding Alexa
Fluor-conjugated donkey secondary antibodies. All primary antibodies
were used at 1:200, and all secondary antibodies at 1:400; suppliers,
catalogue numbers, RRIDs, and clones are listed in Table 2. Cell nuclei
were counterstained with 4’,6-diamidino-2-phenylindole (DAPI;
Thermo Fisher Scientific) applied together with the secondary
antibodies. Confocal images were acquired using an Olympus
1x 81 fluorescence microscope with a CSU-X1 spinning-disc unit
(YOKOGAWA) or a Nikon Al laser scanning confocal microscope.
Measurements were performed using the Measurement tool in ImageJ
(NIH). DAPI staining was cross-checked with other antibody staining
regions.

qRT-PCR of hPSC-derived cysts

Cells were collected from cysts on day 4 or 6. Reverse transcription of
isolated total RNA was performed using the iScriptTM cDNA synthesis
Kit (Bio-Rad). qRT-PCR analysis was performed by an investigator who
was blinded to group allocation using the Quantitect Sybr Green
MasterMix (QIAGEN) on a CFX ConnectTM Real-Time System (Bio-
Rad) for 40 cycles. Human GAPDH was used as an internal control for
quantifying relative gene expression by using the 2-ACt method. The
primer sequences used for this study are listed in Table 3.

Statistical Analysis

Statistical analyses were performed using MATLAB R2025a and
RStudio (R 4.4.1). Data are presented as mean + s.d. unless otherwise
indicated; the measure of centre and the error shown are defined
in each figure legend. Sample size (n), defined as the number
of independent biological replicates (independent experiments, indi-
vidual cysts, lumens, or fields of view, as specified per experiment),
is stated in the corresponding figure legend for every quantified
panel. Comparisons between two groups were performed using
an unpaired two-tailed Student’s t-test. Comparisons among three
or more groups were performed using analysis of variance (ANOVA)
followed by multiple-comparison correction. Differences were
considered statistically significant at P<0.05, and exact P values
are reported in the figure legends and in the accompanying
Source Data file. All experiments were repeated at least three times
independently on separately prepared cell-culture batches with
consistent results; the number of independent repeats for each
representative micrograph is stated in its figure legend. Biological
replicates refer to independent experiments performed on separately
seeded and patterned samples; technical and biological replicates
were not conflated.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The source data underlying all quantitative results in the main and
Supplementary Figs. are included as a Source Data file and have been
deposited in the Zenodo database under (https://doi.org/10.5281/
zenodo.21265507). The COMSOL model files used for the acoustic
simulations are available in the same Zenodo deposition. The raw
confocal, bright-field, infrared and Brillouin imaging datasets gener-
ated in this study are available upon request from the corresponding
authors; these datasets are not deposited in full because of their size,
and no restrictions apply to their availability. Source data are provided
with this paper.
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