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ABSTRACT: Recent advances in human pluripotent stem cells
(hPSCs)-derived in vitro models open a new avenue for studying
early stage human development. While current approaches leverage
the self-organizing capability of hPSCs, it remains unclear whether
extrinsic morphogen gradients are sufficient to pattern neuro-
ectoderm tissues in vitro. While microfluidics or hydrogel-based
approaches to generate chemical gradients are well-established,
these systems either require continuous pumping or encapsulating
cells in gels, making it difficult for adaptation in standard biology
laboratories and downstream analysis. In this work, we report a
new device design that leverages localized passive diffusion, or
LPaD for short, to generate a stable chemical gradient in an open
environment. As LPaD is operated simply by media changing,
common issues for microfluidic systems such as leakage, bubble formation, and contamination can be avoided. The device contains a
slit carved in a film filled with solid gelatin and connected to a static aqueous morphogen reservoir. Concentration gradients
generated by the device were visualized via DAPI fluorescent intensity and were found to be stable for up to 168 h. Using this device,
we successfully induced cellular response of Madin−Darby canine kidney (MDCK) cells to the concentration gradient of a small-
molecule drug, cytochalasin D. Furthermore, we efficiently patterned the dorsal−ventral axis of hPSC-derived forebrain
neuroepithelial cells with the sonic hedgehog (Shh) signal gradient generated by the LPaD devices. Together, LPaD devices are
powerful tools to control the local chemical microenvironment for engineering organotypic structures in vitro.
KEYWORDS: human pluripotent stem cells, neuroepithelium, chemical gradient, microfluidics, patterning

■ INTRODUCTION

Recent findings suggest that human brains develop quite
differently from rodent brains,1,2 and the accessibility of
neurulation-stage human embryos is limited by practical and
ethical reasons.3 Thus, there is a growing interest in developing
in vitro models for early stage neural development based on
human pluripotent stem cells (hPSCs). Brain organoids that
are derived by culturing hPSCs in 3D matrixes mimic the
structure of various brain regions.4,5 However, as the derivation
of brain organoids relies on the spontaneous differentiation of
hPSCs, they are often irreproducible and heterogeneous in
cytoarchitecture.6,7 Due to the challenge in delivering desirable
small molecules or growth factors to specific regions in 3D
spheroids, it is difficult to establish precise arealization and
axial patterning. More recently, we and others pioneered a new
strategy to generate neuroectoderm models in vitro using 2D
micropatterned culture systems.8−11 While these approaches
can generate neural rosettes or concentric rings of neuro-
epithelial cells, neural crest cells, and epidermal cells, a fully
patterned neuroepithelium with proper anterior−posterior

(A−P) and/or dorsal−ventral (D−V) axes has not been
achieved.
In vivo, the D−V patterning of the neural tube is dictated by

the concentration gradients of sonic hedgehog (Shh) secreted
by the notochord and floor plate and BMP and Wnt family
proteins, which are produced dorsally by epidermis.12

Producing morphogenic concentration gradients in vitro to
pattern tissues is a feasible and biomimetic approach to
fabricate patterned neuroepithelium. There are two primary
strategies to generate concentration gradients for cell culture.
The first strategy utilizes microfluidic perfusion channels to
control the flow rate and thus generate a concentration
gradient due to restricted diffusion.13−15 This approach can
precisely generate a regionalized gradient as cell culture
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chambers are predesigned and properly located within the
generated concentration gradient. However, the microfluidic
system requires pumps to continuously provide the required
molecules and media to maintain the concentration gradient.
Thus, subtle defects can drastically change the fluidic dynamics
and disrupt the pattern of the concentration gradient. In
addition, for long-term cell culture, the cost of maintaining a
continuous flow of expensive growth factors or morphogens is
immense, making it impractical to use this approach for
protracted culturing. The second strategy uses source-sink
diffusion across a hydrogel barrier, taking advantage of the
porosity of hydrogels.16 While a sustained gradient can be
generated without continuously pumping, the cells need to be
encapsulated in the hydrogels to sense the gradient. Thus, this
method is not feasible for patterning 2D cell sheets. Moreover,
the gradients generated by such passive diffusion devices are
difficult to control and span a relatively large 3D space, making
it difficult to precisely pattern millimeter-sized microtissues.
The diffusive profile relies on the material properties of
hydrogels, which may also affect stem cell differentiation.
Instead of using hydrogels, passive diffusion microfluidic
devices have also been developed for studying cell
communications,17 cell migration,18 and drug delivery.19 The
diffusion can be driven by concentration difference,20 surface
tension,21 and gravity.22 However, a cleanroom environment is
usually needed for fabricating those devices, making them less
accessible for many laboratories. Recently, it has been
demonstrated that an extrinsic gradient of Shh can induce
dorsal−ventral neural patterning in microfluidic devices23 and
3D organoids using Shh expressing cells.24 These important
works show great promise to fully control neural tissue

patterning. However, these approaches either require a
complicated microfluidic device with cells embedded in
hydrogels or require genetically modified hPSCs lines that
may not be accessible for many researchers. Therefore, a
simpler, easy-to-use approach is still needed for a broader
application of this concept.
In this work, we present a new device design that can

establish a stable concentration gradient. We term this device
as LPaD as it generates the concentration gradient through
Localized Passive Diffusion. The entire device can be
autoclaved for sterilization and placed in a 6-well plate format
for cell culture and requires minimum preparation and
maintenance, which is ideal for long-term stem cell culturing
and differentiation. We observed that the gradient generated
from our device was stabilized by the 12th hour from the
addition of small-molecule chemicals and could be maintained
for up to 168 h. In MDCK cells, we validated that actin
depolymerization could be controlled by a small-molecule
inhibitor cytochalasin D (CytoD) in a gradient manner. In
hPSC-derived neuroepithelium, we achieved successful pat-
terning of the D−V axis using a Shh agonist purmorphamine.
These results validate the utility of this device design in
multiple cellular applications and provide a novel and easy-to-
use platform for studying patterning synthetic embryonic
tissues in vitro.

■ METHODS
Device Fabrication. The frame of a LPaD device was made with

polydimethylsiloxane (PDMS), and the designs are illustrated in
Figure 1a. Dow Corning Sylgard 184 silicone elastomer base and
curing agent (GMID: 04019862) were first mixed in a 10:1 ratio.
Next, 30 g (10 g) of un-cross-linked PDMS was poured into 100 mm

Figure 1. Fabrication process of the LPaD device. (a) Device fabrication procedure. (b) Top view schematic (left) and photo (right) of a device
used for calibrating gradient stability. (c) Top view schematic (left) and photo (right) of a device used for establishing a gradient in the anterior−
posterior axis. Scale bar, 5 mm. (d) Side view schematic of the gradient generating device showing where cells are grown; blue, cell culture media
without additional chemical; pink, cell culture media with chemicals added.
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Petri dishes and subsequently baked at 65 °C for at least 2 h until it
solidified into 5 mm (2 mm) thick slabs (10 mm × 20 mm),
respectively. The thick slab was cut into the loading inlet and outlet,
while the thin slab was cut to make the chemical chamber (step 1,
Figure 1a). A thin slit (200 μm in width on average) at various lengths
was cut onto a 1/32 in. PDMS film by a laser cutter (40 W Epilog
Mini 18 × 12) at 20% speed, 80% power, 2500 Hz frequency, and 600
DPI resolution with vector job type to form a slit. The cut PDMS film
was then glued with PDMS to the chemical chamber, and the inlet
and outlet were glued to the side of the PDMS film (step 2, Figure
1a). Gaps between the inlet/outlet and the PDMS film were sealed
with PDMS. Coverslips (Φ = 25 mm) were plasma cleaned (PDC-
001, Harrick plasma) and bound to the bottom of the chemical
chamber by PDMS (step 3, Figure 1a). For calibration experiments
without cells, 1/32 in. silicone films (Ean: 0604339345964) was used
instead of PDMS films. The dimensions of each part are illustrated in
Figure S1.
It is notable that PDMS can absorb hydrophobic small molecules,25

which may affect the stability of the chemical gradient in the long
term. To address this issue, PDMS can be coated with molecules such
as parylene to prevent absorption.26 Alternatively, the LPaD device
can be fabricated using acrylics, which is a nonporous material and
compatible with a laser cutter (Figure S2).
MDCK Cell Culture. Madin−Darby canine kidney (MDCK) cells

were cultured in a T-25 flask with culture media, consisting of 87%
DMEM (11960051, Gibco, ThermoFisher), 10% FBS (10082147,
Gibco, ThermoFisher), 1 × MEM NEAA (11140050, Gibco,
ThermoFisher), 1 × GlutaMAX (35050061, Gibco, ThermoFisher),
and 1 × penicillin−streptomycin (15140122, Gibco, ThermoFisher).
MDCK cells were subconfluent passaged at a 1:10 ratio at a seeding
density of 10 000/cm2 every 4−5 days. To detach the cells, cells were
washed with 1 × DPBS and incubated at 37 °C with 3 mL of 0.25%
Trypsin-EDTA (25200072, Gibco, ThermoFisher) for 3 min. The cell
suspension was then mixed with 5 mL of culture media and
centrifuged for 5 min at 1200 rpm. The supernatant was aspirated,
and the cells were resuspended with 1 mL of culture medium. The
cells can be seeded on the LPaD device for experiments.
Before cell seeding, the LPaD devices were sterilized by

autoclaving. Gelatin (12.5%, G1890-100G, Sigma-Aldrich) solution
and 25 mg/mL transglutaminase (Moo Glue, transglutaminase TI
formula) solution were made and filtered with 0.22 μm filters to
sterilize. To create cross-linked gelatin, the gelatin solution and
transglutaminase solution were mixed in a 4:1 ratio, and 20 μL of the
mixture was pipetted into the slit on the PDMS film until the slit was
filled with gel. The gel created a diffusion channel that linked the
chamber and the cell culture region. As cell attachment to the cross-
linked gelatin was limited, only a small volume of the gel was used to
fill the slit without occupying the cell culture region. The LPaD
devices were placed in 6-well plates, incubated at 37 °C overnight, and
then baked at 65 °C for 30 min to deactivate all unreacted enzymes.
Next, the cell culture region was coated with 400 μL of 5 μg/mL
fibronectin (33016015, Invitrogen) by incubating for 1 h at room
temperature. The cell suspension (0.4 mL) was added to the cell
culture region of the device with a cell seeding density of 50 000/cm2.
The device with the cells was incubated at 37 °C overnight. After cell
attachment, culture media was aspirated, and 3 mL of fresh culture
media was added to each well. Next, the cells were exposed to the
cytochalasin D (CytoD) gradient for 24 h by adding 2.5 μM CytoD
(PHZ1063, Gibco, ThermoFisher) to the chemical chamber.
hPSC Cell Culture and Differentiation. hPSCs (WAe009-A,

WiCell, H9) were maintained in the 60 mm tissue culture dish coated
with Geltrex (A1413202, Gibco, ThermoFisher) using E8 medium
(A1517001, Gibco, ThermoFisher). The dishes were coated with 1%
Greltrex in DMEM-F12 (11320033, Gibco, ThermoFisher) for 1 h at
37 °C and 1 h at room temperature. hPSCs were rinsed with 1 ×
DPBS, then incubated with 3 mL of 0.5 mM EDTA (15575038,
Invitrogen) for 5 min at 37 °C. The EDTA was then aspirated, and
hPSCs were removed from the dish by gently pipetting the cells with
4 mL of prewarmed E8 medium using a 5 mL serological pipet. Cells

(400−600 μL) were seeded, and the cells were passaged every 4−5
days.

Similar to MDCK cell seeding, the LPaD devices were filled with a
cross-linked gelatin solution. Geltrex (0.4 mL, 3.33%) in DMEM-F12
was pipetted onto the PDMS film to cover the entire cell culture area
and incubated for 1 h at 37 °C and 1 h at room temperature. E8
medium with 10 μM ROCK inhibitors (Y27632, 10005583, Cayman
Chemical) was prepared and left at room temperature until reaching
equilibrium. hPSCs were rinsed with 1 × DPBS and incubated with 3
mL of 0.5 mM EDTA for 5 min at 37 °C. After aspirating the EDTA
solution, a 1 mL pipet was used to flush stem cells off the tissue
culture plates using 1 mL of the E8 medium with 10 μM ROCK
inhibitors.

To culture hPSCs in the LPaD device, an appropriate amount of
the cell suspension was first added to the cell culture area of the LPaD
device, so that each device has 0.4 mL of cell suspension with a cell
seeding density of 75 000 cells/cm2. Devices with cells were incubated
at 37 °C overnight. Seeding media were then aspirated, and 3 mL of
E8 media was added to each well. Cells were cultured in E8 media for
another 24 h before differentiation. To induce the differentiation of
hPSCs into neuroepithelial cells with forebrain identities, the E8
media were changed to E6 media (A1516401, Gibco, ThermoFisher)
supplemented with 0.1 μM LDN-193189 (19396, Cayman Chem-
ical), 10 μM SB-431542(13031, Cayman Chemical), and 5 μM
XAV939 (13596, Cayman Chemical). Three milliliters of the
differentiation media was added to each well. To induce the Shh
chemical gradient, 0.3 mL of 100 μM purmorphamine (a Shh agonist,
10009634, Cayman Chemical) solution prepared using the same
differentiation media was added to the chemical chamber.27

Differentiation media and purmorphamine solutions were changed
every day until day 6 since the start of the differentiation. This
differentiation protocol was adopted from the recent work by
Cederquist et al.24

Immunocytochemistry. The cells were fixed with 4% PFA
prepared in 1 × DPBS at room temperature for 20 min after the
differentiation process was completed. The cells were then gently
washed with 1 × DPBS three times until no PFA was left. Triton X-
100 (0.1%, BP151500, Fisher BioReagents) was added to
permeabilize the cell membranes for 30 min at room temperature,
and then, the samples were washed three times with 1 × DPBS. The
cell culturing area (the PDMS film) was cut from the device at this
point. For MDCK cells, the cells were incubated in 1 × phalloidin
(A12379, Life Technologies) and 15 μM 4,6-diamidino-2-phenyl-
indole (DAPI, D1306, Invitrogen) at room temperature for 1 h. For
hPSCs, cells were first incubated in 10% goat serum (16210072,
Gibco, ThermoFisher) for 3 h at room temperature. Then, the cells
were incubated in primary antibodies (see Table 1 in the Supporting
Information) diluted in 10% goat serum (50 μL per sample)
overnight at 4 °C and stained using corresponding secondary
antibodies and counterstained using DAPI.

Simulation. Estimation of Small-Molecule Diffusivity. On the
basis of the molecular structure, DAPI’s radius of gyration was
estimated as half of the length of three benzene rings at 0.4 nm. Using
the Stokes−Einstein equation, at 37 °C, the diffusivity of DAPI in
water can be calculated as

πη
= = × −D

k T
a6

8 10 cm /sb 6 2

where kb is the Boltzmann constant, T = 310 K is the temperature, η is
the viscosity of water at 37 °C, and a = 0.4 nm is the estimated radius
of gyration of DAPI.

Nondimensionalization of the Diffusion Equation. For simu-
lation simplicity, we used a dimensionless form of diffusion equation
derived from the following steps:

δ
δ

= ∇C
t

D C2

where C is the concentration. The equation was nondimensionalized
by inserting
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̃ =C
C
C0

τ
̃ =t

t

∇̃ = ∇L
where the characteristic length, L = 100 μm, is the typical channel
radius. The equation then becomes

δ
δ

τ̃
̃ = ∇̃ ̃C
t L

CD2
2

By setting =τ D 1
L2

in the simulation, we get the following

relationship:

τ = =L
D

12 s
2

which is the real-time equivalent of a simulation step. We used this
value to calculate the necessary number of simulation steps for the
simulation of different durations. For example, to simulate a real-time
equivalent of 24 h, we need 7000 steps.
Simulation Setup and Boundary Conditions. We set the

boundary conditions as indicated in Figure S3 to approximate our
experimental condition; note that the channel width is the
characteristic length that we used in nondimensionalization and,
therefore, would always be 1 in the simulation. Since the diffusivity of
molecules in hydrogel (DH) is usually smaller than that in water (Dw),
we simulated the hydrogel layer by adding a region with a smaller
diffusivity. We found that, when we set DH = 0.15, the simulated
results best match our experimental results. At x = 40, we imposed a
no flux boundary condition to simulate the channel confined by the
inlet/outlet PDMS walls and the walls of the well plate. The initial

condition is C = 0 everywhere except for at the channel, which is C =
1 at all times. Concentration is time-dependent except for at the
channel and when far away from the channel (y = 75), where the
concentration is always zero.

Microscopy and Image Analysis. An epifluorescence micro-
scope (Leica, DMi8) was used to image stained cell samples. A
confocal microscope (Nikon A1) was used to take x−y scans at
different z locations for stained cell samples, as well as to characterize
chemical gradients around the hydrogel slits. Images were processed
and analyzed using ImageJ and NIS elements. To obtain
concentration profiles, an image along the x−z plane of the slit was
reconstructed, and fluorescent intensity was measured at the top of
the gelatin layer.

Statistics. Statistical analysis was performed using GraphPad
Prism. For statistical comparisons between two data sets, P-values
were calculated using the student t-test function. For statistical
comparisons between three or more data sets, P-values were
calculated using one-way ANOVA with Tukey posthoc analysis.

■ RESULTS

Device Design and Fabrication. To induce a sustained
chemical concentration gradient with a defined source location,
we designed a two-layer LPaD device composed of a chemical
reservoir and a thin PDMS film (thickness: 1/32 in.) with a slit
of 200 μm in width generated by a laser cutter (Figure 1 and
Figure S1). Target chemicals were loaded in the two chambers
from the sides, which were connected to the chemical
reservoir. To induce sustained passive diffusion, the slit in
the PDMS film was filled with gelatin gel cross-linked via
transglutaminase. In this way, the molecules loaded into the
reservoir slowly diffused across the gelatin layer with tunable

Figure 2. Simulation and calibration of gradient established in LPaD devices. (a) Simulated gradient profile at a simulation time equivalent to 24 h.
(b) Simulated gradient profile (red) plotted with an average concentration profile measured at 24 h. (c) Confocal reconstructed side view of a
DAPI infused hydrogel layer above the channel opening. DAPI intensity is highest at the center (red) and lowest on the side (blue); bulk DAPI
concentration = 10 μg/mL; scale bar, 200 μm. Images were taken at t = 24 h. (d) Normalized intensity profiles from different time points plotted
against normalized distance from the center of the channel along the x-direction; x = 0 at channel center as shown in panel a. Average normalized
intensity profiles measured from n devices and m images at 6 h (n = 4, m = 8), 12 h (n = 4, m = 6), and 18 h (n = 5, m = 8). (e) Normalized
intensity profiles from different time points plotted against normalized distance from the center of the channel along the x-direction; x = 0 at
channel center as shown in panel a. Average normalized intensity profiles measured from n devices and m images at 24 h (n = 3, m = 6), 72 h (n =
5, m = 8), 120 h (n = 4, m = 7), and 168 h (n = 3, m = 4).
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diffusive patterns defined by the geometry and location of the
slit in the PDMS film. The detailed fabrication method is
described in the Methods section. As shown in Figure 1b,c, the
location of the source can be arbitrarily designed using a laser
cutter, which will facilitate integration with other systems.
Characterization of the Chemical Gradients in LPaD

Devices. We next sought to characterize the device by
mapping concentration profiles and evaluating the kinetics and
stability of the chemical gradient established in the device.
COMSOL Multiphysics was used to simulate the gradient
profile in 2D (see the Methods section for details). As shown
in Figure 2a,b, a clear concentration gradient is established
through the entire cell culture region at a simulation time
equivalent to 24 h. Quantitatively, our simulation revealed that
at x = 0R the concentration reaches a maximum of 0.453Cb,
where Cb is the bulk concentration in the chemical chamber.
Far away at x = 15R, the concentration decreased to 0.218Cb,
or 0.48Cx=0R as plotted in Figure 2b. We further studied the
effect of the channel size on gradient formation. As shown in
Figure S4, changing the width of the slit can significantly
change the profile of the gradient. To compare our results with
exiting microfluidic gradient generation devices, we calculated
the specific gradient, which refers to a change in concentration
over a cell distance divided by the average concentration over
that distance,28 for various designs. Our calculation showed
that the specific gradient for the device shown in Figure 1 is
4.72 × 10−4 μm−1 and double the slit width will reduce the
specific gradient to 4.02 × 10−4 μm−1, while triple the slit
width will further reduce the specific gradient to 3.66 × 10−4

μm−1. Notably, while we used gelatin gels to seal the slit,
changing the gel concentration did not significantly change the
gradient profile (Figure S5). This is likely due to the small size
of the slit compared to the size of the cell culture region.
To validate the simulation results, we used a small-molecule

fluorescent dye DAPI as a probe as its molecular weight (277
g/mol) is close to those of many small molecules commonly
used in stem cell differentiation. DAPI solution (bulk
concentration = 10 μg/mL) was added to the chambers, and
the cell culture chamber was filled with 1 × DPBS at 37 °C. To
mimic the diffusivity of a confluent layer of cells and to
visualize the concentration gradient, we cast a thin layer (<100
μm) of gelatin on the cell culture region only for the device
calibration purpose. To acquire DAPI fluorescent intensities at
different locations, we took confocal z-scans and reconstructed
an averaged cross-section image along the x−z plane from
confocal stacks, where the slice thickness in the y-direction was
around 100 μm. A typical cross-section (x−z plane)
colorimetric map of the fluorescent intensity profile is shown
in Figure 2c. To quantify the intensity profiles, we measured
the fluorescent intensity on the very top of the gelatin layer
(along the white arrow in Figure 2c), although we observed a
gradient throughout the entire depth of the gelatin layer. As
shown in Figure 2b, the concentration immediately above the
slit reaches the maximum and decreases to a plateau as it
moves away from the slit, and the results were consistent with
the COMSOL simulation. Our measurement in the x−y plane
also demonstrated that the gradient in the width direction of
the cell culture region was shallow and steady across the whole
device (Figure S6).
We next investigated the kinetics of the concentration

profiles for a short time duration. We found that a gradient of
DAPI fluorescence could be seen after 6 h of incubation, and
by the 12th hour, the gradient profile was stabilized (Figure

2d). While a concentration gradient could be initiated
immediately after adding DAPI, the gradient was not stable
until 6 h after adding DAPI. A major challenge for patterning
hPSCs using a chemical gradient is that the neural induction
takes at least 168 h, and culture media need to be changed
daily. Thus, we further investigated whether the chemical
gradient can be reset and maintained at the previous level after
media changes. To test this, on each day we washed and
incubated the device in fresh 1 × DPBS for 1 h at the 23rd
hour, followed by the addition of freshly prepared DAPI
solution into the chemical chamber at the 24th hour. Using
confocal microscopy, we found that the gradients could be
maintained for at least 168 h, as shown in Figure 2e, as the
concentration profiles did not change significantly with
incubation time. To quantify the stability of the gradient, we
divided the fluorescence intensity data into five sections along
the x-axis and calculated the gradient in each section using the
slope of linear fitting and performed one-way ANOVA analysis
to test whether the gradient is stable over time (Figure S7).
The results showed that, in most segments, the gradient was
stable after 6 h, except for the first segment, where the gradient
variation is significant. At section x/R = 12−15, a significant
drop can be found at 120 and 72 h on the average intensity
profile (Figure 2e). This variation is likely caused by smaller
sample sizes for that section (Figure S7b). Nevertheless, no
significant differences were found at region x/R = 12−15 from
12 to 72 and 168 h time points (Figure S7h). Together, our
results validate that the chemical gradients can be quickly
established within 12 h and can be robustly maintained for at
least 7 days by resetting the device daily.

Response of MDCK Cells to CytoD. To test if cells can
respond to the chemical gradients generated by the LPaD
devices, we designed an assay leveraging the robust effect of
CytoD on inhibiting actin polymerization in cells, which can be
visualized by fluorescent dye conjugated phalloidin staining. In
this experiment, we utilized a widely used epithelial cell line,
Madin−Darby canine kidney (MDCK) cells, as our model
system. Similar to neuroepithelial cells, MDCK cells form a
highly packed monolayer once confluent and have been
demonstrated to robustly respond to CytoD treatment.29

MDCK cells were cultured on the LPaD device until confluent,
and subsequently, 2.5 μM CytoD solution was added to the
chemical chambers. After 24 h of incubation, the cells were
fixed and stained with phalloidin and DAPI. When exposed to
CytoD, the actin structures of MDCK cells appeared as
punctuated dots, as indicated by yellow arrows in Figure 3a.
We observed a significant amount of MDCK cells with
depolymerized actin close to the slit, while almost all MDCK
cells had intact actin cytoskeleton further away from the slit.
To quantify the percentage of cells with actin puncta, the actin
and DAPI staining images were first overlapped. The total cell
number was determined using DAPI stained images by ImageJ.
If puncta were found on any cell side, this cell was considered
as a cell with depolymerized actin (Figure S8). As shown in
Figure 3b, the percentage of cells with depolymerized actin
decreased with increased distance from the slit, suggesting the
existence of a CytoD gradient. Together, the results here
demonstrate that cells cultured in LPaD devices can sense and
respond to a chemical gradient established in the device. LPaD
devices may potentially be utilized to study the collective
migration and epithelial wound closure, using MDCK cells as
an in vitro model system.
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Patterning Neuroepithelial Cell Sheet by Establishing
a Shh Gradient. Next, we investigated whether hPSC-
induced neuroepithelial cell sheets can be patterned dorsoven-
trally via a Shh gradient established in LPaD devices. In this
experiment, LPaD devices with a slit on one side of the cell
culture region were used (as shown in Figure 1c). We used
dual SMAD inhibition and Wnt inhibition to induce hPSCs to
forebrain fate.30 Consistent with reported results, in this
control condition, most of the cells express PAX6 by day 6
(Figure 4), indicating their dorsal anterior cell fate. It is well-
established that Shh signal activation induces the ventralization
of neuroepithelial cells.31,32 Thus, we next tested whether a
gradient of purmorphamine, a Shh agonist, can pattern the
neuroepithelial cell sheet dorsoventrally. Purmorphamine
solution (0.3 mL, 100 μM) was added to the chemical
chamber, and differentiation media and purmorphamine
solutions were changed daily until day 6 (the “Gradient”
group in Figure 4). We found that, with the presence of a Shh
gradient, cells grown close to the slit, where the purmorph-
amine concentration was high, showed a higher intensity of
NKX2.1, a ventralizing transcription factor that depends on
Shh signaling activation, while more cells expressed PAX6, a
dorsal forebrain marker, away from the slit (Figure 4a, left
panel). As a control, when purmorphamine (100 nM) was
added to the cell culture region uniformly (the “Uniform Pur”
group), NKX 2.1 intensity was higher than PAX6 uniformly
across the entire region (Figure 4a, middle panel). When no
purmorphamine was added (the “No Pur” group), a higher
PAX6 intensity was found across the entire region (Figure 4a,
right panel). We further quantified the percentage of PAX6 and
NKX2.1 positive cells (see Figure S9 for methods) for different
conditions (Figure 4b), and the results were consistent with
the colorimetric maps. DAPI intensity quantification showed

uniform cell densities across the cell culture region. We
observed a significant decrease in the percentage of the
NKX2.1 positive cells with increasing distance from the slit in
the gradient group, while no statistically significant decrease
was found in the control groups. It is important to seed hPSCs
at an optimal density (75 000 cell/cm2 in this case), as cell
density can significantly affect the cell fate decision.15,33 We
found that, when the cells were seeded at a lower density
(25 000 cells/cm2), most cells were ventralized showing
positive NKX2.1 staining (Figure S10).

■ DISCUSSION
In this work, we demonstrated a novel device, LPaD, that
could generate a sustained chemical gradient for stem cell
culture and differentiation. By modulating the geometry and
location of the slit, the gradient profile can be precisely
controlled. Most in vitro devices that claim to generate well-
defined chemical gradients utilize microfluidic systems.34−36

However, these systems were mainly used for short-term
(∼hours) chemotaxis studies, and using these devices for long-
term (∼weeks) stem cell culture applications is challenging.
This is due to the difficulty in maintaining a strictly sterile
environment and preventing the leakage and excessive
evaporation of media. For stem cell differentiation experi-
ments, the need to continuously provide fresh media and
expensive morphogens for weeks makes it more difficult to use
microfluidic systems for these applications. It was only recently
that Bellan and colleagues reported a 3D hydrogel system with
embedded channels to control morphogen delivery over
extended periods of time and to pattern the differentiation of
mesenchymal stem cells, but continuous pumping was still
needed.37 In contrast, our device design does not require
tubing or wiring, can be placed into a conventional 6-well
plate, and is autoclavable, greatly minimizing the risk of
contamination and lowering the technical barriers for biologists
to adapt to new systems. Compared to existing perfusion-based
systems,16 our device provides versatile control of the gradient
profile, which is critical to pattern stem cells in vitro.
Another important aspect of gradient-generating devices is

the stability of the gradients, especially in long-duration
experiments. With time, the chemical source can be depleted
and the low concentration region can be saturated, losing the
gradients. While microfluidic-based devices use large circulat-
ing reservoirs to maintain the gradients, passive-diffusion-based
devices can face the problem of diminishing gradients. To
avoid this problem, we designed our devices such that both the
chemical chamber and the outer cell culture media chamber
can be easily refreshed. From our results, we can see that the
gradients can be generated as soon as the sixth hour after
introducing the chemical and stabilized at the 12th hour. If the
chambers are refreshed every 24 h, the gradients can last for at
least 168 h.
The recently developed 2D micropatterned culture systems

are becoming powerful tools to model early stage human
embryo development.8−11 While most current works rely on
spontaneous differentiation and a reaction−diffusion mecha-
nism for self-patterning, there is a clear unmet need to
integrate morphogen generation devices with those systems.
For example, in the current in vitro gastrulation and ectoderm
models, cell types from the trophectoderm and mesoendoderm
layers are missing, respectively. Thus, their signals need to be
represented by externally controlled chemical gradients. Very
recently, Lutolf and colleagues designed an elegant microfluidic

Figure 3. Cellular responses to a gradient of CytoD. (a) Typical
fluorescence images of MDCK cells at different distances from the
channel, fixed and actin stained with phalloidin; yellow arrows,
depolymerized actin. Scale bar, 50 μm. (b) Percentage of
depolymerized MDCK from exposure to 2.5 μM Cyto D for 24 h;
n = 225, 223, and 245 for d = 200−600, 900−1600, and 2000+ μm,
respectively. Data represent mean ± standard deviation from at least
three independent experiments. *, P < 0.05.
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system to expose micropatterned hPSCs to localized
morphogen sources and successfully demonstrated that such
artificial signaling centers can induce symmetry breaking and
germ layer patterning at the gastrulation stage.15 Our work here
further validated the concept that extrinsically modulated
signaling centers can also effectively pattern embryonic tissues
at the neurulation stage, highlighting the possibility to precisely
engineer embryonic tissues in vitro. Future work should be
done to integrate the LPaD device with the micropatterned
neuroectoderm microtissue systems we developed and to
generate a more precise in vitro neurulation model.8,9

The LPaD device has several limitations. Comparing to
standard microfluidic device fabrication, the LPaD fabrication
process does not require cleanroom access, which significantly
lowers the adaptation barrier. However, it is more friendly to
researchers with basic knowledge in laser cutting and soft
lithography and still requires manual assembly, making it time-

consuming to fabricate a large batch of devices. In our work,
the concentration gradient was characterized using a
fluorescent dye (DAPI). As the diffusivity of different
morphogens varies depending on the molecular properties, it
is necessary to empirically determine the initial concentration
for optimal results. In addition, although we demonstrated that
the slit dimension and the gel concentration can potentially
change the gradient of morphogens, it is difficult to achieve a
broad range of gradient steepness. Also, the LPaD device has a
2.5-fold gradient at a distance of 10 mm, while a large range of
Shh concentrations (100−1000 ng/mL, 10-fold) have been
used to derive cells with dorsal and ventral fates.38 Thus, to
expand the potential applications of the LPaD device, further
modifications are needed to increase the range of gradient
steepness.
Another potential caveat of the LPaD device is that the

gradient is not stable for the first 6 h (Figure S7). Although a

Figure 4. Gradient of Shh-agonist-induced dorsal−ventral patterning in hPSCs-derived neuroepithelial cell sheet. (a) hPSCs cultured on device in
E6 medium with 100 nM LDN, 10 μM SB, and 5 μM XAV and the same medium with the addition of left, 100 μM purmorphamine in the chemical
chamber (the “Gradient” group), n = 4; middle, 100 nM of purmorphamine homogeneously in the chemical chamber and cell culture chamber (the
“Uniform Pur” group), n = 6; right, no purmorphamine homogeneously in the chemical chamber and cell culture chamber (the “No Pur” group), n
= 5. Cells were fixed and stained on day 6 from the addition of purmorphamine. Red, PAX6; green, NKX2.1; scale bar, 200 μm. (b) Normalized
fluorescence intensity of DAPI and percentage of PAX6 and NKX2.1 positive cells plotted against normalized distance to channel along the x-
direction (length of the cell culture region) as indicated. Data represent mean ± standard deviation from three to five independent experiments. P-
value was calculated by comparing with the first data point representing the intensity next to the slit. **, P < 0.01.
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relatively short period of time, this early exposure to fluctuating
levels of external signals may lead to unexpected effects on
stem cell differentiation, making the stem cell differentiation
results irreproducible. Numerous works, including our own,
have demonstrated that the differentiation of hPSCs is very
sensitive to temporal regulation of certain signaling path-
ways.9,39 More specifically, Dessaud et al. demonstrated that
the duration of Shh activation could control the dorsal−ventral
patterning in neural tubes.40 Thus, an important future
direction is to improve the design to minimize the fluctuation
of morphogen concentrations.
In conclusion, we have demonstrated a novel gradient-

generating device design, where no tubing or pumps are
necessary. The LPaD device can generate well-defined and
complex concentration gradients in 2D, mimicking in vivo
biochemical gradients during embryogenesis. With proper
maintenance, the gradients can be sustained for up to 168 h.
Using the LPaD device, we demonstrated that hPSCs-derived
neuroepithelial cell sheets can be patterned dorsoventrally
using an extrinsic Shh signaling source. We believe our LPaD
device will be a powerful tool for organ-on-chip fabrication and
studying human embryogenesis in vitro.
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