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Abstract

Engineering physiologically-relevant in vitro models of human organs remains a fundamental
challenge. Despite significant strides made within the field, many promising organ-on-a-chip
models fall short in recapitulating cellular interactions with neighboring cell types, surrounding
extracellular matrix (ECM), and exposure to soluble cues due, in part, to the formation of artificial
structures that obstruct >50% of the surface area of the ECM. Here, we report a three-dimensional
(3D) cell culture platform based upon hydrophobic patterning of hydrogels that is capable of
precisely generating a 3D ECM within a microfluidic channel with an interaction area >95%. In
this study, for demonstrative purposes, type | collagen (COL1), Matrigel (MAT), COL1/MAT
mixture, hyaluronic acid (HA), and cell-laden MAT were formed in the device. We demonstrate
three potential applications, including creating a 3D endothelium model, studying the interstitial
migration of cancer cells, and analyzing stem cell differentiation in a 3D environment. Our
hydrophobic patterned-based 3D cell culture device provides the ease-of-fabrication and flexibility
necessary for broad potential applications in organ-on-a-chip platforms.

1. Introduction

Many 2D cultured systems that have been successfully used for culturing a variety of cell
types do not provide a true physiological environment. Consequently, cells cultured on those
2D substrata are morphologically and phenotypically different from those cultured in a 3D
environment 14, In contrast, 3D cell-culture models have demonstrated the possibility of
providing essential 3D cues—from biomechanical cues to cell-cell/ECM interactions—by
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generating higher levels of cellular differentiation and biologically relevant structural
composition 56, Nevertheless, current 3D cell-culture models fail to recapitulate accurately
specific biological structures and functions, e.g. the exact functional unit-structure of a target
organ, the interface between endothelium/epithelium and surrounding ECM/parenchymal
cells, and accurate regulation of chemical/oxygen gradients, that are fundamental
components for reconstituting physiologically or pathologically relevant conditions. To
address these shortcomings, microfluidics-based 3D surrogate models, i.e. “organs-on-a-
chip,” have come into the spotlight for their potential to mimic human organs and accurately
measure biological responses to an array of physiological and pathological conditions.
Examples of the tremendous efforts made to advance existing technologies include models
of 3D angiogenesis subject to a concentration gradient of growth factors either from growth
medium or neighboring cancer cells, 3D axonal responses under complex gradients, 3D
cancer-immune cell interactions via co-culture, and an /in vivo-like endothelium on 3D
endothelial ECM, gut-on-a-chip, and lung-on-a-chip 7~22. While these models demonstrate
the promising future of the organ-on-a-chip, many rely on either a linear array of regularly
spaced micro-posts 15-21 or a transwell assay’s porous membrane®22-25 to pattern cells
and/or the ECM within confined structures to replicate 3D organ-specific
microenvironments. These structural strategies of cell/lECM patterning do not allow for a
large enough effective area of cell-cell/ECM and cell-growth factor/chemokine interactions
to supply cells with a sufficient amount of essential nutrients. In most micro-post-based
platforms, over 50% of the interface area between the cell channel and ECM channel is
blocked by artificial materials, either polydimethylsiloxane (PDMS) or hard plastics®-15-26;
the total area of pores on a transwell membrane, which is the effective interaction area, is ~
5% of the total cell culture areal222:27.28 Fyrthermore, the size of these structures is
typically smaller than the industrial standard for injection molding; the difficulty of
manufacturing these structures at scale thus prevents the widespread transition in industry
from non-physiological 2D substrata-based assays to in vive-like 3D surrogate models29:30,
To overcome this issue, pillar-less structure has come into the spotlight. Recently
commercialized 3D cell culture platform, “Organoplate”, is capable of constructing 3D
hydrogel structure without pillar structure. However, it still uses the structural strategy that
consists of stripe protrusions on the bottom, which blocks more than 25% of the channel
height31-33, Thus, there is a great need for new design strategies that enable uniform contact
with and diffusion between cells and the ECM to better recapitulate /n7 vivo conditions.

Here, we report a simple, yet robust and flexible cell-culture method that enables a variety of
quasi-3D ECM hydrogel constructs, including type I collagen (COL1), Matrigel (MAT),
COL1/MAT mixture, hyaluronic acid (HA) hydrogel, and cell-laden MAT. Our method is
based on patterning thin hydrophobic stripes within which specific hydrogels are contained.
A key advantage to this method is that the resulting interaction area between cell-cel/ECM
and cell-growth factor/chemokine is >95%. As such, unwanted cell migration due to
asymmetrical consumption of growth factors, which plague many 3D microfluidic cell-
culture platforms®?, is significantly reduced with our method. Overall, the simplicity,
biocompatibility, and design flexibility of utilizing continuous thin hydrophobic stripes leads
to diverse applications. We describe the patterning, diffusion, wettability, and 3D-liquid-
filling characteristics of our method and resulting platform, as well as potential applications,
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including creating a 3D endothelium model, studying the interstitial migration of cancer
cells, and analyzing stem cell differentiation in a 3D environment.

2. Materials and methods

2.1 Fabrication of hydrophobic and hydrophilic patterns

To generate hydroxyl groups onto a glass surface and promote adhesion to a methacrylate
group, a glass coverslip (24x24 mm; Corning, USA) is treated with 1M NaOH (Sigma-
Aldrich, USA) at room temperature for 1 hr and then rinsed with deionized (DI, MQ) water.
The coverslip is subsequently immersed in 1M HCI (Sigma-Aldrich, USA) at room
temperature for 30 min, rinse with DI water, and then dried with pressurized N, gas. The
coverslip is immediately functionalized with methacrylate groups by incubating with 400 pL
of a 5:2:3 volume ratio mixture of ethanol (Decon Labs, USA), 3-(trimethoxysilyl)propyl
methacrylate (Sigma-Aldrich, USA), and glacial acetic acid (Sigma-Aldrich, USA) at room
temperature for 1 hr. The resulting methacrylated glass is thoroughly rinsed with acetone
(Sigma-Aldrich, USA) and dried with pressurized N, gas.

For hydrophobic patterning, a polymerization mixture consisting of 30 wt% of buty!l
methacrylate (BMA,; Sigma-Aldrich, USA), 20 wt% of ethylene dimethacrylate (EDMA,;
Sigma-Aldrich, USA), 50 wt% of 1-decanol (Sigma-Aldrich, USA), and an additional 1~6
wit% (with respect to total weight of EDMA and BMA) of 2,2-dimethoxy-2-
phenylacetophenone (DMPAP; Sigma-Aldrich, USA) is prepared. A pre-polymer solution
for hydrophilic patterning is also prepared by mixing 24 wt% of poly(2-
hydroxyethylmethacrylate (pHEMA,; Sigma-Aldrich, USA), 16 wt% of EDMA, 12 wt% of
1-decanol, 48 wt% of cyclohexanol (Sigma-Aldrich, USA), and an additional 1 wt% of
DMPAP. Soft lithography is utilized to create the primary poly(dimethylsiloxane) (PDMS;
Dow Corning, USA) slabs for hydrophobic/hydrophilic patterning. Briefly, SU-8 3025 (for
30 um) and SU-8 3050 (for 50, 70, and 90 um high channels) resist (MicroChem, USA) are
spun onto 3-inch silicon wafers at 3,000 rpm for 30 and 50 um thickness, 1,900 rpm for 70
pm thickness, or 1,500 rpm for 90 pm thickness. The spin-coated wafers are baked at 95°C
for 15~45 min and then exposed to a photomask using 365 nm UV light (150~250 mJ/cm?).
Following exposure, the wafers are hard baked at 65°C for 1 min and then at 95°C for 3-5
min. They are then developed with propylene glycol monomethyl ether acetate (PGMEA,;
MicroChem, USA) for 6~14 min. A prepared mixture of PDMS (1:10 weight ratio of
elastomer to curing agent, Dow Corning, USA) is poured onto the patterned silicon wafers
and cured at 80°C for at least 1 hr in a dry oven. A slab of PDMS with the embedded
microchannels is cut and removed, and inlet and outlet holes are created using a 1-mm
biopsy punch for the ECM channel and 4-mm biopsy punch (Integra LifeSciences, USA) for
the side channels. The PDMS slab is placed onto the methacrylated coverslip and the
microfluidic channels are filled with either hydrophilic ()0HEMA-EDMA) or hydrophobic
(BMA-EDMA\) pre-polymer solution via capillary action. Once filled, the channels are
irradiated with UV light (Novacure 2100, 265 nm, 15 mW/cm?2; EXFO, USA) for 10 min,
with the coverslip facing up toward the light source. The UV-patterned coverslip is then
rinsed thoroughly with ethanol twice. To remove unwanted methacrylate groups from the
coverslip and to prepare the glass surface for PDMS-glass bonding, the patterned coverslip
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is immersed in 1M NaOH solution at room temperature for 5 min, washed with DI water,
and then dried with pressurized dry N, gas.

2.2 Fabrication of the hydrophobic pattern-based 3D cell culture device

Like the primary PDMS slab, a secondary PDMS slab is created using soft lithography.
Here, SU-8 2100 (MicroChem, USA) is used to create a 150 um high microchannel
negative-relief structure onto which PDMS is cast. Once cured and cut, the secondary PDMS
slab is autoclaved at 120°C for 30 min and dried in an oven at 80°C for at least 5 hrs. The
PDMS’s patterned side is then exposed to an O, plasma (Harrick Plasma, USA; 70 mTorr,
80 W, 1 min). The NaOH-treated hydrophobic (BMA-EDMA) or hydrophilic ()HEMA-
EDMA) patterned coverslips and the activated secondary PDMS slab are aligned using a
stereoscope (SMZ series; Nikon, Japan) and bonded. Afterwards, it is incubated at 80°C for
at least 24 hrs to restore PDMS’s intrinsic hydrophobicity. Bonded devices are UV treated in
a biosafety cabinet for 1 hr in order to ensure sterility and then stored in a dry cabinet until
use.

2.3 Preparation and gelation of type | collagen, Matrigel, the mixture of type | collagen/
Matrigel mixture, hyaluronic acid, and cell-laden Matrigel within ECM channel

2.0 mg/mL of type I collagen (COL1) gel solution is prepared by mixing rat tail type |
collagen (Corning, USA), 10X phosphate buffered saline (PBS; Lonza, USA), 0.5 N NaOH,
and DI water. The pH of the COL1 gel solution is adjusted to pH 7.4 with NaOH. The
mixture is injected into the extracellular matrix (ECM) channel of the microfluidic device
and gelled for 30 min in a 37°C/5% CO5 incubator. Matrigel (MAT; Corning, USA)
solution, thawed on ice, is injected into the ECM channel which had been placed on an ice
plate for at least 30 min. The MAT-filled device is then incubated in a 37°C/5% CO,
incubator for 30 min. A COL1 and MAT mixture gel solution (COL1/MAT) is prepared by
simply mixing 50% (v/v) COL1 gel solution with 50% (v/v) MAT solution. The COL1/
MAT-filled device is then incubated in a 37°C/5% CO, incubator for 30 min. A hyaluronic
acid (HA) gel is obtained as a kit (HyStem-C Cell Culture Scaffold Kit; HyStem, Gelin-S,
and Extralink) from Sigma-Aldrich. 4% HA is prepared by mixing 0.4 wt% HyStem, 0.4 wt
% Gelin-S, 0.4 wt% Extralink and the concentration is adjusted by DI water. The HA-gel
solution is injected into the ECM channel and then incubated in a 37°C/5% CO, incubator
for 30 min. Cell-laden MAT is prepared by mixing 200 uL MAT solution with 20 L of
MCF7/GFP cells (2x106 cells/mL). The cell-laden MAT solution is then injected into the
ECM channel and incubated in a 37°C/5% CO, incubator for 30 min. Ice-cold pipette tips
are used when working with any MAT-related process. Upon completion, for each condition,
side channels are filled with growth media or Dulbecco’s Phosphate-Buffered Saline
(DPBS) and incubated in a 37°C/5% CO, incubator for cell culture or until imaging. To
visualize the hydrogels in the microfluidic device, fluorescent microparticles (5~14 pm;
Spherotech, USA) are mixed in each finalized gel solution in a 10 (hydrogel) : 1 (DPBS
containing fluorescent microparticles) volume ratio.
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2.4 Numerical simulation of pressure distributions around BMA-EDMA and pHEMA-EDMA
pattern within the microfluidic device

Pressure distribution around the hydrophobic BMA-EDMA pattern during the hydrogel
filling process is calculated by COMSOL Multiphysics 5.0 (COMSOL Inc., Sweden). Water
contact angles of BMA-EDMA, PDMS, and glass substrate are set to be 135°, 100° and
28.65°, respectively34-38. The hydrogel solution is assumed to have a dynamic viscosity and
density of 1 Pass and 1 g/cm3, respectively. A capillary-driven flow model is employed for
simulating the hydrogel-filling process. To control for geometry and estimate the structural
contribution (5-micron high structure) of the pattern to the hydrogel-filling process, the
hydrophilic pHEMA-EDMA is given the same structure as that of the BMA-EDMA pattern.
In the pHEMA-EDMA model, the pHEMA-EDMA and glass substrate water contact angles
are both assumed to be 28.65°.

2.5 Water contact angle measurement

To characterize water contact angles of the BMA-EDMA and pHEMA-EDMA patterns, a
thin film of the BMA-EDMA or the pHEMA-EDMA is created by placing a drop of the
appropriate pre-polymer solution onto a methacrylated coverslip and then overlaying a
transparency film (3M, USA) for a 10-minute UV blanket exposure (265 nm, 15 mW/cm?;
EXFO, USA). The UV-patterned coverslip is subsequently rinsed thoroughly with ethanol
twice and incubated at 80°C for at least 1 hr to dry off residual solvent material. Water
contact angles are measured in ambient air with a custom apparatus consisting of a 3-axis
mechanical stage, optical zoom tube, CCD, light source, and convex lens. For each
condition, i.e. the BMA-EDMA (1, 2, 4, and 6% of DMPAP in the pre-polymer mixture), the
pHEMA-EDMA thin-film patterns, and the glass surface, 10 pL DI water droplets are placed
onto each surface and imaged. Each image is subsequently analyzed with the ImageJ/
Contact Angle.jar open-source program (NIH, USA). To demonstrate the hydrophobicity of
the BMA-EDMA pattern, a circle-shaped pattern is utilized. Water drops added to the inner
area of the circle stayed within the pattern even with greater volumes (over 50 L)
(Supplementary Figure 3). In order to show that the hydrophobicity of the BMA-EDMA
pattern is independent from the physical structure of the pattern, the hydrophilic mixture,
pHEMA-EDMA, is polymerized with the same primary PDMS slab used to produce the
circle-shaped BMA-EDMA pattern.

2.6 Cell preparation

MCF7/GFP cells (Cell Biolabs, USA) were cultured and maintained with Dulbecco’s
Modified Eagle Medium (DMEM, high glucose; Lonza, USA) supplemented with 10% fetal
bovine serum (FBS; Lonza, USA), 0.1 mM MEM non-essential amino acids (NEAA; Gibco,
USA), 2 mM L-glutamine (Gibco, USA), and 1% Pen-Strep (Gibco, USA). Human
microvascular endothelial cells (hMVECs, cryopreserved, third passage; Lonza, USA) were
expanded with endothelial growth medium (EGM-2 MV; Lonza, USA) until the fifth
passage according to standard protocols. Human umbilical vein endothelial cells (HUVECsS;
ATCC, USA) were expanded with F-12K medium supplemented with 0.1 mg/mL Heparin,
1% endothelial cell growth supplement (ECGS; BD Biosciences, USA), and 10% FBS.
Human neural stem cells (nNSCs, H9-derived; Gibco, USA) were cultured on CellStart
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(Gibco, USA) coated T25 flasks with StemPro NSC SFM (obtained as a kit except for
GlutaMAX-I supplement; Gibco, USA) containing 97 mL of KnockOut DMEM/F-12, 1 mL
of GlutaMAX-1 supplement (Gibco, USA), 2 ug of recombinant hFGF, 2 pg of recombinant
hEGF, and 2 mL of StemPro neural supplement. The hNSCs were passaged at 90%
confluence and expanded until the fourth passage. Human mesenchymal stem cells (hMSC;
Lonza, USA) were expanded with mesenchymal stem cell growth medium (MSCGM
BulletKit, Lonza, USA) until the fifth passage. All cells used in this work were dissociated
from culture substrates with 0.25% trypsin/ethylenediaminetetraacetic acid (EDTA) (Gibco,
USA) for 2 minutes at 37°C, washed with respective growth media, centrifuged at 200 x g
(RCF), and resuspended at a concentration of 5 x 10° cells/mL in a T75 flask.

2.7 3D breast epithelial cancer migration assay

In the previous study, 3D microfluidic cell culture has intensively developed®. We followed
this generalized protocol for this study. Two different representative 3D hydrogels, COL1
and COL1/MAT were created in the ECM channel by the aforementioned methods to
demonstrate the platform’s utility for a 3D breast epithelial cancer cell migration assay.
After gelling each hydrogel, 50 pL of resuspended MCF7/GFP cells (2x10° cells/mL) were
seeded onto one side of a prepared device and cultured with prepared media for 4 days. The
opposite side of the device was then filled with complete growth media supplemented with
10% FBS to generate an FBS concentration gradient, thereby inducing cells that were
attached to the ECM to migrate toward the FBS source. Growth media was replaced daily.

2.8 Generation of a quiescent 3D blood capillary

2x108 cells/mL of harvested hMVECs were seeded into the cell channel of the BMA-
EDMA device. The ECM structure for a quiescent 3D blood capillary was created by gelling
3D COL1 within the BMA-EDMA device and coating the 3D COL1 surface with diluted
MAT. Briefly, MAT diluted in chilled PBS (200 pg/mL) was introduced in the cell channel
to create a thin layer of MAT on the surface of the 3D COL1 gelled within the ECM

channel. In order to gel the thin layer of MAT, the microfluidic device was incubated at 37°C
under 5% CO» for 40 min. The hMVECSs were cultured with EGM-2 MV for 4 days until a
confluent EC monolayer formed on the entire surface of the cell channel. Growth media was
replaced daily.

2.9 Diffusion and cell culture characteristics based upon geometric differences between
pillar-based and BMA-EDMA-based 3D cell culture assays

To compare our BMA-EDMA device with previously reported pillar-based 3D cell culture
platforms, BMA-EDMA stripes were replaced with two arrays of pillars (Figure 4). The
pillar-based devices were fabricated via soft lithography. 3D COL1 was prepared in the
ECM channels of both the BMA-EDMA and pillar-based devices. 50 uL of 2x108 HUVEC
cells/mL in suspension was injected into each device. After cell attachment, the side, cell,
and growth medium channels were washed and filled with fresh EGM-2 cells and were
cultured for 3 days. On culture day 3, the number of cells that invaded into the 3D COL1 in
each assay were counted using 4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, USA;
1 ug/mL in DPBS) staining.
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2.10 Numerical simulation of diffusion profiles within the microfluidic device

Diffusion profiles within devices were determined using COMSOL Multiphysics 5.0. The

2
transient (0~24 hrs) diffusion profiles were estimated using Fick’s Second Law, % = ){%7

ox
where Cis concentration and y is the diffusion coefficient. The diffusion coefficient of FBS
in the MCF7/GFP growth medium, MCF7/GFP, COL1, and MAT were assumed to be
8x10711, 1.57x10712, 5.8x10711, and 5.76x10711 m%/s, respectively [18, 21]. The
consumption rate of MCF7/GFP was assumed to be 0.02 fg/cell/day.

2.11 Stem cell differentiation

To generate a 3D stem-cell microenvironment, 2x10° cells/mL hNSCs or hMSCs were
mixed with a pre-gel solution of MAT and injected into the ECM channel formed by the
BMA-EDMA pattern. The device was then incubated in a 37°C/5% CO> incubator for 30
min. During the gelation process, the device was inverted every 5 min to evenly distribute
the cells within the pre-gel solution. Both hNSCs and hMSCs were cultured with their
complete growth media, StemPro NSC SFM and MSCGM BulletKit, respectively, for 3
days; growth media was replaced daily. For 2D macro condition, the same seeding density
was used.

2.12 Quantitative real-time polymerase chain reaction (QRT-PCR)

RNA extraction was performed via Qiagen’s Quick-Start Protocol. Briefly, ANSCs and
hMSCs in the BMA-EDMA device were directly lysed by 300 pL of Buffer RLT (cell-lysis
buffer) from RNeasy Mini Kit (Qiagen, USA). As a control, the cells in cell culture flasks
were harvested by 0.25% Trypsin/EDTA and washed with DPBS solution. The cell pellets
were then lysed with 350 pL of Buffer RLT. Each lysate was loaded into a RNase-free
micro-tube and mixed with 350 pL of 70% ethanol. The mixed solutions were transferred to
the RNeasy Mini spin column placed in a 2 mL collection tube and centrifuged for 15
seconds at 8,000 x g. The RNeasy silica membrane in the spin column was serially washed
with 700 pL of Buffer Rw1 for 15 seconds at 8,000 x g, 500 uL of Buffer RPE for 15
seconds at 8,000 x g, and 500 uL of Buffer RPE for 2 min at 8,000 x g. The flow-through at
each process was discarded after centrifugation. The RNeasy spin column was then placed in
a new 2 mL collection tube and centrifuged at full speed for 1 min to completely dry the
membrane. Afterward, the spin column was put in a new 1.5 mL collection tube and 30 uL
of RNase-free water was added directly to the membrane. The spin column was then
centrifuged for 1 min at 8,000 x g to elute the RNA. The RNA concentration was determined
and normalized by measuring the absorbance profile at 260 nm via a NanoDrop
spectrophotometer (Thermo Scientific, USA). Reverse transcription (RT) reactions were
carried out using the High Capacity RNA-to-cDNA Kit (Invitrogen, USA) under a standard
protocol recommended by the manufacturer. gRT-PCR measurements of relative gene
expressions were performed by using the Universal PCR Master Mix (Applied Biosystems,
USA) and the StepOne Real-Time PCR (Applied Biosystems). Gene expressions in hNSCs
cultured in the BMA-EDMA device and a cell culture flask were quantified using TagMan
Gene Expression Assays (Applied Biosystems) for GAPDH (Hs02758991_g1), Nestin
(Hs00707120_s1), TUBB3 (Hs00801390_s1), GFAP (Hs00909238_g1), and OLIG2
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(Hs00300164_s1). The same gene expression assays, including GAPDH (Hs02758991 g1)
and Nestin, were utilized for quantifying those of hMSCs. TagMan Gene Expression Assays
for PPARG (Hs00234592_m1) and RUNX2 (Hs01047973_m1) were employed for
evaluating the relative gene expressions. The mRNA levels of each target gene were
normalized to that of the endogenous reference gene, GAPDH. The relative gene expression
levels were determined by using the comparative Ct method. The normalized expression
levels of Nestin and TUBB3 in hNSCs cultured in both 3D- and 2D-conditions were
compared. Relative gene expression levels of GFAP and OLIG2 in hNSCs in all culture
conditions were normalized to those of the 2D condition. For hMSCs, the gene expression
levels of Nestin, PPARG, and RUNX2 were normalized to that of PPARG in 3D.

Immunocytochemistry

The samples containing MAT were fixed with 2% (v/v) paraformaldehyde (PFA; Sigma-
Aldrich, USA) and 0.5% (v/v) glutaraldehyde (GA; Sigma-Aldrich, USA) in DPBS with
calcium and magnesium at room temperature for 15 min to prevent auto-fluorescence of
MAT. Other samples were fixed with 4% (v/v) PFA at room temperature for 15 min. The
specimens were permeabilized with 0.1% Triton-X100 (Sigma-Aldrich, USA) in DPBS at
room temperature for 5 min. After immersing the samples in undiluted BlockAid (Life
Technologies, USA) at room temperature for at least 30 min to block non-specific binding,
primary antibodies for each cell type were mixed in the BlockAid at recommended
concentrations. Primary antibodies used in this work were rabbit anti-Nestin (EMD
Millipore, USA; 1:500 in BlockAid), rabbit anti-GFAP (EMD Millipore, USA; 1:1000 in
BlockAid), mouse anti-beta 111 Tubulin (EMD Millipore, USA,; 1:100 in BlockAid), mouse
anti-Oct-4 (EMD Millipore, USA; 20 pg/mL in BlockAid), rabbit anti-RUNX2 (Abcam,
USA,; 1:1000 in BlockAid), mouse anti-Adiponectin (Abcam, USA; 2.5 pug/mL), and mouse
anti-Myogenin (Abcam, USA,; 1:50 in BlockAid). The appropriate diluted antibodies were
introduced into each device and incubated at room temperature for 1 hr. After washing the
samples twice with DPBS, Alexa Fluor 488 goat anti-rabbit (Life Technologies, USA; 10
pg/mL in BlockAid) and/or Alexa Fluor 546 goat anti-mouse (Life Technologies, USA; 4
ug/mL in BlockAid) were added to the samples and incubated for 1 hr. Samples were then
washed twice with DPBS. Cell nuclei and actin filaments were counterstained with DAPI
and rhodamine Phalloidin (Life Technologies, USA; 200 nM in DPBS), respectively. Stained
cells were imaged with either a fluorescence microscope (Eclipse TE2000-e; Nikon, Japan)
or a confocal microscope (LSM 880 NLO AxioExaminer with OPQ; Zeiss, Germany).

2.14 Statistical analysis

Statistical analysis was performed by Student’s t-test for two groups (p < 0.05 was
considered statistically significant). *p < 0.05, **p < 0.01, ***p < 0.001. Results were
shown as mean + standard deviation (SD). Sample sizes (n) for each statistical analysis were
shown in the corresponding figure legends. All analyses were performed with SigmaPlot 12.

Adv Healthc Mater. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Han et al. Page 9

3. Results and discussion

3.1 Hydrophobic-based three-dimensional (3D) hydrogel patterning

To create highly-controlled 3D ECMs, we patterned hydrophobic micro-stripes within a
microfluidic device. The overall ECM structure was defined by two side channels (1,100 pm
wide x 150 um high) separated by an ECM channel (800 um wide x 150 um high) (Fig. 1a).
The hydrophobic pattern was fabricated to be less than 5 pm thick on a glass coverslip and
combined with a secondary PDMS slab consisting of microchannels so that more than 95%
of the interface allowed for interaction among cells, ECM, and biochemical signals (Fig. 1).
This process yields a highly versatile 3D ECM structure, which can be employed for various
3D cell culture applications, as we demonstrate below.

To characterize the hydrophobic nature of the BMA-EDMA pattern for 3D hydrogel
patterning, we analyzed the pressure distribution around a thin structure of the BMA-EDMA
using COMSOL Multiphysics 5.0 (Fig. 1b and Supplementary Fig. 1). The hydrophobicity
of the BMA-EDMA structure was the principal factor for precisely confining the hydrogel
solution during the gelation process. Since the physical structure of the BMA-EDMA pattern
could also affect its water repellency, we created an equivalent structure composed of
poly(2-hydroxyethylmethacrylate (pHEMA,; Sigma-Aldrich, USA) and EDMA, and
compared pressure distributions within the microchannel using COMSOL Multiphysics 5.0
(Supplementary Fig. 2). The materials used in this study were chosen due to BMA being
intrinsically hydrophobic3” and pHEMA being hydrophilic3”. The overall internal pressure
within a hydrogel solution patterned by the BMA-EDMA was significantly higher than that
by the pHEMA-EDMA during the gel filling process, indicating that the hydrophobic BMA-
EDMA precisely controlled the position of the liquid, while the internal pressure in the
hydrophilic pHEMA-EDMA-based device was sufficient to cause the liquid to flow over the
5-um pattern, failing to maintain the meniscus of the hydrogel solution at the edge of the
pattern (Fig. 1b and Supplementary Fig. 2b).

The apparent hydrophobic characteristics of BMA-EDMA were further investigated by
adding water drops continuously onto the inner center of circle-shaped pattern. In contrast to
the pHEMA-EDMA pattern, the BMA-EDMA pattern demonstrated superb water repellency
(Supplementary Fig. 3). Furthermore, we demonstrated the versatility of liquid patterning
BMA-EDMA by creating two different geometric structures (triangular and diamond-
shaped), shown in Figure 1d, e. This capability is important for mimicking the 3D structures
of different organs.

Patterning BMA-EDMA on a glass surface enables reliable and successful generation of a
3D ECM within a microchannel. Moreover, the structural effect of the overall hydrophobic
nature of the BMA-EDMA pattern on the hydrogel filling is negligible for this pattern height

(=5 um).

3.2 Characterizations of the BMA-EDMA photopatterning and hydrogel patterning within
the BMA-EDMA patterned microfluidic device

Water contact angles of BMA-EDMA patterns as a function of the amount of photo-initiator
in the pre-polymer solution were measured by varying the concentration of the photo-
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initiator, 2,2-dimethoxy-2-phenylacetophenone (DMPAP). 1wt% of DMPAP was adequate
for the highest observed water contact angle (~140°) (Fig. 2a). We also varied the height of
the microchannels of the primary PDMS slab to find its optimal range for allowing >95%
(resulted pattern height: 5 um; secondary PDMS channel height: 150 pum) of the interaction
area among cells, ECM, and chemicals. The lowest DMPAP concentration (1wt%) and 70
pum high channel conditions yielded the thinnest pattern, while still maintaining hydrophobic
characteristics (Fig. 2b). The ultrathin pattern that results is due to the fact that the pre-
polymer solution consists mainly of fast evaporating solvents and that the hydrophobic
pattern grows from the methacrylate glass surface. As the hydrogel fills the ECM channel,
the water-based hydrogel pre-polymer solution contacts glass (bottom), PDMS (top), and the
BMA-EDMA pattern (bottom). Since the BMA-EDMA was patterned onto the glass
surface, the difference in water contact angle between those surfaces should be sufficient to
keep the hydrogel solution within the designated area during the gelation process. Figure 2¢
shows that the average water contact angle of the BMA-EDMA was significantly greater
than that of the glass surface. The intrinsic water contact angle of BMA is known to be
hydrophobic3940, Furthermore, its microscopic structure is also highly porous (Fig. 2d).
These two characteristics contribute significantly to the overall water contact angle of the
BMA-EDMA pattern. In contrast, although highly porous, pHEMA-EDMA is hydrophilic.
As we show, the overall water contact angle of the pHEMA-EDMA pattern was less than
that of the BMA-EDMA (Supplementary Fig. 4)#0. Scanning electron microscopy (SEM)
images reveal the porosity of BMA-EDMA and pHEMA-EDMA, which varies with the
amount of solvent (1-decanol and 1-decanol/cyclohexanol mixture, respectively) in the pre-
polymer solutions (Fig. 2d and Supplementary Fig. 4). The combination of a highly-
developed, hydrophobic, and porous BMA-EDMA material allows us to fabricate nearly
superhydrophobic liquid-patterning structures (Fig. 2c, d, and Supplementary Figs. 2 and
4)%".

Computational simulations (Figure 1b and Supplementary Figure 2a) confirmed that a
variety of natural hydrogel pre-polymer solutions, including type I collagen (COL1),
Matrigel (MAT), a mixture of COL1 and MAT, hyaluronic acid (HA), and MCF7/GFP
human breast cancer cell-laden MAT, are able to fill and remain stable within a BMA-
EDMA-confined ECM channel (Fig. 2e).

3.3 3D breast epithelial cancer cell migration through a fibrous structural extracellular
matrix (ECM) and a mixed structure of the fibrous structural ECM and adhesive proteins
within the BMA-EDMA device

Cancer cell migration involves multiple, hierarchically-assembled cell types, ECMs, and
complex mass transport through the microenvironment. Recapitulating this
microenvironment is a crucial component to understanding the fundamental
pathophysiology of cancer cell migration in vive*L. However, this complexity is often
oversimplified by conventional cell culture assays*243 or is mismatched by different model
species?*45, Here, we demonstrate the 3D interstitial migration of MCF7/GFP cells through
either COL1 or COL1/MAT in vitro (Fig. 3). COL1 or COL1/MAT (1:1 ratio) was formed
within the ECM channel of a BMA-EDMA device to mimic either a fibrous structural ECM
structure or a combination of fibrous structural ECM and adhesive proteins (mostly laminin
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from MAT), respectively (Fig. 3 b,c). MCF7/GFP cells were initially seeded into the cell
channel (Fig. 3a, left). In both cases, growth medium supplemented with 10% FBS was
added to the growth medium channel to create an FBS concentration gradient from the
growth medium channel (right) through the ECM channel (center) to the cell channel
containing 5% FBS (left) (Fig. 3a—c). By day 3 of cell culture, MCF7/GFP cells invaded into
the 3D COL1 structure toward the FBS source, indicating that the FBS chemoattractant
gradient successfully induced interstitial migration within the COL1 gelled in between
hydrophobic stripes (Fig. 3d). Figures 3d and 3e show MCF7/GFP cells migrating
individually through COL1. Cells migrated more freely through the COL1 hydrogel than
COL1/MAT hydrogel, possibly due to the higher porosity of the structure (Fig. 3). In the
previous finding, structural difference in COL1, MAT, and COL1/MAT turned out to be
significant, especially for the porosity?®. In contrast, cells tended to collectively migrate
through the COL1/MAT hydrogel, indicating that the path toward the source was limited by
the structure of densely-packed fibrils with MAT; the combined forces of several cells
collectively migrating was necessary for movement (Fig. 3f). Furthermore, we found that
MCF7/GFP cells could collectively migrate through the COL1/MAT ECM even without
leader cells or appropriate matrix metalloproteinases (MMP), which suggests that interstitial
migration can occur so long as the minimum pore size is sufficiently large (Fig. 3f).

3.4 Generation of a quiescent 3D blood capillary model using BMA-EDMA-based
hydrogel patterning

We recently reported a microfluidic cell culture method that enables the formation of a
physiological human blood capillary. Using our method, we successfully replicated the
structure of an endothelial ECM that consists of 3D COL1 and a basement membrane layer
on top of the COL12L. Here, we combined the same approach to generate the endothelial
ECM with our novel hydrophobic patterning-based platform to increase the interaction/
reaction area to >95% between the cells and the 3D ECM/soluble factors (Fig. 4c) while
maintaining the quiescent morphology of human microvascular endothelial cells (hnMVECsS).
To create a blood capillary model, h(MVECs (Lonza, USA) were seeded into the cell
channel, and complete growth medium was added to both side channels (cell channel and
growth medium channel) (Fig. 4a). Laminin from the MAT acts as a bridge material between
collagen-1 fibers and hMVECs. By day 4 of cell culture in the device, h(MVECs formed a
perfect 3D-like endothelial monolayer—defects, such as empty areas of the monolayer and
unwanted angiogenesis or sprouts, were absent (Fig. 4b).

We also analyzed and compared the diffusion characteristics of our hydrophobic patterning-
based device with the more traditional pillar-based platforms using COMSOL Multiphysics
5.0 (Supplementary Fig. 6). In pillar-based platforms, the interaction area between cells and
the ECM is largely limited by repeating pillar structures. Because cells continuously
consume the vascular endothelial growth factors (VEGFs) that are responsible for their
interstitial migration and homeostasis, a VEGF concentration gradient was induced by
consumption even in the absence of additional growth factors in the right channels
(Supplementary Fig. 6). Importantly, this unwanted gradient is significantly larger in the
pillar-based platform than the hydrophobic patterning-based platform, since the surface area
available for diffusion per unit volume for the former is smaller than that of the latter. As
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such, less growth factor enters the cell channel to replenish the growth factor that is
consumed (Fig. 4d). In our model, the concentration gradient of 40 kDa VEGF (as a model
growth factor) within the COL1 patterned by the PDMS pillars was 3.18x greater than that
within COL1 patterned by the BMA-EDMA pattern (Fig. 4d). Interstitial cell migrations
could therefore occur even without the addition of growth factors to the opposing side
channel, and HUVECSs in the pillar-based platform displayed much more aggressive
migration toward the source of the growth factors (Fig. 4c—f). In our platform, this unwanted
migration was successfully prevented by the larger surface area without compromising
design flexibility (Fig. 2c—f). The larger effective interaction area enabled by this thin liquid-
patterning component offers a significant improvement over existing microfluidic 3D cell
culture models.

3.5 Differentiation characteristics for human neural stem cells (hNSCs) and mesenchymal
stem cells (hMSCs) embedded in the 3D ECM created by the BMA-EDMA pattern and
comparison between the 3D differentiation vs 2D culture flask-based differentiation

One of the major advantages of our 3D microfluidic cell culture system is that, in addition to
generating physiologically-relevant environments, it can also be used to study a variety of
biological systems, such as the influence of microenvironments on stem cells. Here, human
primary neural stem cells (hNSCs; Gibco, USA) and human mesenchymal stem cells
(hMSCs; Lonza, USA) were utilized to demonstrate the feasibility of 3D culturing,
differentiation, and analysis of stem cells in micro-scale culture. At the micro-scale, growth
factors secreted by stem cells or other neighboring cells can accumulate, creating /n vivo-
like distributions of the growth factors, whereas soluble factors in a 2D culture flask diffuse
through relatively long diffusion lengths that are generally not physiologically relevant [19].
We compared our platform with the conventional method of using a 2D cell culture dish/
flask (Fig. 5). For the latter, hANSCs were plated onto a 60-mm cell culture dish (Fig. 5b). For
our 3D microfluidic culture platform, hNSCs were initially mixed with MAT and injected
into the ECM channel defined by hydrophobic stripes (Fig. 5a). After gelation, both side
channels (growth medium channels) were filled with complete growth medium to supply a
sufficient amount of nutrients to the hNSCs during culture (Fig. 5a). Importantly, even with
the mitogenic growth factors epidermal growth factor (EGF) and basic fibroblast growth
factor (bFGF), which are required to maintain the stemness of hNSCs1946, the hNSCs
embedded in the MAT showed significantly lower Nestin (NES) expression when compared
to those grown in the 2D cell culture dish. Lower NES expression indicates that the different
environmental factors, in particular, the combinational effect of the diffusion length and
ECM environment, significantly affect hNSC differentiation characteristics (Fig. 5¢). These
environmental factors influence hNSC differentiation into neurons (Tuj-1), astrocytes
(GFAP), and oligodendrocytes (O4) (Fig. 5¢). Interestingly, GFAP expressing cells
(astrocytes) dominated in the 3D micro condition even in the presence of hEGF and hFGF,
indicating there was a potential difference between 3D micro and 2D macro conditions in
the diffusion profiles of growth factors secreted from the hNSCs and/or the differentiated
cells, which, in turn, might have affected their differentiation. In the 2D cell culture
condition, neuronal differentiation dominated over glial differentiation. However, this trend
is reversed in the 3D condition (Fig. 5¢), a finding that is consistent with other recent
reports19:2047 indicating that the creation of a 3D microenvironment for the culture of
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hNSCs as well as incorporation of the effects of a platform’s dimensionality and/or scale in
data analysis should be carefully considered in stem cell research.

Similarly, hMSCs were cultured with the aforementioned culture systems to demonstrate the
versatility of our platform for studying 3D stem cell differentiation (Fig. 5d,e). On a 2D
surface, hMSCs tended to differentiate into RUNX2-positive cells, losing their stemness
even when supplemented with mitogenic growth factors because of the stiff environment,
agreeing with previous findings*8-50 (Fig. 5d). Additionally, stemness of hMSCs cultured
within our platform was better maintained due to the relatively low stiffness of the 3D MAT
microenvironment (Fig. 5d,e).

Even though the experimental approaches shown here used simplified conditions, the results
demonstrate that our platform has potential applications in generating a physiologically-
relevant 3D stem cell microenvironment on chip, while the biocompatibility is comparable
to other conventional cell culture platforms36:37. We anticipate that the method developed
here will be beneficial for future stem cell research through expansion of our current model
and integration of more sophisticated conditions and experiments, such as how
differentiation might depend on cell culture period, cell passage, ECM compasition, co-
culture conditions, cell seeding density, and soluble and mechanical factors within the ECM.

4. Conclusions

In this report, we describe a novel technology to establish 3D cell culture utilizing
hydrophobic patterning. We characterized the hydrophobicity of the pattern through water
contact angle measurements and optimized the concentration of the photoinitiator, DMPAP.
We found that hydrophobic BMA-EDMA patterns successfully confined hydrogels, such as
COL1, MAT, COL/MAT, HA, and cell-laden MAT, within a 3D microfluidic channel. In our
first application, we observed MCF7/GFP, a human breast epithelial cancer cell line,
individually migrate in three dimensions through COL1, as opposed to the collective
migration that we observed when the cells moved through COL1/MAT. Furthermore,
migrating cells were evenly distributed across the entire surface area of the matrix. In a
separate application, we generated a quiescent 3D blood capillary model, which
demonstrates that human microvascular endothelial cells can be cultured on our device
without any unwanted migration or sprouting/angiogenesis. We also analyzed endothelial
cell response to two diffusion profiles generated by two distinctive geometric arrangements.
We found that the BMA-EDMA pattern significantly reduced unwanted migration that is
commonly found with pillar-based devices. This is a step toward a fully physiologically-
accurate platform. Most endothelial/epithelial structures have a similar spatial composition
that consists of the lumen space, 3D ECM, and nearby growth factors. By presenting the
feasibility of constructing the 3D endothelium with a greater interaction/reaction area, we
anticipate that our method could be employed in many 3D endothelium/epithelium
applications, such as permeability and angiogenesis assays. As a final application, we
demonstrated that dissimilar differentiation characteristics arose for both human neural stem
cells and human mesenchymal stem cells when cultured in a 3D vs. 2D environment,
providing evidence that the dimensionality of the culture platform plays an important role in
stem cell differentiation fates. Our hydrophobic patterning-based microfluidic device is
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straightforward to implement and use and flexible enough to be used in diverse applications
for many cell types.
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Figure 1. Hydrophaobic-based three-dimensional (3D) hydrogel patterning.
a. Schematic view (not to scale) of hydrophobic butyl methacrylate-ethylene dimethacrylate

(BMA-EDMA) patterning and hydrogel filling process. i) Reversible adhesion of the
primary poly(dimethylsiloxane) (PDMS) slab to a glass coverslip. ii) Injection of BMA-
EDMA solution into the microchannels and UV exposure to polymerize hydrophobic strips
on the glass substrate. iii) Detachment of the primary PDMS slab from the glass. iv)
Removal of excessive methacrylate groups from the glass and -OH functionalization of the
glass. v) Hydrogel filling process for creating a 3D extracellular matrix within a
microchannel. Inset shows a schematic top view of the black dotted square. vi-vii) filling
growth media after hydrogel gelation. b. (left) Cross-sectional view of the red dotted line
from (v) shows 3D hydrogel structure patterned by the BMA-EDMA. (right) COMSOL
Multiphysics simulation for the red dotted square in the left schematic shows pressure
distribution around the hydrophobic pattern (BMA-EDMA) within the microfluidic channels
during the gel filling process, indicating the hydrophobic pattern on the glass substrate is
suitable for confining 3D hydrogels. c. A photograph of the gel filled device. Side channels
were filled with food dyes. Scale bar, 10 mm. d, e. Demonstration of the versatility of
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patterning with liquid BMA-EDMA. (left) photograph of the BMA-EDMA patterned device.
(right) fluorescence image of the white dotted square in the left image. The ECM channel
was filled with 10 pM fluorescein isothiocyanate (FITC)-dextran solution (40 kDa). Scale
bar, 250 pm.
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Figure 2. Characterization of BMA-EDMA and hydrogel patterning within the microfluidic
device.

a. Water contact angle (WCA) of hydrophobic pattern as a function of the concentration of
photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (DMPAP), in the BMA-EDMA
solution. b. Resulting height of polymerized BMA-EDMA patterned using primary PDMS
slabs with four different channel heights at four different DMPAP concentrations. n=3. c.
Average WCAs of a bare glass coverslip and BMA-EDMA pattern (1% DMPAP, 70 um
channel height for pattern). Images show representative WCA measurements for each
condition. Scale bars: 200 um. ***p<0.001. n=3. d. (counterclockwise from top) Schematic
top view of the BMA-EDMA patterned device (not to scale). Scanning electron microscope
(SEM) images of the BMA-EDMA pattern show the microporous structure of the pattern
which contributes to the hydrophobic property of the pattern. Scale bars: 250 pm (bottom
left) and 10 pm (bottom right). All error bars: one standard deviation. e. A variety of
hydrogel types, including COL1, MAT, COL1/MAT (1:1 volume ratio), HA, and
MCF-7/GFP breast cancer cell-laden MAT were injected into the hydrogel channel of the
BMA-EDMA device to demonstrate hydrogel filling. To visualize hydrogels in the device,
fluorescent microspheres (5-14 um; Spherotech, USA) were mixed in each gel solution at a
volume ratio of 10 : 1 (hydrogel : DPBS containing fluorescent microsphere (1.0% wi/v)).
All hydrogels, from the less viscous COL1 (2 mg/mL) to the highly viscous HA (4%), were
successfully filled and polymerized without overflowing over the hydrophobic pattern. Scale
bars: 100 um.
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Figure 3. 3D breast epithelial cancer cell migration through a fibrous structural extracellular
matrix (ECM) and a mixture of fibrousstructural ECM and adhesive proteinswithin the BMA-
EDMA device.

a. Schematic cross-sectional view of the 3D breast epithelial cancer cell migration assay.
Two ECM structures, COL1 and COL1/MAT, were formed in the ECM channel (center)
created by the BMA-EDMA pattern. MCF-7/GFP cells were seeded in the cell channel (left)
to form a 3D microtumor tissue. A complete growth medium containing 5% fetal bovine
serum (FBS) was filled into the cell channel after cell attachment, and a complete growth
medium containing 10% FBS was filled into the growth medium channel (right). Dotted
arrow indicates the imaging axis for the assay. Numbers indicate focal planes corresponding
to the images shown in (e), from bottom (1) to top (3). b. An illustration (top view) for the
migration behavior of MCF-7/GFP cells within the COL1 fibrous structural ECM. c.
Iustrative top view of MCF-7/GFP cells migrating through the COL1/MAT mixture of
fibrous structural ECM and adhesive proteins. d. Fluorescent image of the MCF-7/GFP cells
(on day 4) migrating through COL1. Actin filaments of the MCF7/GFP cells were
immunostained with rhodamine Phalloidin (red) and the cells were stably transfected to
express GFP. Scale bar: 300 um. e. Fluorescent images corresponding to the focal planes in
(a), from bottom (1) to top (3). Yellow arrow heads indicate the migrating cells in each focal
plane, indicating that the ECM environment created by the BMA-EDMA hydrophobic
pattern is truly three-dimensional. f. A fluorescent image shows collectively migrating
MCF-7/GFP cells (on day 4) through COL1/MAT as shown in (c), in contrast with COL1
alone, in which cells migrated individually as shown in (b). White arrowheads indicate
collectively migrating MCF7/GFP cells. Actin filaments (red) and nuclei (blue) were
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immunostained with rhodamine Phalloidin and 4°, 6-diamidino-2-phenylindole (DAPI),
respectively. Scale bar: 100 um.
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Figure 4. Generation of a quiescent 3D blood capillary model using BMA-EDM A-based hydrogel
patterning.
a. Schematic cross-sectional view (not to scale) of the 3D blood capillary model (top). 3D

endothelial ECM which consists of COL1 as a 3D constructive ECM and additional thin
layer of MAT as a basement membrane (BM) was formed in the ECM channel. Human
microvascular endothelial cells (hMVECs) were seeded into the cell channel (left). Bottom
illustration depicts a microscopic structural top view of the 3D endothelial ECM (not to
scale). Numbers in the top image indicate corresponding focal planes in (b), from bottom (1)
to top (3). b. Corresponding fluorescent images of the focal planes shown in (a) of hMVECs
cultured (on day4) in the BMA-EDMA device indicate that an hMVEC monolayer was
successfully generated without any unwanted angiogenesis/sprouts or migration. Scale bar:
50 um. c. Schematic top views of pillar-based 3D cell culture assay (top) and our BMA-
EDMA-based assay (bottom). The pillar-based assay relies on surface tension generated by
sharp edges between each trapezoidal pillar to prevent hydrogel from escaping the ECM
area, while our BMA-EDMA-based assay employs an ultra-thin layer of hydrophobic
pattern on the glass substrate to generate a sharp change in surface wettability. d. Geometric
difference between two assays shown in (c) significantly affected the diffusion profiles of
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growth factors throughout the cell and ECM channels (see supplementary information for
simulated diffusion profiles throughout the channels), resulting in unwanted migration of
human umbilical vascular endothelial cells (HUVECS) into the ECM in the pillar-based
assay (on day4). Scale bar: 300 um. e. The larger interface area of the BMA-EDMA-based
assay enabled the more efficient supply of growth factors to the cells, which mediated
unintended concentration gradient caused by cellular consumption of growth factors relative
to the pillar-based assay. Scale bar: 300 um. f. Quantification of the number of the cells that
migrated into the COL1 in the assays shown in (d) and (e). Data are shown as the means +
SD (n = 4). ***p<0.001.
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Figure5. Differentiation characteristics for human neural stem cells (hNSCs) and mesenchymal
stem cells (hM SCs) embedded in the 3D ECM created by the BMA-EDMA pattern and
comparison with 2D differentiation.

a. Schematic cross-sectional view of the 3D stem cell differentiation assay. A 3D cellular
microenvironment was created by placing a mixture of stem cells and pre-gel solution of
MAT (final cell density: 2 million cells/mL) within the BMA-EDMA pattern. Both growth
medium channels were filled with the appropriate growth media supplemented with growth
factors to maintain stemness. b. Illustration depicting 2D stem cell culture in a conventional
cell culture dish, for comparison. The normal level for growth media in a culture dish/flask
is approximately 1-2 mm. c. Relative gene expressions of hNSCs (on day 3) for Nestin
(neural stem cell), neuron-specific Class 111 B-tubulin (Tuj-1; neuron), glial fibrillary acidic
protein (GFAP; astrocyte), and O4 (oligodendrocyte) in 3D micro (a) and 2D macro (b).
Data are shown as the means + SD (n = 3). **p<0.01. d. Relative gene expressions of
hMSCs (on day 3) for Nestin, PPARG (adipocyte), and Runt-related transcription factors 2
(RUNX2; osteocyte) in 3D micro and 2D macro conditions. The differentiation fate of
hMSCs was found to be highly dependent on the culture dimension/geometry. Cells cultured
in 3D showed lower expression of RUNX2, indicating that the 3D microenvironmental MAT
effectively maintained their stemness, while unwanted osteocyte differentiation could not be
inhibited in 2D culture. Data are shown as the means + SD (n = 3). p<0.05. e. A confocal
microscope image shows the hMSCs cultured within MAT in the BMA-EDMA device.
Actin filaments and nuclei of hMSCs were immunostained with rhodamine Phalloidin (red)
and DAPI, respectively. Nestin expression (green) was monitored using a rabbit anti-Nestin
antibody and goat anti-Rabbit Alexa Fluor 488 antibody. Scale bar: 20 um. All error bars:
one standard deviation.
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