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Cells in biological tissues are living in a highly complex 3D
local microenvironment comprising spatially heterogeneous
chemical cues, extracellular matrix, and cell populations.l'™>!
Generating heterogeneous 3D cell microenvironment arrays
in vitro with controlled and spatially organized components
over individual microenvironments is urgently demanded in
emerging fields such as stem cell research, personalized in
vitro disease model, and microscale tissue engineering.[*%!
Bioengineering of single 3D complex cell microenvironment
has been previously demonstrated using various approaches,
including microrobotics,"®) microfluidics,["”** electrostatics,?%!
acoustics, #1723l magnetics,?*?%! and photolithography.l®2°] How-
ever, few of these approaches enable effective formation of
heterogeneous 3D cell microenvironment arrays.l?”->°) Robotic
liquid-dispensing systems are widely used to create 3D cell-
encapsulating biomaterial microarrays, but these systems do
not have control over spatial distribution of different compo-
nents in individual biomaterial spots.[?”-2830-32] Furthermore,
these systems are generally designed for industrial customers
and are not cost-effective for biomedical/biological labs that
need a simple, cost-effective solution for high-throughput
screening (HST).’3%] Surface wettability techniques have
been long utilized to create microdroplet arrays and microgel
arrays for various applications such as condensation of water,
stem cell research, cell patterning, and cell-based HST.3>
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However, generation of spatially controlled heterogeneous 3D
microenvironment arrays has not been presented.

Herein, we present a simple and cost-effective method to
rapidly assemble heterogeneous 3D cell microenvironment
in microgel arrays by combining surface-wettability-guided
assembly (SWGA) and microdroplet-array-based operations.
To create wettability micropatterned surface for SWGS, we
uniquely explore a simple surface modification method based
on a widely accessible polydimethylsiloxane (PDMS) stamping
approach (Figure 1). Briefly, we fabricate a PDMS stamp with
a desired micropattern using conventional soft lithography.*!!
The PDMS stamp and a clean glass slide are treated with oxygen
plasma and temporarily bonded together. After detaching the
PDMS stamp from the glass slide, the glass regions in contact
with the PDMS surface were coated with a nanofilm of PDMS
oligomers, which are visible using a scanning electron micro-
scope (SEM) (Figure 1b, Figure S1, and “Fabrication of wetta-
bility-patterned surface” in the Supporting Information). The
PDMS nanofilm is hydrophobic with a water contact angle of
125°, whereas that of the glass slide without the nanofilm is
27° (Figure 1c and “Measurement of water contact angle” in the
Supporting Information). The hydrophobic/hydrophilic contact
line at the PDMS-glass interface provides a pinned boundary
condition for stabilizing sessile microdroplets in hydrophilic
regions. Attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR-FTIR) absorption spectra show the PDMS
nanofilm has methyl groups, which are hydrophobic, whereas
the glass surface has hydroxyl groups, which are hydrophilic
(Figure 1d, Table S1, “ATR-FTIR measurement,” and Figure S2
in the Supporting Information). This wettability micropattern
causes wetting of aqueous solutions to hydrophilic regions and
repulsion of aqueous solutions from hydrophobic regions. By
spreading a hydrogel prepolymer on the wettability-patterned
surface, a microdroplet array self-assembles within a few sec-
onds and is transformed into a microgel array via gelation
(Figure 1a and Movie S1 in the Supporting Information).

Our technique can be used to fabricate microgel arrays
with individual microgels sized from 2 mm down to
20 pm (Figure S3, Supporting Information), corresponding to
microgel density from a few microgels per square centimeter
to one hundred thousand microgels per square centimeter.
The thickness of microgels depends on the contact angle and
microgel diameter. We illustrate very uniform, highly repeat-
able microgel arrays with microgel sizes from 100 to 800 pm
(Figure 1e,f) which are corresponding to the microgel thick-
ness from 5 to 45 pm (Figure S4, Supporting Information).
The self-assembled microgels have a very small variation in
their sizes, which is indicated by quantitative fluorescence
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Figure 1. Surface-wettability-guided assembly of microgel arrays. a) Schematics of wettability-guided assembly of a microgel array. b) SEM of PDMS
nanofilm. Scale bar, 4 ym in the left image, 500 nm in the right image. c) Water-contact-angle measurements for plasma-treated glass and PDMS
nanofilm; d) ATR-FTIR analysis of unmodified glass and PDMS-nanofilm-stamped glass. e) Assembly of size-varied PEG microgels. Scale bar, 600 pm.
f) Quantitative analysis of size variation of assembled microgels. The data represent mean + standard deviation (SD) (n =10). g) Assembly of shape-
varied PEG-microgel arrays. Scale bar, 300 pm. h) Assembly of a complex PEG-hydrogel architecture. Scale bar, 600 ym.

analysis (Figure S5 and S6, Supporting Information). Using
this method, we fabricate microgels with varied geometries,
including circles, squares, octagons, crosses, triangles, as well
as complex interconnected microgel networks (Figure 1g).

We demonstrate assembly of microgel arrays with spatially
defined multiple components, which is essential for investiga-
tion of complex cell-cell and cell-ECM (extracellular matrix)
interactions in local microenvironments (Figure 2). Cell-encap-
sulating microgel arrays were generated with spatially organ-
ized heterogeneous cell populations over individual micro-
gels. In the first approach, we explore layer-by-layer assembly
of two cell types (Figure 2a). A microgel array containing
Human Umbilical Vein Endothelial Cells (HUVECs) is first
prepared as described above and then immersed in hydrogel
prepolymer containing fibroblast cells. After withdrawing extra
solution, hydrogel prepolymer is self-assembled on the top of
the generated microgels due to hydrophilic property of micro-
gels. After gelation, two-layered microgel arrays (Figure 2b)
are obtained with one layer of HUVECs stacked with one layer
of fibroblast cells, confirmed by confocal florescence imaging
(Figure 2c—e). In another approach, we explore fusion of two
microdroplets side by side for formation of the compartmented
heterogeneous cell populations (Figure 2f). Cell-encapsulating
microdroplet array is first made with pairs of microdroplets
containing either HUVECs or fibroblasts (Figure 2g), which
was prepared by dispensing prepolymer solution containing
suspended HUVECs or fibroblast on a column of hydrophilic
regions using a micropipetting system (Note S1 in the Sup-
porting Information). The microdroplet pair is then fused into
a large microdroplet on another glass slide at the bottom. After
cells sediment to the bottom of the fused droplet, the top glass
slide previously containing microdroplet pairs was departed
from the bottom glass slide containing large microdroplets
(Figure 2h). After gelation, HUVECs and fibroblasts are encap-
sulated in individual microgels in a side-by-side spatial organi-
zation (Figure 2i). The assembled cell co-culture system can be

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

used as an in vitro model to study fibroblast-endothelial cell
interactions and angiogenesis under a given heterogeneous cell
organization. To evaluate cytocompatibility of this SWGA, we
characterize cell viability and proliferation using LIVE/DEAD
Assays and immunostaining of anti-Ki67 marker, respec-
tively. The viability assay indicates more than 90% live cells
(Figure S7a—c, Supporting Information), and the Ki67 index
further shows more than 50% cell nuclear proliferation over
4 d in the 3D tissue culture (Figure S7d—f and Note S2 in the
Supporting Information).

In addition, these heterogeneous microgel arrays can be
easily integrated into a 3D hydrogel sheet to form a spa-
tially defined chemical, cell, and/or biomaterial distribu-
tion (Figure 2j). As an example, an agarose microgel array
containing 500 x 107 m fluorescein was self-assembled as
described above. Surface wettability of PDMS nanofilm around
agarose microgels was converted into hydrophilic via treatment
of methacrylatesilane, which contains double bonds allowing
hydrophilic polymers grafted to the surface. Hydrophilic PDMS
nanofilm was wetted by polyethylene glycol (PEG) prepolymer
(10 w/v% poly(ethylene glycol) diacrylate (PEGDA) 1000) con-
taining 500 x 10~° M rhodamine via capillary effect. After photo-
crosslinking, we achieved a flat 3D hydrogel sheet, where the
first spatially defined microgel array was covered with the sec-
ondary hydrogel component (Figure 2k and Movie S2, Sup-
porting Information) as the hydrophilic microgels are wetted
by the secondary hydrogel prepolymer solution during solution
dispensing. Fluorescence analysis further confirms periodic
chemical/biomaterial distribution in the 3D hydrogel sheet
(Figure 21). Additionally, after the formation of 3D hydrogel
sheet, fluorescein encapsulated in the agarose gel array slowly
diffused into the component PEGDA hydrogel, meanwhile rho-
damine encapsulated in the PEGDA gel slowly diffused into
the agarose gel array. These 3D hydrogel sheets are potentially
useful for investigating cell invasion, cell chemotaxis, and drug
release in 3D biomaterials.[104243]
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Figure 2. Assembly of microgels with spatially organized multiple components. a) Schematics
of layer-by-layer assembly of two cell populations in individual microgels. b) Schematic of bi-
layered microgels. c—e) Top-down, side, and perspective views of layer-by-layer assembled cells
in a single microgel. Scale bar, 50 pm. f) Schematics of side-by-side assembly of two cell popu-
lations in individual microgels. g) Fluorescence image of cell-encapsulating microdroplet array.
NIH 3T3 cells were labeled with DiO (green), HUVEC cells were labeled with Dil (red). Scale
bar, 300 pm. h) Alignment of paired cell-encapsulating microdroplet with a large microdroplet
in both bright-field and fluorescence images. Scale bar, 100 ym. i) Fluorescence image of a
single microgel containing side-by-side assembled two cell populations. Scale bar, 100 pm.
j) Schematics of assembly of complementary hydrogel structure. k) Agarose hydrogel (green)
and PEG hydrogel (red) were assembled into a complementary structure. Scale bar, 800 pm.
White dashed line indicates fluorescence analysis in (l). I) Fluorescence analysis of assembled
structure at white dashed line in (k). Red and green lines indicate Rhodamine and fluorescein
intensity, respectively.
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arrays are formed by dispensing hydrogel
prepolymer with and without a chemical
cue on the wettability-micropatterned sur-
faces, respectively. These two microdroplet
arrays are aligned and merged under a CCD
camera, and then separated from each other
(Figure 3b and Movie S3 in the Supporting
Information). The aligned microdroplet
pairs are fused and resulted in formation of
microgel assays with varying chemical con-
centration over individual microgels. To avoid
lateral fusion between neighboring droplets
on the same slide during the alignment,
we design the interval between the neigh-
boring droplets to be the half of the large
droplet diameter out of the droplet pair with
a consideration of the droplet volume change
during the vertical droplet fusion (Note S3 in
the Supporting Information). The resulting
chemical concentrations over individual
microgels are related to the volume ratio of
merged hydrogel prepolymer droplets (Note
S4 in the Supporting Information). We dem-
onstrate this approach by fabricating a uni-
form circular microgel array (PEGDA 1000,
10 w/v%) with a discrete fluorescein concen-
tration ranging from 30 to 800 x 10~ m with
a stepping resolution of around 15 x 107 m
as shown in Figure 3c.

Using the same above approach, we gen-
erate a cell-encapsulating microgel array with
a cell seeding density ranging from three
cells per microgel to 10? cells per microgel
by merging a size-varied microdroplet array
containing 1.5 X 10° HUVECs mL™? with
a size-uniform microdroplet array without
HUVECs (Figure 3d and Note S5 in the Sup-
porting Information). Cells in the hanging
size-varied microdroplet array on the top
glass slide are transferred to a size-uniform
sessile microdroplet array on the bottom
glass slide via droplet pairing, fusion, and
cell gravitational sediment sequently. After
gently separating the top slide from the
bottom slide and subsequent gelation, a size-
uniform microgel array with a cell density
gradient can be achieved on the bottom slide.
This microdroplet operation method can also
be used to transfer cells between slides from
a homogenous cell-encapsulating micro-
droplet array to another size-uniform blank
microdroplet array.

We generate heterogeneous microgel arrays with discrete
chemical gradient and cell density gradient over individual
microgels (Figure 3a). Briefly, one glass slide is prepared with
uniform-sized hydrophilic regions while another glass slide is
prepared with size-varied hydrophilic regions. The locations
of hydrophilic regions on these two glass slides are designed
in pairs and corresponding to each other. Two microdroplet

Adv. Mater. 2016, 28, 3543-3548
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Furthermore, we assemble a complex cell microenvironment
array with orthogonal gradients of chemical concentration and
cell seeding density for HST. One cell-encapsulating microdro-
plet array is prepared with a discrete gradient of cell seeding
density as described above, while the other microdroplet array
is prepared with the same concentration of a chemical cue and
varied size over individual microdroplets. By merging these two
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Figure 3. Assembly of heterogeneous microenvironment arrays with chemical/cell gradients. a) Schematics of generation of microgel arrays with
chemical/cell gradient using microdroplet-array-based operations. b) Bright-field images of a pair of drops before and after microdroplet fusion. Scale
bar, 1 mm. c) Fluorescence images of droplets with chemical gradients and quantitative analysis of chemical concentration. d) Fluorescence images
of droplets with cell gradients and quantitative analysis of cell number in individual microgels. Fluorescence images showed the 4th, 11th, 14th, and
17th droplets with increasing concentration from the smallest to the largest. The data represent mean + SD (n = 3).

microdroplet arrays in an orthogonal manner and subsequent
photoinitiated gelation, a microgel array is generated containing
orthogonal gradients of the chemical concentration and cell
seeding density (Figure 4a). We generate orthogonal gradients
of CdTe quantum dots (QDs) (4-16 x 10~ mol mL™) and cell
seeding density (40-160 HUVECs per microgel) and investigate
the nanocytotoxicity of the CdTe QDs on 3D cultured HUVECs.
The result shows that cell viability declined with an increase in
the QD concentration under varied cell populations (Figure 4b).
Correlation analysis further confirms that cell viability is closely
correlated with the QD concentration (Figure 4c), which is in
good agreement with the concentration-dependent CdTe cyto-
toxicity in the previous study.*! Interestingly, cell viability is
not linearly correlated with cell seeding density (Figure 4c,d).
Cells showed a nonlinear response to QD exposure under QD
concentrations of 12 X 10~ mol mL™ and 16 x 10~° mol mL™!
and demonstrated a far better survival rate under a seeding
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density of 80 cells per gel than seeding densities of 40, 120, or
180 cells per gel. In addition, we observed cells appear to be
more prone to QD toxicity in 3D comparing with cells in 2D
under the same amount of QD concentration.[*+4]

Despite multiple merits such as high throughput, precise
control over microenvironment components, and biocompat-
ibility, there are some limitations in our method. All the micro-
droplet operations (e.g., droplet alignment, fusion, splitting)
and liquid dispensing are currently performed manually, which
requires practice to achieve good repeatability and controlla-
bility. To further improve the repeatability and controllability of
this method, the manual operations can be replaced by auto-
matic machines, which can meet the requirements of industrial
applications.

In conclusion, we uniquely demonstrate a method that ena-
bles rapid assembly of thousands of heterogeneous 3D cell
microenvironments with precise control over individual shapes,

Adv. Mater. 2016, 28, 3543-3548
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Figure 4. Assembly of complex cell microenvironment arrays with orthogonal gradients. a) Schematics of generation of orthogonal gradients of
chemical concentration and cell seeding density over individual microgels. b) Quantitative analysis of nano-CdTe QDs cytotoxicity under varied cell
seeding densities and the CdTe QD concentrations. The data represent mean £ SD (n = 3). ¢,d) Correlation analysis of cell viability with the CdTe QDs

concentration and cell seeding density.

sizes, chemical concentrations, cell density, and 3D spatial
distribution of multiple components. This technique provides
a simple and cost-effective solution to meet the increasing
demand of creating heterogeneous 3D cell microenvironments
for HST in broad fields such as stem cell research, personalized
in vitro disease modeling, microscale tissue engineering, and
preclinical drug screening.
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