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Abstract
The tumormicroenvironment (TME) is distinctly heterogeneous and is involved in tumor growth,
metastasis, and drug resistance.Mimicking this diversemicroenvironment is essential for under-
standing tumor growth andmetastasis. Despite the substantial scientific progressmadewith
traditional cell culturemethods,microfabricated three-dimensional (3D) cell cultures that can be
precisely controlled tomimic the changes occur in the TMEover tumor progression are necessary for
simulating organ-specific TME in vitro. In this research, to simulate the breast cancer TME,microwell
arrays of defined geometry and dimensions were fabricated using photo-reactive hydrogels for a
cancer cell line and primary explant tissue culture.Microwell arrays fabricated from4-arm
polyethylene glycol acrylate andmethacrylated gelatin with different degrees ofmethacrylation for
controlled cell–matrix interactions and tunable stiffness were used to create a platform for studying
the effects of distinct hydrogel compositions and stiffness on tumor formation. Using thesemicrowell
arrays, size-controlled spheroids of human breast cancer cell lineHCC1806were formed and the cell
attachment properties, viability,metabolic activity, andmigration levels of these spheroidswere
examined. In addition, primarymammary organoid tissues explanted frommicewere successfully
cultured in these hydrogel-basedmicrowell arrays and the organoidmorphology and viability, as well
as organoid branchingwere studied. Themicrowell array platformdeveloped and characterized in this
study could be useful for generating a tissue-specific TME for in vitro high throughput studies of breast
cancer development and progression aswell as in drug screening studies for breast cancer treatment.

1. Introduction

Tumor growth and progression depends on its
surrounding microenvironment. It has become
increasingly recognized that tumor microenviron-
ment (TME) factors are among themajor regulators of
tumor growth and metastasis [1–3]. The extracellular
matrix (ECM) is one of the major components of
TME, whose properties, such as stiffness, porosity,
structure, and composition, play important roles in
tumor initiation and progression [4–6]. Mounting
evidence suggests that breast tissue stiffness is able to
affect breast tumorigenesis, progression, and metasta-
sis [7, 8]. In vitro studies showed that breast tissue

transformation is accompanied by collagen crosslink-
ing, which modulates tissue fibrosis and stiffness. The
stiffened matrix has been shown to increase focal
adhesions and promote breast malignancy [9]. Other
studies suggested that the increased stroma andmatrix
stiffness, as well as elevated cytoskeletal tension caused
increased tumor rigidity and enhanced ERK activa-
tion, and promoted tumor cell proliferation [10].

To study the effects of TME on cell behavior, sub-
strate stiffness and ECMcompositions can bemanipu-
lated by tuning the biochemical and biophysical
properties of synthetic materials. One widely used
material for such purposes is polyacrylamide gel. By
controlling the concentration of acrylamide and its
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ratio to bisacrylamide, the stiffness of generated gels
can range from 200 Pa to 120 kPa, which provides a
range that covers most native tissue stiffness [11, 12].
However, because of the cytotoxicity of the non-poly-
merized gel solution, the polyacrylamide gels were
mostly used for 2D studies [10, 13]. In addition to the
approaches with 2D cultures, efforts were made for
developing 3D culture models, which enable the study
of complex 3D interactions in addition to its advan-
tage of having potentially tunable TME parameters
[14–16]. In particular, microfabricated 3D cultures
that take the ECM composition, stiffness and geo-
metry into account can be used to imitate the native
TME more precisely. A 3D cell culture material that
has been extensively explored for cancer studies is
commercially available Matrigel. Matrigel is ECM
extracted from the Engelbreth–Holm–Swarm mouse
sarcoma and could form hydrogel structures when
heated to 37 °C.However, the components inMatrigel
are poorly characterized and the control over its bio-
chemical and biophysical properties is very limited. In
addition, it is not readily castable into defined shapes
or geometries, in other words, it is hard to create con-
trolled 3D structures using Matrigel through micro-
fabrication approaches. One way to gain more precise
control over the 3D microenvironment geometry and
stiffness is to use photo-reactive hydrogels. It is possi-
ble to methacrylate the macromolecules within the
ECM and render it photocrosslinkable to attain stable
hydrogels with defined microstructures [17]. By con-
trolling the methacrylation degrees and the UV expo-
sure time, the stiffness of these hydrogels can be easily
controlled to account for different stiffness levels of
in vivo ECMs [18, 19]. For example, photocrosslink-
able hydrogels made using methacrylated collagen
[20, 21], elastin [22], and gelatin [19]were reported for
their suitability for use in cell culture. Synthetic poly-
mers such as polyethylene glycol (PEG) have also been
extensively used with methacrylation modification to
model different ECM stiffnesses for cell culture
[23, 24]. However, in most of these studies cells were
cultured either on the surface of these hydrogels or by
encapsulating single cells randomly within the hydro-
gels. 3D tissue culture models that promote formation
of structures resembling that of tumor spheroids with
controllable size and with a surrounding matrix with
tunable composition and stiffness could provide more
precise control over the TME, and are essential for
understanding the effects of TME on tumor initiation,
progression, andmetastasis.

In this study, we microfabricated hydrogel-based
microwell arrays as a versatile platform to study breast
cancer using either a human breast cancer cell line or
mouse primary mammary organoids. We used two
different compositions of hydrogels: a synthetic
hydrogel, 4-arm PEG acrylate (Molecular Weight:
20 kDa), which does not allow for cell-ECM interac-
tions, and a natural hydrogel, methacrylated gelatin
(GelMA), which cells can adhere to and remodel, as a

platform to study the influence of cell-ECM interac-
tions on tumor progression. Furthermore, we used
two types of GelMA with different methacrylation
degrees, thus different stiffnesses (referred to as
GelMA-Low for lower methacrylation degree and
GelMA-High for higher methacrylation degree) as a
means to control the stiffness of the TME.

2.Methods

2.1. GelMA synthesis and characterization
GelMA was synthesized as reported previously [19].
Briefly,methacrylic anhydride (MA, Sigma)was added
to 10% (w/v) gelatin (porcine skin, type A, Sigma) in
phosphate buffered saline (PBS, Invitrogen), reaction
was run at 60 °C for 3 h with vigorous stirring, and
then dialyzed with Spectra/Por Molecularporous
Membrane Tubing (12–14 kDa, Spectrum Labora-
tories, Inc.) against PBS at 40 °C–50 °C for 7 days,
followed by lyophilization. The degree of methacryla-
tion was confirmed by 1H NMR as described pre-
viously [22].

2.2.Microwell fabrication and characterization
The 3-(trimethoxysilyl)propyl methacrylate
(TMSPMA, Sigma Aldrich)-coated glass slides were
prepared by treating glass slides with 2.8 M NaOH
overnight followed by washing with 100% ethanol and
baking at 80 °C for one hour. The treated glass slides
were then evenly coated with TMSPMA for 30 min
and baked at 80 °C overnight. After washing with
100% ethanol and air-drying, the glass slides were
baked again at 80 °C for one hour before being ready
for use. The polydimethylsiloxane (PDMS) stamps
were prepared in a similar method as described before
[25], by peeling the cured silicone elastomer base and
curing agent (Sylgard 184, Dow Corning) mixture
(with 10:1 ratio) from a silicon wafer containing
protruding columns with diameters of 300 μm and a
spacing of 1000 μmbetween each column. 4-arm PEG
20 kDa acrylate (JenKem Technology) and GelMA
photocrosslinked hydrogels were prepared using 10%
w/v PEG/PBS solutions or 5% GelMA/PBS solutions
each containing 0.1% w/v 2-hydroxy-1-(4-(hydro-
xyethoxy) phenyl)-2-methyl-1-propanone (Irgacure
2959, BASF Corporation) as photoinitiator. Each
hydrogel-based microwell array was fabricated using
16.5 μl of hydrogel precursor solution sandwiched
between a TMSPMA-coated glass slide and the PDMS
stamp with microwell patterns, separated by 250 μm
spacers. Crosslinking was initiated by exposing to
6.9 mW cm−2 UV light for 30 s for the PEG-based
precursor and 25 s for the GelMA-based precursors.
Interwell and intrawell swelling ratios were deter-
mined on different time points by measuring the
distances between nearest edges of twomicrowells and
the microwell diameters, respectively, and compared
against their respective initial state (day 0). Stiffness of
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the hydrogel-based microwell arrays were measured
using a nanoindenter (Piuma Chiaro, Optics11,
Amsterdam, TheNetherlands). The indentation probe
used had a spring constant and tip diameter of
approximately 0.261 Nm−1 and 16 μm, respectively.
Before testing, the sensitivity calibration of cantilever
was conducted by indenting a glass slide. Each sample
was tested at 10 different locations, 5 of which
conducted near and the other 5 far away from the
microwells, with 5 repetitions at each location with a
loading velocity of 2 μm s−1. AMATLAB code (Math-
Works, Inc.) was developed to determine contact
points between the probe and samples and to identify
elastic moduli of hydrogel-based microwell arrays
using Hertz contact model [26–28]. Note that the
hydrogels were assumed to be incompressible (i.e.
Poisson’s ratio is 0.5).

2.3. Cell and organoid culturing and seeding
Human breast cancer cell line HCC1806 was cultured
in RPMI 1640 (Gibco) with 10% fetal bovine serum
(FBS, Hyclone) and 1% penicillin–streptomycin (P/S,
Gibco) at 37 °C with 5% CO2. Organoids were
collected from the fourth inguinalmammary glands of
female FVB mice as previously reported with minor
modifications [29]. All experiments were conducted in
accordance to the Institutional Animal Care and Use
Committee of the University of Notre Dame. Briefly,
mammary glands were minced and treated with
collagenase for 3 h and centrifuged to remove top fatty
layer. DNase was added to the pellet for 2–5 min
followed by dilution in DMEM/F12 (Gibco) media
and a centrifuging step to remove single cells from
organoids. For seeding on hydrogel-based microwell
arrays, HCC1806 cells were resuspended in RPMI
(Gibco) media to a concentration of 106 cells ml−1,
and 30 μl of suspension was pipetted onto each
microwell array. The organoids were resuspended in
DMEM/F12 media at a concentration of 5000
organoids ml–1, and 40 μl of the suspension was
pipetted onto each microwell array. After incubation
for 5 min, the hydrogel-based microwell arrays were
tilted at a 15° angle to gently wash away the excess cells
or organoids out of the microwells with 300–400 μl of
media.Washing was repeated twice for each hydrogel-
based microwell array sample. Each hydrogel-based
microwell array was then covered with RPMI 1640
with 10% FBS and 1% P/S for HCC1806 cells, or
DMEM/F12 media supplemented with 1% P/S and
1% insulin/transferrin/sodium selenite (ITS, Gibco)
for organoids for cell culture.

2.4. Cell viability, proliferation, and spreading/
migration test
Cell viability was measured on days 1 and 5 of the cell
culture using Live/Dead assay kit (Invitrogen) accord-
ing to manufacturer’s instructions. Briefly, hydrogel-

based microwell arrays with cells were incubated with
PBS containing 0.5 μl ml−1 of calcein AM and
2 μl ml−1 of ethidium homodimer-1 (EthD-1) at
37 °C for 30 min. Cell aggregates inside microwells
were visualized with an inverted fluorescence micro-
scope (Zeiss Axio Observer.Z1) for live (green) and
dead (red) cells. For each cell aggregate, z-stack images
were taken throughout the aggregate with a stepping
distance of 5 μm, and compiled into one image to
represent a single aggregate. Live and dead cell
numbers were recorded by counting cells with green
or red fluorescence using ImageJ software (version
1.50i, National Institutes of Health). Cell viability was
calculated based on the fluorescence intensity. The
cellular metabolic activity was determined using
alamarBlue assay (Thermofisher). Hydrogel-based
microwell arrays containing cell aggregates were
incubated in alamarBlue reagent diluted at a ratio of
1:10 in serum-free media at 37 °C for 4 h. The
fluorescence intensity of the alamarBlue reagent was
measured at 590 nm using a microplate reader (1420
Multilabel Counter, Perkin Elmer). Percent reduc-
tions of the reagent, which correlates to the cellular
metabolic activities, were calculated for each of the
hydrogel materials. Three measurements were taken
from each of six microwell arrays for both GelMA-
High and GelMA-Low hydrogels (a total of 18
measurements for each type of hydrogel). Similarly,
three measurements were taken from each of four
PEG 20 kDa microwell arrays (a total of 12 measure-
ments for PEG 20 kDa arrays). Percent reduction was
calculated from each of these measurements. The
results were normalized to the mean of three blank
samples, containing only the alamarBlue reagent with
unseeded microwells. Cell spreading and migration
into hydrogels was quantified by measuring the area
and the diameter of cell aggregates on days 1 and 5 of
culture using ImageJ software. Five sample microwells
were selected from each of the six hydrogel-based
microwell arrays for all three hydrogel materials
(n=30 for each hydrogel material). The diameters of
the aggregates were measured with the furthest
horizontal distance across the aggregate. The area of
each spheroid was measured by tracing along their
perimeters. MATLAB was used to fit the aggregate
areas into a built-in ksdensity function to create the
probability density function of aggregate areas for each
hydrogel-based microwell array, to show the distribu-
tion of cell aggregate areas in each hydrogelmaterial.

2.5. Statistical analysis
Data was analyzed for statistical significance using
one-way ANOVA test or Student’s t-test (*p<0.01,
**p<0.001, ***p<0.0001). Error bars represent
mean±standard deviation (SD).
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3. Results

3.1. Characterization of themicrowell arrays
Microwell arrays prepared using PEG with different
molecular weights and GelMA with different metha-
crylation degrees were tested for their long-term
stability after being fabricated as illustrated in
figure 1(a). PEG is a non-biofouling material that
possesses favorable hydration properties similar to the
native ECM. Since PEG has no natural biological
motifs, cells cannot adhere to or degrade it [8, 24]. On
the other hand, GelMA is methacrylated gelatin and
contains cell-binding and cell-degradable sequences,
which allows for cell adhesion and degradation [8, 24].
We used three types of PEG (withmolecular weights of
1 kDa, 10 kDa, and 20 kDa) and two types of GelMA
(GelMA-Low with methacrylation degree of 28% and
GelMA-High withmethacrylation degree of 45%, data
not shown) to fabricate hydrogel-based microwell
arrays with microwell depth of 120 μm, microwell

diameter of 300 μm, and microwell spacing of 1 mm
(measured from the perimeter edge of one well to the
perimeter edge of the adjacent well).

The brightfield images of microwell arrays were
shown in figure 1(b). We examined the swelling prop-
erties of the microwell arrays for intrawell and inter-
well swelling on days 1, 7 and 14 in order to assess the
microwell stability for long-term culture (two inde-
pendent experiments, n=3 for each). Over 14 days,
PEGwith 20 kDamolecular weight exhibited intrawell
swelling of 18% on day 7 and 31.2% on day 14. This
was the largest swelling observed amongst the five dif-
ferent hydrogel-based microwell arrays we tested in
this study. All other microwell arrays exhibited mini-
mal swelling of less than ±5% of the original micro-
well dimensions (figure 1(c)). In addition, PEG 20 kDa
exhibited the highest degree of interwell swelling
around 11% on both days 7 and 14 (figure 1(d)).
Although PEG 20 kDa showed the highest degree of
swelling, the microwell arrays were intact without

Figure 1.Microwell fabrication and characterization. (a) Schematic of themicrowell fabrication process using PEG20 kDa,GelMA-
Low andGelMA-High hydrogels. (b)Brightfield images of themicrowell arrays on days 0 and 14 (scale bar=300 μm). (c) Intrawell
and (d) interwell swelling ratios calculated compared tomicrowell array dimensions of eachmaterial on day 0. PEG 10 kDa andPEG
1 kDawere used as controls for PEG20 kDa in swelling studies. (e) Stiffness of PEG 20 kDa,GelMA-Low andGelMA-Highmicrowell
arrays through nanoindentationmeasurements. Threemicrowell arrayswere tracked over the course of 14 dayswithfive locations
tested nearmicrowells and five locations far away frommicrowells (n= 3). Data is presented asmean±SD. *p<0.01, **p<0.001,
***p<0.0001, N.S.: no statistically significant differences.
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degradation for 14 days of cell culture conditions.
Since PEG 20 kDa is the softest and most cell compa-
tible material [30] relative to other PEG-based hydro-
gel-based microwell arrays we tested (PEG 10 kDa and
PEG 1 kDa), we chose PEG 20 kDa for future experi-
ments despite of its swelling properties.

Next, we measured the stiffness of the microwells
fabricated from PEG and GelMA hydrogels through
nanoindentation measurements at various locations
(10 different locations per microwell array, three mea-
surements at each location, and on three different
microwell arrays per time point) on the microwell
array surface. Unseeded microwell arrays were kept in
PBS under cell culture conditions and the measure-
ments were performed on days 1, 7, and 14
(figure 1(e)). The elastic modulus was uniform
throughout the microwell arrays with no significant
differences between the measurements taken near the
wells and far from them, and was around 8 kPa for
PEG 20 kDa microwell arrays, 460 Pa for GelMA-Low
microwell arrays, and 600 Pa for GelMA-High micro-
well arrays, which remained constant throughout the
14 day cell culture period. By controlling the metha-
crylation degree of GelMA and the UV treatment
duration, the stiffness of GelMA hydrogels we tested
ranged from 260 Pa to 3.3 kPa (data not shown),
which is relevant to the range of various in vivo stiff-
ness conditions for both normal and cancerous breast
tissues and their ECMs [9, 10]. In addition, increasing
the GelMA concentration to 10% instead of the 5%
used in this study can further increase the stiffness to
tens of kPa range [19].

3.2. Cell viability and proliferation
HCC1806 cells were seeded on microwell arrays
fabricated using PEG 20 kDa, GelMA-Low and
GelMA-High, as shown in figure 2(a). Brightfield as
well as fluorescent images after staining the cells with
Live/Dead stain were recorded to show the distribu-
tion of the cell seededmicrowell arrays and to visualize
the 3D structure of the cells cultured in themicrowells.
In all three types of microwell arrays, HCC1806 cells
formed compact spheroids in each microwell, while
the size of the cell aggregates within the PEG 20 kDa
microwells appeared smaller than the cell aggregates
within the GelMA-Low and GelMA-High microwells
(figure 2(b)).

The viabilities of HCC1806 cells in PEG 20 kDa,
GelMA-Low, and GelMA-High microwell arrays were
assessed on days 1 and 5 of culture using Live/Dead
assay (figure 3(a)). There was no significant difference
in cell viability among the top, middle, and bottom z-
positions in the cell aggregates in all three hydrogel
materials, and as such, the cell viabilities for each
group is given as average of all the layers from the
entire cell aggregate. HCC1806 cells cultured in PEG
20 kDa, GelMA-Low, and GelMA-High microwells all
showed high viabilities (figure 3(b)) with similar live

cell count permicrowell array (figure 3(c)). There were
no significant differences in cell viability or live cell
counts among the microwell arrays fabricated using
the three different types of hydrogels.

We also examined the metabolic activities of
HCC1806 cells cultured on microwell arrays fabri-
cated from different types of hydrogels using an ala-
marBlue assay (figure 3(d)). Cell aggregates cultured in
PEG 20 kDamicrowells showed lowest reduction ratio
of the alamarBlue reagent (31.8% on day 5), indicating
the lowest metabolic activity and thus slowest growth
rate. Cell aggregates cultured in GelMA-Low and
GelMA-High microwells both showed higher meta-
bolic activity, with alamarBlue reagent reduction ratio
of 70.2% for GelMA-High and 59.3% for GelMA-Low
on day 5. Cell aggregates within GelMA-High, had a
faster metabolic growth rate than cell aggregates
within GelMA-Low, increasing from 22.2% reduction
to 56.8% reduction from days 1 to 3 in culture.
Although HCC1806 cells in GelMA-Low and GelMA-
Highmicrowells had different metabolic growth rates,
they reached similar activity levels by day 5 in culture
suggesting a potential growth limiting effect due to
restrictions imposed by the size of themicrowells.

3.3. Cellmigration
To study the cellmigration out from the cell aggregates
over time in culture, the change in aggregate areaswere
measured on days 1 and 5 using ImageJ software
(figure 4(a)). Five microwells from six samples of each
hydrogel material were analyzed, for a total of 30 data
points for each type of microwell array. An estimated
probability density function of cell aggregate areas was
fitted to the data obtained for each hydrogel material
usingMATLAB (figure 4(b)). Cell aggregates inmicro-
wells of both GelMA-Low and GelMA-High had
narrow area distributions at day 1 but over time, the
distribution widened and the average aggregate area
increased by day 5. In GelMA-Low microwells the
average spheroid area increased from 0.105± 0.009 to
0.131± 0.030 mm2 from days 1 to 5 in culture. In
GelMA-High microwells the average spheroid area
increased from 0.101± 0.007 to 0.124± 0.027 mm2

from days 1 to 5 in culture. However the average
spheroid area in PEG 20 kDa microwells decreased
from 0.057± 0.013 mm2 to 0.047± 0.013 mm2 from
days 1 to 5 in culture as the cell aggregates condensed
into dense spheroids likely due to the lack of cell-ECM
adhesion in PEG 20 kDa microwells. The distribution
of spheroid areas in the PEG 20 kDa microwells was
narrower than those of the GelMAmicrowells on both
days 1 and 5, indicating a lower degree of variation
within the cell aggregate growth in PEG 20 kDa
microwells. Aggregate growthwasmore diverse within
the microwell arrays made from GelMA hydrogels.
Cell spreading into the interwell spaces was pro-
nounced in the GelMA hydrogel-based microwell
arrays as evident by spreading cells that were observed
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at multiple focal planes within the hydrogel through-
out the thickness of the microwell array. The cells in
the aggregates attached and migrated on the surface of
the GelMA microwell arrays due to the cell adhesive
properties of GelMA, and degraded and grew into the
surrounding gel due to the enzymatically degradable
characteristics of GelMA. We also measured the cell
aggregate diameters as an additional metric of aggre-
gate growth (figure 4(c)). Spheroids within GelMA-
Low and GelMA-High microwells had similar dia-
meters across days 1 and 5. Spheroids within PEG
20 kDa microwells had the narrowest diameters as the
cells tended to condense and cluster together
(figure 4(d)).

3.4.Organoid viability and proliferation
Primary mouse mammary organoids were seeded in
PEG 20 kDa, GelMA-Low, and GelMA-High hydro-
gel-based microwell arrays and cultured for 7 days.
Brightfield images were taken over the 7 day period to
document organoid morphologies (figures 5(a) and

(b)). Primary mammary organoids exhibited higher
growth and spreading rates within both GelMA-Low
and GelMA-High microwells, compared to PEG
20 kDa.Within PEG 20 kDamicrowells, the organoids
condensed and formed aggregates over time, similar to
the HCC1806 cells. After 7 days in culture, the
mammary organoids within GelMA-Low andGelMA-
High microwells grew to fill the size of the microwells
and formed 3D structures (figure 5(c)).

Cell viabilities on day 7 were measured using Live/
Dead assay (figures 5(c) and (d)). Organoids displayed
the lowest viability of 87.9% within PEG 20 kDa
microwells, while organoids cultured within GelMA-
Lowmicrowells showed the highest viability of 94.7%.
No significant differences were shown for cell viabil-
ities between GelMA-Low and GelMA-High micro-
wells. Moreover, organoids exhibited higher cell
viability compared to HCC1806 cells for each of the
three hydrogel materials tested (figures 3(b) and 5(d)),
indicating the potential of all three types of hydrogel-
based microwell arrays for long-term organoid
culture.

Figure 2.Cell seeding inmicrowell arrays fabricated using PEG20 kDa,GelMA-Low andGelMA-High. (a) Schematic of the cell
seeding process. (b)Brightfield (top row, scale bar=500 μm) andfluorescencemicroscopy (middle row, scale bar=200 μmand
bottom row, scale bar=100 μm) images on day 1 after cell seeding on to themicrowell arrays. For thefluorescence images, Live/
Dead stain (green/red, respectively)was used.
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4.Discussion

Conventional in vitro cell culture methods are routi-
nely used in cancer research to study drug efficacies or
for studying cellular responses to various types of
stimuli such as changes of nutrient, ion, temperature,
or oxygen levels, as well as mechanical pressure or
stretching. However, the lack of consideration of an
in vivo tissue environment such as the ECM and 3D
spatial configurations of cells render conventional cell
cultures significantly different from the native TME.
Lack of accurate in vitro 3D representation results in
failure to adequately model normal tissue and disease
progress, and can be misleading for drug screening
before clinical trials [31–34].

By simply growing them on a softer culture surface
that promotes cell–cell interactions, breast cancer cells
showed dramatic morphological and gene profile dif-
ferences compared to ones grown on conventional 2D
tissue culture plastic [35, 36]. Kenny et al compared
the morphological phenotypes and gene expression
profiles of 25 breast cell lines grown in 2D and 3D

cultures, and indicated that cells cultured in 3Dmicro-
environments had significant and reproducible gene
expression changes compared to 2D cultures [37]. In
addition to their morphology, the culture type can
affect the drug response of cancer cells significantly.
For example, 3D cultured SKBR-3 breast cancer cells
showed significantly more inhibition of their pro-
liferation by trastuzumab treatment compared to 2D
cultured cells [38]. The different responses to the treat-
ment might be a result of the differences in protein
phosphorylation levels between 2D and 3D cultures, as
the author showed that the phosphorylation of human
epidermal growth factor receptor 2 (HER2), HER3,
and epidermal growth factor receptor levels were
upregulated in 3D cultured cells while alpha serine/
threonine protein kinase (Akt) signaling pathway was
inhibited in 3D cultured cells [39]. In addition, cell
polarity, soluble factor diffusion, intercellular interac-
tions, and ECM stiffness were all shown to be distinct
in 2D versus 3D cultured cells [39], which might lead
to the differences of gene profiles and environmental
stimuli responses observed between 2D and 3D

Figure 3.Cancer cell line (HCC1806) viability and proliferation onmicrowell arrays fabricated using PEG20 kDa,GelMA-Low and
GelMA-High. Live/Dead assay performed on days 1 and 5 of the cell culture and image analysis was carried out using ImageJ software
to determine the percent cell viability and total live cell numbers. (a) Fluorescence images of cells stainedwith Live/Dead stain (green/
red, respectively) (scale bar=100 μm). (b)Calculated cell viability rates in themicrowell arrays fabricated using PEG20 kDa,
GelMA-Low andGelMA-High over a period of 5 days. (c)Calculated live cell count for each hydrogelmaterial. (d)Cellmetabolic
activity in themicrowell arrays fabricated using PEG20 kDa,GelMA-Low andGelMA-High over a period of 5 daysmeasured using
alamarBlue assay. For the live/dead assay analysis, data were taken from six independentmicrowell arrays for each hydrogelmaterial,
andfivemicrowells weremeasured in eachmicrowell array (n=30). For the alamarBlue assay analysis, data were taken from six
independent GelMA-Highmicrowell samples (n=6), 6 GelMA-Lowmicrowell samples (n=6), and 4 PEG20 kDamicrowell
samples (n=4). *p<0.01, ** p<0.001, ***p<0.0001,N.S.: no statistically significant differences.
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cultured cells. Therefore, to overcome the drawbacks
of 2D culture systems, a platform that considers the
spatial distribution of cells, as well as the ECM comp-
onentmakeup and stiffness is necessary.

In this study, we have established a 3D hydrogel-
based microwell array system with tunable composi-
tion and stiffness, which was successfully used for cul-
turing breast cancer cells and primary mammary
organoids. We confirmed the viability of the breast
cancer cell lineHCC1806 and primary organoids from
mouse mammary tissues. The growth of HCC1806
cells and the branching of mammary organoids were
sustained in 3D hydrogel-based microwell arrays over
several days. Hydrogel-basedmicrowell arrays showed
suitability for reasonable long-term cell culture with-
out degradation, kept their original stiffness andmain-
tained the microfabricated geometry up to 2 weeks. It
is important to note the stiffness and components of
the 3D hydrogel-based microwell array platform are
adjustable, and additional ECM components, growth
factors as well as stromal cells, can be included in the

system through encapsulation within the hydrogel
during the mild fabrication process to better represent
the in vivomicroenvironment.

Different microwell fabrication methods have
emerged in recent years for cell aggregate culture
applications. Most of these studies have used micro-
well arrays fabricated from non-cell interacting mate-
rials such as polymethylmethacrylate (PMMA),
polystyrene (PS), PDMS, and photopolymerized poly-
ethylene glycol dimethacrylate (PEGDMA) [40–43].
These approaches can homogeneously generate size-
controlled cell aggregates, or spheroids that can be
used as microtumor models and recapitulate clinical
phenotypes of breast cancer for high throughput stu-
dies. However, lack of interaction between cells and
the ECMcould alter the behavior of the cells constitut-
ing these spheroids [44–46]. Compared to these
approaches, using a hydrogel-based microwell array
platform, such as the one described in this study,
would allow for generation of tumor cell aggregates or
spheroids as well as primary tissue organoids while

Figure 4.Cancer cell line (HCC1806) aggregate formation, spreading andmigration onmicrowell arrays fabricated using PEG
20 kDa,GelMA-Low andGelMA-High. (a)Brightfield images showing the cell aggregate growth, spreading andmigration (scale
bar=300 μm). (b)The distributions of aggregate areas within each type ofmicrowell array were calculated fromdays 1 and 5
aggregate areameasurements usingMATLAB. (c) Illustration ofmeasuring diameters of aggregates stainedwithCalcein AM
fluorescent dye (green) using ImageJ software. (d)Quantification of diameter changes of cell aggregates grown onmicrowell arrays
fabricated using PEG20 kDa,GelMA-Low andGelMA-High hydrogels over a 5 day culture period. Fivemicrowells from 6
independent samples of each hydrogelmaterial were analyzed (n=30 for each hydrogelmaterial). **p<0.001, ***p<0.0001, N.S.:
no statistically significant differences.
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maintaining cell-ECM interaction and allowing for
tunable TME parameters that could be tailored to
satisfy tissue specific design requirements.

Recently, photocrosslinkable hydrogels were used
to fabricate hydrogel-basedmicrowell arrays via a two-
step approach, which produced stiffer cell-encapsu-
lated regions within the microwells surrounded by an
adjacent matrix with lower stiffness [47]. This model
was shown to maintain high cell viabilities for both
breast cancer cell lines and non-tumorigenic mam-
mary epithelial cells. However, in this system, cells
were not forming 3D spheroids, instead each cell in the
cell-containing regions was in direct contact with a
stiffer matrix surrounded by a softer microwell array.
In contrast, in our study, hydrogel-based microwells
arrays were fabricated with a homogenous stiffness
surrounding each cell aggregate, instead of encapsulat-
ing cells in a hydrogel. Both approaches could be valu-
able for studying different parameters within
the TME.

There are studies showing that tumor size is posi-
tively correlated with the occurrence of aggressive
phenotypes in hormone receptor positive breast can-
cers [48, 49], and enhanced metastasis with increased
spheroid size was observed in in vitro studies using 3D
tumor spheroids [43]. The diameter measurements of
our cell aggregates showed that size of the spheroids
formed in the hydrogel-based microwell arrays was

dictated by the microwell size and the type of material
used to fabricate microwell arrays. The microwell size
chosen for our study was based on the average size of
mouse mammary organoids, which was tested to be
about 150 μm with our organoid isolation protocol.
The 300 μm diameter microwells ensures each indivi-
dual microwell will hold onemammary organoid with
space to grow and expand. Interestingly, although they
have the same microwell size, the spheroids grown in
PEG 20 kDamicrowells maintained smaller diameters
of 200–300 μm, while spheroids grown in GelMA-
High andGelMA-Low filled themajority of themicro-
well over time and grew to diameters of 300–400 μm
indicating the influence of tumor-ECM interactions in
tumor spheroid size. These spheroid sizes are suitable
to maintain the morphology of breast cancer cells
while not enhancing their size-induced metastasis
[43]. On the other hand, our results showed that
although the cells cultured on GelMA-High hydrogel-
basedmicrowell arrays had almost twice as high meta-
bolic activity as those cultured on GelMA-Low hydro-
gel-based microwell arrays on day 3, they showed no
statistical significant differences in their metabolic
activities on day 5 (figure 3(d)). This result suggests
that themicrowell sizemight impose a growth limiting
effect due to its size restriction on the cell aggregates.
Furthermore, cell aggregate size measurements
showed similar aggregate sizes on GelMA-Low and

Figure 5.Mouse primarymammary organoid culture inmicrowell arrays fabricated using PEGandGelMAhydrogels. (a)Brightfield
images on day 1 showing both a singlemicrowell and a 2×2 grid in themicrowell array (scale bar=200 μm). (b)Brightfield images
showing the organoidmorphology changes over the course of the 7 day culture period in PEG20 kDa,GelMA-Low andGelMA-High
microwells (scale bar=100 μm). (c) Live/Dead staining (green/red, respectively) andfluorescencemicroscopy imaging ofmouse
primary organoids (scale bar=100 μm). (d)Quantification of cell viability using ImageJ software. Datawere taken from six sample
microwells from the PEG-basedmicrowell arrays and seven samplemicrowells each fromGelMA-High andGelMA-Low –based
microwell arrays. **p<0.001,N.S.: no statistically significant differences.
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GelMA-High microwell arrays on day 5 (figure 4(d)).
This finding is supported by a recent study by Thakuri
et al who showed that the metabolic rates of tumor
spheroids were linearly correlated with the spheroid
volume [50].

ECM components and stiffness were reported to
affect cell behavior such as proliferation andmigration
[46, 51–53]. Wozniak et al reported that breast epithe-
lial cells could sense ECM rigidity through Rho and
ROCK mediated contractility [54]. On a softer ECM,
ROCK would inhibit Rho activity, which corre-
sponded to inhibited FAK phosphorylation, and
caused differentiation in breast epithelial cells. In con-
trast, cells cultured on stiffer surfaces showed
increased proliferation [51]. Mason et al showed that
both the projected area and perimeter of 3D cultured
endothelial cells on collagen gels were significantly
increased with higher matrix stiffness [55]. Another
study indicated that enhanced stiffness alone could
lead to the phenotype changes of mammary cell line
MCF10A from non-malignant to malignant, with
enhancedmigration and increased percentage of inva-
sive cell clusters [50]. Similar phenomena were
observed with MCF-7 cells, showing that increased
invasiveness was observed on collagen gels with higher
stiffness, through prolactin-induced increase in
MMP-2 expression [56].

In our study, HCC1806 cells and the organoids
cultured on GelMA-High and GelMA-Low did not
show significant difference in their spreading and
migration into the hydrogel-based microwell arrays.
The diameters of cell aggregates on day 1 after seeding
were similar for GelMA-High andGelMA-Lowhydro-
gel-based microwell arrays, and over 5 days in culture,
the diameters increased to a similar extent in both
hydrogel-basedmicrowell arrays. The reasonmight be
that the approximate 30% stiffness difference between
GelMA-High and GelMA-Low was not large enough
to cause a significant difference in cell migration. On
the other hand, although PEG 20 kDa had much
higher stiffness (about ten times more compared to
GelMA), both the cell aggregates and the organoids
reduced in size due to lack of cell-interaction motifs
suggesting amore dominant effect of biochemical cell-
ECM interactions compared to biophysical ones such
as stiffness. On the other hand, therewas no significant
difference in viabilities of HCC1806 cells seeded on
GelMA-High, GelMA-Low, and PEG 20 kDa micro-
wells, indicating that cancer cell viability is not
dependent on hydrogel stiffness or on presence of cell-
interaction motifs. Whereas, cell proliferation/
metabolic activity in GelMA-High was significantly
higher compared to GelMA-Low hydrogel-based
microwell arrays during the 5 day culture period, indi-
cating that cells in GelMA-High microwells were
proliferating more compared to those cultured in
GelMA-Low microwells. This result is consistent with
previous reports showing that higher stiffness could
promote cell proliferation. On the other hand, cells

cultured in PEG 20 kDamicrowells showed the lowest
metabolic activity, potentially due to the lack of inter-
actions with the surrounding hydrogel. Future studies
using higher methacrylation degree GelMA for higher
stiffness and PEG modified with cell adhesive and
MMP-sensitive sequences should be conducted for a
more in depth study of these observations.

The results presented in the current manuscript
provided a proof-of-concept study to show the cap-
abilities of a hydrogel-based microwell array system
with tunable stiffness and cell attachment sequences as
a platform for culturing normal and cancerous breast
tissues to study the influence of cell-ECM interactions
on tumor development. In our future studies we are
planning on doing amore detailed analysis on how the
ECM stiffness affects the behavior of normal and can-
cerous breast tissues over a larger range of ECM
stiffness.

5. Conclusion

In summary, this study has established a platform
using photocrosslinkable hydrogel-based microwell
arrays for studying the effect of TME components and
stiffness on tumor progress. Both a human breast
cancer cell line and mouse mammary organoids
exhibited sustained growth and viability over time
within themicrowell arrays, and showed differences in
proliferation, spreading and migration in response to
different hydrogel materials and stiffness used. The
platform developed here, with tunable hydrogel prop-
erties, including biochemical composition, stiffness
and microwell size, depth, and spacing distance, as
well as possible inclusion of stromal cells through their
encapsulation within the microwell array itself, allows
precise control over the tissuemicroenvironment, and
could provide a useful tool for tissue-specific cancer
research.
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