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Matrix stiffness and cluster size collectively
regulate dormancy versus proliferation in brain
metastatic breast cancer cell clusters†

Raghu Vamsi Kondapaneni and Shreyas S. Rao *

Breast cancer cells can metastasize either as single cells or as clusters to distant organs from the primary

tumor site. Cell clusters have been shown to possess higher metastatic potential compared to single cells.

The organ microenvironment is critical in regulating the ultimate phenotype, specifically, the dormant

versus proliferative phenotypes, of these clusters. In the context of breast cancer brain metastasis (BCBM),

tumor cell cluster–organ microenvironment interactions are not well understood, in part, due to the lack

of suitable biomimetic in vitro models. To address this need, herein, we report a biomaterial-based

model, utilizing hyaluronic acid (HA) hydrogels with varying stiffnesses to mimic the brain microenvi-

ronment. Cell spheroids were used to mimic cell clusters. Using 100–10 000 MDA-MB-231Br BCBM cells,

six different sizes of cell spheroids were prepared to study the impact of cluster size on dormancy. On

soft HA hydrogels (∼0.4 kPa), irrespective of spheroid size, all cell spheroids attained a dormant pheno-

type, whereas on stiff HA hydrogels (∼4.5 kPa), size dependent switch between the dormant and prolifera-

tive phenotypes was noted (i.e., proliferative phenotype ≥5000 cell clusters < dormant phenotype), as

tested via EdU and Ki67 staining. Furthermore, we demonstrated that the matrix stiffness driven dormancy

was reversible. Such biomaterial systems provide useful tools to probe cell cluster–matrix interactions in

BCBM.

1. Introduction

The ability of breast cancer cells to metastasize to distant
organs accounts for ∼90% of breast cancer related
mortalities.1,2 Specifically, breast cancer cells are known to
metastasize to the lungs, brain, liver, bone, and lymph nodes.3

In some cases, metastasis may occur even before the detection
of the primary tumor.4 Furthermore, recent studies have
demonstrated that collective cell migration (i.e., as a cluster of
cells) and dissemination exhibit a significantly higher prob-
ability of evolving into metastasis, compared to single cell
migration and invasion.5–7 However, the mechanisms regulat-
ing the colonization of organ sites by metastatic tumor cell
clusters are not well understood.

Accumulating evidence suggests that there is a latency
period between dissemination and metastatic outgrowth.8,9

During this period, tumor cells may attain a dormant state,
where the cells are either growth-arrested (cellular dormancy)

or the cell growth is balanced by apoptosis occurring within
the tumor (mass dormancy).9 Disseminated tumor cells are
capable of developing metastasis, even after sustaining an
extended period of dormancy for decades.8–10 Despite the pro-
gress in developing therapeutic strategies, the 5-year survival
rate for patients with breast cancer metastasis in the United
States is only 26%.11 Breast cancer brain metastasis (BCBM) is
the most aggressive with a median survival period of only
4–1612 months. This is mostly attributed to poor prognosis
and, in part, to the lack of understanding of the underlying
mechanisms involved in tumor relapse at the metastatic site.
This is further hampered by the lack of relevant experimental
model systems to study and elucidate the underlying mecha-
nisms involved in the reawakening of dormant BCBM cells.

It is now well recognized that the tumor microenvironment
plays a significant role in modulating the dormant phenotype
of disseminated tumor cells,8,9,13–15 consistent with the “seed
and soil” theory proposed in 1889.16 Specifically, the extra-
cellular matrix (ECM) is critical in determining the fate of dis-
seminated tumor cells.17,18 In order to develop an in vitro
model to study tumor dormancy, it is imperative to incorporate
the ECM to capture the cell–ECM interactions. To this end,
many studies have utilized various natural, synthetic, and
semi-synthetic biomaterials to mimic the ECM, such as base-
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ment membrane matrix (Matrigel),19–21 collagen,22,23 fibrin
gel,24 hyaluronic acid (HA),25 polyethylene glycol (PEG),26 poly-
acrylamide27 and Amikagel28 to study the regulation of dor-
mancy in the context of the primary tumor setting.

Few studies have been reported to investigate tumor dor-
mancy in the metastatic setting. For example, dormancy in
bone metastatic breast cancer cells has been studied by using
biomaterial-based29 and bioreactor-based models,30 whereas
microfluidic-based co-culture models have been used to study
dormancy in liver metastatic breast cancer cells.31,32 More
recently, our group reported a HA hydrogel based platform to
investigate dormancy in BCBM cells at the single cell level.12

These models provide insightful information about the mecha-
nisms regulating tumor dormancy at a single cell level.
However, to the best of our knowledge, there are no reported
in vitro models investigating dormancy in BCBM cell clusters.

Herein, we report an in vitro biomaterial-based model to
study microenvironmental regulation of dormancy in BCBM
cell clusters. We utilized HA hydrogels to mimic the native
brain ECM, as HA is one of the most abundant components of
the brain ECM and is highly secreted in brain metastatic
lesions.33,34 We prepared two versions of the HA hydrogels,
namely soft (i.e., 0.4 kPa) and stiff (i.e., 4.5 kPa) HA hydrogels,
which bracketed the native brain stiffness and that reported
for brain metastasis.12 Tumor cell spheroids were employed to
mimic cell clusters. To study the effect of cluster size, six
different sizes of cell spheroids were prepared by using
100–10 000 BCBM cells. Cell spheroids were cultured on top of
both the hydrogels to evaluate the effect of matrix stiffness on
dormancy vs. proliferation of cell clusters. Cell spheroids were
also cultured in suspension and adherently (i.e., on tissue
culture polystyrene (TCPS)) to investigate the effect of culture
conditions on cell cluster phenotypes. Finally, we also tested
the reversibility of the dormant phenotype in this system.

2. Experimental
2.1. Cell culture

td-Tomato expressing MDA-MB-231Br, a brain metastatic
breast cancer cell line, derived from a triple negative breast
cancer cell line MDA-MB-231 was used in this study and was
cultured as described previously.12 Briefly, the cells were main-
tained in Dulbecco’s Modified Eagle’s Medium (DMEM) high
glucose (Sigma Aldrich) media supplemented with 10% fetal
bovine serum (FBS) (VWR Life Science) and 1% penicillin–
streptomycin (PS) (Gibco) at 37 °C and in a 5% CO2

environment.

2.2. HA hydrogel preparation

Synthesis of hyaluronic acid methacrylate (HAMA) was per-
formed using previously established procedures.12,35,36 Briefly,
a 1 wt% solution of sodium hyaluronate (66–90 kDa; Lifecore
Biomedical) was prepared in deionized water overnight and
subjected to ∼18 fold molar excess of methacrylic anhydride
(Sigma Aldrich) at 4 °C, by maintaining the pH between 8 and

10 using 5 M NaOH. A five-fold volumetric excess of cold
acetone was added to the reaction mixture to extract HAMA,
which was then flash frozen and lyophilized overnight. Proton
nuclear magnetic resonance (1H NMR) was utilized to measure
the degree of methacrylation and in this study HAMA with
∼85% degree of methacrylation was used. Next, a gel precursor
solution was prepared using 5 wt% HAMA solution in DMEM
and dithiothreitol (DTT) (Sigma Aldrich), and 80 µL of this
solution was added to each well of a 96-well plate and incu-
bated overnight for gelation. Different concentrations of DTT
were used to obtain hydrogels with varying stiffnesses i.e.,
10 mM for the soft hydrogel (∼0.4 kPa) and 40 mM for the stiff
hydrogel (∼4.5 kPa), respectively, as determined via com-
pression testing using a RSA-G2 solid analyzer (TA
Instruments).12,36 To enhance cell adhesion, surfaces of both
soft and stiff HA hydrogels were consistently functionalized
with an integrin binding peptide (RGD) (Anaspec) as reported
previously.36

2.3. Tumor cell spheroid construction

Cell spheroids were prepared utilizing a previously established
protocol.37 Briefly, 20 mg ml−1 poly(2-hydroxyethyl methacry-
late) (p-HEMA) (Sigma Aldrich) solution was prepared by dis-
solving 500 mg of p-HEMA in 25 mL of 95% ethanol for 3 h.
Each well of a 96 well conical bottom plate (Thermo Fisher
Scientific) was coated with ∼30 µL of p-HEMA solution to
create an ultralow attachment surface for cells, followed by
drying the plate overnight in a laminar hood. Next, cell
dilutions were prepared based on the cell count needed to
prepare spheroids. 100 µL of cell suspension containing the
required cell count of MDA-MB-231Br cells was added to the
wells of a p-HEMA coated 96-well conical bottom plate and the
plate was centrifuged at ∼1000g for 10 min. After centrifu-
gation, 2.5% of growth factor reduced Matrigel (Corning) was
added to the wells on v/v basis and the plate was incubated
overnight. On the following day, cell spheroids were collected
using a 200 µL pipette with the tip removed to minimize spher-
oid disintegration and subsequently cultured on top of the
soft or stiff HA hydrogel or as a suspension culture on p-HEMA
coated flat 96-well plate or as adherent culture on TCPS.

2.4. Optical imaging and cell spheroid area measurements

Cell spheroids cultured under different culture conditions
were monitored daily using an Olympus IX83 microscope with
a spinning confocal disc attachment. Both bright field and
fluorescent images of cell spheroids were captured throughout
the culture period to track their growth. Specifically, day 0
images were taken within half an hour post transfer of cell
spheroids. Image-J software was used to measure the cell
spheroid area (cross sectional area of spheroid + spread area of
cells (in case cells were migrating from spheroids)) as
described earlier.38,39 Briefly, the boundary of the cell spher-
oids was manually selected and if migration was observed
from spheroids, their boundaries were also considered to cal-
culate the spheroid areas.
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2.5. Dissociation of cell spheroids

For quantification at the single cell level, cell spheroids were
dissociated into single cells before staining for various
markers. Dissociation of cell spheroids into single cells was
performed by adopting the procedure described previously.40

Briefly, cell spheroids were collected on day 7 in an Eppendorf
tube and the media was removed, and the spheroids were
washed twice with 300 µL of 1× phosphate buffered saline
(PBS) (Gibco). Next, 300 µL of Accutase (Corning) was added to
the spheroids and incubated for ∼5 min at 37 °C. After 5 min
of incubation, the spheroids were resuspended in Accutase
using a 200 µL pipette tip to mechanically disintegrate the
spheroids for another ∼5 min followed by an additional incu-
bation of ∼5 min. This cycle was repeated for ∼40 min and the
Eppendorf tubes were centrifuged for allowing the cells to
settle to the bottom. The single cells were then washed twice
with PBS and transferred to a 96 well plate for staining.

2.6. 5-Ethynyl-2′-deoxyuridine (EdU) cell proliferation assay

The proliferation of cell spheroids under various culture con-
ditions for a period of 7 days was measured by incorporating
EdU (Click-iT® EdU Microplate Assay Kit (Invitrogen C10214))
into the cell DNA as described in previous studies.12,38 Briefly,
on day 7, media in each well were replaced with 10 µM EdU
containing media and incubated overnight. The media were
then removed and the spheroids were dissociated into single
cells and transferred into a 96 well plate and fixed for ∼5 min
by adding 50 µL of the click-iT® EdU fixative. Next, 50 µL of
the reaction cocktail prepared as per manufacturer’s protocol
was added to the wells and incubated for 25 min in the dark at
room temperature. After incubation, the plate was centrifuged
at 1000g for 1 min, followed by washing twice with PBS. The
cells were then counterstained with DAPI (Invitrogen) for
5 min in the dark at room temperature. An Olympus
IX83 microscope with a spinning confocal disc attachment was
used for fluorescence microscopy. Exposure time and gain set-
tings were maintained constant for all the conditions. Multi
point tool in ImageJ software was utilized to quantify %EdU
positive cells, as described previously.12

2.7. Immunofluorescence staining

On day 7, the cell spheroids cultured under various culture
conditions were collected and dissociated into single cells and
transferred into a 96 well plate and washed twice with 100 µL
of PBS. Next, the cells were fixed at room temperature for
20 min by adding 100 µL of 4% paraformaldehyde, permeabi-
lized in the presence of 0.25% TritonX-100 in 1× PBS for
15 min at room temperature and blocked by adding 5% bovine
serum albumin (BSA) in 1× PBS for 30 minutes at 4 °C.
Between each step, the cells were washed with PBS and before
aspirating any solution, the plate was centrifuged at 1000g for
1 min. The cells were then stained for Ki67 protein (ab15580,
Abcam) (marker for cell proliferation), cleaved caspase-3
(Asp175, Cell Signaling Technology), vimentin (SC-6260, Santa

Cruz Biotechnology), or E-cadherin (SC-21791, Santa Cruz
Biotechnology).

The cells were incubated overnight at 4 °C with 100 µL of
primary antibody dilutions (1 : 150 for Ki-67, 1 : 200 for vimen-
tin, E-cadherin, and cleaved caspase-3, respectively,) in 1× PBS.
On the following day, the cells were washed twice with 1× PBS
and incubated at 4 °C for 1 hr with 100 µL of fluorescently
labeled secondary antibody dilutions (1 : 1000) in 1× PBS. Alexa
Fluor 488-conjugated goat anti-rabbit secondary antibody
(A11034, Invitrogen) was used to detect Ki-67 and cleaved
caspase-3. Alexa Fluor 488-conjugated goat anti-mouse second-
ary antibody (A11001, Invitrogen) was utilized to detect vimen-
tin and E-cadherin. Later, the cells were counterstained with
DAPI for 5 min at room temperature. An Olympus
IX83 microscope with a spinning confocal disc attachment was
used for fluorescence microscopy. Exposure time and gain set-
tings were maintained constant for all conditions. Multi point
tool in ImageJ software was utilized to quantify % Ki67 posi-
tive, % vimentin positive, and % cleaved caspase-3 positive
cells, as described previously.12 A similar protocol was followed
for staining cell spheroids. Cell spheroids were also directly
stained for F-actin using AlexaFluor-488 labeled phalloidin
(A12379, Invitrogen) using a dilution of 1 : 500.

2.8. Apoptosis assay

In addition to cleaved caspase-3 staining, Annexin-V Apoptosis
Detection Kit (Santa Cruz Biotechnology) was used to detect
the % apoptotic cells present in 10k cell spheroids by follow-
ing the protocol prescribed by the manufacturer. Briefly, on
day 7, cell spheroids were dissociated into single cells. Single
cells were washed twice with PBS and once with 1× assay
buffer solution. After washing, 100 μL of 1× assay buffer solu-
tion and ∼2.5 μL of FITC-conjugated Annexin-V was added to
the cells and incubated for 15 min in the dark at room temp-
erature. The cells were then washed twice with PBS. Before
aspirating any solution from the wells, the plate was centri-
fuged at 1000g for 1 min to allow the cells to settle to the
bottom. An Olympus IX83 microscope with a spinning con-
focal disc attachment was used for fluorescence microscopy.
Exposure time and gain settings were maintained constant for
all the conditions. Multi point tool in ImageJ software was uti-
lized to quantify % apoptotic cells, as previously described.12

2.9. Statistical analysis

All the experiments were performed at least twice with at least
2 replicates for each condition. The data are reported as mean
± standard error unless otherwise mentioned. Statistical ana-
lysis was performed using JMP Pro software. Student’s t-test or
ANOVA followed by Tukey’s HSD post-hoc analysis was per-
formed to compare samples depending on the number of
available data sets. A statistically significant difference
between the data sets was noted for p-value less than 0.05.
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3. Results and discussion

In this study, we report an in vitro biomaterial based-model, to
investigate the impact of ECM stiffness and cell cluster size on
the dormant vs. proliferative status of brain metastatic breast
cancer cell clusters by utilizing various sizes of MDA-MB-231Br
cell spheroids and HA hydrogels with varying stiffnesses. The
impact of ECM stiffness on the behavior of tumor cells at the
single cell level has been extensively studied in the context of a
primary tumor setting,11,19,20,23–27,41 however, relatively few
studies have been reported in the metastatic setting.12,29,36

Herein, for the first time, we studied the influence of ECM
stiffness on BCBM cell clusters, as they are known to possess
higher metastatic potential. Furthermore, cell–matrix inter-
actions involved in establishing BCBM are not well under-
stood. To this end, we elucidated the effect of various culture
conditions on BCBM cell spheroids by culturing them as sus-
pension and adherent cultures in addition to culture on ECM
mimicking HA hydrogels.

3.1. Effect of culture conditions and cell spheroid size on the
phenotype of BCBM cell spheroids

Despite the fact that tumor cell clusters possess higher meta-
static potential compared to single cells, the interaction
between tumor cell clusters and the brain microenvironment
is not well understood. Here, soft (0.4 kPa) and stiff (4.5 kPa)
HA hydrogels were formulated to simulate the stiffness range
of the native brain ECM (0.2–1 kPa (ref. 42)) and that noted for
metastatic brain malignancy (3.7 kPa (ref. 43)). HA hydrogels
were formed by altering the crosslinker concentrations while
maintaining a similar HA composition. To assess the impact
of culture conditions, we cultured brain metastatic breast
cancer cell spheroids in suspension culture, adherent culture
on 2D TCPS, and on top of the brain ECM mimicking soft (0.4
kPa) and stiff HA (4.5 kPa) hydrogels. To date, circulating
tumor cell (CTC) clusters composed mostly of 2 to 100 cells
have been detected clinically.44 Here, to assess the impact of
cluster size, cell spheroids were prepared by using six different
cell densities (i.e., 100, 500, 1k, 2k, 5k and 10k cells), including
the clinically observed 100 cell clusters.44 Optical imaging
showed that uniform and reproducible cell spheroids were
formed within 24 h. These cell spheroids were then transferred
to different culture conditions on the next day and cultured for
7 days. Day 0 bright field and fluorescent images of cell spher-
oids (Fig. 1a and b) show that the cells were compactly posi-
tioned in the spheroids and no scattering of cells was seen
even after the transfer of the spheroids. To assess the growth
profile of cell spheroids, the area of the cell spheroids was
measured each day throughout the culture period.

Cell spheroids cultured adherently on 2D TCPS exhibited an
enhanced growth profile, where the cells started to spread on
TCPS and in the case of higher cell density spheroids more
than half of the well plate area was covered with cells by the
end of day 7 (Fig. S1–S6†). As a result, the day 7 area of all the
cell spheroids was at least 10 times greater than the day 0
areas. Thus, only the area of cell spheroids cultured in suspen-

sion, and on soft or stiff HA hydrogel was plotted to show the
impact of culture conditions on cell spheroids (Fig. 1c–h). In
the case of 100 and 500 cell spheroids, spheroids cultured in
suspension displayed a linearly increasing growth trend as the
cell spheroid areas increased from day 0 to day 7 (Fig. S1 and
S2†). Specifically, for the 100 cell spheroid, the day 7 area in
the suspension culture (37 699 ± 8624 µm2) was ∼4 times
higher compared to the day 0 area (8828 ± 321 µm2) and for
the 500 cell spheroid, the day 7 area in the suspension culture
was ∼7 times greater compared to the day 0 area. In contrast,
the areas of 100 and 500 cell spheroids cultured on the soft or
stiff HA hydrogel remained mostly constant throughout the
culture period (Fig. 1c and d). For 1k and 2k cell spheroids,
day 7 spheroid areas for suspension culture were ∼7 times
higher than the day 0 area and the areas of 1k and 2k cell
spheroids cultured on the soft HA hydrogel remained largely
unchanged from day 0 to day 7. However, a slight increase in
the area was noted by the end of day 7 for 1k and 2k cell spher-
oids cultured on the stiff HA hydrogel compared to the soft HA
hydrogel, although this change was not statistically significant
(Fig. 1e and f).

Even though similar growth profiles were observed for 5k
and 10k cell spheroids when cultured in suspension, the fold
increase in the area over 7 days for 5k (∼5 times) and 10k
(∼2.75 times) cell spheroids was less when compared to 500,
1k and 2k (>7 times) cell spheroids. When cultured on the soft
HA hydrogel, both 5k and 10k cell spheroids exhibited a
dormant phenotype, wherein the cell spheroid area was mostly
unchanged throughout the culture period. In contrast, on the
stiff HA hydrogel, areas of both 5k and 10k cell spheroids
increased significantly (p < 0.05), as the day 7 area of both the
cell spheroids was ∼1.8 fold higher compared to those on the
soft HA hydrogel (Fig. 1g and h). Based on area measurements,
BCBM cell spheroids exhibited three different phenotypic
growth patterns depending on the culture environments.
When BCBM cell spheroids were cultured either in suspension
or adherent cultures, they exhibited a proliferative phenotype
as expected (Fig. 1, and S1–S6†). When BCBM cell spheroids
were cultured on top of soft HA hydrogels, they exhibited a
dormant phenotype compared to stiff HA hydrogels (Fig. 1).
Furthermore, cell spheroids cultured on top of stiff HA hydro-
gels displayed a size dependent switch between dormant and
proliferative phenotypes (Fig. 1).

Interestingly, stiffness mediated cell migration from cell
spheroids and micro-colony formation were observed for 10k
cell spheroids cultured on the stiff HA hydrogel by day 7. In
contrast, when the 10k cell spheroids were cultured on the soft
HA hydrogel for a period of 7 days, the spheroids displayed the
same morphology throughout the culture time (Fig. 2a and b).
This is consistent with observations made by Ondeck et al.,
who also recently showed that on stiff methacrylated HA sub-
strates (∼5 kPa), cells tend to migrate away from mammary epi-
thelial cell spheroids.45 In 10k cell spheroids cultured on the
stiff HA hydrogel, no cell migration was observed by the end of
day 1 (Fig. 2c), however, by the end of day 7, we noticed cell
migration and micro-colony formation at a significant distance
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(375 ± 61 µm) from the spheroids (Fig. 2d i, ii and e).
Interestingly, uniform cell migration was not observed
throughout the periphery of the spheroid (Fig. 2d iii and iv) as
seen on 2D TCPS (Fig. S6†). The maximum area of the micro-
colonies formed was similar to that of the 100 cell spheroid
area; these micro-colonies were as compact as those of the 100
cell spheroid (Fig. 2d v). Taken together, these results indicate
that the culture environment, size of the cell clusters, and the
ECM stiffness play a crucial role in modulating the growth phe-
notype of cell clusters.

3.2. ECM stiffness driven dormancy and proliferation in
BCBM cell spheroids

As the cell spheroids cultured on top of the soft or stiff HA
hydrogel displayed a dormant vs. proliferative phenotype, we
sought to quantify the percentage of proliferating cells present
in the cell spheroids. First, we utilized Ki67 staining to detect
the Ki67 protein, which is used as a marker for cell prolifer-
ation, as it is highly expressed during the active phases of the
cell cycle and is absent when the cells are either in a dormant

or quiescent phase.46,47 Also, many studies have utilized Ki67
as a marker to study dormancy.12,22,29,31 We initially stained
the cell spheroids cultured on both soft and stiff HA hydrogels
directly on day 7 for Ki67. We found that 100, 500, 1k and 2k
cell spheroids were largely Ki67 negative (Fig. S7–S10†) regard-
less of hydrogel stiffness. However, the 5k and 10k cell spher-
oids cultured on the stiff HA hydrogel showed some Ki67 posi-
tivity indicating the presence of proliferating cells compared to
the spheroids cultured on the soft HA hydrogel (Fig. S11 and
S12†). Ki67 staining of cell spheroids directly, qualitatively
demonstrated size-dependent dormant vs. proliferative pheno-
types on the stiff HA hydrogel and a dormant phenotype on
the soft HA hydrogel irrespective of the cluster size.
Interestingly, micro-colonies of 10k cell spheroids formed on
the stiff HA hydrogel exhibited Ki67 positivity (Fig. S13†),
however, those of similar sized 100 cell spheroid were largely
Ki67 negative when seeded directly on the stiff HA hydrogel
(Fig. S7†).

To obtain quantitative results, we dissociated the spheroids
into single cells and stained them for Ki67. For this analysis,

Fig. 1 Brain metastatic breast cancer cell spheroids exhibited differential growth responses over a period of 7 days depending on the culture con-
ditions and spheroid size. (a) Bright field and (b) florescent images (day 0) of cell spheroids prepared using 100, 500, 1k, 2k, 5k and 10k
MDA-MB-231Br cells (from left to right). Scale bar = 100 µm. Area of cell spheroids under various culture conditions for (c) 100 cell spheroids, (d)
500 cell spheroids, (e) 1k cell spheroids, (f ) 2k cell spheroids, (g) 5k cell spheroids and (h) 10k cell spheroids over a period of 7 days. Blue – suspen-
sion culture, red – stiff HA hydrogel (4.5 kPa), and black – soft HA hydrogel (0.4 kPa). N ≥ 5 replicates per condition. **Indicates statistical signifi-
cance (p < 0.05) compared to both soft and stiff HA hydrogel conditions for the area at day 7. *Indicates statistical significance (p < 0.05) compared
to the soft HA hydrogel for the area at day 7. Error bar represents standard error.
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we used only the 10k cell spheroid, given the dramatic differ-
ences in stiffness induced growth characteristics observed
under this condition (Fig. 1). On day 7, spheroids cultured on
top of HA hydrogels were collected and disintegrated into
single cells. Ki67 staining of these single cells revealed that
spheroids cultured on the stiff HA hydrogel had a 2 fold
higher population of Ki67 positive cells compared to those on
the soft HA hydrogel (p < 0.05). Specifically, 11.7 ± 1.6% cells
were Ki67 positive when cultured on the soft HA hydrogel vs.
27.7 ± 2.3% on the stiff HA hydrogel (Fig. 3). Single cells
obtained from the 10k cell spheroid cultured in suspension
and adherent cultures were also stained for Ki67, indicating
32.6 ± 0.2% Ki67 positive cells present in the suspension
culture, and 52.6 ± 3.8% Ki67 positive cells in the adherent
culture (Fig. 3). The number of Ki67 positive cells present in
the 10k cell spheroids cultured in suspension and adherent
cultures was significantly higher when compared to those on
the soft HA hydrogel (p < 0.05).

In addition to Ki67, we also evaluated the % of proliferating
cells present in the 10k cell spheroids by incorporating EdU
into the newly synthesized DNA. EdU incorporation has been
widely used to measure cell cycle progression (G0/G1 tran-
sition) and as a marker to study cancer dormancy.11,12,31,38,48

EdU staining was carried out on day 7 for 10k cell spheroids
cultured on the soft or stiff HA hydrogel, as well as suspension
and adherent cultures. Consistent with Ki67 staining, we
found that % of EdU positive cells present in 10k cell spher-

oids was significantly higher in the stiff HA hydrogel compared
to the soft HA hydrogel (p < 0.05). In particular, 16.4 ± 1.5% of
EdU positive cells were present in the spheroids cultured on
the soft HA hydrogel compared to 37.5 ± 0.9% of EdU positive
cells in the stiff HA hydrogel (Fig. S14†). The percentage of
EdU positive cells was significantly higher (p < 0.05) in the 10k
cell spheroids cultured in suspension (54.9 ± 2.2%) and adher-
ent cultures (72.8 ± 1.5%) compared to spheroids cultured on
both soft and stiff HA hydrogels (Fig. S14†).

To gain mechanistic insights, we performed immunofluor-
escence staining for vimentin (mesenchymal marker),
E-cadherin (epithelial marker) and F-actin for the 10k cell
spheroids. We observed an increase in the % of vimentin-posi-
tive cells in 10k cell spheroids on the stiff HA hydrogel com-
pared to those on the soft HA hydrogel (i.e., 50.8 ± 3.2% vs.
35.8 ± 3.3%) (Fig. S15 and S16†). MDA-MB-231Br cells are
derived from MDA-MB-231 (parental cell line), and exhibit
mesenchymal characteristics.49 Thus, as expected, the % of
E-cadherin positive cells was low (<2%), and similar on both
soft and stiff HA hydrogels (not shown). Migrating cells from
10k cell spheroids on the stiff HA hydrogel exhibited a spread
morphology at the spheroid periphery and near the micro-colo-
nies (Fig. S17 and S18†) with a developed actin cytoskeleton,
whereas on the soft HA hydrogel no protrusions were seen
along the periphery of the 10k cell spheroids (Fig. S19†). Size
dependent dormant vs. proliferative phenotypes observed on
the stiff HA hydrogel can also be partly attributed to a signifi-

Fig. 2 Stiffness and size-induced migration and formation of micro-colonies were observed in 10k cell spheroids when cultured on a stiff HA
hydrogel (4.5 kPa) as opposed to those cultured on a soft HA hydrogel (0.4 kPa). (a) Day 1 and (b) day 7 bright field and florescent images of 10k cell
spheroids cultured on a soft HA hydrogel. (c) Day 1 and (d) day 7 bright field and florescent images of 10k cell spheroids cultured on a stiff HA hydro-
gel and (e) distance of micro-colonies from the spheroid periphery. N ≥ 8 replicates per condition.
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cant increase (p < 0.05) in the percentage of vimentin positive
cells in larger clusters (50.8 ± 3.2% positive cells in the 10k cell
spheroid) compared to small clusters (40.6 ± 1.9% positive
cells in 500 cell spheroids). Furthermore, % EdU positive cells
present in the 500 cell spheroid were significantly lower (13.5 ±
1.3%) compared to the 10k cell spheroids (37.5 ± 0.9%) cul-
tured on the stiff HA hydrogels (p < 0.05).

Annexin-V and cleaved caspase-3 staining were utilized to
quantify apoptotic cells present in the 10k cell spheroids and
to examine whether the observed dormant phenotype on the
soft HA hydrogel is due to apoptosis. The percentage of apop-
totic cells present in 10k cell spheroids cultured on both soft
and stiff HA hydrogels was similar and less than 11% (Fig. S20
and S21†). In particular, the spheroids contained 7.4 ± 1%
Annexin V positive cells in the soft HA hydrogel compared to
5.1 ± 1.1% in the stiff HA hydrogel. Similarly, 11.2 ± 3.2% cells
stained positive for cleaved caspase-3 in the soft HA hydrogel
compared to 7.6 ± 0.9% in the stiff HA hydrogel. This result
suggests that the dormancy observed on the soft HA hydrogel
is primarily due to the ECM stiffness and not due to cell death
by apoptosis. In summary, these results demonstrated that
spheroids cultured on a soft HA hydrogel exhibited a dormant
phenotype in comparison with the spheroids cultured on a
stiff HA hydrogel that exhibited a size dependent dormant vs.
proliferative phenotype. Previously, Singh et al., reported that
size dependent migratory characteristics were exhibited by
three dimensional breast cancer micro-tumors when cultured
on non-adhesive PEG dimethacrylate hydrogel microwells.50,51

Herein, we were able to establish a cluster size cut off range for

the dormant vs. proliferative phenotype on the stiff HA hydro-
gel for the first time depending on the initial number of cells
present in the cluster (i.e., proliferative phenotype ≥5000 cells
< dormant phenotype). Thus, our data suggest that matrix
stiffness and cluster size collectively determine the dormant
vs. proliferative phenotype. Based on prior studies,28,50,52 it is
possible that necrotic cores may be present in 10k cell spher-
oids (diameter >400 μm) and may also play a role in the
observed phenotype. This would be investigated in future
studies.

3.3. Reversibility of the ECM stiffness induced dormant
phenotype

Reawakening of dormant tumor cells or cell clusters by micro-
environmental derived cues has been known to contribute to
disease relapse at the metastatic site.9,11,13 Modifications to
the ECM, which results in the reawakening of single dormant
cancer cells, have been previously reported
in vitro.11,12,19,23,28,45 For instance, Barkan et al., demonstrated
that the incorporation of fibronectin into the ECM (cultrex)
drove quiescent single D2.0R breast cancer cells into a prolif-
erative state.19 A recent study by Pradhan et al., showed that
dormant MDA-MB-231 breast cancer cells can be activated by
increasing the adhesiveness of the matrix.11 In the context of
reversing ECM stiffness driven dormancy, Grandhi et al.,
showed that when dormant 100k T24 (bladder cancer) cell
spheroids cultured on ∼216 kPa Amikagels were transferred to
∼36 kPa Amikagels, cell shedding and micro-colony formation
were observed.28 Herein, we tested whether the ECM stiffness

Fig. 3 Brain metastatic breast cancer cells in 10k spheroids cultured on the soft HA hydrogel (0.4 kPa) were Ki67 negative and displayed a dormant
phenotype compared to those on the stiff HA hydrogel (4.5 kPa). (a) Representative fluorescent images of Ki67 staining for MDA-MB-231Br cells
obtained from 10k spheroids cultured under various culture conditions. Blue – DAPI (nucleus) and green – Ki67. Scale bar = 100 µm. (b)
Quantification of Ki67 positive cells in 10k spheroids cultured on soft or stiff HA hydrogel, suspension, and adherent cultures, respectively. N ≥ 4
replicates per condition. **Indicates statistically significant difference (p < 0.05) compared to the soft and stiff HA hydrogel and suspension culture.
*Indicates statistically significant difference (p < 0.05) compared to the soft HA hydrogel. Error bar indicates standard error.
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induced dormant phenotype was reversible. Specifically, we
tested whether the transfer of a dormant spheroid to a stiff HA
hydrogel environment would revoke dormancy. For this study,
10k cell spheroids were cultured on a soft HA hydrogel for a
period of 7 days, following which, the spheroids were collected
and transferred on to a freshly prepared soft or stiff HA hydro-
gel (Fig. 4a) and cultured for an additional 7 days. On the soft
HA hydrogel, 10k cell spheroids exhibited a dormant pheno-
type for the initial 7 days and later when transferred to a new
soft HA hydrogel (soft to soft) showed a similar phenotype
until day 14. Upon transfer to a stiff HA hydrogel (soft to stiff ),
cell migration from the spheroid was observed (Fig. 4b), but
surprisingly, the formation of micro-colonies was not observed
during the culture period. Furthermore, the area of the cell
spheroids at day 14 for the soft to stiff HA hydrogel conditions
was significantly higher (p < 0.05) when compared to soft to
soft HA hydrogel conditions indicating a dormant-to-prolifera-
tive switch (Fig. 4c).

These results were further supported by Ki67 staining. In
the case of spheroids cultured on soft to stiff HA hydrogel for
14 days, % of Ki67 positive cells were 2 fold higher (p < 0.05)
when compared to the soft to soft HA hydrogel. In particular,
19.2 ± 1.6% of the cells were Ki67 positive in the soft to stiff
HA hydrogel compared to 9.2 ± 0.8% in the soft to soft HA
hydrogel (Fig. 5). In addition, we also evaluated whether the
dormant spheroids could attain a proliferative phenotype
when they were transferred to 2D TCPS (i.e., soft to adherent)
culture conditions. Herein, 10k cell spheroids were transferred

to 2D TCPS after culturing on the soft HA hydrogel for 7 days.
Transfer of these dormant spheroids to 2D TCPS also triggered
the phenotypic switch from dormant to proliferative phenotype,
over the course of 7 additional days in culture. Specifically, the
area of the cell spheroids cultured in soft to adherent was signifi-
cantly higher (p < 0.05) when compared to soft to soft conditions.
Additionally, the % of Ki67 positive cells under soft to adherent
conditions (34 ± 3%) was ∼3.5 times higher compared to soft to
soft conditions (9.2 ± 0.8%) (Fig. S22†). Modulation of the culture
environment resulted in cell migration from spheroids similar to
the observations made by Grandhi et al.,28 whereas the spheroids
retained dormant phenotype when cultured in a similar micro-
environment (i.e., soft HA hydrogel) (Fig. 4, 5 and S22†). Taken
together, these results indicated that the observed dormant phe-
notype was, indeed, reversible by modulating the culture
environment.

Some limitations of this study that should be taken into
consideration are as follows: (i) In vivo, CTC clusters may also
contain immune cells that can impact the growth of CTC
clusters5,53 and future studies should examine the interactions
between CTC clusters and immune cells. (ii) Herein, the top-
seeded culture was employed (as opposed to encapsulation) to
specifically evaluate the impact of matrix stiffness and cluster
size and future studies could examine how the encapsulation
of cell clusters impacts their phenotype. Overall, by utilizing a
biomimetic HA hydrogel platform to recapitulate the brain
microenvironment, we elucidated metastatic site specific cell
cluster–ECM interactions (i.e., ECM stiffness induced dor-

Fig. 4 Stiffness induced dormant phenotype observed on the soft HA hydrogel (0.4 kPa) for 10k cell spheroids was reversible. (a) Schematic depict-
ing the transfer of 10k cell spheroids from the soft HA hydrogel to another soft or stiff HA hydrogel. (b) Day 7 bright field and fluorescent images of
10k cell spheroids cultured on the soft HA hydrogel and day 14 bright field and fluorescent images of 10k cell spheroids transferred from the soft HA
hydrogel on day 7 to the soft or stiff HA hydrogel and cultured for an additional 7 days. Scale bar = 200 µm. (c) Area of 10k cell spheroids measured
over a period of 14 days. N ≥ 6 replicated per condition. *Indicates statistical significance (p < 0.05) compared to the ‘soft to soft’ condition for the
area at day 14. Error bar represents standard error.

Paper Biomaterials Science

6644 | Biomater. Sci., 2020, 8, 6637–6646 This journal is © The Royal Society of Chemistry 2020

Pu
bl

is
he

d 
on

 2
8 

Se
pt

em
be

r 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f A
la

ba
m

a 
at

 T
us

ca
lo

os
a 

on
 7

/1
5/

20
21

 4
:2

9:
29

 P
M

. 
View Article Online

https://doi.org/10.1039/d0bm00969e


mancy, spheroid size dependent dormant vs. proliferative phe-
notypes, formation of micro-colonies, and reawakening of
dormant cell spheroids) in a single in vitro platform.

4. Conclusions

Here, we successfully utilized biomimetic HA hydrogels with
variable stiffnesses and six different sizes of cell spheroids to
evaluate the impact of ECM stiffness and cluster size on the
dormant versus proliferative phenotypes of brain metastatic
breast cancer cell clusters. BCBM cell spheroids attained a
dormant phenotype when cultured on soft HA hydrogels,
whereas they exhibited a size-dependent switch between the
dormant and proliferative phenotypes on stiff HA hydrogels
(i.e., proliferative phenotype ≥5000 cells < dormant pheno-
type). In addition, micro-colony formation was observed for
10k cell spheroid on stiff HA hydrogels. We also demonstrated
that the stiffness induced dormancy was reversible. This
system could provide a useful tool to investigate the signaling
pathways involved in BCBM colonization by further incorporat-
ing various metastatic site specific cues (e.g., cellular cues)
along with the mechanical cues investigated in this work. In
addition, this system could also be used for screening anti-
metastatic drugs.
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