
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=iphd20

Pharmaceutical Development and Technology

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/iphd20

Gelatin-methacryloyl hydrogel based in vitro
blood–brain barrier model for studying breast
cancer-associated brain metastasis

Robin Augustine, Alap Ali Zahid, Fatima Mraiche, Khurshid Alam, Ala-Eddin
Al Moustafa & Anwarul Hasan

To cite this article: Robin Augustine, Alap Ali Zahid, Fatima Mraiche, Khurshid Alam, Ala-Eddin Al
Moustafa & Anwarul Hasan (2021) Gelatin-methacryloyl hydrogel based in vitro blood–brain barrier
model for studying breast cancer-associated brain metastasis, Pharmaceutical Development and
Technology, 26:4, 490-500, DOI: 10.1080/10837450.2021.1872624

To link to this article:  https://doi.org/10.1080/10837450.2021.1872624

© 2021 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

View supplementary material 

Published online: 15 Feb 2021. Submit your article to this journal 

Article views: 1238 View related articles 

View Crossmark data Citing articles: 6 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=iphd20
https://www.tandfonline.com/loi/iphd20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10837450.2021.1872624
https://doi.org/10.1080/10837450.2021.1872624
https://www.tandfonline.com/doi/suppl/10.1080/10837450.2021.1872624
https://www.tandfonline.com/doi/suppl/10.1080/10837450.2021.1872624
https://www.tandfonline.com/action/authorSubmission?journalCode=iphd20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=iphd20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10837450.2021.1872624
https://www.tandfonline.com/doi/mlt/10.1080/10837450.2021.1872624
http://crossmark.crossref.org/dialog/?doi=10.1080/10837450.2021.1872624&domain=pdf&date_stamp=2021-02-15
http://crossmark.crossref.org/dialog/?doi=10.1080/10837450.2021.1872624&domain=pdf&date_stamp=2021-02-15
https://www.tandfonline.com/doi/citedby/10.1080/10837450.2021.1872624#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/10837450.2021.1872624#tabModule


RESEARCH ARTICLE
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Anwarul Hasana,b
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Engineering, College of Engineering, Sultan Qaboos University, Sultanate of Oman; eCollege of Medicine, QU Health, Qatar University,
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ABSTRACT
Breast cancer is one of the leading causes of brain metastasis. Metastasis to the brain occurs if cancer
cells manage to traverse the ‘blood-brain barrier’ (BBB), which is a barrier with a very tight junction (TJ)
of endothelial cells between blood circulation and brain tissue. It is highly important to develop novel
in vitro BBB models to investigate breast cancer metastasis to the brain to facilitate the screening of che-
motherapeutic agents against it. We herein report the development of gelatin methacryloyl (GelMA)
modified transwell insert based BBB model composed of endothelial and astrocyte cell layers for testing
the efficacy of anti-metastatic agents against breast cancer metastasis to the brain. We characterized the
developed model for the morphology and in vitro breast cancer cell migration. Furthermore, we investi-
gated the effect of cisplatin, a widely used chemotherapeutic agent, on the migration of metastatic breast
cancer cells using the model. Our results showed that breast cancer cells migrate across the developed
BBB model. Cisplatin treatment inhibited the migration of cancer cells across the model. Findings of this
study suggest that our BBB model can be used as a suitable tool to investigate breast cancer-associated
brain metastasis and to identify suitable therapeutic agents against this.
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1. Introduction

Metastasis is the process by which malignant cells migrate from
the primary tumor site, circulate and form secondary tumors at
anatomically distant sites (Sobierajska et al. 2019). Almost 90% of
breast cancer-associated death arises due to breast cancer metas-
tasis (Mehlen & Puisieux 2006; Narkhede et al. 2017). Several che-
motherapeutic agents such as prostacyclin (Honn et al. 1981),
forskolin (Agarwal and Parks 1983) and ruthenium complexes
(Enzo Alessio et al. 2004) are being used as anti-metastatic agents.
However, their potential side effects limit the clinical applicability
(Gandalovi�cov�a et al. 2017). In these circumstances, it is highly
desirable to find out new effective therapeutics to inhibit the
development of secondary tumors due to cancer metastasis
(Raimondi et al. 2011; Bersini et al. 2014). Cancer cells have to
overcome various barriers (e.g. blood–brain barrier) (Wilhelm et al.
2013; Bhowmik et al. 2015) to successfully invade, proliferate and
form metastatic tumors in distant organs (Langley and Fidler
2007). Lack of a clear understanding regarding the effectiveness
of chemotherapeutic agents against brain metastasis has
remained a major challenge in cancer research (Debeir et al. 2008;
Brown Chandler et al. 2019). Thus, appropriate in vitro
(Malandrino et al. 2018) and in vivo (Khanna and Hunter 2004)
models are required for the identification and testing of anti-can-
cer drugs with the potential to prevent metastasis (Gandalovi�cov�a
et al. 2017; Anderson et al. 2019).

The blood–brain barrier (BBB) plays a crucial role in the pre-
vention of cancer metastasis to the brain. The BBB is composed
of a specialized vascular endothelium, astrocyte cells, pericytes
and neurons. Under certain circumstances, cancer cells may pene-
trate the BBB and reach the brain, which is one of the major rea-
sons for brain tumors or cancers (Tominaga et al. 2015). Various
in vitro and in vivo approaches and methods have been used to
model cancer metastasis (Visakorpi et al. 1995) (Modarres et al.,
2018). In vivo models of metastasis such as human-mouse xeno-
grafts, genetically engineered mice and pet animals with naturally
occurring cancers were used to test cancer metastasis and to
screen therapeutic agents (Khanna & Hunter 2004). However,
in vivo methods come with their own set of impediments includ-
ing higher expenses of animal models. In vitro models have also
been developed and tried to screen anti-metastatic agents and
study cancer metastasis (Kim et al. 2010). In general, in vitro cell
migration models are more straightforward in comparison with
the more complicated in vivo ones (Malandrino et al. 2018).
However, growing information regarding the role of the micro-
environment in cancer progression indicates that the crosstalk
between cancer cells and host cells can play an important role in
the metastatic cascade. As a result of geometrical and microenvir-
onmental insufficiency of the 2D in vitro models where astrocytes,
endothelial cells or other relevant cells are seeded layer by layer,
it is important to develop multilayered models that can mimic
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relatively similar in vivo microenvironment (Ravi et al. 2015; Liu
et al. 2018; Rodrigues et al. 2018).

In the past, transwell systems were used as promising models
for cancer invasion and metastasis, where a particular cell type is
seeded over a porous membrane and another on the bottom of a
culture plate, facilitating cell migration across the porous mem-
brane to the lower compartment (Malandrino et al. 2018). While
conventional, in vitro models fail to capture many of the in vivo
physiology and cellular microenvironment, the cell-laden hydrogel
containing BBB model is a promising approach for biomimicking
brain structure. The development of an in vitro BBB model by uti-
lizing a hydrogel that acts as the suitable microenvironment for
astrocyte cells and endothelial cells can be a highly promising
approach. Such a model with hydrogel allows contact between
different types of cells while being spatially separated. This may
be useful to elucidate the mechanism of transmigration of meta-
static cancer cells through the BBB and help screen anti-cancer
agents that can inhibit metastasis.

GelMA is a hydrogel based on gelatin and consists of proteins
present in the basement membrane of cells like fibronectin and
laminin (Yue et al. 2015). Owing to these features, GelMA is

extensively used in tissue engineering to simulate the environ-
ment of a basement membrane (Kessler et al. 2017) (Augustine et
al., 2021) (Augustine et al., 2021). Earlier studies demonstrated the
role of matrix stiffness and attachment in the migration of cancer
cells (Pelham & Wang 1997). Thus, GelMA that can provide a suit-
able microenvironment for the proliferation of astrocytes and
endothelial cells can be a good biomaterial for creating a multi-
layered cell culture platform in metastasis models. In order to pro-
vide a load-bearing mechanical support for the GelMA hydrogel
and the seeded cells, transwell membranes can be used. Earlier
studies reported the applicability of transwell culture systems as
BBB models (Stone et al. 2019). Transwells consist of two compart-
ments separated by a porous membrane. The cells adhere to the
upper chamber and migrate to the bottom chamber by crossing
the separating porous membrane. The cells are observed after
appropriate time intervals and can be imaged after staining with
dyes such as crystal violet. We hypothesize that the triple-layered
structure composed of transwell membrane, GelMA-astrocyte layer
and endothelial layer can mimic the in vivo BBB microenviron-
ment and provide a realistic outcome in drug
testing.

Figure 1. Schematic representation of the process of fabrication and testing of the BBB model. GelMA-astrocyte suspension was deposited over the transwell mem-
brane and crosslinked by UV exposure to generate a stable astrocyte-loaded GelMA layer. Over this GelMA-astrocyte layer, endothelial cells were seeded and allowed
to proliferate and form a confluent layer of endothelial cells. GFP expressing MDA-MB-231 cells were seeded over the developed BBB model and their migration ability
was examined with and without anti-cancer drug, cisplatin.
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This paper reports the design of the BBB model based on
GelMA modified transwell inserts that provide a strong platform
to assess cancer cell migration to the brain and the rapid detec-
tion of migrated cells. The overall process of development and
testing of the BBB model is schematically represented in Figure 1.
This system will allow the separation of the two types of cells
(astrocytes and endothelial cells) while allowing direct communi-
cation at the interface. The use of umbilical cord-derived endothe-
lial cell lines (EA.hy926) instead of brain microvascular endothelial
cells is a novel aspect of this study. Although HUVEC-like cells dif-
fer from brain microvascular endothelial cells, TJ proteins can be
expressed in HUVEC depending upon the culture conditions
(Man et al. 2008). In the presence of astrocyte cells, the barrier
properties of formed BBB and TJ protein expression in umbilical
cord-derived endothelial cells can be upregulated. Upregulated
expression of TJ proteins was observed on HUVECs that were cul-
tured with human astrocyte-conditioned medium (Burns et al.
2000). Herein, the developed model is described morphologically
and physically and validated using a commercial triple-negative
breast cancer cell line and one anti-cancer agent, cisplatin. Results
are quantified as the number of migrated cancer cell per hydrogel
thickness.

Herein this study, we envisaged to develop an in vitro BBB
model-based GelMA, transwell inserts, endothelial cells and astro-
cytes. We also validated the developed model by investigating
the migration of breast cancer cell line and the inhibition of cell
migration by cisplatin.

2. Materials and methods

2.1. Cell culture

MDA-MB-231 cells (Passage 23–27) were cultured in DMEM
medium (Gibco) supplemented with 10% fetal bovine serum (FBS)
(Gibco) and 1% penicillin–streptomycin solution (Gibco). Cells
were maintained in a CO2 incubator with 5% CO2 supply at 37 �C.
The cell line used in this study was at passage 32–37. The cells
were cultured in 24 wells plate until they reached 80–90% conflu-
ence. The cells were then transfected with GFP plasmid DNA
using Lipofectamine (Invitrogen) to obtain a stable GFP express-
ing MDA cell line (GFP-MDA-231) using a reported protocol
(Augustine et al. 2020). Endothelial cells (EA.hy926, passage
35–38) were cultured in endothelial medium (Gibco) containing
1% penicillin–streptomycin solution (Gibco). Astrocyte cells (C8-
D1A, passage 43–49) were cultured in astrocyte medium (Gibco)
containing 1% penicillin–streptomycin solution.

2.2. Synthesis of GelMA

GelMA prepolymer was synthesized according to the method
reported earlier (Nichol et al. 2010). In brief, 10% w/v gelatin
(Type A) was prepared in Dulbecco’s phosphate-buffered saline
(DPBS). The solution was stirred at 50 �C until the complete dissol-
ution of gelatin. Methacrylic anhydride was slowly added and the
mixture was kept at 50 �C for 2 h with continuous stirring. The
solution was diluted 5 times and dialyzed in distilled water for
1week. The solution was lyophilized for 1week to get dry
GelMA form.

2.3. Optimization of Transwell-GelMA hydrogel assembly

Polymer solution was prepared by dissolving GelMA (2.5% or 5%
w/v) in DPBS. 2-hydroxy-1-(4-(hydroxyethoxy)phenyl)-2-methyl-1-
propanone (0.5% w/v, Irgacure 2959, CIBA Chemicals) was as used

as the photoinitiator. As the first step of fabrication, we used vari-
ous amounts of GelMA solution over the transwell membrane in
order to form a thin coating, a slightly thicker one �50ll and a
thicker coating of �100 ll of the GelMA solution over the trans-
well insert. The GelMA solution was then allowed to infiltrate
through the pores of transwell membranes for 1min, and photo-
crosslinked by exposure to UV for 3–10 s using a UV chamber
(500 nm wavelength, 7mW/cm2, Ommicure S1000). The GelMA-
Transwell assemblies were then washed several times in DPBS to
remove unreacted reagents. Samples were dried by serially dehy-
drating in alcohol and used for characterizing the morphology
and weight gain upon coating.

2.4. Morphological characterization

The microstructure of the GelMA hydrogels over the transwell
membrane was analyzed using a scanning electron microscope
(SEM). The transwell membranes deposited with GelMA hydrogel
were separated from the transwell insert using a surgical blade.
The samples were sputter-coated with gold and images were cap-
tured from different regions using a Nova Nano SEM 450 (20 kV)
(FEI, Oregon, United States). ImageJ software was used for the
measurement of pore diameter of transwell membranes before
and after GelMA deposition. The average pore diameter was
quantified from three different regions of three independent sets
of samples.

2.5. Weight gain after coating

The dry weight of transwell inserts were measured using a high
precision weighing balance (Sartorius Cubis MSA524P-100-DI)
before and after GelMA coating to quantify the weight gain.

2.6. Fabrication of cell-seeded BBB model

In order to mimic the structure of the BBB, the astrocyte cells
were embedded in the GelMA matrix and the endothelial cells
were seeded on top of the GelMA-astrocyte layer. Then, GelMA-
astrocyte component was deposited over the porous transwell
membrane and photo-crosslinked using UV. Upon astrocyte cell
proliferation and maturation for 48 h, endothelial cells were
seeded on the top of GelMA-astrocyte layer and cultured in a CO2

incubator. In order to determine the optimal parameters for cell
proliferation, several experiments were performed using different
concentrations of astrocytes, GelMA and photoinitiator in addition
to UV crosslinking time. Similarly, separate optimization studies
were also performed using endothelial cells on GelMA hydrogel
to ensure their proliferation. live/dead staining was performed
according to the manufactures protocol (Invitrogen) to check the
proliferation of astrocytes and endothelial cells on transwell or
transwell-GelMA constructs. The percentage of live cells was cal-
culated from the images taken at 3 different locations on the con-
structs according to Equation (1).

Live cells ð%Þ ¼ No: of live cells=

No: of live cellsþ No: of dead cellsð Þ� 100 (1)

The GelMA (2.5% w/v) prepolymer containing 4� 105 astrocyte
cells per ml was prepared in astrocyte growth media. The GelMA
solution also contained 0.5% w/w of photoinititiator (Irgacure
2959) with respect to the polymer content. The above compos-
ition hereafter termed as GelMA-astrocyte suspension. Three types
of GelMA-astrocyte depositions were made over transwell mem-
branes with different thicknesses. Initially, a thin coating of was
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made over the membranes by adding 100 ml of GelMA-astrocyte
suspension (Transwell-GelMA-TC). Subsequently, excess suspen-
sion was removed and photocrosslinking was performed. A
medium thickness coating was made over the transwell mem-
brane by adding 50ml of GelMA-astrocyte suspension and subse-
quent photocrosslinking (Transwell-GelMA-50). Similarly, a high
thickness coating was made over the transwell membrane by
adding 100 ml of GelMA-astrocyte suspension and subsequent
photocrosslinking (Transwell-GelMA-100). Throughout the fabrica-
tion process, transwell inserts were placed inside the correspond-
ing wells of the 24 well plates. In all cases, photocrosslinking was
performed with UV irradiation for 5 s using a UV chamber (7mW/
cm2, Ommicure S1000). Astrocyte growth medium was added into
both chambers of the transwell inserts and incubated at 37 �C in
5% CO2 supply for 48 h.

After ensuring the confluent growth of astrocyte cells, the top
chambers of the transwell-GelMA-astrocyte construct were seeded
with 200 ml of endothelial cells (5� 105 cells/ml) in an endothelial
cell growth medium. The cells were then incubated in the trans-
wells at 37 �C in 5% CO2 for 48 h. After the incubation, 5� 104

GFP-MDA-231 cells were seeded on the top of endothelial cells.
The top chamber was supplemented with serum-free DMEM
medium and the bottom chamber was supplemented with 10%
serum-containing DMEM medium. The bottom chamber of trans-
wells was observed after 24 h, 48 h and 72 h, under a fluorescent
microscope (Olympus, UK) to screen for migrated cells if any.
Migrated cells in each well were counted in three different
regions per well.

2.7. Testing of BBB model using cisplatin on the context of
breast cancer

Cisplatin, a chemotherapy medication used to treat a number of
cancers including breast, testicular, cervical, lung, bladder, ovarian,
head and neck and esophageal as well as mesothelioma, brain
tumors and neuroblastoma (Singh & Singh 2012), was used as a
model drug to test the developed BBB. The Transwell-GelMA
based BBB model was fabricated as detailed in the previous sec-
tion. Two days after endothelial cell seeding, the transwell-GelMA-
50 were seeded with 2� 104 GFP-MDA-231 cells per well.
Afterwards, cells were allowed to adhere and grow over the BBB
for 24 h in a DMEM medium containing 10% FBS (Gibco) and pen-
icillin–streptomycin solution (Gibco). Subsequently, the media was
removed, and BBB inserts were transferred to a new 24 well plate.
Stock solutions of Cisplatin (1mM) was prepared in 0.9% w/v
NaCl solution. This was diluted with DMEM medium to obtain
various concentrations of cisplatin (5, 10, 15, 20mM final concen-
tration) and added to the BBB transwell inserts and incubated for
3 days. This concentration range of cisplatin was selected based
on the results of the migration assay and MTT cell viability assay.
Transwell-GelMA-50 with GelMA-astrocyte and endothelial cell
layers without cisplatin were used as controls. Highest possible
NaCl content was used as a control to rule out the influence of
NaCl. Migrated cells in each well were counted every day in three
different fields per experiment under the fluorescent microscope
(Olympus, UK).

2.8. Statistical analysis

Statistical analysis of obtained results was performed using
Student’s t-test with a minimum confidence level of p� 0.05 for
statistical significance. The mean values in each group were calcu-
lated from three different experiments.

3. Results

3.1. Morphology of Transwell-GelMA model

Initially, transwell inserts deposited with GelMA were developed
without cells. The morphology of the hydrogels on transwell
inserts was analyzed at the micrometer level using scanning elec-
tron microscopy (SEM) (Figure 2(A)). Uncoated transwells showed
the presence of randomly arranged pores with an average diam-
eter of 7.3 ± 0.5mm (Figure 2(B)); while, transwell-GelMA-TC
showed the presence of a thin coating of GelMA over the trans-
well membrane creating a smooth surface. Thus, the average pore
size was considerably decreased due to the coating of GelMA. In
the case of Transwell-GelMA-50, the partial filling of the pores
with GelMA significantly reduced the number of pores. The pore
diameter was observed to be slightly decreased due to the infil-
tration of GelMA. However, Transwell-GelMA-100 with a relatively
thick coating of GelMA showed a different morphology in com-
parison with its counterparts. In this case, a shrunken appearance
of hydrogel with an irregular surface was observed. Most of the
pores of the transwell membrane were fully infiltrated with the
GelMA leading to reduced diameter of the pores. The weight of
the transwell inserts in dry condition was measured before and
after the GelMA deposition as shown in Figure 2(C). Transwell-
GelMA-TC showed a slightly higher dry weight than uncoated
transwell inserts. Transwell-GelMA-50 and Transwell-GelMA-100
were 2.9 to 4.7% heavier than uncoated transwell inserts.

3.2. Morphology of seeded cells

Developed BBB models were characterized for cell phenotype by
live/dead staining. Morphology of proliferating cells is shown in
Figure 3. Astrocytes were embedded in GelMA hydrogel which
were deposited over the membranes of transwell inserts.
Endothelial cells were seeded on top of GelMA-Astrocyte layer.
For visualizing astrocytes and endothelial cells separately, each
type of cell was seeded individually and imaged by fluorescent
microscopy. We compared the proliferation of astrocytes inside
the GelMA hydrogel (Figure 3(A)). Control, uncoated transwell
membranes have shown a relatively low number of astrocytes.
However, the cell density of astrocytes embedded in GelMA
hydrogel was 60% higher than uncoated transwell membranes.
Both Transwell-GelMA-TC and Transwell-GelMA-50 showed similar
cell density. However, astrocyte cell density was relatively higher
on Transwell-GelMA-100. Similarly, endothelial cell density over
uncoated transwell membranes were low (Figure 3(B)). In this
case also, Transwell-GelMA constructs shown higher cell density
than untreated transwell membranes. We did not observe a statis-
tically significant difference in the percentage of viable of cells
between different groups (88–94%) (Figure 3(C,D)).

3.3. Cancer cells migration through BBB

To investigate the potential of the developed Transwell-GelMA
BBB models to study cancer cell metastasis, GFP positive MDA-
MB-231 triple-negative cancer cells were seeded on the BBB
model and the migrated cells in the lower chamber of transwell
inserts were tracked. MDA-MB-231 cells were seeded on the endo-
thelial cell layer after they formed a confluent cell layer over the
GelMA-Astrocyte layer. However, we could observe endothelial
cell-free areas in the case of uncoated Transwells and Transwell-
GelMA-100 (Figure 4, first column). After 24 h of cancer cell seed-
ing, they proliferated well over the endothelial cell layer (Figure 4,
second column). This was clearly evident from the merged images

PHARMACEUTICAL DEVELOPMENT AND TECHNOLOGY 493



of endothelial cells and GFP expressing MDA-MB-231 cells (Figure
4, third column). Cells seeded on uncoated transwell membranes
showed a relatively lower cancer cell migration throughout the
study period (Figure 5(A)). Cells observed in the bottom chamber
possessed spherical morphology. Transwell-GelMA-TC also showed
a similar trend of cell migration. Cells migrated through
Transwell-GelMA-50 showed more number of live cells with elon-
gated/mesenchymal morphology (Domura et al. 2017) which indi-
cated that migrated cells were viable. However, almost all the
cells migrated through Transwell-GelMA-100 were with elongated/
mesenchymal morphology. The number of migrated GFP-MDA-
231 cells were counted from the microscopic images and given in
Figure 5(B).

3.4. Testing anti-cancer agent using BBB model

To test whether the developed BBB model can be used to study
the effect of anti-cancer agents on metastasis, seeded MDA-MB-
231 cells were treated with cisplatin. Cisplatin is an anti-cancer
chemotherapy drug under the category of alkylating agents. It is
recommended as one of the first-line therapies for metastatic
breast cancer (Sledge et al. 1988). Transwell-GelMA-50 was used
as an optimized BBB model for this study due to the ability of
GelMA to properly adhere to transwell insert, in addition to its
optimum porosity and moderate cell migration. Transwell-GelMA-

50 with GelMA-astrocyte and endothelial cell layers without cis-
platin treatment were used as the controls. In the case of control,
several MDA-MB-231 cells migrated to the lower compartment of
the inserts (Figure 6(A,B)). A significant reduction in cell migration
was observed in cisplatin-treated MDA-231 cells compared to con-
trol without cisplatin treatment (p< 0.05). Treatment with 5 mM
cisplatin for 24 h showed the presence of less than 2 migrated
cells in the lower compartment of the BBB. However, 3–6
migrated cells were observed at 48 h and 72 h of study, respect-
ively. Additionally, treatment with 10 and 20mM cisplatin showed
further reduction in cell migration compared to treatment with
5 mM cisplatin throughout the study period. Interestingly, no
migrated cancer cells were observed in the case of 20 mM cis-
platin-treated cells through the BBB model at 24 h time point.
Overall, cisplatin-treated cells showed reduced migratory potential
across the developed BBB with a clear trend of a greater reduc-
tion at higher concentrations. The results obtained from the
experiments support the applicability of the developed BBB
model to evaluate the effect of various anticancer agents on cell
migration across BBB.

4. Discussion

Metastatic brain tumors originated from primary breast cancer
sites form about 5% of all brain tumors (Barnholtz-Sloan et al.

Figure 2. Morphological characterization of the Transwell-GelMA construct. SEM micrographs (A), variation in pore size (B) and variation in weight (C) after hydrogel
deposition. The mean values in B and C for each group were calculated from three different SEM images and the weights of three different sets of samples, respect-
ively. Star symbol (�) indicates the data where a statistically significant difference (p� 0.05) was observed with the group of comparison.

494 R. AUGUSTINE ET AL.



2004). For cancer cells, brain metastasis entails successful transmi-
gration through the endothelial cell layer of brain capillaries.
Thus, BBB has a major role in preventing brain metastasis by act-
ing as a tight barrier around the brain tissue. However, upon
contact with BBB, cancer cells may destroy the BBB structure
and manage to cross it (Liebner et al. 2018). The BBB is a com-
plex biological structure composed of tight and adherent junc-
tions formed between adjacent endothelial cells of capillaries.
The properties and organization of endothelial cells are highly
influenced by other components of the brain tissue. Moreover,
astrocytes play an important role in the formation and mainten-
ance of BBB. Development of models that mimic BBB is highly
required to study the mechanism of cancer metastasis to the
brain and to screen anti-cancer agents that can prevent this
event. Thus, we have developed an astrocyte–endothelial cell-
based construct to mimic a natural BBB. The use of engineered
in vitro models provides enormous advantages including con-
trolled experimental conditions and ease of use (Benam et al.
2015). GelMA hydrogel was used to encapsulate astrocyte cells
and grow endothelial cells on its surface to form a structure that
mimics BBB. Apart from native cells, use of a suitable hydrogel
matrix can facilitate the development of a three-dimensional
structure that can create a natural BBB microenvironment (Li

et al. 2018). Transwell models based on human brain-derived
cells showed that co-cultivation of astrocytes with endothelial
cells is the most effective BBB model (Hatherell et al. 2011).
Stone et al. developed a transwell insert-based BBB model
coated with poly-L-Lysine (Hatherell et al. 2011). Unlike our
model where astrocytes were encapsulated inside a polymer
matrix, earlier studies seeded astrocytes and other cell types
over the polymer coating on transwell inserts.

We herein developed GelMA hydrogels with varying stiffness
by adjusting the concentration of GelMA, and photoinitiator,
crosslinking time and light intensity. Transwell inserts deposited
with 2.5% w/v GelMA showed good adherence and retention
when kept in PBS or cell culture media (data not shown).
Transwell membranes provided a mechanically stable support for
hydrogel and cell deposition (Wang et al. 2018). Transwell mem-
branes enabled the use of relatively fragile GelMA hydrogels that
lack the structural integrity to support the load of media and cells
as a free-standing unit. Pores present in the transwell membrane
were partially filled with GelMA hydrogels which could prevent
the quick passing of cells upon seeding.

To examine the developed BBB model, a commonly used
breast cancer cell line, MDA-MB-231 was used (Kasiotis et al.
2001). MDA-MB-231 is a highly invasive, and aggressive triple-

Figure 3. Representative images of live/dead assay of astrocytes embedded in GelMA hydrogel (A) and endothelial cells (B) on the top of GelMA layer of Transwell-
GelMA assembly after 48 h of cell culture. Percentage of live astrocytes (C) and endothelial cells (D) calculated from live/dead assay. Scale bars, 200mm. The mean val-
ues in B and C for each group were calculated from the results of three independent experiments.
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negative breast cancer (TNBC) cell line without many promising
treatment options (Goggins et al. 2018). About 46% of patients
with advanced TNBC are at the risk of brain metastases (Pestalozzi
et al. 2013). Thus, understanding the metastasis mechanism of tri-
ple-negative breast cancer cells across the BBB is of great interest
(Brosnan & Anders 2018). The migration of MDA-231 cells in the
presence of GelMA can be higher due to the extracellular matrix
mimicking property of GelMA hydrogel (Yue et al. 2015; Klotz
et al. 2016). However, thicker hydrogels (as in the case of
Transwell-GelMA-100) may prevent the entry of nutrients into the
bulk and result in cell death. Moreover, thick coating tends to
separate from the transwell membranes. Similarly, thinner coating
does not allow confluent growth of the astrocytes and endothelial
cells. In addition, migration of MDA-231 cells was slightly higher
for BBB models coated with a thin layer of GelMA. This may be
attributed to the large pores available for cell penetration. In con-
trast, higher thickness of GelMA decreased pore size of the mem-
brane and the number of uncovered pores which affected easy

penetration of cells. Thus hydrogels at optimum thickness,
assisted cell migration, most probably by providing the bioactive
sequences such as the RGD (arginine-glycine-aspartic acid) pep-
tide for cell attachment and matrix metalloproteinase (MMP)-sen-
sitive degradation sites to facilitate easy cell penetration (Klotz
et al. 2016). However, it is desirable to have a moderate cell
migration for a BBB model where too fast migration contradicts
the real BBB function and a too slow migration makes the experi-
mental work too lengthy. Based on the results of MDA-MB-231
cell migration, this study proposed Transwell-GelMA-50 as a suit-
able model to study the effect of an anticancer model agent on
cancer cell migration across BBB.

We used a general chemotherapeutic agent cisplatin as a
standard drug to validate the BBB model for its potential to be
used as a system to evaluate the antimigratory potential of anti-
cancer drugs on cancer cells across BBB. The results of cisplatin
application demonstrated a concentration-dependent decrease in
MDA cell migration across BBB. Scratch wound contraction assay

Figure 4. Microscopic images showing the proliferation of endothelial cells over Transwell-GelMA – Astrocyte layer (first column), proliferation of GFP expressing
MDA-MB-231 cells over the endothelial cell layer (second column) and merged images showing the proliferation of MDA-MB-231 cells over endothelial cell layer (third
column). Endothelial cells and MDA-MB-231 cells were at 72 h and 24 h after cell seeding, respectively. Scale bars, 200mm.
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results also showed that 5 mM to 20mM concentrations of cisplatin
inhibited the migration of MDA cells (Supplementary information
Figure S1). This implies that early treatment of metastatic breast
cancer with cisplatin may decrease the chance of its brain metas-
tasis. In a similar approach, newly developed anti-cancer agents
can be tested for antimetastatic potential using our BBB model.
When testing such chemotherapeutic agents for their potential to
inhibit metastasis, it is important to use an appropriate range of
concentrations below the cytotoxic concentration. Thus, we per-
formed MTT cell viability assay to determine the appropriate

concentration for testing in our BBB model (Figure 7). Up to
10 mM concentration of cisplatin, cell viability was not affected.
However, at 20mM concentration, cell viability was significantly
affected. Thus, results of cell migration at 20mM concentration
(Figure 6) might have been influenced by decreased cell viability
at this concentration.

Thus, we herein developed a BBB model using GelMA hydro-
gel, transwell inserts, astrocytes and endothelial cells and studied
the dynamics of a triple-negative breast cancer cell line. We
showed how the GelMA thickness affects cancer cell migration.

Figure 5. Results of the migration of GFP expressing MDA-MB-231 cells across developed BBB model. Migrated cells imaged by fluorescent microscope after different
time periods of cell seeding (A). Quantification of migrated MDA-MB-231 cells (B). Scale bars, 200mm. The mean values in B for each group were calculated from the
results of three independent experiments.
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Furthermore, we demonstrated the applicability of fluorescent-
labelled cancer cells to detect and quantify cell migration across
the BBB model. The developed model can be used as a powerful
tool for studying cancer metastasis to brain and drug discovery to
tackle metastatic tumors in the brain. Further modifications of our
model such as replacement of EA.hy926 endothelial cells with
human brain microvascular endothelial cells may improve the bar-
rier function of the BBB model. As a future direction, reliability of
this model can be further improved by the incorporation of peri-
cytes and glial cells which will help to obtain a more physiologic-
ally relevant BBB microenvironment (L�ecuyer et al. 2016).

Additionally, use of human astrocyte cells instead of nonhuman
astrocytes would further improve the physiological relevance of
this model.

5. Conclusions

Due to the growing interest and relevance of understanding
breast cancer metastasis to the brain, the need of developing BBB
models that can be used to screen therapeutic agents against
metastasis has prime importance. Further, such models can help
to study the mechanism of cancer cell migration through BBB.

Figure 6. Testing of the developed BBB model using model drug, cisplatin. Migrated cells were imaged by fluorescent microscope after different time periods of cis-
platin treatment (A). Quantification of migrated MDA-MB-231 cells after different time periods of cisplatin treatment (B). Scale bars, 200mm. The mean values in B for
each group were calculated from the results of three independent experiments. Star symbol (�) indicates the data where a statistically significant difference (p� 0.05)
was observed with the group of comparison.
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Thus, we designed a novel BBB model that provides visual and
quantitative information regarding breast cancer cell migration
across BBB. Using this model, we studied the transmigration of
MDA-MB-231 cancer cells. The potential of the developed model
to screen anticancer agents was tested using a standard chemo-
therapeutic agent, cisplatin. As this model delivers a lot of infor-
mation on migrating cells across the BBB such as their
morphology, number and directionality, it can be a robust assay
system for studying the characteristics of metastatic cancer cells
on BBB and for screening newly developed or existing chemother-
apeutic agents against breast-brain metastasis.
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