
Tumor Cell Mechanosensing During Incorporation into the Brain

Microvascular Endothelium

MARINA A. PRANDA,1 KELSEY M. GRAY,1 ARIANA JOY L. DECASTRO,1 GREGORY M. DAWSON,2

JAE W. JUNG,1 and KIMBERLY M. STROKA
1,3,4,5,6

1Fischell Department of Bioengineering, University of Maryland, College Park, College Park, MD 20742, USA; 2Department of
Biology, University of Maryland, College Park, College Park, MD 20742, USA; 3Biophysics Program, University of Maryland,
College Park, College Park, MD 20742, USA; 4Center for Stem Cell Biology and Regenerative Medicine, University of Maryland
– Baltimore, Baltimore, MD 21201, USA; 5Marlene and Stewart Greenebaum Comprehensive Cancer Center, University of
Maryland – Baltimore, Baltimore, MD 21201, USA; and 6Fischell Department of Bioengineering, University of Maryland,

College Park, 3110 A. James Clark Hall, 8278 Paint Branch Drive, College Park, MD 20742, USA

(Received 15 February 2019; accepted 17 August 2019; published online 28 August 2019)

Associate Editor Michael King oversaw the review of this article.

Abstract

Introduction—Tumor metastasis to the brain occurs in
approximately 20% of all cancer cases and often occurs
due to tumor cells crossing the blood-brain barrier (BBB).
The brain microenvironment is comprised of a soft hyaluro-
nic acid (HA)-rich extracellular matrix with an elastic
modulus of 0.1–1 kPa, whose crosslinking is often altered
in disease states.
Methods—To explore the effects of HA crosslinking on
breast tumor cell migration, we developed a biomimetic
model of the human brain endothelium, consisting of brain
microvascular endothelial cell (HBMEC) monolayers on HA

and gelatin (HA/gelatin) films with different degrees of
crosslinking, as established by varying the concentration of
the crosslinker Extralink.
Results and Discussion—Metastatic breast tumor cell migra-
tion speed, diffusion coefficient, spreading area, and aspect
ratio increased with decreasing HA crosslinking, a
mechanosensing trend that correlated with tumor cell actin
organization but not CD44 expression. Meanwhile, breast
tumor cell incorporation into endothelial monolayers was
independent of HA crosslinking density, suggesting that
alterations in HA crosslinking density affect tumor cells only
after they exit the vasculature. Tumor cells appeared to
exploit both the paracellular and transcellular routes of
trans-endothelial migration. Quantitative phenotyping of
HBMEC junctions via a novel Python software revealed a
VEGF-dependent decrease in punctate VE-cadherin junc-
tions and an increase in continuous and perpendicular
junctions when HBMECs were treated with tumor cell-
secreted factors.
Conclusions—Overall, our quantitative results suggest that a
combination of biochemical and physical factors promote
tumor cell migration through the BBB.

Keywords—Breast cancer, Hyaluronic acid, Tight junctions,

Microvasculature.

ABBREVIATIONS

AFM Atomic force microscopy
ANOVA Analysis of variance
AR Aspect ratio
BBB Blood-brain barrier
BSA Bovine serum albumin
DMEM Dulbecco’s modified eagle’s medium
DMSO Dimethyl sulfoxide
ECGS Endothelial cell growth supplement
ECM Extracellular matrix
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FBS Fetal bovine serum
GFP Green fluorescent protein
HA Hyaluronic acid
HBMEC Human brain microvascular

endothelial cell
JanaP Junction Analyzer Program
LOX Lysyl oxidase
PBS Phosphate buffered saline
RPMI Roswell Park Memorial Institute
STR Short tandem repeat
TCM Tumor conditioned media
TJ Tight junctions
VE-cadherin Vascular endothelial cadherin
VEGF Vascular Endothelial Growth Factor
ZO-1 Zonula occludens-1

INTRODUCTION

Brain metastasis occurs in approximately 20% of all
cancer cases2,47 and remains a devastating prognosis
due to limited treatment options. Evidence in the lit-
erature, including in vivo imaging, has shown that
tumor cells are capable of metastasizing to the brain
via the circulatory and lymphatic systems,2 and that
metastasis occurring through the circulatory system
requires the tumor cells to traverse the BBB in order to
reach the brain parenchyma.6 However, the mecha-
nisms governing how tumor cells cross the blood–brain
barrier (BBB) are not well understood.

In one study, close physical contact with the ablu-
minal surface of the blood vessel was crucial for the
spread of tumor cells, which actively transmigrated
through gaps in the wall of the vasculature but also
engaged in vascular remodeling during extravasa-
tion.33 Unique to the BBB, tight junction proteins (e.g.,
claudins, occludins) are overexpressed, and act in
conjunction with adherens junctions (e.g., vascular
endothelial cadherin, VE-cadherin) to regulate barrier
integrity and permeability.1 These junctional proteins
link to the actin cytoskeleton through zonula occlu-
dens (e.g., ZO-1), which have been shown to regulate
cell and junctional tension, cellular migration, barrier
formation, and angiogenesis.65 Disruption of these
junctions is linked with increased permeability of the
BBB to cells and molecules and is implicated in several
diseases,24 including cancer metastasis43 and glioblas-
toma, where microvascular leakiness correlates with
histological tumor grade.55 Metastatic breast tumor
cells reportedly secrete factors that promote increased
tumor cell-BBB adhesion and disrupt or rearrange
junctions, weakening the barrier and leading to tumor
cell transmigration.8,37 Junction disruption can be

considered a decrease of junctional proteins present at
the cell boundary, while junction rearrangement is a
change in the boundary presentation (e.g., phenotype
or morphology) of the specific junctional protein.
Junctional phenotype is thought to be linked with the
stability and maturity of the cell–cell junction. For
instance, a linear, continuous junction parallel to the
cell boundary is reported as a stable junction, exhibited
by cells with low tension.18,51 On the other hand,
increased levels of cellular tension or contractility is
linked with unstable, discontinuous junctions, which
can take the form of punctate (e.g., dotted) or per-
pendicular (e.g., serrated) morphologies. Our recent
development of a Python-based Junction Analyzer
Program (JAnaP) allows us to quantitatively pheno-
type these cell–cell junctions in a healthy biomimetic
BBB and in disease-associated states.25

Tumor cell-derived biochemical cues and physical
interaction with brain endothelial cells can alter brain
endothelial cell–cell junctions in such a way that it
directs the mode of trans-endothelial migration. For
instance, melanoma cells are reported to disrupt junc-
tions, presumably through protease secretion, and in-
duce endothelial cell apoptosis leading to paracellular
transmigration.23 Other studies have shown that breast
tumor cells can cross endothelial barriers utilizing both
transcellular and paracellular pathways.22 Tumor cells
also secrete endothelial-altering substances that can
lead to an influx of calcium,56 glycocalyx degrada-
tion,22 and increased contractility,12,41 of the targeted
endothelial cells, all of which are associated with en-
hanced tumor cell transmigration at cell–cell junc-
tions.12,22,41,56 Furthermore, we and others have
demonstrated that tumor cells can even physically
displace endothelial cells and ‘‘incorporate’’ or ‘‘in-
tercalate’’ into the endothelium,27,50,54 and we
hypothesized that this process may also represent a
distinct step in the extravasation of tumor cells
through the brain endothelium. Hence, here we aimed
to quantify how breast tumor cell biochemical factors
and physical contact with the brain endothelium affect
endothelial cell–cell junction organization, and ulti-
mately, tumor cell incorporation into a biomimetic
BBB microenvironment.

In addition to cell-secreted factors, cell functionality
is profoundly influenced by its surrounding extracel-
lular matrix (ECM).49 However, it is not yet well
understood which aspects of the brain microenviron-
ment play a role in cancer progression.21 Hyaluronic
acid (HA) is a glycosaminoglycan that serves as a
major building block of the brain ECM, which, unlike
other parts of the body, is not highly organized and
consists mainly of loosely crosslinked networks.45 HA
in the brain is linked with small glycoproteins, as well
as tenasins, the density of which plays a large role in
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the function of various neural processes. Thus, the
disruption of these linkages45 as well as ECM rear-
rangement10 could play a large role in disease pro-
gression. Indeed, for other ECM models such as
collagen gels, crosslinking (e.g., via lysyl oxidase) has
been shown to increase ECM stiffness, making it more
conducive to the progression of tumors and other
diseases.4,14,31,40 While HA has important biological
functions related to joint lubrication and wound
healing, it also plays a role in the invasion of tumor
cells, and, in the case of primary glioma tumors, HA is
highly upregulated in the surrounding ECM.49

Because ECM structure (e.g., arrangement, stiffness,
etc.) is known to play a significant role in healthy and
diseased states of the brain, here we have investigated
how the crosslinking of a brain-like ECM affects brain
endothelial cells, tumor cells, and the interaction
between the two cell types. We have used an HA/ge-
latin-based system with varying degrees of crosslinking
to mimic the brain ECM and used live-cell microscopy
and immunofluorescence imaging to quantify cellular
migration, morphology, cell–cell junction presentation,
and tumor cell incorporation into brain endothelial cell
monolayers, thus providing insight into the interplay
of ECM crosslinking and bi-cellular systems on breast
cancer metastasis across the BBB.

METHODS

Cell Culture

Human breast adenocarcinoma cells, MDA-MB-
231s (American Type Culture Collection, Manassas,
VA, USA), or the brain-seeking clones (MDA-MB-
231-BR; generously provided by Dr. Toshiyuki Yo-
neda, Osaka University, Japan) were cultured in Dul-
becco’s modified eagle’s medium (DMEM) with high
glucose and L-glutamine supplemented with 1% peni-
cillin/streptomycin 10,000 U/mL (Pen/Strep) and 10%
fetal bovine serum (FBS) (Thermo Fisher Scientific,
Waltham, MA, USA) and used below passage 20 after
purchase (parental cells) or acquisition (BR cells).
Human brain microvascular endothelial cells,
HBMECs (Cell Systems, Kirkland, WA, USA), were
cultured under static conditions in flasks coated with
0.1% gelatin (VWR, Radnor, PA, USA) in RPMI-
1640 supplemented with 20% FBS, 1% Pen/Strep,
2 mM L-glutamine (Thermo Fisher Scientific), 30 lg/
mL endothelial cell growth supplement (ECGS) (Mil-
lipore Sigma), and 100 lg/mL heparin (Millipore Sig-
ma) and used below passage 12. For VE-cadherin-GFP
adenovirus amplification, 293A cells (Thermo Fisher
Scientific) were cultured in medium composed of high
glucose DMEM, 10% FBS, 0.1 mM MEM Non-

Essential Amino Acids (NEAA) (Thermo Fisher Sci-
entific), 2 mM L-glutamine, and 1% Pen/Strep. All
cells were cultured in a climate-controlled incubator at
37 �C, with 5% CO2:95% air and 50% humidity.
MDA-MB-231-BR cell authentication was confirmed
via short tandem repeat (STR) testing (Laragen) after
receiving them from Dr. Toshiyuki Yoneda and prior
to carrying out experiments.

HA/Gelatin Film Formation

HA/gelatin films were formed using the HyStem-C
kit (ESIBIO, Alameda, CA, USA). The kit contained
four components: DG water, Glycosil (thiolated HA),
Gelin (thiolated gelatin), and Extralink (thiol-reactive
PEGDA crosslinker). Instructions from the kit were
followed and were also described previously by Prest-
wich.53 Briefly, all components were thawed for 30–
60 min. Glycosil, Gelin, and DG water were then
briefly heated at 37 �C in a water bath to increase
solubility. Glycosil and Gelin were then dissolved in
1 mL DG water, rocked for approximately 1 h at
room temperature, then briefly re-heated in the water
bath. Extralink was dissolved in DG water to 10%,
then was further diluted into aliquots of 6, 4, and 1%.
24-well glass bottom plates (13 mm glass diameter) or
35 mm glass bottom dishes (14 mm glass diameter)
(MatTek, Ashland, MA, USA) were plasma treated
using a plasma cleaner with a 5 min pumping step to
create a vacuum and a 2.5 min treatment on the
‘‘High’’ RF power setting (Harrick Plasma, Ithaca,
NY, USA, PDC-001-HP (115 V)) to increase
hydrophilicity. The plates were then treated with
ultraviolet light for 5–10 min for sterilization. Gelin
and Glycosil were mixed in a 1:1 ratio and then the
Glycosil/Gelin solution was combined in a 4:1 ratio
with the appropriate concentration of Extralink. The
final concentration of Extralink within the films were
0.2, 0.8, 1.2, and 2%. Twenty microliters of solution
were plated in each well, spread, and covered for
gelation, the time of which varied by Extralink con-
centration (2%: 2–5 min, 1.2%: 3–6 min, 0.8%: 4–
7 min, 0.2%: 6–9 min). Once crosslinked, medium was
added, and the films were incubated at 37 �C for at
least 30 min or until cells were ready to plate.

Tumor Cell Morphology and Migration Assays

HA/gelatin films were prepared as described above
in 24-well glass bottom plates. For MDA-MB-231-BR
cells, a 1:1 mixture of gelatin and HA without Extra-
link (0%) was also included. After soaking with med-
ium in the incubator, 5 9 104 MDA-MB-231 or
MDA-MB-231-BR cells were plated on top of the films
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and set-up to image as soon as the cells settled to the
bottom of the plate. Images were collected via time-
lapse phase-contrast microscopy and analyzed as de-
scribed below in the data analysis section.

Tumor Cell Immunofluorescence Staining and
Transfected HBMEC Fixation

For CD44 staining, 2 9 104 MDA-MB-231 cells
were plated on HA/gelatin films formed with 0.2, 0.8,
1.2, and 2% Extralink in glass bottom dishes, or on
dishes incubated with 20 lg/mL type I collagen for at
least 1 h at 37 �C and washed three times with PBS.
The next day, the cells were fixed in 3.7% formalde-
hyde (Millipore Sigma) for 10 min at room tempera-
ture, washed three times with PBS for 5 min each on a
rocker, and permeabilized with 0.5% Triton-X 100
(Millipore Sigma) for 5 min. The samples were then
washed again three times in PBS for 5 min each and
blocked in 2% bovine serum albumin (BSA) (Millipore
Sigma) for 1 h at room temperature. Cells were then
incubated at 4 �C overnight with CD44 antibody
(monoclonal CD44 antibody (156 3C11) Mouse mAb
#3570, Cell Signaling Technologies, Danvers, MA,
USA), which was dissolved in 2% BSA at a 1:100 ratio.
Next, cells were rinsed with PBS and again blocked
with 2% BSA for 1 h at room temperature and washed
with PBS. Cells were then incubated with 1:500 Phal-
loidin-Alexa Fluor 488 (Thermo Fisher Scientific),
1:100 of secondary antibody (Goat anti-Mouse IgG
(H + L) Cross-Adsorbed Secondary Antibody Alexa
Fluor 568, Thermo Fisher Scientific, A-11004), and
1:2500 of Hoechst 33342 (Thermo Fisher Scientific)
diluted in PBS for 1 h at room temperature. HBMECs
transfected with the VE-cadherin-GFP adenovirus and
tumor cells stained with Cell Tracker (described below)
were also fixed for 10 min in 3.7% formaldehyde,
washed with PBS, and stained with 1:2500 of Hoechst
33342 for 1 h at room temperature. Finally, all samples
were washed with PBS and stored at 4 �C until imaging
via confocal microscopy.

Tumor-Conditioned Medium (TCM) Preparation

To prepare TCM, MDA-MB-231 cells were seeded
at 25% confluency in a T-75 flask and cultured in
HBMEC medium for 72 h. The medium was then
collected, centrifuged at 3009g for 10 min and the
supernatant was filtered through a 40 lm cell strainer
to remove any debris. This post-strained solution was
then mixed at a 1:1 ratio with control HBMEC med-
ium and designated as TCM. The TCM-free conditions

consisted of HBMEC medium that was spun down and
strained to the same degree as that collected from the
MDA-MB-231 cells and mixed at a 1:1 ratio with fresh
HBMEC medium.

HBMEC Immunofluorescence Staining for Morphology
and Junction Assays

HA/gelatin films were prepared as described above in
24-well glass bottom plates. After soaking in medium at
37 �C, 5 9 104 HBMECs were plated onto each film.
Approximately 24 h later, the cells were treated with
TCM or TCM-free (Control) medium and cultured for
an additional 24 h. For the VEGF studies, HBMECs
were treated with TCM containing 0.12 lg/mL VEGF
monoclonal antibody (ThermoFisher Scientific #26503)
or mouse IgG2b isotype control (Thermo Fisher Scien-
tific), or TCM-free medium 24 h after cell-seeding and
cultured for an additional 24 h. For immunofluores-
cence staining, HBMECs were rinsed with warm PBS
and fixed with 1% formaldehyde (Millipore Sigma) for
10 min at room temperature. After three subsequent 5-
min washes with PBS, the fixed HBMECs were then
permeabilized with 0.25% Triton-X 100 (Millipore
Sigma) for 5 min at room temperature. The samples
were then washed again with PBS three times for 5 min
each, then blocked for 1 h at room temperature with 2%
goat serum (Abcam, Cambridge, MA, USA). Primary
antibodies (rabbit polyclonal IgG to ZO-1 antibody (H-
300) and mouse monoclonal IgG to VE-cadherin anti-
body (F-8); Santa Cruz Biotechnology, Dallas, TX,
USA, sc-10804 and sc-9989, respectively) were diluted
1:50 in 2%goat serumandadded to the cells overnight at
4 �C. Samples were rinsed the next day with PBS,
blocked again for 1 h at room temperaturewith 2%goat
serum and then treated with secondary antibody (goat
anti-rabbit Alexa Fluor 488, Abcam, ab150077; and
goat anti-mouse Alexa Fluor 568, ThermoFisher Sci-
entific) at a 1:100 dilution and 1:2500 Hoechst 33342
(ThermoFisher Scientific), in PBS, for 1 h at room
temperature. Samples were then rinsed with PBS and
fresh PBS was added for imaging via fluorescence mi-
croscopy and analyzed as described below in the data
analysis section.

ELISA Assay for VEGF Detection

To quantify the concentration of VEGF in TCM
and TCM-free conditions, a Human VEGF Quan-
tikine ELISA Kit (R&D Systems, Minneapolis, MN,
USA) was used per the manufacturer’s instructions.
The medium samples were collected as stated in the
‘‘TCM Preparation’’ method above and quantified
immediately following medium preparation.
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Fixed-Cell Epifluorescence Microscopy

Immunostained HBMECs were imaged on an
Olympus IX83 inverted microscope using a 9 60 oil
objective and Olympus cellSens Software. Images were
collected in a manner that maximized monolayer
coverage within the respective image. HBMEC images
were collected at the same exposure times for consis-
tent analysis and have been enhanced via ImageJ, to
the same extent for each channel, for improved visu-
alization within this manuscript.

Adenovirus Amplification

The VE-cadherin-GFP adenovirus was a generous
gift from Dr. William Luscinskas (Harvard Medical
School), whose lab has previously described the con-
struction of this vector.59 For amplification of VE-
cadherin-GFP adenovirus, 293A cells cultured to
~ 80% confluency in 100 mm dishes. The 293A cells
were then infected with the adenovirus and cultured
until ~ 80–90% of all cells lifted off the dish. The cells
were then collected and centrifuged at 1000 rpm. The
resultant pellet was frozen at � 80 �C for 30 min and
then thawed at 37 �C for 15 min. The freeze-thaw was
repeated a total of three times. The lysed cells were
centrifuged at 3000 rpm and the supernatant was saved
and frozen at � 80 �C. This supernatant was then used
to transfect HBMECs.

Tumor Cell Incorporation Assays

HA/gelatin films were prepared as described above
in 24-well, glass bottom plates with 0.2, 0.8, 1.2, and
2% Extralink as well as a 1:1 mixture of gelatin and
HA without Extralink (0%). 5 9 104–1 9 105

HBMECs were plated on the HA/gelatin films. For
experiments fluorescently visualizing live VE-cadherin-
GFP-expressing HBMECs’ cell–cell junctions, freshly
plated and barely-attached HBMECs were transfected
with 10 lL of the VE-cadherin-GFP adenovirus, as
previously described by Hamilla et al.,27 and incubated
for two days. To investigate the percent incorporation
of metastatic breast tumor cells into HBMEC mono-
layers, live MDA-MB-231 or MDA-MB-231-BR cells
were first stained with CellTracker Orange CMRA
Dye (Thermo Fisher Scientific) per the manufacturer’s
instructions. CellTracker Orange CMRA Dye is stated
in product specifications to only transfer from parent
cell to daughter cell and not in between neighboring
cells. Because staining was carried out in the complete
absence of HBMECs, transfer of dye between the two
cell types in co-culture conditions is highly unlikely.
Briefly, MDA-MB-231 or MDA-MB-231-BR cells
were cultured in 6 well plates and equilibrated in

HBMEC medium for 2 h. The cells were washed with
PBS and then incubated with 2 mL of 0.5 lM Cell-
Tracker Orange dye in RPMI-1640 and 1% Pen/Strep
for 15 min. Cells were then washed again with PBS and
incubated for 30 min in full HBMEC medium. The
stained cells were then trypsinized and 1 9 104–
2.5 9 104 MDA-MB-231 or MDA-MB-231-BR cells
were plated on top of HBMECs that had been cultured
to monolayer on HA/gelatin films for two days prior to
MDA-MB-231 or MDA-MB-231-BR cell seeding.
These samples were imaged using time-lapse phase-
contrast and fluorescence microscopy as described
below.

Time-Lapse Microscopy

Live-cell phase contrast and fluorescence images
were captured using an IX83 microscope (Olympus,
Center Valley, PA, USA) with a 9 10 objective (tumor
cell migration assays on bare films), 9 20 objective
(tumor cell morphology assays on bare films, incor-
poration assays with non-transfected HBMECs and
CellTracker-stained tumor cells), and 9 60 objective
(incorporation assays with VE-cadherin-GFP-express-
ing HBMECs and CellTracker-stained tumor cells).
The Olympus cellSens Software (Olympus) was used to
acquire the images. Phase contrast images of tumor
cells on bare films were collected every 5 to 15 min for
migration analysis, and additional images were cap-
tured at the end of the time-lapse on the second day for
morphological analysis. The imaging regions for
transmigration experiments were selected based on
best monolayer coverage and the presence of MDA-
MB-231 or MDA-MB-231-BR cells. The live-cell
imaging chamber was maintained at 37 �C, 50%
humidity, and 5% CO2:95% air surrounding the
microscope stage.

Confocal Microscopy

A PerkinElmer confocal spinning disk microscope
(PerkinElmer, Waltham, MA) was used to obtain 3D
images of fixed cells using a 9 40 water immersion
objective. Vertical z-stacks were taken using appro-
priate filters using the Volocity 3D Image Analysis
software. All acquisition settings were kept consistent
between images within each experiment for CD44
imaging and slightly adjusted for best visualization for
transmigration imaging. The ImageJ software (NIH; h
ttps://imagej.nih.gov) was used to reconstruct individ-
ual z-stack images into 3D, maximum-intensity and
interpolated projections. Brightness of each channel in
images of MDA-MB-231 cells stained for CD44 was
adjusted separately but identically between each image
to ensure that intensities could be compared. Bright-
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ness of each channel in images of MDA-MB-231 cells
incorporating into HBMEC monolayers were adjusted
separately for best visibility of appropriate parts of the
cells; thus, intensities cannot be directly compared for
these images.

Data Analysis

Tumor Cell Morphology and Migration

Tumor cell morphology was analyzed using ImageJ
by manually tracing phase contrast images of live cells
captured during or after time-lapse experiments in
ImageJ. Cell circularity, solidity, and inverse aspect
ratio were calculated as we have previously
described.60 To track tumor cell migration on bare
films, phase-contrast time-lapse images were acquired
in 5-min intervals. The ImageJ Manual Tracking plu-
gin was used to track the approximate centroid of each
cell starting 5–6 h post-plating and analyzing for up to
the next 8–9 h. Cells were not tracked if they went out
of frame, divided during the tracking time, or were
otherwise obstructed or hard to track. A custom
Matlab (MathWorks, Natick, MA, USA) code was
used to calculate cell speed, mean squared displace-
ment, and diffusion coefficient of the migrating cells, as
we have previously described in detail.60 Approxi-
mately 8 h (495 frames) of data were used for speed
calculation, approximately 7 h (80–90 frames) were
used for MSD calculation, and approximately 3.3 h
(40 frames) were used for diffusion coefficient calcu-
lations. MDA-MB-231-BR cells were significantly
clumped in all trials, and we note that cells in clumps
were not chosen for migration analysis.

HBMEC Morphology and Junction Presentation

To quantitatively analyze HBMEC morphology
and cell–cell junction presentation, we utilized our
custom Python-based junction analyzer program (JA-
naP) that we previously described.25 Please note that
this program is available for download on GitHub
(https://github.com/StrokaLab/JAnaP). Here, we
integrated the ability to quantify an additional junc-
tion protein on the same cell. In addition to ZO-1, we
co-stained the HBMECs for VE-cadherin. The way-
points generated on the ZO-1 image were projected to
the VE-cadherin-tagged image, but the path between
each waypoint was generated based on the intensities
of the VE-cadherin image. This eliminated the need to
re-waypoint (i.e., re-trace) cells for each immuno-stain.
A threshold value of 15 was used to isolate ZO-1
junctions while a threshold of 5 was used to isolate VE-
cadherin junctions. Continuous junctions are junction
pieces coinciding with the cell edge for at least 15
consecutive pixels. Junctions coinciding with the cell

edge for less than 15 pixels are categorized as perpen-
dicular, if they have a relative aspect ratio greater than
1.2, or punctate if they have a relative aspect ratio less
than 1.2. The relative aspect ratio is calculated by
dividing the tip-to-tip distance (Tip Dist.), or maxi-
mum thickness, by the length of the junction coincid-
ing with the cell edge, termed ‘‘path length’’
(Supplemental Fig. S1, adapted from25). In this
manuscript, the percent of the cell edge expressing each
junction presentation (calculated by dividing the
cumulative sum of the path length of each junction
type by the cell perimeter), as well as the tip-to-tip
distance, are presented. The average tip-to-tip distance
per cell for each junction type was calculated, provid-
ing a measure of the average maximum thickness of the
continuous, perpendicular, and punctate junctions for
each cell. The program-generated variables were cal-
culated on a per cell basis, with all cells from every trial
pooled together (n is approximately 200 cells). The
percent difference, however, was calculated based on
the average of each junction type for every trial
(n = 3). The percent difference was calculated by

taking the %JunctionTCM �%JunctionControlð Þ �
ð %JunctionTCM þ%JunctionControlð Þ=2Þ�1 for each
junction type, for both ZO-1 and VE-cadherin.

Tumor Cell Incorporation

To quantify the time that tumor cells take to
incorporate into HBMEC monolayers, and the percent
of the tumor cells that incorporate into the monolay-
ers, CellTracker-stained MDA-MB-231 or MDA-MB-
231-BR cells were tracked on HMBEC monolayers by
capturing images in 15-min intervals. First, the total
number of tumor cells per frame was recorded at the
start of each time-lapse sequence. Tracking was carried
out for 40 frames (585 min). Cells that went out of
frame before frame 40 were excluded from analysis, as
well as cells deemed ‘‘untrackable’’ due to clumping,
visual obstructions, or migration to areas of large gaps
in the monolayer. An incorporating cell was subjec-
tively identified based on the disappearance of a white
halo surrounding the cell and transition to a 2D-flat-
tened morphology in phase contrast images. If a cell
was spread, but retained a halo and 3D appearance, it
was counted as not incorporating and instead was
likely spreading on top of the monolayer. Percent
incorporation was calculated by dividing the total cells
that incorporated into the monolayer by the total
number of cells tracked in each frame. The start time
for a cell to incorporate was marked as the first frame
where the cell appeared to be spreading into the
monolayer, or the very first frame if it was already
spread. If cells incorporated and then exited the
monolayer, only the first instance of incorporation was

BIOMEDICAL
ENGINEERING 
SOCIETY

PRANDA et al.460

https://github.com/StrokaLab/JAnaP


counted. If a cell divided before incorporating or be-
fore frame 40, it was counted as two separate cells. If
cells divided after incorporation, it was counted as one
cell. Cumulative percent incorporation was calculated
by averaging the total percent of cells that had incor-
porated at each 15 min timepoint out of the total
number of analyzable cells.

For migration analysis pre- and post-incorporation,
select cells were manually traced in ImageJ. If cells
remained completely rounded for 40 frames, they were
tracked for 20 frames (285 min) and characterized as
‘‘non-incorporating.’’ Cells that incorporated were
tracked for 6 frames (75 min) prior to spreading (i.e.
‘‘pre-incorporation’’) and 6 frames (75 min) after they
had fully incorporated (i.e. ‘‘post-incorporation’’). If a
cell started to incorporate within the first 6 frames (i.e.,
did not have a sufficient pre-incorporation phase to
track) or rounded up again post-incorporation in less
than 6 frames, the cell was omitted. Tumor cells that
appeared to be spread-out but maintained a white
halo, indicating a higher focal plane, and did not
incorporate within 40 frames were interpreted as cells
adhered to, and migrating on, the surface of the
monolayer, and were entirely excluded from analysis.
Three randomly selected HBMECs per frame were also
traced for up to 8 frames (105 min) for three experi-
ments (36–66 cells total). The average absolute value of
the change in area or speed between each time point
was calculated for a given cell by subtracting the area
or speed at the previous time point from the area or
speed at the current time point and taking the absolute
value of the difference. These differences were then
averaged for the time points analyzed for each cell.

Statistical Analysis

GraphPad Prism 8 (GraphPad, La Jolla, CA, USA)
was used for all statistical analysis and graph prepa-
ration. Data was tested for normality using a
D’Agostino-Pearson normality test, and some data
within the same set did not follow a normal distribu-
tion. Thus, non-parametric tests were used for statis-
tical analysis. If there were not sufficient values for a
D’Agostino-Pearson test, a non-parametric test was
used for consistency. If data was normally distributed
in all comparison groups, a one-way analysis of vari-
ance (ANOVA) without assumed equal variances was
used. For data that was not all normally distributed, a
non-parametric Kruskal-Wallis ANOVA test with a
Dunn’s multiple comparison post-hoc test was used
and for data that was all normally distributed a
Brown-Forsythe and Welch ANOVA with Games-
Howell post-hoc test was used. All tests were carried
out with p > 0.05 indicating not statistically different,
*p £ 0.05, **p £ 0.01, ***p £ 0.001, ****p £ 0.0001. A

linear regression was used to compare the number of
tumor cells at the start vs. monolayer quality, the
percent difference in HBMEC junction presentation
between TCM and control treatments, and the effect of
Extralink concentration on junction tip-to-tip distance.
A Mann–Whitney test was used to compare the TCM
vs. TCM-free conditions for each junction type at each
Extralink concentration. A t test was used to compare
the VEGF concentration in TCM vs. TCM-free con-
ditions. Errors bars represent standard error of the
mean. All data represents pooled values from three
independent trials unless otherwise noted in the fig-
ure captions.

RESULTS

MDA-MB-231 and MDA-MB-231-BR Cells Become
Smaller and Slower with Increased HA/Gelatin

Crosslinking

ECM crosslinking has been shown to alter tumor
cell phenotype and invasiveness, and HA is known to
be one of the primary components of the brain’s
ECM.4,14,40,45 Hence, we aimed to evaluate the
migration and morphology response of MDA-MB-231
tumor cells to varying degrees of HA/gelatin film
crosslinking by altering the concentration of Extralink,
a PEGDA-based crosslinker, during film forma-
tion.68,75 We found that with increased Extralink
concentration from 0.2 to 2%, MDA-MB-231 cells
became significantly smaller (Figs. 1a and 1b) and
more circular (Figs. 1a and 1c) and increased in inverse
aspect ratio, circularity, and solidity (Figs. 1a and 1c).
Furthermore, MDA-MB-231 cells plated on HA/ge-
latin films with increased Extralink concentrations
demonstrated more homogeneous morphologies as
evidenced by a decreased spread of the data with
higher Extralink concentrations (Figs. 1b and 1c).
Additionally, MDA-MB-231 cell speed decreased with
increased crosslinking of HA/gelatin films (Fig. 1d).
Plots of mean squared displacement vs. time indicated
that MDA-MB-231 cells explored smaller areas with
increased crosslinking of HA/gelatin films (Fig. 1e),
with a non-statistically significant decrease in diffusion
coefficient with increased crosslinking of HA/gelatin
films (Fig. 1f). Because a mesenchymal, metastatic
phenotype is typically associated with highly migra-
tory, elongated cells,58,70 these changes in cell mor-
phology and migration could be relevant to the cells’
functionality.

Due to the non-random metastasis of breast tumor
cells to the brain,13,29 we also investigated the mor-
phology and migration of MDA-MB-231-BR cells, the
brain-seeking clone of the parental MDA-MB-231
cells.73 Prior work has shown distinct proteomic dif-
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ferences between brain-seeking and parental MDA-
MB-231 cells in pathways related to cell survival,
proliferation, movement, cell cycle, and signaling,
suggesting that brain-seeking cell interaction with the
BBB could differ from those of parental cells.19 When
MDA-MB-231-BR cells were seeded on bare HA/ge-

latin films, phase contrast images revealed modest
morphological differences between single cells on HA/
gelatin films with different degrees of crosslinking
(Fig. 2a). MDA-MB-231-BR cells in general formed
more clusters than their parental counterparts (i.e.,
compared to Fig. 1a), and this clustering appeared to
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FIGURE 1. MDA-MB-231 morphology and migration parameters on HA/gelatin films with varying degrees of crosslinking. (a)
Phase contrast images of MDA-MB-231 cells on HA/gelatin films with 0.2, 0.8, 1.2, and 2% Extralink. Scale bar is 50 lm and applies
to all images. (b) Area, (c) inverse aspect ratio, circularity, and solidity, (d) speed, (e) mean squared displacement, and (f) diffusion
coefficient of MDA-MB-231 cells on HA/gelatin films with 0.2, 0.8, 1.2, and 2% Extralink. Means of columns that do not share a lower-
case letter are significantly different with p < 0.05 via a non-parametric Kruskal–Wallis ANOVA test with a Dunn’s multiple
comparison post-hoc test. (b, c): 529 £ N £ 582, (d): 142 £ N £ 228 where N is the number of cells. (e, f): N = 3, where N is the
number of trials. All error bars represent standard error of the mean. All values are pooled from three independent trials.
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increase with increased HA/gelatin crosslinking
(Fig. 2a). For subsequent analysis, we chose to focus
on single MDA-MB-231-BR cells, not cells within the
clusters, in order to keep analysis methods consistent

between the two cell types. MDA-MB-231-BR single
cell area decreased with increasing HA/gelatin
crosslinking from 0 to 2%, 0.2 to 1.2%, 0.2 and 2%
(Fig. 2b). There were no significant differences in in-
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FIGURE 2. MDA-MB-231-BR morphology and migration parameters on HA/gelatin films with varying degrees of crosslinking. (a)
Phase contrast images of MDA-MB-231-BR cells on HA/gelatin films with 0, 0.2, 0.8, 1.2, and 2% Extralink. Scale bar is 50 lm and
applies to all images. (b) Area, (c) inverse aspect ratio, circularity, and solidity, (d) speed, (e) mean squared displacement, and (f)
diffusion coefficient of MDA-MB-231-BR cells on HA/gelatin films with 0, 0.2, 0.8, 1.2, and 2% Extralink. A non-parametric Kruskal–
Wallis ANOVA with a Dunn’s multiple comparisons test was used for statistical analysis (*p £ 0.05, **p £ 0.01, ***p £ 0.001,
****p £ 0.0001, NS p > 0.05). (b–d): N = 60 where N is the number of cells. (e, f): N = 3, where N is the number of trials. All error bars
represent standard error of the mean. All values are pooled from three independent trials.
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verse aspect ratio, circularity, or solidity of the single
MDA-MB-231-BR cells on HA/gelatin films with dif-
ferent degrees of crosslinking (Fig. 2c), which was in
contrast to the increase in these parameters for the
parental cells (Fig. 1c). These results are likely due to
the rounder MDA-MB-231-BR cells forming clusters
on HA/gelatin films with higher crosslinking, leaving
the larger, more elongated MDA-MB-231-BR cells as
single cells.

The migration speed of single MDA-MB-231-BR
cells also decreased monotonically with increased HA/
gelatin crosslinking density (Fig. 2d), similar to the
trend for parental MDA-MB-231 cells (Fig. 1d). The
mean squared displacements (Fig. 2e) and diffusion
coefficients (Fig. 2f) were quantitatively more similar
for MDA-MB-231-BR cells across HA/gelatin
crosslinking densities in comparison with MDA-MB-
231 parental cells (Figs. 1e and 1f).

Cell attachment to HA is mediated by CD44, which
has also been implicated in transducing HA stiffness
cues and associated with brain tumor progression and
invasion.11,34,49,74 For breast tumor cells, CD44
increases tumor cell adhesion to and invasion of the
endothelium, increasing the efficiency of distant
metastasis.44 Hence, we explored whether the mor-
phological and migratory behavior with altered HA/
gelatin film crosslinking were also associated with

differences in CD44 binding. Interestingly, MDA-MB-
231 cells immunostained for CD44 on HA/gelatin films
with varying degrees of crosslinking, as well as type I
collagen-coated glass, did not present observable dif-
ferences in CD44 expression (Fig. 3).

Meanwhile, actin arrangement was altered, with
MDA-MB-231 cells on type I collagen and HA/gelatin
films with 0.2% Extralink displaying a somewhat fi-
brous actin arrangement (Fig. 3) which became more
diffuse with increased film crosslinking, especially on
the films with 2% Extralink (Fig. 3). Increased cell
spreading and mesenchymal migration are typically
correlated with a more stress fiber-rich actin arrange-
ment,67 which is indeed in line with our observations.
A stress fiber-rich actin cytoskeleton is also often
linked with a high degree of cellular contractility,
which also correlates with the stiffness of the
underlying cellular matrix.17 Since increased
crosslinking typically results in increased material
stiffness, changes in film stiffness could drive alter-
ations in tumor cell contractility and actin filament
arrangement. Hence, we used atomic force microscopy
to probe the effect of Extralink concentration on the
Young’s modulus of HA/gelatin films (Supplemental
Method S1). The average modulus of the films formed
with 0.2, 0.8, 1.2, and 2% Extralink were measured to
be 0.85, 1.1, 1.5, and 3.8 kPa, respectively (Supple-
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FIGURE 3. CD44 and actin staining in MDA-MB-231 parental cells. Reconstructed confocal z-stacks of MDA-MB-231 cells
immunostained for CD44 (red) and stained for actin (green) on HA/gelatin films with 0.2, 0.8, 1.2, and 2% Extralink, as well as on
glass coated with type I collagen. Scale bar on first image is 50 lm and applies to all images. Scale bar in the zoomed in inserts is
25 lm. Green: actin; red: CD44, blue: DNA. All images were reconstructed from a z-stack in ImageJ and intensities were adjusted
equally for each channel and image.
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mental Fig. S2). Interestingly, only the Young’s mod-
ulus of the film formed using 2% Extralink was sta-
tistically different from the Young’s modulus of the

other film compositions. Despite this, we still found
significant differences in MDA-MB-231 cell phenotype
and behavior on those film compositions (Figs. 1 and
2).
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FIGURE 4. HBMEC morphology and junction presentation on HA/gelatin films with varying degrees of crosslinking. (a)
Immunofluorescence images of HBMECs immunostained for ZO-1 (green) and VE-cadherin (red) on HA/gelatin films with 0.2, 0.8,
1.2, and 2% Extralink. Scale bar on bottom right image is 20 lm and applies to all images in this panel. (b) Area and (c) solidity and
circularity on HA/gelatin films with varying Extralink. The percent of the cell edge presenting continuous, punctate, and
perpendicular junction for (d) ZO-1 and (e) VE-cadherin. The inset graphs depict the same perpendicular results, zoomed in to
improve visibility. (b–e): 182 £ N £ 223, where N is the number of cells. The percent of the cell expressing continuous, punctate,
and perpendicular junction is presented in (d) for ZO-1 and (e) for VE-cadherin. A non-parametric Kruskal–Wallis ANOVA with a
Dunn’s multiple comparisons test was used for statistical analysis to compare results within each morphological parameter or
junction type (*p £ 0.05, **p £ 0.01, ***p £ 0.001, ****p £ 0.0001, NS p > 0.05). All error bars represent standard error of the mean
and dots for panels b–e represent values for individual cells.
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HA/Gelatin Crosslinking Does Not Affect HBMECs
Morphology or Junction Presentation

Metastasis across the BBB requires that tumor cells
not only overcome the endothelial cell barrier, but also
the underlying basement membrane. Tumor cells are
reported to actively degrade the basement membrane
by secreting matrix metalloproteinases (MMPs).69

Disruption of the basement membrane could lead to
direct endothelial cell interaction with the brain ECM,
and possibly abluminal HA-binding. Given the sig-
nificant differences in MDA-MB-231 behavior on HA/
gelatin films of varying crosslink density, we next
wanted to understand how these differences in film
composition might affect HBMEC monolayers. After
two days of static culture on each film composition,
HBMECs were fixed and immunostained for ZO-1 and
VE-cadherin (Fig. 4a). In general, the percent of Ex-
tralink crosslinker did not affect the area (Fig. 4b),
solidity (Fig. 4c), circularity (Fig. 4c), or perimeter
(Supplemental Fig. S3) of individual HBMECs within
a monolayer. To assess how HA/gelatin film
crosslinking affects cell–cell junctions, we used the
JAnaP25 to quantify the percent of the cell perimeters
presenting different junction types for ZO-1 and VE-

cadherin (Figs. 4d and 4e). HBMECs on HA/gelatin
films with 0.8% Extralink presented the highest
amounts of continuous, punctate, and perpendicular
ZO-1 (Fig. 4d). For VE-cadherin, no difference in
continuous or perpendicular junction presentation was
observed across the different film compositions, but
punctate junctions were highest on HA/gelatin films
with 0.8 and 2.0% Extralink (Fig. 4e). We note that
these results, and the results described below, were
obtained for our cell culture models under static con-
ditions and in the absence of other BBB cells such as
astrocytes and pericytes; we discuss these limitations
further in the Discussion section below.

Tumor Cell Conditioned Media Alters HBMEC
Junction Presentation

To understand the effects of biochemical signaling
between HBMECs and metastatic tumor cells, and
how these signaling effects may be modulated by HA/
gelatin matrix crosslinking, we treated HBMECs with
TCM. TCM-treated HBMECs presented visually
thick, continuously connected junctions with a largely
jagged morphology (Fig. 5a). The cells were smallest
on HA/gelatin films made with 2.0% Extralink
(Fig. 5b, Supplemental Fig. S3), and were significantly
smaller than HBMECs not treated with TCM (Fig. 4b)
on 0.8 and 2.0% Extralink. However, no changes in
circularity or solidity were observed between Extralink
concentrations or due to TCM treatment (Figs. 4c and
5c). While no apparent trend was observed for VE-
cadherin junctions on varying Extralink films in
response to TCM, ZO-1 junctions generally decreased
with increased Extralink, except continuous junctions
on 0.2% (Figs. 5d and 5e).

To investigate the specific effects of TCM treatment
on HBMEC junctional protein presentation, we cal-
culated the percent difference between the TCM
(Figs. 5d and 5e) and TCM-free conditions (Figs. 4d
and 4e) for each HBMEC junction type and film
composition. For ZO-1, TCM treatment increased
continuous junction presentation on all films except on
the film with the highest Extralink concentration. A
linear fit (slope = � 33.0% difference/% Extralink,
R2 = 0.769) suggests a decreasing trend with increas-
ing Extralink concentration, though the slope was not
significantly non-zero (Fig. 5f). While perpendicular
junctions responded with a similar trend (slope =
31.7% difference/% Extralink, R2 = 0.794, non-sig-
nificant non-zero slope), punctate ZO-1 was much less
sensitive to TCM (slope = � 7.2% difference/% Ex-
tralink, R2 = 0.269, non-significant non-zero slope)
(Fig. 5f). For VE-cadherin, both continuous and per-
pendicular junctions increased with TCM for all film
compositions, while punctate junctions generally
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bFIGURE 5. TCM-treated HBMEC morphology and junction
presentation on HA/gelatin films with varying degrees of
crosslinking. (a) Immunofluorescence images of HBMECs
treated with TCM on HA/gelatin films with 0.2, 0.8, 1.2, and 2%
Extralink. Scale bar on bottom right image is 20 lm and
applies to all images in this panel. (b) Area and (c) solidity and
circularity on HA/gelatin films with varying Extralink. The
percent of the cell edge presenting continuous, punctate, and
perpendicular junction for (d) ZO-1 and (e) VE-cadherin. The
inset graphs depict the same perpendicular junction results
but zoomed in to improve visibility. (b–e): 195 £ N £ 224,
where N is the number of cells. The percent difference of (f)
ZO-1 and (g) VE-cadherin between TCM (d, e) and TCM-free
(Figs. 4d and 4e) for each junction type. (f, g): N = 3, where N
is the number of trials. Legend in panel G applies to panels (f)
and (g). The colored dotted lines represent the linear
regression (Lin. Reg.) of each respective junction type. The
tip-to-tip distance (TipDist.) of (h) ZO-1 and (i) VE-cadherin,
where the dotted and solid lines represent the linear
regression of the TCM-free and TCM conditions,
respectively. (h, i): 86 £ N £ 129, where N is the number of
cells. Legend in panel (i) applies to panels (h) and (i). A non-
parametric Kruskal–Wallis ANOVA with a Dunn’s multiple
comparisons test was used for statistical analysis to compare
results within each morphological parameter or junction type
(*p £ 0.05, **p £ 0.01, ***p £ 0.001, ****p £ 0.0001, NS p > 0.05).
For (f, g), statistics represent the difference between TCM and
TCM-free conditions presented in (d) and (e) and Figs. 4d and
4e, respectively, calculated using a Mann–Whitney test for
each condition. For (h, i), statistics represent the difference
between TCM vs. TCM-free results for each junction type at
the respective Extralink concentration within the respective
graph. All error bars represent standard error of the mean and
dots for panels (b–e) represent values for individual cells.
Linear regression statistical analysis rendered all fits non-
significantly non-zero.
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decreased. The response of VE-cadherin junction pre-
sentation to TCM was even less affected by the Ex-
tralink concentration compared to ZO-1, as the slope
of the continuous, perpendicular, and punctate linear
regressions were � 3.1, 6.7, and � 2.8% difference/%
Extralink, respectively, and all were non-significantly
non-zero (Fig. 5g).

Though quantification of junction coverage pro-
vides insight into the localization of each junctional
protein, it does not provide an explicit measure of
junction thickness or ‘‘protrusion’’. We therefore
analyzed the average tip-to-tip distance of each junc-
tion type to quantify the maximum distance the junc-
tion protruded from the cell edge for ZO-1 (Fig. 5h)
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FIGURE 6. Role of tumor cell-secreted VEGF in HBMEC junction presentation. (a) ELISA quantification of VEGF in TCM vs. TCM-
free control (N = 3 biological replicates). (b) Immunofluorescence images of HBMECs treated with TCM Control (TCM 1 isotype
antibody), anti-VEGF (TCM 1 VEGF antibody), and TCM-Free control on 0.8% Extralink film. Scale bar on bottom right image is
20 lm and applies to all images in this panel. The percent of the cell edge presenting continuous, punctate, and perpendicular
junctions for (c) ZO-1 and (d) VE-cadherin. The tip-to-tip distance (Tip Dist) of (e) ZO-1 and (f) VE-cadherin. (c, d): 77 £ N £ 82 and
(e, f): 71 £ N £ 82, where N is the number of cells. A t test was used for statistical comparison for panel (a), while a non-parametric
Kruskal–Wallis ANOVA with a Dunn’s multiple comparisons test was used for panels (c–f) to compare results within each junction
type (*p £ 0.05, **p £ 0.01, ***p £ 0.001, ****p £ 0.0001, NS p > 0.05). All error bars represent standard error of the mean and dots for
panels (c–f) represent values for individual cells.
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and VE-cadherin (Fig. 5i). As expected, the punctate
junctions (presented in red in Figs. 5h and 5i) had the
smallest tip-to-tip distance compared to continuous
and perpendicular junctions. For ZO-1 (Fig. 5h), the
perpendicular junctions had the largest tip-to-tip dis-
tance. This is in line with our expectations, since by
definition, perpendicular junctions protrude radially
outward from the cell edge.18 Minimal change in ZO-1
tip distance was observed, except for punctate junc-
tions which increased with TCM on all films except the
2.0% Extralink film. On the other hand, TCM
increased the protrusion thickness of VE-cadherin
junctions in nearly every condition. Interestingly, the
continuous and perpendicular junctions were nearly
the same width, suggesting that the continuous junc-
tions did not take the form of linear, mature junctions
parallel to the cell border,51 rather protrusive perpen-
dicular-like junctions that continuously presented
themselves around the cell edge. Notably, the tip-to-tip
distance of VE-cadherin was always greater than ZO-1
for each respective junction type. These results were in
line with previous studies that reported manual width
measurements of tight junctions (specifically, claudin-
5) to be approximately 1 to 1.5 lm wide32 and VE-
cadherin junctions to be approximately 1 to 3 lm
wide.35 Overall, Extralink concentration did not affect
the tip-to-tip distance results, since all the linear
regression fits returned non-significantly non-zero
slopes, though some significant differences did emerge
between groups (Supplemental Fig. S4).

Metastatic breast tumor cells secrete Vascular
Endothelial Growth Factor (VEGF) which can disrupt
or rearrange cell–cell junctions,8,37 or induce elevated
expression of Angiopoietin-2 by endothelial cells, fur-
ther weakening the monolayer.8 To probe whether
VEGF was playing a role in the junctional changes
observed with TCM treatment, we first checked to see
if VEGF was in fact present in the TCM produced by
MDA-MB-231 cells. Using an ELISA, we found that
VEGF was present in TCM at approximately 9000 pg/
mL, a concentration significantly greater than the
TCM-free control medium (approximately 3 pg/mL)
(Fig. 6a). We therefore investigated the effects of
inhibiting VEGF in TCM on junction presentation. To
do this, we seeded HBMECs on HA/gelatin films
composed of 0.8% Extralink. As expected, the
HBMECs treated with the TCM control presented
thick, jagged junctions (Fig. 6b), similar to those
observed with TCM treatment (Fig. 5a). When VEGF
was blocked, however, the junctions lost this perpen-
dicular phenotype, and instead presented junctions
resembling the TCM-free condition (Fig. 6b). Junction
quantification showed a significant decrease in per-
pendicular junction coverage and thickness (Tip Dist.)
for both ZO-1 (Figs. 6c and 6e) and VE-cadherin

(Figs. 6d and 6f) with VEGF inhibition, but little to no
significant difference between the anti-VEGF and
TCM-free conditions. Furthermore, VEGF inhibition
not only decreased continuous VE-cadherin coverage,
but it also decreased the thickness of both continuous
ZO-1 (Fig. 6e) and continuous VE-cadherin (Fig. 6f),
verifying a shift from jagged junctions to the more
linear phenotype observed in the absence of TCM.
Overall, these studies implicate tumor cell-secreted
VEGF in the observed alterations in junctional
appearance with TCM treatment.

MDA-MB-231 and MDA-MB-231-BR Cells
Incorporate into HBMEC Monolayers

Because we observed that tumor cell-derived bio-
chemical cues from TCM can alter HBMEC junction
morphology, we next examined the effect of HA/ge-
latin film crosslinking on breast tumor cell incorpora-
tion into HBMEC monolayers. Phase contrast and
fluorescence microscopy were used to evaluate Cell-
Tracker-stained MDA-MB-231 or MDA-MB-231-BR
incorporation into HBMEC monolayers (Fig. 7a). We
found no statistically significant difference in the per-
cent incorporation of MDA-MB-231 cells into
HBMECs (Fig. 7b) or in the time from the start of the
time-lapse to complete incorporation (Fig. 7c) as a
function of Extralink concentration under static con-
ditions. This was not surprising, since the alterations in
HBMEC cell–cell junction presentation due to TCM-
treatment were mostly not affected by the Extralink
concentration of the underlying HA/gelatin films
(Figs. 5f–5i). The cumulative percent of MDA-MB-
231 cell incorporation, or percent of incorporation at
each time point, was generally similar for all films,
regardless of Extralink concentration under static
conditions (Fig. 7d). Furthermore, we found that the
plot of percent MDA-MB-231 cell incorporation at
~ 10 h vs. the average number of MDA-MB-231 cells
at the start of the time-lapse had a slope that was not
significantly non-zero (Fig. 7e).

Interestingly, we observed similar results for the
MDA-MB-231-BR cells, with some modest differences.
Similar to MDA-MB-231 cells, there was no difference
in the percent incorporation of MDA-MB-231-BR
cells as a function of HA/gelatin crosslinking density
(Fig. 7f). Meanwhile, MDA-MB-231-BR cells took
longer to complete incorporation (starting from time
of plating) on the HA/gelatin films with 0% Extralink
in comparison with 0.2, 0.8, and 1.2% conditions
(Fig. 7g). The cumulative percent of MDA-MB-231-
BR cell incorporation, or percent of incorporation at
each time point, was generally similar for all films,
regardless of Extralink concentration under static
conditions (Fig. 7h). Notably, the average percent
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incorporation was generally lower for MDA-MB-231-
BR cells as compared to parental cells, with 43–52% of
MDA-MB-231 parental cells incorporating (Fig. 7b),
and 37–47% of MDA-MB-231-BR cells incorporating
during the first approximately 10 h post-plating
(Fig. 7f). The magnitudes of the time from tumor cell
plating to complete incorporation remained relatively
similar (Figs. 7c and 7g).

Tumor cells can utilize multiple modes of extrava-
sation across endothelial cell barriers, and hence we
used confocal and live-cell microscopy to image Cell-
Tracker-stained MDA-MB-231 cells interacting with
VE-cadherin-GFP-expressing HBMECs. We found
that some MDA-MB-231 cells remained on top of or
found their way underneath the HBMECs (Fig. 8a).
As expected, many tumor cells simply squeezed para-
cellularly into gaps between HBMECs, with protru-
sions going above and/or underneath the monolayer
(Figs. 8b and 8c (left insert)). We also found several
interesting and unexpected interactions. In some cases,
an HMBEC, identified by its VE-cadherin-GFP
expression, contained an extra nucleus and internal
CellTracker stain that should have exclusively stained
the tumor cells (Figs. 8c (right insert), 8e, and 8f). We
note that CellTracker Orange CMRA is transformed
into a cell-impermeant dye once inside the cell and is
activated via enzymatic cleavage and thus can spread
to daughter cells but not neighboring cells, and thus we
do not expect HBMECs to be nonspecifically labeled

with CellTracker. By observing the 3D and cross-sec-
tional views as well as the orthogonal view of the cells,
it appeared that a tumor cell had transcellularly
incorporated into the HBMEC monolayer, becoming a
part of the HBMEC (Figs. 8c (right insert), 8e, and 8f).
A different mode of tumor cell-HBMEC interaction
was observed in HBMECs that appeared to contain
CellTracker stain but retained solely one nucleus
(Fig. 8d). The punctate nature of the CellTracker stain
in these HBMEC leads us to speculate that there could
be cellular material shed by tumor cells and internal-
ized by HBMECs (Fig. 8d).

MDA-MB-231 Tumor Cells Dynamically Interact
with HBMEC Junctions

To quantitatively capture the dynamics of tumor
cell incorporation into HBMECs, we collected time-
lapse images of GFP-VE-cadherin-expressing
HBMECs and CellTracker-stained MDA-MB-231
tumor cells. We found that some MDA-MB-231 cells
were able to migrate on top of HBMEC adherens
junctions and appeared to morphologically ‘‘unzip’’
them (Fig. 9a, white arrow), such that the adherens
junctions opened and then closed behind the tumor cell
(Fig. 9a, yellow arrow). Additionally, we found that
MDA-MB-231 cells could squeeze in between
HBMECs, resulting in complete disruption of the
surrounding adherens junctions (Fig. 9b, magenta and
purple arrows). Similar to Figure 8d, some image se-
quences suggested that HBMECs internalized cellular
material shed by MDA-MB-231 cells, without visually
affecting surrounding adherens junctions (Fig. 9b, blue
arrow). These time-lapse sequences allowed us to
dynamically confirm our static, confocal microscopy
findings, while simultaneously enabling us to observe
tumor cell-adherens junction interactions.

MDA-MB-231 Tumor Cell Morphology and Migration
Speed are Altered During Incorporation

into HBMEC Monolayers

Breast tumor cell morphology and migration were
significantly affected by the concentration of Extralink
during migration on the bare HA/gelatin films (Figs. 1
and 2); therefore, we explored the dynamics of tumor
cell incorporation into HBMECs and whether this
process depended on crosslinking of the HA/gelatin
films. In some cases, MDA-MB-231 cells either re-
mained rounded on top of the HBMEC monolayer
and did not incorporate, or they spread into the
monolayer (Fig. 7a). However, many tumor cells also
spread and migrated on top of the HBMEC monolayer
without incorporating. Therefore, we studied three
specific cases over time: (1) MDA-MB-231 cells that
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bFIGURE 7. MDA-MB-231 and MDA-MB-231-BR cell
incorporation into HBMEC monolayers on HA/gelatin films
with varying degrees of crosslinking. (a) Phase contrast
images of an incorporating (blue arrow) and a non-
incorporating (green arrow) CellTracker-stained MDA-MB-231
cell (red) on an HBMEC monolayer. (b) Percent of MDA-MB-
231 cells that incorporate (12 £ N £ 22, where N is the number
of time-lapse sequences analyzed per condition), (c) time from
start of time-lapse to full incorporation of MDA-MB-231 cells,
and (d) the cumulative percent incorporation of MDA-MB-231
cells over time (65 £ N £ 184, where N is the number of
incorporating cells) into HBMEC monolayers on HA/gelatin
films with 0, 0.2, 0.8, 1.2, and 2% Extralink in a total time of
9.75 h. (e) Average percent incorporation as a function of the
number of MDA-MB-231 cells in frame at the start of the time-
lapse. (f) Percent of MDA-MB-231-BR cells that incorporate
(N = 6, where N is the number of time-lapse sequences
analyzed per condition), (g) time from start of time-lapse to
full incorporation of MDA-MB-231-BR cells, and (h) the
cumulative percent incorporation of MDA-MB-231-BR cells
over time (45 £ N £ 62 where N is the number of incorporating
cells) into HBMEC monolayers on HA/gelatin films with 0, 0.2,
0.8, 1.2, and 2% Extralink in a total time of 9.75 h. For panels B,
C, F, p > 0.05 via a non-parametric Kruskal–Wallis ANOVA
test with a Dunn’s multiple comparison post-hoc test between
all groups. For panel G, a Brown–Forsythe and Welch ANOVA
with a Games–Howell multiple comparison post-hoc test was
used with*p £ 0.05, **p £ 0.01. All error bars represent
standard error of the mean. All data is pooled from three
independent trials.
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incorporated into the monolayer, separated into a pre-
incorporation (i.e., exclusively rounded) and a post-
incorporation (i.e., spread out) regime; (2) MDA-MB-
231 cells that did not incorporate and remained
rounded for the entire study; and (3) three represen-
tative HBMECs from each monolayer. First, we
observed that the area (Fig. 10a) and speed (Fig. 10b)

of HBMECs remained mostly constant over time at
each Extralink concentration. There was no statistical
difference between the absolute value of the average
changes in HBMEC area or speed across all timepoints
as a function of Extralink concentration (Fig. 10c). A
similar trend was observed for non-incorporating
MDA-MB-231 cells, where both their area (Fig. 10d)
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FIGURE 8. Confocal images of various modes of MDA-MB-231 cell incorporation into HBMEC monolayers. Confocal z-stacks
reconstructed in ImageJ into a 3D stack showing evidence of (a) MDA-MB-231 cells on top of or underneath HBMECs, (b)
paracellular incorporation of MDA-MB-231 with long cell tail above HBMEC monolayer, (c) paracellular and potentially transcellular
incorporation, (d) potentially transcellular incorporation or spread of MDA-MB-231 cell material into HBMEC, (e) and (f) potentially
transcellular incorporation of MDA-MB-231 cells into HBMEC monolayer. Intensity of each channel in each image was separately
adjusted for better visualization; thus, relative intensities should not be compared. Scale bars from bottom row (panel f) apply to all
images above except for the zoomed images. Each zoomed image is scaled individually, and all scale bars on zoomed images are
50 lm. All images were taken on HA/gelatin films with 0% Extralink. Green: VECadGFP (HBMEC); red: CellTracker (MDA-MB-231),
blue: DNA (HBMEC and MDA-MB-231).
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and speed (Fig. 10e) did not change significantly over
time (Fig. 10f). In general, though, the greatest vari-
ability across timepoints in non-incorporating MDA-
MB-231 cell area and speed occurred with the 1.2%
Extralink concentration (Fig. 10f). However, the area
of incorporating MDA-MB-231 cells increased during
incorporation (Fig. 10g), while their speed decreased
during incorporation (Fig. 10h). This increase in
MDA-MB-231 cell size after incorporation is in line
with a previous study that reported melanoma cells
becoming more spread and elongated as they incor-
porated into endothelial monolayers.23 For tumor cells
pre- and post-incorporation, there were no significant
differences between Extralink concentrations in the
absolute value of the change in area or speed of MDA-
MB-231 cells across timepoints; however, it was evi-
dent that area was generally more consistent between
the different Extralink concentrations prior to incor-
poration and speed was generally more consistent post-
incorporation (Fig. 10i).

To understand the statistical significance of this
dynamic data, we calculated the area and speed of the
MDA-MB-231 cells averaged across multiple time
points pre- or post-incorporation. First, we found that
there were no differences in HBMEC or MDA-MB-
231 tumor cell (incorporating and non-incorporating)
area (Fig. 10j) or speed (Fig. 10k) as a function of HA/
gelatin film crosslinking under static conditions.
However, the area of the MDA-MB-231 cells was
significantly larger pre-incorporation compared to
post-incorporation on HA/gelatin films for all con-
centrations of Extralink (Fig. 10j), as was also
observed in the plots over time (Fig. 10g). Meanwhile,
there was a significant decrease in speed between pre-
and post-incorporation phases of the MDA-MB-231
cells on HA/gelatin films with 0, 0.8, and 2% Extralink
(Fig. 10k). These results suggest that the process of
incorporation into HBMECs changes the morphology
and migratory behavior of the MDA-MB-231 cells and
also abrogates the mechanosensitivity of the tumor
cells to the crosslinking density of the HA/gelatin films.
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FIGURE 9. Fluorescent live-cell images of VE-cadherin-GFP-expressing HBMECs and CellTracker-stained MDA-MB-231 cells. (a)
Example of MDA-MB-231 cell (white arrow) altering VE-cadherin-GFP (yellow arrow) between HBMECs as the tumor cell passes
over the HBMEC junction. (b) Examples of MDA-MB-231 cells squeezing between HBMECs (pink and purple arrows) and possible
material transfer from tumor cell to HBMEC, or potential transcellular incorporation (blue arrow). Intensity of each channel in each
image was separately adjusted for better visualization, thus, relative intensities should not be compared. Scale bars from top row
apply to all images in its series and are 50 lm. Starting time was selected for best visualization. All images were taken on HA/
gelatin films with 0% Extralink. Green: VE-cadherin-GFP (HBMEC); red: CellTracker (MDA-MB-231).
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We also note that for HA/gelatin films with 0.2%
Extralink, the area of incorporating MDA-MB-231
cells (Fig. 10j) became similar to the area of MDA-
MB-231 cells on bare films (Fig. 1b). However, due to
the loss of a mechanosensation effect in the presence of
HBMECs, MDA-MB-231 cells had much larger
spreading areas and migration speeds during incorpo-
ration into HBMECs on the HA/gelatin films with
2.0% Extralink in comparison with MDA-MB-231
cells on the bare films.

DISCUSSION

ECM crosslinking and stiffness are known regula-
tors of many cellular functions in the context of
physiologic and pathologic conditions. In this work,
we explored the effects of HA crosslinking on meta-
static breast tumor cell migration and incorporation
into the human brain endothelium. Interestingly, our
results showing reduced spreading area and more dif-
fuse stress fibers for cells on more crosslinked, and thus
stiffer, HA/gelatin films is contradictory to frequent
reports in literature, including our own, where cells
spread more on stiffer ECM-coated polyacrylamide
gels.62,64,72 Similarly, previous studies have shown that
when utilizing HA-methacrylate gels crosslinked with
dithiothreitol (DTT) and functionalized with Arg-Gly-
Asp (RGD) peptides for cell adhesion, increasing HA
weight percent and crosslinking density, thus increas-

ing stiffness, increased the spreading area and speed of
glioblastoma cells.5 Also in opposition to our studies,
Narkhede et al. found that increasing the concentra-
tion of DTT crosslinker in a methacrylated HA system
with integrin binding protein coatings increased MDA-
MB-231-BR cell area and speed.46 Notably, the work
by Narkhede et al. was performed on HA gels for-
mulated with different molecular weights, using a dif-
ferent mechanism of crosslinking, and with various
coatings for cell adhesion, rather than gelatin incor-
poration as was used here. On the other hand, through
chemical rather than mechanical signaling, soft HA
gels can produce identical cellular responses to those
on stiffer substrates.52 Hence, mechanosensitivity in
this context likely involves a delicate balance between
sensing of multiple parameters of the ECM, including
stiffness, method and degree of crosslinking, method of
adhesion molecule incorporation, and the specific
composition of the matrix.

Our results suggest that HBMECs are less sensitive
to this range of HA/gelatin crosslinking relative to
MDA-MB-231 cells. This was not surprising, given
that the measured Young’s modulus of the films was in
the relatively small range of 0.85 to 3.8 kPa. We have
previously shown that HBMEC morphology in a
monolayer is sensitive to large differences in substrate
stiffness (e.g., 194 kPa vs. approximately 50 GPa) but
not to smaller ranges of stiffness (e.g., 1–194 kPa).25

Thus, from a mechanobiological perspective, the result
that HBMEC morphology was not altered as a func-
tion of the Extralink concentrations is consistent with
our expectations. The increase in overall ZO-1 pre-
sentation on the film made with 0.8% Extralink,
including increased continuous junctions, suggests that
the tight junctions of monolayers on this film compo-
sition may be more mature than those on the other
films tested. Further investigation into how junction
presentation of each individual junctional protein
correlates with traditional barrier integrity assays (e.g.,
permeability, trans-endothelial electrical resistance)
will help provide insight into the key players regulating
barrier properties and provide measures for accepted
characterization standards via JAnaP quantification in
the future. However, we also note that an advantage of
the JAnaP over traditional barrier integrity assays is
the ability to quantitatively assess localized alterations
in cell–cell junctions that may be present across
heterogeneous monolayers. Furthermore, we expect
that the addition of physiologic flow conditions into
our assays will reveal new insights into the interplay
between HA/gelatin crosslinking and shear stress ef-
fects on HBMEC morphology and junction presenta-
tion; this interplay may occur through a signaling
crosstalk involving RhoA and EC nitric oxide syn-
thase, as previously reported for bovine aortic ECs.35
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bFIGURE 10. MDA-MB-231 cell area and speed profiles over
time during incorporation into HBMEC monolayers. (a)
HBMEC area and (b) HBMEC speed over time during
incorporation experiments on HA/gelatin films with 0, 0.2,
0.8, 1.2, and 2% Extralink. 36 £ N £ 66 where N is number of
cells. (c) Absolute value of the average change in HBMEC area
and speed between each time point from panels (a) and (b),
respectively. (d) Area and (e) speed over time of non-
incorporating MDA-MB-231 cells on HBMEC monolayers on
HA/gelatin films with 0, 0.2, 0.8, 1.2, and 2% Extralink.
14 £ N £ 89, where N is the number of cells. (f) Absolute
value of the average change in MDA-MB-231 area and speed
between each time point from panels (d) and (e), respectively.
(g) Area and (h) speed over time for MDA-MB-231 cells pre-
incorporation (while rounded) and post-incorporation (while
spread out) into HBMEC monolayers. 30 £ N £ 78 where N is
the number of cells. (i) Absolute values of the average change
in MDA-MB-231 area and speed between each time point from
panels (g) and (h), respectively. Average (j) area and (k) speed
of HBMECs, non-incorporating MDA-MB-231 cells, and
incorporating MDA-MB-231 cells (pre- and post-
incorporation) on HA/gelatin films with 0, 0.2, 0.8, 1.2, and
2% Extralink. For panels (j) and (k), each dot represents one
cell. All data is pooled from three independent trials.
Statistical significance was determined using a non-
parametric Kruskal–Wallis ANOVA test with a Dunn’s
multiple comparison post-hoc test as follows: *p £ 0.05,
**p £ 0.01, ***p £ 0.001, ****p £ 0.0001. For all figures, error
signifies standard error of the mean.
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Altogether, TCM minimally affected HBMEC size
but altered ZO-1 and VE-cadherin junctional presen-
tation to a more continuous and perpendicular mor-
phology under these static conditions. Importantly,
this increase in continuous junctions with TCM took
the form of a jagged, zipper-like phenotype rather than
a linear, mature continuous junction. This junctional
data suggests that TCM treatment results in a shift of
the monolayers to a less mature state, which appears to
occur independently of matrix crosslinking. This shift
in monolayer maturity was not surprising, since many
reports have shown that metastatic breast tumor cell-
secreted biochemical factors, such as VEGF, are cap-
able of altering endothelial cells.8,37 Our results indi-
cate that VEGF is in fact present in the TCM and that
inhibiting its activity within TCM blocks the shift in
junction presentation from a linear morphology to
more perpendicular phenotype observed with TCM
treatment. This is consistent with previous reports that
VEGF induces a serrated junction presentation in
HBMECs.37 Notably, most reports of junctional
analysis rely on qualitative observation, fluorescence
intensity image analysis, or quantification of the pro-
tein expression levels throughout the cells. An added
benefit of using the JAnaP is the ability to simultane-
ously and semi-automatically quantify cell morpho-
logical parameters as well as the junctional proteins as
they are presented at the cell–cell junction, providing a
unique measurement capability to quantitatively
compare between the TCM and TCM-free groups and
assess heterogeneities in junctional morphology across
the monolayer using statistical analysis. Together,
these results suggest that the biochemical factors (e.g.,
VEGF) secreted by MDA-MB-231 cells alter HBMEC
junction presentation in a manner unaffected by the
extent of crosslinking of the underlying HA/gelatin
film. It will be interesting to further examine this effect
in the presence of physiologic flow conditions and in
the presence of astrocytes and/or pericytes.

Our results suggest a lack of correlation between the
number of tumor cells in the area of observation and
propensity to incorporate. We note that if a tumor cell
interacted directly with a gap between HBMECs in the
monolayer, it was not included in the analysis.
Therefore, once a monolayer of HBMECs was present
in the system, breast tumor cells appeared to be less
sensitive to HA/gelatin matrix crosslinking than when
they were on bare films. These results suggest that HA/
gelatin crosslinking does not significantly affect tumor
cell incorporation into HMBEC monolayers, and that
matrix mechanics might become more important post-
extravasation, since tumor cells on the bare gels with-
out HBMECs showed such dramatic differences in
morphology and migration. Our observations for
MDA-MB-231 and MDA-MB-231-BR cells incorpo-

rating into HBMEC monolayers on HA/gelatin films
are also consistent with our previous results, where
percent tumor cell incorporation into HUVECs was
independent of polyacrylamide gel stiffness.63

Our observations suggest that breast tumor cells
have multiple mechanisms by which they can interact
with and incorporate into HBMEC monolayers. This
is consistent with our prior studies in non-brain ECM,
where tumor cells incorporated into and physically
displaced endothelial cells in monolayers.27 Other
studies have found that tumor cells can utilize cyto-
plasmic protrusions (i.e., invadopodia) to assist in
extravasation across endothelial barriers and degrade
the basement membrane,26,39,42,57 which has been
previously thoroughly reviewed.20,61 It is possible that
similar interactions are occurring here during paracel-
lular incorporation as tumor cells squeeze in between
brain endothelial cells. Furthermore, the dynamic
nature by which we observed HBMEC adherens
junctions disrupt due to tumor cell interaction and
then reform is of particular interest, and suggest that
HBMECs have a potential for self-repair. Indeed, our
results are supported by prior reports where endothe-
lial cells were able to rearrange their cytoskeleton to
repair themselves post para- and trans-cellular inva-
sion of tumor cells.7

Interestingly, other studies have reported enhanced
transmigration of MDA-MB-231 cells in the presence
of HBEMCs, suggesting that the ECs facilitate trans-
migration.38 This could potentially explain the increase
in tumor cell area and migration post-incorporation,
where HBMECs are present, compared to their
respective values on bare HA/gelatin films. Notably,
though, this response was influenced by the extent of
matrix crosslinking, since only minimal changes were
observed on the films with 0.2% Extralink. Alterna-
tively, HBMECs may be remodeling the underlying
matrix and/or depositing new ECM, hence masking
the original mechanical properties of the HA/gelatin
films to the incorporating tumor cells and altering their
interactions with the matrix post-incorporation. In-
deed, previous studies have demonstrated that ECs are
capable of low levels of ECM deposition after just one
day of culture in favorable conditions,28 and thus
HBMEC-matrix remodeling is plausible during the 3-
day culture period. It is also possible that cell adhesion
molecules linking tumor cells and HBMECs could
physically alter the migratory capacity of tumor cells
within an HBMEC monolayer.

While our experiments have provided interesting
insights into the biochemical and physical interactions
between tumor cells, the HA matrix, and the brain
endothelium, we acknowledge several important limi-
tations of our system. First, our models lack other cell
types present at the in vivo BBB, including astrocytes
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and pericytes. There is a growing body of literature15,30

to support the hypothesis that the presence of these
cells, and/or their secreted biochemical factors, would
likely influence tumor cell migration and incorporation
into the brain endothelium, cell–cell junctions in the
HBMECs, and possibly also the ECM. Indeed, our
own previous work has shown that astrocyte condi-
tioned media applied to MDA-MB-231 cells directly,
or to their ECM only, can result in increased cell
migration.60 Secondly, our models lack physiologic
flow conditions. Shear stresses in the brain capillaries
of rodent models have been measured to be in the
range of 20–40 dyne/cm2,66 which can influence
endothelial barrier function, cell migration, tumor cell
adhesion, and tumor cell proliferation.3,9,16,36,48 The
JAnaP can already calculate cell aspect ratios, and the
next iteration of the program should include a feature
that calculates alignment of endothelial cells to the
direction of flow. Another limitation of our model is
the lack of cylindrical geometry, which can influence
EC elongation in the presence of shear stress.71

Incorporation of these additional cells and mechanical
cues will continue to be important as the field develops
benchmarks for BBB models.

CONCLUSIONS

We have shown that MDA-MB-231 and MDA-
MB-231-BR (but not HBMEC) morphology and
migration parameters are sensitive to the crosslinking
density of HA/gelatin films, with a trend that is
opposite of that typically observed for varying stiffness
of ECM-coated polyacrylamide gels. Meanwhile, we
used our novel JAnaP to quantify modest alterations
in HBMEC tight and adherens junctions as a function
of HA/gelatin crosslinking density. In addition, we
found that tumor cell-secreted factors (e.g., VEGF) led
to increased presentation of immature adherens junc-
tions, but minimally affected tight junction presenta-
tion. HA/gelatin crosslinking, however, did not seem
to affect MDA-MB-231 or MDA-MB_231-BR cell
incorporation into HBMEC monolayers. We also
showed that MDA-MB-231 tumor cells were able to
utilize multiple modes of incorporation into HBMECs,
in addition to the commonly reported paracellular
pathway, and that MDA-MB-231 cells dynamically
modified their morphology and migration behavior, as
well as HBMEC junctions, during incorporation into
the brain endothelium. Overall, our quantitative re-
sults suggest that a combination of biochemical and
physical factors promote tumor cell migration through
the brain endothelium, and suggest that ECM
mechanics may become most significant once incor-
poration or transmigration is complete. Future work

will continue to build upon these results by incorpo-
rating more cellular components and mechanical cues
into the experimental in vitro models.
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Haskó, J. Molnar, H. Bauer, H.-C. Bauer, F. Ayaydin, N.
T. K. Dung, L. Siklós, and I. A. Krizbai. Transmigration of
melanoma cells through the blood-brain barrier: role of
endothelial tight junctions and melanoma-released serine
proteases. PLoS ONE 6:e20758, 2011.

24Grammas, P., J. Martinez, and B. Miller. Cerebral
microvascular endothelium and the pathogenesis of neu-
rodegenerative diseases. Expert Rev. Mol. Med. 13:e19,
2011.

BIOMEDICAL
ENGINEERING 
SOCIETY

PRANDA et al.478



25Gray, K. M., D. B. Katz, E. G. Brown, and K. M. Stroka.
Quantitative phenotyping of cell-cell junctions to evaluate
ZO-1 presentation in brain endothelial cells. Ann. Biomed.
Eng. 2019. https://doi.org/10.1007/s10439-019-02266-5.

26Hagedorn, E. J., J. W. Ziel, M. A. Morrissey, L. M. Lin-
den, Z. Wang, Q. Chi, S. A. Johnson, and D. R. Sherwood.
The netrin receptor DCC focuses invadopodia-driven
basement membrane transmigration in vivo. J. Cell Biol.
201:903–913, 2013.

27Hamilla, S. M., K. M. Stroka, and H. Aranda-Espinoza.
VE-Cadherin-independent cancer cell incorporation into
the vascular endothelium precedes transmigration. PLoS
ONE 9:e109748, 2014.

28Hielscher, A., K. Ellis, C. Qiu, J. Porterfield, and S. Ger-
echt. Fibronectin deposition participates in extracellular
matrix assembly and vascular morphogenesis. PLoS ONE
11:e0147600, 2016.

29Hoshino, A., et al. Tumour exosome integrins determine
organotropic metastasis. Nature 527:329–335, 2015.

30Jamieson, J. J., P. C. Searson, and S. Gerecht. Engineering
the human blood-brain barrier in vitro. J. Biol. Eng. 11:37,
2017.

31Kass, L., J. T. Erler, M. Dembo, and V. M. Weaver.
Mammary epithelial cell: Influence of extracellular matrix
composition and organization during development and
tumorigenesis. Int. J. Biochem. Cell Biol. 3(39):1987–1994,
2007.

32Katt, M. E., R. M. Linville, L. N. Mayo, Z. S. Xu, and P.
C. Searson. Functional brain-specific microvessels from
iPSC-derived human brain microvascular endothelial cells:
the role of matrix composition on monolayer formation.
Fluids Barriers CNS 15:7, 2018.

33Kienast, Y., L. Von Baumgarten, M. Fuhrmann, W. E. F.
Klinkert, R. Goldbrunner, J. Herms, and F. Winkler. Real-
time imaging reveals the single steps of brain metastasis
formation. Nat. Med. 16:116–122, 2010.

34Kim, Y., and S. Kumar. CD44-mediated adhesion to
hyaluronic acid contributes to mechanosensing and inva-
sive motility. Mol. Cancer Res. 12:1416–1429, 2014.

35Kohn, J. C. C., D. W. W. Zhou, F. Bordeleau, A. L. L.
Zhou, B. N. N. Mason, M. J. J. Mitchell, M. R. R. King,
and C. A. A. Reinhart-King. Cooperative effects of matrix
stiffness and fluid shear stress on endothelial cell behavior.
Biophys. J. 108:471–478, 2015.

36Lee, H. J., M. F. Diaz, K. M. Price, J. A. Ozuna, S. Zhang,
E. M. Sevick-Muraca, J. P. Hagan, and P. L. Wenzel. Fluid
shear stress activates YAP1 to promote cancer cell motility.
Nat. Commun. 8:14122, 2017.

37Lee, T.-H., H. Karsenty Avraham, S. Jiang, and S. Avra-
ham. Vascular endothelial growth factor modulates the
transendothelial migration of MDA-MB-231 breast cancer
cells through regulation of brain microvascular endothelial
cell permeability. J. Biol. Chem. 278:5277–5284, 2003.

38Lee, K. Y., Y.-J. Kim, H. Yoo, S. H. Lee, J. B. Park, and
H. J. Kim. Human brain endothelial cell-derived COX-2
facilitates extravasation of breast cancer cells across the
blood-brain barrier. Anticancer Res. 31:4307–4313, 2011.

39Leong, H. S., A. E. Robertson, K. Stoletov, S. J. Leith, C.
A. Chin, A. E. Chien, M. N. Hague, A. Ablack, K. Car-
mine-Simmen, V. A. Mcpherson, C. O. Postenka, E. A.
Turley, S. A. Courtneidge, A. F. Chambers, and J. D.
Lewis. Article invadopodia are required for cancer cell
extravasation and are a therapeutic target for metastasis.
Cell Rep. 8:1558–1570, 2014.

40Levental, K. R., H. Yu, L. Kass, J. N. Lakins, M. Egeblad,
J. T. Erler, S. F. T. Fong, K. Csiszar, A. Giaccia, W.
Weninger, M. Yamauchi, D. L. Gasser, and V. M. Weaver.
Matrix crosslinking forces tumor progression by enhancing
integrin signaling. Cell 139:891–906, 2009.

41Li, B., W.-D. Zhao, Z.-M. Tan, W.-G. Fang, L. Zhu, and
Y.-H. Chen. Involvement of Rho/ROCK signalling in
small cell lung cancer migration through human brain
microvascular endothelial cells. FEBS Lett. 580:4252–4260,
2006.

42Mader, C. C., M. Oser, M. A. O. Magalhaes, J. J. Bravo-
Cordero, J. Condeelis, A. J. Koleske, and H. Gil-Henn. An
EGFR-Src-Arg-cortactin pathway mediates functional
maturation of invadopodia and breast cancer cell invasion.
J. Cancer Res. 71:OF1–OF12, 2011.

43Martin, T. A., and W. G. Jiang. Loss of tight junction
barrier function and its role in cancer metastasis. Biochim.
Biophys. Acta Biomembr. 1788:872–891, 2009.

44McFarlane, S., J. A. Coulter, P. Tibbits, A. O’Grady, C.
McFarlane, N. Montgomery, A. Hill, H. O. McCarthy, L.
S. Young, E. W. Kay, C. M. Isacke, and D. J. J. Waugh.
CD44 increases the efficiency of distant metastasis of breast
cancer. Oncotarget 6:11465–11476, 2015.

45Mouw, J. K., G. Ou, and V. M. Weaver. Extracellular
matrix assembly: a multiscale deconstruction. Nat. Publ.
Gr. 15:771, 2014.

46Narkhede, A. A., J. H. Crenshaw, R. M. Manning, and S.
S. Rao. The influence of matrix stiffness on the behavior of
brain metastatic breast cancer cells in a biomimetic hya-
luronic acid hydrogel platform. J. Biomed. Mater. Res. A
106:1832–1841, 2018.

47Nayak, L., E. Q. Lee, and P. Y. Wen. Epidemiology of
brain metastases. Curr. Oncol. Rep. 14:48–54, 2012.

48Northcott, J. M., I. S. Dean, J. K. Mouw, and V. M.
Weaver. Feeling stress: the mechanics of cancer progression
and aggression. Front. Cell Dev. Biol. 6:17, 2018.

49Novak, U., and A. H. Kaye. Extracellular matrix and the
brain: components and function. J. Clin. Neurosci. 7:280–
290, 2000.

50Onken, M. D., J. Li, and J. A. Cooper. Uveal melanoma
cells utilize a novel Route for transendothelial migration.
PLoS ONE 9:e115472, 2014.

51Onken, M. D., O. L. Mooren, S. Mukherjee, S. T. Shahan,
J. Li, and J. A. Cooper. Endothelial monolayers and
transendothelial migration depend on mechanical proper-
ties of the substrate. Cytoskeleton 71:695–706, 2014.

52Pogoda, K., R. Bucki, F. J. Byfield, K. Cruz, T. Lee, C.
Marcinkiewicz, and P. A. Janmey. Soft substrates con-
taining hyaluronan mimic the effects of increased stiffness
on morphology, motility, and proliferation of glioma cells.
Biomacromolecules 18:3040–3051, 2017.

53Prestwich, G. D., and C. O. N. Spectus. Evaluating drug
efficacy and toxicology in three dimensions: using synthetic
extracellular matrices in drug discovery. Acc. Chem. Res.
41:139–148, 2008.

54Reymond, N., P. Riou, and A. J. Ridley. Rho GTPases and
cancer cell transendothelial migration. Methods Mol. Biol.
827:123–142, 2012.

55Roberts, H. C., T. P. L. Roberts, R. C. Brasch, and W. P.
Dillon. Quantitative measurement of microvascular per-
meability in human brain tumors achieved using dynamic
contrast-enhanced mr imaging: correlation with histologic
grade. AJNR Am. J. Neuroradiol. 21:891–899, 2000.

56Rodriguez, P. L., S. Jiang, Y. Fu, S. Avraham, and H. K.
Avraham. The proinflammatory peptide substance P pro-

BIOMEDICAL
ENGINEERING 
SOCIETY

Tumor Cell Incorporation into Brain Endothelium 479

https://doi.org/10.1007/s10439-019-02266-5


motes blood-brain barrier breaching by breast cancer cells
through changes in microvascular endothelial cell tight
junctions. Int. J. Cancer 134:1034–1044, 2014.

57Roh-Johnson, M., J. J. Bravo-Cordero, A. Patsialou, V. P.
Sharma, P. Guo, H. Liu, L. Hodgson, and J. Condeelis.
Macrophage contact induces RhoA GTPase signaling to
trigger tumor cell intravasation. Oncogene 33:4203–4212,
2014.
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