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Abstract

Drug screening in oncology, especially for triple-negative breast cancer (TNBC), has high demand
but remains unsatisfactory. Currently available models are either nonrepresentative of the complex
tumor microenvironment or only suitable for low throughput screening, resulting in a low-yield
success for drug development. To tackle these issues, we developed the L-TumorChip system, a
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three-layered microfluidic tumor-on-a-chip platform integrating tumor microvasculature and
tumor-stromal microenvironment with high throughput screening capability. Its layered and
modular design is readily scalable through simple integration of multiple units. We validated L-
TumorChip with a TNBC model. Our L-TumorChip system emulated certain tumor-stroma
complexities and tumor-endothelium interactions, including TNBC invasion through the leaky
microvasculature and angiogenesis. Additionally, with this L-TumorChip, we investigated the
influence of different stromal cells, including normal fibroblasts, mesenchymal stem cells and
cancer-associated fibroblasts (CAF), on cancer cell growth as well as the stromal effects on drug
responses to doxorubicin treatment. The presence of CAF delayed drug pharmacokinetics, while
apoptotic responses indicated by caspase-3 activities was higher in coculture with normal
fibroblasts. Collectively, our L-TumorChip system represents a translational high-throughput
screening toolkit that enables drug screening with a scenario closer to the /n7 vivo conditions. This
potential use may therefore facilitate development of new cancer drugs.
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A microfluidic tumor-on-a-chip with integration of tumor-microvasculature and tumorous-
stromal microenvironment offers a more representative model to study the cell interactions
within tumor microenvironment and between tumor and endothelium barrier. This platform
enables more precise high throughput drug screening and drug pharmacokinetic studies.
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Oncology is a field with significant demand of drug development due to the large patient
population and disease complexity. Despite a significant number of preclinical projects and
clinical trials in the pipeline, oncology drug development remains unsatisfactory with few
exceptions. For example, according to the reports analyzing clinical developments of over
21,000 compounds, the success rate for oncology drug development from phase 1 clinical
trials to FDA-granted approval is less than 4%.[1] The low success rate for compounds
already in clinical trials illuminates the shortcomings in current pre-screening models.
Especially triple-negative breast cancer (TNBC), the most intractable cancer type in women,
one of the earliest immunotherapy drugs for use against TNBC was approved by FDA only
as recently as in 2019, demonstrating the difficulty of oncology drug development.[2] This
can be attributed to the gap between the experimental models and /n vivo physiological and
pathological realities. Compound screening in a more physiologically faithful manner is
therefore an unmet need for improving the efficiency of the drug development pipeline. The
current gold standard uses patient-derived xenograft mouse models, which only offer a
murine physiological microenvironment to transplanted human cells. The main bottlenecks
in mouse models that hinder their use in new drug discovery are throughput and batch-to-
batch variations. Consequently, current strategies of drug discovery and development still
mainly rely on conventional monolayer culture (2D culture) for pre-screening. However,
there is strong evidence that cancer cells in 2D culture behave differently in proliferation,[3]
gene expressions,[4] and drug responsesl®] from those in natural tissue architecture. There is
therefore a need for novel approaches better replicating the /77 vivo microenvironment for a
more faithful and clinical relevance.

Several static 3D culture approaches, such as spheroid culture or scaffold/hydrogel
embedding culture, have been developed to partially recapitulate physiological
microenvironment configurations.[®! These static culturing methods cannot reproduce
dynamic nutrient transport availed to cells in vivo. To address this deficiency, the tumor-on-
a-chip concept emerged to better emulate physical /n vivo conditions using human cell
sources through (1) flow-induced mechanical stimulation and precise control of nutrient/
waste transport, (2) structuring physiologically relevant architecture, and (3) stromal-cancer
epithelium interactions. For example, integration of microfluidic chip with spheroid culture
without reconstructed microvasculature or stromal components was reported to validate the
effects of flow and tumor spheroid size on drug treatment results.[”] Nevertheless,
microvasculature in tumor microenvironment plays an important role in regulating drug
delivery, cancer cell survival and tumor progression. We and many other groups have
reported a wide variety of microfluidic designs to replicate tumor microvasculature to study
the endothelial barrier for drug delivery applications.[8] These models enable the study of
juxtacrine and paracrine signals involved in the development of chemotherapeutic drug
resistance.[®] In addition to the endothelial cells, cancer associated fibroblast (CAF), the
most abundant stromal cell in solid tumor, is another key component in tumorigenesis as
they can remodel the extracellular matrix and modulate the anti-tumor immune response
through interactions with the cancer cells.[1% As such, CAF has also been incorporated into
the recent tumor-on-a-chip designs, and these studies demonstrate the pronounced effects of
CAF in conjunction with chemotherapeutic drugs on cancer cell migration and survival.[1]
Although these systems help to gain insights on the complex tumor hallmarks, their
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throughput remains a major obstacle that limits their clinical translation. Most of the designs
are constructed with all channels in a planar configuration thereby limiting scalable
throughput per chip. Some designs vertically stack their final structure, with a filter
membrane or hydrogel layer to separate tumor and vasculature zones, but such designs are
prone to cross-talk or leakage through these separation layers when scaled up as multi-units
on a single chip.

To resolve the aforementioned shortcomings, in this study, we develop the L-TumorChip
system to deliver four features (i.e. cancer-stromal interaction, flow, microvasculature and
throughput). L-TumorChip is a three-layered polydimethylsiloxane (PDMS) microfluidic
array with vertically stacked spatial reconstruction of microvessels and tumor compartments,
supported by a controllable continuous perfusion of media. The tumor compartment
comprises cancer cells and stromal cells, providing a physiologically relevant tumor
microenvironment in a readily scalable fashion for high-throughput drug-screening (Figures
1A). The regenerated endothelial layer was characterized by junctional proteins and
permeability measurement. Breast cancer cell invasion and initial angiogenesis are notably
present. Furthermore, the influence of stromal cells on cancer cell growth and on real-time
drug response were investigated. Altogether, we demonstrated the capability of this L-
TumorChip to study tumor-stroma interaction and drug kinetics.

L-TumorChip system was built on the foundation of our previous work,[8¢] we redesigned
the system to better depict the heterogeneous tumor microenvironment. The top channel
(990 x 150 um; width x height), lined with a confluent layer of human microvascular
endothelial cells (HMVEC), and the bottom cylindrical chamber (490 um in radius, 200 pum
in height) with Matrigel-encapsulated cancer cells, were separated by a 25um-thick
membrane with a cluster of pores (20 um in diameter). The device design was geometrically
optimized for administering physiological flow parameters by computational fluid dynamics
simulation with the prescribed boundary flow conditions described in our previous works.
[8e, 12] The inlet velocity boundary condition of the top channel was set to 100 pm/s as set in
our experimental conditions, which was in the range of velocity in human capillary, and the
hydraulic permeability of 2x10-14 m2 of a 4 mg/mL Matrigel was used for the bottom
chamber. As the simulated flow pattern shown in Figure 1B, the patterned pores in the
middle PDMS membrane enables controlled cell communication and nutrient/waste
exchange between the bottom chamber and the top channel. In addition, this vertical
stacking design for each unit allowed the system to be scaled up by simply arraying the units
planarly with appropriate interconnections. To ascertain the Z-TumorChip’s utility in robust
drug screening and biological applications, we first confirmed the cell seeding uniformity
between units arrayed in sequence and in parallel across the platform. We seeded our L-
TumorChip chambers with the same density of red fluorescent protein (RFP)-expressing
breast cancer cells (MDA-MB-231) and separately confirmed the correlation between RFP
signal intensity and cell numbers (Figure S1, Supporting Information). From the RFP signal
measurement, we detected a minimal cell density variation between units (coefficient of
variation <15%, Figure 1C), demonstrating repeatability and feasibility of the arrayed units
as replicates.
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After confirming uniform seeding density across units, we characterized and evaluated the
endothelial component of the L-TumorChip system. Endothelium plays a key role in
controlling the interactions and transport of solutes, proteins and cells between blood vessels
and tissues. To mimic the transport phenomena of capillaries in tumor, our L-TumorChip
system was composed of a monolayer of microvascular endothelial cells (Figure 2A). To
characterize the vasculature structure of this endothelial monolayer in L-TumorChip,
HMVECs were first stained with two endothelial junction proteins, CD31 (also known as
PECAM-1; Figures 2B and 2C) and VE-cadherin (Figures 2D and 2E). The presented
organization of CD31 and VE-cadherin reflect the endothelial junctional integrity. [13]
Abundant expressions of these two junction proteins were found in the staining results and
displayed cell boundaries that were not tightly adjacent, indicating the leaky properties of
endothelial monolayer in L-TumorChip. This mimics the tumor microvasculature, known to
be relatively immature and leakier due to the activated proangiogenic pathways in the tumor
microenvironment overwhelming the antiangiogenic factor production.[241 We next
measured the permeability of regenerated endothelium in L-TumorChip to investigate
whether it reflected this visually noticeable leaky characteristic from junction protein
staining. The permeability was determined by detecting the fluorescent solutes (10 and 70
kDa dextrans) from the side view of one unit (Figure 1B and Figure S2, Supporting
Information). Prior to the permeability measurement, calibration and the sampling depth
verification were carried out under the same instrument settings (Figure S3, Supporting
Information). Characterizations of endothelial monolayer via cell-cell junction protein
staining and the permeability measurement were conducted at day 2 post-seeding. Compared
with normal vascular permeability (in 10" cm/s magnitude for both dextrans),[*%] a
relatively higher permeability (4.00x10 and 1.82x10° cm/s for 10 and 70 kDa dextrans,
respectively) of the endothelium layer was measured (Figure 2F), consistent with the
staining results. The relatively high permeability of HMVECs in L-TumorChip could be
attributed to their interactions with highly metastatic MDA-MB-231 cells and the presence
of vascular permeability factor, vascular endothelial growth factor (VEGF),[1¢] in the
commercial HMVEC culture medium (Lonza EGM™-2). The MDA-MB-231 cell,
originally derived from a metastatic site of the breast adenocarcinoma patient, is known to
be aggressive and highly invasive, spontaneously metastasizing to lung,[*7! brain,[18] and
bonel9] after intravenous, intracardiac injection or orthotropic implantation in mice. The
increased tumor vascular permeability enables the invasion of dissembled tumor cells from
primary site.[9d: 201 Cancer cells altered endothelial permeability through the secretion of
growth factors (such as VEGF),[16. 211 cytokines!22] and chemokines.[23] To exclude the
influence of VEGF in the commercial medium of HMVEC from the observation, another
endothelial cell cultured in the media without VEGF was chosen to verify the integrity of
regenerated endothelial layer in L-TumorChip. When using the normal human brain
endothelial cell line, \CMEC/D3, the endothelium permeability was 2.9x107 and 3.7x10°7
cm/s for sodium fluorescein and 70kDa dextran, respectively, and these results were
consistent with the measurements of the intact blood-brain-barrier (Figure S4, Supporting
Information) from other studies[?4], suggesting the simulated representation of leaky tumor
vasculature with the aforementioned higher permeability values when tight junctions are
notably missing.
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Leaky vasculature in tumor may facilitate the cancer invasion,[2%: 2101 and our £-TumorChip
provides a high-throughput way to study the relationship between endothelial
hyperpermeability and tumor metastasis. To study the cell migration in L-TumorChip, we
again chose the RFP-expressing MDA-MB-231 and labeled the HMVEC with the PKH67
dye, a long-term green fluorescent cell tracker. After a 7-day culture in L-TumorChip, we
observed cancer cells crossing the endothelium to the top channel (Figures 3A and 3B),
while HMVECs migrated from the top channel to the tumor cell mass (bottom chamber) and
began forming self-assembled spheroids with cancer cells in the bottom chamber (Figures
3A, 3C and 3D). The migration dynamics of GFP-expressing MDA-MB-231 was observed
using a wide-field fluorescence microscope. The cancer cells invasively disrupts the
endothelial layer as they gradually migrated to the top channel, highlighting their capacity to
directly alter endothelial permeability, while concurrently forming more compact spheroid
structures within their original seeded chambers (Figure S5, Supporting Information). These
results demonstrate that the L-TumorChip recapitulate marked physiological behaviors of
cancer cell invasion and initiation of angiogenesis. Interestingly, the presence of endothelial
cells in the device correlates with the formation of cancer spheroids. More cell aggregates
were observed when coculturing with HMVECs in L-TumorChip (Figure S6, Supporting
Information). When cultured without the support of endothelial cells, cancer cell aggregates
tended to lose their coherent structures over the time (Figure S6, Supporting Information).
The results reveal that the endothelium in L-TumorChip not only functions as a barrier but
also participates in tumor progression.

Tumor microenvironment is a highly heterogeneous mixture composed of endothelial cells,
fibroblasts, infiltrated immune cells, epithelial cells, adipocytes and mesenchymal stem cells
(MSCs) embedded in the extracellular matrix. Among these, cancer-associated fibroblast
(CAF) is the most abundant stromal cell type in tumor microenvironment.[25] CAFs
modulate cancer progression through direct contacts with the cancer cells, paracrine
signaling and extracellular matrix remodeling. To replicate the fibroblast-mediated complex
tumor microenvironment in L-TumorChip, normal fibroblasts or CAFs were introduced in
the bottom chambers and co-cultured with the MDA-MB-231 cells. For CAF generation, we
followed the previously reported methods to differentiate MSCs into CAFs by culturing
MSCs in the MDA-MB-231 cell-conditioned media for 30 days.[26] Following the same
reported characterization methods, we confirmed that CAFs were successfully derived from
MSCs noted by their elevated expression of myofibroblast biomarkers, including a-smooth
muscle actin (a-SMA), fibroblast activation protein (FAP) and vimentin (Figure 4A). We
observed similar patterns from the flow cytometry analyses, the FAP expression in the
derived CAF was upregulated by 1.7 times compared with the untreated MSC (Figure 4B).
In contrast, normal fibroblast and MSC were reported to have low FAP expression level.[27]
The stromal cells (normal fibroblasts, CAFs or MSCs) were mixed with the RFP-expressing
MDA-MB-231 cells in a 1:1 ratio and seeded in Matrigel in the bottom chamber. At 24h
post-seeding, HMVECs were seeded in the top channel. The proliferation of cancer cells
was interpreted by measuring the RFP signal in the entire chamber captured using the z-
slicing fluorescence imaging microscope.

As shown in Figures 4C and 4D, cancer cell grew slightly slower without statistical
significance in the presence of HMVEC compared with cancer cell monoculture, agreeing
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with the /in vivo observations from the study that co-injected human microvascular
endothelial cells suppressed tumor growth compared with MDA-MB-231 injection without
any endothelial cells, while lymphatic endothelial cells promoted tumor growth.[28]
However, some studies reported contradictory findings related to effects of endothelial cells
on cancer cell growth. For instance, colorectal cancer cells pre-treated with liver
parenchymal endothelial cell-conditioned medium prior to the administration resulted in
increased tumor growth in vivo.[%] Blood flow has been known to affect endothelial cell
functions.[?9] Thus the difference may be partly attributable to collecting conditioned
medium from static culture. The inconsistent observations of endothelial effects on tumor
cell growth in literature may be caused by different experimental setting including different
types of endothelial cells, dynamic/static culture conditions and 2D/3D culture.

For all coculture conditions of cancer cells with endothelial cells shown in Figure 4C and
4D, normal fibroblasts reduced cancer cell growth, indicated by a longer doubling time
while both CAF and MSC promoted cancer cell proliferation when compared against cancer
cells cultured alone with endothelial cells. CAF has been reported to have both anti- and pro-
tumor activities, depending on the stage of tumor progression. At the initial stage, fibroblasts
of a tumor tend to suppress the tumor growth as it emulates a “wound” state, but tumors
being “wounds that do not heal”, [39] the constant actions of CAF on tumor sites can
gradually become predominantly pro-tumorigenic.[32! This anti-/pro-tumor transition may be
attributed to one of the suggested origins of CAFs being resident fibroblasts in the tumor
microenvironment, as our results with normal fibroblast suppressing cancer cell growth and
CAFs instead promoting such growth simulates this transitional behavior. Similarly, studies
have also demonstrated that MSCs have both promoting and suppressive influence on tumor
progression, depending on its origins, cancer types and the amount of MSCs.[27: 321 CAFs
count in a range of 30-70% of all the cell types in the typical tumor microenvironment,[2°]
where only 0.01-1.1% account for MSC.[33] Therefore, our experimental setting (50%)
reflects the average /in vivo scenario for CAF but may overemphasize the MSC effect. In this
study, we have demonstrated the effects of stromal cells on cancer cell growth. Interactions
between endothelium and stromal cells may also influence on the growth of cancer cells,
which warrants further studies by comparing the tumor-stromal coculture with and without
the presence of an endothelial layer.

Another important feature of L-TumorChip is its capability of monitoring drug response in
real time, which allows to study drug kinetics in a high throughput manner with tumor
microenvironment and continuous perfusion. To demonstrate this feasibility, we chose a
commonly-used, FDA-approved breast cancer drug, doxorubicin, to evaluate the drug
response of MDA-MB-231 under different stromal conditions. Following a similar
fluorogenic caspase-3 assay reported in the 2D culture,[8¢] we were able to measure the
dynamics of drug responses by monitoring the fluorescence intensity induced by
intracellular caspase-3 activity. Doxorubicin and fluorogenic dye-linked caspase-3 enzyme
substrate were mixed in medium and introduced into the channel lined with regenerated
endothelium at the day 2 post-seeding with a continuous flow for another 48 h. To ensure
proper endothelial layer integrity prior to any drug treatment, the permeability was
characterized on the same day as drug treatment would begin (2 day post-seeding, Figure 2).
Li et al. demonstrated negligibly low adsorption of calcein and 5(6)-
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carboxytetramethylrhodamine (TMR) on the surface of PDMS, wherein doxorubicin hold
physicochemical characteristics intermediate of them but closer to TMR.[34] In a static
condition, the adsorbed TMR signals on PDMS was 14% more than that on glass, but lower
than polystyrene. In dynamic studies in microchannels dimensionally comparable to our L-
TumorChip channels, the adsorption was negligible (<0.002%).

The caspase-3 activity in each bottom chamber with a unique tumor microenvironment
condition was monitored for 48 h. As shown in Figures 5A, doxorubicin treatment induced
cell apoptosis as higher caspase-3 activities were observed by comparison between treated
and non-treated groups. We also observed that the endothelium hampered the apoptotic
effects of doxorubicin as noted by comparing the caspase activity between the groups
cultured with and without HMVEC. The delayed and attenuated caspase-3 activity observed
in the presence of HMVEC monolayer can be fitted to a sequential bi-logistic model:

ki ky
-aIa 5D + 3o 20— )

S =
1+

where Sis the activity of caspase-3 interpreted from the normalized fluorescent intensity
while 4, g and b;are the carrying capacity, the activity rate and the inflection timepoint,
respectively.

Particularly, the extended second inflection timepoint (82 231a10ne=18.44, b2 231+£c=22.56)
and lower total capacity (k7#k2 231a10ne=2.78, K1+ K2 231+ £c=2.50) indicated the influence of
endothelium to the drug treatment (Tables S1, Supporting Information). However, the actual
mechanism of two-steps response was unclear, warranting further studies. Constructing
tumor microenvironment with normal fibroblast and MDA-MB-231 enhanced cell apoptosis
as observed in the shortened b2 (b2 231/ner£c=22.12) and higher k;+k;

(k1tk2 231/NF+EC=3.36) when compared with the group co-cultured with CAFs or MSCs
under doxorubicin treatment (Figure 5B and Table S1, Supporting Information). In fact,
there was a reverse correlation between the proliferation rate (Figure 4D) and caspase-3
activity in drug-free condition (Figure S7A, Supporting Information). Lower proliferation
capacity in coculturing with normal fibroblasts corresponded to the higher apoptotic
response. Furthermore, the caspase-3 activity of normal fibroblast coculture at 48 hours of
doxorubicin treatment retained the drug-free caspase activity that remained unaffected by the
drug itself (Figure S7C, Supporting Information). However, the drug-induced caspase
activity of the cocultures other than that with normal fibroblasts showed a significantly more
pronounced effect compared to their respective drug-free baseline levels (Figure S7D and E,
Supporting Information).

Co-culture with CAF or MSC delayed the drug response, leading to lower activity rate

(a2, 231+£¢c=0.33, az, 231/cAF+£C=0.28, a2 231/msc+ec=0.14) and extended second inflection
timepoint (b, 231+£0=22.56, b 231/cAF+£c=33.02, b 231/m15c+£c=41.72). Notably, the
observed apoptotic response came from the cells in the bottom chamber, and the total
number of seeded cells, with or without stromal cells, in each bottom chamber remained the
same across all conditions. The higher caspase-3 activity in coculturing with normal
fibroblast indicated the increased drug resistance in coculturing with CAF/MSC was not due
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to the increased signaling distance between cancer cells themselves in the coculture
conditions, which only contained half the amount of cancer cells comparing with MDA-
MB-231 alone (with endothelium). Evidences have shown that both CAF and MSC can not
only boost cancer cells’ proliferation but also reduce apoptosis.[3®] Moreover, they can
exclude chemotherapeutic drug accumulation in cancer cells.[36] These possible phenomena
can explain the delayed caspase-3 activities that we observed in our device. The major
difference between the CAF and MSC groups occurred at 40 h, becoming significant after
48 h of the measurement (p < 0.05) with higher caspase activity in MSC co-cultures. In
addition, the second activity rate (&) of the group co-cultured with MSC was twice of that
cocultured with CAF (a2 231/c4r+£0=0.28, 4z 231/msc+ec=0.14). The lower caspase-3
activity in CAF-carrying tumor microenvironment might also be attributed to the enhanced
production of extracellular matrix by CAF,[100. 371 thereby enhancing the physical resistance
against drug transport. We did not expect much cancer cell migration during drug treatment
since only minimal migration on both days 3 and 5 post-seeding was visually observable
through the confinement of the cancer cells within the bottom chamber perimeter (Figure S5,
Supporting Information).. In addition, due to the proliferation-inhibitory nature of
doxorubicin, the migration of endothelial cells was not expected. The migration of MBA-
MD-231 during drug treatment in a longer experimental time frame might be an interesting
point for further investigations.

In summary, we demonstrated a high throughput screening device with an /n vivo-inspired
tumor microenvironment and perfused flow. This L-TumorChip system mimicked the leaky
endothelium barrier and partly the complex tumor microenvironment, which subsequently
alters the drug response. Physiological cell behaviors (cancer invasion and endothelial
angiogenesis) were observed in the L-TumorChip as well. More importantly, it allowed us to
monitor the dynamic drug response in real time. The function of a present endothelial barrier
in drug response and the drug resistance mediated by CAF were observed in the device,
respectively. The results provide a new outlook on the design of a platform for screening
oncology compounds in a high throughput manner with mimicked tumor microenvironment.
Taken together, a physiologically relevant tumor microenvironment, composed of cancer
cells, CAFs, MSCs and endothelial monolayer, has been reconstructed in the microfluidic
high throughput screening device, showing the potential of this platform for clinically
translatable high-throughput drug screening and drug Kinetics studies.
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Figure 1.
Design of the three-layer microfluidic device (L-TumorChip) used in this study. (A)

Schematic illustation of the microfluidic cell array design. Cancer and stromal cells were
encapsulated in the Matrigel and seeded into the bottom layer, taking residence in the
bottom chambers and the interconnecting channels between chambers (B) The cross-section
view of one unit in the device with simulated flow results by COMSOL. Arrows indicate the
flow direction. (C) Variations between chambers when seeded with same numbers of RFP-
expressing MDA-MB-231 cells. Fluorescent intensity from each chamber was normalized to
the mean of intensity among chambers. Results are reprented as average + standard
deviation (S.D.; n=16).
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Characteristics of HMVEC monolayer in L-TumorChip at day 2 post-seeding. (A)
Representative phase-contrast image of the confluent HMVEC endothelium monolayer.
Representative CD-31 immunostained images with (B) 10x and (C) 20x magnifications
under the confocal microscope. Images are a maximum intensity projection of the full z-
stack images captured from bottom to top layers. Representative images of the endothelium
stainted with VE-cadherin antibody with (D) 10x and (E) 20x magnifications under the
confocal microscope, focusing on slices above and proximal to the middle layer. The slices
obtained from this subset of layers is shown as a maximum intensity projection. (F)
Permeability of HMVEC barrier in L-TumorChip under the interaction with MDA-MB-231
cancer cells. Cancer cells were tagged with GFP in (B) and (C) or RFP in (D) and (E).
Hoechst dye was used to stain nuclei. Results are represented as average = S.D. (1= 4).
Significance was determined using 2-way ANOVA and Tukey’s Multiple Comparison Test

(**, p<0.01).
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Figure 3.
Cell migration patterns of MDA-MB-231 and HMVEC at day 7 post-seeding. (A)

Representative 3D-reconstructed image of one chamber in L-TumorChip obtained from Z-
axis sliced confocal images (B) Representative image taken with focal plane at top channel
Arrows indicate the migrated RFP-expressing breast cancer cells having invaded the green
fluorescent endothelial barrier at the top channel. White dashed oulines indicate the outline
of channel in the observing plane and gray round dots depict the outline of bottom chamber
in an out-of-view plane. (C) Representative image taken with focal plane at bottom chamber.
The white dashed oulines here indicate the bottom chamber in the observing plane and gray
round dots depict the outline of the channel in an out-of-view plane. (D) Representative 3D-
reconstructed image of the self-assemble MDA-MB-231/HMVEC spheriod. RFP-expressing
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MDA-MB-231 and PKH67-stained green HMVEC cells were initially seeded separately in
the bottom chamber and the top channel, respectively.
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Figure 4.
Characterizations of MSC-derived CAF and its influence on cancer cell growth when

cocultured in L-TumorChip. (A) Representative images of differentiated cells stained with
the CAF-specific biomarkers (CD31 used as a negative control here). (B) Flow cytometry
analysis on FAP/a-SMA expressions in MSC and the derived CAF. Results are represented
as average = S.D. (n= 3). Significance was determined using Student #test (*, p< 0.05). (C)
The proliferation and (D) doubling time of GFP-expressing MDA-MB-231 under different
tumor microenvironment conditions in the device. Results are represented as average + S.D.
(n=4). Significance was determined using one-way ANOVA and Tukey’s Multiple
Comparison Test (*, p< 0.05; *** p<0.001).
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Figureb.

Drug response of MDA-MB-231 to doxorubicin under different conditions in L-TumorChip.
(A) Drug response kinetics of MDA-MB-231 cell in the presence of HMVEC treated with or
without doxorubicin and the effect of presence of HMVEC endothelium barrier in the
device. Caspase-3 activity in the bottom chamber was normalized to time 0 fluorescence
intensity value in each condition. The drug was given at day 2 post-seeding. Results are
represented as average + S.D. (7= 3). Significance between treated and non-treated groups
(both cultured with HMVEC) at the endpoint (48h) was determined using Student #test (*, p
< 0.05) (B) Caspase-3 activity of MDA-MB-231 at 48h post-treatment. Drug response
kinetics of MDA-MB-231 under different tumor microenvironment conditions. Results are
represented as average + S.D. (n=23).
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