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Microsphere-Enabled Modular Formation of Miniaturized In

Vitro Breast Cancer Models

Weiwei Wang, Li Zhang, Robert O’Dell, Zhuozhuo Yin, Dou Yu, Hexin Chen, JinPing Liu,

and Hongjun Wang*

In search of effective therapeutics for breast cancers, establishing
physiologically relevant in vitro models is of great benefit to facilitate the
clinical translation. Despite extensive progresses, it remains to develop the
tumor models maximally recapturing the key pathophysiological attributes of
their native counterparts. Therefore, the current study aimed to develop a
microsphere-enabled modular approach toward the formation of in vitro
breast tumor models with the capability of incorporating various selected cells
while retaining spatial organization. Poly (lactic-co-glycolic acid) microspheres
(150-200 mm) with tailorable pore size and surface topography are fabricated
and used as carriers to respectively lade with breast tumor-associated cells.
Culture of cell-laden microspheres assembled within a customized
microfluidic chamber allowed to form 3D tumor models with spatially
controlled cell distribution. The introduction of endothelial cell-laden
microspheres into cancer-cell laden microspheres at different ratios would
induce angiogenesis within the culture to yield vascularized tumor. Evaluation
of anticancer drugs such as doxorubicin and Cediranib on the tumor models
do demonstrate corresponding physiological responses. Clearly, with the
ability to modulate microsphere morphology, cell composition and spatial
distribution, microsphere-enabled 3D tumor tissue formation offers a high
flexibility to satisfy the needs for pathophysiological study, anticancer drug
screening or design of personalized treatment.

1. Introduction

Breast cancer, as one of the most commonly
diagnosed cancers in women, affects 1 out
of 8 women during their lifetime in the
United States.!!) In recognition of the het-
erogeneity of its subtypes (such as luminal
A, luminal B, HER2 subtype, basal pheno-
type, and triple negative phenotypes, based
on the molecular and histopathological
variation),[) recent efforts have been geared
toward the development of formulae specif-
ically targeted to those known subtypes
for better treatment precision and efficacy.

In search of effective therapeutics, es-
tablishing pathophysiologically relevant
in vitro models would be of importance
in empowering our capability of truly
identifying those potent ones with signifi-
cant reduction of the preclinical periods. As
highlighted in a recent report, #95% of new
anti-cancer drugs eventually fail in clinical
trials despite early indications of their
robust efficacy with pre-clinical models.!*!
Traditionally, screening of anticancer drugs
primarily involves the use of 2D tumor cell
culture in titer plates and in vivo mouse
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xenograft models. 2D cultures advance our understanding of
cancer biology; however, they oftentimes fail to capture the het-
erogeneity of tumors and the complexity of associated native
microenvironment.**] On the other hand, the mouse xenograft
models cannot fully represent human responses to therapeutics
due to the intrinsic discrepancy of immune systems.[®! Although
humanized animals can help to partially resolve this concern,
the associated high cost would be an obstacle for wide adop-
tion. In comparison to reductionist monolayer cell culture, cu-
mulative evidence highlights the advantages of cells grown in 3D
conditions for anti-cancer agent evaluation and mechanistic un-
derstanding, including the possibility of developing oxygen and
nutrient gradients, establishing spatially-resolved cell-cell and
extracellular matrix (ECM)-cell interactions, investigating non-
uniform exposure of cells within a spheroid to drug/compound,
understanding different cell proliferation rates throughout a 3D
structure, and interrogating the evolution of tumor-specific stro-
mal cells in the tumorous microenvironment.”]

To create 3D culture models, several major strategies have
been explored, including: 1) spheroid or organoid culture, in
which cell aggregates are either cultured in suspension or within
a diluted hydrogel,[®! 2) porous scaffold-assisted 3D culture, in
which cells are seeded and cultured within a porous scaffold,*1°!
and 3) hydrogel-encapsulated culture, in which cell-laden hydro-
gel is cast or printed into 3D structures.'2] Although all the
above approaches do allow to incorporate various subtypes of can-
cer cells and cancer-associated stromal cells, limitation has been
seen in terms of the controllability of cell spatial organization
along with the formulation of a pathophysiologically relevant mi-
croenvironment. In addition, the lack of essential compositional
structures such as the microvasculature in in vitro models indi-
cates their incapacitation as an effective screening modality. As
a matter of fact, tumors, either primary or secondary, oftentimes
recruit new vasculature for neoplasm. In absence of blood supply,
a tumor lump can only grow into a mass of ~10° cells, roughly
a 2-mm sphere,3] in which cell division in the peripheral re-
gion is balanced by the necrosis of the core as a result of inad-
equate nutrition supply. Such tumors, unless secrete hormones,
otherwise cause minimal concerns in vivo. Unfortunately, many
tumors do induce abnormal microvessel formation via secre-
tion of proangiogenic factors (e.g., basic fibroblast growth factor,
transforming growth factor-a, and vascular endothelial growth
factor) to nourish tumor growth and increase possible muta-
tions. More importantly, enriched blood vessels would facilitate
metastasis.[1*1] In this regard, inhibition of tumor angiogenesis
becomes part of cancer therapeutic intervention, for example, the
FDA-approved antiangiogenic drugs including sorafenib (Nex-
avar), sunitinib (Sutent), pazopanib (Votrient), and everolimus
(Afinitor), as well as those angiogenic antagonists under clini-
cal trials.['*%8] In combination with chemotherapy or radiation,
these drugs can significantly increase the survival rate.[') Among
all methods mentioned previously, spheroids are the most com-
monly used in drug screening due to easy setup. Upon initial
aggregation, cells in the aggregates would secrete extracellular
matrix (ECM) components and experience intercellular interac-
tions to form compact and stable structures with a gradient de-
crease of proliferating cells, oxygen levels, and nutrition supplies
from the periphery toward the center. As demonstrated, cells
in such 3D tumor spheroids exhibit reduced sensitivity to cyto-
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toxic agents such as 5-fluorouracil, cisplatin, or doxorubicin.[2%21]
Clearly, spheroid models would be effective to explore the drug
resistance of avascular tissues. However, due to the lack of vascu-
lature, it will not allow to study the formation and progression of
vascularized tumors and test those anticancer drugs against an-
giogenesis. To this end, more robust strategies are clearly needed
for better control of the spatial organization of cells and effective
incorporation of microvasculature and other cancer-associated
stroma in the in vitro tissue models while achieving desirable
sizes.

Bioprinting, especially the one with multiple printing heads,
enables positioning of selected cells within a printed construct.!?]
However, the lack of robust bioink and the difficulty of prolong-
ing cell viability remain to be the bottle neck for its further utility.
On the other hand, the emerging strategies such as bottom-up
reconstruction!??2 and modular tissue engineering!®! demon-
strate to be effective in tissue fabrication with structural and com-
positional complexity. Taking advantage of bottom-up reconstruc-
tion and modular tissue engineering, we therefore explored the
use of porous microspheres as cell carriers for individual cells to
form the “modules” and then assembly of such cell-laden mod-
ules into 3D constructs to form breast cancer models with the
flexibility to accommodate cancer cells and stromal cells and in-
corporate the microvasculature.

Porous microsphere-assisted creation of in vitro breast can-
cer models may offer multifaceted benefits, including: 1) sepa-
rate design of microspheres with physicochemical properties tai-
lored for individual cell type, 2) uniform cell distribution within
individual microspheres via dynamic cell seeding, 3) flexibility
to combine different cell types in the models at desirable ra-
tios by simply mixing the cell-laden microspheres, 4) creation
of inter-sphere channels for mass/gas exchange upon the as-
sembly of cell-laden microspheres into 3D constructs, 5) capabil-
ity of forming arbitrarily shaped constructs via assembly of the
cell-laden microspheres in corresponding molds, and 6) spatial
organization of cell-laden microspheres in the assembled con-
struct. In addition, such a strategy can be adapted to create other
tissue models with a high scale-up potential. As highlighted in
Figure 1, the microsphere-enabled modular formation of breast
cancer models was realized by: 1) fabrication of poly(lactic-co-
glycolic acid) (PLGA) microspheres (150-200 um in diameter)
with varying pore sizes (micropores vs. macropores) for different
cell types (breast cancer cells, fibroblasts, and endothelial cells),
2) creation of cell-laden microsphere modules populated with re-
spective cells under dynamic cultivation within spinner flasks, 3)
assembly of cell-laden microspheres into 3D constructs within
a customized microfluidic chamber and formation of tumor tis-
sue models with the presence of vasculature-like structures. With
successful establishment of the tumor models, we further eval-
uated two known therapeutic molecules (i.e., doxorubicin and
Cediranib) for their anticancer efficacy. As demonstrated, the en-
gineered tumor models did show the responses correlated with
in vivo outcomes. Such a correlation was similarly reported by
Perch and Torchilin in the use of cancer spheroid models,?! con-
firming the potentials of our tumor models as the platform for an-
ticancer drug testing. Meanwhile, considering the high flexibility
to customize the cell types within the tissue model, the models
could be potentially used for pathophysiological study or design
of personalized treatment.
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Figure 1. Schematic illustration of the key experimental steps toward the formation of 3D tumor models. Porous PLGA microspheres were fabricated
using a double emulsion method and then treated with NaOH-ethanol solution for different times to yield varying pore sizes. Cells were dynamically
seeded onto microspheres within spinner flasks and then transferred into microfluidics devices for 3D culture to form tumor models with possible

vasculature.

2. Results and Discussion

2.1. Fabrication and Characterization of Porous Microspheres

To fabricate porous PLGA microspheres, the water-oil-water (W-
0O-W) double emulsion method was adopted with slight modifi-
cation for better size control as shown in Figure 2A. The diameter
of obtained microspheres could be tuned between 50 and 400 um
during the fabrication process by varying several parameters, in-
cluding PLGA solution concentration, the difference of pump-
ing rate between continuous phase (PVA in H,0) and discon-
tinuous phase (PLGA/NH,HCO,/H,0/DCM), and the stirring
speed. In this study, microspheres with a diameter from 100 to
240 pm but mainly at ~#150-200 pm (Figure 2E) were particularly
used as the building blocks to enable the formation of in vitro
tumor models simply due to the easiness for pipetting into the
microfluidic culture devices. Such sizes were able to accommo-
date additional pores within the microspheres and yielded suf-
ficient surface areas for cells to attach and spread.[”) To create
the pores within PLGA microspheres, NH,HCO,, which decom-
posed into gaseous NH, and CO, at the temperature > 30 °C,
was used as the porogen. As noted, elevated temperature (e.g.,
40 °C vs. 34 °C vs. 25 °C) would be more favorable to form large
pores as a result of accelerated gas burst within a unit time. How-
ever, at 40 °C less uniform pore formation was noticed. Simi-
larly, increase of water phase would avail more ammonia bicar-
bonate (in water phase) for decomposition in the unit volume
of PLGA, leading to the formation of large pores. Whereas in-
creased W/O ratio caused the instability of the suspension and
led to large variation in both pore size and the microsphere
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size. Upon modulation of temperature (25-40 °C), W/O phase
ratio (1:3, 1:1, 2:1), and homogenization method (sonication vs.
vortex) (Table S1, Supporting Information), optimal conditions
(34 °C, 1:3 W/O ratio and sonication) were established to fabricate
porous PLGA microspheres with relatively uniform pores and
sphere diameter. Examination of the as-prepared microspheres
with the stereomicroscope under backscattered light illumina-
tion indeed showed the presence of micropores throughout each
sphere (Figure S1A,B, Supporting Information). However, scan-
ning electron microscopic (SEM) imaging of the microsphere
surfaces at a low magnification did not show the porous struc-
tures clearly and only zoom-in visualization revealed the presence
of tiny pores (< 5 um, Figure 2B-a; Figure S1C, Supporting Infor-
mation) on the edge of dented areas, which might result from gas
eruption of decomposed NH,HCO,. To better examine the pores
within the microspheres, both cryo-SEM section and microCT
were also conducted to the microspheres. As noted, porous struc-
tures were seen throughout the microspheres (Figure 2C-a,D-a).
Taken together, the above results suggest that the pores close to
the sphere surface are probably sealed by thin PLGA membrane
due to the W/O interfacial intension.?®! Considering that ethanol
can partially dissolve PLGA, and NaOH can improve the surface
wettability of polyesters by facilitating the exposure of carboxylic
acid toward the external surface,!?8?] the microspheres were then
treated with ethanolic NaOH solution to purposely remove the
thin PLGA membrane (~1 um thick) for better interconnectiv-
ity and larger pore size (Figure S1C, Supporting Information).
Depending on the treatment time (1-4.5 min), the surface pore
size could be modulated between 5 and 40 pm (Figure 2F),
which was evidently confirmed by SEM (Figure 2B; Figure S1C,
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Figure 2. Fabrication and characterization of porous PLGA microspheres. A) Schematic illustration of the key steps involving in the formation of porous
microspheres. B) Representative SEM images of microspheres upon various post-synthesis treatments. Insets: Zoom-in images of selected micro-
spheres. C) Representative cryo-SEM images of transverse sections of microspheres upon various post-synthesis treatments. Upper insets: Zoom-in
images of selected region. Bottom insets: Schematic illustration of the formation of interconnected pores. D) Representative microCT images of trans-
verse sections of microspheres upon various post-synthesis treatments. E) Diameter distribution of as-prepared microspheres. F) Average surface pore
size of microspheres upon various post-synthesis treatments. G) Average interior pore size of microspheres upon various post-synthesis treatments.

H) Porosity of microspheres upon various post-synthesis treatments.

Supporting Information). Notably, with the increase of treatment
time, the pores on the microsphere surface gradually enlarged
until merged into larger pores, however continuous fusion of
pores led to the loss of the spherical shape of microspheres
and eventually the structural dissociation (> 5 min) (Figure S2,
Supporting Information). To better maintain the structural in-
tegrity with uniform pores, the treatment time was preferably
kept within 4 min. Possible changes of interior pores in terms
of morphology, size and interconnectivity upon ethanolic NaOH
treatment were further examined via cryo-SEM section and mi-
croCT. As shown in Figure 2C,D, the size and shape of interior
pores remained comparable before and after NaOH treatment de-
spite more interconnecting pores between the main pores (see
the insets of illustration and zoom-in SEM). Based on the mi-
croCT measurement, the size of interior main pores kept al-
most unchanged (see Figure 2G). On the other hand, a slight in-
crease of the porosity (non-treated: 60% vs. 4 min treated: 65%,
Figure 2H) was noticed, indicating the efficiency of ethanolic
NaOH in removal of those inter-pore thin membranes for bet-
ter interconnectivity. However, with the treatment time further
increased, the pore wall became much thinner, and those small
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pores embedded in the wall got exposed and opened. As such,
we can reasonably speculate that both the thinning of inside pore
wall and the merging of surface pores cause the collapse of micro-
spheres upon prolonged NaOH/ethanol treatment (see the start
of collapse at 4.5 min treatment, Figure S1C, Supporting infor-
mation).

2.2. Cell Seeding and Culture onto Microspheres to Form
Cell-Laden Modules

To achieve even cell distribution among microspheres and bet-
ter load the cells in the interior pores, cell seeding onto micro-
spheres was performed dynamically within a spinner flask*"]
(Figure 3A), in which microspheres and cells suspended in
the stirring media would have equal opportunities to interact
and consequently achieve more uniform cell adhesion onto mi-
crospheres (as evidenced in Figure S3, Supporting Informa-
tion). To assure maximum cell-microsphere interactions while
avoiding potential damage by media flow-induced shear stress,
the stirring speed used for each type of cells was particularly
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Figure 3. Seeding and culture of cells onto the microspheres with various pores. A) Schematic illustration of dynamic seeding and culture of cells onto
microspheres within a spinner flask at the designated stirring speed. B) Fluorescent images of cancer cells dynamically seeded and cultured on various
microspheres for 24 h. Cells were stained for live (green) with Calcein AM and dead (red) with Ethidium homodimer-1. C) Fluorescent images of the
cross sections of microspheres after culture with respective cells (cancer cells, endothelial cells, and fibroblasts) for 3 days. Cells were stained for F-actin
with TRITC-conjugated phalloidin and nuclei with DAPI. D) Confocal images of cell-laden microspheres after culture for different periods. Cells were
stained for F-actin with TRITC-conjugated phalloidin and nuclei with DAPI. Endothelial cells were stained with FITC-conjugated anti-CD31 antibody. The

yellow circles indicated microspheres that formed aggregations.

chosen based on theoretical calculation and experimental opti-
mization (see Figure 3A). The pore size and pore interconnectiv-
ity in microspheres would lead to distinguished spatial distribu-
tion of cells within the microspheres. In this regard, three types
of microspheres with distinct pore interconnectivity, i.e., micro-
spheres without ethanolic NaOH treatment (referred as UnMS,
surface pore size <5 um), microspheres with 2-min ethanolic
NaOH treatment (referred as MiMS, surface pore size: 12 + 3 um)
and microspheres with 4-min ethanolic NaOH treatment (re-
ferred as MaMS, surface pore size: 25 + 6 um), were first explored
for seeding with MDA-MB-231 cells. As shown in Figure 3B, af-
ter dynamic seeding for 24 h, cells (green fluorescence) attached
onto the UnMS surface were limited while more cells were clearly
seen on the MiMS and MaMS$ microspheres with relatively uni-
form cell distribution across the surface, implicating the prefer-
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ence of cell attachment onto porous microspheres. Meanwhile,
a high cell viability (> 90%, Figure 3B) was detected on all cell-
laden microspheres, indicating the appropriateness of the stir-
ring speed (40 rpm) for seeding of MDA-MB-231 cells onto mi-
crospheres. The adhesion percentages of cells to these three types
of microspheres also showed that MaMS yield the largest cell cov-
erage, followed by MiMS, and UnMS the least (Figure S4, Sup-
porting Information). Both MaMS and MiMS supported cell at-
tachment, but the larger pores of MaMS would ease the cellu-
lar access to interior surface of pores for cell growth and nu-
trient infiltration. To confirm such an assumption, MiMS and
MaMS were respectively seeded and cultured with cancer cells
(MDA-MB-231), endothelial cells (MS-1) and fibroblasts (normal
human dermal fibroblasts, NHDF) for 3 days. Upon dynamic
seeding for 24 h, uniform cell attachment to the microsphere
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surface was observed for all three types of cells (data not shown).
Fluorescent staining of the cross-sections of 3-day cell-laden mi-
crospheres revealed differential cell distribution with MiMS and
MaMS (Figure 3C). Overall, the rough surface of MiMS pro-
vided enough anchorage for cells to attach to; however, the small
pore size did not encourage the infiltration of cells into the in-
terior space. MaMS, on the other hand, not only provided the
cells with anchorage over the surface but also allowed for cell
infiltration throughout the microspheres. As noted, breast can-
cer cells and fibroblasts occupied almost all the space inside
MaMS while endothelial grew confluently on the MiMS surface
and infiltrated only to the superficial region, which was simi-
larly observed with MaMS despite slightly more cells inside the
spheres. Moreover, immunofluorescent staining for intercellular
junction protein, i.e., PECAM-1 (CD-31), showed MiMS better
supported the development of intercellular junctions on MiMS
(Figure S5, Supporting Information), implying its benefits for
endothelial cells to form the endothelial layers on the 2D an-
chorage surface, consistent with previous findings.*!l Such an
intercellular integrity of endothelial cells on MiMS surface would
favor and facilitate the formation of a vascular network among
the inter-microsphere space upon assembly of cell-laden micro-
spheres within the microfluidic chamber (Figure 1-iii). Serving
as the modules for assembly into 3D tissue constructs, time-
resolved proliferation (2, 4 and 6 days) of respective cells on
corresponding microspheres, i.e., breast cancer cells and fibrob-
lasts on MaMS and endothelial cells on MiMS, was investigated
to determine the optimal culture time prior to the transfer into
the microfluidic chamber for assembly. In order to assemble all
cell-laden microspheres in the perfusion chamber, the cell-laden
microspheres were required to be capable of individually sus-
pended in culture media. However, some cells (fibroblasts) tend
to form aggregates earlier, which makes it difficult to transfer
via pipetting. Thus, culturing different types of cells onto the
preferred microspheres for cell coverage will allow us to deter-
mine the proper time to collect cell-laden microspheres and then
transfer them to the perfusion device. CellTiter Blue prolifera-
tion assay (Figure S6, Supporting Information) confirmed that
all three types of cells continuously increased their metabolic ac-
tivity during the 6-day dynamic culture period; however, differen-
tial cell behaviors were also noticed. As shown in confocal micro-
scopic observations of the cell-laden microspheres (Figure 3D)
and histological analysis of the cross-sections of cell-laden mi-
crospheres (Figure S7, Supporting Information), MDA-MB-231
cells were able to continuously grow and fill the surface and in-
terior pores of MaMS during the 6-day culture. In contrast, en-
dothelial cells on MiMS could cover the entire surface of micro-
spheres by day 6 and develop intercellular junctions (Figure S5,
Supporting Information); beyond that time the cells became un-
healthy based on the live/dead staining (Figure S8, Supporting
Information). Compared to cancer cells (MDA-MB-231 cells), fi-
broblasts (NHDF) with larger spreading area quickly attached
to the MaMS and occupied the pores within 2 days (Figure 3D;
Figure S7, Supporting Information). However, upon extended
culture fibroblasts had a high tendency to reach out to the
neighboring cell-laden MaMS and form aggregates (Figure 3D;
Figure S7, Supporting Information), causing the difficulty of
transferring via pipetting and evenly mixing with other cell-laden
microspheres. Based on the above observations, the optimal
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dynamic culture duration for individual cells on microspheres
prior to assembly would be: 6 days for cancer cells on MaMS,
6 days for endothelial cells on MiMS, and 2 days for fibroblasts
on MaMS.

2.3. Microfluidic Culture Platform Design and Optimization

To better support the assembly of cell-laden microspheres into 3D
tumorous tissues while retaining spatially controlled distribution
of various cells, a microfluidic culture platform was accordingly
designed, comprising two chambers (upper media chamber and
bottom culture chamber) separated by a 70-um-thick, porous ny-
lon mesh (pore size: ~70 um) (Figure 4). The culture chamber
[3mm (w) X 4 mm (1) X 1 mm (d)] was large enough to support
the assembly of multilayers of cell-laden microspheres while the
media chamber [5.5 mm (w) X 7.5 mm (1) X 0.15 mm (d)] primar-
ily accommodated the media flow (emulate the function of arteri-
oles) and allowed the nutrients and oxygen to infiltrate the culture
chamber with reduced shear stress (see the shear stress distribu-
tion in computational simulation, Figure 4B). The nylon mesh
constrained cell-laden microspheres within the culture chamber
while allowing for free exchange of nutrition/waste through the
large pores between the culture chamber and media chamber.
Different media flow rates were also investigated to understand
the media flow pattern and shear stress throughout the cham-
bers (Figure 4C). As identified, the flow rate at 0.15 mL h™! of-
fered uniform media distribution and might be sufficient to pro-
vide nutrition to the assembled cells. Furthermore, in the early
stage of assembled cell-laden microspheres in the culture cham-
ber, media would flow through the gaps/pores between/within
the porous microspheres for nutrition delivery to cells, which was
demonstrated in the COMSOL simulation (Figure 4C stage 0).
Gradually when the void space was filled with proliferated cells
and newly formed tissue, media was more shunted through the
upper media chamber, which can effectively divert shear stress-
induced destruction from newly formed tissues (Figure 4C stage
2) and at this stage the nutrition supply would primarily rely
on diffusion. Figure 5 did show the time-dependent formation
of 3D tissue from cell-laden microspheres (MS-1-laden MiMS
and MDA-MB-231-laden MaMS at 1:1 ratio). Immunofluorescent
staining of MS-1 for CD-31 (green) showed an increase in fluo-
rescently positive cells in the cultured structure, suggesting the
occurrence of continuous cell growth within the culture cham-
ber (Figure 5A). As a matter of fact, such microfluidic culture
conditions are notably beneficial to support cell growth even for
those cells laden onto solid microspheres (Figure S9, Support-
ing Information), which were recognized for the limited surface
area unfavorable for cell anchorage and subsequent formation of
interconnected tissue constructs. As a result, an integrated 3D
tissue formation was expected from the cell-laden porous micro-
spheres. In contrast to still disaggregated cell-laden microspheres
at day 7, an integrated 3D structure was indeed formed after
culture for 10 days or longer (Figure 5A-i vs. ii). This was evi-
dently demonstrated with 10-day cultured constructs upon stain-
ing with methylene blue (Figure 5B-i,ii), retaining its structural
integrity even after extraction from the culture chamber despite
the possibility of still recognizing individual microspheres. The
14-day proliferation curve of cells in the perfusion chamber also
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Figure 4. Dual-chamber microfluidic culture platform accommodating the formation of tumor tissue from cell-laden microsphere modules. A) Design
and dimensions of a dual chamber microfluidic device with an upper media chamber and a bottom culture chamber, which is separated by the porous
nylon mesh. B) Distribution of pressurized media throughout assembled microspheres within the microfluidic device as simulated by fluid dynamics
of COMSOL (left) and zoom-in side view (right). C) Simulation results with four different stages of cell growth/tissue formation among microspheres.
White color areas indicated randomized cell growth/tissue formation between microspheres in stage 1 and 2.

indicated that starting from day 7, the cells in the chamber were
undergoing rapid growth (Figure S10, Supporting Information).
Staining the transverse sections of the culture with hematoxylin
and eosin (H&E) revealed the presence of both MiMS and MaM$
roughly at a 1:1 ratio (Figure 5B-iii). Obviously, continuous cell
proliferation and new ECM synthesis during the culture helped
to fill the inter-sphere space and bridge the neighboring cell-
laden microspheres to form one integrated piece. As noted, a
majority of cells within the cultured constructs remained alive
(data not shown) after culture for 14 days, suggesting efficient
nutrition supply through assembled cell-laden microspheres via
inter-microsphere space or the small pores of MiMS during the
culture period. Further analysis of the stained sections confirmed
the primary distribution of cells on the surface of MiMS while
more cells within MaMS, and meanwhile the cell-laden micro-
spheres were connected (Figure 5B-iii).

To explore the possibility of spatially controlling the organi-
zation of various cell-laden microspheres during the assembly,
MS-1 and MDA-MB-231-laden microspheres were used as rep-
resentative modules for assembly. As shown in the insets of
Figure 5C, different assembly scenarios were tested. In the ran-
dom assembly (Figure 5C-i-iii), MS-1- and MDA-MB-231-laden
microspheres at different ratios (3:1, 1:1 or 1:3) were gently mixed
and then transferred to the culture chamber. In the layering as-
sembly (Figure 5C-iv,v), either MS-1 or MDA-MB-231-laden mi-
crospheres were first transferred to the culture chamber and then
the same amount of MDA-MB-231 or MS-1-laden microspheres
were added on the top. In the side-by-side assembly, a divider
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was temporarily inserted into the culture chamber to separate the
microspheres laden with different cells during the assembly. Im-
munofluorescent staining of the cross-sections of 10-day culture
assembly did show the spatial distribution of corresponding cells
following the initial arrangement, confirming the capability of
spatially controlling cell distribution in microsphere-enabled cell
assembly into 3D constructs. Apparently, compared to those cul-
tures to form tumorous tissues by seeding the cancer cells onto
preformed scaffolds,3233] the use of cell-laden microspheres as
modules for assembly provides the flexibility to customize the
composition of each type of modules, while achieving desirable
spatial organization to better accommodate the complexity of na-
tive tissues.[**]

2.4. Formation of Tumor-Like 3D Tissue Constructs from
Cell-Laden Modules

To maximally recapitulate the key cellular components of na-
tive tumor, mainly composed of stromal cells and cancer cells,
MDA-MB-231-laden MaMS, NHDF-laden MaMS and MS-1 cell-
laden MiMS at a ratio of 2:1:2 were mixed and then assem-
bled within the culture chamber of microfluidic devices and
cultured for 10 days. The presence of fibroblasts and endothe-
lial cells would encourage the development of 3D tumor tis-
sues with the presence of vasculature networks and cancer-
associated fibroblasts.*>3¢! Upon culture for 10 days within the
culture chamber, cell-laden microspheres were fused into an
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Figure 5. Temporospatial control of tissue formation via the assembly of cell-laden microsphere modules (MS-1-laden MiMS and MDA-MB-231-laden
MaMS) within the microfluidic culture chamber. A) Time-dependent tissue formation of the assembled cell-laden microspheres (MS-1/MiMS and MDA-
MB-231/MaMS at 1:1) for 7 i), 10 ii) and 14 iii) days. Frozen sections were immunofluorescently stained for CD31 (green) and nuclei (blue) with DAPI.
B) Stereomicroscopic images i and ii) and light microscopic image iii) of the cultured constructs of cell-laden microspheres after 10 days. The harvested
tissue block was either stained with 1% methylene blue i and ii) or embedded in paraffin to obtain thin cross-sections for hematoxylin and eosin staining
iii). * Denotes MiMS; # denotes MaMS. C) Tissue formation of the assembled cell-laden microspheres by day 10 at different ratios (MS-1/MiMS:
MDA-MB-231/MaMS = 3:11i), 1:1ii), and 1:3 iii)) or with different spatial distribution (MS-1/MiMS on the top iv), on bottom v), and on the left vi)).

integrated structure as evidenced by the H&E-stained cross-
sections (Figure 6A). Immunofluorescence staining of the cross-
sections of the cultures for a-smooth muscle actin (a-SMA)
(Figure 6B), a known marker for cancer-associated fibroblasts
(CAF),’”] revealed the presence of CAFs among cancer cell
clumps, implying that cytokines like transforming growth factor
(TGF)-p1 secreted by cancer cells could induce the fibroblast-to-
CAF conversion in a similar fashion to in vivo circumstances.!!
Cumulative evidence has shown that loss of E-cadherin, ex-
pressed on the epithelial cell membrane for adhesion,*! is often
associated with the epithelial-mesenchymal transition of cancer
cells, which is responsible for metastasis. In this regard, cross-
sections of the culture were also immunofluorescent stained for
E-cadherin. As shown in Figure 6C, limited cancer cells were
stained positively for E-cadherin, while most of them had a
faint or no staining, affirming the invasive and poorly differenti-
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ated characteristics of MDA-MB-231 cells. Besides, we also care-
fully investigated vascularization occurred within co-cultured as-
semblies. Several scenarios (Figure 7A schematic illustrations)
were identified toward the possible establishment of vascula-
ture networks within the assembled tumor-like tissue during co-
culture. As shown in Figure 7A, endothelial cells on the surface
of microspheres could either organize into vascular-like struc-
ture with an open lumen (indicated by arrow heads) following
the inter-microsphere tortuous path (Figure 7A-i), branch out to
form a network with neighboring endothelial cells in the inter-
microsphere space (Figure 7A-ii), branch inwards to develop the
network of smaller diameter (~8 um) along the interior pores
of MiMS (Figure 7A-iii), or sprout out to reach the adjacent
MaMS (Figure 7A-iv) while MDA-MB-231 cells in MaMS$S would
infiltrate MiMS (Figure 7A-v). Notably, sprouting angiogene-
sis seemingly dominated the vascularization process. To better
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DAPI CD31 E-cadherin

Figure 6. Representative fluorescence images of 10-day cultured cell-laden microspheres containing MDA-MB-231 cells, MS-1 cells and NHDFs at a
ratio of 2:2:1. Cross-sections were stained with H&E for histology A) or immunofluorescently stained for CD-31 (green), a-smooth muscle actin (a-SMA)
(red) and nuclei (blue) B) or CD-31 (green), E-cadherin (red) and nuclei (blue) C). * Indicates the presence of endothelialized tubular structure.

understand the process, immunofluorescently stained thick tis-
sue sections (=30 um) were examined under the laser scanning
confocal microscope. As noted, sprouting was seen from the sur-
face of MiMS covered with confluent endothelial cells (with in-
tercellular junctions established, Figure 7B inset) and invaded
the neighboring cancer cell clumps to form vascular networks

(Figure 7B; Figure S11, Supporting Information). As a matter
of fact, the process of sprouting involves complex yet highly co-
ordinated and dynamic interactions between endothelial cells
and their microenvironment. During sprouting, pro-angiogenic
signals (such as vascular endothelial growth factor (VEGF)-
A) secreted by MDA-MB-231 cellsl*’! promote proliferation of

iv

Figure 7. Vascularization within co-cultured tumor-like tissue. A) Development of vascular networks by endothelial cell-laden microspheres via several
representative scenarios. B) Confocal image to show the sprouting of endothelial cells from MiMS into surrounding cancer cell aggregates. Inset: zoom-
in image of intercellular junctions. C) Representative fluorescent image to show the possible tip cells (*) and stalk cells (#) of a typical sprouting vessel,

in which frozen sections were stained for CD31 (green) and PODXL (red).
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Figure 8. Drug testing on the 3D tumor models. A) Representative florescence images of tumor tissue upon treatment without (left, control) or with
3 um doxorubicin (DOX) for 48 h. B) Cell viability measurement upon treatment with DOX of different concentrations (0, 2, 3, and 4 um) for 48 h. C)
Representative florescence images of tumor tissue upon treatment without (left, control) or with T um Cediranib for 48 h. D) Cell viability measurement
upon treatment without or with 1 um Cediranib for 48 h. E) Semi-quantification of endothelial area (CD-31 positive cells) of the tumor tissue treated

without or with 1 um Cediranib for 48 h. * p<0.05, ** p<0.01. n = 5.

endothelial cells and their subsequent motility and filopodia ex-
tension, and through notch signaling regulate the development
of tip cells and stalk cells for directional formation of new vas-
cular structure (Figure 7C), which either wrapped around or in-
vaded the cancer/fibroblast cell-laden MaMS (Figure S11B, Sup-
porting Information). As noted, the tubular structures (Figure 7A
red arrows) had a diameter of ~#10 um, close to the size of those
capillaries (x5 to 10 pm) seen in the human tumor tissue.[*!42]
Actually, cancer cells are closely associated with our vascular sys-
tem, i.e., promoting abnormal angiogenesis for oxygen and nu-
trient while relying on the permeable vasculature network for
metastasis.[*~¢] To further determine the sprouting in the cul-
ture chamber is not a random behavior of endothelial cells, im-
munofluorescence staining for podocalyxin (PODXL), a CD34-
related sialomucin regulating cell adhesion, migration, and polar-
ity, was conducted to the frozen sections of the culture. In gen-
eral, only polarized endothelial cells that undergo pathological
pre-angiogenesis would be PODXL positive, otherwise they are
not.*”l As shown in Figure 7C, the endothelial cells in the sprout-
ing branch were indeed stained positively for PODXL, indicating
that these endothelial cells are committed toward angiogenesis.
Interestingly, a close examination of the staining also revealed the
possible presence of tip cells and stalk cells in the sprouting.

2.5. Utility of Tumor-Like 3D Tissue Constructs for Drug Testing

One of the immediate applications of the established in vitro tu-
mor models can be used for drug testing/screening in antici-
pation of some similar responses to the in vivo circumstances.
In view of the high flexibility to customize the cellular composi-
tion of tumor tissue with the current platform, we started with
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a simplified breast tumor model established with MDA-MB-231
cell-laden MaMS and fibroblast-laden MaMS to test a generic yet
efficient anticancer drug, i.e., doxorubicin (DOX), demonstrated
for its efficacy in treating breast cancer.*8! Through the chamber
with co-culture of 1:2 NHDF/MaMS and MDA-MB-231/MaMS$S
after 10 days was DOX solution at different concentrations (0, 2,
3 and 4 uM) in culture media perfused via the inlet for 48 h. As
shown in Figure 8A, examination of the cross-sections of cultures
infused with the Zombie Aqua fixable viability kit revealed a large
portion of cells in the culture treated with 3 pM DOX for 48 h were
killed (green fluorescence). In comparison, only a small area of
green fluorescence was seen with 2 uM DOX, while no viable cells
were seen with 4 uM DOX treatment (Figure S12, Supporting In-
formation). As expected, very limited cell death was observed with
nontreated controls. To better quantify the anticancer efficacy of
DOX on the tissue model, Cell TiterBlue-based cell viability as-
say was conducted on the culture (Figure 8B). Consistent with
the findings from Zombie Aqua analysis, treatment with 4 uM
DOX displayed a minimum cell viability (negligible cell survival
after 48 h), suggesting this concentration might be too high. In-
terestingly, treatment with 2 pM DOX only yielded less than 20
+ 5% inhibitory efficacy in comparison to nontreated controls,
implying such a concentration might not be enough to show the
anti-cancer effect.*°%1 On the other hand, treatment with 3 uM
DOX did lead to 53 + 2% cancer inhibition in comparison to
non-treated controls, indicating the IC50 for the currently estab-
lished tissue model is 3 uM, much higher than the IC50 for 2D
culture (87.7 + 10.6 nM) or for MDA-MB-231 spheroid culture
(636.0 + 160.3 nMB!) with comparable drugging period. Such a
noticeable disparity in IC50 might result from a larger size of the
tumor model than typical spheroids (e.g., #150-350 pm in diame-
ter) and the presence of CAFs in the tumor models. The latter can
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increase the drug-resistance of MDA-MB-231 cells to anti-cancer
therapeutics through soluble and secretory factor-mediated drug
resistance and cell adhesion-mediated drug resistance.>?!

By including endothelial cell-laden MiMS into the assembled
co-culture, it had demonstrated the possibility of forming the tu-
mor model with a vascular-like network (Figure 7), allowing for
testing those anti-vascular drugs, which target endothelial cells
for action rather than cancer cells, and eventually lead to can-
cer destruction.l®! Thus, Cediranib, a small molecule inhibitor
for VEGF receptors,** was tested for its anti-vascular efficacy
with our vascularized tumor models composed of MDA-MB-231-
laden MaMS, NHDF-laden MaMS$ and EAhy926 (human en-
dothelial cells)-laden MiMS. Upon treated with 1 pM Cediranib
for 48 h, the culture was immunofluorescently stained for CD31
to determine the anti-vascular efficacy. Apparently, the treated
culture had fewer CD31-positive cells and noticeably lower en-
dothelial sprouting/branching compared to non-treated controls
(Figure 8C). Cediranib would not cause the death of endothelial
cells, however, the angiogenesis was inhibited. Further analyses
of the images revealed Cediranib treatment caused ~50% reduc-
tion of the CD31-positive cells (Figure 8D). Measuring cell pro-
liferation in the cultures without or with Cediranib treatment by
Cell TiterBlue-based assay showed 31.89 + 0.06% reduction in
the treated group (Figure 8E), consistent with the findings from
clinical trials.**! Taken together, both studies confirmed the ap-
plicability of the tumor models for drug evaluation.

3. Conclusion

In recognition of the remaining unmet need for pathophysiolog-
ically relevant in vitro tumor models, the current study has ex-
plored the use of various porous PLGA microspheres as carri-
ers to lade with selected cells (cancer, fibroblast and endothelial
cells). Such cell-laden microspheres can be used as modules and
further assembled into 3D constructs within a customized cul-
ture platform to form tumor tissue models with a spatial control
of cell distribution and the formation of vascular-like network. Ev-
idently, this microsphere-enabled modular strategy could at least
partially recapture the complex cell organization of native tumor
tissues and offer a flexible platform to create tissue mimetics with
heterogeneous cells. Testing two known drugs (i.e., doxorubicin
and Cediranib) on such models demonstrated their potential util-
ity for drug evaluation. With increasing interest in “personalized
medicine” for cancer therapies considering varying patient re-
sponses to therapeutics, tumor models we developed can be read-
ily established with the cells isolated from patients. Testing avail-
able therapeutics on such in vitro tissue models would offer the
most cost-effective treatment options to the patients in a short
time frame. Clearly, with the capability of modulating the mi-
crosphere morphology, cell composition and spatial distribution,
microsphere-enabled 3D tumor tissue formation offers a high
flexibility to satisfy the needs for pathophysiological study, anti-
cancer drug screening or design of personalized treatment.

4. Experimental Section

Materials:  PLGA (85:15 ester terminated Mw: 50 000-75 000), am-
monium bicarbonate, sodium hydroxide and poly vinyl alcohol (PVA)
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(87%-90% hydrolyzed, average Mw: 30 000-70 000) were purchased
from Sigma—Aldrich (St. Louis, MO). Doxorubicin (hydrochloride), and
Cediranib were purchased from Cayman Chemical (Ann Arbor, MI).
Dichloromethane (DCM) was acquired from Pharmco-Aaper (Brookfield,
CO). MDA-MB-231 a mammary breast cancer cell line derived from pleu-
ral effusion, primary normal human dermal fibroblasts (NHDF, passage
4), human endothelial EA.hy926 cells, and MS-1 cells, an endothelial cell
line from mouse, were all obtained from the American Type Culture Col-
lection (ATCC, Manassas, VA). All other chemicals were used as received
without further treatment.

Fabrication of Porous PLGA Microspheres: Porous PLGA micro-
spheres were prepared via the water-in-oil-in-water (W1-O-W2) double
emulsionl3336] with assistance of a customized microfluidic device to bet-
ter control the microsphere diameter. Briefly, the water-in-oil solution as
the discontinuous phase was prepared by mixing the saturated ammo-
nium bicarbonate aqueous solution with the 1.5% (w/v) PLGA in DCM so-
lution at a ratio of 1:3. This mixture was then transferred to a 3-mL syringe
with a 25G needle. The needle tip was inserted into a low-density polyethy-
lene (LDPE) tube (ID: 0.58 mm; OD: 0.99 mm) connected to another 10-
mL syringe contains 1% (w/v) PVA aqueous solution as the continuous
phase. The discontinuous phase was pumped at a rate of 10 mL h~! while
the continuous phase was pumped at a rate of 1 mL min~'. The mixture
was then injected through the LDPE tube into a spinner flask containing
1% (w/v) PVA aqueous solution under continuous stirring (300 rpm). The
system temperature was maintained above 30 °C to assure immediate
decomposition of ammonium bicarbonate into gas (i.e., ammonia and
carbon dioxide) and subsequently generate the pores within the PLGA
microspheres. The solution was continuously stirred within the flask for
4 h at room temperature in order to enable DCM evaporation out of
the microspheres. The final microspheres were collected by centrifugation
and washed with deionized water for several times. To further modulate
the mesopores of the PLGA microsphere surface, the microspheres were
treated with ethanolic sodium hydroxide (NaOH) (30% 0.25 M NaOH and
70% absolute ethanol) for different durations. As a result, two major kinds
of microspheres were accordingly prepared and used in this research, i.e.,
macroporous microspheres (MaMS, average surface pore size is larger
than 20 um) and microporous microspheres (MiMS, average surface pore
size was ~12 um).

Scanning Electron Microscopy: The morphology of as-prepared micro-
spheres was examined with scanning electron microscopy (SEM) (Zeiss
Auriga FIB-SEM with Leica VCT-100 cryo-system, Oberkochen, Germany).
Briefly, air-dried microspheres were attached onto the SEM stages with
double-sided adhesive tape, and then sputter-coated with gold for 1 min.
SEM micrographs were acquired at 3.00 kV. At least five randomly selected
SEM images were acquired for each type of microspheres, and images
were manually analyzed using Image] software v1.5 (NIH, Maryland, US)
to calculate the average microsphere diameter and pore size.

Micro-Computed Tomography (Micro-CT) Evaluation: After tension-
free drying, the microspheres were set for the Micro-CT examination. The
analysis was conducted using a Micro-CT imaging system Bruker SkyScan
1272 (Allentown, PA) to analyze the interior structure of microspheres fol-
lowing the standard protocols. The scanning conditions were: 50 kv-70 mu
A, no filter, with a spatial resolution of 3 um. The obtained data were re-
constructed by NRecon (Version: 1.7.1.6) software. Analysis of the region
of interest (ROI) was selected by CTAn (Version: 1.17.9.0) software. Pore
size and porosity were obtained.

Cell Culture: Human breast carcinoma MDA-MB-231 cells, human en-
dothelial EA.hy926 cells and mouse endothelial MS-1 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) with high glucose (4.5gL™")
supplemented with 10% fetal bovine serum (FBS), 100 IU mL~" penicillin
and 100 mg mL~" streptomycin. NHDF cells were cultured in DMEM with
low glucose (1 g L™") supplemented with 10% FBS, 100 IU mL™" peni-
cillin and 100 mg mL~" streptomycin. Cells were incubated at 37 °C in a
90% humidified atmosphere of 5% CO,. When cells reached 60%-70%
confluence, they were subcultured at a 1-to-3 split ratio.

Dynamic Cell Seeding and Culture within the Spinner Flask: To assure
maximum and evenly cell distribution among microspheres, MDA-MB-
231 cells, NHDF cells, MS-1 cells and EA.hy926 cells were dynamically

© 2023 Wiley-VCH GmbH

ASURDIT SuUOWWO)) dANea1) d[qedrjdde oy £q pauIdAOS a1k SI[INIE Y 2SN JO SI[NI 10) AIeIqI duI[uQ AJ[IAL UO (SUONIPUOD-PUB-SULID)/WOY KS[Im’ K1eIqiaur[uo//:sdny) suonipuo) pue suua ], ayi 39S *[£70¢/11/8¢] uo Areiqr suruQ AS[ip ‘KIsIoAtun ueynpy £q S9¢L0€Z0T 11WS/Z001 0 1/10p/wod Ka[im’ Krerqrjaurjuoy/:sdny woiy papeojumod ‘0 ‘6789<191



ADVANCED
SCIENCE NEWS

ol

www.advancedsciencenews.com

seeded onto the respective microspheres within the 100-mL spinner flasks.
Briefly, cell suspension (4000 cell mL~") of individual cells was added into
the respective spinner flasks containing 3000 microspheres (MaMS for
MDA-MB-231 or NHDF; MiMS for MS-1 or EA.hy926) in 50 mL media.
The spinner flasks were accommodated in a 37 °C incubator with 90%
humidity and 5% CO, under the continuous stirring at the optimal speed
(see Figure 3A). After 24 h, either cell-laden MaMS or MiMS were collected
by gentle centrifugation at 1000 rpm and then individually resuspended in
the DMEM media. The microspheres laden with corresponding cells were
mixed at designated ratios and transferred into the customized microflu-
idic culture devices (as described below) for further 3D tissue formation.

Live/Dead Cell Staining: The cell viability cultured on different micro-
spheres was examined with a Live/Dead Viability/Cytotoxicity kit (Molec-
ular Probes, Invitrogen) according to the manufacturer’s protocol. Briefly,
cell-laden microspheres after 3-day culture were incubated with 2 uM cal-
cein acetoxymethyl ester (Calcein AM) and 0.5 uM ethidium homodimer-1
(EthD-1) for 30 min. Viable cells were fluorescently stained in green by Cal-
cein AM whereas the nuclei of dead cells were fluorescently stained in red
by EthD-1 as a result of membranolysis. The staining was examined with a
Nikon Eclipse 80i epifluorescent microscope, and representative fluores-
cent images were digitally documented.

Microfluidic Device Fabrication and 3D Tissue Culture: In view of the
many existing microfluidic culture systems, 137611 which could accommo-
date multiple chambers but with only one inlet and one outlet. Upon
growth of cells into 3D tissues, the shear stress built up around the in-
let and outlet would induce unwanted cell death in that region. Mean-
while, the current microfluidic culture platforms are not designed for mod-
ular scaffolds as described hereafter. To address the above challenges, it
was therefore designed the culture device with several unique attributes
(see Figure 4A), comprising a media flow chamber and a culture chamber
for cell-laden microspheres, compartmented by a media-permeable nylon
mesh. The media chamber (150 pm in depth) enabled continuous me-
dia flow to provide oxygen and nutrients to the culture chamber through
the nylon mesh similar to the arterioles. The nylon mesh with the pore
size of 70 um allowed free mass exchange while preventing the escape
of cell-laden microspheres into the media chamber. The designed devices
were fabricated with the aid of a 3D printed mold. Briefly, the molds for
media and culture chambers were first printed with a 3D printer (X-One
Qidi Tech, Zhejiang, China) as designed. Polydimethylsiloxane (PDMS)
was then poured onto the molds to form the chambers. An inlet and outlet
(¢ = 300 um) were made to the media chamber with a punch. Pressure
sensitive adhesive double-sided tape was applied to the surfaces for as-
sembly. Then all the parts were sterilized with 70% (v/v) isopropanol for
30 min, air-dried and then irradiated for another 30 min with UV. Cell-laden
microspheres were then transferred into the culture chamber prior to its
assembly with other parts for culture. Either single or mixed media (1:1,
v/v) was introduced through the inlet to the culture devices at a flow rate
of 2.5 uL min~",

Morphological and Histological Analyses: Microfluidic-cultured tissue
samples were harvested at designated time points for analyses. To assure
tissue integrity, 4% (w/v) paraformaldehyde (PFA) in phosphate buffered
saline (PBS) solution was slowly injected into the microfluidic device and
left for incubation for 1 h. After fixation, a surgical scalpel was used to
separate and detach the tissue culture chamber. The cultured samples
were carefully cut into half. One half was used for histological staining and
the other half was used for immunofluorescence staining. 10-day cultured
samples were also stained with 1% methylene blue for structural integrity
confirmation. For histological staining, tissue samples were dehydrated
in a series of graded ethanol and then embedded in glycol methacrylate
(GMA). Thin cross-sections (5 pm) were cut and stained with hematoxylin
and eosin (H&E) for cell distribution and tissue formation. The stained
slides were examined under a Nikon light microscope, and representative
images were digitally documented. For immunofluorescence staining, tis-
sue samples were respectively incubated in 15% (v/v) and 30% (v/v) su-
crose in PBS and embedded in the optimal cutting temperature (O.C.T.)
compound. The specimens were sectioned into 6-um-thick slices with the
cryostat microtome. The slices were permeabilized with 0.1% (w/v) Triton
X-100 in PBS and blocked with 3% (w/v) BSA in PBS. Afterwards, slices
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were incubated with PECAM-1 (MEC 13.3, 1:200) primary antibody for 1h
and subsequently incubated with fluorescein (FITC)-conjugated AffiniPure
goat anti-rat IgG(H+L) (1:200) for 1 h. Cell nuclei were stained with DAPI
(Sigma, 1:1000). The staining was examined under a Nikon Eclipse 80i
epifluorescence microscope and representative images were digitally doc-
umented. For methylene blue staining, samples fixed with 4% (w/v) PFA
were incubated with 1% (w/v) methylene blue solution for 20 min and
then washed with deionized water 3 times. The stained samples were then
examined under a Nikon SMZ1500 stereomicroscope and representative
images were digitally documented.

Drug Treatment to Cultured Tissue within Microfluidic Chambers:  Drug
stock solutions of doxorubicin (hydrochloride) and Cediranib were pre-
pared by dissolving in dimethyl sulfoxide (DMSO) and aliquoted for stor-
age at —20 °C. The drug stock solutions were diluted with fresh media
with a final DMSO concentration <0.1% (v/v) before use. The diluted dox-
orubicin with a final concentration of (2, 3, and 4 uM) was pumped into
the microfluidic chambers containing NHDF- and cancer cell-laden MaM$S
(1:2) for 48 h. The diluted Cediranib with a final concentration of 1uM was
pumped into the microfluidic chambers containing the coculture of hu-
man endothelial cell-laden MiMS, cancer cell-laden MaMS and fibroblast-
laden MaMS for 48 h.

CellTiter-Blue Cell Viability Assay: The CellTiter-Blue Cell Viability As-
say, which relies on a fluorometric indicator dye resazurin to measure the
metabolic activities of cells, can be used to quantitatively estimate the
number of viable cells. Thus, the viable cells present in the tissue before
and after drug treatments were evaluated with the CellTiter-Blue Cell Viabil-
ity Assay kit (Promega) according to the manufacturer’s protocol. Briefly,
the CellTiter-Blue working solution was diluted to a final concentration
of 20% (v/v) with fresh media right before each experiment and then in-
jected to the microfluidic chambers containing tissues and incubated for
4 h. During the incubation, dark blue and non-fluorescent resazurin was
reduced to the pink and highly fluorescent resorufin by viable cells. The
reduced CellTiter-Blue solution was then collected, and the fluorescence
intensity was recorded with the multi-detection microplate reader (BioTek
Instruments Inc., Winooski, VT) under the wavelength 560Ex/590Em.

Zombie Aqua Fixable Viability Assay:  The cell viability within the 3D tis-
sue upon various drug treatments was also determined with the Zombie
Aqua fixable viability assay (BioLegend) according to the manufacturer’s
protocol. Briefly, the diluted stock staining solution (1:100 with PBS) was
infiltrated through the microfluidic chambers for 30 min. The stained tis-
sue was washed twice with 1% (w/v) BSA aqueous solution, fixed with 4%
PFA for overnight and then embedded in the O.C.T. compound. The speci-
mens were sectioned into thin slices and then examined under a Nikon
Eclipse 80i epifluorescence microscope. Only dead cells before fixation
would show the bright green fluorescence.

Statistical Analysis: ~ All the data above were presented as mean =+ stan-
dard deviation and evaluated by the T-test and one-way ANOVA test. The
results were considered statistically significant with a p-value less than
0.05.
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