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Abstract

Here we describe a robust, microfluidic technique to generate and analyze 3D tumor spheroids,
which resembles tumor microenvironment and can be used as a more effective preclinical drug
testing and screening model. Monodisperse cell-laden alginate droplets were generated in
Polydimethylsiloxane (PDMS) microfluidic devices that combine T-junction droplet generation
and external gelation for spheroid formation. The proposed approach has the capability to
incorporate multiple cell types. For the purposes of our study, we generated spheroids with breast
cancer cell lines (MCF-7 drug sensitive and resistant) and co-culture spheroids of MCF-7 together
with a fibroblast cell line (HS-5). The device has the capability to house 1000 spheroids on chip
for drug screening and other functional analysis. Cellular viability of spheroids in the array part of
the device was maintained for two weeks by continuous perfusion of complete media into the
device. The functional performance of our 3D tumor models and a dose dependent response of
standard chemotherapeutic drug, Doxorubicin (Dox) and standard drug combination Dox and
Paclitaxel (PCT) was analyzed on our chip-based platform. Altogether, our work provides a simple
and novel, in vitro platform to generate, image and analyze uniform, 3D monodisperse Alginate
hydrogel tumors for various Omic studies and therapeutic efficiency screening, an important
translational step before in vivo studies.
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Introduction

Our current understanding of cellular functions is primarily derived from two dimensional
(2D) cell-based assays, which constrain cells to a rigid substrate thereby altering cell
morphology, polarity, signalling, extracellular matrix (ECM) production and gene
expression 1 2, Technological advances in engineering three dimensional (3D)
microenvironments have resulted in a paradigm shift in in vitro cell culture, where 3D
models provide improved approximation of cell-cell and cell-matrix interactions, nutrient
and oxygen gradients, and overall cellular architecture compared to 2D monolayer cultures.
Multi-cellular aggregates, with or without exogenously added ECM, have been widely
utilized for characterization of stem cell and cancer biology. These aggregates also referred
to as tumor spheroids, simulate avascular tumors and small metastases and can serve as an
intermediate model between 2D cultures and in vivo animal studies 3. The screening of anti-
cancer drugs and evaluation of new therapeutic targets have yielded significantly different
outcomes in 3D cell spheroids compared to 2D molonolayer cultures 4. Tumor spheroids
exhibit stronger resistance to anti-cancer drugs or radiation when cultured in spheroids
compared to 2D monolayers since mass transport is mediated primarily by diffusion in 3D
aggregates as opposed to convection in 2D systems ©. This survival advantage has been
observed even in small spheroids comprised of 25-50 cells. The complexity of the tumor
spheroids can be increased further by addition of ECM such as collagen and matrigel as well
as heterotypic cell populations such as cancer-associated fibroblasts and macrophages, thus
providing a more physiologically relevant platform to investigate the dynamics of
tumorigenic processes '~ 9

Multicellular spheroids are generally formed in hanging drops, spinner flasks, liquid overlay
cultures and bioreactors1%-12, However, there are a number of drawbacks including the
limited spatial organization, non-uniform size distribution, static cell culture and shear-
related cell damage. The size of tumor spheroids can have a profound effect in regulating
response to anticancer treatments, as demonstrated by the size-dependent resistance of colon
cancer cells to photodynamic therapy 13. Moreover, imaging and biochemical analyses of the
spheroids cannot be performed in situ under the above-mentioned culture conditions,
requiring transfer of the spheroids to a different platform. To circumvent some of the issues
mentioned above, Kim et a/. recently developed a well-based pump less perfusion culture
system 14, However none of these systems permit high throughput screening (HTS), which
has been made possible using microfluidic methods for generation and processing of
multicellular spheroids. A number of microfluidic systems have been employed for 3D cell
culture and drug screening over prolonged periods, including patterned hydrogels,
microwells, microbubbles and droplets 15-18, Microfluidic droplets are suitable as a platform
for 3D spheroid formation as highly monodisperse droplets can be generated at rates greater
than 1000 droplets/sec using flow-focusing strategies 18. This allows greater control over
spheroid sizes, massive parallel processing of individual spheroids and on-chip integration of
live imaging and downstream analysis. The composition of hydrogels can be adjusted to
vary matrix stiffness and permeability so as to characterize mass transport and mechanical
effect of microenvironment on cell-cell and cell-ECM interaction. Furthermore,
miniaturization of cell culture in the micro-scale hydrogel spheroids permits rapid and

Lab Chip. Author manuscript; available in PMC 2016 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sabhachandani et al.

Page 3

efficient transport of oxygen, nutrients and drugs to all cells in the spheroids, eliminating
heterogeneity in external signaling cues. Microfluidic droplet based methods have been used
to develop cell spheroids embedded in single polymers such as agarose, gelatin, alginate,
poly (ethylene glycol) as well as in mixed hydrogels such as alginate-Matrigel 18:19,
Alginate hydrogels have been used in the past as scaffolds for culture of tumor cells,
hepatocytes and pancreatic cells and as carriers for drug and protein delivery with controlled
release characteristics 20-23, It has also been employed in microfluidic devices to
encapsulate yeast, mammalian cells and antibodies 24 25. Using the droplet generation
strategy, bacteria-alginate microspheres were developed in a single device by flowing cell-
alginate precursor solution in a 3D micro channel with variable height, followed by calcium
dissolved in organic phase to promote gelation 26. Double emulsion (water-in-oil-in-water)
droplets were used to encapsulate human mesenchymal stem cells in alginate and alginate-
arginine-glycine-aspartic acid (RGD) at a size of 30-80um 27. Tumor spheroids were also
generated by encapsulating HeLa cells in alginate-matrigel mixed solutions 28. Inspite of the
extensive research, there is still a need for development of a simple yet robust microfluidic
device capable of high throughput generation of hydrogel- based multicellular tumor
spheroids for preclinical drug and therapeutic testing applications.

In this study we report the development of an integrated high-throughput microfluidic
droplet array capable of generating and entrapping up to 1000 individual multicellular
spheroids. The array allows the generation, maintenance, stimulation and analysis of the
multicellular tumor spheroids sequentially in the same device. We encapsulated two types of
MCEF-7 breast cancer cells, sensitive or resistant to doxorubicin (Dox) treatment, in alginate
using this platform. The multicellular tumor spheroids were maintained up to 14 days on-
chip, with minimal adverse effect on cell viability. Co-encapsulation of tumor and stromal
fibroblasts in the spheroids were also achieved using this approach, thus increasing the
tunability of the local tumor microenvironment. Next, the tumor spheroids were exposed to
varying doses of Dox, and a combination of Dox and Paclitaxel (PCT), followed by
cytotoxicity analysis, to determine the efficacy of this platform in anticancer drug screening.
The high-capacity droplet array not only permits large-scale parallel processing of the
spheroids, but also resolution of spatiotemporal dynamics within each spheroid due to secure
entrapment of the spheroids in known locations within the array. This microfluidic 3D
spheroid generation methodology can be employed for automated, high-throughput
screening of drugs, antibodies and experimental therapeutics along with proteomic and
metabolomics detection for tissue engineering applications.

Materials and Methods

Microfluidic device fabrication

Microfluidic devices were prepared using soft lithography as discussed previously 2°.
Silicon wafers were patterned by depositing negative photo resist SU-8 2100 (MicroChem,
Newton, MA) to a thickness of 150 pm, and exposed to UV light through a transparent
photomask (CAD/Art Services, Bandon, OR). Poly(dimethylsiloxane) (PDMS) (Sylgard
184, Dow Corning, Midland, MI) was mixed with the crosslinker at a of ratio 10:1, poured
onto the template wafers, degassed for 2 hours and cured for 12 hours at 75°C. The PDMS
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devices were detached from the wafers and bonded to glass slides after oxygen-plasma
treatment of both surfaces. The devices were first treated with Aquapel (PPG Industries,
Pittsburg, PA) for 20 minutes to make the surfaces hydrophobic and allow smooth droplet
generation. Subsequently Aquapel was expelled by flushing with air. All solutions were
added to the devices through Tygon Micro Bore PVC Tubing of the following dimension:
100f, 0.010" 1D, 0.030" OD, 0.010" Wall (Small Parts Inc, FL, USA). 1ml syringes were
used to load cell suspensions, alginate solution and oil into the devices, which were
regulated via syringe pumps (Harvard Apparatus, USA) to control flow rates. The oil phase
consisted of mineral oil and 3% (w/v) of surfactant Span80 (Sigma-Aldrich, St. Louis, MO).

Cell culture and treatment

MCF-7 human breast adenocarcinoma cells were originally purchased from American Type
Culture Collection (ATCC, Manassas, VA). Two types of MCF-7 cell were used in these
experiments: wild type (sensitive to doxorubicin treatment) and resistant to doxorubicin,
referred to as MCF-7S and MCF-7R respectively. The resistant MCF-7 phenotype has been
previously characterized as overexpressing the MDR-1 gene 30. Both cell lines were
maintained in DMEM medium with 4.5g/L glucose and L-glutamine (Corning Cellgro,
Manassas, VA) supplemented with 10% Fetal Bovine Serum (Corning) and 1% antibiotic-
antimycotic (Corning). All cells were grown at 37°C under 5% CO2 in a humidified
atmosphere. Cells were routinely passaged every three days and harvested at a density of
1x108 viable cells/mL.

For co-culture experiments, bone marrow stromal fibroblast line HS-5 was purchased from
ATCC and maintained as described above in DMEM complete growth media.

Multicellular alginate spheroid formation in microfluidic device

Sodium alginate and calcium chloride was purchased from Sigma. 2% (w/v) alginate
solutions were prepared by mixing the appropriate amount of alginate with complete growth
medium, and allowed to dissolve completely at 50°C for 2hrs. The alginate solutions were
either used immediately or stored under sterile conditions at 4°C for later use. Calcium
chloride stock solutions (4% w/v) were also prepared in complete growth media, filtered
using a 0.22um syringe filter and stored at 4°C. Prior to use, all solutions were warmed to
37°C to dissolve any precipitations.

The process of spheroid formation consisted of two steps: (a) generation of alginate droplets
containing cells in suspension and (b) gelation of droplets /n sitvin droplet incubation array.
Following trypsinization, single cell suspensions were prepared in 2% alginate solution in
media and added to one inlet of the microfluidic devices at a flow rate of 80 pl/hr. The cell
concentration for MCF-7 cells was optimized to 10x10%/mL to achieve a reasonable cell
density in the droplets. Droplets were formed by flowing mineral oil with 3% w/v surfactant
at a flow rate of 300 pl/hr through the second inlet. After droplet generation and stabilization
in the incubation array, the third inlet was opened and calcium chloride flown in at a
constant flow rate of 2 ul/hr. Gelation was allowed to occur over a period of 3—4hrs. Once
the multicellular alginate spheroids were formed, complete growth media was perfused
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continuously at a steady rate of 20 pl/hr to maintain cell viability throughout the duration of
the experiment.

For co-culture experiments, the above protocol was modified slightly to add each cell type
(MCF-7 and HS-5) at a concentration of 7.5x106 cells/mL in alginate solutions through
individual inlets. Droplet generation and gelation were performed as described above. To
distinguish between the cancer and fibroblast cells, MCF-7S cells were labeled with
Qtracker 705 cell labeling kit (Life Technologies, Carlsbad, CA) as per the manufacturer’s
protocol. Briefly, 10nM labeling solution was prepared by mixing the nanocrystals and
carrier solutions and incubating at room temperature for 5min. The labeling solutions was
added to the cells in suspension and incubated for 45-60min at 37°C. Excess labeling
solution was removed by aspiration and the cells visualized using a Cy5 filter set (Qtracker
705 ex/em; 405-665/705nm). Alternatively, MCF-7S Cell nuclei was stained using Hoechst
33342 dye and visualized using a DAPI filter (ex/em: 361/497nm).

Doxorubicin (Dox) treatment

Doxorubicin hydrochloride (Dox) was purchased from LC labs D-4000 (LC lab, Woburn,
MA). Stock solutions of Dox were prepared at a concentration of 7mM in Sterile water and
stored at 4°C. Dox solutions were diluted to the indicated concentrations (0.8 uM, 1.6 uM,
3.2 uM and 12.8 uM) in complete growth media immediately prior to use. Following
multicellular tumor (or tumor/stroma) spheroid formation in the microfluidic array, the cells
were allowed to stabilize for 24hrs. The drug-free perfusion media syringe was then replaced
with Dox-containing media at various concentrations and perfused for a period of 48hrs at
the flow rate of 20 pl/hr. The microfluidic device containing spheroids as well as the syringe
pumps were maintained in a humidified incubator at 37°C and 5% CQO2 for the duration of
the experiment.

Paclitaxel (PCT) Treatment

Paclitaxel was purchased from LC labs (LC lab, Woburn, MA) and a stock concentration of
3.2mM in DMSO was prepared and stored at —20°C. The stock was diluted to working
concentration (12.8 uM) in complete growth media before use. For combination
chemotherapeutic experiments, Paclitaxel is administered for 24hrs sequentially after a 24hr
administration of Dox in the same manner as described in the previous section.

2D monolayer experiment

As control for 3D multicellular spheroids, control experiments were performed by seeding
5,000 cells/well of MCF-7S and MCF-7R cells in a 96-well plate. The cells were allowed to
adhere to the surface for 24 hours and treated with the indicated Dox concentrations for 48
hrs. Each condition was tested in triplicate wells for statistical analysis. Subsequently, Dox-
containing media was aspirated out and cell viability assessed as described below.

Cytotoxicity Assays

The cell viability was determined at the end of the 48-hour drug perfusion period using Live/
Dead Viability/Cytotoxicity Kit (#L3224, Life Technologies, Grand Island, NY) as per the
manufacturer’s instructions. Briefly, a stock solution was prepared containing 4uM ethidium
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homodimer-1 (EthD-1) and 2.5uM calcein-AM and perfused into the chip for 30-45
minutes. The cell spheroids were imaged immediately using standard FITC and DsRed
filters (Calcein fluorescence ex/em: 495/515nm; EthD-1 fluorescence ex/em: 495/635nm).
Live cells were identified by the green fluorescence of calcein, produced by the conversion
of non-fluorescent calcein-AM by the intracellular esterase activity. Dead cells were
identified by the nuclear red fluorescence of EthD-1 intercalating with DNA. The exposure
time required for the detection of EthD-1 is low and fluorescence intensity is high when
compared to auto-fluorescence observed in the presence of Dox. Thus nuclear EthD-1
staining can be clearly observed.

Characterization of alginate spheroids by SEM

Microspheres were fixed in 2.5% glutaraldehyde in sodium cacodylate (0.1 M) for 1 hr at
room temperature, followed by dehydration with a graded ethanol series (30, 50, 70, 85, 95,
and 100%) for 10 minutes in each solution. Microspheres were maintained in 100% ethanol
until critically point dried (Samdri-PVVT-3B Critical Point Dryer, Tousimis Research
Corporation, Rockville, Maryland). After sectioning the microspheres with a blade, they
were sputter-coated with Platinum (5nm) using Cressington 208HR High Resolution Sputter
Coater and observed using a Hitachi S-4800 Field Emission Scanning Electron Microscope
(FESEM) at an accelerating voltage of 1-3 kV.

Image Analysis

All images were obtained using Zeiss Axio Observer.Z1 Microscope (Zeiss, Germany)
equipped with Hamamatsu digital camera C10600 Orca-R2. For tumor and tumor/stromal
viability studies, a minimum of 30 spheroids was analyzed for every drug concentration. The
percent cell viability was calculated for each spheroid by obtaining the ratio of the number
of live cells to the total number of cells in that spheroid. Data analysis for 2D monolayer was
done in the same fashion by analysing the cell viability obtained from 3 wells for each
condition. Statistical analysis was done by comparing the data sets using the student’s T-test,
and p < 0.05 was considered statistically significant.

Results and discussion

Device design

The microfluidic platform described in this study allows robust yet simple 3D cell-hydrogel
construct development within one integrated device. The microarray consists of 1000 droplet
docking sites, thereby allowing simultaneous drug toxicity screening in a large number of
tumor spheroids. The microfluidic device is equipped with multiple inlets that facilitate
incorporation of varying cell types, thus allowing robust control over the local
microenvironment of the tumor spheroids. Additionally, media and drugs could be perfused
continuously through the same inlets so as to promote delivery of nutrients to all the
spheroids throughout the experimental duration. Continuous perfusion accurately mimics /in
vivo nutrient and drug delivery to the tumors as opposed to static delivery methods using
conventional systems. Thus the system not only permits high throughput tumor spheroid
generation based on the principles of droplet microfluidics but also microscopic functional
analysis in the same device due to the integrated spheroid-trapping microarray.
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A variety of microfluidic device designs have been utilized for long-term tumor spheroid
culture and drug efficacy evaluation. The SpheroChip system designed by Kwapiszewska et
al. had compact, micro-well based single microfluidic chip for spheroid generation and
functional analysis 16. Though the authors reported precise control over spheroid size and
microscopic observation capabilities, the generated spheroids did not incorporate exogenous
extracellular matrix like alginate, collagen and chitosan. There was no continuous medium
perfusion to the spheroids to maintain the metabolite/nutrient balance in the extracellular
environment. Yu et a/. 3 employed the microfluidic droplet approach to generate cell-loaded
alginate droplets that were crosslinked off-chip and subsequently introduced to a second
microfluidic chip for culture and drug-based cytotoxicity studies. Matrigel was also used as
an extracellular matrix in spheroids for therapeutic efficacy screening, as reported by Shin et
al. 32, Their design lacked individual docking sites for individual spheroids and the
throughput of the device was very low. More recently, McMillan et a/. described a droplet
based spheroid generation system utilizing the self-aggregation of cells in liquid droplets.
While a high-throughput method, the spheroids lacked the incorporation of exogenous ECM
and could be described as an aggregated cell cluster. Additionally, spheroids were enclosed
in a liquid droplet, which made continuous renewal of media and delivery of therapeutic
reagents difficult without disruption of the droplet. This limits the lifetime of the spheroid to
3-4 days and hence, practical applicability of the system 33. Here, we describe an integrated
approach allowing the generation, culture and toxicity screening of multicellular tumor and
tumor-stromal spheroids in a single microfluidic system.

In our device, droplet generation occurred at a T-junction, where the aqueous inlet channel
perpendicularly intersected the continuous phase channel. Droplets were formed by shearing
force of the continuous phase (Fig 1.C) 34. The droplet docking array consisted of circular
holding sites, 200 um in diameter, separated by constricted regions of 100 um width and 150
pum length (Fig 1.D, E) . This aspect of the array separates individual alginate droplets, thus
preventing fusion of the droplets prior to or during the gelation process and resulting in
stable alginate spheroids. By adjusting the fluid flow rates, an optimum droplet size of
17020 pm was obtained. The device further consisted of two outlets: one connected to the
droplet docking array and the second for bulk waste removal from the chip to prevent flow-
blocking plaque formations after gelation. (Fig 1. A, B). The serpentine region in the inlet
channels enabled lateral cell alignment to promote near - uniform cellular distribution in the
droplets.

Hydrogels have been used extensively for /in vitro bio-mimetic applications due to its
properties such as high water retention mimicking /in vivo extracellular matrix,
biocompatibility, inertness and prevention of shear stress-mediated cell damage during
culture media perfusion 3°. In addition to these properties, alginate exhibits mechanical
strength to maintain the structural integrity of the spheroids, does not interfere with innate
cellular function and permits cellular encapsulation and processing at physiological pH and
temperature and thus is extremely useful for tissue engineering applications 23: 36, 37,

The concentration of cations required for gelation of alginate has to be precisely controlled
to maintain appropriate porous conditions of the hydrogel, which is pertinent for cellular
viability. The ratio of calcium ions (Ca**) to alginate used for crosslinking has to be
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regulated since structural resistance to ion and nutrient flow in the spheroids could have an
undesirable effect on cellular viability 38. It has been previously reported that calcium
chloride concentrations of 100-500 mM have little or no detrimental effect on cell health if
the period of calcium ion exposure is controlled 38 39, We thus used an intermediate
concentration of calcium (350 mM) for the gelation of the alginate spheroids /n situ. Also,
cell survival and proliferation are best achieved at alginate concentration of 2-4% wi/v 4041,
However, the increased viscosity of solutions with high alginate concentration impeded
smooth droplet generation in microfluidic platforms in our study. Therefore, we utilized an
optimal alginate concentration of 2%w/v in complete media for spheroid generation.

Previously reported methods of alginate droplet polymerization include both internal and
external gelation methods. For external gelation, the alginate droplets were crosslinked in a
divalent cation solution 3 42, Internal gelation was achieved by incorporating initiators or
crosslinking agents in the alginate solution such as soluble calcium carbonate as reported
previously 3. Another study utilized photopatterning of alginate due to UV light-mediated
release of calcium caged within alginate gels 44. Though these methods have their
advantages, they are less than ideal for maintaining cell viability owing to the use of low pH
or UV exposure for cross-linking 4% 46, We thus incorporated the use of external gelation
technique for polymerization of alginate to avoid using any harmful gelation strategies for
maintaining highest possible cellular viability.

Generation and incubation of multicellular spheroids

Herein we used MCF-7 wild type (MCF-7S) and MCF-7 doxorubicin resistant (MCF-7R)
cell line for establishment of tumor spheroids. The MCF-7 wild type cells are hormone
responsive breast cancer cell line, positive for estrogen and progesterone receptors 47. The
drug resistant cell line has been previously characterized for overexpression of MDR-1 gene,
which causes an overexpression of p-glycoprotein (P-gp) on cell surface. P-gp uses ATP to
transport drugs and other xenobiotics from the intracellular to the extracellular compartment
and has been deemed as one of the primary reasons for chemotherapy failure in different
MDR cancer types 8 49, Furthermore, stromal cells such as fibroblasts play an important
role in altering anti-tumor activity of chemotherapeutic agents by cytokine and adhesion
mediated mechanisms 0. However, conventional anti- cancer drug screening rarely employs
accessory cell types during evaluation of drug cytotoxicity. To address this drawback of
conventional platforms, we incorporated a fibroblast component (HS-5 cell line) for
generation of composite tumor spheroids 50 51,

The cells were suspended in 2% wi/v alginate solution and incubated in microfluidic
channels to generate monodisperse droplets of 170 um in diameter. (Fig 1). Once the cell-
laden droplets were stabilized within the incubation array, calcium chloride solution (4%
w/v 350mM) was flown in at a slow controlled rate (2 pL/hr) to promote gelation of the
droplets. This external gelation method allowed crosslinking of alginate droplets /7 situ, thus
maintaining the spheroidal structure of the cell-hydrogel construct as well as retaining them
on-chip for characterization of cellular functions downstream. The sol-gel transition of the
alginate by calcium is further facilitated by the rapid mixing kinetics observed within
droplets as a result of large surface area with respect to volume 2°. Furthermore, the small
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sizes of constructs (170 um with a 10% coefficient of variation) allow fast diffusion-based
mass exchange, thereby providing cells with nutrition during long-term culture, removal of
wastes and drug transport for toxicity studies. The spheroids were constantly perfused with
complete media via syringe pumps at a steady flow rate of 20 pL/hr (equivalent to 230 um/s)
throughout the experimental duration (96 hours). This flow rate mimics the blood velocity in
the tumor, which has been reported to vary over a range of 100-800 um/s, depending on the
tumor size in vivo %2

Structural characterization of the cellular alginate spheroids

A critical difference between tumor spheroids formed with or without hydrogels is the
survival advantage conferred by the supporting hydrogel matrix. Hydrogels are inherently
porous, and these pores can be occupied by either the culture media for nutrient, gas and
metabolite exchange promoting survival of encapsulated cells, or space to facilitate cell
physiological activities, such as metabolism, proliferation, migration, etc. 2353, The pore
size of hydrogels is directly proportional to higher diffusivity of nutrient-laden media and
oxygen throughout the hydrogel, which corresponds to higher nutrient gradient for enhanced
cellular survival and functional activity °4. The SEM images of the alginate-only (Fig 2.A)
and multicellular alginate spheroids (Fig 2.B-D) revealed an ‘egg-box’ morphology, which
is a typical characteristic of alginate hydrogels obtained by ionic cross-linking with pore
sizes ranging from 5 nm to 100 nm. This broad range of pore sizes allows for water, oxygen,
amino acid, protein, nutrient and small molecule exchange but restricts the movement of
larger substances such as genetic material (DNA; >100nm) and whole cells 3.

Cytotoxicity screening with breast cancer spheroid models

To validate the generated 3D spheroids for drug-based cytotoxicity screening, standard
chemotherapeutic drugs, Doxorubicin (Dox) and Paclitaxel (PCT) were utilized as model
agents. Doxorubicin acts by intercalating with the DNA of the cell to inhibit the action of the
enzyme Topoisomerase |1 required for supercoil relaxation during transcription. Cytotoxicity
results from inhibition of replication and free radical formation 5. Paclitaxel on the other
hand intercalates with tubulin in cytoskeleton to stabilize the spindle microtubules, which
causes cell cycle arrest and subsequent cell death 6.

The aim of our study was to compare and contrast the difference in cytotoxicity profiles of
free drug in 2D monolayer and 3D microfluidic spheroid model. The addition of hydrogel
matrix and human bone marrow fibroblasts allowed us to mimic a complex tumor model,
taking into account the tumor-tumor, tumor-stroma, and tumor/stroma-matrix interactions in
the same model. The following timeline was employed for drug screening analysis: spheroid
formation (day 1); drug treatment (day 2, day 3); live/dead viability staining and readout
(day 4). Fluorescent microscopic images of intact spheroids (Fig 3.A—F) subjected to
increasing concentration of doxorubicin were utilized for end-point cell viability assessment
using live/dead assay. Two fluorescent dyes are employed to distinguish between live and
dead cells; live cells emitting a bright green fluorescence and nuclei of dead cells emitting a
red fluorescence.
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The results indicated dose-dependent decrease in cell viability as the cells are treated with
increasing concentrations of doxorubicin, in 2D as well as 3D format (Fig 4. A-C). As
expected, the cytotoxicity observed in 3D spheroids was markedly less compared to the 2D
monolayers. MCF-7R cells treated with higher concentration of Dox (12.8 uM)
demonstrated a statistically significant difference in cell viability (p<0.05) between 2D and
3D cultures (Fig 4.A). This suggests that the MCF-7R cells were more susceptible to drug
treatment in a 2D environment compared to 3D. The cell viability in spheroids is as high as
90% for the highest concentration tested as compared to 60% in 2D monolayers (Fig 4.B). In
contrast, MCF-7S spheroids depicted statistically significant differences in cell viability
compared to 2D monolayer cultures over a range of Dox doses (1.6-12.8 uM) (Fig 4B). This
suggests that MCF-7S cells acquired higher drug resistivity in 3D architecture as compared
to their monolayer counterparts. When the microfluidic spheroid models of MCF-7S and the
MCF-7R were compared, both cell types exhibited high and comparable survival rates in
spheroids (Fig 4.C). These results clearly indicate that cell survival is regulated differentially
in 2D vs. 3D structures, as also noted previously 5758, The tissue architecture and ECM
organization /n vivo differs significantly from the simulated tumor microenvironment
described here, thereby resulting in altered diffusion and transport mechanisms. However,
the alginate hydrogels are able to modify the drug uptake phenomena and subsequent
cytotoxicity compared to 2D monolayer cultures. Our microfluidic tumor spheroids
established that ECM contributes to drug-induced cell responses, even at micro-scale.

Co-culture spheroids for cytotoxicity screening

Stromal fibroblasts are known to play key roles in the tumor microenvironment. Fibroblasts
are activated at the site of tissue injury or inflammation, which present a similar
pathophysiological condition as seen in tumors. These activated fibroblasts, referred as
Cancer-Associated Fibroblasts (CAFs), promote survival, progression and metastases of
tumors by cytokine and chemokine secretion (CXCL12, CCL2, TGF-B, IL-6, MMPs) and
downregulation of suppressor genes (p53, p21, PTEN) 59 60 Also, Non-Cancer Associated
Fibroblasts (NAFs) have been shown to transform into CAFs in tumor microenvironment in
vivo 61, Thus, monitoring the interaction of fibroblasts with tumor cells in a 3D
microenvironment will allow us to optimize drug therapy protocols by assessing the
contribution of these cells to cancer cell survival. We investigated the effect of various
chemotherapeutic regimens on MCF-7S and HS-5 co-culture spheroids in our microfluidic
platform (Fig 5.A—C). The overall cell survival rate in spheroids was statistically higher in
co-culture spheroids compared to MCF-7S spheroids for lower and higher concentration of
free doxorubicin treatment. (Fig 5.A.) For lower concentration of drug (3.2 uM) the total cell
viability was 98% in co-culture spheroids compared to 79% for MCF-7S spheroids.
Similarly for higher concentration (12.8 uM), co-culture viability was 20% higher in
contrast to MCF-7S spheroid. We postulate that the HS-5 confers greater survival to the
breast cancer cells in the spheroids, at least within the experimental duration (48 hours).
This could be due to biophysical effects, cytoprotective paracrine signaling, or a
combination of both. Our next step will be to characterize these paracrine-signaling events in
intact spheroids.
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To further test the functionality of our system to screen combination chemotherapeutic
regimens effectively, we assessed a well-established and clinically relevant drug
combination consisting of Dox and PCT, administered in a sequential manner for a total time
period of 48 hours for the highest concentration of Dox and PCT in co-culture spheroids
(Fig 5.B.). There was a 12% decrease in total cell viability with combination treatment as
compared to single drug regimen. This sequential treatment has been shown to be effective
in inhibiting breast cancer growth 6263 Another important observation was that the drug
based cytotoxicity of Dox or the combination regimen affected the fibroblasts and the tumor
cells similarly (Fig 5.C.), which reiterates the well-established fact that chemotherapeutic
effect of free drug is non-targeted 54,

Thus this platform is not only capable of generating and docking individual multicellular
spheroids, it also has the capability of screening drug and dose dependent cellular responses
in intact spheroids. The spheroids are held in specific locations throughout the experiment,
which enables tracking cell and ECM modifications in the same spheroid over prolonged
periods. Therapeutic screening in this platform has additional advantages such as improved
simulation of cell-cell and cell-matrix behavior and well defined spherical geometry that
allows the correlation of structure with function, in contrast with traditional 3D spheroids.
Our future goal is to develop larger spheroids to monitor establishment of nutrient gradients
to accurately predict drug action in /n vivo-mimetic avascular tumors in a high throughput
manner.

Conclusions

In the present work we have described a robust microfluidic device for in situ production of
multicellular 3D spheroids in alginate hydrogel matrix. The device has the capability to
generate and incubate up to 1000 spheroids of 170uM in size, in a precisely controlled and
reproducible manner. We generated three spheroid models: drug resistant breast cancer
spheroid, drug sensitive breast cancer spheroid, and co-culture spheroid consisting drug
sensitive breast cancer cells and fibroblast cells. To prove the functional performance of
spheroids on-chip we conducted cytotoxicity experiments using standard chemotherapeutic
drugs utilized in breast cancer treatment (Doxorubicin and Paclitaxel) and compared the
results to 2D monolayer cultures. Our future studies will focus on further characterization of
cell-cell interactions by quantifying the released cytokines and chemokines to track their
effect on cell viability in the presence of anticancer drugs in spheroids of larger dimensions,
which are known to develop chemical gradients similar to in vivo avascular tumors. The
flexibility of the microfluidic design can be further exploited to include various types of
stromal components capable of remodeling the tumor microenvironment to characterize the
effect of drug therapies in a comprehensive in vitro tumor spheroid model.

Our proposed system is the next step towards development and semi-automation of more
sophisticated spheroid culture approaches, which have the potential to replace 2D drug
testing platforms. Efficacy evaluations of various therapeutic agents (i.e. small molecules,
antibodies, nucleic acid polymers) could benefit significantly from this sensitive and rapid
detection methodology.
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Fig 1.

Ssheroid generation and docking array in microfluidic platform. Schematic of microfluidic
device for spheroid generation for single cell type encapsulation (A) and co-encapsulation of
two cell types (B). (C) T-junction for droplet formation. Scale bar: 200um. (D) Droplets
entering the docking array before gelation. Scale bar: 200um. (E) Gelled cell-laden alginate
spheroids in docking array. Scale bar: 100um. (F) Cells in spheroids stained with Calcein-
AM as a live cell indicator. Scale bar: 100um
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Fig. 2.
Internal structure of cell-laden spheroids using Scanning Electron Microscopy. (A) Internal

structure of plain alginate spheroid. Scale bar: 1um (B), (C), (D) Internal structure of
MCF-7S cells encapsulated in alginate spheroid Scale bar (B): 40pum, Scale bar (C), (D):
10pm
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Fig 3.

Spgheroids under various treatment conditions. Live/Dead assay images of various spheroid
models in the docking array with/without treatment of Doxorubicin (Dox) after 4 days. (A)
MCF-7R cell spheroids, no Dox treatment. (B) MCF-7R cell spheroids, 12.8 uM Dox
treatment. (C) MCF-7S cell spheroids, no Dox treatment. (B) MCF-7S cell spheroids, 12.8
UM Dox treatment. (E) MCF-7S and HS-5 co-culture spheroids, no Dox treatment. MCF-7S
cells are labeled with hoechst 33342 nuclei stain (blue fluorescent) to distinguish between
two cell types. (F) MCF-7S and HS-5 co-culture spheroids, 12.8 pM Dox treatment.
MCF-7S cells are labeled with Qtracker 705 tracker (far red fluorescent). Scale bar: 20 pm
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Fig4.

Cc?mparing dose-dependent cytotoxicity observed with Doxorubicin in 2D versus 3D
models. (A) Effect of increasing concentration of Dox (0.8 uM, 1.6 UM, 3.2 uM and 12.8
uM) on cell viability of MCF-7R cells in 2D monolayer and 3D spheroids after 48 hr of drug
treatment. (B) Effect of increasing concentration of Dox (0.8 uM, 1.6 uM, 3.2 uM and 12.8
UM) on cell viability of MCF-7S cells in 2D monolayer and 3D spheroids after 48 hr of drug
treatment. (C) Comparing the effect of increasing Dox concentrations between MCF-7R and
MCF-7s cell spheroids. (p < 0.05)
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Fig 5.

Analysing drug and dose dependent cytotoxicity in MCF-7S and HS-5 co-culture spheroids.
(A) Comparing cell viability between MCF-7S spheroids and MCF-7S and HS-5 spheroids
for higher concentrations of Doxorubicin (3.2 uM and 12.8 uM) after 48 hours of treatment.
(B) Comparing difference in cell viability in MCF-7S and HS-5 spheroids treated with either
12.8 uM Dox for 48 hrs or 12.8 uM Dox for 24 hrs followed by 12.8 pM of PCT for 24 hrs.
(C) Comparing difference in viability between MCF-7S cells and HS-5 cells in co-culture
spheroids upon treatment with either 12.8 um Dox for 48 hrs or sequential treatment of 12.8
UM Dox and12.8 uM PCT for 24 hrs each. (p < 0.05)
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