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Creating multicellular tumor spheroids is critical for characterizing anticancer
treatments since they may provide a better model of the tumor than conventional
monolayer culture. Moreover, tumor cell interaction with the extracellular matrix
can determine cell organization and behavior. In this work, a microfluidic system
was used to form cell-laden core-shell beads which incorporate elements of the
extracellular matrix and support the formation of multicellular spheroids. The
bead core (comprising a mixture of alginate, collagen, and reconstituted base-
ment membrane, with gelation by temperature control) and shell (comprising
alginate hydrogel, with gelation by ionic crosslinking) were simultaneously
formed through flow focusing using a cooled flow path into the microfluidic chip.
During droplet gelation, the alginate acts as a fast-gelling shell which aids in
preventing droplet coalescence and in maintaining spherical droplet geometry
during the slower gelation of the collagen and reconstituted basement membrane
components as the beads warm up. After droplet gelation, the encapsulated
MCF-7 cells proliferated to form uniform spheroids when the beads contained all
three components: alginate, collagen, and reconstituted basement membrane. The
dose-dependent response of the MCF-7 cell tumor spheroids to two anticancer
drugs, docetaxel and tamoxifen, was compared to conventional monolayer cul-
ture. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4918754]

1. INTRODUCTION

Cell-based assays are increasingly being used for drug discovery to identify potential drug
candidates.! Phenotypic, cell-based assays can provide multi-parametric data for quantitative
measures of cell response.” Although monolayer (i.e., two-dimensional (2-D)) cell culture is
widely used, this model lacks cell-cell and cell-extracellular matrix (ECM) signaling, which are
essential for functions in vivo.> Monolayers cannot recreate complex tissue architecture or
environmental factors such as oxygen levels which are important for angiogenesis and tumor
progression. Thus, three-dimensional (3-D) cell culture will have a strong impact in target vali-
dation, secondary screening/lead optimization, and toxicology.* Signatures identified from three
dimensional cell culture models have been shown to predict clinical outcome in breast cancer
data.’ The microenvironment influences cell behavior and survival by modifying gene expres-
sion profile, proliferation, and migration.® Thus, compared to a monolayer, a multicellular
tumor spheroid can better mimic aspects of the tumor in vivo including cell-cell contacts,’
diffusion gradients of oxygen'® and drugs'' (when the spheroid is of sufficient size, typically
several hundred micrometers in diameter12_14), and cell-cell adhesion."

Previous work has found that heterogeneous spheroid sizes can give rise to different levels
of hypoxia and thus different gene expression,'® highlighting the need for good uniformity in
spheroid size'” within an assay. Recent methods to rapidly generate large numbers of uniform
spheroids include microfabrication to control numbers of cells sedimenting into wells and thus
the resultant spheroid size,* robotic dispensing of cells into molded hydrogel templates,'® and
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hanging drop arrays.'”?® These automated methods improved on previous manual hanging
drop, spinning flask, and non-adherent substrate methods which could result in large coefficient
of variation (CV) for spheroid size.'*'”?! These previous spheroids contained cells without
ECM components. However, the breast tumor environment contains collagen and other extrac-
ellular proteins,® which can affect cell architecture’® and behavior, including phenotype and
apoptosis.”* Basement membrane matrix proteins are an important component of the tumor
microenvironment and are produced by carcinoma cells.”> Ivascu and Kubbies'> found that the
addition of reconstituted basement membrane (Matrigel®) permitted cells to form spheroids with
diffusion barriers and quiescent cells, whereas they remained as aggregates with loose cell-cell
contacts without Matrigel®. Matrigel® is a reconstituted basement membrane preparation®® con-
sisting of laminin, collagen IV, and entactin. In addition, type I collagen is a major constituent of
the ECM. The normal mammary epithelium and the microenvironment around non-invasive
breast tumors includes a dense collagen matrix.”’ Krause er al.*® compared the phenotypes of
MCF-7 cells grown in either collagen or in a mixture of collagen and Matrigel® and found that
the addition of Matrigel® to the collagen affected the survival and polarization of the MCF-7
cells. The collagen matrix around a tumor micro-environment plays a role in tumor invasion**>*
and cancer progress.29 Incorporation of both collagen I as well as reconstituted basement mem-
brane matrix into a three-dimensional culture thus promises to provide an improved tumor sphe-
roid model.

Microfluidic generation of cell-laden hydrogel beads has been demonstrated as a rapid
fabrication method for multicellular three-dimensional tissue constructs.’*>* In this work, we
present a microfluidic method to rapidly generate cell-laden hydrogel beads which incorporate
elements of the ECM including both collagen I and reconstituted basement membrane matrix
proteins. The core-shell structure of the beads was produced in one flow focusing step and used
temperature control to maintain both the collagen and reconstituted basement membrane matrix
proteins at low temperature below their gel points. The alginate component served as a faster
gelling shell which permitted rapid formation of round beads. The encapsulated cells can prolif-
erate to form multicellular spheroids, with applications in drug screening.

Il. EXPERIMENTAL METHODS

Reagents were purchased from Sigma-Aldrich Canada Co. (Oakville, Canada) unless other-
wise noted.

A. Microfabrication

The microfluidic channels were fabricated using soft lithography.’ High aspect ratio
features were first patterned using SU-8 3050 (MicroChem Corporation, USA) photoresist on a
silicon substrate. These features later defined the microchannels and inlet/outlet reservoirs. The
SU-8 and silicon structure served as the mold master, onto which poly-(dimethylsiloxane)
(PDMS) (Sylgard 184, Dow Corning, USA) was poured. PDMS was cured at 60°C for 2h,
then the PDMS structure was peeled off the mold master. The droplet formation PDMS struc-
ture was then bonded onto a PDMS substrate, forming closed channels. Strong bonding was
achieved by first briefly treating the PDMS in plasma; the bonded structures were baked at
65°C in an oven overnight to recover PDMS hydrophobicity. Access to the inlets and outlets
were punched through the elastomer, and fluidic interconnect was made using blunt 21G
syringe needle tips (Nordson EFD, USA). The schematic illustration of the core-shell bead
formation chip is shown in Fig. 1. The inlet to the junction was 400 um wide, the junction was
200 um wide, and the outlets were 1 mm wide. The channel height was 300 um.

B. Preparation of tumor cell suspensions

MCF-7 breast tumor cells were cultured in RPMI media supplemented with 10% Fetal
Bovine Serum (FBS) and 1% penicillin/streptomycin, at 37 °C and 5% CO,. After washing twice
with phosphate buffered saline (PBS), the cells were detached with 0.025mM trypsin + EDTA
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FIG. 1. Flow focusing using two dispersed phases and one immiscible continuous phase forms core-shell beads. Beads are
pinched off at the intersection with mineral oil that has been acidified with acetic acid. As the acid diffuses into the beads,
it causes the breakdown of the calcium carbonate particles. The released calcium ions then crosslink the alginate, causing
the beads to gel. This bead formation method, in which the crosslinking ions are mixed with alginate in an insoluble form
and then chemically released, is called internal gelation. This method produces a core-shell structure in which the shell is
composed of alginate, and the core is composed of Matrigel® + collagen + alginate in which cells are encapsulated.

and then re-suspended in 1 ml of RPMI media, to which was added 500 ul of 7% bovine serum
albumin (BSA) fraction VIII. Cells were then centrifuged, washed in Hank’s Buffered Salt
Solution (HBSS), centrifuged again, and then resuspended in a solution of PBS.

During preparation of the solution for the bead cores, the collagen and Matrige1® were kept
on a small box of ice. Using cooled pipette tips, 100 ul of collagen I at a concentration of
9.21 mg/ml was transferred into cooled conical tubes. Subsequently, 200 ul of Matrigel®
(Corning® Matrige1®, VWR International, Mississauga, Ontario, Canada) was added and mixed
with the collagen. The mixture was neutralized with approximately 5 ul NaHCO; to reach pH
7.3-7.5. 50 ul of MCF-7 cells in PBS were added, and the solution was triturated to ensure
even dispersion of the cells. Finally, 250 ul of 2% Manucol LKX alginate (FMC Biopolymer,
Norway) was added, and the whole solution was tapped vigorously to give a homogeneous mix-
ture with a final cell concentration of approximately 1 x 10’ cells/ml. The final concentration of
collagen was approximately 1.4 mg/ml. Cell viability prior to mixing into the hydrogel suspen-
sion was assessed using Trypan Blue dye exclusion®® and manual cell counting.

The alginate mixture for the bead shell comprised 2% Manucol LKX alginate with 80 mM
CaCOj3 mixed with vortexing to ensure even distribution of the CaCOj;. The Manucol LKX al-
ginate powder was dissolved in sterile PBS and stirred overnight. CaCO;5 particles (J. T.
Baker@1301-01) were suspended and sonicated in sterile PBS at the concentration of 2 M. The
final concentration of CaCOj3 in alginate solution was 80 mM.

C. Core-shell bead generation

Core-shell droplets were generated on the microfluidic chips through flow focusing.®’
Formation of the alginate shell relies on the method of internal gelation.*®* Alginate can be
gelled in the presence of calcium ions. Calcium, bound in the insoluble form of CaCOsg;, is
mixed into an ungelled alginate solution of high or neutral pH. When the pH is lowered, the
acid reacts with the calcium carbonate to release water, CO, and Ca”", initiating alginate
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gelation. Here, the oil phase is acidified, and as the alginate droplets spend more time in the
oil, more acid will diffuse into the alginate, causing Ca®" release and alginate gelation. Once
gelled, the beads can be collected in a tube of culture media, which can be centrifuged to bring
the beads down into the aqueous phase.

The oil phase was prepared by mixing 35 ml mineral oil with 0.35g Span80 (sorbitane
mono-oleate nonionic surfactant) and 35 ul acetic acid. The Span80 was used to stabilize the
hydrogel droplets and prevent their coalescence prior to gelation.

The core-shell structure was formed on the microfluidic chip using multiple inlet flows in a
flow focusing geometry as shown in Fig. 2. The first dispersed phase (1) consisted of collagen,
alginate, and Matrigel® mixed with individual cells dispersed in solution, which was chilled in
an ice-bath. A concentric tube with continuously flowing ice-cold water was used to chill the
collagen+Matrigel®+alginate + cell suspension to prevent gelation prior to droplet formation
on chip. The second dispersed phase (2) consisted of alginate precursor and insoluble calcium
carbonate particles. The oil served as the immiscible continuous phase (3). Additional acidified
mineral oil (4) was added after droplet formation to complete the alginate gelation. The reser-
voir containing the first dispersed phase (1) was chilled. The flow path between the reservoir
and the microfluidic chip was also chilled using a concentric tubing heat exchanger containing
ice water in the outer tube annulus and dispersed phase (1) in the inner tube. The outlet of chip
(5) flows to the collection vial filled with media, where gel beads were collected.

A pressure-based flow controller (Fluigent, USA) was used to drive the flows in the flow-
focusing system. Pressures were adjusted as necessary to obtain droplet bead production. The
solutions were introduced into the chip in this order: set the pressure of first and fourth chan-
nels at approximately 100 mbar. Once the oil filled the whole chip, pressure in the second and
third channels were increased to approximately 75 to 100 mbar. After droplet formation and
gelation into beads, beads remained in the chip and tubing for approximately 30 s until they
reached the collection tube. At 30-min intervals, the contents of the collection tube (containing
oil, beads and media) were centrifuged to isolate the beads, as cells may be damaged from
prolonged exposure to the acetic acid.

cold water in

o}
%’ cold water out
= l
mineral oil + 2% alginate + mineral oil +
1% Span80 + 80 mM CaCO3 1 pL/mL | |
1 uL/mL particles < acetic acid
acetic acid 3
©
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FIG. 2. Schematic of microfluidic chip. Inlets to the chip (1, 2, 3, and 4) are supplied by reservoirs with pressure flow control.
The first dispersed phase (1) consisted of Matrigel®, collagen and alginate, with individual cells dispersed in solution. The sec-
ond dispersed phase (2) consisted of alginate precursor and insoluble calcium carbonate particles. The immiscible continuous
phase (3) was mineral oil containing acetic acid. Additional acidified mineral oil (4) was added after droplet formation to
increase spacing between the beads and to complete bead gelation. The chip outlet (5) flowed to the collection vial, where gel
beads were collected. A concentric tube heat exchanger was used to chill the collagen + Matn'gel®+ alginate + cell suspen-
sion to prevent gelation of the solution prior to droplet formation on chip. Ice-cold water continuously flowed through the
annulus while the collagen solution was pumped into the chip.
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After collection in the outlet vial (5), the gelled droplets were centrifuged and re-suspended
in culture media. Cell viability in the beads was assessed using Trypan Blue dye exclusion and
manual cell counting immediately after bead generation. The beads were placed into standard flat
bottom, cell culture-treated treated polystyrene culture well plates (Corning), and the well plates
were placed into an incubator (5% CO,, 37°C).

Bead size was determined by measuring the bead diameter in bright field images using NIS
Elements (Nikon Instruments).

D. Assessment of cell proliferation

Cell proliferation was determined using a standard MTS assay (Sigma Aldrich) in which
the cell-laden beads were cultured in a 96-well plate. In this type of colorimetric proliferation
assay, the quantity of formazan product measured at 450 nm absorbance indicates the number
of viable cells in the sample; such proliferation assays can be used with cells embedded within
3-D matrices*” or with multicellular spheroids.*' The beads were seeded into standard 96-well
plates during the proliferation assay. Cell viability in the beads one day after bead generation
was assessed using Trypan Blue dye exclusion and manual cell counting.

E. Second harmonic generation imaging

Second harmonic generation (SHG)** imaging was used to visualize the collagen I distri-
bution inside the cell-laden beads. The imaging was performed using an Olympus
FV1000MPE with a XLPN25XWMP 25x, 1.05NA water immersion objective lens. The
beads were imaged in custom chambers formed from vinyl adhesive on a glass slide, covered
with a #1.5 glass coverslip (0.175 mm thickness). The SHG signal was excited at 810 nm and
acquired with a 405 = 30nm emission filter removing any back-propagated signal not origi-
nating from the collagen fibers.

F. Drug screening

After the cell-laden core-shell beads were generated, they were incubated for 8 days at
37°C and 5% CO, in standard culture flasks. Tamoxifen is a nonsteroidal antiestrogen used to
treat breast cancer®’ and tamoxifen treatment will induce cell cycle arrest.** Docetaxel has been
used to treat breast, prostate, and non-small cell lung cancer, and causes cell death by binding
to microtubules.*” Tamoxifen and docetaxel from clinical formulations were first diluted in
PBS and then culture medium to give the final concentrations of drug with no variation in me-
dium concentrations between samples. Approximately 75 beads were placed in each well of a
standard 96-well plate, and each experiment had three replicates. Cells were treated for 72
hours. Cell viability in response to treatment was measured using the MTS assay. Data corre-
sponding to the doses from 0.1 to 1000 uM were fitted to a sigmoidal function using a nonlinear
regression (MATLAB, MathWorks) in order to determine the concentration producing 50%
growth inhibition (ICs).

Ill. RESULTS AND DISCUSSION
A. Flow focusing produces core-shell beads with good uniformity

Microfluidic flow focusing produces core-shell beads with good size uniformity. The hydro-
gel core-shell beads exhibited a narrow size distribution with CV of 0.04 (Fig. 3). The cells
proliferate within the Matrigel® and collagen mixture in the core of the beads. Cell viability in
the hydrogel suspension prior to bead generation was 95 * 2% (431 cells counted); cell viability
immediately after encapsulation into the beads was 85 = 3% (618 cells counted); cell viability
within the beads one day after bead generation was 93 £ 1.6% (502 cells counted).

The core-shell bead structure assists in maintaining spherical droplet and bead shape.
Although alginate gels quickly, other biomaterials such as collagen can offer cues that better
mimic the natural extracellular matrix.” However, biomaterials such as collagen do not gel as
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FIG. 3. (a) A transmitted light differential interference contrast image generated by collecting forward-propagating 810 nm
excitation light after passing through the sample during a second harmonic generation imaging scan. The core-shell
structure is visible after bead collection. Cells are dispersed within the core of the bead. Scale bar represents 50 um. (b)
Size distribution of beads and tumor spheroids. Bead size and spheroid size were measured after 8 days culture.

rapidly as alginate.*® By using alginate as a fast-gelling component which cross-links quickly in
the presence of calcium ions, this microfluidic flow-focusing method creates a core-shell scaf-
fold, wherein the alginate shell can maintain the droplet shape and retains the Matrigel® and
collagen components in the droplet core while they undergo the slower gelation process.

Environmental temperature control is crucial for success in fabricating structures from
materials such as collagen or Matrigel®. Matrigel® matrix is depolymerized around 4 to 6°C,
starts to gel above 10°C, and gels rapidly at 22-35°C.%>*" Collagen molecules will self-
assemble and aggregate to form fibrils under various conditions. Collagen gelation conditions
are dependent on temperature, pH, ionic strength, surfactants, the presence of glycerol and
sugars, and the non-helical ends of the molecules.**° At room temperature (around 21 °C),
collagen viscosity rapidly increases as the pH is increased from 3.5 to 5.5, indicating the onset
of gelation.’" In this work, pH was kept around 7.4 and the temperature was kept low by cool-
ing both the reservoir as well as the flow path through which the solution is delivered to the
microfluidic chip. Chilling was achieved using a concentric tube heat exchanger, in which the
collagen + Matrigel® + alginate + cell solution was flowed through the tube, and ice-cold water
was flowed through the annulus. The beads were generated at a rate of approximately two per
second. The beads showed a clear boundary between the core and the shell layers. The MCF-7
cells formed 190 um diameter compact spheroids after 8 days culture (Fig. 3).

B. MCF-7 cells proliferate inside the core of the core-shell beads

The cells proliferated in the three-dimensional hydrogel environment to form multicellular
spheroids. Addition of Matrigel® to the bead core resulted in faster MCE-7 cell proliferation
compared to beads which contained only alginate, or to beads which contained only colla-
gen + alginate (Fig. 4). Addition of Matrigel® to the bead core contributed to more uniform
spheroid sizes compared to beads which contained either only alginate, or collagen + alginate
(Fig. 5).

The Student’s two-sided t-test was used to evaluate the statistical significance of the results.
The proliferation of cells was significantly different between collagen + alginate beads and
Matrige1®+ collagen + alginate beads (P < 0.01). The proliferation of cells was also significantly
different between Matrigel®+ collagen + alginate beads and alginate-only beads (P < 0.05).

These trends in proliferation rate follow trends observed in the literature: previous work
has found that Matrige1®, which includes laminin, collagen IV, entactin, as well as growth fac-
tors and other proteins, has been found to promote tumor growth.25 In contrast, pure collagen I
gels do not produce the same cell behavior.”> Previous work studying MCF-7 cells in collagen
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FIG. 4. Comparison of MCF-7 cell proliferation in pure alginate core-shell beads, core (collagen + alginate mixture)-shell
beads, and core (Matrigel®+collagen + alginate mixture)-shell beads. Proliferation was measured using a standard MTS
assay. Data represent the averages of triplicate determinations; bars represent standard deviation.

has used collagen concentration in the range of 1 mg/ml*° to 2mg/ml.>** Our work shows that
the use of reconstituted basement matrix in conjunction with collagen is important for prolifera-
tion of MCF-7 cells encapsulated within the beads. Although the Matrige1® alone may be
sufficient for promoting cell proliferation and spheroid formation®® in MCF-7 cells,?® the recon-
stituted basement membrane is a complex mixture containing growth factors which can also
influence cellular behavior in addition to the ECM proteins. Matrige1® contains a mixture of
extracellular matrix proteins such as laminin and collagen IV, but also growth factors®> such as
transforming growth factor beta (TGF-f) and insulin-like growth factor 1 (IGF-1),>* which are
signaling molecules that are key regulators of development and cancer progression.>
Proliferative effects and spheroid formation in pure Matrigel® might thus in part be attributed
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FIG. 5. Size distribution of tumor spheroids. Bead size and spheroid size were measured after 8 days culture. The average
diameter (AV), standard deviation (SD), and CV for spheroids are given for each bead type.
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the presence of these growth factors. Collagen, nevertheless, remains a major component of the
tumor microenvironment. Collagen is the largest structural component in the extracellular ma-
trix, particularly in the environment around tumors.’*~>® Previous work has shown that collagen
in the tumor environment is the largest contributor to tissue elastic modulus as well as tissue
resistance to drug penetration.”® The organization of the collagen in the ECM can either pro-
mote cell migration when the collagen is in linearized bundles, or impede migration, when the
collagen network is dense and cross-linked.”” Thus, the incorporation of collagen into the
hydrogel bead remains an important consideration for a more representative tumor model.

Cell-laden alginate beads have been generated using both emulsion®™® as well as
microfluidic®"*®" methods. Wang and Wang> generated cell-laden core-only beads using
Matrigel®+alginate with external gelation (beads gelled off-chip in a CaCl, bath) with the upper
limit of 1:1 alginate:Matrigel® ratio for spherical bead morphology, and when using a long warm-
ing tube to help gel the Matrigel®. In that work, the final alginate and Matrigel® droplet diameter
was 254 = 15.3 um. Hong et al.** generated cell-laden core-only collagen microspheres (3.5 mg/ml
collagen) using a microfluidic T-junction, which were gelled on-chip after extraction from the oil
phase. That process resulted in spherical beads, with final 272 * 12.6 um average diameter of the
collagen microspheres. In the method presented here, by using internal gelation of the alginate, in
addition to a core-shell bead structure, a spherical bead morphology can be readily achieved with
final bead uniformity comparable to that from previous work.*~*

The alginate shell maintains the cells in three-dimensional culture during the formation of
multicellular spheroids. Our previous work®>®® has found that for some cell lines including
MCEF-7 cells, a simple core-only bead structure results in out-of-bead cell proliferation, with
subsequent cell sedimentation to the bottom of the culture flask and formation of a cell
monolayer under the beads over the course of approximately 6 days for the formation of the
spheroids. The shell can reduce this monolayer formation during the incubation time, and
obviates the need to transfer the beads to a separate culture flask for drug screening. The algi-
nate in the bead core helps to ensure that the beads can be centrifuged and separated from the
oil phase after bead generation. Without this alginate in the bead core, the beads are easily
broken during the washing steps, resulting in poor cell encapsulation and dispersed cells.

Alternative methods to generate a core-shell structure include a two-step process in which the
cores are first formed, followed by a second flow focusing step in which the shell is formed
around the core.”” We have found that collagen + alginate cores can be readily encapsulated inside
alginate shells in this way, using an internal gelation process for both the first and second steps.®*
In order to create simple bead cores containing three components (Matrigel®+ collagen + alginate)
and using internal gelation, calcium carbonate particles should be added to the mixture. However,
we found that the addition of Matrigel® to the core mixture caused the calcium carbonate particles
to aggregate, resulting in an inhomogeneous mixture. Thus, in the simultaneous core-shell method
presented here, the core (Matrigel®+collagen+alginate, no CaCOj3) flow is maintained separate
from the shell (alginate + CaCO;) flow during the flow focusing process.

C. Second harmonic generation imaging shows collagen distribution
within the core-shell beads

Although the beads had a visible boundary between the core and shell layers in bright
field microscopy, we used second harmonic generation imaging to characterize, in a label-free
manner, the distribution of the collagen which was only added to the solution intended to form
the bead core. The non-centrosymmetric molecular assemblies of collagen I fibers allow them
to produce bright SHG signals when excited by light in the infrared range.**®>°® Overlaid
images of the SHG channel with the differential interference contrast images produced by col-
lecting the forward propagated excitation light showed that the collagen was located within the
bead cores (Fig. 6). The differential interference contrast images also show a clear boundary
between the bead core and shell after bead generation in this one-step microfluidic process.
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FIG. 6. (a) Back-propagated SHG image of collagen fibers seeded at the core of a one day old MCF-7 core-shell
Matrigel®+collagen+alginate bead. The image was acquired at a depth of 150 um into the 300 um diameter bead. (b)
Maximum intensity z-projection of 31 optical sections acquired at 5 um intervals from the top of the bead to 300 um into
the specimen. (c) A differential interference contrast image produced by collecting the forward propagated 810 nm excita-
tion light after it passes through the specimen. In this image, the outline of the alginate shell, seeded cells and boundary of
the Matrigel® 4 collagen + alginate core can be identified. Each scale bar represents 100 ym.

D. Drug screening shows multicellular resistance compared to monolayer culture

The three-dimensional, spheroid cultures within the core-shell beads show multicellular
resistance compared to 2-D monolayer cultures for tamoxifen (Fig. 7).

The ICso values of both drugs are higher in the 3-D core-shell bead model than in the 2-D
monolayer model (Fig. 8). 90% confidence intervals on the nonlinear regression fit parameters
including the ICsps were calculated during the fitting process in MATLAB. These indicated that
the difference in tamoxifen ICsps between 2-D monolayer and 3-D core-shell bead models was
significant while that in the docetaxel ICsos was not. The measured tamoxifen growth inhibition
follows trends from literature data, showing inhibition of proliferation in monolayer as well as
reduced inhibition when MCF-7 cells are cultured in 3-D.”~% The measured docetaxel growth in-
hibition in these spheroids, which were approximately 200 um in diameter, was not significantly
less than in 2-D monolayer. In the literature, Takagi ef al.”® and Breslin and O’Driscoll'” have
found that the degree of multicellular resistance for different drugs can be different, in part due
to different mechanisms of action. Docetaxel is incorporated into cytoskeletal microtubules during
the Go/M phases of the cell cycle and thus causes cell death.”' Jeong er al.”* found that MCE-7
cells acquired higher resistance to docetaxel when their spheroids were almost 700 um diameter
compared to smaller spheroids. These large spheroids had necrotic cores and a peripheral rim of
proliferating cells, and they attributed the multicellular resistance to the mechanism of action of
the docetaxel.”” Monazzam er al.”* also found multicellular resistance in MCF-7 cells to doce-
taxel using spheroids of 1.2 mm diameter.

In contrast, smaller spheroids may have a smaller percentage of quiescent cells, thus lead-
ing to less multicellular resistance for docetaxel. Future work can use cells expressing cell cycle
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FIG. 7. Effects of tamoxifen and docetaxel on growth inhibition in 2-D monolayer and multicellular spheroids within 3-D
core (Matrigel®+collagen + alginate)-shell beads. Monolayer cells were seeded and incubated overnight to permit cell
attachment. MCF-7 cells in beads were grown for 8 days to form spheroids before treatment. Then, the cells were exposed
to tamoxifen and docetaxel, respectively, for 3 days. The cell growth inhibition was verified by MTS assay. The error bars
denote * SD for N = 3. Growth was as a ratio to untreated culture (control) for each bead type.
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FIG. 8. Antiproliferative effect of anticancer drugs in 2-D monolayer model and 3-D core-shell beads. Docetaxel: ICs, was
11 uM in 2-D monolayer, 27 uM in 3-D culture; Tamoxifen: ICso was 9 uM in 2-D monolayer, 58 uM in 3-D culture. 90%
confidence intervals on the nonlinear regression fit parameters including the I1Csos were calculated during the fitting
process.

reporters such as the fluorescence ubiquitination-based cell cycle indicator,”® which permits
visualization of the dynamics of cell cycle progression in live cells through the use of two-
color indicators, to help identify the spatial distribution and ratio of proliferating cells to quies-
cent cells. Using these cell cycle reporters during the drug screening, we could further study
and better understand the multicellular resistance for different anticancer drugs in this spheroid
culture model.

Although high alginate concentrations in the range of 5% or higher have been used as a bar-
rier to exclude antibody-sized molecules®® from entering inside alginate capsules, the alginate
shells used in the core-shell beads presented here are not expected to hinder the diffusion of
drugs such as tamoxifen and docetaxel. Li er al.” found that the average pore diameter in 1.5%
alginate was approximately 147 A and in 3% alginate was approximately 170 A. These alginate
gels did not present a significant diffusion barrier for vitamin B12 (molecular weight 1300 Da;
Stokes radius of ~7.7 A) compared to diffusion in water. Simpliciano et al.”® found that 1.5%
medium viscosity alginate had a median pore size of 5.2nm. They noted that diffusion was not
hindered through this gel for a 4kDa marker. Smidsrgd and Skjik-Brazk’’ found that the pore
diameters in 2% alginate range from 5 to 200nm. Based on the work of Brissova er al.,”® who
studied the permeability and exclusion limits of alginate microcapsules, a Snm viscous radius
would correspond to a globular protein such as y-globulin with molecular weight of 158 kDa,
while a 200nm viscous radius would be larger than a globular protein of >1000kDa. Van Elk
et al.” used 3% Manucol LKX alginate, a higher concentration of the same alginate used in the
work presented here, and found that fluorescein (0.7 nm, 332.31 g/mol) was able to diffuse freely
through their 3% alginate matrix. Based on these previous findings, it is likely that tamoxifen
(molecular mass 371.5 g/mol) and docetaxel (molecular mass 807.9 g/mol) are also able to
diffuse freely through the alginate shell of the hydrogel beads.

In future work, these core-shell beads could be used to study the influence of pressure on
growing tumors by increasing the concentration, and thus the stiffness, of the alginate shell.*
These core-shell beads could also incorporate tumor-associated fibroblasts or other cells as a
co-culture, to study the effects of tumor cell-stromal interactions and other effects on drug
response.

IV. CONCLUSIONS

This microfluidic system produces a core-shell structure in which the shell is composed of
alginate, and the core is composed of collagen and/or Matrigel® in which cells are dispersed.
The core-shell structure allows embedded MCF-7 cells to proliferate and form multicellular
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spheroids. The alginate shell serves two functions: (1) it is a fast-gelling hydrogel which helps
prevent droplet coalescence and helps maintain droplet sphericity during the slower gelation
process of the collagen and Matrigel; (2) it discourages cell proliferation out of the bead, and
subsequent formation of a cell monolayer underneath the beads during cell culture. In the core,
the addition of extracellular matrix components including both collagen I and reconstituted
basement membrane permitted the formation of more uniformly sized MCF-7 cell spheroids
compared to spheroids grown in pure alginate beads or those containing collagen I alone. The
multicellular spheroids showed drug resistance compared to monolayer for tamoxifen, while the
docetaxel growth inhibition in the spheroids was not significantly less than in monolayer.

This core-shell bead generation method enables the production of tumor spheroids sur-
rounded by elements of the extracellular matrix, providing a model of the tumor microenviron-
ment with applications for drug screening assays. Future work will examine the re-organization
and remodelling of the collagen around cells of different collagen contractility.
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