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Abstract—Tumor spheroids are three-dimensional clusters
of cancer cells that exhibit characteristics of poorly
perfused tumors and hence present a relevant model for
testing the efficacy of anti-cancer compounds. The use of
spheroids for drug screening is hindered by technological
complexities for high throughput generation of consistent
size spheroids individually addressable by drug com-
pounds. Here we present and optimize a simple spheroid
technology based on the use of an aqueous two-phase
system. Cancer cells confined in a drop of the denser
aqueous dextran phase are robotically dispensed into a
microwell containing the immersion aqueous polyethylene
glycol phase. Cells remain within the drop and form a
viable spheroid, without a need for any external stimuli.
The size of resulting spheroids is sensitive to volume
variations of dispensed drops from the air displacement
pipetting head of a commercial liquid handling robot.
Therefore, we parametrically optimize the process of
dispensing of dextran phase drops. For a given cell density,
this optimization reproducibly generates consistent size
spheroids in standard 96-well plates. In addition, we
evaluate the use of a commercial biochemical assay to
examine cellular viability of cancer cell spheroids. Spheroids
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show a dose-dependent response to cisplatin similar to a
monolayer culture. However unlike their two-dimensional
counterpart, spheroids exhibit resistance to paclitaxel treat-
ment. This technology, which uses only commercially-
available reagents and equipment, can potentially expedite
anti-cancer drug discovery. Although the use of robotics
makes the ATPS spheroid technology particularly useful for
drug screening applications, this approach is compatible
with simpler liquid handling techniques such as manual
micropipetting and offers a straightforward method of 3D
cell culture in research laboratories.

Keywords—Aqueous two-phase system, Tumor spheroid, 3D
(three-dimensional) culture, High throughput, Anti-cancer
drug screening.

ABBREVIATIONS
ATPS Aqueous two-phase system
3D Three-dimensional
PEG Polyethylene glycol
DEX Dextran
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INTRODUCTION

Three-dimensional (3D) cell culture technologies
have recently gained increasing recognition in cancer
research.'*!%2%  Under defined conditions, these
approaches allow formation of a 3D compact cluster
of cancer cells known as a spheroid.** Cancer cell
spheroids (CCS) reproduce key features of avascular
and poorly vascularized solid tumors and microme-
tastases in terms of morphology,® growth kinetics,
restricted diffusion of nutrients and drugs and hypoxic
core,”® and gene expression profiles.’® As such, they
present a relevant model for testing the efficacy of
conventional and novel chemical compounds against
different phenotypes of cancer cells including prolif-
eration, matrix invasion, and angiogenesis.'>!"*
Unlike traditional monolayer cultures, CCS are ex-
pected to result in more realistic prediction of cellular
response to drugs and thus, expedite drug development
and discovery and reduce associated costs by elimi-
nating ineffective compounds from further consider-
ation in animal models and pre-clinical tests.'> For
drug screening applications, it is crucial to generate
homogenously sized CCS of similar baseline viability.
This will ensure that changes in cell viability from this
baseline are due to drug treatment and help reflect
differential effects of concentrations of a drug or dif-
ferent drugs on cell viability of cellular spheroids.

Spheroid culture has been utilized in academic lab-
oratories for several decades.** However, incorporation
of CCS into mainstream drug development processes
has been hampered by complex and expensive method-
ological requirements for the formation, maintenance,
and drug screening of large numbers of consistently
sized CCS."* Traditional liquid overlay and spinner flask
techniques generate spheroids by stirring or spinning of
cell suspension; these techniques expose cells to non-
physiologic shear forces and result in random size
spheroids in one dish that cannot be used for drug
screening.®** The original hanging drop method and its
newer developments produce spheroids with minimal
size variations.'”"'?** However, evaporation of media
from drops containing CCS and drugs, difficulty of
handling of plates during culture, adapting plates to
roboticliquid handlers for automated addition of media
and drugs, and the need for transfer of spheroids to a
standard well plate for subsequent biochemical analyses
remain major shortcomings. Microfabricated microwell
arrays and microfluidic devices have also been used for
3D cell culture.??”3° These technologies are limited by
expense and difficulties with exchange of media. More
importantly, resulting spheroids are not individually
addressable with drug compounds and downstream
biochemical analyses reagents. Cell levitation by a

magnetic field also generates spheroids,®® but the
method is cumbersome and adapting it to a high
throughput setting is complicated.

We have developed a robotically operated technology
using a polymeric aqueous two-phase system (ATPS) to
address these shortcomings. A drop of the denser aque-
ous phase containing cancer cells is robotically dispensed
into a microwell containing the lighter immersion aque-
ous phase. During incubation, cells remain confined
within the drop and aggregate to form a CCS. Our pre-
vious work with ATPS for 2D cell patterning and print-
ing shows that ATPS is completely cell-friendly, retaining
fully viable and functional cells.”**> 37 We have adapted
this technology to 3D culture in standard 96-well plates to
allow simultancous formation of CCS individually
addressable with drug compounds.® This robotic add-on
assay eliminates labor associated with tedious addition
and removal of media and reagents and allows down-
stream analysis of CCS treated with drug compounds
using standard biochemical assays and off-the-shelf
equipment such as plate readers and liquid handling
systems. Here we parametrically evaluate and optimize
the dispensing process from a standard air displacement
pipetting head of a liquid handler to generate consistent
size and viable spheroids within and across microwell
plates. We establish a culture condition for CCS and
downstream analysis of cellular viability after drug
treatment to enable integration of spheroids into routine
drug testing. Treatment of CCS with known anti-cancer
drugs shows anomalous cellular response compared to
monolayer culture of cancer cells. This new technology is
easy to implement and presents an enabling tool for high
throughput compound screening against cancer cells
with a physiologically relevant cellular model.

MATERIALS AND METHODS

Preparation of Aqueous Two-Phase System (ATPS)

We used polyethylene glycol (PEG, Mw: 35,000, Sigma-
Aldrich) and dextran (DEX, Mw: 500,000, Pharmacos-
mos) as phase forming polymers. Stock solutions of PEG
and DEX phases were prepared in complete growth med-
ium at concentrations of 5.0% (w/w) PEG and 12.8% (w/w)
DEX, respectively. To facilitate dissolution of polymers,
solutions were vortexed and then keptin a 37 °C water bath
for 1 h. Stock polymer solutions were passed through
0.2 um pore size filters to remove small particles and
impurities and then stored at 4 °C until use.

Cell Culture

The cell line used in this study for spheroid forma-
tion, optimization and anti-cancer drug testing was

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



346 LEMMO et al.

triple negative breast cancer MDA-MB-157 (ATCC).
Cells were cultured in complete growth medium con-
taining phenol red Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS, Sigma-Aldrich), 1% antibiotic (Life Technolo-
gies) and 1% glutamine (Life Technologies). Cells were
grown in T75 flasks at 37 °C and 5% CO, until they
were ~90% confluent. Then cells were dissociated using
3 mL of trypsin (Life Technologies) for 7 min. To
neutralize trypsin, 6 mL of complete growth medium
was added. The cell suspension was centrifuged at
1000 rpm for 5 min. After removing the supernatant,
cells were resuspended in 1 mL of medium and coun-
ted with a hemocytometer.

Spheroid Formation and Culture

Wells of a non-adherent, round-bottom 96-well
plate (destination plate) were coated with 100 uL of
1% (w/v) pluronic F108 co-block polymer (Mw:
14,600 and HLB > 24.0, Sigma-Aldrich) prior to
experiments to prevent cell attachment during spheroid
culture.”*! Pluronic solution was added to each well,
incubated for 24 h at 37 °C, and washed out with PBS.
Then each well was loaded with 50 uL of 5.0% (w/w)
aqueous PEG phase prepared with growth medium.
The plate was placed onto the working surface of a
liquid handling robot (SRT Bravo, Agilent).

To prepare CCS of 1.5 x 10% cell density, the
12.8% (w/w) aqueous DEX phase was mixed with
1 x 10° cells/uL at a ratio of 1:1 (v/v). Then 20 uL of
this suspension was loaded into each well from one
column of a flat-bottom 384-well plate (source plate)
(Corning), which was subsequently placed onto the
working surface of the liquid handler. The pipetting
head of the liquid handler aspirated 0.3 uL from the
suspension into each pipette and slowly dispensed it
into each well of the destination plate containing the
PEG phase. This was followed by dispensing of 0.9 pL
air volume to ensure complete delivery of the DEX
phase solution containing cells into each well. This
process was performed column-by-column. Due to the
large density of cells in the source plate, the liquid
handler thoroughly mixed the suspension before each
aspiration step to ensure a uniform distribution of
cells. After 24 h, the polymeric ATPS was diluted out
by adding 50 uL of fresh medium containing drugs to
wells. This disrupted the concentration of polymers
and resulted in a homogeneous, one-phase solution of
growth medium containing trace amounts of polymers.
Therefore, the ATPS was necessary and used only for
formation of CCS and diluted out after 24 h of incu-
bation at which point spheroids had formed. Diameter
of each spheroid was measured by averaging the
smallest and largest diameters.
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Cellular Staining

To examine viability of cells in CCS generated after
24 h of incubation, the ATPS media was replaced by a
dye solution containing 5 uM of Calcein AM (green)
and ethidium homodimer-1 (red). Both dyes were
obtained from Life Technologies. CCS were incubated
for 2 h and the dye solution was carefully replaced
with culture medium. Images were captured using an
inverted fluorescent microscope (AxioVision, Zeiss)
equipped with a high resolution camera (Axiocam
MRm, Zeiss).

Preparation of Drugs

We used cisplatin (Spectrum Chemicals) and pac-
litaxel (Calbiochem) for drug experiments. Cisplatin
was dissolved in ultrapure sterile water at 2 mg/mL
and paclitaxel was dissolved in dimethylsulfoxide
(DMSO, ATCC) at 10 mg/mL. Serial dilutions were
made in growth medium using the stock solutions to
result in desired working concentrations. Both drug
solutions were protected from light when setting
experiments. Stock solutions of cisplatin and paclitaxel
were stored at room temperature and —20 °C, respec-
tively.

Drug Testing With Monolayer of Cells (2D Culture)

MDA-MB-157 cells were seeded at a density of
1.5 x 10% cells in each well of a flat-bottom tissue
culture treated 96-well plate (Corning) containing
50 uL of growth medium. Cells were allowed to attach
and spread for 24 h. Then 50 uL of desired concen-
trations of each drug was added to wells, each con-
centration with at least one column of replicates
(n = 8). Drug solutions were prepared in culture
medium and at twice the desired final concentration
before adding to an equal volume of culture medium in
each well. Cells were cultured for 2 days in the pre-
sence of drugs; then drugs were renewed by the direct
addition of a fresh dose in 50 uLL of culture medium
and experiments continued for an additional 2 days.
The concentration of drugs during experiments was
kept constant. Cell viability was analyzed with a
PrestoBlue reagent as explained below. A nonlinear
sigmoidal curve was fitted to cell viability data plotted
vs. drug concentration (GraphPad Prism). Drug
experiments with monolayer cultures were performed
three times to ensure reproducibility.

Drug Testing with Spheroids (3D culture)

After formation of a single CCS of 1.5 x 10*
cell density in each well using the ATPS, different
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concentrations of each drug was added to wells in
50 uL of growth medium. Drugs were prepared in
culture medium and at twice the desired final concen-
trations to account for the 50 uL of the aqueous PEG
phase present in each well. This drug addition dis-
rupted the initial polymer concentrations and diluted
out the polymeric ATPS to a single phase.' Therefore,
the two-phase system was not present throughout drug
testing. Similar to drug experiments with monolayer
cultures, CCS were cultured in the presence of each
drug for 4 days. At day 2, 50 uL of culture medium
containing a fresh dose of each drug was added to
wells. As with drug tests with 2D cultures, plates were
protected from light during incubation due to light
sensitivity of drugs. For each concentration, CCS from
two columns of a plate were used (n = 16). Cellular
viability of spheroids was analyzed with PrestoBlue
and a nonlinear sigmoidal curve was fitted to data
plotted vs. drug concentration. Drug experiments with
3D cultures were performed three times to ensure
reproducibility.

PrestoBlue Viability Assay

After incubation of cells with a drug, viability of cells
in 2D monolayer and 3D spheroids was analyzed with a
resazurin-based PrestoBlue reagent (Life Technologies)
that reduces resazurin to resorufin in the presence of
metabolically active, proliferating cells. The reduced
form, resorufin, is fluorescent allowing the fluorescent
intensity of wells to be measured. PrestoBlue was added
to each well at 10% concentration of the total well
volume and the plate was incubated while protected
from light. Monolayer cultures were incubated for
15 min, as recommended by the manufacturer, whereas
spheroids were incubated with PrestoBlue for 6 h, as
determined from our optimization study. Then fluo-
rescent intensity was detected with a standard plate
reader (SpectraMax M2, Molecular Devices) at exci-
tation and emission wavelengths of 560 and 590 nm,
respectively. The average fluorescent intensity from
wells containing drug-treated cells was normalized
against that of control wells (non-treated cells) to
determine percent viability of drug-treated cells.

RESULTS AND DISCUSSION

Spheroid Generation Using Aqueous Two-Phase System
(ATPS) Technology

Aqueous solutions of PEG and DEX give rise to
two immiscible phases above certain concentrations of
the polymers (Fig. 1a).>> With the molecular weights
of polymers used in this study, 5.0% (w/w) PEG and

6.4% (w/w) DEX are the lowest concentrations of
phase-forming polymers that result in an ATPS.*® To
generate spheroids, a small volume (0.3 uL) of the
denser DEX phase containing cells is dispensed into a
well containing the immersion PEG phase (Fig. 1b).
The DEX phase forms a drop at the bottom of the
well, confining the cells and keeping them in close
proximity. Importantly, nutrients and metabolic waste
products of cells can cross the interface between the
drop phase and the immersion phase through diffu-
sion, yet cells effectively partition to the DEX drop.
During incubation, cells aggregate and form an indi-
vidual CCS within the drop (Fig. 1b). Without ATPS,
cells seeded on the same substrate only form loose
aggregates; thus, using ATPS is crucial for CCS for-
mation (Fig. SI-1). Cells of resulting spheroids are
viable as demonstrated by fluorescent staining of live
and dead cells (Fig. 1c). The staining also shows the
limited diffusion of the green and red dyes into the core
of the spheroid, mimicking diffusion limitations of
certain drug compounds into solid tumors. The
diameter of spheroids can be varied in two different
ways: either changing the cell suspension density
(number of cells/uL) but using drops of the same vol-
ume (Figs. 1d, e), or keeping the same cell suspension
density (number of cells/ul) and changing the dis-
pensed drop volume (Figs. 1d, f). This approach can
thus be used to conveniently generate spheroids with
pre-defined diameters.

Optimization of Dispensing Consistent Size DEX Phase
Drops

The size of spheroids resulting from the ATPS assay
critically depends on the volume of DEX drops con-
taining cancer cells dispensed into wells. The high
viscosity of the DEX phase solution makes it chal-
lenging to consistently dispense ultralow volumes of
few hundreds of nanoliters using any dispensing
mechanism including the air displacement pipetting
system of standard commercial liquid handlers. We
carried out a preliminary study and identified three
parameters that can significantly affect the size of dis-
pensed DEX drops: dispense flow rate of the DEX
phase solution from tips, dispense height of tips from
the well-bottom, and air volume above the DEX phase
solution inside tips that is pipetted after dispensing the
DEX phase. Then we performed an optimization study
by varying each parameter within a defined range
(Fig. 2a) while keeping the other two parameters
constant. Each condition was tested with 32 replicates,
i.e., four columns from a 96-well plate. To ensure the
consistency of our experimental procedure, we used the
same barrels of the pipetting head of the liquid handler
to dispense DEX drops. For each experiment, we
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FIGURE 1. ATPS spheroid microtechnology. (a) Aqueous solutions of PEG and DEX separate and form two distinct phases with a
visible interface, (b) pipetting tip of a liquid handler dispenses a DEX phase drop containing cells (blue) into a microwell containing the
PEG phase (pink) to result in the formation of CCS within the drop during incubation (top view), (c) resulting CCS contain highly viable
cells (green fluorescent color), (d—f) CCS size varies by either changing the cell suspension density (#cells/ul) and keeping the drop
volume the same (10 x 10° cells/0.4 uLindto5 x 10° cells/0.4 uL in e) or by keeping the cell suspension density (#cells/uL) the same
and changing the drop volume (10 x 102 cells/0.4 uLindto 2.5 x 103 cells/0.1 uL inf). Arrows in the images indicate the periphery of
DEX drops. Scale bar 250 um. Different colors in schematics of panel (b) are for clarity of presentation only.

captured top-view images of the drops and calculated
their diameters. We ensured that data are normally
distributed by constructing a quantile—quantile (q—q)
plot (Matlab, MathWorks), which shows quantiles of
acquired data vs. quantiles of a standard normal dis-
tribution. Figure 2b illustrates a typical result from
experiments to evaluate the effect of air volume. Drop
diameter data from experiments at air volumes of 0.3—
1.5 pL follow a linear trend, indicating that data are
normally distributed.”**’ Different slopes of the lines
indicate differences between standard deviations of
data from these air volumes.” We confirmed that data
obtained for drop diameter by varying each of the
three parameters within the pre-defined range of
Fig. 2a are all normally distributed.

Next we used one-way ANOVA with a post hoc tukey
test to statistically evaluate the effect of each variable,
within the studied range, on the diameter of dispensed
drops. This analysis helped select the magnitude of the
three variables that result in the most consistent drop
size, i.e., the smallest standard deviation. The optimized
values include a dispense height of 0.1 mm, a dispense
flow rate of 0.5 uL/s for the DEX phase solution fol-
lowed by dispensing an air volume of 0.9 uL. To confirm
that this optimized condition results in consistent size
DEX drops, we printed drops in three 96-well plates and
imaged and analyzed their diameters. Figure 2c¢ shows
the distribution of diameter of drops across these plates.
These data return an average value of 730 & 31 um. The
inset bar graph of Fig. 2c illustrates the distribution
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frequency of drop diameters. This consistency is signif-
icant considering that the DEX phase is a viscous solu-
tion, drop volumes are very small, and the liquid handler
is a standard commercial instrument designed for
handling larger, microliter-scale liquid volumes. We
emphasize that although the resulting optimized values
of the three variables are only specific to the liquid
handler used in this study, the principle of optimization
remains the same and can be followed with other dis-
pensing systems.

Evaluation of Consistency of Spheroid Generation
and Growth Kinetics

We used the above protocol for spheroid generation
with our ATPS technology. CCS of 1.5 x 10* MDA-
MB-157 cells were formed in ten 96-well plates. After
24 h of incubation, the diameter of each spheroid was
measured. Figures 3a, b show the distribution of
average diameter of CCS from each plate and the
frequency distribution of diameter of CCS across the
ten plates. The average diameter across all plates is
305 £ 19 um. We note that the observed variations of
diameter are due to the limitations of the liquid han-
dler to precisely deliver ultralow volumes (0.3 uL) of
the viscous DEX phase solution containing cells. Most
likely, further improving the consistency level requires
using dispensing mechanisms more accurate at a
nanoliter-volume scale such as pin tool or acoustic
dispensing technologies.*>*
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FIGURE 2. Optimization of dispensing DEX drops using air displacement pipetting system. (a) Three variables and their range
selected for optimization of dispensing DEX drops, (b) quantiles of drop diameter obtained by varying air volume change linearly
vs. quantiles of a standard normal indicating normal distribution of drop diameters, (c) frequency distribution of diameter of DEX
drops from three 96-well plates obtained using optimized values of the three parameters in the table of panel (a).

Next we evaluated generating spheroids of different
size using the first method described above, i.e.
changing the cell suspension density (number of cells/
uL) and using the same DEX drop volume. DEX
drops of 0.3 uL containing cell densities of 0.5 x 10%,
2.5 x 10% 5.0 x 10%, and 10.0 x 10* were dispensed
into wells containing the PEG phase (» = 8). Diame-
ter of each spheroid was measured after 24 h of incu-
bation. Figure 3¢ shows that increasing cell density
within this range produces spheroids with 167 + 19—
517 £ 31 um in diameter.

To ensure that cells in spheroids proliferate, we
evaluated the growth of MDA-MB-157 CCS over a
4-day period using the PrestoBlue assay that provides a
measure of metabolic activity of cells. Monolayer cul-
tures were used as control. Measurements of cell via-
bility each day with CCS and monolayer cultures
showed an increase in the fluorescent signal, indicating
an increase in the number of metabolically active cells
(Fig. 3d). The rate of increase was smaller with the 3D
culture compared to the monolayer. This is likely due
to limitations of nutrients and oxygen diffusion into
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CCS and indicates that spheroids mimic a key property
of solid tumors in vivo.

Optimization of Biochemical Analysis of Cellular
Viability in Spheroid Culture

An important aspect of 3D cell cultures for drug
screening studies is selecting an appropriate and sen-
sitive end-point analytical assay. We surveyed existing
assays and selected a PrestoBlue viability assay.'! It is
a very fast add-on assay and resolves cell viability in
2D cultures in 15 min; in addition, it allows analysis of
viability in the same plate used for generating CCS
and treating them with drugs, eliminating the need to
transfer CCS to a special plate. To determine the
sensitivity of this assay for 3D culture and an optimum
incubation time, we generated CCS with four different
cell densities of 0.1 x 10%, 1.0 x 10%, 6.0 x 10%, and
10.0 x 10* using our ATPS technology, each density
in two columns of a 96-well plate (n = 16). Then we
added the PrestoBlue reagent to each well, incubated
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cells, and measured the fluorescent signal using a plate
reader at four different time points. Figure 4 shows
that the fluorescent signal from CCS of each cell
density increases linearly within 6 h of incubation. The
difference between metabolic activity of cells of CCS
of different densities becomes statistically significant at
60 min of incubation (Fig. 4 and Table SI-1); this
difference becomes more pronounced with longer
incubation. In addition for CCS of the same cell
density, measured fluorescent signal becomes signifi-
cantly different with 120 min of incubation when all
densities are considered collectively (Fig. 4 and Table
SI-2). This characterization experiment suggests incu-
bating CCS with PrestoBlue for at least 120 min. To
increase the reliability of data, we selected an incuba-
tion time of 360 min that gives substantially different
fluorescent intensity values and still yields a linear
intensity change over time for CCS of different cell
densities. Thus, we used 360 min incubation for sub-
sequent studies of evaluating cellular viability of drug-
treated CCS.
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FIGURE 4. Optimization of PrestoBlue viability assay for
spheroids. Time-dependent increase in the fluorescent signal
(metabolic activity) of CCS of four different cell densities is
linear over a 6-h time period. Difference between the signal
from CCS of different densities becomes significantly differ-
ent at 60 min (p<0.01). Considering each cell density over
time, a significant difference in the signal intensity is
observed at 120 min of incubation, when all CCS are taken
into account (p<0.01). Two columns of a 96-well plate (n = 16)
were used to generate CCS of each density.

Drug Response of Cancer Cell Spheroids

We evaluated the potential of the ATPS spheroid
technology for anti-cancer drug screening by treating
MDA-MB-157 CCS with two chemotherapeutic com-
pounds, cisplatin and paclitaxel, which are clinically
used for adenocarcinoma. Parallel drug treatment
experiments were also set with monolayer culture of
cells. Prior to spheroid formation, wells of a 96-well
plate were coated with pluronic F108 to prevent
attachment of spheroids to the substrate during the
5-day study (1 day for spheroid formation and 4 days
of drug treatment and analysis of cellular response).
CCS and monolayer cultures were treated with cis-
platin at a concentration range of 0-200 uM for 4 days
with a drug renewal after day 2. Experiments were
repeated three times. Both culture conditions showed a
dose-dependent decrease in cellular viability with sim-
ilar LD50 values of ~13 uM (Fig. 5a). Effective pene-
tration of cisplatin into CCS and their disintegration is
potentially responsible for identical response of 2D
and 3D cultures to the drug. This is consistent with
clinical observation of sensitivity of triple negative
breast cancers (such as MDA-MB-157) to cis-
platin.>>*

CCS and 2D cultures were treated with paclitaxel at
a 0—100 uM concentration range. The viability of cells
of the monolayer decreased dose-dependently and
resulted in an LD50 value of 8.04 nM (Fig. 5b). On the
other hand, CCS were not sensitive to paclitaxel
treatment at this concentration range and retained a
high viability similar to non-treated, control spheroids

(Fig. 5b). Therefore an LD50 was not reached. We
repeated these experiments three times and addition-
ally confirmed the results with an established MTT
viability assay. Although the underlying reason is not
known, it is likely that MDA-MB-157 CCS acquire
resistance when grown in 3D culture, consistent with
clinical studies that suggest resistance of triple negative
breast cancers to taxanes.”*** The lack of drug sensi-
tivity in CCS in vitro and solid tumors in vivo is pro-
posed to be caused by close cell-cell contact in a 3D
condition that results in mechanisms such as gap
junctional-mediated “‘reciprocity” and cell shape-
mediated alterations in gene expression.'%!'¢21:23:28 The
effect was reversed in mouse mammary carcinoma
spheroids treated with an anti-adhesive agent prior to
drug treatment.?’ The hypoxic microenvironment
within CCS can also upregulate the MDRI1-P glyco-
protein drug transporter,®*° resulting in the export of
paclitaxel from cells.*’ In addition, paclitaxel targets
mitotic cells; therefore reduced proliferation of cells in
CCS compared to monolayer of cells (Fig. 3d) may
render cells in CCS relatively drug resistant. Detailed
molecular analysis combined with this 3D culture
approach can elucidate the lack of sensitivity of MDA-
MB-157 CCS to paclitaxel treatment, which may
explain treatment failures in patients.

As explained above, the ATPS is solely used for
spheroid formation. The phase-forming polymers are
diluted out by addition of culture medium containing a
drug during drug studies, converting the ATPS to a
single aqueous phase. To ensure that presence of trace
amounts of PEG and DEX does not interfere with
drug diffusion through media and is not responsible for
observed cellular response to drugs, we set a study
using the LD50 = 8.04 nM concentration of paclit-
axel with a 2D culture just containing media and a 2D
culture containing trace amounts of PEG and DEX at
concentrations present after a single phase forms dur-
ing drug studies. Cell viability was measured after
4 days with PrestoBlue (Fig. SI-2). The result showed
that cellular viability from these two conditions is
identical (p = 0.15). Therefore presence of residual
polymers does not interfere with drug diffusion
through media, confirming the validity of cell viability
data.

Similar response of CCS to cisplatin and paclitaxel
has been observed before.'> Monolayer and spheroid
cultures of human ovarian cancer cells showed similar
viability when treated with cisplatin. On the contrary,
paclitaxel treatment of human ovarian CCS resulted in
drug resistance whereas monolayer cultures showed
dose-dependent response. Colony-forming efficiency of
paclitaxel-treated CCS was suspected to be a potential
cause for the drug resistance. Cells treated with
paclitaxel in 3D cultures showed an increase in colony-
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FIGURE 5. Drug response of MDA-MB-157 breast cancer cell spheroids. Spheroids (circles) and monolayer (triangles) cultures of
cells were treated with (a) cisplatin (0-200 M) and (b) paclitaxel (0-100 xM). All experiments were set three times. Cellular viability
was measured 4 days post treatment with each drug both in 2D and 3D cultures with a fresh dose renewed after day 2. Dashed lines
represent nonlinear sigmoidal curve fitting to experimental cell viability data. 3D and 2D culture experiments were set with 16 and 8
replicates, respectively. Asterisks denote statistically significant difference between viability of 2D and 3D cultures at each drug
concentration (p<0.05). Error bars are 95% confidence limits. Scale bar 200 ym.

forming efficiency whereas colony formation capability configurations of standard plates, and the ease of
of cells of monolayer cultures significantly dropped. handling of spheroids during culture and analysis are
Further analysis confirmed apoptosis effects in important features of this technology that make it
monolayer cultures but not in CCS when treated with accessible to the research community.

paclitaxel. This independent study validates our
observations of drug response of MDA-MB-157 CCS.
Altogether our study underlines the predictive CONCLUSIONS
potential of CCS and the importance of incorporating

CCS in drug screening applications. We presented a technology to generate CCS in a

high throughput, standard 96-well plate format. This
approach utilized the immiscibility of two aqueous
phases to rapidly form an individual spheroid within

Broad Utility of the ATPS Spheroid Technology each well without the use of any external forces.

While the use of liquid handling robotics makes the Evaluation of several liquid handling parameters along
technology particularly useful for high throughput with statistical analyses resulted in a set of pre-defined
compound screening with tumor spheroids, the ease of conditions to generate consistent size spheroids across
working with ATPS renders it readily available for standard 96-well plates. This approach eliminates the
spheroid culture in laboratories without robotic tools. shortcomings of existing assays and results in viable
Our methods can be easily adapted to various liquid spheroids that can individually be treated with drug
handling techniques including manual pipetting with compounds. Our proof-of concept drug studies showed
sufficient precision at sub-microliter volumes to allow that MDA-MB-157 triple negative breast CCS treated
dispensing of cell-containing DEX drops into the PEG with cisplatin disintegrated and displayed a dose-
phase solution. This provides researchers who have a dependent drug response similar to 2D culture of
general knowledge of cell culture with an inexpensive cancer cells. However unlike their 2D counterpart,
and simple technique to perform 3D culture of cancer spheroids were not sensitive to paclitaxel treatment
cells without a need for any special equipment. Rapid and showed resistance to the drug at a wide range of
spheroid formation (within 24 h) in cell-friendly ATPS concentrations. Therefore this 3D culture technology
media, virtually with a variety of cell types in different can potentially elicit more realistic response from
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cancer cells treated with chemotherapeutic com-
pounds. The ease of handling of plates during culture,
maintenance of culture, media exchange, addition of
anti-cancer drugs and biochemical analysis reagents
using robotic tools, and screening of spheroids with
standard plate readers make this technology adaptable
to centers with high throughput screening capabilities.
Further developments of this technology to include
different components of tumor microenvironment such
as supporting stromal cells and extracellular matrix
proteins will provide a physiologic tumor model that
mimic complexity of solid tumors in vivo and allow
high throughput screening of drug compounds not
currently possible.
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