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ABSTRACT: Aqueous two-phase systems (ATPS) provide a
mild environment for the partition and separation of cells. We
report a combined experimental and theoretical study on the
effect of interfacial tension of polymeric ATPS on the
partitioning of cells between two phases and their interface.
Two-phase systems are generated using polyethylene glycol
and dextran of specific properties as phase-forming polymers
and culture media as the solvent component. Ultralow
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interfacial tensions of the solutions are precisely measured using an axisymmetric drop shape analysis method. Partition
experiments show that two-phase systems with an interfacial tension of 30 yJ/m” result in distribution of majority of cells to the
bottom dextran phase. An increase in the interfacial tension results in a distribution of cells toward the interface. An independent
cancer cell spheroid formation assay confirms these observations: a drop of the dextran phase containing cancer cells is dispensed
into the immersion polyethylene glycol phase to form a cell-containing drop. Only at very small interfacial tensions do cells
remain within the drop to aggregate into a spheroid. We perform a thermodynamic modeling of cell partition to determine
variations of free energy associated with displacement of cells in ATPS with respect to the ultralow interfacial tensions. This
modeling corroborates with the experimental results and demonstrates that at the smallest interfacial tension of 30 yJ/m? the
free energy is a minimum with cells in the bottom phase. Increasing the interfacial tension shifts the minimum energy and
partition of cells toward the interfacial region of the two aqueous phases. Examining differences in the partition behavior and
minimum free energy modeling of A431.H9 cancer cells and mouse embryonic stem cells shows that the surface properties of
cells further modulate partition in ATPS. This combined approach provides a fundamental understanding of interfacial tension
role on cell partition in ATPS and a framework for future studies.
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B INTRODUCTION

A polymeric aqueous two-phase system (ATPS) may form by
dissolving two different polymers, for example, polyethylene
glycol (PEG) and dextran (DEX), each above a certain
concentration, in an aqueous medium. Phase separation takes
place if interactions between like polymer molecules are
energetically more favorable compared to interactions between
molecules of two different polymers used for ATPS formation.'
A large number of polymers can form ATPS; PEG and DEX are
widely used in the context of biological and bioprocesses
applications. Each equilibrated aqueous phase from an ATPS is
enriched with respect to one of the polymers." For example in
an ATPS formed with aqueous PEG and DEX solutions, the
top phase is enriched with PEG, whereas the bottom phase
contains majority of DEX.

ATPS are widely used for fractionation and partition of
biomolecules including proteins,”™* subcellular organelles and
plasma membranes,”® bacterial,” ™ viral,'°~** and mammalian
cells,">"* as well as small and large particles.">'® ATPS provide
a mild and highly aqueous environment to maintain activities
and functions of biomolecules. Polymers such as polyethylene
glycol used for ATPS formation also provide additional
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protective effect for biomolecules.'” Each ATPS is characterized
by a specific phase diagram that shows the range of
concentrations of phase-forming polymers to produce two
immiscible aqueous phases and gives the composition of
equilibrated phases (Figure SI-1).

Controlling partition of cells in ATPS has recently enabled
novel cell patterning and printing approaches for tissue
engineering applications. These methods primarily use PEG
and DEX as phase-forming polymers and rely on selective
partition of cells to one of the aqueous phases or the interface
between them. Dispensing a drop of the aqueous DEX phase
containing stem cells onto a layer of adhered stromal cells
immersed in the aqueous PEG phase created cocultures that led
to differentiation of stem cells to neurons.'®'” In a different
application, dispensing discrete drops of the DEX phase
containing cancer cells into a nonadherent microwell
containing the immersion PEG phase resulted in aggregation
of cells into a three-dimensional cluster known as a cellular
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spheroid.””*" Complete exclusion of cancer cells from aqueous
DEX phase drops printed on a culture plate, or in other words
complete partition of cells to the immersion PEG phase,
generated a monolayer of cells containing a circular cell-
excluded gap that served as the migration niche for adhered
cells.”*™** Selective partition of cells to the interface of two
aqueous phases allowed a straightforward method of creating
skinlike constructs.” In all these applications, effective partition
of cells to a desired phase of the ATPS or the interface was
critical.

Partition of large particles such as cells in an ATPS depends
on surface properties of particles and physical properties of the
two-phase system.”® Surface area, surface charge, and wettability
of surface of cells, ionic composition, pH, and temperature of
separation medium, molecular weight of polymers, and
interfacial tension between the two aqueous phases are
important parameters that influence cell partition in ATPS.
We herein report a study of interfacial properties of two-phase
solutions from a specific ATPS that lead to fractionation of cell
particles and help evaluate the effect of interfacial tension on
cell partition. Major challenges are the difficulty of reproducible
measurements of ultralow interfacial tensions of ATPS, that is,
7, 1 mJ/m? and measurements of contact angles of cell

particles at the interface of immiscible aqueous solutions used
as a tool to probe surface properties of cells.

We exploit a drop shape methodolog]y to precisely determine
ultralow interfacial tensions of ATPS.”” A pendant drop of the
aqueous DEX phase is formed in the immersion PEG phase
and allowed to autonomously dispense. Images of the growing
drop are captured, and drop profiles are extracted using image
processing techniques (see the inset in Figure 1 for an example
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Figure 1. Ultralow interfacial tensions, in microjoules per square
meter, of four two-phase systems made with different concentrations
of PEG and DEX are shown against tie-line length, in weight percent,
on a logarithmic scale (base 10). Dashed line is a fitted line to data,
and R? shows the goodness of the fit. Tie-line lengths for these systems
are given in Table 1. (inset) A well-deformed pendant drop from an
experiment for interfacial measurement with the 10.0% PEG—12.8%
DEX system.

of the drop images analyzed). The shape of the drop is
governed by the Laplace equation;*® hence, Laplacian curves
are numerically fitted to the extracted profiles. The best fit that
satisfies specific criteria for a well-deformed drop returns the
interfacial tension between the DEX phase drop and the PEG
phase. In addition, we characterize the complex cell-ATPS
interface through measurements of the contact angles that the
interface makes with cell particles, using an accurate technique
based on polynomial fitting to the cell-ATPS interface.”

We show that partition of cells in ATPS generated with PEG
and DEX of specific properties is sensitive to changes in the
interfacial tension when other factors such as composition of
the solvent (culture media), temperature, pH, and polymer
properties are kept fixed. Independent partition experiments
and a spheroid formation assay confirm that a very small
interfacial tension is required to partition cells to the aqueous
DEX phase. We complement our empirical work with a
theoretical modeling of free energy of displacing cell particles in
a two-phase system and demonstrate that a very low interfacial
tension correlates with a minimum energy when cells locate in
the bottom DEX phase. Increasing the interfacial tension shifts
the minimum energy state and favors distribution of cell
particles toward the interface. Importantly, this model
incorporates measured quantities of interfacial tensions of
ATPS and contact angles at ATPS—cell interface to predict
distribution of cell particles between two aqueous phases and
their interface. We believe that our experimental—theoretical
study provides a new approach to understand cell partition in
ATPS.

B EXPERIMENTAL SECTION

Preparation of Aqueous Two-Phase Systems. Polyethylene
glycol (PEG) with a molecular weight of 35 kDa (Sigma) and dextran
(DEX) with a molecular weight of S00 kDa (Pharmacosmos) were
used for ATPS formation. Four different sets of two-phase systems
were formed using 5.0% PEG—6.4% DEX, 10.0% PEG—12.8% DEX,
15.0% PEG—19.2% DEX, and 25.0% PEG—25.6% DEX. Polymers
were received in a powder form. Concentrations of aqueous PEG and
DEX solutions were calculated in %(w/v). Both polymers were
dissolved in complete growth media described below. To facilitate
dissolution of polymers, solutions were kept in a 37 °C water bath for
~1 h while vortexing them for 2 min every 10 min.*

Constructing Binodal Curve. A titration method was imple-
mented to construct an experimental binodal curve for the ATPS with
PEG and DEX as phase-forming polymers.*' Two-phase solutions over
a wide range of concentrations were prepared in 1.5 mL micro-
centrifuge tubes and weighed. Next, distilled water was added
dropwise to each solution until the segregation line between top
PEG phase and bottom DEX phase disappeared. Concentrations of
polymers in each two-phase solution just prior to transition to a single-
phase solution produced one point on the binodal curve. Binodal curve
was constructed by curve fitting to experimental data points.”® Length
of tie-lines of two-phase systems were calculated using concentrations
of PEG and DEX in top and bottom equilibrated phases.

Preparation of Suspensions of Cells. A431.H9 human skin
cancer cells were kindly provided by Dr. Mitchel Ho (Center for
Cancer Research, NIH, Bethesda, MD) and cultured in a complete
growth medium composed of 88% Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma), 10% fetal bovine serum (FBS, Sigma), 1%
glutamine (Life Technologies), and 1% antibiotic (Life Technologies).
Every 10 passage, cells were treated with 700 pg/mL of G418 (Sigma-
Aldrich). T7S culture flasks were kept in a humidified incubator with
5% CO, at 37 °C to allow cells to form a monolayer of 80—90%
confluent. Cells were dislodged with 2 mL of trypsin for 2 min.
Trypsin was neutralized by adding 4 mL of growth medium. Mouse
embryonic stem cells (mESCs) were purchased from Riken and
maintained on 0.1% gelatin-coated 35 mm Petri dishes at 37 °C in a
humidified incubator with 5% CO,. mESCs were cultured in Glasgow
Minimum Essential Medium (GMEM, Life Technologies) supple-
mented with 1% FBS, 10% knockout serum replacement (KSR, Life
Technologies), 2 mM glutaMAX (Life Technologies), 0.1 mM
nonessential amino acids (NEAA, Life Technologies), 1 mM sodium
pyruvate (Life Technologies), 0.1 mM 2-mercaptoethanol (Life
Technologies), and 2000 U/mL leukemia inhibitory factor (Milli-
pore). mESCs were dislodged with 1 mL of trypsin-EDTA for 1 min.
Trypsin was neutralized by adding 3 mL of growth medium. Both
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A431.H9 cell and mESC suspensions were centrifuged at 1000 rpm for
5 min. The supernatant was removed, and the cell pellet was
resuspended in 1 mL of medium. The number of cells was counted
using a hemocytometer.

Cell Partition in Aqueous Two-Phase Systems. With each cell
type (A431.H9 and mESCs), cell suspensions were made by mixing
~6 X 10° cells with two-phase solutions consisting of 500 yL from
each of PEG and DEX phases. All four sets of two-phase systems with
different PEG and DEX concentrations were separately used. The
conical was maintained vertically in an incubator with 5% CO, in 37
°C until two separate phases were formed. Volumes of top and bottom
equilibrated phases were measured using graduations on the conical
tube. Next, samples were taken from top and bottom phases and the
interface and transferred into three separate microcentrifuge tubes.
First, a pipet was set at 150 pL, the plunger button was depressed in air
to its first stop, the pipet tip was moved into the top phase, and 150 L
was slowly aspirated from the middle of top phase. This was followed
by taking a sample from the bottom phase. The pipet was set at 150
4L, and the plunger button was pushed to its second stop in air. Then
the pipet tip was slowly moved through the top phase and the interface
into the bottom phase while maintaining pressure on the plunger
button to prevent liquid from entering into the pipet tip during its
travel. The interface was quickly stabilized around the pipet tip. With
the pipet tip in the middle of the bottom phase, the sample was
aspirated by slowly releasing the plunger. After gently retracting the
pipet tip from the conical tube, its exterior was blotted to remove
solution residues. Slow movement of the pipet tip through the
interface was crucial to avoid disturbing it. Using a similar approach, a
sample was taken from the interface. The pipet tip was carefully
brought in contact with the interface, and the plunger was slowly
released to remove the solution from the interface. While maintaining
a positive pressure on the plunger button, the pipet tip was moved out
of the tube, and its exterior was blotted. Each of the three samples was
diluted in in the growth medium 3 to S times by volume to make
loading the suspension onto hemocytometer and counting of cells
feasible. Diluted samples of each phase were separately loaded onto a
hemocytometer, the number of cells was counted, and an average was
calculated from four replicates. The total number of cells partitioned to
each phase was determined by multiplying the average number of
counted cells in that phase, volume of the equilibrated phase, a
constant number 1 X 10* and a dilution factor. The number of cells
partitioned to the interface was also calculated by subtracting the
number of cells partitioned to top and bottom phases from the total
number of cells used for the experiment.

Interfacial Tension Measurements. The ultralow interfacial
tension between equilibrated top and bottom phases of each of four
two-phase systems was measured using an axisymmetric drop shape
analysis (ADSA).”” A 2.5 L glass syringe (Hamilton) was loaded with
the DEX phase solution, connected to a 19-gauge needle, and held
vertically on a micropositioning unit. The unit was assembled on a
vertical rod fixed on an optical table from the bottom end. Using an
X—Y translational control knob of the unit, the needle was lowered
and gradually inserted into a rectangular glass cuvette (Helma)
containing 1 mL of the aqueous PEG phase. The DEX phase solution
autonomously dispensed and formed a growing pendant drop at the
needle tip. Images of the growing drop were captured at 10 fps for 10
s. A Canny edge operator was used to extract the set of numbers that
represent the drop profile. The interfacial tension was determined by
finding a best Laplacian fit to the extracted drop profile.”® For each
two-phase system, an average interfacial tension was determined from
five measurements, and the uncertainty was estimated.

Contact Angle Measurements. An 18 X 18 mm* microscopic
glass slide was UV sterilized for 30 min. Each glass slide was placed in
35 mm Petri dish containing 4 mL of 0.5% aqueous gelatin solution
(Sigma-Aldrich). After 3 h of incubation at 37 °C and 5% CO,, the
gelatin solution was removed, and 4 mL of cell suspension containing
3 X 10* cancer cells or 2 X 10° mESCs was added to the dish. To
ensure formation of a uniform cell monolayer, glass slides with
A431.H9 cancer cells were incubated for 24—36 h to allow cells to
spread and grow. A shorter incubation time of 6 h was used for mESCs

to prevent their differentiation, while the selected density allowed
covering the slides with cells. After the culture medium was removed,
glass slides containing the cell monolayer were washed with PBS three
times and transferred into a glass cell (White Bear Photonics) filled
with pre-equilibrated top phase from the desired two-phase system. A
0.7 pL drop of pre-equilibrated bottom phase of the same two-phase
system was gently dispensed onto the slide using a pipet. The glass cell
was incubated for 60 min at 37 °C and 5% CO,. A camera (JAI Ltd.,
CB-200GE)-lens (LEICA, Z16 APO) unit assembled on an optical
table was used to capture images of drops at a 9.2X magnification.
Contact angles were measured using an automated polynomial fitting
technique developed previously.”” Each condition had five replicates.

Density Measurements. Densities of equilibrated phases from
each two-phase system were measured using a density meter (Mettler
Toledo, DA-100M) accurate to 0.001 gr/ cm’. A syringe loaded with 2
mL from each equilibrated phase was used to inject the solution into
the glass measuring cell of the density meter. Prior to each round of
measurement, the glass measuring cell was flushed with 20 mL of
distilled water and 10 mL of ethanol and purged with a built-in pump.
All measurements were done in a laboratory temperature of 24 + 1 °C.

Spheroid Formation Assay. Aqueous PEG phase solutions were
prepared in the complete growth medium at 5.0%, 10.0%, 15.0%, and
20.0% (w/v) and loaded into wells of a round-bottom, noncell-
adherent 96-well plate. Aqueous DEX phase solutions were prepared
at 12.8%, 25.6% DEX, 38.4% DEX, and 51.2% (w/v). A suspension of
A431.H9 cells was prepared at a density of 25 X 10° cells/uL and
thoroughly mixed with an equal volume of each of the DEX phase
solutions. This reduced DEX concentration in each suspension in half
to those used in cell partition experiments. A 0.3 yL drop of the
resulting suspension was dispensed into each well. The dispensed drop
contained 7.5 X 10° cells. Plates were incubated for 24 h, and spheroid
formation was evaluated by phase contrast imaging of wells. For
evaluating consistency of spheroid formation in a 96-well plate, DEX
drops contained 15 X 10° cells and were dispensed using a robotic
liquid handler (SRT Bravo, Agilent Technologies).** Spheroids were
imaged using an inverted fluorescent microscope (Axio Observer Al,
Zeiss) equipped with a high-resolution camera (AxioCam MRm,
Zeiss).

B RESULTS AND DISCUSSION

Interfacial Tensions of Aqueous Two-Phase Systems.
After equilibration of each two-phase system, we separated top
and bottom phases and used a pendant drop approach in ADSA
to measure the interfacial tension between a DEX phase drop
immersed in the PEG phase.”” Measurements were done with
all four two-phase solutions made with increasing concen-
trations of PEG and DEX. In addition, concentrations of PEG
and DEX in equilibrated phases of each two-phase solution
were determined from the phase diagram of the ATPS shown
in Figure SI-1. Then, a tie-line length (TLL) was calculated for
each two-phase system as

2 2
TLL = \/(CPEG,T - CPEG,B) + (CDEX,T - CDEX,B) (1)

Here, Cppgr and Cppgp represent PEG concentration in top
and bottom phases, and Cpgxr and Cpgxp denote DEX
concentration in top and bottom phases, respectively. Figure 1
shows interfacial tensions of all four systems. Consistent with
previous reports, interfacial tension increases linearly with the
TLL on a logarithmic scale. TLL and interfacial tensions for
each of the four two-phase systems used in this study are given
in Table 1.

Partition of Cells in Aqueous Two-Phase Systems. We
conducted systematic cell partition experiments using two
different types of cells, namely, A431.H9 human skin cancer
cells and mouse embryonic stem cells (mESCs), in two-phase
solutions of four different interfacial tensions (Figure 1).
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Table 1. Phase Properties of Two-Phase Solutions”

PEG DEX TLL YLL,

5 PrEG physe PDEX physe
system  %(w/v) %(w/v) %(w/w) (uJ/m?) (g/cm (g/cm?)
1 S.0 6.4 5.7 30 + 4 1.008 1.026
2 10.0 12.8 17.5 9B +6 1.012 1.062
3 15.0 19.2 27.9 226 £ 5 1.018 1.093
4 20.0 25.6 38.0 440 + S 1.027 1.12§

“Tie-line length, interfacial tension of aqueous phases of four two-
phase systems made with different weight fractions of PEG, Mw: 35
kDa, and DEX, Mw: 500 kDa, and measured densities of aqueous
phases from each system are given.

Cancer cells and embryonic stem cells have substantially
different gene and protein expression profiles, including
membrane proteins,”> ¢ that may reflect effects of cell surface
properties on partition behavior of cells. A defined number of
A431.H9 cells or mESCs (6 X 10° cells/uL) was included in
each of the four systems. The conical tube containing ATPS
and cells was inverted many times to produce a well-mixed
suspension. The tube was incubated while being maintained
vertical. After two immiscible phases formed, samples were
removed from top and bottom phases and the interface (Figure

2a), and the number of cells in each sample was counted using
a hemocytometer (Figure 2b). A partition coefficient was
defined as the number of cells in the bottom phase divided by
the total number of cells. We note that the selected cell density
was based on preliminary experiments and ensured that cells
would not clump into large aggregates during the partition
process. Our analysis below shows that at a single cell level, the
effect of gravity on cell partition is negligible.

With A431.H9 cells (Figure 2c), the two-phase system with
the smallest interfacial tension of y;; = 30 yJ/m* gave a large
partition coefficient of 88 + 5%. The remaining 12% of cells
were primarily recovered from the top phase sample. Increase
in the interfacial tension to y, = 93 uJ/m? in the second
system significantly diminished cell partition to the bottom
phase, resulting in a decrease of the partition coeflicient to 34 +
3%. This was accompanied by a large increase in the number of
cells partitioned to the interface from 2 & 1% in the first system
to 47 + 5% in the second system. The number of cells
recovered from the top phase also showed a slight increase to
20 + 6% in this system. Further increase in the interfacial
tension to 7y, = 440 uJ/m” reduced the partition coefficient to

24 + 4% and caused a moderate increase in cell partition to the
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Figure 2. (a) Schematic of cell partition experiments with aqueous two-phase systems, (b) images of A431.H9 cells recovered from top phase,
interface, and bottom phase of the 5.0% PEG—6.4% DEX two-phase system and loaded on a hemocytometer for counting, (c) percent of A431.H9
cells partitioned to each of the two bulk phases and their interface in four two-phase systems is shown vs interfacial tension. With the ATPS of lowest
interfacial tension of 73, = 30 4J/m?, cells primarily partition to the bottom DEX phase, resulting in a partition coefficient of 88 + 5%. Increase in the

interfacial tension to ,;, = 93 xJ/m” and above significantly changes distribution of cells toward the interface and the top PEG phase; (d) percent of

mESCs partitioned to the PEG and DEX phases and their interface in four two-phase systems is shown vs interfacial tension. The largest partition
coeflicient of 58 + 6% is obtained with the system of y,;, = 30 uJ/ m? Increase in the interfacial tension distributes ~60% of mESCs to the interface.

Dashed lines are only used to connect data points.
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top phase to 35 + 3%, whereas cell partition to the interface
remained statistically unaltered.

With mESCs (Figure 2d), the largest partition coefficient was
58 + 6% and obtained with the system of smallest interfacial
tension of y;; = 30 uJ/ m?. Majority of the remaining cells, that

coefficient in the second system with ,;, = 93 4J/m” dropped

is, 37 + 2%, partitioned to the top phase. The partition

only 10% compared to the first system; more cells were found
at the interface, and the number of cells in the top phase
reduced to 22 + 8%. A major decrease in the partition
coeflicient to 23 + 7% was observed with the system of y; =

226 uJ/m’. This was associated with a significant increase in the
number of cells at the interface, that is, 59 + 9%. Increase in y;,

to 440 yJ/m* gave the smallest partition coefficient of 20 + 5%
and the largest number of cells at the interface.

Two major conclusions emerge from these results. First,
regardless of cell type used, the largest partition coefficient
results from the two-phase system of smallest interfacial
tension. However, there is a significant difference of 30% in
the partition coeflicient of cancer cells and mESCs in the
system of 77, = 30 uJ/m> This indicates that in addition to

interfacial tension, properties of cells have a major effect on
their partition in ATPS. Second, results from experiments with
both cell types show a sharp drop in the partition coefficient
(cf. Figure 2c,d). With mESCs, this occurs at a larger interfacial
tension, that is, from system 2 to system 3, compared to
A431H9 cells. We will provide an explanation for these
observations using thermodynamic modeling of cell partition
that incorporates measured surface properties of cells. Overall,
this study establishes the influence of ultralow interfacial
tensions of polymeric ATPS on partition of cells between the
two phases and their interface when properties of ATPS such as
molecular weight of polymers, temperature, and pH of the
separation medium are kept fixed.

Effect of Gravity on Cell Partition in Aqueous Two-
Phase Systems. A partition experiment is initiated by
inverting a conical tube containing ATPS and cells until a
turbid, well-mixed suspension is formed. The resulting
suspension contains small drops of one phase dispersed in
the bulk of the second phase surrounding it, that is, drops of
DEX phase in the PEG phase and vice versa.' Because of
random motions within the solution, floating cells attach to
these drops during the partition process (Figure 3)."
Therefore, each cell particle experiences an interfacial force
and a vertical force resulting from a balance between buoyant
and gravitational forces. For the two-phase systems with y;; =

0.03—0.44 dyn/cm studied here (Table 1), the interfacial force,
Fpe = 71y, A = 71, (27r), is on the scale from 1 X 107 to 1 X

10~* dynes, assuming a contact radius of 7 = S um between the
cell particle and the ATPS interface.

To determine the balance of buoyant and gravitational forces,
F = (pp — pp)Vpg = ApVypg, we measured the density of aqueous
phases of these four systems (Table 1) and used measured
density of cells based on existing literature (pp = 1.1 g/
em®)**** and an approximate radius of 10 um for cells based on
measurements of volume of cells.”” The largest downward
vertical force is obtained with the first two-phase system (p; =
preg = 1.008 g/cm?) that gives the largest density difference
between a cell particle and the aqueous phase, that is, Ap =
0.092 g/cm’. This force is on the scale of F ~ 4 X 1077 dynes.
With measured densities for other aqueous phases in Table 1,

Phase 2

Y,

/
Phase 1

Figure 3. After inverting the conical tube containing ATPS and cells to
initiate the partition process, small drops of one of the aqueous phases
form within the surrounding second phase. These drops attach to the
floating cell particles. The balance of interfacial force resulting from the
interface between the cell and the ATPS interface (F,, = Ny, A =

1,,(27r)), and net force due to buoyancy and gravity (F = (pp — pp)

Vpg = ApVpg) shows that gravity effect is negligible on cell partition in
ATPS.

this force becomes smaller and even negative (i.e,, an upward
force, e.g, considering p; = ppgx = 1.125 g/ cm® of system 4).
Therefore, the vertical force acting on the particle is several
orders of magnitude smaller than the interfacial force on the
particle and comparatively negligible in the partition process.
This analysis shows that gravity does not influence partition of
cells in the two-phase systems studied here.

It is important to note that the partition process is rather
short and that samples are taken after a clear interface forms.'
Allowing the phases to settle for too long may cause cells
suspended in the top phase to form a sediment at the interface
since cell density (pp = 1.1 g/cm?) is larger than the density of
the PEG phase in all four systems shown in Table 1.

Spheroid Formation in Aqueous Two-Phase Systems.
Three-dimensional cultures of cancer cells have recently gained
increasing interest in cancer research. Spheroids are three-
dimensional clusters of cancer cells that mimic various
properties of solid tumors and present a relevant tumor
model for drug discovery."’ ™" To demonstrate the role of
partition of cells on spheroid formation with ATPS, we
performed a spheroid assay using all four systems made with
the PEG 35k—DEX 500k ATPS. A suspension of A431.H9 cells
was generated, and a drop of this suspension was dispensed
into a microwell containing the PEG phase solution. Because of
its higher density, the drop settled at the bottom of the
microwell while remaining phase-separated from the immersion
PEG phase. Our experience shows that A431 cells can form a
compact spheroid within 24 h of incubation.”® Therefore, we
evaluated spheroid formation with all four two-phase solutions
after 24 h. Figure 4a shows that the first system produced a
compact spheroid within the DEX phase drop. By increase in
the interfacial tension for other systems, cells only formed
several small, loose aggregates close to the interface of the drop
(Figure 4b). This test validates that with the system of the
smallest interfacial tension studied here, cells primarily remain
in the DEX phase drop to form a spheroid. However, the
propensity of cells to partition to the interface and top phase in
the other three systems disrupts self-assembly of cells into a
spheroid. We confirmed that the 5.0% PEG—6.4% DEX system
reproducibly generates uniformly sized spheroids. With a
density of 15 X 10° cells, spheroids formed in a 96-well plate
measured 391 + 32 ym in diameter (Figure 4c). Therefore,

DOI: 10.1021/acsami.5b05757
ACS Appl. Mater. Interfaces 2015, 7, 21305—21314


http://dx.doi.org/10.1021/acsami.5b05757

ACS Applied Materials & Interfaces

Research Article

(c)

’é‘ 600 A

=1

~ 500

P

8]

o 400

£

© 300

©

T 200 D,,,= 39132 pym

5

2 100 A

Q.

» o T T T T Y
0 20 40 60 80 100

Number of wells

Figure 4. Spheroid formation assay performed with two-phase systems
made with (a) 5.0% PEG—6.4% DEX and (b) 10.0% PEG—12.8%
DEX. The first system with an ultralow interfacial tension of y;; = 30
uJ/m? results in the formation of a spheroid in the DEX drop, whereas
increase in the interfacial tension to y; = 93 uJ/ 'm?* disrupts spheroid
formation due to the tendency of cells to partition to the interface and
the PEG phase. (c) Reproducibility of spheroid formation using the
5.0% PEG—6.4% DEX system in a 96-well plate. The dashed line
shows the average diameter of spheroids.

from a practical standpoint, using ATPS of PEG and DEX with
low interfacial tensions of ~30 yJ/m? is crucial to consistently
generate cancer cell spheroids.

Theoretical Model of Cell Partition. To understand the
effect of interfacial tension on partition of cells in ATPS, we
developed a theoretical model to determine free energy of
displacement of cells between the two aqueous phases and their
interface (Figure Sa). The approach is based on a model of
colloids in a liquid-fluid system.”* Each cell was considered as a
spherical particle of 10 ym radius. We recognize the complexity
of the surface of cells compared to colloids. However, the
model presented below uses the measured values of interfacial
tensions of the complex fluid (ATPS) and measured contact
angles of the ATPS interface against the actual cell surface.
Therefore, these quantities encode the chemistry of the
solutions and surface of cells. We next developed a model of
the insertion process that includes the gradient of free energy
U(z), which represents the force that the interface asserts in the
partition dynamics.

The dynamics of particle transport can be studied through a
mesoscopic model in the form of a stochastic partial differential
equation, the Langevin equation, which presents a reasonable
modeisof colloid systems with particle sizes above a nanometer
scale:

N
di, = —CFdt + ), Bdt — VUdt + Vo, — p,)ghdt
j=1

+ w(dt) ()

PEG phase (2)

2R =0 U Interface

Figure S. (a) Schematic of model for particle displacement in two-
phase systems and (b) contact angle, 6, formed between the particle
surface at the interface of two aqueous phases. The thickness of the
interface is inversely proportional to the interfacial tension. For the
ultralow interfacial tensions measured in this study, the interfacial
thickness is small enough that the contact angles are sufficiently well-
defined and the model is valid for the reported range of interfacial
tensions.

Here, the velocity of the ith particle is ¥, and dx; = 7,dt obtains;
the location of the particle is also stochastic. The friction
coefficient is &; = 67n,R, where #; is the viscosity of a phase
containing the ith particle and R, is the radius of that particle.
The force between particles i and j is F; so that the force field
Zfi 1F;j sums over all pairs of particles within a cutoff radius,
which determines N. The gradient of the potential Up(Z) of
particle P; due to the wetting properties of the solutions
provides a force in addition to particle—particle interactions.
The effect of gravity is represented by the standard formula
wherein Vp, is the volume of particle i, pp — py is the density

difference between particle i and the fluid surrounding it, g is
the acceleration of gravity along the normal to the interface, 7.
The last term w(dt) is stochastic for which a distribution
function, often assumed to be Gaussian and time stationary,
and a correlation function (e.g., delta function correlated) must
be satisfied. The orders of magnitude of the various terms in eq
2 are relevant. For example, from our analysis above and Figure
3, the effect of gravity on partition of cells in ATPS can be
ignored as a small contribution to the Brownian dynamics as
compared to other terms.

To understand the importance of particle—particle inter-
actions Fj, we approximated an average interparticle distance in
a dispersion from L = Ny'/3, where Nj is the number density of
cell particles. Using N, = 6 X 10° cells/mL from our
experiments gives an average interparticle spacing of S5 um
between cells dispersed in ATPS during the partition process.
This spacing is much greater than the distance at which
interparticle interactions (electrostatic and van der Waals)
between cells would be important.””** Therefore, the effect of
1_5”- can be safely ignored. This conclusion is further supported
by findings of Albertsson et al. that partition of cells in ATPS is
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Figure 6. (a) Top view of a sessile drop of ATPS formed on a confluent monolayer of cells, (b) schematic and side view image of a sessile drop of
ATPS on a layer of cells, (c) a third-order polynomial fitted to the right side of the drop in panel (b) shown by a red line, and (d) contact angles
measured with two-phase systems on A431.H9 cells and mESCs increase with the TLL, in %(w/w), of the two-phase systems shown on a
logarithmic scale (base 10). Results indicate that mESCs have a more hydrophilic surface compared to A431.H9. Scale bar is S00 ym.

indefendent of cell density between 2 X 10° and 1 X 10 cells/
mL"” a range in which our cell density falls. In addition, we
ignore the first term in the equation due to very slow
movement of cell particles in the partition process.

This analysis supports our hypothesis that interfacial forces
dominate partition of cells in ATPS, at least for the cell —ATPS
systems studied here. The effect of interfacial forces can be
studied using the model shown in Figure 5. To capture the
effect of ultralow interfacial tensions on the partition of cell
particles, the theoretical model requires the geometry of
particles, the interfacial tension of separation medium, and
surface properties of particles characterized through contact
angles. Initially, the cell particle was assumed to locate in an
arbitrary position Z, in the bottom phase (1). Displacement of
the particle toward the interface and the top phase (2) was
traced using a vector Z perpendicular to the interface. Changes
in the free energy associated with displacing the particle from
the initial position (Z;) in the bottom phase to a final arbitrary
position (Z) is

AU() = 5, (A (2) = A) + sy An (2)
+ Vpu(APll(Z) - AP) (3)

where 7, represents interfacial tension between the two liquid
phases, yp, is the cell-bottom phase interfacial tension, and yp,
denotes the cell-top phase interfacial tension. A (Z) represents

the area of liquid—liquid interface when the particle is at a
position —R < Z < R, Ay is the total area of interface with a
length L and width W, Ap, and Ap, represent the areas of
particle in contact with bottom and top phases, respectively,
and Ap denotes surface area of the particle. Using these
definitions, we can write

Ap (2) + Ap (2) = A, = 4nR’ )

A (2) + A (Z2) = A, = LW (s)

Here, Af) denotes the area of the interface between two liquid
phases occupied by the particle. Assuming the validity of
Young’s equation

Hy, €08 O =Ty ~ Yy

: ©
and considering eqs 4 and S, the free energy eq 3 reduces to
0, Z< —-R
AU(Z) = {7y [eos 04y (2) — AfL], -R<Z <R
1, €os 0Ap, Z > R
(7)

To evaluate the free energy changes of particle displacement
from Z, to Z, the interfacial tension between the two aqueous
phases (Figure 1) and the contact angle formed on the surface
of the particle at the interface of the two phases (Figure Sb) is
required.

We developed an alternative method for the determination of
contact angles at the interface of the two aqueous phases and a
single cell shown in Figure Sb schematic. A monolayer of
A431.H9 cells or mESCs was immersed in the aqueous PEG
phase. Then a drop of the aqueous DEX phase was dispensed
on cells. A typical sessile drop of the DEX phase on cells
immersed in the PEG phase is shown in Figure 6a. To estimate
contact angles of ATPS drops, we first captured side view
images of ATPS drops (Figure 6b). Then we used an
automated polynomial fitting technique that uses a standard
Canny edge detection method to extract the drop profile and fit
a polynomial to each half of the drop profile (Figure 6¢).”
Contact angle was computed as the tangent to the polynomial
at the surface. The contact angle of each drop was determined
as the average of right and left contact angles. This process was
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repeated for five drops to determine an average contact angle
with each two-phase system on cells (Figure 6d). With both cell
types, increase in contact angles correlates with the increase in
the TLL. With all four systems, a smaller contact angle was
measured on mESCs indicating that these cells have a more
hydrophilic surface compared to A431.H9 cells. In addition,
despite a significant difference in the interfacial tensions of the
last three systems, measured contact angles only showed a
modest increase. We ensured the validity of these data by
contact angle measurements with these four two-phase systems
on a bare glass substrate that resulted in a similar trend in
contact angles (Figure SI-2).

Next, changes in free energy for cell displacement in each of
the two-phase solutions (AU) were calculated from eq 7 and
plotted versus the position vector Z in Figure 7. Below, results
are discussed for each of the two cell types.
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1
2
b — 93 w/m :
— —_— 228 /m? I
& 2 !
= ——— 440 p)/m? :
=
2! i
ol
"Il A431.H9
: ! x10'
.2 L | | L | L | I , >
25 2 1.5 E 0.5 0 0.5 1 1.5 2
Distance, Z (m)
7
6 x10
(b) !
5  =— 30u/m? :
4l —— 93w/m? !
- gl —— 228p/m? '
o 1
x — a40p/m? h
> 2 !
< gt i
or 1
AH f
mESC b 104
-2 1 1 1 1 1 L 1 1 1 >
25 2 1.5 K 0.5 0 0.5 1 1.5 2

Distance, Z (m)

Figure 7. Variations in the free energy associated with displacing a cell
particle of 10 ym radius in four two-phase systems calculated based on
the theoretical model of eq 7 and measured ultralow interfacial
tensions of ATPS and contact angles at the interface of two aqueous
phases measured with (a) A431.H9 cancer cells and (b) mESCs.
Colors represent these four systems of different interfacial tensions
shown in the legend. Free energy is scaled to KzT = 4.142 X 107! J at
T = 300 K. The dashed line shows the location of the interface. This
model predicts partition of cells to a specific phase or interface based
on minimum free energy.

The A431.H9 cells (Figure 7a): With the first system that has
the smallest interfacial tension of 30 ﬂ]/mz, the minimum
energy happens when the particle locates in the bottom phase.
Displacing the particle from its initial position to the interface
or the top phase will increase the energy. Therefore, the particle
tends to partition to the bottom phase that is energetically
favored. Experimentally, cells primarily partitioned to the
bottom phase of this two-phase solution and showed a large
partition coefficient of 88% (Figure 2c), consistent with the

modeling prediction. For the system with an interfacial tension
of 93 uJ/m?, the minimum energy corresponds to the interface
and toward the bottom phase, increasing the propensity of
particle entrapment at the interface. This is in agreement with
the experimental results that showed a significant increase in
the partition of cells to the interface in this two-phase solution
(Figure 2c), and a decrease of the partition coefficient to 34%.
With the two systems with larger interfacial tensions of 226 and
440 pJ/m?, the minimum energy happened at the interface of
the two phases. Experimentally, the partition coefficient in
these systems dropped to only 24%. However, the number of
cells entrapped at the interface remained more or less constant,
but more cells partitioned to the top phase.

The mESCs (Figure 7b): Modeling the partition behavior
based on properties of mESCs shows that with the system of
My, = 30 uJ/m?* the minimum free energy occurs when the

particle is in the bottom phase. This reasonably correlates with
the experimental partition coefficient of 58% (Figure 2d). With
the second system, the minimum energy level is identical when
the particle locates in the bottom phase and the interface.
Experimentally, this was associated with an increase in the
number of cells partitioned to the interface, and over 77% of
cells were found at the interface and bottom phase of this
system (Figure 2d). With increase in y, to 226 uJ/m’

interfacial cell partition results in minimum free energy.
Compared to the second two-phase system, the number of
cells at the interface doubled and increased to 59%. The
minimum energy is still obtained with the particle partitioning
to the interface of the system with 7, = 440 yJ/m> This is in a

reasonable agreement with our measurements showing that
63% of cells collected at the interface and that the remaining
distributed between the top and bottom phases.

Although the largest partition coeflicient for both cell types
was obtained with the system of y,; = 30 uJ/m?, mESCs

showed a partition coefficient 30% smaller than that of
A431.H9 cells in this system. It appears that a very small
interfacial tension primes cells to partition to the bottom phase
of ATPS, but other factors further affect this process.”® For
example, our contact angle measurements showed that mESCs
have a more hydrophilic surface than A431.H9 (Figure 6d).
Considering Young’s eq 6 provides a plausible explanation: The
interfacial tension has a constant value of 30 4J/m? in the first
two-phase system. A smaller contact angle with mESCs will
cause an increase in the left-hand side of the Young equation.
This increase must be balanced by an increase in the difference
Ypl, — Yplp, Where I, and I; denote aqueous PEG and DEX

phases, respectively. This implies stronger interactions between
the aqueous PEG phase and mESCs, compared to the aqueous
PEG phase—A431.H9 cells interactions. As a result, a more
even distribution of mESCs between aqueous PEG and DEX
phases of this two-phase system is expected. This conclusion is
consistent with experimental cell partition data (cf. Figure
2¢,d).

In addition, examining the free energy curves for displace-
ment of A431.H9 cells in the two-phase systems (Figure 7c)
shows a shift in minimum free energy from cells partitioned to
the bottom phase of the first system to cells partitioned to the
interface of the second system. This explains the significant
increase of 44% in the partition of A431.H9 cells to the
interface when comparing these two systems. With mESCs, this
minimum free energy shift is observed from the second to the
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third system (Figure 7d), elucidating the 53% increase in the
number of cells partitioned to the interface.

Overall, this thermodynamic model utilized experimental
values reflecting the properties of polymeric aqueous phases
and cells to provide a fundamental understanding of the
interfacial tension effect on cell partition in aqueous two-phase
systems.

B CONCLUSIONS

We presented an experimental study of partition of cells in
polymeric aqueous two-phase systems (ATPS) and demon-
strated that interfacial tension between the equilibrated phases
plays a major role on distribution of A431.H9 cancer cells and
mESCs between the two phases and their interface. With PEG
and DEX of specific properties used as phase-forming polymers,
an interfacial tension of 30 uJ/m? resulted in the partition of
cells primarily to the bottom phase. In this two-phase system,
partition of cancer cells to the bottom phase was more
significant compared to mESCs. Increasing the interfacial
tension through systematic increase in the concentration of
polymers shifted cells more toward the interface. A validation
study was conducted to demonstrate that a very small
interfacial tension was crucial for successful formation of a
compact spheroid of cancer cells in the bottom phase drop
immersed in the top phase solution. To fundamentally
understand this phenomenon, we developed a thermodynamic
model to predict free energy changes associated with
displacement of cell particles in a two-phase system. This
theoretical model suggested that in the system with the smallest
interfacial tension of 30 uJ/m? the free energy was a minimum
when the particle located in the bottom phase. With an increase
in the interfacial tension, the minimum free energy state shifted
toward the interface, increasing the propensity for cell particles
to partition to the interface, corroborating with our
experimental observations with two different types of cells.
Our data suggested that the shift in cell partition to the
interface depended on surface properties of cells. With more
hydrophilic mESCs, this occurred at larger interfacial tensions.
Future developments of this experimental and theoretical study
will provide a more complete picture of cell partition in ATPS
by considering the influence of other factors including a diverse
set of cells with different size and surface properties and at
different stages of cell cycle, molecular weights of polymers,
ionic composition of aqueous phases, and temperature and pH
of separation medium.
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