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The phase separation of incompatible liquids has been a topic of significant importance 
in chemical and industrial engineering for many years. Well-understood examples 
of this phenomenon include the phase separation of oil with water and the phase 
separation of non-polar organic solvents with water. Similar behavior is observed 
when aqueous solutions of two or more incompatible polymers or polymers and 
salts are mixed. In these mixtures (referred to as aqueous two-phase systems), the 
separated phases are composed mostly of water. Aqueous two-phase systems have 
been used extensively for the extraction of high-value biological products from 
mixtures of biological materials.

In recent years, aqueous two-phase systems have also found increased use as 
materials for streamlining and improving the capabilities of cell and molecular 
assays, and for the design of advanced cell culture systems. Similar behavior of 
biological materials in living systems has also been observed, with emerging roles 
in cell physiology.
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Collagen Partition in Polymeric
Aqueous Two-Phase Systems for
Tissue Engineering
Sunil Singh and Hossein Tavana*

Department of Biomedical Engineering, The University of Akron, Akron, OH, United States

Aqueous two-phase systems (ATPS) of polyethylene glycol (PEG) and dextran (DEX) are

commonly used to partition proteins. Protein partition in ATPS is a complex phenomenon

and depends on factors includingmolecular weight of polymers, and electrochemical and

ionic properties of the phases. We studied the effect of polymer molecular weight on the

partition of a natural protein, collagen, in several ATPS formulations made with non-ionic

polymers polyethylene glycol (PEG) and dextran (DEX). We found that partitioning of

collagen to an aqueous phase significantly increases when the molecular weight of the

corresponding phase polymer decreases. Additionally, a large difference between the

molecular weight of the phase-forming polymers was necessary to cause a significant

uneven collagen distribution between the aqueous phases. We then employed one of

the systems to create a three-dimensional breast cancer microtissue by entrapping a

spheroid of breast cancer cells within the partitioned collagen. This convenient technique

to generate 3D microtissues offers a convenient and promising approach for tissue

engineering applications.

Keywords: collagen, partition, ATPS, spheroid, 3D culture

INTRODUCTION

Aqueous two-phase systems (ATPS) may be formed by mixing aqueous solutions of two chemically
incompatible polymers (Albertsson, 1961). Polyethylene glycol (PEG) and dextran (DEX) are the
most commonly used polymers to form ATPS. Each ATPS has a characteristic phase diagram with
a binodal curve that prescribes pairs of concentrations of polymers to result in two immiscible
phases. Only polymer concentrations above the curve give a two-phase system. Separation of two
distinct aqueous layers by an interface is visible and becomes more distinct by increase in the
interfacial tension between these two phases (Atefi et al., 2014, 2015). ATPS are used for separation
of biomolecules such as cells (SooHoo and Walker, 2009), proteins (Johansson, 1970), and nucleic
acids and organelles (Walter and Larsson, 1994). High water content and low interfacial tensions
of ATPS are key properties to provide a mild environment for sensitive biomolecules.

Partitioning of proteins to either phase of an ATPS is a complex process (Schmidt et al., 1994).
Proteins may favor one of the phases of an ATPS or partition toward the interface. Distribution
of protein molecules may be manipulated by altering the molecular weight of the polymers,
concentration of polymers, ionic strength of the aqueous solutions, pH, and hydrophobicity of
the polymers. For example, amylase partitioning to the top phase improved by adding salt to the
aqueous solutions (Li et al., 2002). Using charged PEG increased partitioning of penicillin acylase
from E. coli to the top phase in an ATPS (Gavasane and Gaikar, 2003). It was recently shown that
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collagen partitions to the interface of aqueous PEG and DEX
phases and this was used to generate cell-containing collagen
microdrops to mimic matrix contraction (Moraes et al., 2013).

Our goal was to localize collagen to one phase, rather than to
the interface, to conveniently form collagen microgels in ATPS.
To demonstrate the feasibility of partitioning of collagen to the
bottom DEX phase, we conducted experiments with two-phase
systems of different molecular weights of PEG and DEX. Then,
we selected a system that favors partition of collagen to the DEX
phase and entrapped a spheroid of breast cancer cells in the
partitioned collagen in the DEX phase. The resulting microtissue
morphologically resembles solid breast tumors where a mass of
cancer cells resides in a protein matrix (Ham et al., 2016b). This
novel approach will enable future studies in tumor biology and
antitumor drug discovery.

MATERIALS AND METHODS

Preparation of Aqueous Two-Phase
Systems
Several ATPS were prepared with polyethylene glycol (PEG)
(Sigma) and dextran (DEX) (Pharmacosmos). Two different
molecular weights of PEG (8kDa & 35kDa) and DEX (40kDa
& 500kDa) were used to prepare four ATPS: PEG8k-DEX40k
(system A), PEG8k-DEX500k (system B), PEG35k-DEX40k
(system C), and PEG35k-DEX500k (system D). From each
system, different stock concentrations of PEG and DEX solutions
were used to form three sets of two-phase systems: 15% PEG-
21% DEX, 18% PEG-24% DEX, and 24% PEG-32% DEX.
All concentrations of aqueous PEG and DEX solutions were
calculated in %(w/v). Polymers were dissolved in a complete
growth medium. To facilitate complete dissolution of polymers,
the solutions were kept in a 37◦C water bath for four hours and
mixed using a vortex for two min every 30min. All PEG and
DEX solutions were filtered through syringe filters of 0.2µmpore
size to remove small particles and impurities. Resulting polymer
solutions were stored at 4◦C.

Construction of Binodal Curves
Binodal curves for systems A, B, C, and D were constructed
using a titrationmethod (Albertsson and Tjerneld, 1994). Various
ATPS were prepared in a complete growth medium in 1.5mL
microcentrifuge tubes from stock PEG and DEX solutions.
Medium was added to each ATPS in 5 µL increments until
the interface between the top and bottom phases disappeared.
Concentrations of the polymers prior to formation of one phase
were determined and used to construct a binodal curve.

Cell Culture
BT474 breast cancer cells were obtained fromATCC and cultured
in RPMI 1640 medium (Sigma) supplemented with 10% fetal
bovine serum (FBS) (Sigma), 1% antibiotic (Thermo Fisher
Scientific), 0.1µM sodium pyruvate (Thermo Fisher Scientific),
1µM nonessential amino acids (Thermo Fisher Scientific), and
0.1mM Hepes buffer (Thermo Fisher Scientific). Cells were
cultured in a humidified incubator at 37◦C and 5% CO2 in
a T75 flask (Thermo Fisher Scientific). BT474 cells grew in

multilayer patches. Cells were rinsed with phosphate buffered
saline (PBS) (Sigma) and detached using 0.25% trypsin (Thermo
Fisher Scientific) for cell seeding and passaging. Cells were sub-
cultured at a ratio of 1:3.

Preparation of Collagen Solution
A stock solution of type I rat tail collagen (Corning) with a
concentration of 8.56 mg/ml dissolved in 0.02N acetic acid
was diluted to desired concentrations using the manufacturer’s
protocol. For example, 1mL of 4 mg/ml collagen solution was
prepared by mixing 100 µL 10X DMEM medium, 422 µL sterile
distill water, 467 µL collagen stock solution, and 11 µL 1N
NaOH solution. All the reagents were kept on ice during collagen
preparation to maintain the temperature at 4◦C and prevent
premature gelation of collagen. The pH of the solution was
measured by a pH meter (Mettler Toledo) and maintained at 7.5.
Prepared collagen solutions were stored at 4◦C for a maximum of
1 h before use.

Partition of Collagen in ATPS
Collagen partition experiments were performed with systems
A-D in serum-free RPMI. From each system, three combinations
were used: 15% PEG-21% DEX, 18% PEG-24% DEX, and 24%
PEG-32% DEX. Equal volumes (200 µL) of a PEG solution, a
DEX solution, and a 2 mg/ml type I collagen solution were mixed
in a 1.5mL microcentrifuge tube. The mixture was equilibrated
at 4◦C for 60min to allow collagen to partition between the
two phases and a clear interface form. Because collagen partition
experiments were conducted with equal volumes of PEG, DEX,
and collagen solutions, the resulting concentrations of PEG and
DEX in each system in the partition assay reduced to 5% PEG-7%
DEX, 6%PEG-8%DEX, and 8%PEG-10.6%DEX. Four replicates
were used for each system. From each tube, the top phase solution
was pipetted out first followed by the bottom phase solution.
Samples were stored in separate microcentrifuge tubes.

Hydroxyproline Assay
Collagen concentration in the bottom phase of each system
was quantified using a hydroxyproline assay (Sigma). Briefly,
equal volumes of the sample and concentrated hydrochloric acid
(∼12M HCl) were mixed in a Teflon-capped glass vial (Taylor
Scientific). Next, the solution was hydrolyzed at 110◦C in a hot
air oven (Binder) for 16 h. Then, the vial was cooled down to
room temperature and the hydrolyzed solution was transferred
into a 1.5mL centrifuge tube. The tube was centrifuged at 180 rcf
for 10min. Next, 10 µL of the supernatant was transferred into a
flat-bottom 96-well plate. The plate was incubated in a 60◦C oven
with the lid on for 2 h for complete drying of the sample. Each
sample was spiked with 0.4 µg of hydroxyproline standard to
remove absorbance interference from endogenous compounds.
Hydroxyproline standards were also run simultaneously to
obtain a standard curve. To each well, 6 µL of chloramine T
concentrate and 94 µL of an oxidation buffer was added. The
plate was incubated at room temperature for 5min. Then, 50
µL of 4-(dimethylamino)benzaldehyde concentrate and 50 µL
of perchloric acid were added. The plate was incubated at 60◦C
for 90min and absorbance was measured at 560 nm using a plate
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reader (SynergyH1M) (Biotek Instruments). The hydroxyproline
standard curve was used to determine the hydroxyproline
amino acid content in the sample. The collagen content was
approximated by multiplying the resulting value by a factor of
7.69 (Neuman and Logan, 1950).

Cancer Cell Spheroid Formation
BT474 cancer cell spheroids were formed using ATPS technology
(Atefi et al., 2014). PEG35k and DEX500k were used to form
the spheroids. Aqueous PEG phase solution of 6.6% (w/v) and
DEX phase solution of 3.2% (w/v) were prepared separately
in a complete growth medium (Atefi et al., 2014). BT474 cells
were mixed thoroughly with the DEX phase solution to form
a cell suspension with a density of 50 × 103 cells/µL. Next,
30 µL of the PEG solution was loaded into a round-bottom,
ultralow attachment 384-well plate (Corning). A 0.3 µL drop
of the DEX phase containing 15 × 103 cells was dispensed into
each well using a robotic liquid handler (SRT Bravo) (Agilent
Technologies). The plate was incubated at 37◦C for 24 h to allow
formation of a spheroid in each DEX phase drop within each
microwell. Phase contrast images of spheroids were captured
using an inverted fluorescence microscope (Axio Observer A1)
(Zeiss).

Embedding Cancer Cell Spheroids in
Partitioned Collagen
Aqueous DEX500k phase solution of 14% (w/v) was prepared in
a complete growth medium and mixed with an equal volume
of 4 mg/ml collagen solution to obtain a solution of 7% (w/v)
DEX and 2 mg/ml collagen. After BT474 spheroids formed,
10 µL of the collagen-DEX solution was dispensed into each
well containing the spheroids submerged in the PEG solution.
These concentrations of PEG, DEX, and collagen were selected
to replicate partition of 2 mg/ml collagen in a PEG-DEX system
of 5% (w/v) PEG-7% (w/v) DEX system. The 384-well plate
containing spheroids was maintained at 4◦C for 30min before
dispensing the collagen-DEX solution. Again, the robotic liquid
handler was used for uniform dispensing of the solution. The
384-well plate was kept on an ice tray for 60min to allow collagen
partitioning take place and another 30min in room temperature.
Then, the plate was incubated at 37◦C to allow the collagen to gel.
The 384-well plate was not transferred directly from 4◦C to 37◦C
incubator to prevent potential thermal shock to cells.

Statistical Analysis
Data from the experiments were expressed as mean ±

standard error. Two-way ANOVA with Bonferroni post hoc tests
(MINITAB) were used to compare means among experimental
groups. Each group had at least n = 4 replicates. Statistical
significance was defined at p < 0.05.

RESULTS AND DISCUSSION

Characterization of ATPS
We constructed binodal curves for four systems A-D made with
different molecular weights of PEG and DEX using a titration
method (Figure 1) (Atefi et al., 2016). Each curve represents

critical concentrations of phase-forming polymers above which
two distinct aqueous phases formed. Construction of binodal
curves was necessary to determine working concentrations of
the polymers to give two-phase systems. We selected the stock
concentrations of PEG and DEX (15% PEG-21%DEX, 18% PEG-
24% DEX, and 24% PEG-32% DEX) because two-phase solutions
made at these concentrations contained equal volumes of PEG-
rich top phase and DEX-rich bottom phase, making it convenient
to measure volume of each phase during partition experiments.
This also allowed visual comparison of partition of collagen in the
bottom phase of two-phase systems made with the three sets of
concentration pairs in each system A-D. As expected, the binodal
curve was more asymmetric when the difference in molecular
weights of PEG and DEX polymers increased (Atefi et al., 2016).
System C had the most symmetric binodal curve, whereas system
B had the most asymmetric binodal curve (Figure 1).

Measurements of Collagen Concentration
Using Hydroxyproline Assay
We quantified collagen content in samples using a commercially
available hydroxyproline assay kit. To assess the accuracy of
the assay, we prepared known concentrations (1, 2, 3, 4, 6,
and 8 mg/mL) of collagen standards in serum-free RPMI
medium to avoid interference of serum proteins with the
hydroxyproline amino acids present in the collagen standards.
We acid hydrolyzed collagen standards for 16 h and determined
the protein concentration. The result in Figure 2B shows a strong
correlation between the actual collagen concentrations used
in the experiment and the measured collagen concentrations,
indicating that this assay can precisely predict collagen
concentration in sample solutions. Importantly, we generated
hydroxyproline standard curves using distilled water, and PEG
and DEX solutions and showed that polymers do not cause
interference in the absorbance signal from the samples when
quantifying collagen concentration in an aqueous polymeric
solution (Figure S1).

Collagen Partition in ATPS
We performed collagen partition experiments with systems A-
D. We mixed equal volumes of PEG solution, DEX solution,
and collagen solution in a microcentrifuge tube, equilibrated
the mixture at 4◦C, and transferred top and bottom phase into
separate vials (Figure 2A). From each system, we selected three
pairs of concentrations of aqueous phases: 15% PEG-21% DEX,
18% PEG-24% DEX, and 24% PEG-32% DEX. The resulting
polymer concentrations in the collagen partition assay were 5%
PEG-7% DEX, 6% PEG-8% DEX, and 8% PEG-10.2% DEX,
respectively (Figure 1). These pairs located above the binodal
curve and resulted in two-phase systems which we visually
confirmed by observing a clear interface. We defined a partition
coefficient (Kc) as the ratio of collagen concentration in bottom
phase and the total collagen concentration used in each assay, i.e.,

Kc =
Collagen concentration in bottom phase

Total collagen concentration
×100%
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FIGURE 1 | Binodal curves of four systems made with different molecular weights PEG and DEX: (A) PEG8k-DEX40k, (B) PEG8k-DEX500k, (C) PEG35k-DEX40k,

and (D) PEG35k-DEX500k. Colored symbols show the resulting concentrations of PEG and DEX in the partition assay; square: 5%PEG-7%DEX, triangle:

6%PEG-8%DEX, and circle: 8%PEG-10.2%DEX.

FIGURE 2 | (A) Schematic of collagen partition experiment in ATPS. (B) Quantification of collagen concentration using hydroxyproline assay. Error bars represent

standard deviations. (C) Collagen partition assay containing equal volumes of 15% PEG35k, 21% DEX500k, and 2 mg/ml collagen results in formation of 5% PEG-7%

DEX ATPS.

Figure 2C shows an image from a collagen partition assay using
the 5% PEG-7% DEX pair of system A. A distinct interface
between the PEG-rich top phase and DEX-rich bottom phase is
clear. This two-phase system gave a collagen partition coefficient
of 61± 3%.

Figure 3 shows partition coefficients of collagen in systems
A-D, using three concentration pairs from each system: 5%

PEG-7% DEX, 6% PEG-8% DEX, and 8% PEG-10.2% DEX. In
the 5% PEG-7% DEX pair, collagen partition coefficient was the
highest in system A (61 ± 3%). When the molecular weight of
DEX increased to 500 kDa but the molecular weight of PEG was
kept constant (system B), the partition coefficient significantly
decreased to 33 ± 4%. Increasing the molecular weight of PEG
from 8 kDa in system B to 35 kDa in system D but keeping
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FIGURE 3 | Collagen partition coefficient (Kc) in four different systems using

5% PEG-7%DEX, 6% PEG-8% DEX, and 8% PEG-10.2% DEX concentration

pairs. n = 4, *p < 0.05 (ANOVA with Bonferroni post-hoc test).

the molecular weight of DEX constant at 500 kDa significantly
increased the partition coefficient to 58 ± 2%. With systems
A-D, we obtained similar results using 6% PEG-8% DEX and 8%
PEG-10.2% DEX pairs of concentrations.

These results suggest that collagen partition in ATPS is
highly sensitive to molecular weight of phase polymers. That is,
reducing molecular weight of a polymer increases the propensity
of collagen to partition to the aqueous phase of that polymer.
This finding is consistent with a previous report that proteins
in non-ionic ATPS attract to the aqueous phase with smaller
polymer molecules if all other conditions such as polymer
concentration, temperature, and salt concentrations are kept
constant (Albertsson et al., 1987). Another interesting finding
contrary to the above conclusion emerged from our results. That
is, increasing PEG molecular weight from 8 kDa in system A to
35 kDa in system C but keeping DEX molecular weight fixed at
40 kDa decreased the partition coefficient by 8%. However, when
PEG molecular weight increased from 8 kDa in system B to 35
kDa in system D but DEX molecular weight was fixed at 500
kDa, the partition coefficient significantly increased again. These
results suggest that the above rule about the effect of molecular
weight of phase polymers on significant uneven partition of
collagen between the two aqueous phases is valid only when there
is a large difference between molecular weights of the polymers.
Finally, comparing results among the three pairs of PEG andDEX
in a specific system, i.e., 5% PEG-7%DEX, 6% PEG-8%DEX, and
8% PEG-10.2% DEX, showed no statistical difference in collagen
partition coefficient (Figure 3).

Collagen Partitioning in ATPS for Tumor
Tissue Engineering
A previous study showed that collagen primarily partitions to
the interface of ATPS (Moraes et al., 2013). This property was
used to generate low-volume collagen microdrops (<10 µL) that
mimicked matrix contraction in tissue environments. Here, we
demonstrated the utility of collagen partitioning to the DEX
phase of ATPS by creating a 3D microtissue. In our study, we

quantitatively showed improved partition of collagen to DEX
phase of several ATPS. We selected system D with 5% PEG-
7% DEX because our preliminary experiments and previous
work showed that the PEG35k-DEX500k ATPS (system D) gives
consistently-sized and compact spheroids over wide range of
polymer concentrations compared to other ATPS used (Ham
et al., 2016a). From this ATPS, we used the 5% PEG-7% DEX
pair because it gave a similar collagen partition coefficient to
those from the 6% PEG-8% DEX and 8% PEG-10.2% DEX pairs
(Figure 3) but at lower concentration of the polymers that is
preferable for cellular applications with ATPS (Tavana et al.,
2009; Atefi et al., 2014). After a spheroid formed in each well
of a 384-well plate, we dispensed 10 µl of the DEX solution
containing collagen to the wells containing spheroids on the
well-bottom submerged in the PEG phase solution (Figure 4a).
Because the DEX phase is denser than the PEG phase, it sank
to the bottom of the wells. Due to the propensity of collagen
toward the DEX phase, it remained in the DEX phase during
incubation. We confirmed confinement of collagen to the DEX
phase by dispensing equal amounts of the PEG and DEX phases
and collagen in a PCR tube (Figure 4b). Incubating the plate
at 37◦C led to the gelation of collagen that surrounded the
spheroid (Figure 4c). We visually confirmed that the spheroid
was embedded in collagen by performing this assay in a PCR
tube (Figure 4d). Additionally, we removed the gelled collagen
from the wells and mounted them on a glass slide for imaging
(not shown).

Collagen embedding of spheroids has been previously done
using different approaches. For example, after forming spheroids
using a rocking method, spheroids were transferred into a
well plate and then overlaid with a collagen solution (Liang
et al., 2011). Liver cell spheroids were formed using a hanging
drop method and transferred into a well plate containing a
collagen solution to produce 3D collagen gel cultures (Yip and
Cho, 2013). These methods of forming spheroids have several
limitations such as medium evaporation from the hanging drops
and difficulty of handling the hanging drop culture plates,
and inconsistently-sized spheroids made with the plate rocking
technique (Lemmo et al., 2014). More importantly, spheroids
have to manually be transferred to another plate and the medium
has to be removed before the collagen solution is dispensed
onto the spheroids. This approach is labor-intensive and risks
losing the spheroid during aspiration of medium. Unlike these
methods, our method eliminates the tedious steps of transferring
spheroids to a new plate and medium aspiration. We used
the same ATPS formulation both to prepare spheroids and to
partition collagen to embed the spheroids. The entire process
was done in two pipetting steps (Figure 4a): First, a DEX
phase drop containing cancer cells was dispensed into the PEG
phase to form a spheroid in the drop phase. Then, a collagen-
containing DEX phase drop was dispensed to merge with the
spheroid containing drop and form a hydrogel that entrapped the
spheroid. This approach significantly simplified the preparation
of microtissues. Additionally, because partitioning of proteins
in ATPS is independent of polymer concentrations (Albertsson,
1970), this approach can conveniently produce collagen gels
of desired concentrations to reproduce mechanical properties
of tumors in vivo (Plodinec et al., 2012), matrix stiffness and
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FIGURE 4 | (a) Schematic representation of spheroid formation and embedding in a collagen gel using ATPS in two pipetting steps. (b) A solution of 5 µL 14% DEX

500k and 5 µL 4 mg/ml collagen solution was dispensed into 30 µL of a 6.6% PEG 35k solution. Collagen gelled in the bottom phase during incubation. (c,d) Top

and side views of a BT474 spheroid embedded in a collagen gel partitioned to the DEX phase.

porosity (Miron-Mendoza et al., 2010), and collagen permeability
(Ramanujan et al., 2002). Our quantitative results of partition of
collagen in ATPS (Figure 3) is key to facilitate this approach. This
also allows us to produce hydrogels of different sizes and stiffness
values simply by changing the volume of the DEX phase drops
containing desired concentrations of collagen. This simplified
approach is especially a major advantage for high throughput
applications such as cancer drug screening (Shahi Thakuri et al.,
2016). Encapsulating spheroids using collagen partitioning in
ATPS is a novel technique to develop an in vitro 3D tumor
model. More complex tumor models can also be conveniently
developed by including other cellular components of tumor
microenvironment such as fibroblasts and immune cells (Balkwill
et al., 2012; Ham et al., 2016b, 2018).

CONCLUSIONS

We used a quantitative approach to establish that collagen
partitioning in polymeric ATPS is highly sensitive to polymer
molecular weight. Using this property, we improved partitioning

of collagen to the DEX phase of a PEG-DEX ATPS and employed
this approach to conveniently develop physiologically-relevant
in vitro 3D breast tumor models. This new technique will

enable future studies to investigate the impact of components
of tumor microenvironment on different functions of cancer
cells.
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Aqueous two-phase systems (ATPS) have been reported as an attractive biocompatible

extraction system for recovery and purification of biological products. In this work,

the implementation, characterization, and optimization (operational and economic) of

invertase extraction from spent brewery yeast in a semi-automatized pilot plant using

ATPS is reported. Gentian violet was used as tracer for the selection of phase

composition through phase entrainment minimization. Yeast suspension was chosen as

a complex cell matrix model for the recovery of the industrial relevant enzyme invertase.

Flow rates of phases did not have an effect, given that a bottom continuous phase is

given, while load of sample and number of agitators improved the recovery of the enzyme.

The best combination of factors reached a recovery of 129.35± 2.76% and a purification

factor of 4.98 ± 1.10 in the bottom phase of a PEG-Phosphate system, also resulting

in the removal of inhibitor molecules increasing invertase activity as reported by several

other authors. Then, an economic analysis was performed to study the production cost

of invertase analyzing only the significant parameters for production. Results indicate

that the parameters being analyzed only affect the production cost per enzymatic unit,

while variations in the cost per batch are not significant. Moreover, only the sample load is

significant, which, combined with operational optimization results, gives the same optimal

result for operation, maximizing recovery yield (15% of sample load and 1 static mixer).

Overall res ults of these case studies show continuous pilot-scale ATPS as a viable and

reproducible extraction/purification system for high added-value biological compounds.

Keywords: aqueous two-phase system, biosolve, invertase, operational parameters, pilot plant, spent yeast

INTRODUCTION

With the improvement in recombinant technologies, great progress has been taking place in the
upstream processes of bioproducts manufacturing. However, with the increasing of cell culture
titers the downstream processing capacity arises as a bioprocessing bottleneck (Lowe, 2001;
Rosa et al., 2010; Langer, 2011; Straathof, 2011; Dizon-Maspat et al., 2012; Sabalza et al., 2014).
The currently available purification technology typically include unit operations with limited
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operational windows or scaling up drawbacks, besides the use
of high cost equipment (Xu et al., 2003; Aguilar et al., 2010;
Rosa et al., 2011; Goja et al., 2013). This has promoted the
development and implementation of alternative, easily scalable
extraction procedures and purification systems that allow higher
throughputs.

During the last decades, several research groups have
consistently reported the advantages that aqueous two-phase
systems (ATPS) possess as an extraction/purification technique:
they show biological compatibility, high load capacity, scale-up
easiness and continuous operation, among others (Raghavarao
et al., 2003; Benavides and Rito-Palomares, 2008; Rosa et al., 2010;
Asenjo and Andrews, 2012)]. There are some works on semi-
continuous/pilot plant ATPS (Minuth et al., 1997; Huenupi et al.,
1999; Kepka et al., 2003; Igarashi et al., 2004; Rosa et al., 2009;
Sutherland et al., 2011), however, most of the practical attempts
to apply ATPS have been carried out in batch mode or at bench
scale. This makes continuous operation at pilot scale an open
research area for the implementation of ATPS processes (Rosa
et al., 2010; Benavides et al., 2011; Espitia-Saloma et al., 2014).
Continous operation is acknowledged for its positive impact in
processing time, costs and yields, having the potential to make
bioproducts economically competitive at larger scales (Igarashi
et al., 2004; Benavides et al., 2011). Conventional equipment used
by the chemical industry for organic-aqueous extraction, such as
column contactors, has been mostly employed for large-scale and
continuous ATPS applications (Cuhna and Aires-Barros, 2002).
However, the study of alternative equipment configurations
such as mixer settlers and the development of novel separators
for different ATPS variants, bioproducts and physicochemical
characteristics could increase the interest toward the industrial
implementation of continuous ATPS-based processes (Cuhna
and Aires-Barros, 2002; Benavides and Rito-Palomares, 2008;
Torres-Acosta et al., 2016). Recently, Vázquez-Villegas et al.
(2011), proposed a novel mixer-settler device for continuous
ATPS operation at bench scale. It is based on a tubular reactor
approach with a large and adjustable length/diameter ratio to
control settling time and separation of phases (Vázquez-Villegas
et al., 2011).

Pilot plant studies, are of noteworthy value in the development
of new processes, since they allow the study, in an efficient and
relatively economic way, of different technical aspects (operation
conditions, design parameters, construction materials, corrosion,
and operational procedures) essential for any industrial process.
The objective of this work is to present a continuous ATPS-
based process at pilot plant level, and evaluate its operational and
economic performance for the extraction of invertase from spent
brewery yeast.

MATERIALS AND METHODS

Chemicals and Biological Material
Polyethylene glycol with molecular weight of 1,000 Da
(PEG1000) was purchased from Avizor Química (Monterrey,
Mexico). Gentian violet (GV) and bovine serum albumin
(BSA) were obtained from Sigma Aldrich (St. Louis, MO, USA).
Monobasic and dibasic potassium phosphate and other analytical

grade reagents were purchased fromDesarrollo de Especialidades
Químicas (DEQ, Monterrey, Mexico). Spent brewery yeast was
kindly donated by Cervecería Cuauhtémoc-Moctezuma, S.A. de
C.V (Nuevo León, México).

Spent Brewer’s Yeast Preparation

Spent brewer’s yeast, directly obtained from brewery, was
centrifuged at 4,300 rpm at 4◦C for 10min (Thermo Scientific
IEC CL40R, WaltHam, USA). The supernatant was discarded.
The biomass was resuspended (40% w/v) in 50mM phosphate
buffer at pH 7. Cell disruption was accomplished in a bead
mill with 0.5mm glass beads (Dyno Mill-Multi Lab, Muttenz,
Switzerland). The grinding chamber was initially filled with a
50% v/v bead load and the biomass was fed with a peristaltic
pump (Watson–Marlow 323 S/D) at 5 mL/min and recirculated
for 15min. Temperature was kept constant at 4◦C. The disrupted
cell suspension was directly loaded into the ATPS.

Preparation of ATPS
Two basic ATPS compositions were studied for their influence
in performance of the pilot plant based on previous experiences,
System 1: 17% w/w PEG 1000 and 15.2% w/w potassium
phosphates and System 2: 14% w/w PEG 1000 and 18% w/w
potassium phosphates. In all the cases the potassium phosphates
mixture was composed of a 1.82:1 dibasic and monobasic
potassium phosphates ratio to obtain a pH of 7. For the stock
solutions, potassium phosphate and PEG 1000 were weighed
separately and mixed with the appropriate amount of distilled
water until complete dissolution.

Batch ATPS
In order to compare the performance of the continuous system,
ATPS batch systems were prepared with the same volume and
composition as the total processed volume in the pilot plant
continuous system (9 L of bottom phase and 3 L of top phase).
The sample was pre-dissolved in the total initial bottom phase at
the same concentration as the one employed in the continuous
system. Afterwards, the top phase was added and the system
was stirred for 10min. At the end of the mixing stage samples
from the top and bottom phases of the batch system were taken
manually from the middle of each phase bulk every minute.

Pilot Plant Configuration and Operating
Procedure
The pilot plant prototype was manufactured in stainless steel
by Patmon Automatización (Nuevo León, México). As shown
in Figures 1A,B it consists of 5 main stages: ATPS formulation
and storage of feeding stocks, a series of in-line static mixers
(adaptable from 1 to 4 static mixers), an adaptable length
polyurethane tubular coalescer (6.5m long), a liquid-liquid
gravity separator with three outlets for recollecting top, bottom
phase and interface and three final phase storage tanks. Phases
and sample are fed with three digital solenoid dosing metering
pumps with maximum capacity of 1.5 L/min (Tekna Evo, Seko
GmbH, Kastel, Germany). The static mixers are conformed
of acrylic cylindrical columns with a stainless steel screw and
nut packing. The gravity separator consists of a rectangular

Frontiers in Chemistry | www.frontiersin.org 2 October 2018 | Volume 6 | Article 45413

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Vázquez-Villegas et al. Continuous ATPS for Enzyme Recovery

FIGURE 1 | Front view of the pilot plant configuration (A). Top view diagram

(B) showing the main elements: Feeding tanks (T1, T2, T3, T4), Pumps (P1,

P2, P3), Static mixers (M), Tubular Coalescer (TC), Gravity Separator (S),

Recollecting tanks (T5, T6, T7).

container (round shaped inner corners) with one inlet and three
vertical aligned outlets. Additional information about the pilot
plant dimensions can be found in Table 1. Pilot plant operation
was semi-automatized using a programmable logic controller
(PLC) (IFM Efector, Nuevo León, México) allowing independent
control of the flows.

Pilot plant runs were carried out at room temperature (25◦C).
The corresponding ATPS were mixed and equilibrated in tank
T1. Afterwards top and bottom phases were separated through
solenoid valves into T2 and T3 respectively. Starting in T4, the
disrupted cell suspension was fed independently. Knowing its
density as well of that of both phases, the feeding flow was setted
up. Samples were taken every minute from the outlets to the final
recollecting tanks during 30min runs.

Evaluation of Operational Performance
Phase entrainment profile (defined as the amount of carry-over
of one phase into the other) was first studied with the two
different system compositions, using a dye (gentian violet) as
tracer (Giraldo-Zuniga et al., 2006). Entrainment behavior was
compared with a batch system to choose the appropriate system
composition. Dye concentration in top phase was also measured
(580 nm, Bio-Tek Instruments, VT, U.S.A.). After the selection
of the system that generated lower entrainment in the bottom
phase, a duplicate full 24 factorial design augmented with 6
center points was carried out (Table 2). This experimental design
was implemented in order to study the effect of phases flow

TABLE 1 | Dimensions of the scaled-up prototype components.

Pilot plant component Dimension

Feeding tanks TP tank (T2) volume: 16 L

BP tank (T3) volume: 16 L

Sample tank (T4) volume: 5.5 L

Static mixers Length: 23.5 cm

Internal diameter: 2 cm

Void volume: 43.8 cm3

Phase coalescer Internal diameter: 1 cm

Length: adaptable (3-6m)

Separator Inlet diameter: 1.27 cm

Outlets diameter: 0.64 cm

Length: 43 cm

Width: 7.7 cm

Height: 7.7 cm

Internal volume: 800mL

Final recollecting tank TP tank (T5) volume: 23 L

IP tank (T6) volume: 23 L

BP tank (T7) volume: 23 L

TABLE 2 | Variables and levels of the central composite design (CCD) carried out

for enzyme recovery from spent brewer’s yeast using the pilot plant prototype.

Studied variables Levels

-1 1

x1 Top phase feed flow (mL/min) 100 300

x2 Bottom phase feed flow (mL/min) 200 400

x3 Sample load percentage 5 15

x4 Number of static mixers 1 3

rates, number of static mixers and load of sample over invertase
purification factor (PFBP) and activity recovery (RBP) in bottom
phase as well as entrainment in that phase (EBP), calculated as:

PFBP =

(

EA
Total protein

)

BP
(

EA
Total protein

)

0

(1)

RBP =
EABP

EA0
(2)

EBP =
VTP

VTP + VBP
(3)

Where EA0 represents the enzymatic activity on the disrupted
yeast supernatant, while VBP represents the bottom phase volume
and VTP represents the top phase volume measured in the
final recollecting tanks of the pilot plant. All experiments and
replicates were modeled and analyzed with JMP 14.1.0 data
software (SAS Institute, Cary, NC, USA) and response surface
using Minitab 18 software (Minitab Inc.).

Evaluation of Economic Performance
To perform an economic analysis, the commercial software
platform Biosolve Process (Biopharm Services, Chesham,
Buckinghamshire, UK) was used. For this, the methodology
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presented before was followed (Torres-Acosta et al., 2016).
Briefly, a model was created with which a determinisitic analysis
was done to obtain the production cost per batch (CoG/batch)
and cost per enzymatic unit (CoG/EU). Then production
parameters were varied only in the selected ATPS from the
previous section to analyze from an economic perspective the
significant results from the factorial design experiments.

To create a model for the production of invertase, the process
was simplified into a single unit operation which processed the
total amount of sample andmateriales required for the operation,
then it was calculated the production cost per batch (CoG/batch)
and per enzymatic unit (CoG/EU). To set up the model, the data
presented in Table 3 was used. Briefly, to fully construct a model,
four main datasets should be completed: (1) capital, (2) materials,
(3) consumables, and (4) labor.

Capital was calculated only taking into account equipment
cost, as this process is performed in an already equipped space
and only the acquisition of the main device and its static mixers
for the performance of continuous ATPS were required. To
obtain the capital charge per batch or per enzymatic unit, the
cost of the equipment required was treated as a loan with 12%
interest rate with a 10 years duration. Then it was divided by the
year duration and by batches calculated per year (2.5 h per ATPS
run−30min runs plus setup and cleaning time).

Materials for this model only include those involved in the
construction of the systems employed here (Polyethylene
glycol 1,000 Da and monobasic and dibasic potassium
phosphate). This particular process has the advantage of
not requiring consumables, contrasted to other unit operations,
like chromatography or different filtration types. Lastly, labor
was calculated using the salary of a PhD student, as production
was done like this in the pilot plant. Additionally, Biosolve is
able to integrate a fifth area called “Others,” in which maintance,
waste disposal and utilities costs are automatically calculated.
For this model it was calculated to be approximately 4.5% of the
CoG/EU.

Analytical Techniques
Invertase enzymatic activity was determined by the 3,5-
dinitrosalycilic acid method (DNS, 98%, Sigma Aldrich) (Miller,
1959). Absorbance was read at 570 nm in a microplate
spectrophotometer (Biotek, Vermont, USA). One unit of
enzymatic activity (U) was defined as the amount of enzyme
necessary to produce 1 µmol of glucose per minute in the
assay reaction conditions. Total protein was calculated using the
Bradford method and a calibration curve using BSA as protein
standard (Bradford, 1976).

RESULTS AND DISCUSSION

The knowledge of the system hydrodynamics is essential
in extraction processes. Usually, the performance of liquid-
liquid extraction systems can be affected for unwanted side
effects related to hydrodynamic parameters (Asadollahzadeh
et al., 2017). As an example, while low phase entrainment
results in higher yields, some works, have demonstrated that
mass transfer is improved in simplified equipments where the

operating range is increased (Glyck et al., 2015). In recent years,
the hydrodynamic parameters of different kinds of extraction
columns have been investigated by several researchers but not for
ATPS systems in pilot plant scale. In the present work, the design
of a pilot plant ATPS continuous process has been simplified and
optimized in terms of separation efficiency, load capacity, and
economic suitability for downstream processing of spent brewery
yeast as a model system.

Considering two ATPS compositions previously explored for
the recovery of enzymes (Vázquez-Villegas et al., 2011, 2015),
phase entrainments were compared. Top phase fed (TP) at
100 mL/min and bottom phase fed (BP) at 300 mL/min were
employed. The stabilization time was defined as the time in
which entrainment (EBP) of bottom phase (or top phase) in
the opposite phase does not change significantly for a period
of 5min. Entrainment was defined constant when the change
is no more than 10% of the previous value. For System 1
the stabilization time was ca. 20min, while for System 2 the
time for complete separation of phases was almost immediate
(Figures 2A,B). In this case, a larger difference between the
composition of the two phases (typically expressed as the tie-
line length value, TLL) benefits the equilibrium and separation
of the ATPS yielding shorter processing times. This increment in
the demixing rate as consequence of a higher TLL agrees with
previous observations (Salamanca et al., 1998; Aguilar and Rito-
Palomares, 2008; Narayan et al., 2011). Just for comparison, the
concentration of GV in top phase was monitored. While the dye
concentration was the same at the end of the sampling, a faster
equilibrium was observed also in the System 2 (Figure 2C). So,
this system was selected for the next experiments. The influence
of physicochemical parameters on the separation efficiency
when using mixer settler devices has been previously studied
(Salamanca et al., 1998; Vázquez-Villegas et al., 2011). In these
cases, as in this pilot plant, the operating volume ratio of the
phases (defined as the ratio of top phase between bottom phase
feeding flows) defines which of the phases acts as the continues
or the dispersed phase, where the viscosities play a determinant
factor for phase separation. A continuous salt phase, being much
less viscous than the polymer phase, favors shorter separation
times by lowering the friction between drops and the phase
(Asenjo and Andrews, 2012).

Spent brewer’s yeast was used as model of complex
cellular matrix to challenge the recovery of invertase with
the continuous pilot-scale device. Anticipating an altered
hydrodynamic behavior of the effluents, due to the complex
matrix addition, a full 24 factorial experimental design with six
central points was performed (Table 2). The experimental design
allowed the analysis of the partitioning behavior patterns due to
changes in the operation parameters. The ideal scenario for any
enzyme will be having the optimal conditions for maximizing
purity and recovery. In the case of invertase, when the results
of different factor combinations were analyzed, an average of
110.98 ± 28.44 % for recovery and 4.47 ± 2.46 for purification
fold in the bottom phase were obtained as a total average from
the full factorial runs. The high variability observed is explained
by the difference in response obtained at different factor levels.
Enzyme activity recoveries above 100% have been extensively
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TABLE 3 | Dataset used for model construction in Biosolve Process.

Cost component Cost (US $) Supplier

Capital (Equipment) Main equipment $ 35,240.90 Patmon Automatizacion

Static mixer $ 836.27 USA Blue Book

Consumables None Required $ – None

Labor Annual Salary (PhD Student in Mexico) $ 8,520.00 Conacyt (Mexican Science Council)

Materials (Prices used

were obtained for

large-laboratory scale

to overestimate

worldwide distribution)

Polyethylene Glycol 1,000 (1 kg) $ 56.20 Sigma-Aldrich

Potassium phosphate monobasic (20 kg) $ 607.70 Sigma-Aldrich

Potassium phosphate dibasic (10 kg) $ 1,020.00 Sigma-Aldrich

FIGURE 2 | Phase entrainment (EBP ) comparison between System 1 (A) and System 2 (B). Concentration of gentian violet used as tracer in top phase of Systems 1

and 2 (C).

documented for invertase and other enzymes when recovered
using ATPS (Cavalcanti et al., 2006; Babu et al., 2008; Porto
et al., 2008; Madhusudhan and Raghavarao, 2011; Nandini and

Rastogi, 2011; Rawdkuen et al., 2011; Karkas and Onal, 2012;
Priyanka et al., 2012; Duque-Jaramillo et al., 2013; Ketnawa et al.,
2014, 2017) and this phenomenon is attributed to the depletion
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FIGURE 3 | Response surface plots for recovery yield (A) and purification factor (B) of invertase from spent brewer’s yeast considering the effect of sample load (X3)

and number of static mixers (X4).

TABLE 4 | Results for the economic analysis. Breakdown and totals for cost of Goods per Enzymatic Unit.

CoG/EU (US$ x 10∧-3)

Sample load Static mixers Recovery yield Capital Materials Consumables Labor Other Total

5% 1 115% $0.34 $15.86 $ – $4.91 $1.01 $22.12

5% 3 80% $0.51 $22.79 $ – $7.06 $1.46 $31.82

15% 1 142% $0.09 $4.28 $ – $1.33 $0.27 $5.97

15% 3 108% $0.13 $5.63 $ – $1.74 $0.36 $7.86

of inhibiting proteins and common enzyme inhibitors by
differential partitioning. Common identified inhibitors include
Cu, Co and Ni salts which become insoluble in the presence of
the high phosphate concentrations in ATPS. Enzyme activation
has also been observed in ATPS due to an increase in the
enzyme flexibility and the structural modification of the active
sites in the presence of polymer chains of PEG (Babu et al., 2008;
Porto et al., 2008; Madhusudhan and Raghavarao, 2011; Nandini
and Rastogi, 2011; Karkas and Onal, 2012). Cavalcanti et al.
(2006) in extraction studies of phospholipase C, used a similar
PEG/phosphate ATPS and reported yields up to 230% attributed
to removal of inhibiting phenoic compounds (Duque-Jaramillo
et al., 2013).

The best combination of factors (1 mixer and 15% sample
load) attained a recovery of 129.35 ± 2.76% and a purification
factor of 4.98 ± 1.10 in the bottom phase of a PEG-phosphate
system; however, only the sample load and the number of static
mixers were significant, thus a surface response analysis was
performed. As observed in Figure 3, higher sample load yielded
major recoveries and slightly minor purity, as it would naturally
occur, while for the number of mixers, the use of one static
mixer yielded higher values for both recovery and purification
factor. This would mean that the higher the mixing rate, for
this particular system, the lower the efficiency of the pilot plant
in terms of recovery and purification. This could be better
explained when considering the amount of other contaminants
also partitioning or dispersing into the bottom phase, promoted
by higher mixing rates. Also, higher mixing promotes lower
coalescence rates that could affect separation efficiency resulting

in the lower purification observed in Figure 3B (Asenjo and
Andrews, 2012). The high statistical variability of purification
factor could also be the result of poor separation efficiency.
For invertase, other studies have shown a tendency to partition
toward the bottom phase in PEG/salt systems (Madhusudhan
and Raghavarao, 2011; Karkas and Onal, 2012; Vázquez-Villegas
et al., 2015), as it was observed in the present work. Taking this
into account, the economic analysis was carried out.

The economic analysis performed obtained interesting results
that further help to elucidate which parameters are relevant for
the continuous operation of an ATPS pilot plant. With the results
presented here (Table 4), linear regressions were calculated to
summarize the effect of each variable and to determine which are
economically significant. Results show that the only significant
parameter is the sample load, while number of static mixers is
not (Table 5). This can be explained by the fact that increasing
the load of sample directly affects the amount of invertase
being recovered, moreover, an increase in sample load gave as a
result an increased recovery yield. On the other hand, modifying
the amount of static mixers increased the capital charge in
the cost but given the elevated cost of the main equipment,
variations in the cost due to modifying the number of mixers are
diluted.

From an economic perspective, it is relevant to maximize
the sample load in an ATPS. It has been discussed before
(Aguilar and Rito-Palomares, 2008; Torres-Acosta et al., 2015,
2016) that due to low sample input into an ATPS, costs
cannot be further decreased. Sample load increases cannot be
used lightly in bioprocess modeling as the physics underlying

Frontiers in Chemistry | www.frontiersin.org 6 October 2018 | Volume 6 | Article 45417

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Vázquez-Villegas et al. Continuous ATPS for Enzyme Recovery

TABLE 5 | Linear regression results.

Parameters* Coefficient p-value Significant?a

Intercept (β0) 29.71 0.0292 Yes

Sample Load (β1) −1.71 0.0339 Yes

Static Mixers (β2) 1.39 0.2001 No

*Equations of linear regression have the form: CoG/EU [US$ x10-3] = β0 + β1 x Sample

Load [%] + β2 x Static Mixers [Amount of mixers].
aUsing a significance level α = 0.05.

protein separation are too complex to model and it is not
certain the effect that modifying the amount of sample can
have on the recovery yield and purification factor. However,
having a proper analysis of sample input in this work, its
impact in the economic analysis can be determined and
quantified.

Further analysis is required to contrast continuous and batch
operation modes. Still, results for recovery and economics
together are promising, moreover if operational parameters
can be further optimized production costs will drop. Having a
continues ATPS, together with a phase forming chemical removal
operation synchronized can significantly reduce production
times and costs.

Novel strategies for the high throughput design of ATPS-based
processes (microfluidic modeling) as well as different modes of
operations (countercurrent modes) could also be considered in
the process to optimize performance of continuous processes
(Espitia-Saloma et al., 2016; Vázquez-Villegas et al., 2016). This
work highlights the importance of the influence of the system
properties on the hydrodynamics of the bioseparation process.
In some case studies, TLL has little or no influence on the
partition behavior of the desired product (Aguilar and Rito-
Palomares, 2008), allowing the selection of the best system
in terms of the hydrodynamic behavior in the equipment.
It should be emphasized that even in a batch process the
phase separation stage would imply a phase entrapment,
meaning a carry-over of one phase into the other, and
time (or a centrifuge) needed for the physical separation. In
this continuous mode, the physical separation of the phases
is already accounted as part of the stabilization time, the
time in which the evaluated parameter (Ei) begins to be
constant.

CONCLUSIONS

The recovery of products of interest from fermentation broths
and biological feedstock is one of the major bottlenecks in
the bioprocessing industries. This article introduces a first
approach for continuous pilot plant ATPS operation and process
establishment. A robust, large-scale, automated process able to be
managed by simple development strategies such as factorial and
central composite designs was established in this work.

A semi-automatized mixer settler pilot plant with a maximum
capacity of 1.5 L/min was characterized. The use of single
molecule samples allowed to demonstrate some of the recognized
advantages of continuous operation over batch mode. Short
stabilization times inside the coalescer avoid the use of
centrifugation steps, as typically suggested in batch processes,
also contributing to process integration, as evidenced by
processing a complex sample such as non-clarified spent
brewer’s yeast. Different combination of hydrodynamic operation
parameters allowed the high yield recovery and the highest
purification fold of invertase from a complex cell lysate.
Adjustments in phases flows did not altered the extraction
efficiency of the pilot plant. This works serves to boost the
application of ATPS in different operation modes by combining a
techno-economic approach to evaluate and optimize production
parameters that can facilitate ATPS generic and commercial
adoption.
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An extractive bioconversion conducted on soluble starch with cyclodextrin

glycosyltransferase (CGTase) enzyme in ethylene oxide-propylene oxide

(EOPO)/potassium phosphates liquid biphasic system (LBS) to extract

gamma-cyclodextrin (γ-CD) was examined. A range of EOPO (with potassium

phosphates) molecular weights was screen to investigate the effect of the latter on

the partioning efficency of CGTase and γ-CD. The results show that the optimal top

phase γ-CD yield (74.4%) was reached in 35.0% (w/w) EOPO 970 and 10.0% (w/w)

potassium phosphate with 2.0% (w/w) sodium chloride. A theoretical explanation for the

effect of NaCl on γ-CD was also presented. After a 2 h bioconversion process, a total of

0.87 mg/mL concentration of γ-CD was produced in the EOPO/ phosphates LBS top

phase. After the extraction of top phase from LBS, four continuous repetitive batches

were successfully conducted with relative CGTase activity of 1.00, 0.86, 0.45, and 0.40

respectively.

Keywords: liquid biphasic system, ethylene oxide-propylene oxide, extractive bioconversion, cyclodextrin,

Bacillus cereus

INTRODUCTION

In this study, liquid biphasic system (LBS) extractive bioconversion was carried out to split
the target product and the biocatalyst into top phase and bottom phases, partitioning target
biomolecules into one of the phases. These molecules are selectively partitioned based on the
surface properties of the molecules and particles such as size, charge, and hydrophobicity (Walter
and Johansson, 1994). The LBS extractive bioconversion combined production and recovery
technique into a single step. In contrast to conventional processes (e.g., enzymatic bioconversion),
the biocatalyst that is retained in one phase is reusable, encouraging a continuous extractive
bioconversion process (Charoenlap et al., 2004).
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To date, Polymer/polymer LBS is a type of LBS that
has been extensively studied and utilized. Efficient and
biocompatible polyethylene glycol (PEG)/dextran LBS is
the common polymer/polymer LBS that has been widely utilized
for the purification and separation of diversified biomolecules
such as proteins, nucleic acids, and cell organelles (Lu et al.,
1996; Charoenlap et al., 2004). Nevertheless, the application of
PEG/dextran LBS in industrial scale has been hampered by the
high ocst of the phase-forming chemicals (i.e., dextran) (Lu et al.,
1996). Gamma-cyclodextrin’s recovery (γ-CD) by LBS was then
improved by building a recyclable LBS in which the polymer
PEGs were substituted through the use of the copolymer ethylene
oxide-propylene oxide (EOPO). The latter is a more economical
and environmentally friendly LBS with the ability to maintain
the organic activity of the enzyme. EOPO is a copolymer capable
of thermos-separating into two phases when the temperature
is higher than the lower critical solution temperature (LCST)
(Johansson et al., 1997). After heating the system above a certain
temperature, the EOPOs split up into two phases, allowing the
recovery and reutilization of polymers in subsequent LBS. This
novel investigation on the CGTase recovery will bring about
a simplification of the CGTase purification steps as well as a
reduction in the cost incurred on the environment (Johansson
et al., 1999; Dembczynski et al., 2010).

The Cyclodextrins (CDs) are cyclic oligosaccharides that
are constructed using cyclodextrin glycosyltransferase (CGTase)
enzymes via the transglycosylation process (Rodrigues et al.,
2015). CDs have a structural feature enabling them to make up
inclusion complexes with an abundance of guest compounds,
promoting broad applications of CDs in different industries like
pharmaceuticals, food, and chemical products (Martin, 2004).
There are three major forms of CDs, namely, α, β, and γ CDs
which are formed by six, seven, and eight glucopyranose units
respectively (Singh et al., 2002). Among these three types of CDs,
the γ-CD has the largest interior cavity and the highest solubility.
As shown in the later part of this paper, the size of this interior
cavity will, in the presence of the salt, affect the efficiency of
the CD extraction, and the large interior cavity size of the γ-CD
increases the γ-CD extraction efficiency. However, γ-CD is a lot
more expensive than α and β-CD due to its lower production
efficiency compared to α and β-CDs (Wang et al., 2007; Moriwaki
et al., 2008).

Therefore, an LBS extractive bioconversion is carried in
this work to study methods of enhancing the separation and
productivity of γ-CD from Bacillus cereus CGTase. In addition,
approaches of optimizing the γ-CD recovery were studied via the
investigation of the effects of selected LBS variables on the γ-CD
extraction. These variables include the EOPO molecular weight,
tie-line lengths (TLLs), volume ratio and introduction of sodium
chloride (NaCl).

MATERIALS AND METHODS

Materials
The γ-CD standard, poly (ethylene glycol-ran-propylene glycol)
(3,900, 12,000 g/mol) and poly (ethylene glycol-ran-propylene
glycol) mono butyl ether (970 g/mol) were bought from

Sigma-Aldrich Co. (St. Loius, MO, USA). The potassium
phosphate salts (K2HPO4, KH2PO4) were bought from Merck
(Darmstadt, Germany). Phenolphthalein was sourced from
Merck (Darmstadt, Germany). Soluble starch was bought from
Becton, Dickinson and company (USA). All other chemicals that
were used in this study were of analytic grade.

Bacillus cereus Production
The B. cereus was cultivated following the process as describe
previously (Ng et al., 2011). Culture medium was prepared using
1% (w/v) sago starch, 0.5% (w/v) peptone, 0.5% (w/v) yeast
extract, 0.009% (w/v) 0.1% K2HPO4, 1% Na2CO3, and MgSO4

(autoclaved separately). The inoculum was grown at 37◦C for 18
hours (h) with a 250 rpm continuous agitation. The inoculum
was then shifted into the CGTase production media, which was
thereupon incubated at 37◦C for 30 h with a continuous agitation
speed of 250 rpm. CGTase was harvested from the supernatant
after a 30min centrifugation at 4,000 rpm.

Partitioning of CGTase and γ-CDs in LBS
Partition experimentations were executed at room temperature
with predetermined amounts of dissolved EOPO, potassium
phosphate and distilled water which were mixed in a 15mL
centrifugal tube. 10% (w/w) of crude CGTase and 10% (w/w)
of standard γ-CD (50 mg/mL) were then added into the LBSs
to attain a total weight of 10 g. The established LBSs were then
shaken utilizing vortex mixer and thereupon subjected to a
4,000 rpm centrifugation for 10min. After the phase separation,
bottom and top phases were collected for γ-CD concentrations
and CGTase activity analysis.

CGTase Activity Analysis
CGTase cyclizing activity was quantified by utilizing the
phenolphthalein method (Ng et al., 2011). A 50 µL enzyme
sample was added to a 750 µL substrate solutions [1% (w/v)
starch in 0.05M Tris-HCl buffer pH 8.0] which was incubated
at 55◦C for 10min. The enzymatic reaction of the CGTase was
terminated by introducing 375 µL of 0.15M NaOH, followed by
adding 100 µL 0.02% (w/v) phenolphthalein (in 5mM Na2CO3)
for the spectrophotometrical (550 nm) evaluation of CGTase
activity.

Extractive Bioconversion of γ-CD in LBS
Extractive bioconversion of γ-CD was executed at a 50 g
reaction total weight in a 250mL Erlenmeyer flask. The
reaction temperature was 55◦C. Predetermined dissolved EOPO,
potassium phosphates, distilled water, 5% (w/w) soluble starch
substrate and 20% (w/w) of the CGTase were added into the
LBS to attain a final total weight of 50 g. A control (without LBS
phase-forming components) was conducted for soluble starch’s
enzymatic conversion. Top phases’ samples were collected one
at a time at regular time intervals and heated in boiling water
for 5min to denature the CGTase. The quantification of the
γ-CD concentration was carried out by making use of HPLC
instrument.
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Calculation
Relative CGTase activity is defined as the ratio of the enzyme
activity (U/mL) to γ-CD concentrations in mg/mL unit.

The volume ratio (VR) is defined as the ratio of top phase
volume (VT) to the bottom phase volume (VB)

VR =
VT

VB
. (1)

Partition coefficient of CGTase (KCGTase) is defined as the ratio of
top phase CGTase bioactivity (AT) to the bottom phase CGTase
bioactivity (AB), that is,

KCGTase =
AT

AB
. (2)

Partition coefficient of γ-CD (KCD) is defined as the ratio of
top phase γ-CD concentration (CT) to bottom phase γ-CD
concentration (CB)

KCD =
CT

CB
. (3)

Yield of γ-CD in top phase (YT) is defined as

YT =
1

1+
(

1
VR×KCD

) × 100%. (4)

RESULTS AND DISCUSSION

Effects of EOPO Molecular Weight and TLL
on YT of γ-CD and CGTase Partitioning
Phase diagrams of different EOPO molecular weight and
phosphate salt LBSs were referred to for the evaluation of LBS
performance in the YT of γ-CD and partitioning behavior of
CGTase (Show et al., 2000). TLLs were constructed for the
CGTase partition experiments and γ-CD. EOPO 970, EOPO
3900, and EOPO 12000 were selected for this study due to
their compatibility with biomaterials and capability in developing
two phases with the salt components (Persson et al., 2000;
Dembczynski et al., 2010).

The highest YT of γ-CD at 63.1% and CGTase with KCGTase

at 3.14 were achieved in EOPO 970/potassium phosphate LBS
at TLL of 54.6% (w/w). As seen from the results of Table 1, the
highest YT value was achieved in LBSs comprising of EOPO
970. The EOPO 970 with lower PO content (50%) results in
higher YT of γ-CD in comparison with EOPO with higher PO
content (EOPO 3900, EOPO 12000). The lower PO content of
EOPOs (EOPO 970) allows maximum solubility of γ-CD in the
polymer phase, thereby making the γ-CD precipitation in the
interphase avoidable (Huang and Forciniti, 2002). The KCGTase

values generally decreased as TLL increased. A possible casue
to this would be an additional rise in the concentration of the
polymer, resulting in a drop in the free volume of LBS top phase,
thereby pullingmore CGTase to the LBS’s bottom phase (Forciniti
et al., 1991). Hence, EOPO 970/potassium phosphate in TLL of
54.6% (w/w) was selected for the following experiments since it
exhibited the optimal condition for highest YT of γ-CD with low
KCGTase.

TABLE 1 | Effect of the EOPO molecular weight and TLL upon the KCGTase and

YT (%).

EOPO molecular weight (g/mol) TLL (%,w/w) KCGTase YT (%)

970 52.3 5.16 47.6

54.6 3.14 63.1

58.0 4.20 58.4

61.8 4.06 53.0

3,900 36.4 8.44 46.5

41.2 8.69 46.3

44.6 6.06 56.4

48.5 4.19 55.9

12,000 31.6 3.74 52.1

34.4 3.65 54.7

42.5 2.79 51.6

50.2 2.04 47.5

The data obtained was presented as the average of approximated triplicate readings with

an accuracy of ±5%.

Effect of VR on the YT of γ-CD and
Partitioning of CGTase
The KCGTase and YT at different VR (VR = 0.3 to 4.0) for EOPO
970/potassium phosphate TLL 54.6% (w/w) were illustrated in
Figure 1. The highest YT of γ-CD (YT = 68.7%) was reached at
VR 2.0. The YT was generally increasing as the VR increased. This
may be due to the fact that a higher VR (i.e., VR > l) resulted
in more free volume in the top phase, thereby increasing the
solubility limit of YT, which in-turn caused more γ-CD to be
attracted to the top phase (Schmidt et al., 1994). In the system of
VR 0.5, it is noticeable that VR 05 was given the highest KCGTase

which was around 3.5. This is because less free volume in the top
phase which give indirectly stress the KCGTase increase. Since in
this stage, we are aimed to get the highest YT of γ-CD instead of
high KCGTase. Therefore, the optimal condition (VR = 2.0) was
selected for subsequent studies.

Effect of NaCl on YT of γ-CD
The EOPO 970/potassium phosphate in TLL 54.6% (w/w)
with VR 2.0 was used to examine the effect of adding NaCl,
ranging from 0% (w/w) to 4% (w/w), on the YT of γ-CD. The
partitioning behavior of γ-CD in LBS was due to the difference
in hydrophobicity between the phases caused by the addition of
NaCl. In addition, the electrostatic potential created by the NaCl
contributed to the driving of the γ-CD to the top phase, thereby
proliferating the top phase partitioning of γ-CD (Zaslavsky et al.,
1991). The interaction between the hydrophobic chain of the
EOPO and hydrophobic surface of the γ-CD was enhanced by
the addition of the salts. This enhancement was precipitated by
the effect of the salt on the hydrophobic interactions and the
water solvent structure. The target biomolecules would be thus
partitioned to the polymer rich top phase (Albertsson, 1986). Just
like the case of PEG-salt system mentioned in Huddleston et al.
(1991), when the NaCl concentration is lower, the electrostatic
field due to the Na+ and Cl− ions will play a greater role in the γ-
CD extraction. However, a high NaCl concentration causes a lot
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FIGURE 1 | Influence of VR on the partitioning of CGTase. The data obtained was presented as the average of triplicate readings.

of γ-CD to partition to the top phase. This large number of γ-CD
molecules bind with the EOPO polymers through hydrophobic
interactions, thereby forming larger hydrophobes and repelling
the water molecules to the bottom phase. With a reduction in the
water molecules in the top phase, there is less water for the γ-CD
molecules to dissolve in, thereby causing a reduction in the yield
of the γ-CD in the top phase. Thus, although the NaCl serves to
help increase the yield of γ-CD, too high a salt level will have the
reverse effect of reducing the yield. From Table 2, it can be seen
that an optimal yield of γ-CD occurs at an NaCl concentration of
roughly 2%(w/w).

The effect VE of the electric field (Lemeshko et al., 2013) on
the molecules is given as

VE = −E ·

∑

n

qnrn (5)

where is the electric field, qn is the charge of electron n, n is the
position vector of electron n. By approximating the perimeter of
a γ-CD molecule to a circle with the origin of at the center of
the circle and taking the charge of an electron to be a constant
ke (i.e., the Coulomb constant), we can denote the radius of the
γ-CD molecule as R, and Equation (5) can be rewritten as

VE = −E ·

∑

n

qnrnr̂n = −E ·

∑

n

keRr̂n = −keR
∑

n

E · r̂n

= −keR

π
2

∑

0

∣

∣E
∣

∣ cos θ = −keRA
∣

∣E
∣

∣ (6)

where θ is the angle between and n andA =
∑

π
2
0 cos θ=constant.

Thus, from Equation (6), we can see that the higher the NaCl
concentration, the larger the electric field, and hence the larger
the effect on the molecule. Additionally, we will expect the γ-
CD, which has a larger R then α-CD and β-CD, to be more

TABLE 2 | Influence of the NaCl concentration on YT (%).

NaCl concentration %(w/w) YT (%)

0 68.3

1 71.7

2 74.4

3 72.8

4 72.1

The data obtained was presented as the average of approximated triplicate readings with

an accuracy of ±5%.

affected by the presence of NaCl in terms of the electric field
created.

Figure 2 illustrates γ-CD concentration in LBS top phase vs.
the extractive bioconversion process time. A 50mL of EOPO
970/potassium phosphate at TLL of 54.6% (w/w) with VR of
2.0 was employed in this study. 20% (w/w) crude CGTase
and 5% (w/w) of soluble starch were added to the LBS. A
1.10 mg/mL concentration of γ-CD was collected in the LBS
top phase sample after a 30 h extractive bioconversion process.
Nevertheless, 2 h (0.87 mg/mL) is proposed as the harvest time
since increase in the γ-CD concentration is minimal after 2 h.
A comparison of the CD concentration ratios (for different
CDs) between the control sample and the 2 h LBS top phase
sample is shown in Table 3. The γ-CD concentration ratio of
the top phase sample (17.5%) is much higher than that of the
control sample (6.6%). This implies that a higher γ-CD ratio
product is achievable by using the LBS extractive bioconversion
process.

Repetitive Batch for γ-CD Production and
Comparative Study by Using PEG
LBS’s repetitive batch investigation was conducted to study the
recycling of the CGTase enzyme in the bottom phase. The
repetitive batch of the γ-CD recovery was carried out through
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FIGURE 2 | Effects of LBS extractive bioconversion on γ-CD production over time. The data obtained was presented as the average of triplicate readings.

TABLE 3 | A comparison of CDs concentration ratio (%) between LBS top phase

sample and control sample.

CD

type

Control

(%)

2 h LBS Top

phase (%)

(This work)

1 h LBS Top phase

(%) (Our previous

work, Lin et al., 2015)

α 67.1 59.0 55.4

β 26.3 23.5 25.6

γ 6.6 17.5 19.0

Total 100.0 100.0 100.00

The data obtained was presented as the average of approximated triplicate readings with

an accuracy of ±5%.

EOPO 970/potassium phosphate LBS at 54.6% (w/w) TLL, VR

of 2.0, added with 20% (w/w) of crude CGTase, and 5% (w/w)
of soluble starch. Top phase extractions were done at a regular
interval of 2 h extractive bioconversion process. Figure 3 shows
CGTase activity of the bottom phase after extraction of the top
phase, and it can be seen that the CGTase activity continues
to drop with subsequent batches. The relative CGTase activity
went down to 0.45 in the 4th batch of extractive bioconversion.
This outcome revealed that the losing of CGTase occurred
when the top phase, which contained a certain amount of
CGTase (Tramice et al., 2008), was removed. Therefore, it can
be seen that to ensure the effectiveness and performance of
bioconversion, the CGTase enzyme in the bottom phase should
not be recycled more than once. One of our earlier studies
about extractive bioconversion of γ-CD from soluble starch with
CGTase enzyme by using PEG instead of EOPO (Lin et al.,
2015). Table 3 shows the γ-CD concentration ratio within 2 h
in the present study was lower than that within 1 h in our
previous study (Lin et al., 2015). However, the LBS using EOPO
ismore economical and environmentally-friendly than that using
PEG, as described in introduction. The comparative studies were
shown in Table 3.

FIGURE 3 | Relative CGTase activity in each batch of soluble starch

bioconversion by recycling of the phase components and CGTase. The data

obtained was presented as the average of triplicate readings.

CONCLUSIONS

In this study, EOPO polymer has been applied to the LBS
extractive bioconversion of γ-CD. Generally, the partitioning
of γ-CD in EOPO/potassium phosphate LBS was influenced
by the PO content and concentration of the EOPO used. The
optimal extractive bioconversion of γ-CD in top phase of the
LBS was reached in EOPO 970/potassium phosphate LBS of
54.6% (w/w) TLL, VR of 2.0. A γ-CD concentration of 0.87
mg/mL with a 17.5% concentration ratio was retrieved after a
2 h extractive bioconversion process. The objective of this study,
which is to produce and recover γ-CD by directly using LBS,
has been achieved. In particular, it has been shown that the
EOPO 970/potassium phosphate LBS extractive bioconversion is
a better alternative technique for producing the γ-CD compared
to the conventional method as this alternative technique
merges γ-CD production and purification into a single-step
process.
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Aqueous two-phase systems (ATPSs) have been widely utilized for liquid-liquid extraction

and purification of biomolecules, with some studies also demonstrating their capacity as

a biomarker concentration technique for use in diagnostic settings. As the limited polarity

range of conventional polymer-based ATPSs can restrict their use, ionic liquid (IL)-based

ATPSs have been recently proposed as a promising alternative to polymer-based ATPSs,

since ILs are regarded as tunable solvents with excellent solvation capabilities for a variety

of natural compounds and proteins. This study demonstrates the first application of IL

ATPSs to point-of-care diagnostics. ATPSs consisting of 1-butyl-3-methylimidazolium

tetrafluoroborate ([Bmim][BF4]) and sodium phosphate salt were utilized to quickly

concentrate biomarkers prior to detection using the lateral-flow immunoassay (LFA). We

found the phase separation speed of the IL ATPS to be very rapid and a significant

improvement upon the separation speed of both polymer-salt and micellar ATPSs. This

system was successfully applied to both sandwich and competitive LFA formats and

enhanced the detection of both Escherichia coli bacteria and the transferrin protein

up to 8- and 20-fold, respectively. This system’s compatibility with a broad range of

biomolecules, rapid phase separation speed, and tunability suggest wide applicability

for a large range of different antigens and biomarkers.

Keywords: ionic liquid, aqueous two-phase systems, lateral-flow immunoassay, transferrin, Escherichia coli

INTRODUCTION

While global health has improved over the last few decades, health pandemics in resource-poor
settings remain a large problem (Scarborough and Thwaites, 2008; Tang and Nour, 2010;
Gunasekera and Pathiraja, 2016). These health issues include chronic health conditions, such as
diabetes (Nugent, 2008) and infectious diseases, such as tuberculosis (Global Tuberculosis Report
2017, 2017). In countries like the U.S, many of these illnesses are readily treatable, especially
when diagnosed early; however, in resource-poor settings, patients lack easy access to standard
laboratory-based tests such as the enzyme-linked immunosorbent assay (ELISA), nucleic acid
amplification tests, and serology tests (Elbireer et al., 2011). With issues such as poor infrastructure
and limited funding already leading to underutilization of central laboratories in these
resource-poor settings (Elbireer et al., 2011; Nkengasong et al., 2018), there is a growing interest in
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developing point-of-care techniques to diagnose a variety of
diseases. Devices, such as miniaturized bioelectronics and
microfluidic tests like the lateral-flow immunoassay (LFA), have
received much attention over recent years due to their ease-
of-use, portability, and limited need for power (Li et al., 2015;
Sharma et al., 2015; Gumustas et al., 2018; Wang et al., 2018).
However, in comparison to the gold standard laboratory-based
tests, these devices are still restricted by their limited sensitivity,
indicating an increasing need for enhanced detection capabilities
at the point-of-care.

One technique for enhancing point-of-care detection is the
aqueous two-phase system (ATPS), a liquid-liquid extraction
system that has previously been demonstrated to concentrate
biological markers (Hatti-Kaul, 2001). ATPSs consist of two
immiscible phases, similar to oil-water systems; however, both
phases of an ATPS are aqueous-based. Molecules introduced
into an ATPS can experience extreme partitioning between the
two phases based on the excluded-volume, hydrophobic, and
electrostatic interactions they experience with the components
of each of the two phases. Furthermore, ATPSs are much
more biocompatible than conventional oil-water systems, and
have been widely utilized for the purification of proteins and
nucleic acids (Hatti-Kaul, 2001). While the ATPS has been
traditionally used in large-scale, industrial bioseparations, it also
lends itself well for applications in point-of-care settings, as it is
easy-to-use, can be rapid, and is scalable (to minimize sample
volume) (Iqbal et al., 2016). In addition, ATPSs do not require
laboratory equipment and are low in cost compared to more
conventional laboratory tests such as the ELISA and nucleic acid
amplification.

For these reasons, our research group has recently
demonstrated the use of the ATPS as a pre-concentration tool to
improve the sensitivity of portable paper-based diagnostic tools
such as the LFA. Through the use of conventional polymer-salt
and micellar systems, ATPSs combined with existing detection
technologies have been shown to enhance sensitivity in detecting
various biomarkers, including 10-fold improvements in LFA
detection of parasitic biomarkers (Pereira et al., 2015) and viruses
(Mashayekhi et al., 2010). In a similar manner, the ATPS was also
shown to improve sensitivity and decrease time-to-detection of a
paper-based spot immunoassay (Cheung et al., 2017). However,
despite the efficacy of these systems, the limited polarity range of
these ATPSs can restrict their use (Freire et al., 2012), particularly
regarding the partitioning of small hydrophilic proteins. As
micellar and polymer ATPSs predominantly rely on excluded-
volume interactions to partition hydrophilic biomolecules to
a particular phase, smaller hydrophilic biomarkers such as
proteins can be difficult to partition extremely. One approach
to improve upon this issue is to fine-tune the polarity of the
ATPS components and introduce electrostatic effects as a more
significant factor in partitioning.

One potential solution is through the use of ionic liquids
(ILs), which are salts that are molten at low temperatures. ILs
have been investigated as alternatives to traditional, volatile
organic solvents as they exhibit non-flammability and negligible
volatility (Freire et al., 2012) due to their ionic nature. In addition,
they are particularly promising for use in an ATPS as they are

highly tunable and have excellent solvation capabilities (Berthod
et al., 2008) for a variety of natural compounds and proteins.
This has led to their use in various extraction and separation
processes (Liu et al., 2007; Berthod et al., 2008; Tang et al., 2012)
including ATPSs. These systems were found to phase separate
with the mixture of kosmotropic salts and imidazolium-based
ILs (Gutowski et al., 2003). Since then, different classes of ILs
have been discovered, developed, and utilized in the formation
of ATPSs (Wilkes et al., 1982; Ventura et al., 2011); this variety
in ILs, combined with an even greater variety in salts, could
potentially allow researchers to precisely concentrate smaller
biomolecules that would otherwise be difficult to partition
extremely into one phase through excluded-volume interactions
alone.

One of the most commonly investigated types of IL ATPSs
are imidazolium-based. This class of ILs has shown promising
potential as an extraction technique for a wide variety of
compounds, including proteins, amino acids, and antibiotics
(Freire et al., 2012). Additionally, these systems are optimal
for point-of-care diagnostics since they are able to phase
separate at room temperature and at physiological pH. In
this study, IL ATPSs consisting of 1-butyl-3-methylimidazolium
tetrafluoroborate ([Bmim][BF4]) and sodium phosphate salt
were utilized to demonstrate the compatibility of the IL ATPS
with LFA and the ability of this technique to improve the
sensitivity of LFA tests. This enhancement was applied to the
model protein transferrin, using the competitive LFA format,
and the model pathogen Escherichia coli O157:H7, using the
sandwich LFA format. To our knowledge, this is the first
application of an IL ATPS for the enhancement of point-of-
care diagnostics. The IL ATPS demonstrated very fast phase
separation and was found to be directly compatible with LFA,
requiring no additional modification to existing LFA structure;
by utilizing these benefits and also a significant enhancement
effect, our system addresses limitations faced by existing paper-
based portable diagnostics regarding the concentration of small
biomarkers.

MATERIALS AND METHODS

Preparation of Bacterial Cell Cultures
Escherichia coli O157:H7 bacteria (E. coli) (ATCC R© 700728TM)
were grown and cultured according to manufacturer protocol
(ATCC, Manassas, VA) and plated onto Difco Nutrient Agar
(Becton, Dickinson and Company, Sparks, MD) plates. Plated
cells were subsequently incubated at 37◦C aerobically overnight.
The incubated plates were then sealed with Parafilm and stored at
4◦C until use. To prepare bacterial suspensions for use in ATPS
and LFA tests, single colonies were picked from the agar plate and
cultured in 5mL of Difco Nutrient Broth (Becton, Dickinson and
Company, Sparks, MD). The cell suspension was then incubated
in a shaker-incubator at 37◦C and 200 rpm for 16 h. After use in
LFA tests, the concentrations of bacteria in the suspensions were
determined through plating of bacteria following serial dilutions.
These bacteria were then incubated at 37◦C aerobically overnight,
after which the colonies were counted in order to quantify the
bacterial concentrations used in the tests.
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Preparation and Visualization of IL ATPSs
Compositions of IL and salt necessary to achieve the desired
equilibrium volume ratios, i.e., the volume of the top phase
divided by the volume of the bottom phase, were determined
by varying the initial concentrations of both [Bmim][BF4]
(Sigma-Aldritch, St. Louis, MO) and sodium phosphate (2:1
dibasic:monobasic) in solutions of Dulbecco’s phosphate-
buffered saline (PBS; Invitrogen, Grand Island, NY, pH 7.4).
Conditions for 1:1 and 1:9 volume ratio ATPSs were found
to be 35% w/w [Bmim][BF4] and 3% w/w salt, and 65% w/w
[Bmim][BF4] and 0.5% w/w salt, respectively. Additionally,
0.01% w/w Triton X-100 surfactant (Sigma-Aldritch, St. Louis,
MO) was added to the 1:9 IL ATPS to facilitate phase formation.
These conditions were used for all of the following experiments.

For visualization of phase formation in the IL ATPSs, 44 or
8.8 µL of bovine serum albumin-coated dextran-coated gold
nanoparticles were added to 1.5 g 1:1 volume ratio or 1:9 volume
ratio ATPSs, respectively. These ATPSs were well-mixed to
ensure a homogenous mixture. The ATPSs were then incubated
at room temperature. Time-to-equilibrium was established when
the visible domains arrived at their respective macroscopic
phases, and the location of the interface remained stable.

Viscosity and Interfacial Tension
Measurements
Viscosity and interfacial tension measurements were performed
using 30 g of IL-, polymer-, and micelle-based 1:1 volume ratio
ATPSs. IL-based ATPSs were prepared as previously mentioned.
Polymer-based ATPSs consisted of 12.5% w/w PEG 20k (Sigma-
Aldritch, St. Louis, MO) and 7.5% w/w potassium phosphate
(5:1 di:monobasic) in solutions of PBS. Micelle-based ATPSs
consisted of 4% w/w Triton X-114 (Sigma-Aldritch, St. Louis,
MO) in solutions of PBS.

Du Noüy ring interfacial tension measurements for each
ATPS were obtained utilizing the Krüss K6 force tensiometer
(Krüss USA, NC, USA). A standard platinum ring attached
to the tensiometer was used in the measurements. Viscosity
measurements were obtained using the Brookfield LVDV-I Prime
digital viscometer (AMETEK Brookfield, MA, USA). All tests
were performed at room temperature. Triplicate measurements
of each condition were performed.

Detection of Transferrin (Tf)
Preparation of Dextran-Coated Gold Nanoprobes

(DGNPs)
Purple colored dextran-coated gold nanoparticles (DGNs) were
synthesized according to Min and coworkers with slight
modifications (Jang et al., 2013; Chiu et al., 2014). Briefly,
0.75 g of dextran (Mw 15000–25000) were dissolved in 9.9mL
of filtered UltraPure sterile water (Rockland Immunochemicals
Inc., Gilbertsville PA). The solution was stirred and heated to a
boil, after which 135 µL of 1% w/v gold (III) chloride hydrate
were added. The color of the reaction mixture became dark
purple, and the solution was stirred and boiled for 20 more
minutes. The particles were stored at 4◦C until use.

The dextran-coated gold nanoprobes (DGNPs) were prepared
as follows. A 1mL aliquot of dextran-coated gold nanoparticles

was adjusted to pH 9.0 using 0.5M NaOH. Subsequently, 4 µg of
anti-transferrin (anti-Tf) antibodies were added to the solution.
The mixture was placed on a shaker for 30min to facilitate
the formation of dative bonds between the antibodies and the
dextran-coated gold nanoparticles. Free antibodies were removed
by centrifugation. The pellet was resuspended in 100 µL of 0.1M
of sodium borate buffer at pH 9.0.

Preparation of Competitive LFA Strips
LFA test strips utilizing the competitive assay format were
assembled in a similar manner to our previous studies
(Mashayekhi et al., 2012). Briefly, both Tf and rabbit anti-
goat IgG secondary antibodies were dissolved in a 25% w/v
sucrose solution for stabilization prior to being printed in lines
on a CN140 nitrocellulose membrane. After drying overnight,
the nitrocellulose was treated with 1% w/v BSA to prevent
nonspecific binding. Subsequently, the 1% w/v BSA treated S17
fiberglass sample pad, the nitrocellulose membrane, and CF4
absorbent pad were assembled onto an adhesive backing into
5mm wide LFA strips. In this format, immobilized Tf constitutes
the test line and immobilized secondary antibodies specific to the
primary anti-Tf antibody constitute the control line. If enough Tf
is present to saturate the antibodies immobilized to the DGNPs in
a sample, the Tf-DGNP complexes flowing through the LFA strip
will not bind to the immobilized Tf on the test line. This results
in the absence of a visible purple band at the test line region. If
Tf is not present, unbound antibodies on the DGNPs will bind to
the immobilized Tf, and a visual band will form at the test line. In
either case, the antibodies on the DGNPs will bind the secondary
antibodies immobilized at the control line and form a visible line,
indicating successful sample flow through the strip. Therefore, a
positive result is indicated by only one purple band at the control
line, while a negative result is indicated by two purple bands at
both the test line and control line (Figure 1).

Detection of Tf With LFA Only
To verify the detection limit of Tf with LFA only tests, anti-
Tf DGNPs were added to a sample solution in a test tube and
allowed to bind to Tf present in the sample to form Tf-DGNP
complexes. Tests consisted of 50 µL sample solution, which
was composed of 3 µL of anti-transferrin DGNPs and 47 µL
of a known amount of Tf dissolved in PBS, or only PBS for
the negative control. The solution was incubated for 10min at
room temperature to allow the DGNPs to capture the Tf in
solution. The LFA test strip was then inserted vertically into the
sample solution, which wicked through the strip via capillary
action toward the absorbent pad. Images of the test strips were
taken immediately after 20min with a Nikon D3400 camera in
a controlled lighting environment. Triplicates of each test were
obtained and analyzed with a customMATLAB program.

Detection of Tf With the IL ATPS/LFA Setup
For detection of Tf with the 1:1 volume ratio ATPS, 120mg
of a well-mixed 1:1 ATPS containing 3.6 µL of anti-Tf DGNPs
and a known concentration of Tf were added into a test tube.
The solution was incubated for 10min at room temperature to
allow the DGNPs to capture the Tf in solution and to allow
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FIGURE 1 | Schematic of biomarker concentration with an IL ATPS and subsequent detection on the LFA. Gold nanoprobes and phase-forming components are first

mixed with a known concentration of target analyte. Following phase separation, the top phase is extracted and applied to both the competitive format LFAs for

detection of transferrin and sandwich format LFAs for the detection of E. coli. For the competitive format LFA, which utilizes purple-colored DGNPs, a positive test is

indicated by a single purple band, while a negative test is indicated by two purple bands. For the sandwich format LFA, which utilizes red-colored GNPs, a positive

test is indicated by two red bands, while a negative test is indicated by one red band.

the ATPS to phase separate. The top phase was extracted and
placed in a new test tube, and the LFA test strip was inserted
vertically into the sample solution as explained previously
(Figure 1). For detection of Tf with the 1:9 ATPS, 600mg of
a well-mixed 1:9 volume ratio ATPS containing 4.8 µL of
anti-Tf DGNPs and a known concentration of Tf were added
into a test tube. These overall ATPS volumes were chosen to
maintain the sample volume applied to the LFA at 50 µL. The
remainder of the procedure follows the methods outlined for
detection with the 1:1 ATPS. Images of the test strips were
taken immediately after 20min with a Nikon D3400 camera
in a controlled lighting environment. Triplicates of each test
were obtained and also analyzed with a custom MATLAB
program.

Detection of E. coli
Preparation of Gold Nanoprobes (GNPs)
Cherry-colored gold nanoparticles of diameter 40 nm
(Nanocomposix, San Diego, CA) were obtained and stored
at 4◦C until use. To prepare functional probes for use in
the LFA tests, the pH of the gold nanoparticle solution was
adjusted to pH 9.0 using 0.5M NaOH. For every 1mL of gold
nanoparticle solution, 8 µg of anti-E. coli antibodies were added.
The reaction mixture was placed on a shaker for 30min to
facilitate formation of dative bonds between the antibodies
and gold nanoparticles. Free antibodies were removed through
centrifugation. The pellet was resuspended in 100 µL of 0.1M
sodium borate buffer at pH 9.0 and subsequently stored at 4◦C
until use.
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Preparation of Sandwich LFA Strips
LFA test strips utilizing the sandwich style assay were prepared
in a similar manner to our previous studies (Mashayekhi et al.,
2010). Briefly, both primary anti-E. coli antibodies and rabbit
anti-goat IgG secondary antibodies were dissolved in a 25%
sucrose solution for stabilization prior to being printed in lines on
the CN95 nitrocellulose membrane. After overnight drying, the
membrane was treated with 1% BSA. Subsequently, the 1% BSA
treated S17 fiberglass sample pad, the nitrocellulose membrane,
and CF4 absorbent pad were assembled onto an adhesive backing
into 5mm wide LFA strips. For the sandwich style format, anti-
E. coli antibodies specific for the target E. coli are immobilized
at the test line, while secondary antibodies against the primary
anti-E. coli antibody are immobilized at the control line. If
enough E. coli is present in the sample, E. coli will bind to
the antibodies on the GNPs, producing E. coli-GNP complexes.
These will bind to primary antibodies on the test line, trapping
the particles and forming a visual red band. Alternatively, if the
target biomarker is not present, the colloidal gold will bypass the
test line without binding. Regardless, antibodies immobilized on
the GNPs will bind the secondary antibodies on the control line,
forming a visual band and therefore indicating a valid test. Thus,
the presence of one line at the control line indicates a negative
test, while the presence of two lines at both the control line and
test line indicates a positive test (Figure 1).

Detection of E. coli With LFA Only
Tests with LFA only were performed as now described. Solutions
containing E. coli suspensions in Nutrient Broth were first
prepared, with E. coli concentrations serially diluted from an
initially prepared culture in Nutrient Broth to achieve a range of
concentrations for detection. Five microliters of diluted E. coli
suspension, or 5 µL of pure Nutrient Broth for the negative
control, were added to 40 µL of PBS and 5 µL of anti-E.coli
GNPs for a constant sample volume of 50 µL. The resulting
solutions were mixed and incubated for 10min to allow for
binding between E. coli and the GNPs. A test strip was dipped
vertically into each solution, and the sample was allowed to wick
up the LFA. After 20min, the LFA strips were taken out of the
solution, and an image of each strip was immediately taken with
a Nikon D3400 camera in a controlled lighting environment.
Triplicates of each test were obtained; images were analyzed
visually and quantified using a customMATLAB program.

Detection of E. coli With the IL ATPS/LFA Setup
For tests combining the ATPS with LFA, 120mg of a 1:1 ATPS
containing 5 µL GNPs and 12mg of an E. coli suspension were
added to a test tube. The suspension was incubated for 10min,
after which the top phase was extracted and tested as described
previously for the LFA only tests. For the 1:9 ATPS, 600mg of an
ATPS containing 5 µL GNPs and 60mg of an E. coli suspension
were added to a tube and tested in a similar manner to the 1:1
ATPS runs. These overall volumes were chosen to maintain the
sample volume applied to the LFA at 50 µL. The tests were also
run for 20min and immediately imaged with a Nikon D3400
camera in a controlled lighting environment. Triplicates of each

test were obtained, and the images were analyzed via a custom
MATLAB program.

LFA Quantification
A custom MATLAB script was written with an approach similar
to Yager and coworkers (Fu et al., 2011) to quantitatively analyze
the LFA tests. Images of the test strips were taken with a Nikon
D3400 camera under controlled lighting, with each strip oriented
the same way. The images were cropped and converted to an 8-
bit grayscale matrix. The intensity was averaged along the axis
perpendicular to the flow, and therefore parallel to both the
control and test lines, generating a one-dimensional intensity
map. The two maxima were identified as the control and test
lines, with the distance between the two lines calibrated by using
a reference LFA image with strong test and control lines. In the
case of the transferrin competitive assay, this corresponded to the
negative control, and in the case of the E. coli sandwich assay, this
corresponded to the positive control.

To obtain test line intensity from our sample data, the location
of the control line was determined from the reference LFA image,
and its distance from the test line was calibrated as described
above. The test line region was set as a 15 pixel-wide region
centered at this location. The baseline for the measurement was
determined by averaging the signal from two 25 pixel wide boxes
beginning 25 pixels before and 25 pixels after the center of our
determined test line region. The test line intensity was then
calculated as the area under the curve for this test line region.

RESULTS

Visualization of IL ATPS Phase Separation
Several criteria were used to determine a suitable ATPS for use in
this study. Our anticipated design involved taking advantage of
rapid phase separation speeds of IL-based systems to avoid issues
faced using polymer or micellar systems. To achieve ease-of-
use and minimize extra user handling steps, we sought an ATPS
where our probes would partition to the top phase. Additionally,
maintaining physiological pH and low ionic content in the phase
DGNs and GNs partition preferentially to (i.e., the salt-rich
phase) were considered, to preserve antibody function for use in
the LFAs. With these considerations, [Bmim][BF4] and sodium
phosphate salt (2:1 dibasic:monobasic) were chosen as the
components of the ATPS. These components successfully phase
separated, and allowed for relatively low salt concentrations as
well as a pH of 7.0 in the top phase, which was optimal for our
applications. A schematic of the IL ATPS, along with competitive
and sandwich LFA formats, can be found in Figure 1.

1:1 and 1:9 volume ratio ATPSs were achieved, and phase
separation was visualized through the addition of bovine serum
albumin-coated DGNs. The DGNs partitioned preferentially
into the top phase, indicated by the purple-colored top phase,
while the bottom phase remained clear due to the absence
of DGNs. The particles were found to be stable in the
ATPS, exhibiting no signs of aggregation over several days.
These visualization experiments were also performed utilizing
bovine serum albumin-coated gold nanoparticles (GNs), which
exhibited similar partitioning and stability behavior. In all cases,
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FIGURE 2 | Visualization of phase separation and speed of an IL ATPS. Purple-colored dextran-coated gold nanoparticles partitioned extremely to the top phase and

were used to visualize separation. ATPSs separated within (A) 1min for the 1:1 ATPS, and (B) 5min for the 1:9 ATPS.

phase separation was found to be quite rapid, occurring in 1min
for the 1:1 ATPS (Figure 2A) and in 5min for the 1:9 ATPS
(Figure 2B). As 9:1 polymer-salt ATPSs can take an hour or
so to phase separate, and 1:9 micellar systems even longer, this
marked a great improvement in phase separation time compared
to conventional ATPSs.

Viscosity and Interfacial Measurements
The viscosities of the top and bottom phases of 1:1 volume ratio
IL-, polymer-, andmicelle-based ATPSs weremeasured, as shown
in Table 1. While salt-rich and micelle-poor phase viscosities
were comparable to one another for the three ATPSs, the IL-
rich phase viscosity was significantly lower than those of the
micelle-rich and polymer-rich phases.

Additionally, interfacial tension measurements were
performed for the IL-, polymer-, and micellar-based ATPSs. The
interfacial tension of the 1:1 volume ratio IL ATPS was found to
be 1.8 ± 0.3 mN

m . The interfacial tensions for the polymer- and
micelle-based ATPSs were below the equipment’s lower limit of
detection of 1 mN

m . This is consistent with reports in the literature
of interfacial tensions of polymer-based ATPSs being in the

TABLE 1 | Viscosity measurements for the phases of 1:1 volume ratio IL-,

polymer-, and micelle-based ATPSs.

Type of ATPS Type of phase Viscosity (cP)

Polymer Salt-rich 1.83 ± 0.03

Polymer-rich 23.9 ± 1.3

Micellar Micelle-poor 1.55 ± 0.04

Micelle-rich 120.7 ± 0.5

Ionic Liquid Salt-rich 1.95 ± 0.02

Ionic liquid-rich 4.1 ± 0.1

The viscosity of the IL-rich phase was much lower than the viscosities of the polymer-rich

and micelle-rich phases investigated.

range of 0.1–1.9 mN
m depending on their composition (Wu et al.,

1996). Accordingly, the interfacial tension of the IL ATPS was
significantly higher than the polymer- and micelle-based ATPSs
that we have studied.

Detection of Tf
Upon identifying compositions for 1:1 and 1:9 IL ATPSs, we
investigated the degree of improvement in utilizing these ATPSs
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FIGURE 3 | Limit of detection for LFA tests detecting for protein transferrin.

(A) Detection limit for the LFA-only test was found to be 5 ng/µL. (B) Detection

limit for the LFA when combined with a 1:1 ATPS was 1.25 ng/µL, and (C)

detection limit for the LFA when combined with a 1:9 ATPS was 0.25 ng/µL,

indicating 4-fold and 20-fold improvements, respectively.

for the detection of the model biomarker Tf. To do this, we
sought to determine the limit of detection of Tf utilizing an
LFA-only set-up, and then compare it directly with the limit
of detection obtained utilizing the IL ATPS/LFA setup. As
previously mentioned, these experiments were performed as
competitive assays; two bands would indicate a negative test,
as the antibodies on the DGNPs would be able to bind the
immobilized Tf at the test line, and a single band at the control

FIGURE 4 | MATLAB analysis of transferrin LFA tests. Data for (N) LFA-only

tests without ATPS enhancement, (�) enhancement with a 1:1 ATPS, and (�)

enhancement with a 1:9 ATPS. At each concentration, test line intensities in

arbitrary units (a.u.) were lower for the 1:1 ATPS/LFA test than the LFA-only

test and lower for the 1:9 ATPS/LFA test than the 1:1 ATPS/LFA test,

indicating improved detection with more extreme volume ratios.

line would indicate a positive test, as DGNP antibody binding
sites would be saturated and therefore unable to bind the Tf
on the test line. With these mechanisms in mind, the limit of
detection was defined as the lowest concentration of Tf at which
the test line was not visible.

For the LFA-only tests, when a high concentration of Tf was
used (10 ng/µL), test lines did not develop, indicating a true
positive result. However, at a lower concentration (2.5 ng/µL),
a test line was present, indicating a false negative result. This
suggested that the limit of detection for LFA without ATPS
enhancement was 5 ng/µL (Figure 3A). A similar analysis was
performed for the 1:1 and 1:9 ATPS setups and the limits
of detection were found to be 1.25 ng/µL (Figure 3B) and
0.25 ng/µL (Figure 3C), respectively, indicating 4- and 20-fold
improvements in detection over LFA-only. The improvement
was significant, but the test lines were fainter compared to the
LFA only tests. The control line intensities were also fainter.
These findings were confirmed via our MATLAB analysis; test
lines were less developed across all concentrations, including our
negative control at 0 ng/µL (Figure 4). We also observed a large
standard deviation in the test line intensity of LFA only for 0.5
ng/µL, which is likely due to variability in the background signal.
However, this variability did not have a significant effect on our
conclusions from the MATLAB analysis, as the error bars for
different tests did not overlap, and the entire range of intensities
for this concentration corresponds to very visible lines. Since
a less developed test line corresponds to an improvement in
the limit of detection for the competitive assay, it was unclear
if the improvement we observed was primarily a result of this
diminished line intensity or of the ATPS concentration. To
determine this, we also investigated the use of the IL ATPS with a
sandwich format assay.
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FIGURE 5 | Limit of detection for LFA tests detecting for Escherichia coli. (A)

Detection limit for the LFA-only test was found to be 3.6 × 105 cfu/mL. (B)

Detection limit for the LFA when combined with a 1:1 ATPS was 1.8 × 105

cfu/mL and (C) detection limit for the LFA when combined with a 1:9 ATPS

was 4.5 × 104 cfu/mL, indicating 2-fold and 8-fold improvements, respectively.

Detection of E. coli
Following the detection of Tf, we studied the detection of E. coli as
a large biomarker to demonstrate improvement using an IL ATPS
in a sandwich-format LFA, where diminishing of line intensities
will have a negative impact on the detection limit. We performed
experiments in a similar manner to the Tf tests. For this format,
the top line still constituted the control line, indicating a valid
test. However, the test line was comprised of primary antibodies
specific to the target, rather than the target biomolecule itself.

FIGURE 6 | MATLAB analysis of E. coli LFA tests. Data for (N) LFA-only tests

without ATPS enhancement, (�) enhancement with a 1:1 ATPS, and (�)

enhancement with a 1:9 ATPS. At each concentration, test line intensities in

arbitrary units (a.u.) were greater for the 1:1 ATPS/LFA test than the LFA-only

test and greater for the 1:9 ATPS/LFA test than the 1:1 ATPS/LFA test,

indicating improved detection with more extreme volume ratios.

If the sample solution contains the target antigen, the antigen
will bind antibodies on the GNPs, forming an antigen-antibody
complex. This complex will then bind the immobilized antibodies
on the test line, producing a visual red band. Conversely, if there
is no target antigen, the antibody-antigen complex will not form
and no test line will develop. Thus, for sandwich assays, two lines
would indicate a positive test, while only one line would indicate a
negative test. In this case, the limit of detection was defined as the
lowest concentration of E. coli at which the test line was visible.

When testing with LFA only, at a high concentration of E. coli
(1.8× 106 cfu/mL), two strong lines developed, indicating a true
positive result. At a lower concentration (9 × 104 cfu/mL), only
one line formed, exhibiting a false negative result. These results
suggest the limit of detection of E. coli using LFA only tests is 3.6
× 105 cfu/mL (Figure 5A). Utilizing this analysis, the limits of
detection for the 1:1 ATPS and 1:9 ATPS were determined to be
1.8× 105 cfu/mL (Figure 5B) and 4.5× 104 cfu/mL (Figure 5C),
respectively, indicating 2-fold and 8-fold improvements in the
limit of detection. While lighter line intensities than expected
were still observed in these tests, the fact that improvement was
still achieved in a sandwich LFA indicated that the concentration
effect due to the IL ATPS was the dominant contributor to the
improvement in detection limit. This analysis was confirmed via
MATLAB analysis. As seen in Figure 6, test line intensity was
improved with the application of more extreme volume ratio
ATPSs, which corresponds with improvements in the detection
limit of these tests.

DISCUSSION

Our group had previously demonstrated enhanced detection
through the combination of LFA with ATPSs, specifically using
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polymer-salt and micellar systems; however, a primary handicap
in the direct application of these ATPSs is their long phase
separation time. As described previously, these systems can
take hours to phase separate, which can limit their viability at
the point-of-care. Our laboratory also demonstrated that the
application of an ATPS to 3-D paper architecture drastically
improves phase separation time (Pereira et al., 2015). However,
this method requires modification to existing LFA devices
to accommodate the enhancement technique. As the phase
separation time of the IL ATPS for both 1:1 and 1:9 volume
ratios were within 1min and 5min, this IL ATPS can be directly
applied to existing LFA technologies, without necessitating
modifications to the LFA. We hypothesize that this rapid phase
separation speed can be due to several factors. This is further
supported by the work of Gutowski et al., 2003; kosmotropic
salts would increase the difference in dielectric constants
between IL and water (Gutowski et al., 2003), promoting
coalescing of similar domains in response to a high interfacial
tension.

In addition to more rapid phase separation, the IL ATPS
also displayed a greater degree of enhancement, specifically
regarding the competitive LFA tests for Tf. While the degree
of concentration for the 1:9 ATPS should be close to 10-fold,
the improvement in the limit of detection was found to be 20-
fold. We hypothesize this unexpected improvement is most likely
due to the high ionic content of the system, which produces
a screening effect that influences antibody-antigen binding.
However, as use of the IL ATPS for the detection of E. coli
still improved detection 8-fold, we determined that most of the
enhancement seen for Tf is still a result of the ATPS concentration
effect. The precise level of test line diminishment, and therefore
the deviance from expected improvement, likely depends on
the exact antibodies used in a particular assay. We do note
that, in this study, both monoclonal and polyclonal antibodies
for different antigens in different assay formats were successful,
suggesting this system should still be widely applicable.
Additionally, while the system does exhibit diminishing of line
intensities, it should be noted that a primary motivation for use
of this system would be to apply it to the partitioning of small
biomarkers. These smaller biomarkers would generally require
detection with the competitive LFA, as they typically do not
contain many antigen binding sites required for use with the
sandwich assay. Therefore, this screening effect only helps our
system.

We envision the IL ATPS to be used for the detection of
a wide range of proteins, with the ability to tailor the exact
IL and salt system to accommodate the target of choice. To
achieve this, we anticipate that a greater understanding of
the phase separation mechanism of these IL-based ATPSs will
be required. We also investigated the IL ATPS comprised of
[Bmim][Cl] and potassium phosphate salt. Surprisingly, despite
having similar components to our [Bmim][BF4] ATPS, this
system displayed different phase separation behavior, consisting
of an IL-rich top phase and a salt-rich bottom phase. While

the exact mechanism of IL ATPS phase separation is not
precisely understood, it is commonly believed that separation
occurs due to the salting out effect of kosmotropic salts
on the IL component. The degree of this salting out is
likely a large factor in determining partitioning behavior and
relative hydrophobicity/hydrophilicity of each phase. We found
that this [Bmim][Cl] system yielded different gold nanoprobe
partitioning behavior from the [Bmim][BF4] counterpart, with
GNs partitioning extremely to the top IL-rich phase and DGNs
partitioning extremely to the bottom salt-rich phase. While
the ability to partition similar particles to different phases is
promising, it is clear that a greater understanding of phase
separation and partitioning behavior is needed to take full
advantage of these capabilities.

CONCLUSIONS

In summary, we successfully demonstrated the first use of
an IL ATPS for the enhanced detection of biomarkers with
the LFA. Specifically, a 20-fold improvement in the detection
limit for transferrin was achieved utilizing a 1:9 volume
ratio ATPS. This improvement can be seen as a combination
of biomarker concentration, induced by the ATPS, as well
as diminished test line intensity, likely due to screening
effects from the ionic content of the ATPS. Despite the
effects of the ATPS ionic content, an 8-fold improvement
could still be achieved in the detection limit for E. coli
using the sandwich-format LFA, where diminished test line
intensities have a negative impact on the detection limit.
Accordingly, most of the enhancement in the detection
limit can be attributed to the preconcentration capability of
the ATPS. Furthermore, this IL ATPS was found to phase
separate very quickly, allowing for direct application to LFA
without requiring modifications to existing LFA structure.
While we demonstrated functionality using two biomarkers,
we anticipate that further investigation into specific IL-salt
pairings can enhance improvement for small biomarkers that
would be difficult to concentrate otherwise. This combination of
tunability and speed presents this system as a flexible, powerful
enhancement tool for use with a wide variety of biomarkers and
pathogens.
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The formation of aqueous two-phase system (ATPS) with the environmentally friendly

and recyclable ionic liquid has been gaining popularity in the field of protein separation.

In this study, the ATPSs comprising N,N-dimethylammonium N′,N′-dimethylcarbamate

(DIMCARB) and thermo-responsive poly(propylene) glycol (PPG) were applied for the

recovery of recombinant green fluorescent protein (GFP) derived from Escherichia coli.

The partition behavior of GFP in the PPG + DIMCARB + water system was investigated

systematically by varying the molecular weight of PPG and the total composition of ATPS.

Overall, GFP was found to be preferentially partitioned to the hydrophilic DIMCARB-rich

phase. An ATPS composed of 42% (w/w) PPG 1000 and 4.4% (w/w) DIMCARB gave

the optimum performance in terms of GFP selectivity (1,237) and yield (98.8%). The

optimal system was also successfully scaled up by 50 times without compromising the

purification performance. The bottom phase containing GFP was subjected to rotary

evaporation of DIMCARB. The stability of GFP was not affected by the distillation of

DIMCARB, and the DIMCARB was successfully recycled in three successive rounds of

GFP purification. The potential of PPG + DIMCARB + water system as a sustainable

protein purification tool is promising.

Keywords: purification, green fluorescent protein, aqueous two-phase system, dialkyl carbamate, poly(propylene

glycol), recycling

INTRODUCTION

Green fluorescent protein (GFP) has been widely applied in the cellular and molecular biology
research due to its unique properties such as the intense fluorescence visibility, high thermal
stability, and the adjustable fluorescence intensity via a proper manipulation of the protein
structure (Skosyrev et al., 2003; Li et al., 2009; Quental et al., 2015). Additionally, GFP can
be easily quantified via spectrofluorimetric assay, making it a good candidate as a biosensor
(Wouters et al., 2001) and biomarker (Gerisch et al., 1995) in the biotechnological application. The
recombinant GFP has been successfully expressed by various organisms, including Escherichia coli

37

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2018.00529
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2018.00529&domain=pdf&date_stamp=2018-10-31
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ooi.chien.wei@monash.edu
https://doi.org/10.3389/fchem.2018.00529
https://www.frontiersin.org/articles/10.3389/fchem.2018.00529/full
http://loop.frontiersin.org/people/609410/overview
http://loop.frontiersin.org/people/594638/overview
http://loop.frontiersin.org/people/585482/overview


Song et al. Carbamate IL-Based ATPS for Purification of GFP

(E. coli) (Lo et al., 2018), zebrafish (Amsterdam et al., 1996),
Drosophila (Wang and Hazelrigg, 1994), and yeast (Amsterdam
et al., 1996). Nevertheless, the purification of GFP with the
conventional chromatographic techniques generally involves
complex and tedious operations, resulting in a higher purification
cost (Deschamps et al., 1995; Cabanne et al., 2005; McRae et al.,
2005; Zhuang et al., 2008).

Aqueous two-phase system (ATPS) has been widely viewed as
a potential alternative method for the separation of biomolecules.
The advantages of ATPS include the high extraction efficiency,
the cost effectiveness, and the simplicity of operation. This type
of liquid-liquid extraction is commonly exploited for the primary
recovery and purification of valuable biological products such
as proteins (Merchuk et al., 1998), enzymes (Kroner et al.,
1982), nucleic acids (Gomes et al., 2009), and viruses (Liu et al.,
1998). ATPS is conventionally made of two types of incompatible
polymers, or a polymer coupled with a salting-out inducing
salt; the concentrations of phase-forming components in an
aqueous solution must exceed the threshold value. ATPS has
been widely perceived as a biocompatible medium for preserving
the biological properties of biomolecules, owing to the large
proportion of water content in both phases (Yao et al., 2018).
The extraction of GFP has been successful achieved using
the traditional ATPSs consisting of phase-forming components
such as polymer, surfactant, alcohol, and inorganic salts (Jain
et al., 2004; Johansson et al., 2008; Li and Beitle Robert, 2008;
Samarkina et al., 2009; Lopes et al., 2011; Lo et al., 2018).
However, the limited polarity range of the coexisting phases
and the poor recyclability of the conventional phase-forming
components have constituted a major bottleneck that hampers
the vast use of these conventional ATPSs (Hatti-Kaul, 2000).

Over the past decade, ionic liquid (IL) has been envisaged
as an alternative phase-forming component of ATPS due to
its highly tunable properties (Freire et al., 2012). IL is a type
of molten organic salt with a melting point below 100◦C.
By properly selecting the cation and anion counterparts, the
resultant ILs possess the desired polarity and affinity suitable
for the separation of protein in ATPS. In comparison to the
conventional polymer-based ATPS, the flexibility of IL-based
ATPS allows a better design of the separation system for the target
protein in a highly complex crude mixture. Nonetheless, the wide
implementation of IL in liquid-liquid extraction is still restricted
by the synthesis cost of IL, which is generally more expensive
than the conventional phase-forming components (Plechkova
and Seddon, 2008). Moreover, some of the conventionally used
ILs (i.e., imidazolium- and pyridinium-based ILs) are reported
to be highly toxic (Docherty and Kulpa, 2005). With the
rising environmental consciousness in public, the application of
environmentally benign ILs (e.g., cholinium- and amino acids-
based ILs) in forming ATPS has been on the rise (Song et al., 2015,
2017, 2018a).

The CO2-based alkyl carbamate IL, which is formed by the
combination of CO2 with dimethylamine (Bhatt et al., 2006;
Chowdhury et al., 2010; Idris et al., 2014; Vijayaraghavan and
MacFarlane, 2014), has recently emerged as a potential phase-
forming component of IL-based ATPS. In general, the synthesis
of the alkyl carbamate IL is considerably simpler and cheaper

than the conventional ILs (Kreher et al., 2004). It has been
reported that the alkyl carbamate IL possesses the characteristics
of biodegradability and biocompatibility (Stark et al., 2009).
More importantly, the CO2-based alkyl carbamate IL can be
distilled at a relatively low temperature under vacuum condition,
thereby allowing a simple recovery of IL for the subsequent
extraction process (Vijayaraghavan and MacFarlane, 2014).
Recently, our group reported a novel type of IL+ polymer ATPS
comprising N,N-dimethylammonium N′,N′-dimethylcarbamate
(DIMCARB, i.e., the simplest form of CO2-based alkyl carbamate
IL) and the thermo-responsive poly(propylene) glycol (PPG)
(Song et al., 2018b). Both DIMCARB and PPG used in this ATPS
can be recovered via rotary evaporation and thermo-separation,
respectively, for a viable recycling of phase-forming component.

Here, the application of DIMCARB + PPG + water systems
for separating the target biomolecule from a real crude protein
mixture was reported for the first time. The purification of
recombinant GFP from the clarified lysate of microbial feedstock
was performed using ATPSs made of DIMCARB and PPG. The
stability and partition behavior of GFP in the ATPSs were studied,
and the composition of ATPS was optimized for the purification
of GFP. To evaluate the sustainability of this ATPS for practical
use, DIMCARB was also recycled for several rounds of GFP
purification.

MATERIALS AND METHODS

Materials
DIMCARB, and PPG (molecular weight of 400, 700, and
1,000 g.mol−1) were obtained from Sigma-Aldrich (St.
Louis, U.S.A.). Tris base (ULTROL grade) was obtained
from CalBiochem (San Diego, U.S.A.). Luria-Bertani (LB)
broth, kanamycin sulfate, chloramphenicol, ethanol, isopropyl
β-D-1-thiogalactopyranoside (IPTG), methanol, and acetic
acid were purchased from Merck (Darmstadt, Germany).
Coomassie Brilliant Blue R-250 (CBB-R250) staining solution
were sourced from Bio-Rad Laboratories (Singapore). Protein
marker (ExcelBandTM 3-color Broad Range) with the molecular
weight ranging from 5–245 kDa was acquired from SMOBiO
Technology (Taiwan). All chemicals were of analytical reagent
grade.

Methods
Production of Recombinant GFP

The GFP was expressed by E. coli strain BL21(DE3)pLysS
transformed with pET28a-GFP plasmid. The cells were cultured
at 30◦C in LB brothmedium containing 50µg/ml kanamycin and
50µg/ml chloramphenicol. When the optical density (OD600)
of cell culture reached 0.7–0.9, 0.5mM IPTG was added to the
culture for the induction of GFP expression. The cell culture was
incubated in an orbital shaker for another 12 h at 30◦C and 200
rpm. Then, the culture broth was centrifuged at 4,000 rpm and
4◦C for 20min. The harvested cell pellets were resuspended in
50mM Tris-HCl (pH 8) buffer, and the concentration of biomass
was adjusted to 10% (w/v). The disruption of cells was performed
using an ultrasonic homogenizer (Cole-Palmer, U.S.A.) equipped
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with a horn-tip of 3mm diameter (Model KH-04710-42, Cole-
Parmer, U.S.A.) and operated at a frequency of 20 kHz, 40%
amplitude for 40min in pulse mode (Lo et al., 2016). Finally,
the ultrasonicated solution was centrifuged for 10min at 14,000
rpm and 4◦C. The supernatant containing the soluble GFP was
collected and used as the feedstock for ATPS.

Protein Quantification

The concentration of GFP was determined
spectrofluorometrically using a standard curve of pure GFP. The
preparation of the pure GFP is described elsewhere (Lo et al.,
2018). In brief, 100 µl of the sample was first loaded in a black
microtiter plate. The relative fluorescence unit (RFU) of the
sample were measured using a spectrofluorometer (Infinite R©

200 PRO, Tecan) at the excitation wavelength of 448 nm and the
emission wavelength of 512 nm. The concentration of protein
in the sample solution was estimated from the polyacrylamide
gel using densitometric method as described (Lee et al., 2015).

In the gel, the protein bands in a sample lane were evaluated
individually based on the intensity ratio of a single band to the
total bands in a lane. The intensity of control band (i.e., pure
GFP) was used in the calculation of the protein concentration.

Sodium Dodecyl Sulfate Polyacrylamide Gel

Electrophoresis (SDS-PAGE)

Prior to the SDS-PAGE analysis, the protein samples were
subjected to ethanol precipitation for the removal of phase-
forming components (e.g., ionic DIMCARB) that could interfere
the electrophoresis. A mixture containing one part of sample
solution and nine parts of chilled absolute ethanol was first
prepared. The mixture was vortexed vigorously, before being
stored at −20◦C for 60min. Next, the solution was centrifuged
at 15,000 rpm for 10min. After discarding the supernatant, the
pellet was resuspended in the chilled ethanol and the solution
was centrifuged again. The washing step was performed twice,
and the pellet was then dried at room temperature for 10min.

FIGURE 1 | Percentage relative concentration of GFP incubated in 50mM Tris-HCl buffer at different pH for 60min at 25◦C.

FIGURE 2 | Percentage relative concentration of GFP incubated in 50mM Tris-HCl buffer at pH 8 for 60min at different temperature.
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TABLE 1 | Partition of GFP in PPG 400/700/1000 + DIMCARB + water systems at different phase compositions.

System Sampl number TLLa log Kb S Y (%)

GFP Protein Top phase Bottom phase

PPG 400 + DIMCARB + water 1 46.4 2.81 0.360 279.0 0.16 96.2

2 69.8 2.78 0.219 365.8 0.15 89.2

3 78.7 2.85 0.380 293.5 0.13 91.5

4 85.6 2.83 0.365 294.7 0.13 90.9

5 93.1 2.76 1.130 42.28 0.17 96.2

PPG 700 + DIMCARB + water 6 90.0 −2.88 −1.249 0.023 74.2 0.10

7 92.9 −1.35 −0.858 0.325 76.6 3.45

8 94.3 3.09 1.008 119.9 0.08 98.2

9 95.2 3.09 0.974 131.1 0.08 95.3

10 95.8 3.12 0.934 154.8 0.07 95.3

PPG 1000 + DIMCARB + water 11 92.9 −2.73 −1.397 0.047 78.2 0.15

12 94.8 −2.96 −0.429 0.003 79.4 0.09

13 95.8 3.10 0.609 307.1 0.08 98.2

14 96.7 3.05 0.493 358.9 0.09 96.6

15 97.4 3.20 0.105 1237 0.14 98.8

aData taken from literature (Song et al., 2018b).
bK values are expressed as a mean of triplicate readings with the estimated error of <5%.

FIGURE 3 | Photos of PPG 400/700/1000 + DIMCARB + water systems showing the partitioning of GFP between phases.

Lastly, the pellet was re-solubilized in Tris-HCl buffer (pH 8;
50mM).

The SDS-PAGE was conducted using a 12% (w/v) resolving
gel in combination with a 5% (w/v) stacking gel (Laemmli,
1970). The thickness of the polyacrylamide gel was 1mm. The
electrophoresis was conducted at 180V for 60min using an
electrophoresis unit (Mini ProteanTM 3, Bio-Rad, U.S.A.). After
the electrophoresis, the gel was stained with Coomassie Brilliant
Blue R-250 for 45min. Subsequently, the gel was destained with
a destaining solution made of 10% (v/v) methanol and 10% (v/v)
acetic acid until a clear background in the gel was formed. The
protein bands on the gel were visualized and analyzed using a gel
imaging system (Gel DocTM XR+, Bio-Rad).

Partitioning of GFP in ATPSs

ATPS was prepared in a 2-ml micro-centrifuge tube by adding
the appropriate amounts of PPG, DIMCARB, buffer solution

(50mM Tris-HCl) and 10% (w/w) crude feedstock, with
the pH of final mixture was adjusted to the optimum pH.
Next, the system was mixed thoroughly using a vortex mixer
prior to settling for 3 h to attain the phase equilibrium. The
temperature of the system was maintained at 25◦C during the
incubation in a thermostatic bath. Subsequently, the system
was centrifuged at 4,000 rpm for 10min to achieve a complete
phase separation. The partition coefficient of GFP (KGFP)
or total protein (Kprotein) was determined using Equation
(1):

K =
CB

CT
(1)

where CB and CT are the concentrations
of proteins in the bottom and top phases,
respectively.
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TABLE 2 | Compositions of the selected PPG 700/1000 (1) + DIMCARB (2) + water (3) systems at 25◦C and 101.32 kPa.

Sample number Total compositions Without crude feedstock With crude feedstockb

Top phasea Bottom phasea Top phasec Bottom phasec

100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 100 w1 100 w2 100 w1 100 w2

PPG 700 + DIMCARB + water

6 46.0 3.0 94.2 0.58 1.40 5.35 1.08 5.87 87.8 0.68

7 44.0 2.5 92.7 0.59 2.70 4.14 2.32 4.48 84.0 0.74

PPG 1000 + DIMCARB + water

11 50.0 1.7 95.0 0.41 2.14 3.11 1.70 4.03 88.2 0.52

12 48.0 2.3 95.6 0.40 0.87 4.31 0.65 5.54 88.8 0.55

aData taken from literature (Song et al., 2018b).
bThe concentrations of PPG, DIMCARB, and water in both top and bottom phases of the investigated ATPSs were analyzed using the methods described in previous study (Song et al.,

2018b).
cStandard uncertainty of temperature = 1◦C and pressure = 0.5 kPa. Expanded uncertainty: for PPG 700 + DIMCARB + water system, Uc are Uc(PPG 700) = Uc(DIMCARB) =

0.0021 (95% level of confidence); for PPG 1000 + DIMCARB + water system, Uc(PPG 1000) = Uc(DIMCARB) = 0.0023 (95% level of confidence).

TABLE 3 | Compositions and purification efficiencies of 2- and 100-g ATPSs comprising 42% (w/w) PPG 1000, 4.4% (w/w) DIMCARB, and 10% (w/w) feedstock at pH 8.

Total system weight (g) Compositions S Y (%)

Top phase Bottom phase

100 w1 100 w2 100 w1 100 w2 Top phase Bottom phase

2 97.6 0.37 0.40 7.82 1237 0.14 98.9

100 96.9 0.32 0.34 7.71 1229 0.13 98.3

Selectivity (S) was defined as the ratio of KGFP to Kprotein, as
shown in Equation (2):

S =
KGFP

Kprotein
(2)

The yield of GFP partitioned to a specific phase of the system (Y)
was calculated using Equation (3):

Y (%) =
CP(GFP)

CC(GFP)
× 100 (3)

where CP(GFP) and CC(GFP) represent the concentration of GFP
in the top phase or the bottom phase of ATPS and the crude
feedstock, respectively.

RESULTS AND DISCUSSION

Stability Test for GFP
The effects of pH and temperature on the stability of GFP were
evaluated by incubating the feedstock solution of GFP under
different conditions of pH and temperature for 60min. The
GFP suspended in Tris-HCl buffer (pH 8; 50mM) at 25◦C for
60min was used as the control. The stability of GFP was assessed
using the indicator “percentage relative concentration of GFP,”
which is calculated as the RFU of sample as a percent of the
RFU of the control. The results are shown in Figures 1, 2. At
pH ranging from 4 to 10, the percentage relative concentration
of GFP was >91.8%, showing that the stability of the protein
was well preserved. A previous study (Johansson et al., 2008)

reported that GFP is stable in a broad range of pH (5.0–11.5). An
extreme pH condition affects the structural stability and solubility
of protein, leading to an irreversible denaturation of protein.

As shown in Figure 2, a low percentage relative concentration
of GFP (i.e., 24.7%) was observed when the incubation
temperature was raised to 70◦C. Thus, it can be concluded that
the GFP was stable when incubated at temperature below 70◦C.
The GFPwasmostly denatured when the incubation temperature
increased to 80◦C, as indicated by the 0.89% of the relative
concentration of GFP. Generally, the matured GFP is relatively
stable and is able to fluoresce at temperature up 65◦C (Tsien,
1998). An increase in incubation temperature promotes the
unfolding of native secondary and tertiary structures of GFP
(Penna et al., 2005). Bokman and Ward (1981) reported that the
native secondary structure of GFP is essential to maintain the
fluorescent form of the chromophore.

GFP Partitioning in PPG + DIMCARB +

Water System
The partitioning of proteins in ATPSs is typically governed
by the interaction between phase-forming components and
biomolecules (Tubio et al., 2004). In an ATPS, a protein
will interact with the surrounding molecules through
interactions such as hydrophobic interactions, hydrogen
bonding, electrostatic interactions, steric effects, and van der
Waals forces (Dreyer et al., 2009). To design the ATPS for an
efficient separation of protein, it is important to understand the
factors governing the partitioning of protein between phases in
an ATPS.
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FIGURE 4 | Characterization of DIMCARB. (A) FT-IR spectra of the pure DIMCARB and the DIMCARB recovered from distillation; (B) 13C NMR spectra of the pure

DIMCARB; (C) 13C NMR spectra of the DIMCARB recovered from distillation.
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FIGURE 5 | Schematic diagram of the recycling ATPSs for three successive

rounds of GFP purification.

The partitioning of GFP in PPG + DIMCARB + water
systems was investigated, and the results are presented in
Table 1 and Figure 3. The compositions of the phase-forming
components were selected based on the corresponding phase
diagrams reported from our previous work (Song et al., 2018b).
The concentrations of phase-forming components were varied
according to the tie-line length (TLL). To exclude the effect
of volume ratio on the GFP partitioning, the volume ratio of
top and bottom phases was fixed at 1:1. From Table 1, majority
of the investigated systems showed a positive value of log
KGFP, indicating that the GFP was preferably partitioned to the
DIMCARB-rich bottom phase. Among the investigated ATPSs,
PPG 1000+DIMCARB+ water system at TLL= 97.4% (sample
number 15) gave the highest S value (1237) and Y% of GFP in
bottom phase (98.8%).

However, an inverse trend of partition behavior of GFP was
noted in some of the systems (sample number: 6 7, 11, and
12), which are reflected by the negative values of log KGFP (see
Table 1). The compositions of systems undergone the phase
inversion were analyzed, and the results are summarized in
Table 2. From the liquid-liquid equilibrium data of these systems,
the top phase mainly consisted of DIMCARB, whereas PPG
was predominantly concentrated in the bottom phase. Prior to
the addition of feedstock to these systems, the concentration
of PPG 700/1000 was in the range of 44–50% (w/w) and
the concentration of DIMCARB was ≤3% (w/w). The phase

FIGURE 6 | SDS-PAGE analysis. Lane M, protein marker; Lane C, crude

feedstock; Lane P, GFP standard; Lanes T15 and B15, the top phase and

bottom phase of the optimized ATPS (sample number 15, as stated in

Table 1), respectively; Lane S, distilled bottom phase of 100-g ATPS; Lane D,

distillate obtained from the recovery of DIMCARB.

inversion occurred upon the addition of feedstock to these
systems. As shown in Table 2, the addition of feedstock reduced
the concentrations of PPG 700/1000 in both phases. The phase
inversion may be associated to the temperature-responsiveness
of PPG; the lower critical solution temperature (LCST) of
PPG 700 and PPG 1000 may increase with a decreasing
concentration of polymer. At room temperature and a lower
concentration of PPG 700/1000, the hydrophobic moieties along
the polymer chains were suspected to experience desolvation,
resulting in the polymer aggregates, and a denser polymer-
rich phase. Therefore, the inversion of phases occurred in the
system and rendered the DIMCARB-rich fraction as the top
phase.

Figure 3 shows that the volumes of the top phases of PPG
400 + DIMCARB + water + feedstock systems decreased with
an increasing TLL. This indicated that the equilibrium of these
PPG400-based systems was affected by the addition of feedstock.
In contrast, the volume ratio of PPG 700/1000 + DIMCARB
+ water + feedstock systems remained mostly constant.
Furthermore, the amount of noticeable protein precipitate at
the interphase of PPG 400 + DIMCARB + water + feedstock
systems increased as the TLL of the system increased. This
may be attributed to a higher degree of salting-out of host
cell proteins in the systems. The presence of protein debris
was also found at the interphase of ATPSs composed of PPG
700/1000. Nonetheless, the precipitation of the host cell protein
in these systems also served as a means for the removal of
protein contaminant, thereby assisting in the purification of GFP
by ATPS.

Recovery of Phase-Forming Components
Despite the promising potential of IL-based ATPS for the
application in protein separation, these systems are yet to be
widely adopted in the industrial operations due to the high
cost of IL. In contrast to the conventional ILs, DIMCARB is
relatively cheaper because of the use of CO2 as the raw material.
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Nevertheless, the cost of DIMCARB is still about 2 to 5 times
higher than that of the conventional phase-forming components
(e.g., inorganic salts, alcohol and carbohydrates). Therefore, the
recycling of IL for the practical application of ATPS is highly
desirable.

The recyclability of DIMCARB was evaluated using the
optimized ATPS composed of 42% (w/w) PPG 1000 and 4.4%
(w/w) DIMCARB. Firstly, the scale of ATPS was increased from
2 g to 100 g. The compositions and purification efficiencies of
the scaled-up system are presented in Table 3. Regardless of the
scale of ATPS, the composition of the system and the purification
efficiencies remained nearly identical. The results affirmed that
the performance of GFP purification was not compromised by
the scalability of this IL-based ATPS. DIMCARB can be easily
distilled and recovered via evaporation (Song et al., 2018b).
In this study, the DIMCARB-rich bottom phase of the 100-g
ATPS containing the partitioned GFP was subjected to rotary
evaporation at 45◦C and 85 mbar for 1 hr. During the process,
DIMCARB dissociated into the gaseous dimethylamine and CO2.
As the gasses passed through a condenser unit, the re-association
occurred and the DIMCARB was reformed in the liquid
state.

The DIMCARB recovered from the distillation was
characterized by Fourier Transform-Infrared (FT-IR)
and carbon-13 nuclear magnetic resonance (13C NMR)
spectroscopies. The results of FT-IR and 13C NMR analyses
are presented in Figure 4. In the FT-IR spectra, the symmetric
carbamate (∼1408 cm−1) and the carbamate C–O stretching
(∼1621 cm−1) peaks were noted in both pure and recycled
DIMCARB samples (see Figure 4A). Similarly, the carbamate
signal at ∼162 ppm was observed in the 13C NMR spectra of
pure and recovered DIMCARB samples (see Figures 4B,C).
These analyses confirmed the successful recovery DIMCARB
from the bottom phase of the ATPS. Moreover, the percentage
relative concentration of GFP before and after the distillation of
DIMCARB was found to be 99.4% (data not shown), indicating
that the stability of GFP was well preserved during the distillation
of DIMCARB. The DIMCARB recovered from the distillation
was used to prepare the new batch of ATPS for use in GFP
purification. As illustrated in Figure 5, this recycling step was
performed for three successive rounds of GFP purification,
which is denoted as Recycling 0, Recycling 1, and Recycling 2,
respectively. Overall, the phase compositions of the recycling
ATPSs were almost similar to that of the primary ATPS.
Moreover, the partition behavior of GFP in the recycling ATPSs
did not deviate significantly (as indicated by the S-values shown
in Figure 5).

SDS-PAGE Analysis of Purified GFP Using
PPG + DIMCARB + Water Systems
SDS-PAGE analysis was performed to assess the purity of protein
and the performance of protein separation by the ATPSs. The
results are shown in Figure 6. In Lane P, GFP standard was
identified as a single thick band at approximately 27 kDa. In

Lane C (crude feedstock sample), multiple protein bands were
detected along with a thick band of GFP at 27 kDa, indicating
the presence of protein impurities in the harvested culture broth
prior to the purification process. For the optimized ATPS made
of 42% (w/w) PPG 1000 and 4.4% (w/w) DIMCARB (sample
number 15), the top phase of the system (Lane T15) did not
exhibit any protein band. This hinted that the protein impurities
had been mostly precipitated and concentrated at the interphase
of the system (see Figure 3). On the other hand, the bottom
phase of the system (Lane B15) showed a single dark band
at ∼27 kDa (i.e., GFP) and some faint bands representing
minor impurities. Similarly, the bottom phase from the scaled-
up ATPS (Lane S) had the similar profile of protein bands as
Lane B15. The Lane D representing distillate recovered from the
rotary evaporation of DIMCARB-rich phase did not show any
protein band.

CONCLUSIONS

The PPG + DIMCARB + water systems were successfully
applied for the purification of GFP from the clarified E. coli lysate.
In general, GFP has a higher affinity toward the DIMCARB-
rich phase. The optimal purification of GFP was attained with
an ATPS composed of 42% (w/w) PPG 1000 and 4.4% (w/w)
DIMCARB. The optimized ATPS was also successfully scaled up
by 50 times. Moreover, DIMCARB was successfully recovered
from the IL-rich phase andwas reused for three successive rounds
of GFP purification. Overall, PPG + DIMCARB + water system
has demonstrated the satisfactory performance in the purification
of protein frommicrobial lysate. The ease of recycling DIMCARB
via distillation makes the ATPS even more sustainable and
environmentally benign for application in protein purification.
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To artificially construct a three-dimensional cell assembly, we investigated the availability

of long-duration microdroplets that emerged near a critical point in an aqueous

two-phase system (ATPS) with the hydrophilic binary polymers, polyethylene glycol

(PEG), and dextran (DEX), as host containers. We found that erythrocytes (horse red

blood cells; RBCs) and NAMRU mouse mammary gland epithelial cells (NMuMG cells)

were completely and spontaneously entrapped inside DEX-rich microdroplets. RBCs

and NMuMG cells were located in the interior and at the periphery of the droplets at

PEG/DEX = 5%:5%. In contrast, the cells exhibited opposite localizations at PEG/DEX

= 10%:5%, where, interestingly, NMuMG cells apparently assembled to achieve cell

adhesion. We simply interpreted such specific localizations by considering the alternative

responses of these cells to the properties of the PEG/DEX interfaces with different

gradients in polymer concentrations.

Keywords: aqueous two-phase system, microdroplet, phase separation, cell assembly, red blood cell, epithelial

cell, polyethylene glycol, dextran

INTRODUCTION

Living organisms exhibit the self-organization of cells and intracellular organelles in a
self-consistent manner. For decades, biochemical studies have unveiled the mechanisms that
underlie such regulatory systems at the molecular level. Many macromolecules including nucleic
acids and proteins are considered to act in a well-orchestrated manner to express biological
functions, by building sophisticated structures under the specific interaction of gene products. On
the other hand, it is also considered that even a single-cell system cannot be completely controlled
through specific key-lock interactions. In these situations, the self-organization, or self-assembly, of
biomolecules is indispensable for the development of various ordered structures, like phospholipid
bilayers for cell membranes. Recently, it has been reported that membraneless organelles may
arise from the micro phase separation of cytosols, which generates submicron-scale liquid droplets
containing proteins and RNAs (Brangwynne, 2013; Courchaine et al., 2016). Since intracellular
environments are highly crowded by such macromolecules, the emergence of liquid/liquid phase
separation (LLPS) on a microscopic scale is a ubiquitous phenomenon inside living cells (Walter
and Brooks, 1995; Spitzer and Poolman, 2013; Rivas and Minton, 2016; Uversky, 2017).

Along these lines, many pioneering researchers have tried to model cellular and
intracellular microcompartments by simply using an aqueous two-phase system (ATPS)
consisting of solutions with hydrophilic polymers that exhibit LLPS on a micro-scale
(Aumiller and Keating, 2017). There are both some similarities and differences in
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the properties of micro phase separation between in vitro
ATPS droplets and actual protein/nucleic acid-based droplets
(Zaslavsky et al., 2018). Polyethylene glycol (PEG), a flexible
polymer, and dextran (DEX), a semi-flexible polymer, are
popularly selected for the preparation of a typical ATPS (Esquena,
2016). Upon the vigorous mixing of a PEG/DEX solution,
aqueous/aqueous (water-in-water) microdroplets are transiently
formed, and various biomolecules and even inorganic materials
can be partitioned into, or excluded from, these droplets, due to
the chemical and morphological characteristics of the substances
partitioned (Akbulut et al., 2012; Jia et al., 2014; Vis et al., 2015).
Generally, this behavior of LLPS droplets is sharp (Nott et al.,
2016), and could be associated with the origin of life and prebiotic
functions (Poudyal et al., 2018). Originally, ATPSs with various
hydrophilic polymers, in addition to the above PEG/DEX,
have been developed to extract molecules and supramolecules
from biological materials (Albertsson, 1971). Their simplicity
makes them suitable for harboring functional proteins and
living cells. For example, these microdroplets have been used
to promote interaction between entrapped proteins to achieve
their alignment (Monterroso et al., 2016; Song et al., 2018).
Previously, we have reported DNA entrapment (Tsumoto et al.,
2015), the formation of microparticles by crosslinking proteins
(Tsumoto and Yoshikawa, 2017), and the selective entrapment
of filamentous actin (F-actin) and subdomain formation with
dsDNAs and F-actin proteins, inside PEG/DEX microdroplets
(Nakatani et al., 2018).

ATPS is known as a useful system to get selective partition
on various biomacromolecules, DNAs, proteins, etc., under
certain compositions of polymers. As has been indicated by
Albertsson (1971), previous literatures reveal a large number
of phase diagrams for the phase separation of binary or
more-component polymer solutions. The ATPS with PEG/DEX
is popular in biochemical and biophysical research, and we
previously used this system to investigate the dynamics (time-
course development) of phase segregation of micro-scale regions
(Toyama et al., 2008), as well as the specific localization of
DNAs and proteins, such as the cytoskeletal protein actin
(Tsumoto et al., 2015; Nakatani et al., 2018). In these studies, we
observed aqueous/aqueous (water-in-water) microdroplets with
an average diameter of ∼10–100µm. Importantly, the droplets
are stably generated and remain after vigorous mixing using a
vortex mixer, etc., near the critical point in a phase diagram,
because there is only a very small difference in density between
the phases containing the two polymers in addition to the weak
surface tension, which are unique characteristics of a polymer
solution.

Compared to bulk ATPS, the above mentioned
aqueous/aqueous microdroplet is suitable for microscopic
observation; therefore, we can frequently observe intriguing
phenomena with biological macromolecules only when these
molecules are encapsulated within such microcompartments.
For example, interestingly, actin proteins apparently change
their preferred location (distributed evenly, encapsulated within
the interior, and adhered to the inner surface) in droplets in
PEG/DEX ATPS as their higher-ordered structure changes from
monomeric (G-actin) through polymeric (F-actin) to bundled

actin (Nakatani et al., 2018). DNAs and F-actin entrapped
simultaneously exclude each other to form subdomains inside
the droplets. Thus, generally, biopolymers with semi-flexible and
rigid chains are usually excluded from the PEG-rich exterior
environment to the interior of DEX-rich microdroplets. In
addition, further transformation of their structures as well as
coexistence with other polymers possessing different properties
could cause a change in their own positions.

Considering the unique characteristics to entrap certain
biomolecules, it would also be expected that in even simple
systems, living cells can find preferred locations in microdroplets
and their localization can change with a change in the
composition of the ATPS. Cells are much larger than the
biomacromolecules, and cellular systems are more complicated.
However, even though the model artificial system is quite simple,
we would expect it to mimic the migration and arrangement of
cells in an aqueous environment inside living bodies in a most
basic manner, i.e., without any specific molecular interactions
among genetic products.

Recently, Han et al. reported the formation and manipulation
of cell spheroids (Han et al., 2015), clearly indicating that ATPS
could be a powerful tool for controlling cell position without
causing important damage. In the present study, we used two
different kinds of cells, erythrocytes (horse red blood cells; RBCs)
and NAMRU mouse mammary gland epithelial cells (NMuMG
cells) as models, and investigated how these cells are localized
when entrapped inside ATPS microdroplets. Interestingly, we
found that RBCs and NMuMG cells alternatively preferred to
localize either in the interior or at the periphery of microdroplets,
and this preference could be switched by changing the PEG/DEX
ratio. We considered that the PEG/DEX interface property could
change with a change in the interface composition, and this could
affect how the interface interacts with different types of cells to
cause this switching.

MATERIALS AND METHODS

Reagents
We used polyethylene glycol (PEG) and dextran (DEX) to
form an aqueous/aqueous two-phase system (ATPS): PEG 6,000
(molecular weight (Mw) 7,300–9,300 Da) and DEX 200,000 (Mw

180,000–210,000 Da) were purchased from FUJIFILM Wako
Pure Chemical Industries (Osaka, Japan). PEG and DEX were
stocked as solutions of 20 wt% dissolved in isotonic sodium
chloride solution (0.9 wt% solution of NaCl) to regulate the
osmotic pressure similar to that of cell membranes. The isotonic
sodium chloride solution was prepared with nuclease-free water
(Milli-Q, 18.2 M�·cm). Other reagents used were of analytical
grade.

Microdroplets
A PEG/DEX solution shows the micro phase segregation at the
conditions near to the bimodal line, i.e., the boundary of the
homogeneous phase (mono-phase region) to the separated phase
(two-phase region) of the solution. Due to the micro phase
segregation of polymers, the microdroplets whose diameters
range from ∼10 to 100µm could be stable for around several
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hours after mechanical agitation. In this study, we used the two
types of conditions of PEG and DEX concentrations, PEG/DEX
= 10%:5%, 5%:5%. Details of experimental solutions used here
are described separately in the Supplementary Material.

Cells
For observations of red blood cells (RBCs), we used the preserved
blood of horse purchased from Nippon Bio-test Laboratories,
Inc. (Saitama, Japan) and gently added a small aliquot of
the blood to the PEG/DEX system without any washing. As
model epithelial cells, we used NAMRU mouse mammary gland
epithelial cells (NMuMG cells), which were cultivated from
cultured cells at regular intervals as previously reported (Yoshida
et al., 2017). For mixing in the PEG/DEX system, the epithelial
cells were separated in advance from the culture medium by
centrifuge.

Microscopy
We observed ATPS microdroplets using bright field microscopy
or confocal laser scanning microscopy (CLSM). Bright field
microscopy images were obtained with an Axio Observer.A1
(Carl Zeiss, Germany) equipped with a 40× objective and a
CCD digital camera (C11440, Hamamatsu Photonics). CLSM
images were acquired with an FV-1000 laser scanningmicroscope
(Olympus, Japan) and the images were analyzed using FV10-
ASW software (Olympus). The images acquired with the bright
field microscope were analyzed using ImageJ software (Rasband,
W.S., ImageJ, US National Institutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij/, 1997–2016). In the
CLSM observation, we used fluorescein isothiocyanate (FITC)-
dextran (average Mw 250,000, Sigma-Aldrich; Ex. 488 nm)
and the lipophilic dye Nile red (Thermo Fisher Scientific;
Ex. 543 nm) to fluorescently visualize DEX-rich domains
and RBCs, respectively. The details of experimental solutions
subjected to the aforesaid observations are described in the
Supplementary Material.

RESULTS AND DISCUSSION

In the present study, we used two kinds of mammal cells:
red blood cells (RBCs) and NMuMG cells, which are a type
of epithelial cell. As shown in typical microscopic images in
Figure 1, both RBCs and NMuMG cells were entrapped inside
DEX-rich microdroplets when they were mixed in the ATPS
with PEG/DEX = 10%:5% and 5%:5%. However, a close look at
their distribution revealed that their location switched between
the center and the periphery of the droplet with a change in
the PEG/DEX ratio. In both cases, DEX-rich microdroplets were
located on the bottom of the chamber due to their a little bit
larger density as observed in the bulk experiment. Interestingly,
these cells showed an opposite preferred distribution inside the
droplets (Figure 1); at PEG/DEX 10%:5%, RBCs gathered near
the interface, while NMuMG cells gathered inside the droplets
rather than the interface. In contrast, at PEG/DEX 5%:5%,
these preferences were reversed; i.e., RBCs were situated inner
part of the droplets, and NMuMG cells were localized at their
periphery. RBCs tended not to contact each other when they

FIGURE 1 | Specific distribution depending on the cell type and the

concentration of PEG/DEX. (A) Microscopic images of red blood cells (RBCs)

in microdroplets for each concentration of PEG/DEX (10%:5%, 5%:5%). The

scale bar corresponds to 50µm. (B) Microscopic images of mouse mammary

gland epithelial cells (NMuMG cells) in microdroplets for each concentration of

PEG/DEX (10%:5%, 5%:5%). Note that the difference in color of cells could be

due to a little variation in distance from the focus. Bar: 20µm.

were trapped inside the droplets at either concentration of the
coexisting polymers, whereas NMuMG cells positioned inside the
droplets adhered more strongly to each other. Since NMuMG
cells are adherent in their intrinsic property, encapsulationwithin
DEX-rich droplets could enhance their attachment propensities
(Yoshida et al., 2017).

Figure 2 shows histograms of the cell population vs. the
position of microdroplets. Along the radial distance (r/L)
normalized to unity by the average radius L of each droplet,
entrapped cells were counted and the numbers were converted
into a cell frequency. In both types of cells, the median location,
which is indicated by arrow, of entrapped cells shifted from
around the center (relative radial distance r/L ∼0.5) to the
periphery (relative radial distance r/L 1.0). But the preference
is opposite; i.e., RBCs and NMuMG cells (epithelial cells) were
observed adsorbed to the interfaces at PEG/DEX = 10%:5% and
5%:5%, respectively. It should be noted that if cells were included
inside a droplet without any attraction but with some repulsion
to the interface, a peak of the population may appear around r/L
∼0.5 because of the larger area compared to the region near the
center.
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FIGURE 2 | Histograms of positions where (A) RBCs and (B) NMuMG cells were distributed inside microdroplets with PEG/DEX = 10%:5% and 5%:5%. Horizontal

axes indicate normalized distances (r/L) from the center of the droplets to the positions of the entrapped cells. The relative radial distance normalized to unity by the

average radius L of each droplet is 0 at the center and 1.0 at the periphery. The average radius is calculated from the area section of each microdroplet observed by

microscopy, the distance r at which a cell was observed is divided by L of the droplet entrapping the cell to give the normalized radial distance. Some cells were

observed at normalized distances greater than unity because some droplets assumed a somewhat aspherical shape, and then the number of these cells are included

in the number at r/L of 0.9–1.0. Arrows indicate the medians to express the trends in cell localizations. The total numbers of counted cells (Ncell) and droplets

(Ndroplet) are indicated.

To further examine how cells switched their distribution
inside the droplets, we conducted CLSM observation of the
PEG/DEX ATPS containing RBCs labeled fluorescently by Nile
red (Figure 3). FITC-DEX illuminated the microdroplets and
RBCs emitting red fluorescence were fully entrapped, but their
distribution was apparently different at PEG/DEX = 10%:5%
and 5%:5%, as in Figure 1. Under the former condition, RBCs
were visualized on the inner interface of the DEX-rich droplet
emitting green fluorescence, and in the latter, RBCs were
relatively dispersed into the DEX-rich droplets. Fewer cells were
observed at the top than the middle of the droplet, indicating that
entrapped cells could fall under the present conditions. A number
of RBCs were here also found at the interface of the microdroplet
at PEG/DEX = 5%/5% (Figure 3B), and this trend is consistent
with the localization shown in Figure 2A.

We here observed the simple switching of cell localization
inside DEX-rich droplets. Both cell types, RBCs and NMuMG
cells, preferred the interior, but they exhibited opposite trends
when settling in different compartments. The preference in
cell localization may be caused by various factors related to
difference in cell properties, including their sizes, morphologies,
surface structures, adhesive (non-adhesive) behaviors, number
density, etc., so it is too complicated to permit us to give a
detailed precise explanation for the mechanism. Therefore, the
present condition we investigated is considered to be moderately
suitable for simple demonstration of switchable behavior of cell
localization inside ATPS droplets. For speculation, instead, we
try to simply discuss this different preference by imagining cells
with different dimensions under a crowded environment with
PEG/DEX schematically illustrated in Figure 4 as follows.
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FIGURE 3 | Confocal laser scanning microscopy (CLSM) images of RBCs in microdroplets. Top: RBCs labeled with Nile red. Middle: FITC-DEX. Bottom: Merged. The

focal planes of the left and right columns for each condition are around the top and below the middle, respectively, as schematically illustrated for PEG/DEX = (A)

10%: 5% and (B) 5%: 5%. Bar: 100µm.

Generally, DEX molecules have branched structures with
some room for harboring other biomacromolecules, and
PEG molecules have linear flexible structures with a high
excluded volume under concentrated conditions. Since these
polymers provide different aqueous environments, not only large
biomolecules but also cells prefer the DEX-rich phase, which
is less crowded than the PEG-rich phase. In the present study,
we used two PEG/DEX ATPSs with different conditions; one is
near the critical point in the phase diagram (5%:5%); the other is
somewhat far from that point, and accordingly, the binodal line
(10%:5%).

The surface tension with such aqueous/aqueous interfaces
is not so strong compared to oil/water interfaces (Atefi et al.,
2014). Therefore, it can be finely modulated by changing the
PEG/DEX ratio. In the present case, at PEG/DEX = 10%:5%,
the interface has a higher tension (surface energy) with a steeper
gradient of polymer concentrations, and thus RBCs, which are
relatively smaller than NMuMG cells, could keep located on the
surface, leading to reduction of the surface energy (Figure 4A).
On the other hand, at PEG/DEX = 5%:5%, the surface free
energy, or surface tension, is so low due to a small gradient of
polymer concentrations that small RBCs with weaker effects on
stabilization of the interface alternatively tend to leave and enter
the interior of DEX-rich droplets, which can accommodate these
cells (Figure 4B).

To interpret the opposite preference of NMuMG cells along
the same scenario as the case of RBCs, their larger size can
be taken into account in relation to depletion effects by PEG.

NMuMG cells appear to move to the interior of DEX-rich
droplets, avoiding the interface where PEG exists more densely
at PEG/DEX = 10%:5%. In other words, PEG could effectively
induce depletion effect on NMuMG cells due to their larger sizes
(surface areas), so these cells can be located not near a PEG-rich
surrounding but in a DEX-rich inner space, where they might be
associated with each other by moderate depletion force with DEX
polymers (Atefi et al., 2015). At PEG/DEX= 5%:5%, where most
RBCs are located inside the droplets, NMuMG cells can stand
adhering to the interface, leading to the efficient stabilization due
to their greater dimension. Note that the surface free energy of
the interface through the phase segregation of polymer solutions
is generally much smaller than those for interfaces with small
molecules, because of the small contribution of the mixing
entropy for polymer systems (Nakatani et al., 2018).

It has been shown that interface properties are in general
strongly correlated to the positioning and qualities of cells
with various origins (Atefi et al., 2015; Han et al., 2015)
with some changes in genetic activities (Yu et al., 2018). To
achieve assembly of highly organized compartments including
cells in microfluidics, interfacial environments where cells and
biopolymers are accumulated should be well-regulated (Yamada
et al., 2016). We here simply chose physiological saline for
suspending cells, but it is not suitable for cell proliferation, but,
along this line, when some conditions that facilitate micro phase
separation and cell growth are available, our results would be
expected to aid development of such techniques for constituting
assembled cell systems.
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FIGURE 4 | Schematic representation of the proposed mechanism of RBC distribution inside microdroplets generated by PEG and DEX. The leftmost illustrations

show localization of RBCs (red closed circles) in droplets of DEX (blue branching line) surrounded with PEG (green random coil). The rightmost graphs depict the

profiles of concentrations of DEX and PEG at the interfaces of droplets. (A) At PEG/DEX = 10%: 5%, the high surface energy due to the steep gradient of polymer

concentrations may cause the accumulation of RBCs at the interface to lower the tension. (B) In contrast, at PEG/DEX = 5%: 5%, the surface tension can be

moderately reduced to permit mutual invasion to some extent, and thus RBCs cannot be pushed to the interface so strongly. The pseudo three-dimensional images in

the middle show the fluorescence intensities of Nile red from RBCs entrapped inside the DEX-rich microdroplets shown in the upper-left side, also in each upper-right

panel of Figure 3. Bar: 100µm.

In conclusion, it was found that living cells exhibit specific
localization in an aqueous solution with water/water micro-
droplets generated through phase separation in the presence of
hydrophilic binary polymers. It was revealed that two type of
cells are situated either in the interior or at the periphery of the
droplets. By changing the relative ratio of the polymer content,
switching of the cell localization was observed. Themechanism of
such observations were interpreted in terms of polymer depletion
effect on the micro phase separation. It is highly expected that
the simple mixing procedure with micro water/water droplets
provides novel methodology to construct 3D cellular assembly
composed with difference cell species.
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Aqueous Two-Phase Systems (ATPSs) have been extensively studied for their ability

to simultaneously separate and purify active pharmaceutical ingredients (APIs) and key

intermediates with high yields and high purity. Depending on the ATPS composition, it can

be adapted for the separation and purification of cells, nucleic acids, proteins, antibodies,

and small molecules. This method has been shown to be scalable, allowing it to be used

in the milliliter scale for early drug development to thousands of liters in manufacture for

commercial supply. The benefits of ATPS in pharmaceutical separations is increasingly

being recognized and investigated by larger pharmaceutical companies. ATPSs use

identical instrumentation and similar methodology, therefore a change from traditional

methods has a theoretical low barrier of adoption. The cost of typical components used to

form an ATPS at large scale, particularly that of polymer-polymer systems, is the primary

challenge to widespread use across industry. However, there are a few polymer-salt

examples where the increase in yield at commercial scale justifies the cost of using ATPSs

for macromolecule purification. More recently, Ionic Liquids (ILs) have been used for ATPS

separations that is more sustainable as a solvent, and more economical than polymers

often used in ATPSs for small molecule applications. Such IL-ATPSs still retain much

of the attractive characteristics such as customizable chemical and physical properties,

stability, safety, and most importantly, can provide higher yield separations of organic

compounds, and efficient solvent recycling to lower financial and environmental costs of

large scale manufacturing.

Keywords: aqueous two-phase systems, biphasic systems, ionic liquids, pharmaceutical extractions,

pharmaceutical separations

INTRODUCTION

The adoption of methods from the scientific literature into industrial applications often follows
a period of dormancy. While ATPSs have experienced a recent prolific rise in applications
in microfluidics, cellular engineering, bioprinting, and biopatterning since the 2000s (Teixeira
et al., 2017), the industrial applications of ATPSs are typically separations and purification, first
described in the 1950s (Albertsson, 1956, 1958). Such ATPSs popularized by Albertsson are
polymer-polymer or polymer-salt emulsions that have been well-studied for viral (Norrby and
Albertsson, 1960; Liu et al., 1998; Effio et al., 2015), cellular (Walter et al., 1976; Sharp et al.,
1986; Kumar et al., 2001), nucleic acid (Ribeiro et al., 2002; Gomes et al., 2009; Nazer et al., 2017),
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protein (Schmidt et al., 1994; Balasubramaniam et al., 2003), and
antibody (Desbuquois and Aurbach, 1971; Selber et al., 2004;
Rosa et al., 2007b; Azevedo et al., 2009a) separations. Examples
can be found for batch (Tavana et al., 2009; Frampton et al.,
2011, 2014; Lai et al., 2011) or continuous (Yamada et al., 2004;
Nam et al., 2005; SooHoo and Walker, 2009; Tsukamoto et al.,
2009; Rosa et al., 2012) processes. While polymer ATPSs are
limited to partitioning of macromolecules due to size of the
polymers used, the isolation and separation of small molecules
(<900 Daltons) in ATPSs, especially those developed in the
pharmaceutical industry, commonly employ ionic liquids (ILs).

Polymer-Based ATPS Separations
and Considerations
The mechanism for purification of a material using ATPSs
is driven by physical and chemical affinity toward a select
phase and the contaminant’s affinity toward the other liquid
phase. Accurate prediction of partitioning is complicated by
several factors. Physical and chemical properties of each phase,
such as viscosity, relative volume, density, charge, pH, and
volatility are known to impact performance, and thus the
choice of polymer or salt is used to tune the systems for
effectiveness (Albertsson, 1960). In general, the process of
ATPS separations and purification occurs in three major steps:
molecular partitioning, physical separation, and isolation of
phase of interest (Figure 1). The use of ATPSs was shown to be a
high-yield and environmentally sustainable alternative to some
current pharmaceutical purification and extraction processes
(Chen et al., 2005). Although its adoption in the pharmaceutical
industry is relatively early for manufacturing, it currently has
its niche applications in pharmaceutical development as well
as other industries (Diuzheva et al., 2018; Mocan et al., 2018).
Clear documentation of advantages in cost savings, yield and
sustainability combinedwith ease of adoption is needed to ease its
widespread use in biopharmaceutical or vaccine manufacturing
process (Chen et al., 2005).

Selective partitioning is the first step of separation design.
It is advantageous to increase the liquid-liquid interface to
accelerate molecular partitioning by producing a fine emulsion
of the dispersed aqueous phase inside the continuous aqueous
phase. The ability to selectively partition is dependent on the
affinity differences for the material of interest for each phase.
Polyethylene glycol (PEG) is a widely used component of
ATPSs due to its high biocompatibility, biodegradability, water
solubility, and low cost. Aside from changes in molecular weight,
the properties of PEG with respect to partitioning are limited.
To overcome this challenge, multiple groups have functionalized
PEG in PEG/salt and PEG/dextran ATPSs with glutaric acid to
improve extraction yields of immunoglobins from 28 to 93%
(Rosa et al., 2007a), and 23 to 97% (Azevedo et al., 2009b) as
well as increasing extraction efficiencies of penicillin up to 96%
using imidazole-terminal PEG (Jiang et al., 2009). The addition
of a small percentage of a biospecific ligand to ATPSs was
shown to increase purification efficiency and yield by several
fold (Kula et al., 1991) in a concentration-dependent manner
that can be optimized for manufacturing scale of monoclonal

antibodies. The use of ATPSs present an opportunity to simplify
the manufacturing process of plasmid DNA by allowing for
the lysis, recovery, purification and extraction in a single high
yield step (Frerix et al., 2005). Polymer ATPSs have been
shown to extract plasmid DNA and RNA up to 90 and 70%
respectively (Frerix et al., 2006).

The second step is physical coalescence of the emulsion
into two continuous, phase-separated, liquids. While numerous
physical and chemical properties drive selective partitioning,
coalescence of ATPS is simply driven by interfacial tension,
density and viscosity. ATPSs will spontaneously coalesce
into two continuous phases over time by sedimentation
according to Stoke’s Laws, and physical characteristics such
as viscosity slow the process (Asenjo and Andrews, 2012).
Centrifugation is often used to accelerate the natural coalescence
and sedimentation.

Lastly, the liquid phase containing the purified material
is isolated. The interface between the two liquid phases is
avoided to prevent contamination, thus resulting in a yield
loss. Multi-stage ATPS separations can improve recovery
(Benavides et al., 2006) and may be justifiable depending on
the relative ATPS cost and compound value. Vessels with a
high aspect ratio are recommended to minimize the liquid-liquid
interface where compound loss occurs, however homogenization
in a high aspect ratio vessel generally has longer mixing
times or suffers from undesirable fluid compartmentalization
(Magelli et al., 2013). Furthermore, tall vessels result in long
centrifugal distances and longer sedimentation times to achieve
complete separation.

Polymer-Based ATPS Pharmaceutical
Industry Applications
After fermentation, separation of API from cells and cell debris
is often achieved via centrifugation, however centrifugation
becomes increasingly complex on scale up from bench (50mL) to
industrial scale (1,000 L) (Majekodunmi, 2015). Thus, there exists
a need to explore advanced scalable separation processes that
maintain yield for a single-step extraction. Polymer-based ATPSs
are showing promise for a wide range of commercially valuable
molecules, however their versatility also complicates its adoption.
The principles governing high-value molecule partitioning has
been investigated (Willauer et al., 2002) and the consultation of
such toolboxes (Huddleston et al., 1999) to assist in ATPS design
and development is highly encouraged.

One other factor that prohibits the attractiveness of polymer-
polymer ATPSs is the cost of high molecular weight polymers
at industrial scale (Torres-Acosta et al., 2018). As a result,
cheaper phosphate or sulfate salts as replacements for polymer-
polymer ATPSs to become polymer-salt ATPSs are more
attractive. Such polymer-salt ATPSs were demonstrated to
have high yield and scalability from bench to industrial scale
(Hart et al., 1994). The substitution of a high molecular
weight polymer with a salt, introduces an osmotic pressure
concern which limits ATPS application in some cellular and
biomolecular recoveries (Kühn, 1980; Zijlstra et al., 1996; Li
et al., 2000). Despite this, in certain products with challenging
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FIGURE 1 | The use of polymer-based or IL-based ATPSs for separations critically depends on selective partitioning of the molecule over impurities. Impeller agitation

is often employed to speed up equilibrium partitioning. Depending on viscosity and density differences and interfacial tension values, physical separation can be as

simple as sedimentation or as complex as industrial centrifugation to isolate the liquid phase containing the molecule of interest.

yields, ATPSs have financial justification at the industrial scale
especially with the reduced costs of polymer-salt ATPSs and
IL-ATPSs (Torres-Acosta et al., 2018).

IONIC LIQUID ATPS

Ionic liquids have similar tunable properties such as
hydrophobicity, polarity, solvation, and phase separation
(Greaves et al., 2006; Moreno et al., 2015; Anderson and Clark,
2018). The stark similarities of polymer-based and IL-based
ATPSs have facilitated the adoption of IL-based ATPSs. IL-
ATPSs provide improvements in separation performance,
selectivity, and broader design opportunities for a diverse range
of molecules, including small molecules and biomolecules. IL-
ATPSs also possess lower molecular weight and viscosity which
enables faster separations making them industrially attractive.
We note that the separation of cells, which is frequently
performed in drug discovery experiments, and an obvious area
for improvement through use of IL-ATPSs is not possible or
demonstrated with IL-ATPSs, to the best of our awareness, likely
due to osmotic pressure effects.

While this review provides a pharmaceutical focus, the
reader is encouraged to reference other IL-ATPS reviews
that informatively summarize properties for partitioning (Li
et al., 2010; Oppermann et al., 2011; Ma et al., 2018),
phase behavior and IL recovery (Freire et al., 2012), enzyme
separations (Nadar et al., 2017), deep eutectic solvents (DES)
(Shishov et al., 2017; Zainal-Abidin et al., 2017), and capillary
electrophoresis applications (El-Hady et al., 2016). A review

of various roles of ILs in pharmaceutical applications is also
recommended (Huddleston et al., 1998).

Except where noted, all processes, physical properties and
performance information described were generated at 25◦C.

TYPES AND PROPERTIES OF IL-ATPS

Phase separation can be controlled by the differing nature
of the IL and second phase hydrogen bonding properties
(Bridges et al., 2007). The IL-rich environment, often the
upper phase, is relatively more hydrophobic thus attracting
hydrophobic molecules. Phase separation is thus understood
to be solvophobic and driven by electrostatic attractions
and hydrophobic interactions. Several different systems have
been discovered, characterized, and investigated for their
potential applications in the pharmaceutical industry. IL-
ATPSs can be tuned to improve solubility and thus extraction
efficiency and partitioning properties which in turn improves
speed and completion of phase separation. Generally, the
lower the salt concentration required, the stronger the
phase separation ability of the ILs from aqueous solutions
of salts.

IL Cation
Cn-methyl-imidazolium based ILs, where n = 2, 4, 6, and 8,
are the most frequent systems studied in the literature, along
with other functionalized imidazolium cores (Gutowski et al.,
2003; Wu et al., 2015). Other systems such as cholinium based
carboxylate ILs (oxalate, malonate, succinate, L-malate, fumarate,
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glutarate, and citrate), and pyridinium based -ILs are described
with PEG 400 and 600 as the second phase former (Passos
et al., 2012; Mourão et al., 2014). Varying CH2 length resulted
in the coexistence of distinct types of self-assembly in the IL-
ATP system. The behavior was inconsistent on changing the
IL anion. For example, increasing the imidazolium alkyl chain
length increased phase separation for a series of BF−4 ILs and
decreased for the same series as Br− ILs (Wei et al., 2013). IL-
ATPS and their applications were also demonstrated for dodecyl
trimethylammonium-based (Flieger et al., 2013), functionalized
amino acid and nucleotide ILs, for example glycine and guanidine
(Wu et al., 2013; Zeng et al., 2013; Ding et al., 2014; Yao et al.,
2016). Phosphonium-based ILs have the advantage of being
less dense than water and less viscous than imidazolium based
ILs, thus prospectively facilitating the separation of the aqueous
waste stream of biomolecule separations in production scale
equipment (Louros et al., 2010).

IL Anion
Several different IL counterions have been described in the IL-
ATPS literature, although simple anions such as bromide and
chloride are most typical. Amino acid anions, L -serine, L-glycine
L-alanine, and L-leucine with [bmim] cations formed IL-ATPS
with K3PO4 (Wu C. et al., 2011). The ability to form IL-ATPS was
related to hydrophobicity of the amino acid anion such that phase
formation occurs with increasing hydrophobicity of the anion.
Formate, acetate, propionate, lactate, chloride, and bromide salts
of functionalized guanidinium ILs were shown to be effective
at protein partitioning (Ding et al., 2014). Antioxidant anions
(butanoate, propanoate, acetate, lactate, glycolate, bitartrate,
dihydrogen phosphate, chloride, dihydrogen citrate, gallate,
syringate, vanillate, and caffeate) of cholinium ILs were effective
in separating immunoglobulin G (Ramalho et al., 2018).

ATPS-Forming Salts
IL-ATPSs can be formed with conventional kosmotropic salts
(potassium sulfate, citrate, ammonium sulfate), common salts
(citric, fumaric, succinic, and tartaric acid sodium salts), amino
acids, PEG and surfactants (3-p-nonylphenoxy-2-hydroxypropy
trimethyl ammonium bromide, NPTAB and sodium dodecyl
sulfonate, SDS), and combinations (Wu C. et al., 2011; Passos
et al., 2012; Wei et al., 2013; Abdolrahimi et al., 2015; Dai et al.,
2015; Pereira et al., 2015). The size of the biphasic region can
be controlled by functionalizing the PEG terminal groups with
–OH, –OMe, or –NH2 to change the hydrogen bonding donor
or acceptor. Improvements in the extraction performance for a
hydrophobic molecule, tryptophan was demonstrated in citrate-
based IL-ATPSs for use in continuous extraction of amino acids.
The incorporation of surfactants decreased the viscosities of both
phases and flipped the IL-rich phase to the bottom phase as a
result of density changes (Wei et al., 2013; Dai et al., 2015).

The molecular mechanisms that govern the ability of salt
ions to induce IL-ATPS formation was studied using a wide
range of salts with diverse combinations of cations and anions,
with [bmim][CF3SO3] a hydrophilic ionic liquid (Shahriari et al.,
2012). The ions’ trend to salt-out the IL into an ATPS follows the

Hofmeister series and demonstrates the molar entropy of salt ion
hydration as the driving force.

Additives
Addition of a third component to create an IL-ATPS is
another tactic used to enhance separation, presumably by
increasing the solvophobic nature of the systems. For example,
addition of SDS to [bmim]Br/NaCl IL-ATPS enhanced antibiotic
extractions into the surfactant-rich upper phase (Yang et al.,
2014). Addition of CO2 into aqueous solutions of ILs and
amines was shown to be effective in recovering ILs from
aqueous mixtures (Xiong et al., 2012). Simply by bubbling CO2

at atmospheric pressure into aqueous IL forms an IL-ATPS
and allowed up to 99% recovery of the IL. Interestingly, these
systems also modified densities such that the IL-rich phase is
at the bottom. They also found phase separation of ammonium
salts and the recovery efficiency for ILs are predominantly
driven by the pKa of the amine, following the order: 1,2-
propylenediamine > monoethanolamine > diethanolamine
> N-methylmonoethanolamine > N-ethyldiethanolamine >

triethanolamine, except for > N-methyldiethanolamine.
Application of an electrokinetically stable three-phase

IL-ATPS, [bmim]Cl/ K2HPO4, [bmim]BF4/ NaH2PO4, and
[bmim]BF4/ Na3(citrate) enabled electrokinetic de-mixing
(Li et al., 2017). Increased salt concentration and decreased
IL concentration were observed to phase separate faster and
have a higher efficiency of electrokinetic demixing due to a
salting-out effect, whereas electric field had no impact on
protein distribution.

In addition, pH-dependent reversible partitioning of IL-ATPS
systems at ambient conditions offers dual functionality as a
catalytic medium and separation extraction (Ferreira et al.,
2017). Adjustment of pH was achieved through changes in salt
speciation or bubbling in CO2 or NH3.

IL EXTRACTIONS

Small Molecule Separations
Several types of small molecules such as antioxidants,
flavonoids, alkaloids, sulfonamides, functionalized amino acids,
antibiotics such as tetracycline, oxytetracycline, cephalexin, and
chloramphenicol effectively partition and extract in IL-ATPSs
(Li et al., 2005; Freire et al., 2010; Louros et al., 2010; Han et al.,
2011; Berton et al., 2012; Lin et al., 2012; Wu et al., 2013; Mourão
et al., 2014; Yang et al., 2014; Abdolrahimi et al., 2015; Yao
and Yao, 2017). In general, small molecules partition into the
IL-rich upper phase. These systems are advantageous as a sample
pre-treatment technique offering reduction of steps, materials
and volatiles, and a sample concentration method (Basheer et al.,
2008). IL-ATPSs have broad application in selective separation
and extraction of small molecules and biomolecules through
simple modifications of the IL structure and composition
along with parameters that affect the extraction efficiency, such
as the salt concentration, pH and extraction temperature, to
appropriately modulate the IL-rich phase.

Pei et al. determined the partition coefficients for a series of
amino acids in [Cnmim]Br (n = 4, 6, 8)/ K2HPO4 IL-ATPS
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and showed that they increased with increasing hydrophobicity
of the amino acids and ionic liquids, solution pH value,
tie-line length of the ATPSs and temperature (Pei et al.,
2012). Pre-treatment of aqueous solutions for trace analysis
of chloramphenicol with a 147-fold concentration enrichment
and high recovery was achieved by applying an electric field
across the IL-ATPS (Yao and Yao, 2017). A simple and sensitive
method for selective extraction of quinine from human plasma
was developed with [bmim]Cl/potassium phosphate buffer
(Flieger and Czajkowska-Zelazko, 2015).

Extraction of pharmaceutical molecules (active ingredients or
intermediates) is often from plant materials. The isolation of
high purity secoisolariciresinol diglucoside, a multi-functional
pharmaceutical, from flaxseed, was simplified and improved with
an ultrasonic-assisted extraction followed by IL-ATPS formation
by the addition of Na2SO4 (Tan et al., 2015). A similar example
where fractionation and recovery of bioactive hydroxycinnamic
derivatives from stressed carrotmass using IL-ATPS formed from
[emim]acetate/potassium buffers gave a different phenolic ratio
than conventional ATPS (Sánchez-Rangel et al., 2016).

Enantiomeric separation of 7 racemic amino acid
mixtures was achieved by designing task-specific
hydrophilic hexafluorophophate IL-ATPSs (Wu et al.,
2015). Enantioselectivity was dependent on IL structure
with energetically-favored intermolecular interactions between
the IL cation, water and the D-enantiomer, allowing separation
of the D-enantiomer to the bottom IL-rich phase. The IL-ATPS
extraction efficiency was further improved for D,L-phenylalanine
using chiral tropine-based ILs, [CnTropine]proline (n = 2,
3, 4, 5, 6, 7, 8) with Cu(acetate)2 and potassium phosphate
buffers (Wu et al., 2015).

Macromolecule Extractions/Analytical
Biochemistry
The introduction of IL-ATPSs is a significant advancement in
analytical biochemistry in terms of time, materials, complexity
and efficiency for purification and separation of macromolecules
in aqueous fluids. Due to the high water content in both phases,
they are biocompatible media for the extraction and purification
of a wide range of biomolecules by offering protection from
denaturation. Separation is attributed to electrostatic potential
differences between the coexisting phases, hydrophobic, and
hydrogen bonding interactions of the biomolecules with the IL
components in the upper IL-rich phase, and the salting-out effect.

Proteins, such as hemoglobin, ovalbumin, bovine serum
albumin (BSA), bovine hemoglobin proteins, lysozyme,
cytochrome c, and trypsin appear to require task-specific
ILs per entity for successful separation and efficiencies as
high as 99.6% (Lin et al., 2013; Wu et al., 2013; Zeng et al.,
2013; Ding et al., 2014; Wang et al., 2015; Xu et al., 2015;
ČíŽová et al., 2017). Extraction efficiencies are influenced
by the amount of IL, the concentration of salt solution,
temperature, and protein concentration. Separations were driven
by hydrophobic interactions between IL cations and the proteins
with minor contributions from electrostatic interactions and the
salting-out effect.

In addition to separation, IL-ATPS were also used to improve
binding constant estimation by stabilizing the protein of interest
(El-Hady et al., 2015; Abd El-Hady and Albishri, 2018). For
example, binding constants of (+)-propranolol, methotrexate
and vinblastine to human alpha (a1)-acid glycoprotein,
the plasma protein were determined by combining affinity
capillary electrophoresis with reversible temperature-dependent

FIGURE 2 | IL assisted polymer recovery for ATPS extraction proposed by Jiang et al. (2009). The recent merge between IL and conventional ATPSs creates new

opportunities to further decrease the carbon footprint of ATPS extractions which also result in cost savings. Such financial and environment drivers are key to industrial

adoption.
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phase separation using [bmim]Cl/ phosphate IL-ATPS with
improved precision.

The antibody, immunoglobulin G (IgG) was extracted from
serum samples using cholinium based IL-ATPSs (Ramalho
et al., 2018). Although some systems had superior IgG
recovery values to conventional techniques, improvement
in IgG purity levels was insignificant. IL-ATPS represents a
far simpler separation method when compared to current
multistep methods for antibody isolation from serum
samples. Such technology is worth further development
and optimization.

CATALYTIC ENHANCEMENT

IL-ATPS also found utility as catalyst performance enhancers
that offer a dual advantage in synthetic processes when selective
separation is considered (Dyson et al., 2001; Wu D. X.et al., 2011;
Mai and Koo, 2014). The bioconversion of the steroid 16a,17-
epoxyprogesterone to 11a-hydroxy-16a, 17-epoxyprogesterone
catalyzed by free R. nigricans cells was improved when performed
in an IL-ATPS without the addition of salt, and demonstrated in
semi-continuous production for 60 h at ∼5mL (total) scale (Wu
D. X.et al., 2011). A temperature-dependent reversible IL-ATPS
was demonstrated as a medium for transition metal catalyzed
hydrogenation of a water-soluble substrate, offering potential
re-use of the high-value catalyst and avoidance of product
metal contamination (Dyson et al., 2001). Similarly, temperature-
controlled reversible phase separation offers the advantage of
product recovery and maintaining catalytic activity of an in-situ
penicillin G hydrolysis (Mai and Koo, 2014). In keeping with the
well-known trends of enzymatic activity in ILs, catalytic activity
was found to increase in IL hydrophobicity.

CONVENTIONAL AND IL-ATPS
CROSSOVER

There are a few examples of note where polymer-based
ATPS were combined with ILs. Extraction efficiency of three
antioxidants, gallic, vanillic, and syringic acids, was further
improved by tuning the polarity of the PEG-rich bottom phase
with the addition of an IL (Almeida et al., 2014). The relationship
between hydrogen bonding of the IL with the phenolic acids and

extraction was found to be more important than the total amount
of IL and increasing the polymer molecular weight increased the
likelihood of phase separation. Tropine-salt IL-ATPSs were used
to remove or recover hydrophilic ILs that cannot form IL-ATPSs
with kosmotropic salts, polymers or carbohydrates, in an attempt
to provide a means to reduce environmental contamination (Wu
et al., 2016). The ILs preferentially partitioned to the tropine-
rich upper phase, which is then further processed to complete
the recovery. IL-ATPSs have also been employed for polymer
recovery and recycling (Jiang et al., 2009) which offers the
benefits of cost and carbon footprint reduction and may be key
to wider industrial adoption (Figure 2).

FORWARD STATEMENT

ATPSs have already found industrial use in niche areas
of pharmaceutical development and possibly manufacturing.
Meanwhile, ILs are simultaneously emerging as sustainable
alternatives for small molecule pharmaceutical extractions.
The recent development of IL-based ATPSs provides new
opportunities for decreasing the carbon footprint and costs of
pharmaceutical extractions which are important drivers for wider
industrial adoption. The body of literature is clear that IL-based
and polymer-based ATPSs are suitable sustainable alternatives to
organic solvents and produce higher or equivalent yields. We
believe the barriers to industrial adoption have been cracked
due, in part, to the scientific works highlighted in this review,
and that there is a bright pharmaceutical future for polymer and
IL-based ATPSs.
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Nowadays, downstream bioprocessing industries inclines towards the development of

a green and high efficient bioseparation technology. Betacyanins are presently gaining

higher interest in the food science as driven by their high tinctorial strength and health

promoting functional properties. In this study, a novel green integration process of liquid

biphasic electric partitioning system (LBEPS) was proposed for betacyanins extraction

from peel and flesh of red-purple pitaya. Initially, the betacyanins extraction using LBEPS

with initial settings was compared with that of liquid biphasic partitioning system (LBPS),

and the results revealed that both systems demonstrated a comparable betacyanins

extraction. This was followed by further optimizing the LBEPS for better betacyanins

extraction. Several operating parameters including operation time, voltage applied, and

position of graphitic electrodes in the system were investigated. Moreover, comparison

between optimized LBEPS and LBPS with optimized conditions of electric system (as

post-treatment) as well as color characterization and antioxidant properties assessment

were conducted. Overall, the betacyanins extraction employing the optimized LBEPS

showed the significant highest values of betacyanins concentration in alcohol-rich top

phase (Ct) and partition coefficient (K) of betacyanins from peel (99.256 ± 0.014% and

133.433 ± 2.566) and flesh (97.189 ± 0.172% and 34.665 ± 2.253) of red-purple

pitaya. These results inferred that an optimal betacyanins extraction was successfully

achieved by this approach. Also, the LBEPS with the peel and flesh showed phase

volume ratio (Vr ) values of 1.667 and 2.167, respectively, and this indicated that they

have a clear biphasic separation. In addition, the peel and flesh extract obtained
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from the optimized LBEPS demonstrated different variations of red color as well as their

antioxidant properties were well-retained. This article introduces a new, reliable, and

effective bioseparation approach for the extraction of biomolecules, which is definitely

worth to explore further as a bioseparation tool in the downstream bioprocessing.

Keywords: antioxidant, betacyanins, electric system, integration process, liquid biphasic partitioning system,

red-purple pitaya

INTRODUCTION

Lately, betacyanins are of growing interest in the applications
of food processing, such as foods, nutraceuticals, and
pharmaceuticals, owing to their versatile properties including
attractive visual attributes, pigments stability between pH 3
and 7, natural coloring feature (E-162), powerful antioxidant
and health promoting functional properties (Ciriminna et al.,
2018; Leong et al., 2018c). The most common and simplest
structure of betacyanin found in plants is betanin, also known as
betanidin-5-O-β-glucoside. Betacyanins are red-violet pigments
which is an important constituent of betalains. Betalains are
water-soluble nitrogen-containing natural pigments that have
presently received attention as a source of natural colorant
(Aberoumand, 2011; Carocho et al., 2015). The pigments contain
a chromophore of betalamic acid, in which its conjugation
with cyclo-3,4-dihydroxyphenylalanine can produce the red-
violet betacyanins, whereas yellow-orange betaxanthins can be
synthesized through the conjugation of betalamic acid with
different amino acids or amines. As compared to betaxanthins,
betacyanins are known to be more stable in terms of their
structural aspects (Azeredo, 2009). One of the rich sources of
betacyanins is red-purple pitaya (Hylocereus polyrhizus), in
addition to red beetroot and other Caryophyllales. Red-purple
pitaya is a type of Hylocereus species which belongs to the family
of Cactaceae. It is a red-skinned fruit with red-purple flesh and
black seeds. Additionally, red-purple pitaya is high in nutritional
contents and is a promising source of betacyanins, and hence, it
possesses positive effects on health (Stintzing and Carle, 2007;
Moreno et al., 2008; Dembitsky et al., 2011; Esatbeyoglu et al.,
2015; Khan and Giridhar, 2015; Ciriminna et al., 2018).

Extraction of betalains from various plant sources normally
utilizes conventional solid-liquid extraction approaches, such
as maceration and Soxhlet extraction (Castellar et al., 2003;
Chong et al., 2014; Ramli et al., 2014; Celli and Brooks, 2017).
These extraction procedures are reported to have limitations, for
example, inefficiency, time-, energy-, and cost-consuming, lower
yields production as well as not eco-friendly (Wang and Weller,
2006; Dai and Mumper, 2010; Azmir et al., 2013; Ciriminna
et al., 2018). Development of a green, reliable, economically
effective, and high efficient bioseparation technology is now
a rapidly growing field in biotechnology industries including
downstream bioprocessing industries (Tang and Zhao, 2009;
Chemat et al., 2017; Sankaran et al., 2018). To address this
need, non-conventional innovative extraction techniques for
the betalains extraction have been recently developed. Indeed,
several green extraction techniques, such as ultrasound (Ramli
et al., 2014; Laqui-Vilca et al., 2018), microwave (Bastos and

Gonçalves, 2017), pulsed electric field (Fincan et al., 2004), and
high pressure CO2 (Ciriminna et al., 2018) have been applied
along with conventional extraction methods for the betalains
extraction, and a better extraction efficiency of betalains at a
reduced extraction time were reported (Celli and Brooks, 2017;
Xu et al., 2017). Other than that, application of a liquid biphasic
system, such as aqueous two-phase system (ATPS) (Chethana
et al., 2007; Chandrasekhar et al., 2015; Santos et al., 2018)
and liquid biphasic flotation (LBF) system (Leong et al., 2018a)
for the separation, purification, and concentration of betalains
from plants have been studied. The liquid biphasic system is
well-known as an easy, scalable, time-, cost-, and energy-saving,
effective as well as mild and green separation approach for many
biotechnological products (Show et al., 2013; Yau et al., 2015)
(Zimmermann et al., 2017).

Taking the above into account, in the present study, an
integration process of liquid biphasic partitioning and electric
system, namely liquid biphasic electric partitioning system
(LBEPS) was proposed for betacyanins extraction from red-
purple pitaya. In this study, both peel and flesh of red-purple
pitaya were fully utilized for their betacyanins extractions.
Liquid biphasic partitioning system (LBPS) is a new and green
liquid biphasic system for separation of biomolecules as well as
possesses the gifted advantages of the current liquid biphasic
system. The LBPS was integrated with electricity treatment
(electric system) in this study as to further enhance the LBPS
for improving biomolecules separation. Electricity treatment is
a non-thermal processing approach that ameliorates extraction
efficiency of biomolecules. The betacyanins extraction using
LBEPS was first compared with that of LBPS, and then followed
by optimization study on the LBEPS for the betacyanins
extraction. In addition, comparison between optimized LBEPS
and LBPS with optimized conditions of electric system (as post-
treatment) as well as color characterization and antioxidant
properties assessment were carried out. To the best of our
knowledge, this is the first article reporting the betacyanins
extraction process by employing LBEPS. It is worth noting that
the LBEPS is a novel green integration process, and it is also of
significance that the separation of biomolecules was performed
for the first time using LBEPS.

MATERIALS AND METHODS

Materials
Red-purple pitaya was purchased from a local fruit stall in
Semenyih, Selangor Darul Ehsan, Malaysia. Ultrapure water
produced from Milli-Q integral water purification system
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(Merck, Darmstadt, Germany) was used throughout this
experiment. Graphitic electrodes which were modified from 2B
pencil leads (diameter: 2mm) were acquired from My Family
Art & Stationery (Semenyih, Selangor Darul Ehsan, Malaysia).
Absolute ethanol, dipotassium hydrogen phosphate (K2HPO4),
sodium chloride (NaCl), sodium bicarbonate (NaHCO3),
iron (III) chloride hexahydrate (FeCl3·6H2O), and iron (II)
sulfate heptahydrate (FeSO4·7H2O) were purchased from
R&M Chemicals (Selangor Darul Ehsan, Malaysia). Acetic acid
(CH3COOH) and sodium acetate trihydrate (C2H3NaO2·3H2O)
were obtained fromMerck (Darmstadt, Germany). Hydrochloric
acid (HCl) was purchased from Fisher Scientific (Selangor Darul
Ehsan, Malaysia). 2,4,6-tripyridyl-s-triazine (TPTZ), 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS), potassium persulfate (K2O8S2), 6-hydroxy-2,5,7,8-
tetramethychroman-2-carboxylic acid (Trolox), Folin-Ciocalteu
(F-C) reagent and gallic acid were acquired from Sigma-Aldrich
(St. Louis, MO, USA). All the above mentioned chemicals were
of analytical grade (purity > 95%).

Apparatus
A regulated dual direct current (DC) power supply (ATTEN
APS3003S-3D, 30 V/3 A

∗2) (Mobicon-Remote Electronic,
Petaling Jaya, Selangor Darul Ehsan,Malaysia) was used to supply
electricity in this experiment (i.e., electric system), and was
kindly provided by the Department of Electrical and Electronic
Engineering, University of NottinghamMalaysia.

Preparation of Crude Extract
The preparation of crude extract was conducted in dim light
condition in order to minimize its pigment losses. The peel and
flesh of red-purple pitaya were firstly cut into thin pieces after
washed and dried with tissue towel, subsequently, they were
stored at −80◦C for 48 h. To prepare dried crude extract (DE),
the sample was freeze dried at −30◦C and 0.37 atm for 48 h
using a freeze dryer (CHRISTAlpha 1-2 LDplus, Germany). After
that, the freeze-dried crude extract was ground into powder using
a grinder (Tefal Blendforce, Triple’Ax Technology 400 Watt,
Malaysia). The DE of the peel and flesh of red-purple pitaya were
stored at−20◦C for further use.

Betacyanins Extraction Using LBEPS
The LBEPS was created by equipping two graphitic electrodes
into the LBPS. The electrodes (anode and cathode; former to
apply voltage and latter to detect current flow) were connected to
a regulated dual DC power supply in order to supply electricity
continuously (Figure 1). A 10 g LBPS with optimized conditions
(Leong et al., 2018b) was further incorporated with electric
system (i.e., LBEPS). The operating parameters of the 10 g LBEPS
including operation time, voltage apply, and position of graphitic
electrodes were optimized using one-factor-at-a-time (OFAT)
approach for the betacyanins extraction from peel and flesh
of red-purple pitaya. The initial settings of the LBEPS were
15min of operation time, 3V of voltage applied and graphitic
electrodes positioned at bottom phase (Table 1). The experiment
was conducted at room temperature (25± 1◦C).

Comparison Between LBPS and LBEPS
A 10 g LBPS was prepared in a 15mL graduated centrifugal tube
by mixing phase-forming components and DE in accordance
with their respective compositions (%, w/w), as shown in
Table 1. After thorough mixing of all the components by gentle
agitation, the mixture was centrifuged at 3,000 rpm for 20min
to induce a phase separation. On the other hand, in the 10 g
LBEPS, a biphasic system was firstly formed; the phase-forming
components were mixed well and centrifuged at 3,000 rpm for
5min, subsequently, 1% of DE was added to the biphasic system
and gently mixed. After that, the mixture was supplied with
electricity, as mentioned in section Betacyanins Extraction using
LBEPS (i.e., LBEPS with initial settings). The Volumes of the
top and bottom phase in LBPS and LBEPS were then measured,
followed by the collection of sample from both phases for analysis
of total betacyanins content (TBC).

Comparison Between Optimized LBEPS
and LBPS With Optimized Conditions of
Electric System as Post-treatment
A 10 g LBPS was firstly prepared, as mentioned in section
Comparison Between LBPS and LBEPS, subsequently, the
optimized conditions of the electric system (operation time,
voltage applied, and position of graphitic electrodes in the
LBEPS) were used in further treatment of the mixture (i.e.,
post-treatment). The results obtained were compared with
optimized LBEPS.

Analytical Procedures
Color Characterization
Lightness (L

∗

), redness (a
∗

), and yellowness (b
∗

) of the peel
and flesh extract of red-purple pitaya were analyzed using a
colorimeter (Lovibond LC 100, model RM 200; The Tintometer
Ltd., United Kingdom). Additionally, their hue angle (h◦)
and chroma (C

∗

) were calculated according to Equations (1,
2), respectively.

h◦ = tan−1 b
∗

a
∗

(1)

C
∗

=

√

a
∗2 + b

∗2 (2)

Analysis of Total Betacyanins Content (TBC)
The TBC in the crude extract was analyzed using a UV-vis
spectrophotometer (UV-1,800; Shimadzu Corporation, Japan) at
538 nm. The TBC was expressed as mg of betanin equivalents
(BEs) per 100 g of crude extract, and was calculated according to
Equation (3) (Ramli et al., 2014; Leong et al., 2018a,b):

TBC =
A538 × MW × V × DF

ε × L × W
× 100 (3)

Where A538 = absorbance value at 538 nm, MW = molecular
weight of betanin (550 g.mol−1), V = volume of sample (mL),
DF = dilution factor, ε = molar extinction coefficient of betanin
(65,000 L.mol−1.cm−1), L = path length of cuvette (1 cm), W =

weight of crude extract (g).
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FIGURE 1 | (A) Schematic diagram of LBEPS for betacyanins extraction from peel and flesh of red-purple pitaya. (B) Experimental setup for the betacyanins

extraction using LBEPS.

Analysis of Total Phenolic Content (TPC)
The Folin-Ciocalteu (F-C) method as described in Singleton et al.
(1999), Fu et al. (2011), and Hajimahmoodi et al. (2013) was
employed to analyze the TPC in the crude extract. A diluted F-
C reagent which consists of 10mL of F-C reagent and 90mL of
purified water was freshly prepared. Next, 100 µL of sample or
gallic acid solution (i.e., standard) was mixed with 500 µL of
diluted F-C reagent. The mixture was then incubated for 5min
at room temperature under dark condition. Subsequently, 2mL
of 60 g/L of NaHCO3 solution was added to the mixture. The
mixture was mixed well and kept for 90min at room temperature
under dark condition. The absorbance value of the mixture was
measured at 725 nm using a UV-vis spectrophotometer. The TPC
was expressed as mg of gallic acid equivalents (GAEs) per 100 g
of crude extract.

Analysis of Ferric Reducing Antioxidant

Power (FRAP)
The FRAP in the crude extract was analyzed using method as
described in literature (Benzie and Strain, 1996; Fu et al., 2011;
Leong et al., 2018a). The FRAP reagent was freshly prepared;
10mL of 10 mmol/L TPTZ solution (0.0031 g of TPTZ in 1mL of
40 mmol/L HCl) and 10mL of 20 mmol/L FeCl3·6H2O solution

(0.0054 g/mL) for every 100mL of 300 mmol/L acetate buffer
(pH 3.6; mixture of 3.1 g of C2H3NaO2·3H2O with 16mL of
CH3COOH per liter of purified water). The FRAP reagent was
preheated to 37◦C before use. The FRAP assessment was carried
out by mixing 100 µL of sample or FeSO4·7H2O solution (i.e.,
standard), 300 µL of purified water and 3mL of FRAP reagent.
The mixture was subsequently incubated for 4min at 37◦C. The
absorbance value of mixture was measured at 593 nm using a
UV-vis spectrophotometer. The result was expressed as µmol of
Fe(II) per g of crude extract.

Analysis of Trolox Equivalent Antioxidant

Capacity (TEAC)
The ABTS radical (ABTS·) method as described in Re et al.
(1999), Fu et al. (2011) was employed to analyze the TEAC in the
crude extract. The ABTS· stock solution (mixture of 7 mmol/L
of ABTS solution and 2.45 mmol/L of K2O8S2 solution at v:v
ratio of 1:1) was first prepared, and was then incubated for 12–
16 h at room temperature under dark condition. Next, the ABTS·
stock solution was diluted with ethanol to reach an absorbance
value of 0.70 ± 0.05 at 734 nm, and was incubated at 30◦C.
As to analyze the TEAC, 100 µL of sample or Trolox solution
(i.e., standard) or ethanol (i.e., control) was mixed with 3.8mL
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TABLE 1 | Operating parameters of LBEPS for betacyanins extraction from peel

and flesh of red-purple pitaya.

No. Condition Initial setting Variables Unit

1. 10 g LBPS with optimized conditions (constant throughout the experiment)

(%, w/w) (Leong et al., 2018b)

Peel Flesh

1% of DE 1% of DE

27% of undiluted

ethanol

33% of undiluted

ethanol

20% of K2HPO4

solution

20% of K2HPO4

solution

50% of purified

water

44% of purified

water

2% of 0.4M NaCl 2% of 0.2M NaCl

ELECTRIC SYSTEM

2. Operation time 20 10, 15, 25, 30 min

3. Voltage apply 3 1, 2, 4, 5 V

4. Position of

graphitic

electrodes

Bottom phase Top and middle

phase; middle

position refers to

the interphase

between top and

bottom phase

N/A

of diluted ABTS· solution. The absorbance value of the mixture
was measured at 734 nm using a UV-vis spectrophotometer after
6min of incubation at 30◦C. The result was expressed as µmol of
Trolox equivalents (TEs) per g of crude extract. The percentage
of scavenging onABTS·was calculated using Equation (4) (Leong
et al., 2018a):

Percentage of scavenging (%) =
control − sample or standard

control
× 100

(4)

Calculations
Partition coefficient (K) of betacyanins in the LBPS and LBEPS
was calculated according to Equation (5) (Leong et al., 2018a,b):

K =
TBCt

TBCb
(5)

Where TBCt and TBCb are TBC in the alcohol-rich top phase and
salt-rich bottom phase at equilibrium, respectively.

Betacyanins concentration (%) in alcohol-rich top phase (Ct)
and salt-rich bottom phase (Cb) was calculated according to
Equations (6, 7), respectively:

Ct(%) =
TBC in top phase

TBC in crude extract
× 100 =

TBCt

TBCt + TBCb
× 100 (6)

Cb(%) =
TBC in bottom phase

TBC in crude extract
× 100 =

TBCb

TBCt + TBCb
× 100 (7)

Phase volume ratio (Vr) is defined as ratio of the volume
of alcohol-rich top phase to the volume of salt-rich bottom

phase at equilibrium, and was calculated according to
Equation (8).

Vr =
Vt

Vb
(8)

Where Vt and Vb are volume of the alcohol-rich top phase and
salt-rich bottom phase at equilibrium, respectively.

Statistical Analysis
The statistical analysis was performed using IBM SPSS statistics
software (SPSS version 23.0 for window, IBM Corporation,
Armonk, New York, United States). Triplicate readings were
recorded and were used in the analysis, and the values were
expressed as mean ± standard deviation (SD). The data were
subjected to One-Way analysis of variance, and the mean
differences were compared using Tukey HSD post-hoc multiple
comparisons test. The data were considered for their statistically
significant difference where p < 0.05. Moreover, the relationship
among the antioxidant properties was analyzed using Pearson’s
correlation test.

RESULTS AND DISCUSSION

Comparison Study of Betacyanins
Extraction Using LBPS and LBEPS
An initial study was conducted by comparing the betacyanins
extraction from peel and flesh of red-purple pitaya using LBPS
with optimized conditions (Leong et al., 2018b) and LBEPS
(i.e., an integration process of LBPS and electricity treatment)
with initial settings. Our findings showed that the betacyanins
extraction from the peel using LBPS was slightly better than
that of using LBEPS. The application of LBPS showed the
significant highest values of Ct (98.080 ± 0.051%) and K of
betacyanins (51.097 ± 1.354) compared to that of the values
obtained from LBEPS (Ct : 96.820± 0.046% and K of betacyanins:
30.450 ± 0.459). Both systems showed a similar value of Vr

(1.667) (Figure 2A). Likewise, a similar trend was observed
for the betacyanins extraction from the flesh, as shown in
Figure 2B. However, the betacyanins extraction from the flesh
using LBPS showed the non-significant highest values of Ct

(96.256 ± 0.207%) and K of betacyanins (25.764 ± 1.525) as
compared to that of the LBEPS (Ct : 96.010 ± 0.144% and
K of betacyanins: 24.086 ± 0.911) (p > 0.05). Both systems
also showed a similar value of Vr (2.167). The similar value
of Vr revealed that the biphasic separation was not affected
by the difference in these two extraction methods. In LBPS,
centrifugation process alongside biphasic system was utilized
in the betacyanins extraction, whereas electricity treatment
alongside biphasic system was applied to the betacyanins
extraction in LBEPS. Both approaches are different in terms
of their working mechanisms. Although LBPS resulted in the
slightly higher betacyanins extraction, we decided to further
optimize our LBEPS for the betacyanins extraction in this
study. The reasons are that both systems showed a comparable
betacyanins extraction from red-purple pitaya and LBEPS seems
to be promising for achieving a more efficient betacyanins
extraction than LBPS due to the fact that its conditions used in
this study could still be optimized.
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Effect of the Operation Time in LBEPS
The betacyanins extraction from the peel and flesh using LBEPS
were further studied by optimizing the operation time (10–
30min) in the system. Other parameters of the LBEPS included
3V of voltage applied and graphitic electrodes located at bottom
phase in the system. As depicted in Figure 3A, an increase in
the operation time from 10 to 15min in the LBEPS greatly
improved the betacyanins extraction from the peel, and further
extending the operation time up to 30min resulted in a slightly

lower betacyanins extraction compared to that of with 15min
of operation time. Meanwhile, LBEPS with 15min of operation
time showed a better betacyanins extraction compared to LBPS
with 20min of operation time (control). The significant highest
values of Ct and K of betacyanins obtained from the LBEPS with
15min of operation time were 99.256 ± 0.014% and 133.433 ±

2.566, respectively, among the others. The control and LBEPS
with different operation times showed a similar Vr value of 1.667,
and this inferred that their biphasic separation was not affected by

FIGURE 2 | Comparison study of betacyanins extraction from (A) peel and (B) flesh of red-purple pitaya using LBPS and LBEPS with initial settings. Values are mean

± SD of triplicate readings. Different letter(s) represent a significant difference (p < 0.05) using Tukey’s test within Ct and K.

FIGURE 3 | Effects of various parameters in LBEPS for betacyanins extraction from peel of red-purple pitaya; OFAT approach was applied in the optimization study:

(A) operation time (control: LBPS), (B) voltage applied and (C) position of graphitic electrodes. Values are mean ± SD of triplicate readings. Different letter(s) represent

a significant difference (p < 0.05) using Tukey’s test within Ct and K.
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the different extraction methods (as mentioned earlier in section
Comparison Study of Betacyanins Extraction Using LBPS and
LBEPS). Also, a similar trend was noted for the betacyanins
extraction from the flesh, as shown in Figure 4A. The significant
highest values of Ct and K of betacyanins obtained from the
LBEPS with 15min of operation time were 97.189 ± 0.172% and
34.665 ± 2.253, respectively, among the others. The control and
LBEPS with different operation times also showed a similar Vr

value (2.167).
Collectively, a higher betacyanins extraction from the peel

and flesh was achieved through the use of LBEPS with 15min
of operation time compared to that of with LBPS with 20min
of operation time as well as to that of with LBEPS with other
operation times. Application of LBEPS can shorten the extraction
time from 20 to 15min; compared to control (i.e., LBPS).
The possible reason might be due to the different working
extraction mechanisms between LBPS and LBEPS, as mentioned
earlier in section Comparison Study of Betacyanins Extraction
Using LBPS and LBEPS. The LBEPS uses electricity treatment
alongside biphasic system for the betacyanins extraction, while
LBPS employs centrifugation process alongside biphasic system
for the betacyanins extraction. The electricity treatment occurred
between the two graphitic electrodes is suggested to enhance the
betacyanins extraction and cause a higher extraction efficiency
compared to the centrifugation process. Other than that, as
compared among the 10–30min of operation time of LBEPS,

15min of the operation time was noted to be the most effective
extraction time. This could be explained by the mass transfer
energy of the system reaching equilibrium and the maximum at
15min. Moreover, a longer extraction time can cause oxidation
of betacyanins due to their highly sensitive features (Esatbeyoglu
et al., 2015; Khan, 2016; Celli and Brooks, 2017; Ciriminna et al.,
2018; Leong et al., 2018a). Hence, 15min of operation time was
chosen for the betacyanins extraction using LBEPS.

FIGURE 5 | Effect of different voltages applied in LBEPS; comparison

between (A) 4V and (B) 5V of voltage applied for the peel and flesh extract.

FIGURE 4 | Effects of various parameters in LBEPS for betacyanins extraction from flesh of red-purple pitaya; OFAT approach was applied in the optimization study:

(A) operation time (control: LBPS), (B) voltage applied and (C) position of graphitic electrodes. Values are mean ± SD of triplicate readings. Different letter(s) represent

a significant difference (p < 0.05) using Tukey’s test within Ct and K.
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Effect of the Voltage Applied in LBEPS
Effect of the voltages applied ranging from 1 to 5V in the
LBEPS for betacyanins extraction from peel and flesh of red-
purple pitaya was investigated, and the results are presented in
Figures 3B, 4B, respectively. The betacyanins extraction using
LBEPS with 3V of voltage applied showed the significant highest
values of Ct and K of betacyanins from the peel (99.256 ±

0.014% and 133.433 ± 2.566, respectively) and flesh (97.189
± 0.172% and 34.665 ± 2.253, respectively). Meanwhile, the
values of Ct and K of betacyanins from the peel and flesh
obtained from the betacyanins extraction using LBEPS with 1,
2, and 4V of voltage applied were noted to be no significant
difference among them (p > 0.05). However, the betacyanins
extraction using LBEPS with 5V of voltage applied showed
the significant lowest values of Ct and K of betacyanins from
the peel (79.737 ± 0.419% and 3.937 ± 0.101, respectively)
and flesh (88.231 ± 0.162% and 7.498 ± 0.116, respectively).
Additionally, with the 5V of voltage applied, the graphitic
electrodes were oxidized and graphite residue was observed in
the salt-rich bottom phase, as shown in Figure 5. Furthermore,
Vr values in the LBEPS with different voltages applied for the
peel and flesh showed that different voltages do not influence
the biphasic separation much, due to their similar values
among the others; LBEPS with peel: 1.667 and LBEPS with
flesh: 2.167.

Our results inferred that LBEPS with 3V of voltage applied
achieved an optimal betacyanins extraction from the peel and
flesh as shown by their significant highest values of Ct and
K of betacyanins. The electricity treatment supplied by the
3V of voltage applied in the system is proved to have the
highest electropermeabilization of red-purple pitaya membrane
structure, in which the cell membrane structure was disrupted
by short and intense electric pulses, and the increased cell
membrane permeability led to the release of more betacyanins
from red-purple pitaya to the extractive solvent in the system.
This eventually increase the extraction efficiency of betacyanins.
The betacyanins adhered to the electrodes andmoved along from
bottom to top phase of the system via electricity treatment. This
electricity treatment is known as a non-thermal process where

an external electricity is supplied to a substrate. Additionally,
the effectiveness of the electricity treatment strongly depends
on the electrical field strength, specific energy input, treatment
duration, substance to be treated etc. (Azmir et al., 2013;
Boussetta and Vorobiev, 2014; Celli and Brooks, 2017; Chemat
et al., 2017; Xu et al., 2017). A study conducted by Roselló-
Soto et al. (2015) reported that high voltage electrical discharges
was the most effective pretreatment for the extraction of olive
kernels among the other pretreatments of pulsed electric field
and ultrasound, due to its highest extraction efficiency. This
result was explained by the occurrence of propagation of the
shock waves and explosion of cavitation bubbles during the
pretreatment of olive kernel induced by the application of
electrical discharges.

Moreover, in the present study, oxidation of the graphitic
electrodes was observed when 5V of voltage was applied
in the LBEPS. In the same instance, this system showed
the lowest betacyanins extraction from the peel and flesh.
This could be explained by the fact that 10 g LBEPS cannot
withstand the strong electricity treatment induced by the 5V
of voltage applied in the system. Also, the lowest betacyanins
extraction might be caused by the presence of graphite
residue due to oxidation of the graphitic electrodes, in which
they degrade the betacyanins since betacyanins are highly
sensitive pigments.

TABLE 2 | Color characterization of peel and flesh extract of red-purple pitaya

obtained from the optimized LBEPS.

Color parameter Peel extract Flesh extract

L* 7.933 ± 0.306 11.033 ± 0.208

a* 23.633 ± 0.651 36.100 ± 0.529

b* 4.567 ± 0.306 −17.167 ± 0.153

C* 24.067 ± 0.651 39.967 ± 0.569

h◦ 10.933 ± 0.666 334.533 ± 0.153

L
*
, a

*
, b

*
, C

*
, and h◦ represent lightness, redness, yellowness, chroma, and hue angle,

respectively. Values are mean ± SD of triplicate readings.

FIGURE 6 | Comparison study of betacyanins extraction from (A) peel and (B) flesh of red-purple pitaya using the optimized LBEPS and LBPS with the optimized

conditions of electric system (as post-treatment). Values are mean ± SD of triplicate readings. Different letter(s) represent a significant difference (p < 0.05) using

Tukey’s test within Ct and K.
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Effect of the Position of Graphitic
Electrodes in LBEPS
Subsequently, the LBEPS with 15min of operation time and 3V
of voltage applied for the betacyanins extraction was further
assessed using different positions of graphitic electrodes in the
system; the electrodes were positioned at top, middle and bottom
phase in the LBEPS. Our results revealed that the electrodes
located at the bottom phase in LBEPS augmented the betacyanins
extraction, with the significant highest values of Ct and K of
betacyanins from the peel (99.256 ± 0.014% and 133.433 ±

2.566, respectively; Figure 3C) and flesh (97.189 ± 0.172% and
34.665 ± 2.253, respectively; Figure 4C). The top and middle
position of the graphitic electrodes seemed to provide a slightly
lower betacyanins extraction, owing to their smaller values of Ct

and K of betacyanins. The possible explanation could be, in the
bottom position, the electrodes have the maximum electrical field
influence that allows betacyanins to move along from bottom to
top phase. Vr values for the LBEPS in this case with the peel and
flesh inferred that different positions of electrodes in the system
do not have a significant impact on the biphasic separation, due
to their similar values among the others; LBEPS with peel: 1.667
and LBEPS with flesh: 2.167.

Comparison Study of Betacyanins
Extraction Using Optimized LBEPS and
LBPS With Optimized Conditions of
Electric System as Post-treatment
Optimized conditions of electric system in the LBEPS included
15min of operation time, 3V of voltage applied and the
electrodes located at bottom phase. The optimized LBEPS
augmented the betacyanins extraction from peel and flesh of
red-purple pitaya. As a result, these optimized conditions were
incorporated to the LBPS as post-treatment for the betacyanins
extraction, and the results obtained were compared with that
of the optimized LBEPS (Figure 6). Our findings showed that
the optimized LBEPS owned a better betacyanins extraction

from the peel and flesh compared to that of using LBPS with
the electric system as post-treatment (Ct and K of betacyanins
from the peel were 95.296 ± 0.309% and 20.323 ± 1.431,
respectively, as well as from the flesh were 93.825 ± 0.012%
and 15.195 ± 0.032, respectively). The reason for the results
obtained could be that the LBPS with electric system as post-
treatment requires longer extraction time (i.e., 35min) that
might cause oxidation of betacyanins to occur. This eventually
might reduce the betacyanins extraction. On the other hand,
the Vr values are similar for both approaches. Therefore, an
optimized LBEPS with 15min of operation time, 3V of voltage
applied and the electrodes located at bottom phase was chosen
for the betacyanins extraction from the peel and flesh of red-
purple pitaya.

Color Characterization
After the most effective extraction approach for the betacyanins
extraction was determined, the color characterization of the
extract was analyzed further. In this case, peel and flesh extract
of red-purple pitaya (ethanol-rich top phase) used in the analysis
were obtained from the optimized LBEPS. Both extracts are
presented in different hues, lightness, saturations and intensities
of color. They showed different degrees of lightness (L∗), redness
(a∗), yellowness (b∗), chroma (C∗), and hue angle (h◦), as

TABLE 3 | Correlation study among the antioxidant properties, given correlation

coefficient (r).

TEAC TPC TBC

FRAP −0.997** 0.853* 0.899*

TEAC – −0.811 −0.902*

TPC – – 0.788

**Correlation is significant at p < 0.01 (2-tailed). *Correlation is significant

at p < 0.05 (2-tailed).

FIGURE 7 | Antioxidant properties assessment of peel and flesh extract of red-purple pitaya obtained from the optimized LBEPS. Values are mean ± SD of triplicate

readings. Different letter(s) represent a significant difference (p < 0.05) using Tukey’s test within FRAP, TEAC, TPC, and TBC.
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presented in Table 2. The peel extract showed a higher degree of
a∗ and b∗ as well as a smaller degree of L∗, C∗ and h◦ compared
to that of the flesh extract. Our results revealed that the peel and
flesh extract showed different ranges of red color. The peel extract
showed a red-yellowish color (positive a∗ and b∗), whereas the
flesh extract showed a red-bluish/purplish color (positive a∗ and
negative b∗). The C∗ and h◦ measure the basic tint and saturation
of a color, respectively (Lancaster and Lister, 1997). Owing to
their natural coloring attribute, the peel and flesh extract can be
applied as natural colorants with different variations of red color.

Antioxidant Properties Assessment
Lastly, the antioxidant properties on peel and flesh extract of
red-purple pitaya (ethanol-rich top phase) were assessed in
order to examine their antioxidant capability and the presence
of antioxidant compound. These extracts were obtained from
the optimized LBEPS. Particularly, FRAP and TEAC are used
to measure the antioxidant capability, while TPC and TBC
determined the quantity of antioxidant compound (Dai and
Mumper, 2010). In the FRAP assessment, the peel extract (61.767
± 1.460 µmol of Fe(II)/g of crude extract) showed a significant
higher FRAP value compared to that of the flesh extract (35.916
± 0.489 µmol of Fe(II)/g of crude extract) (standard equation:
A593 = 0.0006([FeSO4·7H2O]) + 0.0708 (R2

= 0.9984); A593:
absorbance value at 593 nm & [FeSO4·7H2O]: concentration of
FeSO4·7H2O). On the other hand, the peel extract (35.460 ±

0.443 µmol of TEs/g of crude extract) showed a significant lower
TEAC value compared to that of the flesh extract (59.606± 0.857
µmol of TEs/g of crude extract) [standard equation: Percentage
of scavenging (%) = 0.0966([Trolox]) + 2.8333 (R2

= 0.9946)].
Other than that, in the TPC and TBC assessment, the peel
extract showed the significant higher values of TPC (310.741 ±

8.486mg of GAEs/100 g of crude extract) and TBC (156.877 ±

2.655mg of BEs/100 g of crude extract) compared to that of the
flesh extract (TPC: 292.019 ± 7.517mg of GAEs/100 g of crude
extract, TBC: 147.840 ± 3.038mg of BEs/100 g of crude extract);
standard equation for TPC: A725 = 0.0036([gallic acid])+ 0.0086
(R2 = 0.9995) (Figure 7). Our results concluded that electricity
treatment did not reduce the antioxidant properties from the red-
purple pitaya, but in fact it enhanced them as the antioxidant
values obtained in this study are much higher compared to the
previously reported studies (Fu et al., 2011; Ramli et al., 2014).
Moreover, our Pearson’s correlation study conveyed that the
FRAP with TEAC, TPC, and TBC were correlated among them
with a significant strong positive relationship. TEAC showed a
non-significant strong negative with TPC (p > 0.05), whereas a
significant strong negative relationship between TEAC and TBC

was noted. TPC and TBC demonstrated a non-significant strong
positive relationship (Table 3).

CONCLUSIONS

This study concludes that a satisfactory betacyanins extraction
from the peel and flesh of red-purple pitaya was successfully
achieved with the utilization of the optimized LBEPS. In
the system, electricity treatment greatly improves extraction
of biomolecules like betacyanins. In addition, the peel and
flesh extract showed different variations of red color, and they
are proved to demonstrate appreciable antioxidant properties.
Overall, this article introduces a new, easy and effective green
bioseparation technology for the biomolecules separation which
could be applied in the downstream bioprocessing industries.
For instance, a pilot-scale LBEPS on the biomolecules separation
could be investigated, owing to its high potential to serve as an
effective bioseparation technology.
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In this review, we summarize recent studies on giant unilamellar vesicles enclosing

aqueous polymer solutions of dextran and poly(ethylene glycol) (PEG), highlighting recent

results from our groups. Phase separation occurs for these polymer solutions with

concentration above a critical value at room temperature. We introduce approaches used

for constructing the phase diagram of such aqueous two-phase system by titration,

density and gel permeation chromatography measurements of the coexisting phases.

The ultralow interfacial tension of the resulting water-water interface is investigated over

a broad concentration range close to the critical point. The scaling exponent of the

interfacial tension further away from the critical point agrees well with mean field theory,

but close to this point, the behavior disagrees with the Ising value of 1.26. The latter

discrepancy arises from the molar mass fractionation of dextran between coexisting

phases. Upon encapsulation of the PEG–dextran system into giant vesicles followed

by osmotic deflation, the vesicle membrane becomes completely or partially wetted by

the aqueous phases, which is controlled by the phase behavior of the polymer mixture

and the lipid composition. Deflation leads to a reduction of the vesicle volume and

generates excess area of the membrane, which can induce interesting transformations

of the vesicle morphology such as vesicle budding. More dramatically, the spontaneous

formation of many membrane nanotubes protruding into the interior vesicle compartment

reveals a substantial asymmetry and spontaneous curvature of the membrane segments

in contact with the PEG-rich phase, arising from the asymmetric adsorption of polymer

molecules onto the two leaflets of the bilayers. These membrane nanotubes explore

the whole PEG-rich phase for the completely wetted membrane but adhere to the

liquid-liquid interface as the membrane becomes partially wetted. Quantitative estimates

of the spontaneous curvature are obtained by analyzing different aspects of the tubulated

vesicles, which reflect the interplay between aqueous phase separation and spontaneous

curvature. The underlying mechanism for the curvature generation is provided by the

weak adsorption of PEG onto the lipid bilayers, with a small binding affinity of about 1.6

kBT per PEG chain. Our study builds a bridge between nanoscopic membrane shapes

and membrane-polymer interactions.

Keywords: phase diagram,membrane shape transformation, giant vesicles, aqueous two-phase systems, dextran,

poly(ethylene glycol), wetting, membrane tubes
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INTRODUCTION

Phase separation can occur when solutions of two different
polymers or a polymer and a salt are mixed above a certain
concentration in water. These aqueous two-phase systems
(ATPSs) provide a particularly mild environment with extremely
low interfacial tension on the order of 1–100µN/m, which enable
many applications of ATPS in biotechnology and bioengineering
(Walter et al., 1985; Albertsson, 1986). One such system of
great interest is provided by mixing aqueous solutions of
dextran and polyethylene glycol (PEG). These solutions undergo
phase separation above the critical concentration at a certain
temperature, yielding two coexisting phases in equilibrium with
each phase containing predominantly one of the polymer species
and water. Phase separation in polymer solutions depends on the
thermodynamic properties of the system, which is theoretically
described by the Flory-Huggins theory (Flory, 1941, 1953;
Huggins, 1941). When the entropy of mixing is not sufficient
to compensate the enthalpy of demixing, the polymer solutions
undergo phase separation.

Recently, renewed interest in PEG–dextran systems arose
because of its potential biotechnological applications, as well as
its suitability as a model system for mimicking the crowded
environment in cells (Dimova and Lipowsky, 2012, 2017;
Keating, 2012). The PEG–dextran ATPS was encapsulated into
giant unilamellar vesicles (GUVs), cell-sized containers (Dimova
et al., 2006;Walde et al., 2010; Dimova, 2012, 2019). The group of
Keating initiated the study of aqueous phase separation in GUVs
(Helfrich et al., 2002), and observed the asymmetric protein
microcompartmentation in these systems which resembles the
crowded environment of the cytosol (Long et al., 2005). The
partitioning of biomolecules in ATPS is influenced by the
affinities of these molecules being separated to the coexisting
phases or the liquid-liquid interface, as well as by the physico-
chemical properties of the employed ATPS itself (Zaslavski,
1995), which requires a detailed and quantitative characterization
of its phase behavior. During the last decade, these hybrid soft
matter systems containing both membranes and polymers are
investigated experimentally (Li et al., 2008, 2011, 2012; Long
et al., 2008; Kusumaatmaja et al., 2009; Andes-Koback and
Keating, 2011; Liu et al., 2016) and theoretically (Lipowsky,
2013, 2014, 2018). A number of interesting phenomena, such
as vesicle budding (Long et al., 2008; Li et al., 2012), wetting
transitions (Li et al., 2008; Kusumaatmaja et al., 2009), division
of vesicles (Andes-Koback and Keating, 2011), and formation
of membrane nanotubes (Li et al., 2011; Liu et al., 2016), have
been observed. All these phenomena were governed by the
interplay between polymer-membrane interactions and the fluid-
elastic properties of the membrane (Lipowsky, 2013, 2014, 2018).
Precise experimental studies of the aqueous phase separation and
the resulting aqueous phases are challenging, but are required
to fully understand their role in the associated membrane
transformations. This review focuses on precisely this topic,
highlighting results from our groups that have been obtained over
the past decade.

The text is organized as follows. We first discuss the phase
diagram of the PEG–dextran system. More specifically, we

introduce a density method for the measurement of the tie
lines between the coexisting phases, and compare it with a
method based on gel permeation chromatography (GPC). We
then compare the scaling exponent of the interfacial tension to
the values obtained in mean field theory and in the Ising model,
and correlate the discrepancy of the Ising value in the vicinity
of the critical point to the molar mass fractionation of dextran
between coexisting phases. Afterwards, we focus on membrane-
associated effects (such as wetting and morphological changes)
in GUVs encapsulating ATPS. The observed complete-to-partial
wetting transition of the giant vesicle membrane by the PEG-rich
phase is discussed by introducing a hidden material parameter,
the intrinsic contact angle (Kusumaatmaja et al., 2009), which
characterizes the affinity of the phases to the membranes but
has not been directly measured by optical microscopy. We then
discuss the formation of membrane nanotubes resulting from
the deflation of giant vesicles encapsulating aqueous mixture
of dextran and PEG. Theoretical analysis of the GUV shapes
with nanotubes protruding into the interior of the vesicles
revealed the presence of a negative spontaneous curvature (Li
et al., 2011). Depending on the properties of the aqueous phases
and the vesicle membranes, three different tube patterns have
been observed within vesicles of three distinct morphologies
(Liu et al., 2016). Quantitative estimation of the spontaneous
curvature is obtained by image analysis of the vesicle shapes,
for membranes of different lipid compositions with distinct
fluid-elastic properties. The molecular mechanism underlying
the observed curvature generation is provided by the weak
adsorption of PEG molecules onto the membranes, according
to theoretical considerations, control experiments with PEG
solution, and molecular dynamics simulations. Finally, we
discuss possible future directions in the field.

PHASE DIAGRAM OF THE PEG–DEXTRAN
SYSTEMS

At a certain temperature, the phase diagram for an aqueous
solution of dextran and PEG depends on their weight fractions
wd and wp. The diagram includes the binodal (the boundary of
the two-phase coexistence region), the critical point and the tie
lines, as illustrated in Figure 1. The phase diagram is divided by
the binodal curve into a region of polymer concentrations that
will form two immiscible aqueous phases (above the binodal in
Figure 1) and one homogeneous phase (at and below the binodal
in Figure 1). A tie line connects two points of the binodal, which
represent the final compositions of the polymer components
in the coexisting phases. Also located on the binodal is the
critical demixing point. Above this point but close to the binodal
(see Figure 1), the compositions and volumes of both phases
are nearly identical. Different methods have been proposed to
construct the phase diagram of PEG–dextran system (Hatti-Kaul,
2000). Below, we will review some of them.

Binodal and Critical Point
The binodal determined by cloud-point titration is shown in
Figure 2A for aqueous solutions of dextran (with weight-average
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molar mass Mw = 400–500 kg/mol) and PEG (with Mw = 8
kg/mol) (Liu et al., 2012). The aqueous mixture of dextran and
PEG undergoes phase separation when the total polymer weight
fractions exceed a few percent. Titration experiments from the

FIGURE 1 | Schematic phase diagram for an aqueous two-phase system, in

our case dextran (d) and PEG (p), by plotting the weight fraction of PEG wp as

a function of the weight fraction of dextran wd. The phase diagram is divided

into regions of two-phase coexistence (blue) and one homogeneous phase

(white) by the binodal (solid curve). The critical point C, at which the volumes of

the two coexisting phases become identical, is located infinitely close to and

above the binodal. The mixture A with the same polymer ratio as the critical

point, located above the binodal undergoes phase separation and forms two

coexisting phases with compositions D and P in equilibrium, which are

dextran-rich and PEG-rich phases, respectively. Solutions with composition

lying on this tie line (dashed line) separate into coexisting phases with the

same final compositions (D and P) but different volume fractions. The

composition difference of the coexisting phases is characterized by the length

of the tie line DP, which becomes shorter at lower polymer concentration and

converges to a single point called the critical demixing point (C).

one-phase to the two-phase region, or the other way around, lead
to the same phase boundary.

The critical point of the system, at which the volumes of
the coexisting phases are equal, can be estimated by gradually
approaching the binodal via titration of the PEG–dextran
mixture in the two-phase region with water. In this experiment,
a series of mixtures of dextran and PEG solutions are prepared
at certain weight ratios wd/wp, and the volume fractions of the
coexisting phases are measured by bringing the system stepwise
to the binodal. Using data obtained from titration trajectories
with different values of wd/wp, one can find the weight ratio
wd/wp at which the two phases have equal volumes in the vicinity
of the binodal, in this case wd/wp = 1.25 is found, as shown in
Figure 2B (Liu et al., 2012). Carefully studying solutions with
such a weight ratio close to the binodal provides an estimate of
the polymer composition of the critical point, which is located
at a total polymer weight fraction wcr = 0.0812 ± 0.0002.
The critical concentration for phase separation of the studied
PEG–dextran system is then given by ccr = ρcrwcr = 0.0829
± 0.0002 g/mL with ρcr being the solution mass density at the
critical point.

It should bementioned that there is a temperature dependence
for the phase diagram of the PEG–dextran system (Helfrich et al.,
2002), one can therefore use either temperature or concentration
as experimental control parameters for the phase state of the
PEG–dextran system. Additionally, new phase diagrams should
bemeasured when new lots of polymer are used, due to the batch-
to-batch differences of the polymers in molar mass distributions,
even if they are obtained from the same manufacturer
(Helfrich et al., 2002).

Tie Line Determination
To assess the polymer concentrations and build the tie lines
in ATPSs, one has to separate the phases and measure some
physical properties that related to the polymer concentrations.

FIGURE 2 | (A) Binodal of the aqueous solution of dextran (molar mass between 400 and 500 kg/mol) and PEG (molar mass 8 kg/mol) at 24 ± 0.5◦C obtained by

titration from the one-phase to the two-phase region (solid circles) and vice versa (open circles). The “+” symbols are experimental points along the titration trajectory

with wd/wp = 2.0 (dashed line). The intersection of such a trajectory with the binodal defines the polymer weight fraction wbi. (B) Volume fraction ΦD of the

dextran-rich phase as a function of the normalized distance from the binodal, w/wbi – 1, for polymer solutions of different weight ratios wd/wp between dextran and

PEG ranging from 0.60 to 2.00. See the lower inset with the color code. The upper inset shows the dependence of the volume fraction ΦD on the weight ratio wd/wp

very close to the phase boundary at w/wbi = 1.02. For ΦD
= 0.50 (dashed line), the polymer weight ratio wd/wp = 1.25 was found. Reprinted with permission from

Liu et al. (2012). Copyright (2012) American Chemical Society.
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FIGURE 3 | (A) Densities of the coexisting dextran-rich (open squares) and PEG-rich (solid circles) phases for polymer solutions with weight ratio wd/wp = 1.25 as

functions of the total initial polymer weight fraction w. The dashed line is the calculated density of the polymer solution with wd/wp = 1.25. In the inset, the densities of

pure dextran and pure PEG solutions and their mixtures with wd/wp = 1.25 in the one-phase region are plotted as functions of the total polymer weight fraction w.

The lines are fits to Equation (1) with specific volumes vd = 0.62586 ± 0.00046 mL/g and vp = 0.83494 ± 0.00043 mL/g. (B) Tie lines in the PEG–dextran phase

diagram at 24 ± 0.5◦C. The solid circles show the data for the experimentally measured binodal. The compositions of the initial solutions (with weight ratio wd/wp =

1.25) for which the phase densities after phase separation were measured are indicated by “+” symbols. The end points of the respective tie lines consist of

upward-pointing triangles indicating the compositions of the dextran-rich phases and downward-pointing triangles indicating the compositions of the PEG-rich

phases. The solid lines represent two examples of isopycnic lines calculated following Equations (2) and (3) for the initial solution composition indicated with an

encircled “+” symbol in the graph: (wd, wp) = (0.0700, 0.0560). The intersections of the isopycnic lines with the binodal yield the compositions of the two phases,

also encircled. Reprinted with permission from Liu et al. (2012). Copyright (2012) American Chemical Society.

For the PEG–dextran system, one normally measures the optical
activity and the refractive index of the solutions, because dextran
is optically active but PEG is not. Then dextran concentrations
in the coexisting phases are obtained from the known specific
rotation of dextran, while the PEG concentrations are determined
after subtracting the contribution of dextran to the solution
refractive index. To make it simpler, a gravimetric method had
been employed for the tie line determination of ATPS containing
a PEG polymer and a salt, by forcing the end points of the tie-
line on a binodal determined separately (Merchuk et al., 1998).
However, for ATPS containing polymers with large dispersities,
the tie line end points deviates from the binodal, and the
mismatch grows with increasing polymer dispersity. It makes the
gravimetric method not applicable to the PEG–dextran systems,
because the generally available dextran has a broad molar mass
distribution. Below we show that the tie lines of an ATPS
can be accurately determined by density and gel permeation
chromatography measurements of the coexisting phases.

Density Method
This method for determining the tie lines of ATPS is based
on accurate density measurements of the coexisting phases (Liu
et al., 2012). Here we assume that the specific volume of the
aqueous polymer solution is the sum of the contributions from all
components. Then, the mass density ρ of the mixture is related to
the specific volume of each component via

1

ρ
=

(

1− wd − wp

)

νs + wdνd + wpνp (1)

Here the specific volume of water, dextran and PEG at 24◦C are
found to be vs = 1.00271 mL/g, vd = 0.62586 mL/g and vp =

0.83494 mL/g, respectively (see inset of Figure 3A).

In Liu et al. (2012), we prepared PEG–dextran solutions in
the concentration range wcr < w < 0.36 at the same weight
ratio wd/wp as for the critical point. These solutions were kept
at a constant temperature of 24◦C for a few days to reach
equilibrium before the coexisting phases separated and their
densities accurately measured by a density meter. As expected,
the top PEG-rich phase always has a lower density than the
bottom dextran-rich phase, and the density difference between
the coexisting phases vanish at the critical point (Figure 3A). The
normalized distance of the corresponding tie line from the critical
point is taken to be the reduced concentration ε ≡

c
ccr

− 1, which
lies in the range of 0 < ε < 3.82.

The compositions of the dextran-rich (D) and PEG-rich (P)
phases, are then determined based on their densities ρD and
ρP, respectively. By rewriting Equation (1), the PEG weight
fractions of the coexisting phases, wD

p and wP
p , are related

to the corresponding dextran weight fractions, wD
d and wP

d ,
via (Liu et al., 2012):

wD
p =

1

νp − νs

[

1

ρD
− νs − (νd − νs)w

D
d

]

(2)

for the dextran-rich phase, and

wP
p =

1

νp − νs

[

1

ρP
− νs − (νd − νs)w

P
d

]

(3)

for the PEG-rich phase, respectively.
Equations (2) and (3) represent straight isopycnic lines in the

wd-wp plane with a constant slope of− (νd − νs) /
(

νp − νs
)

, and
the intercepts of these lines reflect the different values of the
phase densities ρD and ρP. The compositions of the coexisting
dextran-rich and PEG-rich phase can be then estimated from the
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FIGURE 4 | GPC chromatograms of coexisting dextran-rich (A) and PEG-rich phases (B) at ε = 0.030 (black), 0.200 (red), 0.982 (green), and 2.087 (blue). The peak

retention volumes of the native dextran and PEG are 16.06mL (black dashed line) and 18.25mL (red dashed line), respectively. (C) Dependence of the RI peak area

ARI on polymer concentration cinj of the solutions injected into the size-exclusion chromatography columns for dextran (squares) and PEG (circles). (D) The resulting

phase diagram of the PEG–dextran–water system. In the phase diagram, the cloud point curve is shown as a solid curve. The compositions of the initial solutions for

which size-exclusion chromatography measurements after phase separation were performed are indicated by black crosses. The end points of the respective tie lines

(dashed lines) consist of red crosses indicating the compositions of the dextran-rich phases and green crosses indicating the compositions of the PEG-rich phases.

The midpoints (blue circles) of the tie lines were extrapolated to the binodal to determine the critical point. Adapted with permission from Zhao et al. (2016b). Copyright

(2016) Chem. J. Chinese Universities.

intersections of these isopycnic lines with the binodal established
in section Binodal and Critical Point.

The accuracy of this density-based method in constructing the
tie lines is demonstrated by the close proximity of the coordinates
(wd, wp) for the starting mixtures to the corresponding tie
lines, as shown in Figure 3B. The tie lines determined by
the density method are in excellent agreement with reported
tie lines obtained with traditional methods for similar PEG–
dextran systems at comparable temperatures. Below we will
show that the density method can be further validated by an
independent method based on quantitative GPC measurements
of the coexisting phases.

GPC Method
The density method is relatively simple to determine the tie
lines of ATPS. However, it relies on the assumption that the tie
line end points coincide with the predetermined binodal, which
is a good approximation for ATPS with polymers of narrow
dispersities. For PEG–dextran systems with two polymer species
which can be completely separated by GPC, the compositions
of the coexisting phases can be directly quantified by GPC with
a single concentration detector (Connemann et al., 1991; Zhao
et al., 2016a,b). Below we give the details of this method.

To quantify polymer concentrations within the two coexisting
phases of an ATPS, the polymer solutions are typically diluted
and their GPC chromatograms are recorded, with baseline
separation of dextran from PEG on a differential refractive
index (RI) detector (Zhao et al., 2016b). It can be seen from
Figures 4A,B that further away from the critical point, more
dextran molecules are accumulating in the dextran-rich phase,
while more PEG molecules are partitioning into the PEG-
rich phase. At sufficient distance from the critical point, no
dextran molecules are present in the PEG-rich phase, and PEG
molecules are completely absent in the dextran-rich phase.
The polymer compositions in the coexisting phases can be
directly obtained from their peak areas, with the pre-established
concentration dependences of the RI peak areas for dextran and
PEG, respectively (Figure 4C). It is found that the tie line end
points superpose to the binodal curve, with an exception of those
data for the PEG-rich phases in the vicinity of the critical point
(Figure 4D). This discrepancy is most probably due to molar
mass fractionation of dextran between the coexisting phases (see
section Molar Mass Fractionation).

Interestingly, the tie lines established by the density and
GPC methods agreed well with each other. The density
method requires the density measurements of the phases

Frontiers in Chemistry | www.frontiersin.org 5 April 2019 | Volume 7 | Article 21378

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Liu et al. Giant Vesicles Encapsulating ATPSs

together with a pre-established binodal, which makes it a
simple and convenient method. The GPC method requires
the chromatography measurements of all phases and accurate
calibration of the RI detector for both components. Although
the GPC method is tedious and time-consuming, it does
not depend on the binodal curve. More importantly, molar
mass distribution and molar mass averages of each polymer
species in the coexisting phases can be obtained by the GPC
method (see section Molar Mass Fractionation). It should
be noted, however, that the GPC method with RI as the
concentration detector is only applicable to certain ATPSs, whose
components can be separated into two peaks by the GPC
columns without polymer adsorption. The coupling to a laser
light scattering detector gives additional information on molar
mass of the components. If the elution peaks of these two polymer
components are overlapping, one must use two concentration
detectors, for example a RI and an additional optical rotation
detector, to quantify the compositions of the polymer mixtures
(Edelman et al., 2003a,b).

Molar Mass Fractionation
Since dextran and PEG components in the coexisting phases
are completely separated from each other by the GPC columns
(Figures 4A,B), one can also determine the molar mass
distributions of each component after calibrating the system
either with narrow polymer standards or by a laser light
scattering detector (Zhao et al., 2016a). We first take a look
at the dextran component in the coexisting phases. Inspection
of the GPC chromatograms (Figures 4A,B) indicates that the
relative intensity of the elution peak of dextran in the PEG-rich
phase is much less than that in its coexisting dextran-rich phase.
Additionally, the elution peak of dextran in the PEG-rich phase
is shifting toward higher retention volume, indicating a lower
molar mass than that in the dextran-rich phase. Further away
from the critical point, the difference for the dextran elution
peaks between the two coexisting phases increases. The evolution
of the PEG elution peaks shows a different behavior. Although the
relative intensity of PEG elution peak in the dextran-rich phase is
lower than that in the PEG-rich phase, there is however, hardly
any change in retention volumes for PEG components in the
two coexisting phases. It indicates that PEG components in the
two coexisting phases have similar molar mass, albeit less PEG is
distributed into the dextran-rich phase.

Quantitative calculation of the molar mass and polymer
dispersities for dextran and PEG in the coexisting phases are
obtained from GPC measurements and the results are shown
in Figure 5. For the system explored here, it is found that the
weight-average molar mass Mw of dextran in the dextran-rich
phase is significantly larger than that in its coexisting PEG-
rich phase (Figure 5A). As the polymer concentration increases,
the Mw of dextran in the dextran-rich phase approaches the
value of the original dextran with Mw = 380 kg/mol, while
the Mw of dextran in the PEG-rich phase shows a continuous
decrease down to 82.2 kg/mol at ε = 0.73. This is because the
used dextran had a broad molar mass distribution, characterized
by the dispersity index Mw/Mn, the ratio between the weight-
average molar mass Mw and the number-average molar mass

FIGURE 5 | Weight-average molar mass Mw of dextran (A) and PEG (B) in the

dextran-rich (squares) and PEG-rich (circles) phases. The dashed lines indicate

the average molar mass Mw = 380 kg/mol for dextran and Mw = 8.45 kg/mol

for PEG, respectively. The values of Mw for dextran in the two phases, which

were obtained from the calculated molar mass distribution of dextran, are

shown as solid lines in (A). Reprinted from Zhao et al. (2016a), Copyright

(2016), with permission from Elsevier.

Mn, of 2.19. With more dextran of high molar mass component
partitioning into the dextran-rich phase, the molar mass of
dextran component in the PEG-rich phase decreases. It also
leads to an Mw value larger than that of the native dextran
in the dextran-rich phase, agreeing with the tiny shift of the
dextran peak to lower retention volume (Figure 4A). However,
when the initial polymer concentration is sufficiently high, no
dextran is found in the PEG-rich phase, leading to the same
Mw value of dextran in the dextran-rich phase as for native
dextran. In contrast, PEG in the two coexisting phases have
similar weight-average molar masses, close to the value of the
original PEG with Mw = 8.45 kg/mol (Figure 5B), and such
behavior is independent of the initial polymer concentration.
This is due to the narrow dispersity of the employed PEG, with
Mw/Mn = 1.11. In ATPS with broad molar mass distributions for
both polymers, molar mass fractionation of both components is
observed (Edelman et al., 2003a,b).

With the compositions of the coexisting phases accurately
measured, we can obtain the distribution coefficient f x(N) of each
polymer component between the coexisting phases. According to
the Flory-Huggins theory, the distribution coefficient, also called
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FIGURE 6 | Degree of fractionation fd(N) for dextran as a function of the

degree of polymerization Nd of dextran for different values of the reduced

polymer concentration ε ≡
c
ccr

− 1 which is varied from 0.01 (top right) to 0.73

(bottom left). The lines are fits to the data by the empirical relation

fd (N) = A× exp
(

−σdN − σd2N
0.5

)

. Reprinted from Zhao et al. (2016a),

Copyright (2016), with permission from Elsevier.

the degree of fractionation, is defined as (Flory, 1953):

fx (N) ≡
cx,poor (N)

cx,rich (N)
= exp (−σxN) (4)

where cx,poor(N) and cx,rich(N) are the concentrations of
component x (in our case, dextran or PEG) containing N
monomers in the phases poor and rich in x component,
respectively. Theory predicted an exponential decay behavior for
the degree of fractionation f x(N) as a function of chain length
N (Flory, 1953; Koningsveld et al., 2001), suggesting that the
longer the x-chain, the less it distributed in the x-poor phase. The
separation parameter σ x represents the free energy change per
monomer during transferring a chain of length N between the
liquid-liquid phases.

In Figure 6, the degree of fractionation f d(N) for dextran is
plotted vs. the chain length Nd at different distance ε from the
critical point. An exponential dependence is observed over a
certain range of chain length for all values of ε, although the
data deviate slightly. However, there are two distinct differences
of the experimental results with the mean field prediction.
First, the degree of fractionation starts to deviate from the
exponential dependence at a certain chain length. Second, the
value extrapolated to Nd = 0 does not reach the expected
value of 1, implying that the mean field theory is insufficient to
quantitatively describe the degree of fractionation for dextran
in ATPS. Such a discrepancy has been observed in previous
experiments (Edelman et al., 2003a,b), as well as in computer
simulations (van Heukelum et al., 2003). The data can be fitted to
an empirical relation by introducing additional fitting parameters
A and σ d2, as shown in Figure 6.

For the current ATPS containing dextran chains with a
large dispersity and near-monodisperse PEG chains, molar mass
fractionation leads to a chain length dependent redistribution
of dextran chains between the coexisting phases. High molar
mass dextran chains are enriched in the dextran-rich phase
and depleted from the PEG-rich phase, leading to a significant
decrease of theMw of dextran in the PEG-rich phase and a slight
increase of that in the coexisting dextran-rich phase. This is the
underlying origin for the mismatch between the binodal curve
and the end points of the tie lines for the PEG-rich phase in the
vicinity of the critical point. As a result, the compositions of the
PEG-rich phase locate above the binodal (Figure 3B). It is also
expected that the compositions of the corresponding dextran-
rich phases lie slightly below the binodal, which is not observable
in experiments. The results are in good agreement with previous
studies about polymer dispersity effect on the tie lines (Kang
and Sandler, 1988). Therefore, to obtain the tie line for such an
ATPS system by the density method close to the critical point
(Liu et al., 2012), the composition for the dextran-rich phase
can be determined from the intersection of the corresponding
isopycnic line with the binodal. However, the composition for
the PEG-rich phase must be estimated from the intersection
of its isopycnic line with a straight line passing through the
composition of the initial polymer solution and that of the
dextran-rich phase.

INTERFACIAL TENSION AND SCALING
LAWS

The interfacial tension between coexisting phases of ATPS is
on the order of 1–100 µN/m, which can be determined by
measuring the equilibrium shape of liquid-liquid interface under
some external forces, such as gravity or centrifugal force, as well
as by methods based on time evolution of the interface shape
(Tromp, 2016). Different techniques, such as the drop volume
method (Mishima et al., 1998), drop retraction analysis (Ding
et al., 2002), sessile and pendant drop shape analysis (Atefi et al.,
2014), capillary length analysis (Vis et al., 2015) and spinning
drop method (Ryden and Albertsson, 1971; Liu et al., 2012), have
been employed for the interfacial tension measurement of the
water-water interfaces.

Here, we summarize some data for the interfacial tension
Σpd between the coexisting liquid-liquid phases of the PEG–
dextran system obtained by a spinning drop tensiometer (Liu
et al., 2012) (see Figure 7A). In this broad concentration range,
the interfacial tension increases by 4 orders of magnitude
with increasing distance from the critical point, i.e. from
0.21 µN/m at reduced polymer concentration ε = 0.02,
to 769 µN/m at ε = 3.82.

Quantitative description of the phase separation of polymer
solution in the vicinity of the critical point remains as an
interesting problem in polymer physics. The phase separation
of polymer solution is usually studied at temperature T close to
its critical demixing temperature Tc. Various physical quantities,
including the susceptibility χ , the correlation length ξ , the order
parameters, and the interfacial tension Σ , have been studied in
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FIGURE 7 | (A) Interfacial tension Σpd between coexisting dextran-rich and PEG-rich phases as functions of the reduced polymer concentration ε = c/ccr – 1. The

solid lines are fits to the data with exponent of 1.67 ± 0.10 for 0.02 < ε < 0.12, and 1.50 ± 0.01 for 0.2 < ε <3. The dashed line shows the expected asymptotic

behavior with µ = 1.26. (B) Composition difference 1c (solid circles) and density difference 1ρ (open squares) of the coexisting phases as functions of the reduced

polymer concentration ε. In the concentration range 0.02 < ε < 0.12, the fits to the data give for the scaling exponent β a value of 0.337 ± 0.018 as estimated from

the density difference dependence or 0.351 ± 0.018 as estimated from the composition difference dependence, while in the range 0.2 < ε < 3 we obtain β = 0.491

± 0.014 from the density difference dependence or β = 0.503 ± 0.018 from the composition difference dependence. Reprinted with permission from Liu et al. (2012).

Copyright (2012) American Chemical Society.

details for different polymer solutions (Sanchez, 1989; Widom,
1993). Several theoretical models, such as the mean field theory,
the Ising model, and the crossover theory, have been developed
to explain the observed scaling behaviors of the these properties,
depending on proximity to the critical point as characterized by
the reduced temperature τ = |1 – T/Tc|. A good example is
provided by accurate light scattering measurements of polymer
solutions close to Tc (Melnichenko et al., 1997; Anisimov et al.,
2002), where the scaling for the susceptibility χ ∼ τ−γ with
γ changed from 1.24 to 1, and that for the correlation length
ξ ∼ τ−ν with ν decreased from 0.63 to 1/2, respectively. The
crossover from the Ising model to the mean field behavior occurs
at a correlation length scale on the order of the chain size of the
polymers. Measurement of the coexistence curves for polymer
solutions also revealed such a crossover for the composition
difference 1ϕ ∼ τ β with the exponent β changed from 0.326
to 1/2 (Dobashi et al., 1980). The crossover for the interfacial
tension Σ ∼ τµ in exponent µ is theoretically predicted
but its experimental verification is still lacking. Instead, scaling
exponents µ ranged from 1.17 to 1.60 have been reported in
the literature for a few polymer systems close to Tc (Shinozaki
et al., 1982; Heinrich and Wolf, 1992; Widom, 1993), where the
crossover from the Ising value 1.26 to the mean field value 3/2
were not observed.

One can use a similar approach for ATPS of dextran and
PEG, by scaling analysis of the interfacial tension and the order
parameters vs. the reduced concentration ε (Liu et al., 2012).
The scaling exponent µ of the interfacial tension Σpd ∼ εµ

shows a crossover behavior depending on proximity to the critical
point (Figure 7A). Further away from the critical point, the
obtained value µ = 1.50 ± 0.01 is in excellent agreement with
mean field theory. However, closer to this point, the increased
value of 1.67 ± 0.10 deviates significantly from the Ising value
1.26. In contrast, as the critical point is approached, the scaling
exponent β of the order parameters, does exhibit the expected

crossover from mean field value of β = 1/2 to Ising value 0.326
(see Figure 7B).

Such a crossover from mean field to Ising behavior is
further supported by the normalized coexistence curve of
the studied PEG–dextran system, which has a similar shape
with the prediction from the crossover theory based on near-
tricritical-point (theta point) Landau expansion renormalized by
fluctuations (Anisimov et al., 2000). As shown in Figure 8, the
reduced polymer concentration approximates the Ising limit with
scaling exponent β = 0.326 in the vicinity of the critical point,
where the correlation length of the concentration fluctuations is
larger than the polymermolecular size (Liu et al., 2012). However,
the data at the highest polymer concentration approaches the
tricritical mean field limit with β = 1, indicating that the polymer
molecular size is larger than the correlation length. Therefore, the
crossover theory from critical Ising behavior to tricriticality of
polymer solutions can also be applied to the PEG–dextran system
in our study.

The discrepancy for the scaling exponent of the interfacial
tension close to the critical point might arise from themolar mass
fractionation of dextran. As shown in Figure 5A, in the vicinity of
the critical point, the Mw of dextran in the dextran-rich phase is
larger than that of the original dextran, leading to a reduction of
the interfacial tension.While further away from the critical point,
the Mw of dextran in the dextran-rich phase is similar to that of
the original dextran and there is no influence on the interfacial
tension. Therefore, the scaling exponent µ is unaffected in the
mean field region, but an increased value of 1.67 is observed in
the Ising limit region.

WETTING OF MEMBRANES BY ATPS

The phase separation process and its consequences on
membranes in contact with the two phases can be directly
observed when the aqueous polymer solutions of dextran and
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FIGURE 8 | Logarithmic scaling plots of phase-coexistence curves for (A) dextran and (B) PEG. The solid lines are guides to the eye with scaling exponents of 0.326

for the Ising model limit and 1 for the tricritical limit and a constant of 1 for the solvent-rich phase. Reprinted with permission from Liu et al. (2012). Copyright (2012)

American Chemical Society.

FIGURE 9 | Response of giant vesicles encapsulating ATPS when exposed to osmotic deflation. (a) Schematic illustration of the steps upon deflation: phase

separation within the vesicle, wetting transition, vesicle budding, and fission of the enclosed phases into two membrane-wrapped droplets. (b–e) Side-view phase

contrast images of a vesicle sitting on a glass substrate. The vesicle contains the PEG–dextran ATPS. After phase separation (b,c), the interior solution consists of two

liquid droplets consisting of PEG-rich and dextran-rich phases, respectively. Further deflation of the vesicle causes the dextran-rich droplet to bud out as shown in

(d,e). The numbers on the snapshots indicate the osmolarity ratio between the external medium and the initial internal polymer solution. In the sketch in (f), the three

effective contact angles as observed with optical microscopy are indicated, as well as the two membrane tensions and the interfacial tension Σpd. The contact line is

indicated by the circled dot. The intrinsic contact angle θ in, which characterizes the wetting properties of the membrane by the PEG-rich phase at the nanometre

scale, is sketched in (g). Reproduced from Dimova and Lipowsky (2012) with permission from the Royal Society of Chemistry.

PEG in the one-phase region are encapsulated within GUVs
(Li et al., 2011; Liu et al., 2016). In these studies, the polymer
solutions undergo phase separation when the system is brought
into two-phase region via osmotic deflation by exposing the
vesicles to a hypertonic medium, i.e., vesicles deflation (note
that the lipid membrane is permeable to water, but not to the
polymers, which become concentrated as water permeates
out). The deflation not only leads to a reduction of the vesicle
volume and the formation of two immiscible aqueous phases
within vesicles, but also generates excess area of the membrane.
This results in a variety of interesting changes in the vesicle
morphology, such as vesicle budding (Long et al., 2008; Li et al.,
2012), wetting transition (Li et al., 2008; Kusumaatmaja et al.,
2009), and complete budding of the vesicles (Andes-Koback and
Keating, 2011) as schematically shown in Figure 9a. The overall
vesicle shape can be observed from confocal microscopy cross
sections of the vesicles, as well as from side-view phase-contrast

images (Figures 9b–e) on a horizontally aligned microscope (Li
et al., 2011; Liu et al., 2016).

Depending on the phase state of encapsulated ATPS and
the interactions between the aqueous phases with the vesicle
membrane, the liquid droplet may exhibit zero or non-zero
contact angles corresponding, respectively, to complete or partial
wetting. In the vicinity of the critical point, the membrane is
completely wetted by the PEG-rich phase, while further away
from this point, both phases partially wet the membranes. For
GUV encapsulating PEG–dextran mixture, a complete-to-partial
wetting transition had been observed for a number of lipid
compositions (Li et al., 2008, 2011; Kusumaatmaja et al., 2009;
Liu et al., 2016).

When the vesicle membrane becomes partially wetted by the
aqueous phases, it is separated into two different segments: one
is in contact with the PEG-rich phase, and the other with the
dextran-rich phase. These two membrane segments and the pd
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interface, i.e., the interface between the PEG-rich and dextran-
rich phases, have spherical cap morphology. Then from the
geometry of the vesicle, three effective contact angles θd, θp, and
θ e can be obtained, with θp+θd+θ e = 2π, as shown in Figure 9f.
The force balance of the tensions (of the twomembrane segments
and the pd interface) at the three-phase contact line implies that
the three tensions form a triangle, which leads to the relations
(Kusumaatmaja et al., 2009; Li et al., 2011; Lipowsky, 2018):

6̂pe = 6pd sin θd /sin θe (5)

6̂de = 6pd sin θp /sin θe (6)

between these tensions and the effective contact angles. Here,
6̂pe is the tension of the pe membrane segment in contact with
the PEG-rich phase, and 6̂de is the tension of the de membrane
segment in contact with the dextran-rich phase; e describes the
external phase outside the vesicle. The membrane tensions can
then be calculated from the interfacial tension Σpd as measured
in section Interfacial Tension and Scaling Laws and the effective
contact angles, which are obtained from the microscopy images.

When viewed with optical resolution, the shape of budded
vesicles as in Figures 9d,e exhibits a kink at the three-phase
contact line. However, the bending energy of the membrane
kink would become infinite if it persists to smaller length scales
(Kusumaatmaja et al., 2009). Therefore, the membrane in vicinity
of the contact line should be smoothly curved when viewed with a
super resolutionmicroscopy (Zhao et al., 2018), which reveals the
existence of an intrinsic contact angle θ in, as shown schematically
in Figure 9g (Kusumaatmaja et al., 2009). If the two membrane
segments have identical curvature-elastic properties, the force
balance along the three phase contact line gives (Lipowsky, 2018)

6̂de − 6̂pe = Wde −Wpe = 6pdcosθin (7)

Here Wde and Wpe are adhesive strengths of the two membrane
segments. Therefore, the intrinsic contact angle θ in is related
to three material parameters, the adhesive strengths Wde and
Wpe and the interfacial tension of the liquid-liquid interface
(Lipowsky, 2018). However, if the two membrane segments have
the same elastic properties but different spontaneous curvatures,
additional terms resulting from the different curvature-elastic
properties emerges, and the truncated force balance relation as
given by Equation (7) may lead to unreliable estimates for the
intrinsic contact angle (Lipowsky, 2018).

FORMATION OF MEMBRANE NANOTUBES
IN VESICLE ENCAPSULATING ATPS

Osmotic deflation of giant vesicles enclosing PEG–dextran
solutions, can lead to spectacular shape changes as evidenced
by the formation of many membrane nanotubes protruding
into the interior of the vesicle. Because the membrane
is not pulled by an external force, the driving force for
the spontaneous tubulation of vesicles is provided by a
membrane tension generated from a substantial spontaneous
curvature, which is much larger than the curvature of the

FIGURE 10 | Three nanotube patterns (VM-A, VM-B, and VM-C)

corresponding to the distinct vesicle morphologies (VM) observed along the

deflation path: Schematic views of horizontal xy-scans (top row) and of vertical

xz-scans (bottom row) across the deflated vesicles. In all cases, the tubes are

filled with external medium (white); the membrane is shown in red. For the

VM-A morphology, the interior polymer solution is uniform (green), whereas it is

phase-separated (blue and yellow) for the morphologies VM-B and VM-C, with

complete and partial wetting, respectively, of the membrane by the PEG-rich

aqueous phase (yellow). For the VM-B morphology, the nanotubes explore the

whole PEG-rich (yellow) droplet but stay away from the dextran-rich one (blue).

For the VM-C morphology, the nanotubes adhere to the interface between the

two aqueous droplets forming a thin and crowded layer over this interface. It is

expected that in the VM-A and VM-B morphologies, these nanotubes are

necklace-like consisting of a number of small spheres connected by narrow or

closed membrane necks, while in the VM-C morphology, cylindrical tubes with

a uniform diameter along the nanotubes co-exist with the necklace-like ones.

Reprinted with permission from Liu et al. (2016). Copyright (2016) American

Chemical Society.

GUV membranes. The spontaneous curvature is the preferred
curvature the membrane would adopt when left at rest. It can
be modulated by various factors such as leaflet compositional
asymmetry, adsorption and depletion of molecular species
and ions (Lipowsky, 2013; Bassereau et al., 2018). In the
system considered here, the spontaneous curvature arising
from the polymer-membrane interactions can be estimated
using three different and independent methods of image
analysis on the vesicle morphologies (Liu et al., 2016). A
combination of experiment, theoretical analysis and computer
simulation reveals the molecular mechanism for the membrane
spontaneous curvature generated in the system of giant vesicles
encapsulating ATPS.

Three Patterns of Flexible Nanotubes
Upon deflation of vesicles enclosing ATPS, three types of
nanotube patterns have been observed, corresponding to three
different vesicle shapes as schematically shown in Figure 10

(Liu et al., 2016). These different morphologies can be
observed upon osmotic deflation of the vesicles. In the
example given in Figure 10, the membrane is composed of
three lipid components: dioleoylphosphatidylcholine (DOPC),
dipalmitoylphosphatidylcholine (DPPC), and cholesterol (Chol),
which can exhibit different phase state depending on the exact
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FIGURE 11 | Nanotube patterns within Ld-phase vesicles as observed for the VM-B and VM-C morphologies corresponding to complete and partial wetting of the

membranes. (a) Disordered pattern corresponding to a confocal xy-scan of the VM-B morphology. Because the Ld membrane is completely wetted by the PEG-rich

phase, the nanotubes explore the whole PEG-rich droplet but stay away from the dextran-rich phase located below the imaging plane. (b) A layer of densely packed

tubes as visible in an xy-scan of the VM-C morphology. As a result of partial wetting, the nanotubes now adhere to the pd interface between the two aqueous droplets

and form a thin layer in which crowding leads to short-range orientational order of the tubes. Note that the tube layer is only partially visible because the pd interface is

curved into a spherical cap. Both in (a,b), the diameter of the tubes is below the diffraction limit, but the tubes are theoretically predicted to have necklace-like and

cylindrical shapes in panels (a,b), respectively. Reprinted with permission from Liu et al. (2016). Copyright (2016) American Chemical Society.

FIGURE 12 | Necklace-cylinder tube coexistence for giant vesicles with Lo membranes: (a) confocal xz-scan; (b) confocal xy-scan corresponding to the dashed line

in panel a; (c) superposition of 6 confocal xy-scans located in the dotted rectangle in panel a. This projection image reveals the coexistence of several long cylindrical

tubes and several short necklace-like tubes. All scale bars are 10µm. (d) Fluorescent intensity along the solid white line 1 in panel (b) perpendicular to the GUV

contour and along the dotted and dashed white lines 2 and 3 in panel (c) across a cylindrical tube. The quantity 1x⊥ is the coordinate perpendicular to the GUV

contour or membrane tube. The intensity profiles can be well-fitted by Gaussian distributions with a half-peak width of 0.35 ± 0.05µm. The peak-to-peak separations

for the lines 2 and 3 lead to the estimated tube diameters 2Rcy = 0.58 and 0.54µm, respectively. Reprinted with permission from Liu et al. (2016). Copyright (2016)

American Chemical Society.

composition. Bilayer phases such as the liquid-disordered (Ld)
and liquid-ordered (Lo) phases and their coexistence can be
directly observed as fluid domains in GUVs (Lipowsky and
Dimova, 2003) using fluorescence microscopy (Dietrich et al.,
2001). In the case of GUVs enclosing ATPS (Liu et al., 2016), we
employed two different membrane compositions, corresponding
to a Ld membrane with lipid composition DOPC:DPPC:Chol =
64:15:21 (mole fractions) and a Lo one with lipid composition
DOPC:DPPC:Chol = 13:44:43 (see Figures 11, 12), respectively.
These two membranes are both in the single phase region and
have different elastic property, with the bending rigidities κLd =

0.82 × 10−19 J for the Ld membranes and κLo = 3.69 × 10−19 J
for the Lo membranes (Heinrich et al., 2010).

To obtain the observed morphologies, we prepare spherical
vesicles that enclose a homogeneous solution of PEG–dextran
mixture. Deflation of these vesicles is then induced by gradually
exchanging the exterior solution to a hypertonic one containing
fixed concentrations of the two polymer components with
increasing amount of sucrose up to 15.6mM. In this low
concentration regime, the effect of sucrose on the bending
rigidity and spontaneous curvature of the membranes can be
neglected (Döbereiner et al., 1999; Vitkova et al., 2006; Lipowsky,
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2013; Dimova, 2014). For more details of the experimental
procedure, the readers are referred to the original article (Liu
et al., 2016). Upon small deflation, the interior polymer solution
still remains as a uniform aqueous phase with c < ccr (see VM-
A morphology in Figure 10), but the area needed to enwrap
the (reduced) volume of the vesicle is now in excess, which
result in the formation of tubes (the excess area is stored
in them). Subsequent deflation steps with c > ccr, result in
phase separation of the interior solution into two aqueous
phases, a lighter PEG-rich and a heavier dextran-rich phase,
both confined by the vesicles as liquid droplets. When the
membrane is completely wetted by the PEG-rich droplet, the
dewetted dextran-rich droplet is surrounded by the PEG-rich
phase and has no contact with the membrane, which defines the
VM-B morphology of the vesicles (Figure 10). The dextran-rich
droplet sinks to the bottom of the vesicle because its density is
always larger than the density of the coexisting PEG-rich phase
(Figure 3A). Upon further deflation, both aqueous phases are in
contact with the membranes, indicating a partial-wetting state of
the two aqueous phases. This is defined as the VM-Cmorphology
for the vesicles (Figure 10). The two membrane segments and
the pd interface form non-zero contact angles (see Figure 9f).
It is found that the complete-to-partial wetting transitions are
located between different deflation steps for the Ld and Lo
membranes, reflecting different wetting property of ATPS on
these membranes.

Due to the different wetting properties of the aqueous
phases on the membranes, different nanotube patterns formed
in the VM-B and VM-C morphologies are observed by the
confocal microscope (see Figure 11). For the complete wetting
morphology VM-B, these nanotubes explore the interior of the
whole PEG-rich droplet, and undergo strong thermally excited
undulations. The length of the individual nanotubes can be
estimated from stack of three-dimensional scans of the vesicles,
which is on the order of 20µm for Ld vesicles. For the partial
wetting morphology VM-C, these nanotubes adhere to the
pd interface between the two liquid droplets, where one can
immediately see the long tube segments in a single scan. The
local adhesion of the nanotubes to the liquid-liquid interface is
a reflection of the complete-to-partial wetting transition.

These nanotubes can be either necklace-like consisting of
a number of small spheres connected by narrow or closed
membrane necks or cylindrical with a uniform diameter
along the nanotube (Figure 10). Theoretical investigation of
the nucleation and growth of the tubes indicated that these
membrane nanotubes prefer necklace-like shape at short length
but cylindrical one above a critical length, which can be
understood by minimization of the membrane bending energy
(Liu et al., 2016). The necklace-cylinder transformation occurs
at the critical tube length of about three times of the mother
vesicle radius, and the tubes can reshape themselves via a series
of intermediate unduloids (Liu et al., 2016). For the partial
wetting morphology VM-C, due to additional contribution from
adhesion free energy of the tubes at the pd interface, the critical
length for necklace-cylinder transformation depends on the
material parameters and can become as low as a fewmicrometers.
Therefore, the shape of the Ld tubes in the VM-A and VM-B

morphologies are predicted to be necklace-like, but a co-existence
of necklace-like and cylindrical shape is expected for Ld tubes in
the VM-C morphology. In contrast, the tubes of the stiffer Lo
membranes are so thick that their shapes can be directly observed
from the confocal images. Necklace-like shape tubes are observed
for all three morphologies of the Lo vesicles. Surprisingly, the
confocal images in Figure 12 revealed the co-existence of several
long cylindrical tubes and a few short necklace-like tubes at the
pd interface. The length of these cylindrical tubes is above the
critical length for the necklace–cylinder transformation.

Spontaneous Curvatures of Vesicle
Enclosing ATPS
Several approaches for deducing the membrane spontaneous
curvature have been developed in Li et al. (2011), Lipowsky (2013,
2014), Liu et al. (2016), Bhatia et al. (2018), and Dasgupta et al.
(2018), some of which have been reviewed in section Measuring
the Membrane Spontaneous Curvature of Bassereau et al. (2018).
Stable membrane nanotubes were first observed for vesicles
encapsulating ATPS in Li et al. (2011), and the theoretical analysis
of the corresponding GUV shapes revealed the presence of a
negative spontaneous curvature of about −1/(240 nm). We then
developed three different and independent methods to determine
this curvature based on image analysis of tubulated vesicles made
of both Ld and Lo membranes (Liu et al., 2016). As shown
in Figure 13, all these methods led to consistent values of the
spontaneous curvatures for both Ld and Lo vesicles of three
different morphologies.

The first method is based on direct measurement of the
tube thickness by confocal microscopy. For the Lo membranes,
the tubes have diameters well above the optical resolution,
which made it possible to measure the tube size directly from
the confocal scans. Short necklace-like tubes are observed for

FIGURE 13 | Variation of deduced spontaneous curvature of Ld (red) and Lo

(green) membranes with polymer concentration modulated by osmotic

deflation of the vesicles. The vertical dashed lines correspond to the critical

concentration ccr. The data were obtained by direct shape analysis of the

nanotubes (green stars), area partitioning analysis as given by Equation (8)

(open circles), and force balance analysis described by Equation (9) (open

squares). The horizontal dotted line corresponds to the optical resolution limit

of 1/(300 nm). Reprinted with permission from Liu et al. (2016). Copyright

(2016) American Chemical Society.
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all Lo vesicles in the VM-A and VM-B morphologies, which
leads to the estimate of the spontaneous curvature via m =

−1/<Rss>. The relative standard deviation of the radius Rss
for the quasi-spherical beads is about 20%. The direct shape
analysis is also applicable for Lo tubes in the VM-C morphology
where the cylindrical tubes co-exist with the necklace-like
ones. For the vesicles shown in Figure 12, measurement of the
average diameter <2Rcy> of the cylindrical tubes leads to the
spontaneous curvature m = −1/<2Rcy> = −1.82 µm−1, with
an accuracy of about ±13%. While measurement of the average
bead radius <Rss> of the necklace-like tubes gives the estimation
of m = −1/<Rss> = −1.56 µm−1, having an uncertainty
of about ±19%. Interestingly, nearly identical m-values for
the cylindrical and necklace-like tubes formed from the same
vesicle are obtained, indicating the uniformity of the membrane
spontaneous curvature. Thus, the spontaneous curvatures of Lo
membranes are determined by the direct shape analysis for all
vesicle morphologies, and the results are shown in Figure 13 as
green stars. This method is, however, not applicable for Ld tubes,
because they are so thin that their shape is not resolvable by the
confocal microscope.

The second method is based on the membrane area
partitioning between nanotubes and the mother vesicle. The
shapes of the nanotubes for Ld vesicles cannot be resolved
by confocal microscope because the tube diameter is below
the optical resolution. But we can calculate the spontaneous
curvature via two measurable geometric quantities: the area A
and length L of all tubes. It is based on the fact that the excess area
generated by deflation is stored as nanotubes. Upon deflation,
the vesicle apparent area Aapp is less than the initial vesicle area
A0, both areas can be obtained from the vesicle shape and their
difference (A0 –Aapp) is the missing area stored as tubes. While
the length L can be measured from 3D scans of the vesicle by
confocal microscope. Then the spontaneous curvature of the
membrane can be estimated via (Liu et al., 2016):

m = − (2− Λ) πL/A (8)

HereΛ is the fraction of the total tube length in cylindrical shape,
and the rest part is necklace-like.

For short necklace-like tubes observed for all Lo vesicles in the
VM-A and VM-Bmorphologies,Λ = 0 is obtained. For Lo tubes
in the VM-C morphology with a co-existence of the cylindrical
and necklace-like tubes, non-zero Λ-value is observed. However,
for the Ld tubes with thickness below the optical resolution,
the fraction Λ cannot be estimated from the confocal images.
These flexible Ld tubes in the VM-A and VM-B morphologies
are predicted to be necklace-like, which leads to Λ = 0. For Ld
tubes in the VM-C morphology, a co-existence of the cylindrical
and necklace-like tubes is expected, but one cannot estimate the
fraction Λ. In this case, we have to take all possible Λ-values into
account. The spontaneous curvatures for the Ld membranes are
then estimated using Equation (8) with Λ = 0 for VM-A and
VM-B morphologies and 0≤Λ ≤ 1 for VM-C morphology. The
m-values obtained by area partitioning analysis for both Lo and
Ld membranes are shown in Figure 13 as green and red circles,
respectively. The accuracy of this method is ±15%, resulting
mainly from the uncertainty of the measured tube length L. It

should be noted that when the tubes are too crowded at the
pd interface for the highest polymer concentrations of VM-C
morphology, it becomes rather difficult to estimate the total tube
length and then this method is not applicable.

For the VM-C morphologies, where two membrane segments
and the pd interface form non-zero contact angles due to partial
wetting of the aqueous phases, the membrane spontaneous
curvature can be estimated via a third method based on force
balance of the tensions at the three-phase contact line. Since the
tubes are always protruded into the PEG-rich phase and adhere
to the liquid-liquid interface for VM-C morphology, one can
estimate the spontaneous curvature via (Lipowsky, 2013, 2014;
Liu et al., 2016):

m = −

(

6pd

2κ

sin θd

sin θe

)1/2

(9)

Here κ is the bending rigidity of membrane. One can calculate
them-values for both Lo and Ld membranes, with the separately
measured interfacial tension Σpd, the effective contact angles θd
and θ e, and the bending rigidities κLo and κLd (Heinrich et al.,
2010). The obtained results are shown in Figure 13 as green
and red squares, respectively. It is obvious that all three modes
of image analysis led to consistent values for the spontaneous
curvatures of these membranes.

It should be noted that the spontaneous curvatures of these
two membranes were found to be almost constant, with mLd

∼=

– 8 µm−1 and mLo ∼= – 1.7 µm−1 over the range of studied
polymer concentrations. Their spontaneous curvature ratio of
mLd/mLo ∼= 4.7 is nearly identical to their bending rigidity ratio
of κLo/κLd

∼= 4.5. The observed inverse proportionality between
the spontaneous curvature and the bending rigidity is in accord
with the generation of these curvatures by adsorption, as shown
in next section.

Molecular Mechanism of Curvature
Generation in Vesicles Enclosing ATPS
Because the formation of nanotubes in the GUVs was
observed only in the presence of polymers, the spontaneous
curvature of the vesicle membranes should be generated by
the interactions between membrane and the encapsulated
polymers. Depending on the effectively attractive or repulsive
force with the membranes, polymer molecules can form either
adsorption or depletion layers on the membrane, and result
in bulging of the lipid bilayer toward the solution with higher
concentration of polymer adsorption or lower concentration of
polymer depletion.

In all three vesicle morphologies shown in Figure 10, the
concentration of PEG in the interior solution is always larger
than that in the exterior solution. However, the concentration of
dextran in the interior solution is larger for VM-A morphology
but smaller for VM-B and VM-C morphologies than the exterior
dextran concentration. At the same time, all deflation steps
led to the formation of tubes protruding into the interior
of vesicles with a negative spontaneous curvature. Therefore,
the observation is consistent with the theoretical prediction
(Breidenich et al., 2005), only if the spontaneous curvature
is generated by adsorption of PEG onto the membrane. This
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FIGURE 14 | Typical conformation and potential of mean force for adsorbed PEG molecules. (A,B) Simulation snapshots of PEG molecule adsorbed onto Ld and Lo

bilayer. The color code for the lipids is blue for DOPC, orange for DPPC, and red for cholesterol. The PEG molecules consist of 180 monomers corresponding to the

average molecular weight used in the experiments. Each lipid membrane is immersed in about 27,000 water molecules (not shown). (C,D) Potential of mean force

(PMF) for Ld and Lo membranes as a function of the separation z between the polymer’s center-of-mass and the bilayer midplane. The potential wells are relatively

broad, with a width of about 4 nm, because the polymer end groups can adsorb even for relatively large z-values. The binding free energy of a single PEG chain is

about 4 kJ/mol or 1.6 kBT for both types of membranes. Reprinted with permission from Liu et al. (2016). Copyright (2016) American Chemical Society.

conclusion was supported by control experiments with both Ld
and Lo vesicles enclosing pure PEG solution without dextran.
Deflation of these vesicles led to nanotubes protruding into the
interior of the vesicles with higher PEG concentration.

To further elucidate conformations of the PEG chains
adsorbed on the membranes and the role of PEG-membrane
interactions on the curvature generation of the membranes,
we performed atomistic molecular dynamics simulations on
the same hybrid lipid-polymer systems as in the experiments
(Liu et al., 2016). Typical conformations of the PEG molecules
adsorbed onto the Ld and Lo membranes are shown in
Figures 14A,B. It indicated that PEG chains are only weakly
bound to the membranes, with long loops dangled between
some short adsorption segments. It is often observed that the
PEG chain binds to the membrane by hydrogen bonds formed
between the two terminal OH groups and the head groups of
the lipid. Less frequently, a few contacts form between the PEG
backbones and themembranes. The affinity of the PEGmolecules
to the membranes is further quantified by the potentials of mean
force, as shown in Figures 14C,D. It indicated that the studied
PEG chains have the same binding affinity to the Ld and Lo

membranes, with a relatively small binding energy of about
4 kJ/mol or 1.6 kBT per PEG molecule. It is consistent with
the experimental results where the spontaneous curvature ratio
mLd/mLo is equal to the bending rigidity ratio κLo/κLd.

CONCLUSIONS

In summary, we discussed the model system of GUVs
encapsulating ATPS emphasizing aspects of both polymer
physics and membrane biophysics, highlighting recent results
from our groups.

We illustrated how the phase diagram for ATPS of dextran
and PEG can be constructed by cloud titration and presented
methods based on density and GPC measurements of the
coexisting phases. The ultralow interfacial tension between
the coexisting phases was studied over a broad polymer
concentration range above the critical point. It was found that
the scaling exponent of the interfacial tension with the reduced
polymer concentration gives a value of 1.67 in vicinity of the
critical point, which disagrees with the expected value 1.26 for the
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Ising model. The latter discrepancy arises from the molar mass
fractionation of dextran during phase separation.

When encapsulating these ATPS into giant vesicles, the
membranes may be completely or partially wetted by the
two aqueous phases, depending on the lipid and polymer
composition. A complete-to-partial wetting transition of ATPS
is observed via osmotic deflation of the vesicle volume.
The associated volume reduction generates excess area of
the membrane, which folds into many membrane nanotubes
protruding into the interior vesicle compartment revealing a
substantial asymmetry and negative spontaneous curvature of the
membranes. Quantitative estimates of the spontaneous curvature
have been obtained in Liu et al. (2016) by three different
and independent methods of image analysis. The spontaneous
curvature is generated by the weak PEG adsorption onto the
lipid membranes, with a binding affinity of about 1.6 kBT per
PEG molecule for either liquid-ordered or liquid-disordered
membranes, based on molecular dynamics simulation.

Membrane nanotubes are also observed in the living
cells, for example in the Golgi apparatus and the smooth

endoplasmic reticulum. However, the underlying mechanism
for the tube formation in cells remains to be elucidated. The
cellular membranes are often exposed to asymmetric aqueous
environments with a large amount of proteins, which plays
central role in the tubulation process. The model system of
GUV encapsulating ATPS provides a controllable platform for
understanding the remodeling of membranes in the living cells.
It would be interesting to include proteins in the GUV/ATPS
system to mimic the cellular behavior more closely.
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Stigmatic Microscopy Enables
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Imaging Velocimetry in Rehydrating
Aqueous Two-Phase Systems
Cameron Yamanishi 1,2†, C. Ryan Oliver 2,3†, Taisuke Kojima 1 and Shuichi Takayama 1,2,4*

1 The Wallace H Coulter Department of Biomedical Engineering, Georgia Institute of Technology and Emory School of
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United States, 3Department of Internal Medicine, University of Michigan, Ann Arbor, MI, United States, 4 The Parker H Petit
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This paper describes the construction of a novel stigmatic microscope and image

analysis algorithm to simultaneously analyze convective mixing both inside and outside of

rehydrating µL-scale aqueous two-phase system (ATPS) droplets. Stigmatic microscopy

is inexpensive and advantageous because it modifies the point-spread function of

fluorescent particles to enable measurement of their 3D positions from single 2D images,

without needing to take slices. In one application of the technique, the convection

patterns captured clarify how different ATPS formulations succeed or fail to exclude cells

for patterning. Particle flow traces reveal speed and directionality of circulation, indicating

temporary eddies at the outer edge of the rehydrating droplet. In another application, the

speed of circulation during rehydration was analyzed for different ATPS formulations and

the results used to develop a new fast ELISA procedure. While this paper focuses on

ATPS rehydration, the microscope and algorithm should be applicable to a broad range

of microfluidic flows where microscale 3D convection is important.

Keywords: ATPS, rehydration, convection, ELISA, particle imaging velocimetry, stigmatic microscope,

micropatterning

INTRODUCTION

Aqueous two-phase systems (ATPS) can form when immiscible polymers are mixed in water. In
these systems, many cells and biomolecules partition preferentially and predictably into one phase
or the other (Per-Ake, 1960). These characteristics enable separation and compartmentalization of
biomolecules (Hatti-Kaul, 2001; Rito-Palomares, 2004; Iqbal et al., 2016). ATPS-assisted techniques
have harnessed these characteristics to address several emerging applications such as reagent
delivery to cells (Tavana et al., 2009), bacterial patterning (Yaguchi et al., 2010) and sensing
(Byun et al., 2013), and selective immuno-staining of cells (Frampton et al., 2015). They have
been designed using dehydrated reagents, which initiate the assay upon rehydration (Frampton
et al., 2014; Eiden et al., 2016). The rehydration process of ATPS droplets may dictate reagent
mixing and influence the overall assay performance (Bathany et al., 2013; Lee et al., 2016).
However, the dynamic behavior of the convection within rehydrating ATPS micro-droplets has
been difficult to measure (Ban et al., 2016; Bansal et al., 2017). Due to this, many ATPS-assisted
applications remain in the nascent development phase, lacking consensus design principles.
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The ability to measure internal convective flow would prove
important in the process of forming these principles, thereby
enabling many applications to mature. Flow tracking approaches
have been explored for other applications such as particle
image velocimetry (PIV), optical coherence tomography (OCT),
and confocal microscopy. PIV has been utilized to deduce the
trajectory of a 2d flow by tracking beads within the flow as they
are scanned using a light sheet (Lai et al., 2018). Two-camera PIV
further enables 3D tracking, though it is somewhat limited by the
necessary multiple viewing angles. At higher resolution, µPIV
has been integrated into microscopy systems, but it requires
an additional prism system to enable 3D tracking (Hagsater,
2008). OCT measures the back scattering of coherent light to
produce high resolution 3D images (Fujimoto et al., 2000; Lee
et al., 2016). Confocal microscopy can produce high resolution
3D images, but the z-scanning method requires long image
acquisition times (Moschakis et al., 2006). Spinning disk confocal
has somewhat reduced that time. These techniques have all
produced remarkable advances in many fields, however it would
be attractive to collect 3D information about flow dynamics from
a single image on a simple, low-cost laboratory setup.

To address this need we have developed a microscopy
technique called stigmatic microscopy which separates the
sagittal and tangential focal planes. This is achieved by
introducing an astigmatism into the microscopy system. This
concept was first proposed by Huang et al. who utilized it to
improve reconstruction in super-resolution microscopy (Huang
et al., 2008). We proposed that the optical concept could be
adapted at a lower magnification and combined with three-
dimensional flow tracking software to study and optimize
the flow dynamics in ATPS rehydrating droplets for ATPS-
based applications. Here we present the design and validation
of the stigmatic microscope, then describe our insights into
the flow dynamics of rehydrating ATPS droplets and finally
apply this technique to illustrate flow dynamics in a cell
exclusion assay (Tavana et al., 2011) and a fast ELISA system
that we have previously demonstrated for multiplex readouts
(Eiden et al., 2016).

MATERIALS AND METHODS

Modeling Stigmatic Microscope
Parameters
As introduced before, it would be attractive to measure the
convective mixing inside of a rehydrating droplet in real time.
This would enable the indirect measurement of the forces in the
droplet that drive convective rehydration. These forces cannot
currently be measured. Here we introduce stigmatic microscopy,
a microscopy technique in which astigmatic aberrations in the
imaging system are used to determine the vertical position
of an object relative to the focal plane (Figure 1A). When
combined with bead tracking in the x and y directions we can
track a bead in three-dimensions as it is carried by flow inside
a droplet.

Astigmatism occurs when an oblique bundle of rays impinges
a lens that does not have a symmetrical front (Seward, 2010).

The resulting image appears foreshortened in the plane of
incidence (tangential plane) and elongated in the sagittal plane.
The difference between the image points in the tangential and
sagittal planes is the astigmatic difference or the aberration called
astigmatism. If the astigmatic difference is large, then the image
of a bead will appear elongated in the sagittal plane above the
focal plane and elongated in the tangential plane below the
focal plane. Here we demonstrate that by designing an infinity
corrected microscope with a prescribed astigmatism, we can
derive a relationship between the position of the bead in the
z direction relative to the x-y focal plane and the image of
the bead.

Most modern microscopes are designed using an infinity
corrected design (Seward, 2010). This term implies that the
objective projects the bundle of rays it has imaged as parallel rays.
In an ideal system, these would travel to infinity if not for the tube
lens, which focuses these rays onto an eye piece or camera (CCD,
CMOS or other). To convert an infinity corrected design into
a stigmatic microscope, a toroidal lens is inserted between the
objective and the tube lens (Figure 1A). Because a toroidal lens
has different focal lengths in the sagittal and tangential directions
it will introduce an astigmatism into the final image.

As shown in Figure S1A the paraxial layout establishes the
focal lengths and overall size of the microscope. The lens system
is composed of two lens groups, the objective (Nikon 4X CFI
Achromat, NA 0.1) and tube lens (Thorlabs, LJ1516RM), with a
stop in between them and an entrance pupil (20mm) controlled
by the objective. There is also a doublet relay lens (Thorlabs,
AC254-050-A) to alter the magnification of the image onto the
camera. Here f1 is the focal length of the objective, f2 is the
distance between the tube lens and the relay lens, f3 is the distance
between the relay lens and the camera, and d is the distance
between the objective and the tube lens. They are arranged such
that the objective is one focal length (50mm) away from the
substrate and the camera is 86.7mm away from the tube lens.
Without the relay lens this distance would be one tube lens focal
length (154mm). To introduce astigmatism, a half round toroidal
lens was inserted into the system 3mm in front of the tube lens
and the system was re-focused using the RMS centroid spot size
(49.7mm). These elements were used as the basis of our idealized
model of the optical system.

The paraxial model of the microscope was developed in the
optical design software ZEMAX (Geary, 2002). It is important
to note that some prescriptions of optical components used in
experiments are proprietarily held by Nikon and data on them
is unavailable, so the model presented here is for an idealized
infinity corrected microscope. As an example of the contribution
to astigmatism by the toroidal lens, Figure 1B shows the shape of
a bead above and below the focal plane when a 1,000mm toroidal
lens is used. The strength of the toroidal lens must be carefully
selected to produce a sufficient astigmatism without excessively
disrupting image quality, as expressed by the modulation transfer
function (Figure S1C). We demonstrate how the strength of the
toroidal lens can be mapped to the distance between the best
focus for the sagittal and tangential directions (Figures S1D,E).
This data is necessary to calibrate the microbead z-position from
the image (Figure 1C).
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FIGURE 1 | Stigmatic microscopy design and model. (A) Diagram showing microscope components. Adapted from Huang et al. (2008). Reprinted with permission

from AAAS. (B) ZEMAX model of stigmatic control under microscope design for two fields (0.00, 0.57). (C) Confirmation of stigmatic imaging on a 3µm bead when

the bead is between −100 and 100µm above and below the focal plane of the microscope.

Constructing Stigmatic Microscope
For our test microscope we adapted an inverted Nikon TS100
microscope by inserting off the shelf components from Thorlabs
(TTL, a 200mm tube lens and LJ1703RM, a 1,000mm toroidal
lens) as guided by themodel. The focal length of the tube lens was
chosen to match the Nikon 200mm focal lengths specified by the
company. The microscope was constructed by unthreading the
Nikon tube lens and replacing it with the Thorlabs toroidal and
tube lenses, respectively. The toroidal lens was placed 3mm in
front of the tube lens. Note that the rotational alignment of the
toroidal lens with the camera is critical for subsequent analysis.

Calibrating Microbead z Position
To calibrate the microbead z position from a captured
image we measured the astigmatic aberration using an
algorithm in Python and the library OpenCV (Figure 2A)
(Bradski and Kaehler, 2008). A single 3µm yellow-green
fluorescent bead was placed in a 96-well plastic microplate
inside a droplet and allowed to settle to the bottom of the
well (Figure 2B). Images were taken at 5.5µm intervals from
−200µm below the bead to 200µm above the bead, then fed
into the software algorithm.

The z-calibration loop collected particle height and width for
each image, then appended the particle dimensions to an array
labeled by z-stack position, as follows. For each image, a threshold
was used to generate a binary image. From the binary image, a
bounding ellipse was fit to the bead dimensions to find the center
of the bead using the built-in functions in OpenCV (Fornaciari
and Prati, 2012). The particle was found using blob detection and
a region of interest (ROI) was used to extract just the particle
from the image, as depicted in Figure 2B. A line histogram was
applied along the x and y axes of the image to project the 2D
point spread function of the bead. A smoothing spline was fit to
calculate the full width at half maximum (FWHM) of the data.
The line histogram data was filtered to only include lines two

sigma from the mean to filter noise. The distance between the
roots of the spline provided the width and height of the bead.
This algorithm enables simultaneous detection of multiple beads
at multiple z heights from the same image, but overlapping beads
can interfere with each other.

This same technique was applied after imaging at known
intervals above and below the focal plane to produce a scatter plot
of the width and height of the bead at different z positions. The
result of fitting a spline to this data is the calibrated relationship
of the PSF of the bead to its position relative to the focal plane
of the objective. The z position of an unknown bead can then be
calculated using a least-squares fit on the calibrated relationship,
which attempts tominimize the error between both the width and
height of the bead to the calibrated model. Note that the least-
squares fit on the spline function is somewhat sensitive to initial z
estimate, so we pre-filtered the z estimate by fitted ellipse area and
by width to height ratio. Finally, we plot the measured z-position
of several beads to the known z-position of those beads that were
back calculated, as shown in Figure 2C.

Preparation of DEX–PEG Aqueous
Two-Phase Systems
Two aqueous two-phase systems were selected, based on prior
experience in ATPS micropatterning. Our group has previous
published work on the multiplex ELISA and cell exclusion assay
using PEG (MW 35,000, Sigma) and DEX (MW 500,000, Sigma)
(Tavana et al., 2011; Frampton et al., 2014). Flows in a PEG
and Ficoll (MW 400,000, Sigma) system were also examined. We
generated phase diagrams for both systems using a conventional
dilution method (Kojima and Takayama, 2013). Briefly, we
prepared concentrated polymer solutions in PBS (20% w/w
polymer) and mixed the biphasic solutions in a range of different
volume ratios. The resulting cloudy mixtures (two-phase) were
diluted by a PBS solution until the binodal point where the
mixtures turned transparent (one-phase). A univariate spline was
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FIGURE 2 | Calibration of the microscope. (A) The algorithm used to calibrate the microscope. (B) The point spread function (measured and fit) of a bead. (C) The

bead dimensions plotted against the focus position (z) and the final calibrated relationship.

fit to the resulting set of points to indicate the binodal curve
(Kojima and Takayama, 2013). Separate solutions above the tie-
line were prepared to measure the resulting top phase/bottom
phase volume ratio. Using the conservation of mass, the volume
ratio can be calculated from the ratio of distances between the
bulk concentration and either intersection of the tie-line with
the binodal curve. Tie-lines were fit to the phase diagram using
a custom Python script. A least-squares fit was used to find the
slope of the tie-line that matched the volume ratio calculated by
the relative tie-line lengths to the measured volume ratio. The
intersection of the tie-line with the binodal curve was found by
least-squares fitting between the binodal spline and the tie-line

with a fitted slope that passed through the bulk concentration
point. Note that the univariate spline does not accurately describe
the binodal curve at near-zero values of the independent variable,
so an inverse spline was also found and used for the opposite end
of the binodal curve, i.e., y(x) for low values of y and x(y) for low
values of x. Phase diagrams are included in Figure S2.

We measured convection in rehydrating ATPS that mimics
the situation seen in the multiplex immunoassay format
(Frampton et al., 2014; Eiden et al., 2016) and cell exclusion
patterning (Tavana et al., 2011). Solutions of the DEX phase
in DI-water were spotted in 1 µL droplets in a clear, flat-
bottom 96-well microplate with 3µm yellow-green fluorescent
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polystyrene beads (polysciences), diluted to∼10–20 particles per
µL. The plates were dried in a vacuum desiccator overnight
prior to rehydration. DEX microdroplets were rehydrated on the
stigmatic microscope with indicated concentrations of PEG in
PBS and imaged over indicated times. For flow exclusion studies,
beads were diluted to 10–20 particles per µL in the PEG-rich
phase to track flow outside of the rehydrating droplet.

Flow Tracking
Time course images were collected using Nikon NIS Elements
and saved as 16-bit .nd2 files. These files were converted to 8-bit
.tiff images, conserving the low intensity region of the data using
a FIJI macro. We wrote analysis in Python to calculate 3D bead
positions and track their movement (Figure 3).

The image thresholding and bead position calculation
followed the same algorithm as in the calibration protocol. For
each period t, several bead positions were calculated and indexed.
Each existing bead was then compared to beads in frame t+1
and linked to the nearest neighbor by x, y, z distance in microns,
checking against a maximum travel distance threshold. If a
match was found, that bead pair was removed from subsequent
matching to prevent flow traces from artificially merging. The
remaining beads from period t were similarly matched to the
remaining beads in frame t+1. Any beads that were not matched
were held for five time frames before terminating that bead path.
The resulting flow trace matrix contained x, y, z positions, time
points, and bead identity indices. Traces containing fewer than
five hundred time points were eliminated as noise.

For flow exclusion studies, the field of view was aligned to
contain the outer edge of the droplet. To view the flow at the
droplet interface, a 400 px (600µm) slice was taken by filtering
the trace data in the y-dimension. The traces were then projected
to the x-z plane. Flow traces were color-coded by time to visualize
the direction of flow.

Flow traces were imported to MATLAB and smoothed using
a Loess filter in x, y, and z. Once smoothed, the time derivative
of 3D distance traveled could be calculated numerically to find
particle speed. For the 15-min traces, the root-mean-square of
the speed was calculated for each particle to find a general
metric for mixing efficiency. To distinguish between the fast
mixing eddy regions and the larger central flow, flow traces were
plotted in a 3D interactive diagram using open-source plotly
functions, color-coded by time, and examined for annotation. To
determine droplet rehydration height, traces were examined in
the interactive plots, as well as using x-z projections.

Cell Exclusion
Cell exclusion assays were performed by rehydrating 1 µL DEX
drops in which the PEG phase also contained MDA-MB-231
cells (ATCC) to observe if the DEX spotting would exclude the
cells from adhering to the spotted region. Three conditions were
studied, including a 2.5% PEG-6.4% DEX (w/w) ATPS system, a
2.5% (w/w) PEG only system, and MEM-only system. The DEX
was prepared first at 6.4% (w/w) in DMEM F12 (Invitrogen)
labeled with FITC-DEX (0.1% w/w, Sigma). Each solution was
filtered (0.22µm PVDF syringe filter) in a sterile environment
after the reagents had been prepared and dissolved. The 2.5%

FIGURE 3 | Algorithm for measuring droplet rehydration dynamics in stigmatic

microscopy. The process for measurement involved rehydrating the drop

under microscopic imaging, during which the particles were tracked, and their

X, Y, and Z positions were reported.
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PEG-6.4% DEX system was pre-equilibrated by centrifugation
at 25◦C, 3,000 rpm for 15min, and the top phase was extracted
for cell exclusion experiments. The resulting cell suspension
solutions are indicated in Figure 5A.

The DEX solution was spotted in 1 µL drops into clear,
flat-bottom 96-well tissue culture microplates using an Integra
Biosciences Viaflo 96-well pipetting robot (pipet function, speed
8 with a Z height of 11.2 for the receiving plate) and were
dried overnight in the incubator to maintain sterility. The top
phase of the 2.5% PEG-6.4% DEX solution or the 2.5% PEG
only or MEM-only solutions were prepared in DMEM F12 as
described above. Cells were resuspended in these solutions at a
concentration of 400,000 cells/mL, then added to the dried DEX
spot plate to rehydrate the DEX. The cells were stained with
NucBlue Live (Thermofisher) according to the manufacturers
protocol. The plates were incubated for 2 h at 37◦C to allow cell
settling, then imaged.

ATPS ELISA

The current work adapts the protocol from our group’s previous
publication (Eiden et al., 2016) using a human IL-8 DuoSet
kit (R&D Systems). ELISAs were performed in custom 96-well
injection molded plates with 1.7mm diameter microbasins (9 per
well) (Xcentric Mold and Engineering). Plates were washed with
ethanol and distilled water, then dried overnight in a desiccator.
Capture antibody solutions at the manufacturer recommended
concentration in PBS (4µg/mL) were applied in 1 µL spots to
the microbasins. The plates were sealed and incubated for 90min
to allow adsorption. Free capture antibody was then washed 3x
using 200 µL wash buffer (0.05% Tween 20 in PBS), followed by
addition of 100 µL of 5% sucrose (Sigma) in PBS for 1 h to block
unused surfaces. The sucrose was emptied, and the plates were
dried in a vacuum desiccator for 40min. Once dry, 5% BSA in
PBS was spotted 1 µL per microbasin on top of the IL-8 capture
antibody spots to further block reaction surfaces. The BSA was
dried in the vacuum desiccator for 40min. Detection antibody
wasmixed in solutions of 5% (w/w) dextranMW500,000 in water
(Sigma). These detection antibody solutions were then spotted 1
µL per microbasin and dried in a vacuum desiccator overnight.

To run the assay, IL-8 standards from the kit were diluted in
an assay buffer consisting of 5% (w/w) or 10% (w/w) PEG MW
35,000 (Sigma), 0.05% Tween 20 (Sigma), and 0.5% BSA (Sigma)
in PBS (Gibco). An 8-point standard curve was generated with
2-fold dilutions from 2,000 pg/mL in quadruplicate. To avoid
biasing the plate by sample addition order in the fast ELISA,
samples were loaded onto a feeder plate in a randomized plate
layout. The samples were then simultaneously transferred from
the feeder plate to the assay plate using the Viaflo 96-well robotic
pipet. The assay was initiated upon addition of the PEG-sample
solutions, which immediately began to rehydrate the dried DEX
and antibody reagents. Samples and standards were incubated in
the dark at room temperature for 15min. The plates were washed
6x with wash buffer to clear out the viscous ATPS components.
Streptavidin-HRP conjugate (R&D Systems) was added at the
manufacturer’s recommended concentration and incubated for

20min. Plates were washed 3x, then filled with SuperSignal
ELISA Femto Maximum Sensitivity Substrate (ThermoFisher)
and the plates were imaged using a BioRad ChemiDoc MP+
chemiluminescent blot reader.

ELISA plate images were analyzed using a custom
ImageJ plugin to outline microbasin regions and calculate
chemiluminescent intensity. The standard curve was plotted
using the ggplot2 library in CRAN-R. ANOVA was used to test
effects of row, column, ATPS condition, and IL-8 concentration
in a randomized plate design with a confidence interval of 95%.
Following ANOVA, a post hoc Tukey test was performed with a
95% confidence interval. A linear model was used to fit the data
and remove effects from row and column location within the
plate to plot the standard curve.

RESULTS AND DISCUSSION

Stigmatic Microscope Validation
Z-stacks from an individual fluorescent bead indicated that the
stigmatic microscope transformed the point spread function
(PSF) as expected (Figure 2B; Figure S1B). Figure 1B shows
sample images taken along a stack of z positions, where the spread
of light follows the shape predicted in the spot diagram. The 3µm
bead diameter corresponds to 2 pixels in image-space, making
it a reasonable approximation for a PSF. Smaller beads were
also examined, but the tradeoff between fluorescent intensity
and size led to the selection of the 3µm bead. The 3µm beads
are expected to respond to gravitational force for sedimentation
(Laidlaw I. M. A. R. C. S., 2005) and other forces for convection
(Binks and Horozov, 2006). Generally, smaller beads will be less
sensitive to gravitational effects and therefore better for flow
tracking. However, small beads contain less dye and have low
fluorescent intensity, requiring longer exposure times to capture
the shape of the PSF. Exposure can be further tuned to sacrifice
depth of field for imaging frequency. For applications examining
shallower flows, smaller beads may still be appropriate. In this
work, a 500ms exposure provided sufficient detail about the
shape of the PSF to detect z-position within at least the calibrated
400µm range. Faster flows requiring shorter exposure can be
detected by decreasing the exposure time and sacrificing z-range
or by introducing a photo-multiplier tube into the system.

After performing the calibration outlined in Figures 2A,B on
3 different beads, the images were fed back into the z-retrieval
algorithm to recover z-position. Figure 2C indicates accurate
recovery of the z-position.

Rehydration Dynamics of Rehydrating
ATPS Droplets
Three primary types of flow dynamics emerged during the
rehydration process (Figure 4A). The first was the volcano
current, in which direction of flow is up the center of the droplet.
The second is the inverse volcano, in which the current flows
down the center of the droplet. We also observed transient micro
eddies in high mixing regions where particles would rapidly
rotate near the bottom, outer edge of a droplet.

Inverse volcano currents were observed in PEG-Ficoll ATPS
drops while both volcano and inverse volcano currents were
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FIGURE 4 | Flow dynamics and rates of rehydrating ATPS droplets. (A) Examples of observed flows inside of rehydrating ATPS droplets. (B) 3D plot showing the flow

dynamics of an exemplary rehydrating Ficoll-rich droplet. (C) 2D slice of the center of the same Ficoll drop over several flow cycles. (D) Dynamics and rate of

rehydration as measured for a drop showing particle positions over time (red) and particle velocity over time (blue) in the drop.

observed in PEG-DEX ATPS drops, depending on specific ATPS
composition. Interestingly, the micro eddies were only present
in the DEX ATPS drops. Figures 4B,C show an example of a
PEG-Ficoll inverse volcano. Figure 4B shows the ISO view of
particles being tracked in the droplet over 50min. Figure 4C
shows the side view of the same droplet in which individual
beads show a uniform current around the drop. This is just
an example of the measurements that are observed using the
stigmatic microscope system.

For many applications, knowing the velocity of the current
and the cycling rate of the fluid in the drop may be useful for
optimizing conditions. Figure 4D shows an example of the flow
dynamics of a bead in the fluid. The z position of the bead in
this example increases in both amplitude and period with time.
Moreover, the velocity of the bead shows a double peak pattern
after reaching the peak of the drop. The maximum z-position the
particle reaches increases with time in this case from 50 to 75µm,
and it is inversely proportional to the maximum velocity per flow
cycle, as the droplet becomes more well-mixed and loses some of
the chemical potential gradient that may be driving flow.

Cell Exclusion
The correlation between flow behavior and rehydrated ATPS
cell exclusion patterning was examined. Previously reported
experiments indicated a change in cell exclusion efficiency
depending on the composition of the ATPS. In this assay, cells
in solution sediment and attach to the growth plate in a pattern
excluded by a dried 1 µL 6.4% DEX spot. To further examine
this behavior, we tested three continuous phase conditions, all
with a dried 1 µL DEX spot in each well (Figure 5A): “Top
phase”–the extracted top phase from the 2.5% PEG-6.4% DEX
system, “2.5% PEG”–a sub-critical ATPS, made of 2.5% PEG,
and “MEM only”–cell culture media alone. These conditions
are marked by red Xs on phase diagrams in Figure 5A. Note
that the sub-critical ATPS contains a small overall concentration
of DEX from the dried 1 µL DEX spot. However, that overall
concentration of DEX (0.064%) does not bring the total system
above the binodal curve. In contrast, the “Top phase” condition
yields a higher concentration of PEG, as it has already phase
separated from the initial composition, indicated by following the
blue line from the gray dot to the red X in Figure 5A. This higher
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PEG concentration brings the overall system above the binodal
curve, producing equilibrium phase separation. For imaging, the
field of view was shifted to include the edge of the droplet to see
flow behavior at that region of interest during rehydration, as
indicated in Figure 5B. In Figure 5B, the time of each detected
bead position is encoded by color.

Visual examination of the flow both inside and outside of the
droplet added new explanation to the success of cell exclusion
patterning. In the two-phase condition (labeled “Top phase”
in Figure 5), flow tracking within and around the rehydrating
droplet indicates a volcano-pattern circulation within the droplet,
and a downward/outward flow in the surrounding media
(Figure 5B, left). This generates a small stagnant zone at the
center of the droplet, which corresponds to the typical location of
cells that evade exclusion and attach near the center of the droplet
(Tavana et al., 2011). This experiment indicates that convective
flow is present and may help drive cell seeding away from the
droplet, in addition to the previously hypothesized interfacial
exclusion (Tavana et al., 2011).

In sub-critical ATPS (Figure 5B, “2.5% PEG”), initial flow
is similar to the “Top phase” condition, but at long times the
“2.5% PEG” condition resembles the “MEM only” condition,
after the ATPS dissipates and becomes homogenous. There is a
transient flow exclusion for ∼1 h, while the DEX-rich phase is
at a temporary, locally high concentration. However, the bulk
phase and DEX-rich phase will ultimately become homogeneous,
as the total composition of the system is below the binodal
curve. Over time, the DEX may be diffusing across the droplet
interface into the bulk phase while the droplet phase is also
diluted by infiltrating osmosis, reducing the local concentration
of DEX below the binodal curve. Time-lapse imaging of FITC-
DEX droplets indicate that the distinct droplet phase disappears
within 2 h (Figure 5C). Temporal analysis of the convective
flow paths shows that after ∼1 h, beads settle through the area
previously obstructed by the temporary phase boundary. In the
absence of PEG, flow consists only of settling straight downward
(Figure 5B, right).

The efficacy of cell exclusion correlates with the flow profiles
(Figure 5C). Representative brightfield and fluorescence images
indicate near total cell exclusion in the two-phase condition, but
no noticeable exclusion in the sub-critical ATPS or the media-
only control. The lack of cell exclusion in the sub-critical ATPS
result indicates either that convection alone was insufficient to
direct cell patterning, or that cell settling continued to occur
beyond the 1 h of transient exclusion flow.

The difference between the pre-equilibrated two-phase
condition and the sub-critical ATPS emphasizes the need
for clarity in ATPS research when communicating ATPS
concentrations, particularly near the critical point. Some papers
describe the overall concentration (mid-tie-line, as in this
experiment), while others describe the resulting phases used
along the binodal curve.

ATPS ELISA
The impact of ATPS composition on ELISA performance could
arise from a variety of factors. These include partition behavior,
volume ratio, convective mixing, and viscous limitations on

diffusion. The partition coefficient and volume ratio determine
the concentrating effect from ATPS (Mashayekhi et al., 2012).
Partition coefficients and volume ratios further from unity cause
higher concentrations of reagents into one phase, in this case
the DEX phase. Techniques already exist to determine partition
coefficients, volume ratios, and viscosity, but internal convective
mixing has been difficult to measure.

The stigmatic microscope presented here can add missing
information regarding convective mixing and transient volume
ratio in non-equilibrium ATPS. We examine two ATPS
conditions, with low or high PEG concentrations (5 or 10% w/w,
respectively) to rehydrate a dried 1 µL droplet of 5% DEX, for
overall ATPS consisting of 5% PEG and 0.05% DEX or 10% PEG
and 0.05% DEX. We will refer to these conditions as 5% PEG-5%
DEX and 10% PEG-5% DEX, respectively. Recent work suggests
that convection in non-equilibrium ATPS is driven by a chemical
potential gradient (Ban et al., 2016). The chemical potential
gradient is higher for the higher concentration PEG, which lies on
a longer tie-line. However, the resulting concentrations of PEG
and DEX in the top and bottom phases are also higher, leading to
higher viscosity and associated drag on convective flow.

We quantified spontaneous convective mixing in rehydrating
ATPSs. As depicted in Figure 4D, flow traces were smoothed
in x-, y-, and z- dimensions as functions of time for numerical
differentiation to find the speed over time. Speed was then
quantified using the root-mean-square (RMS) to summarize each
flow trace into a single measurement. The flow traces were
visually examined to annotate each trace as a short eddy or
a larger, center flow. The RMS speeds were analyzed between
conditions using ANOVA, followed by a post hoc Tukey test
at a 95% confidence interval. The center flow was significantly
faster for the 5% PEG-5% DEX compared to the 10% PEG-
5% DEX, while the difference between eddies did not meet
the 95% confidence interval (Figure 6A). We suggest that the
additional drag effects from viscosity in the 10% PEG-5%
DEX condition seem to outweigh its higher chemical potential
gradient driving forces.

Overall droplet height was roughly identical for the 5% PEG
and 10% PEG conditions (Figure S3). The indistinguishable
droplet heights do indicate that potential differences in volume
ratio between ATPS conditions are not present. Therefore,
differences in ELISA signal may be attributed primarily to
differences in convective mixing.

The extensive mixing effect seen in the 5% PEG condition
correlated with higher signal intensity in the standard curve
of a rehydrated ATPS ELISA for human IL-8. ANOVA with
post hoc Tukey test indicated that the 5% PEG-5% DEX
condition gave higher intensity than 10% PEG-5% DEX at a 95%
confidence interval. The row-column corrected standard curve is
shown in Figure 6B. We suggest that this result occurs because
greater internal convection provides more binding opportunities
between the detection antibodies confined within the DEX
droplet and the IL-8 sample in the bulk PEG-rich phase. The
convection also allows additional binding opportunities for the
IL-8 sample to the capture antibody on the microplate surface.

Furthermore, we have shown an ELISA with only a 15min
incubation, 16x faster than our previously reported protocol
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FIGURE 5 | Effect of rehydration dynamics on cell exclusion. (A) ATPS solutions indicated by red Xs were used to rehydrate DEX droplets, shown prior to rehydration

in panel (B). (B) Flow traces of beads in the continuous phase, with color-coded time, were measured and 3D sections indicated by the yellow box were projected to

the X-Z plane. (C) Cell exclusion was imaged 2 h after seeding MDA-MB-231 cancer cells using phase contrast (top) and fluorescent imaging with FITC-labeled DEX

and NucBlue Live Stain (bottom).

FIGURE 6 | Effect of rehydration dynamics on ELISA performance between 5% PEG−5% DEX (pink) and 10% PEG−5% DEX (red). (A) Individual speed traces were

summarized using their root-mean-square (RMS) values, then plotted in boxplots. Each eddy was significantly different from each center with a 95% confidence

interval. The difference between center RMS speed was also significant at a 95% confidence interval. (B) The standard curve for the row-column-corrected IL-8 ELISA

was determined. The difference in signal intensity between 5% PEG-5% DEX and 10% PEG-5% DEX was statistically significant at 95% confidence interval by ANOVA

with a post hoc Tukey test.
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(Eiden et al., 2016). This study demonstrates the ability to
measure convective mixing using stigmatic microscopy, which
will be critical for further analysis and optimization of this short
incubation ELISA. These studies will include analysis of other
ATPSs and their impact on signal intensity and variation.

CONCLUSION

The design of themicroscope is both simple and flexible, enabling
it to be integrated into most off the shelf microscope systems
without a deep knowledge of optics. The principle is that a weak
cylindrical or toroidal lens (1,000mm or greater) will introduce
enough astigmatism to enable stigmatic microscopy but will
not interfere significantly with the imaging performance of the
system. This provides complementary advantages over other
methods (PIV, OCT, Confocal) in that the temporal detail is
only limited by the exposure time of a single image. With our
particular microscope system, this worked for 500ms exposures,
but shorter exposures should be possible with a photo-multiplier
tube or more sensitive camera. Moreover, because no scanning
of a laser or light sheet is necessary, the rate of capture may
ultimately be much faster.

The results shown for both ELISA and cell exclusion
demonstrate that insights into the performance of ATPS driven
assays can be captured using stigmatic microscopy. In ELISA,
we found that viscous effects outweigh driving forces, while cell
exclusion was found to be controlled by choosing either a critical
or sub-critical ATPS condition. Moreover, we demonstrated
immunoassay incubation times 16x faster than those previously
demonstrated by our group.

Future work will further explore the application of stigmatic
microscopy to multiplexed ELISA and will enable the derivation
of complete flow fields of the droplet over time. We also
believe additional work will enable accurate detection of the

droplet shape and morphological changes as required by
new applications.

In conclusion, we present a stigmatic microscope designed
to enable facile measurement of convective mixing both inside
and outside of ATPS droplets. The specific observations as
well as general methodology should aid in the development of
design principles for various ATPS applications. The ability to
conveniently image 3D flows in the µm-mm regime is also
envisioned to be useful in understanding the forces and dynamics
that drive a number of microfluidic and droplet-based systems
beyond ATPS systems.
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Aqueous two-phase systems (ATPSs) have numerous applications in separation science,

andmore recently, in bioassays enabled by the solutionmicropatterning of cells. Themost

frequently used ATPS in these applications is the polyethylene glycol (PEG)-dextran (Dex)

system, as the polymers that form this ATPS have been extensively characterized in terms

of their physicochemical properties. However, in addition to this well-known system,

there exist many other ATPSs with properties that may be exploited to improve upon

the PEG-dextran system for specific applications. One of these underexplored systems

is the ATPS formed from PEG/polyethylene oxide (PEO) and albumin. In this article, we

characterize the phase separation of PEG (35 kDa) and polyethylene oxide (PEO) (200,

900, and 4,000 kDa) with bovine serum albumin (BSA). We describe the microscopic

emulsion behavior of these systems in the presence of NaCl and compounds (NaHCO3,

NaH2PO4, and HEPES) commonly used in buffer solutions and cell culture media. We

further demonstrate that PEG- and PEO-albumin systems can be used in place of the

PEG-dextran system for confinement of suspension-cultured cells (Jurkat T cells and

RPMI-8226 B cells). Cell viability and morphology are examined for various polymer

formulations relative to the commonly used PEG 35 kDa-Dex 500 kDa system and

polymer-free cell culture medium. In addition, we examine cell activation for various

phase-separating medium components by measuring IL-2 and IL-6 secretion. We

demonstrate that we can confine immune cells and cytokines in the PEG-BSA system,

and that this system can be employed to screen immune responses by enzyme-linked

immunospot (ELISpot) assay. This new system represents a promising ATPS formulation

for applications where low levels of baseline cell activation are required, for instance,

when culturing immune cells.

Keywords: aqueous two-phase systems, cell partitioning, polyethylene glycol, polyethylene oxide, bovine serum

albumin, immune cells, ELISpot
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INTRODUCTION

Aqueous two-phase systems (ATPSs) form when two
incompatible polymers, a polymer and a salt, or a polymer
and a surfactant exceed threshold concentrations in a common
aqueous solvent (Albertsson, 1971; Akbulut et al., 2012). Each
system can be characterized by a phase diagram that displays the
concentrations at which the solutes phase-separate. A curved line
called the binodal separates two areas: compositions represented
by points above the binodal that give rise to phase separation
and compositions represented by points below the binodal that
mix to form a single phase (Albertsson, 1971; Teixeira et al.,
2018). Phase separation can be influenced by physiochemical
properties such as the polymer molecular weight (MW) and
concentration, temperature, pH, and ionic concentration
(Diamond and Hsu, 1992; Kaul, 2000; Cabral, 2007). For
instance, higher MW polymers require lower concentrations for
phase separation (Albertsson, 1971). In addition, the binodal
curve delineating sub-critical concentrations from supercritical
concentrations becomes more asymmetrical with increasing
difference in MW between the two polymers (Albertsson, 1971).
The system properties also influence the distribution of cells and
biomolecules between the two phases.

ATPSs provide a mild non-toxic and non-denaturing
environment for the partitioning of cells and biomolecules with
applications ranging from isolation and recovery of antibodies
(Muendges et al., 2015; Ferreira et al., 2016), proteins (da Silva
et al., 2015; de Albuquerque Wanderley et al., 2017), virus-like
particles (Jacinto et al., 2015; Ladd Effio et al., 2015), antibiotics
(Pereira et al., 2012; Marques et al., 2013), (Johansson et al., 2012;
Wiendahl et al., 2012), cells (Cabral, 2007; Zimmermann et al.,
2016), extracellular vesicles (Shin et al., 2015), and hormones
(He et al., 2005; Li et al., 2015) to solution micropatterning
of cancer cells, hepatocytes and keratinocytes (Frampton et al.,
2013; Agarwal et al., 2017). The most extensively used ATPS for
these applications is the polyethylene glycol (PEG)-dextran (Dex)
system. The cost-effectiveness and lack of acute cytotoxicity of
the PEG-Dex system allows the precise positioning of cells by
dispensing single-microliter or sub-microliter droplets of a cell-
laden Dex solution within a PEG solution. The interfacial tension
formed between the two polymer solutions confines the cells
in the Dex droplets, where they can then adhere to the culture
substrate. For adherent cells, the polymer solutions are removed
once the cells attach to the substrate. However, confinement of
suspension-cultured cells in an ATPS poses a challenge, as the
polymers must remain in place for longer periods of time to
maintain cell confinement. For culture periods longer than 24 h,
cytotoxicity and cellular activation can vary by polymer type
and concentration.

Here, we present an under-explored system for confinement of
suspension-cultured cells that utilizes a PEG/polyethylene oxide
(PEO) and bovine serum albumin (BSA) ATPS. Our objectives
were to characterize phase separation of this novel system,
evaluate the effects of PEG, PEO, and BSA on immune cell
cytotoxicity and activation, and to demonstrate the utility of the
PEG-BSA system for confinement of immune cells and reagents
to reduce assay costs associated with the gold-standard enzyme

linked immunospot (ELISpot) assay for measuring cytokine
secretion from suspension-cultured cells. PEG and PEO have
the same chemical structure. Industry conventions refer to low
MW ethylene glycol polymers (less than ∼35,000 Da) as PEG,
while ethylene glycol polymers greater than ∼35,000 Da are
referred to as PEO (Wang et al., 2000). PEG and PEO are
applied extensively in the food, cosmetic, and pharmaceutical
industries. PEG and PEO are also widely used as biomaterials to
alter surface properties to repel proteins (Lee et al., 1995), and
have been applied for biomedical applications such as coating
of medical devices and nanoparticles (Aqil et al., 2008). As a
major amphiphilic plasma protein, albumin has been used as an
essential nutrient for cell culture. Albumin has also been widely
used in cell culture due to its role as an antioxidant and carrier of
important biomolecules (Francis, 2010). ATPSs have been used
for the extraction of BSA from biological fluids (Pei et al., 2009;
Lu et al., 2010). However, to the best of our knowledge, this
article is the first to use BSA as an ATPS-forming polymer. We
demonstrate that PEG- and PEO-albumin systems are promising
ATPS formulations for confinement of suspension-cultured cells
such as T cells and B cells that require low levels of baseline cell
activation. This ATPS-mediated technique enables T cell and B
cell culture over the course of 72 h with minimal activation, as
monitored by IL-2 and IL-6 secretion.

MATERIALS AND METHODS

PEG- and PEO-BSA Binodals
Unless otherwise noted, all polymer solutions are reported
as percent weight solutions. Stock solutions of 30% BSA (Sigma-
Aldrich), 20% PEG 35 kDa (Sigma-Aldrich), 10% PEO 200 kDa,
3% PEO 900 kDa, and 2.0% PEO 4,000 kDa (Dow Chemical)
were dissolved in Dulbecco’s Modified Eagle’s Medium (DMEM;
VWR). PEO solutions were centrifuged to sediment and remove
silica particles introduced by the manufacturer. Concentrated
stock solutions of BSA, PEG, and PEO were introduced to 96-
well plates and mixed to form super-critical emulsions. Each
super-critical concentration was then titrated with polymer-
free culture medium until phase separation was no longer
observed using methods similar to those reported previously for
binodal determination in 96-well plates (Ruthven et al., 2017).
The final BSA, PEG, and PEO concentrations were determined
according to

Ci(Vi) = Cf (Vf ),

where Ci refers to the initial concentration,Vi refers to the
initial volume, Cf refers to the final concentration and Vf refers
to the final volume. A Nikon Eclipse Ti microscope equipped
with a 10x objective lens was used to observe microscopic
emulsion characteristics.

Microdroplet Characterization
Equilibrated ATPSs composed of 15% BSA and either 7% PEG
35 kDa, 4% PEO 200 kDa, 1.5% PEO 900 kDa, or 1.5% PEO
4,000 kDa were used to characterize the stability of dispensed
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microdroplets. PEG- and PEO-BSA systems were centrifuged at
3,000 rcf to separate the phases for collection. Once collected,
the top and bottom phases were centrifuged again at 3,000 rcf
to allow removal of traces of the other phase transferred during
collection. For each system, a 1 µL droplet of BSA-rich bottom
phase was added to 500 µL of the PEG- or PEO- rich top phase.
After 20min (to allow droplet stabilization), a Nikon Eclipse Ti
microscope equipped with a 2x objective lens was used to observe
the droplets.

Effects of Salt on Phase Separation
Solutions of 15% BSA and 1.5% PEO 900 kDa were prepared
in distilled, de-ionized water containing the following salts:
sodium bicarbonate (Fisher Scientific), HEPES (Sigma-Aldrich),
sodium phosphate monobasic (Sigma-Aldrich) and sodium
chloride (Fisher Scientific). Salts were tested at the following
concentrations: 2, 4, 6, and 8 g/L. Microscopic emulsion
characteristics in the presence of each salt were observed using a
10x objective lens on a Nikon Eclipse Ti microscope to determine
the effects that individual medium components had on phase
separation without extensively characterizing binodal curves for
each system.

Jurkat T Cell Culture
Jurkat T cells, clone E6-1 (ATCC: TIB-152), were cultured in
a humidified incubator at 37◦C under 5% CO2 in RPMI 1640
medium (VWR) supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotics. Medium was replaced every 2–3 days
and cell density was maintained below 1 × 106 cells/mL for cell
propagation. Three types of plates were examined for suspension
cell confinement in the PEG-BSA system: flat-bottom, round-
bottom and V-bottom. Jurkat T cells were confined in the
BSA phase (bottom). The BSA-phase was labeled with FITC-
conjugated Dex and the cells were labeled with CellTracker

Red
TM

CMTPX (Life Technologies) to aid in visualization. Cells
cultured in the PEG-BSA system were observed using a 4x
objective lens on a Nikon Eclipse Ti microscope.

RPMI-8226 B Cell Culture
RPMI-8226 B cells (ATCC: CCL-155), were cultured in a
humidified incubator at 37◦C under 5% CO2 in RPMI 1640
medium (VWR) supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotics. Medium was replaced every 2–3 days
and cell density was maintained below 1 × 106 cells/mL for
cell propagation.

Cell Viability Assessment
Cells were seeded in 96-well culture plates at a density of 5× 103

cells per well. The cells were then incubated for 72 h in 100 µL
of either the individual filter-sterilized polymer solutions or BSA
at concentrations exceeding those required for phase-separation.
The following polymer/BSA concentrations in RPMI 1640
medium supplemented with 10% FBS and 1% antibiotics were
examined: 7% PEG 35 kDa, 2% PEO 200 kDa, 0.5% PEO 900 kDa,
0.1% PEO 4,000 kDa, 7% Dex 500 kDa (T500; Pharmacosmos),
and 10% BSA. Several lots of BSA were examined including BSA

(Sigma-Aldrich cat # A7906), AlbumaxTM I (Gibco cat # 11020-

021), HyClone (GE Life Sciences cat # SH30574.02) and Cellect
TM

Bovine Albumin Low IgG (MP Biomedicals cat # 180576). Cells
were cultured in these solutions in a humidified incubator at
37◦C under 5% CO2 for 72 h prior to viability assessment.

Cell viability in the presence of individual polymers was
assessed by live/dead staining with Calcein-AM (C-AM, Biotium)
and Propidium Iodide (PI, Sigma-Aldrich). C-AM can enter
live cells, where it is hydrolyzed in the cytoplasm to calcein,
producing a fluorescent signal at 530 nm upon excitation with
blue light (Weston and Parish, 1990). PI can only enter dead
cells, where it subsequently binds to nucleic acids, primarily
in the nucleus (Suzuki et al., 1997). Thus, C-AM was used to
identify live cells (shown in green), whereas PI was used to
identify dead cells (shown in red). A C-AM/PI stock solution
(25µM C-AM/25µM PI) was prepared in RPMI 1640 medium.
A volume of 12 µL of the stock solution was added to each
well to achieve a final concentration of 3µM for each dye. Cells
were incubated in the presence of the dyes at 37◦C under 5%
CO2 for 20min. The cells were observed by epifluorescence
microscopy using a Nikon Eclipse Ti Microscope. Images
were processed using ImageJ to subtract background and
adjust brightness.

Jurkat T Cell Activation
Jurkat T cells were seeded at 5 × 105 cells/well in 24-well plates.
The cells were stimulated with phorbol-12-myristate-13-acetate
(PMA) and 300 ng/mL ionomycin. To determine the best PMA
concentration to stimulate the cells as a positive control for
cell activation, the following PMA concentrations were tested
in culture medium: 25, 50, 100, and 200 ng/mL. Supernatants
from PMA/ionomycin-stimulated cells were collected at three
time points: 6-, 12- and 24-h post-stimulation. To assess Jurkat T
cell activation in the presence of polymers/BSA, cells were seeded
in 24-well culture plates at a density of 5 × 105 cells/well in the
following polymer and BSA solutions in RPMI 1640 medium
supplemented with 10% FBS and 1% antibiotics: 7% PEG 35 kDa,
7% Dex 500 kDa, 10% BSA Sigma, 10% BSA Albumax, and 10%
BSA HyClone. After 6, 12, and 24 h, supernatants were collected
to measure IL-2 secretion.

RPMI-8226 B Cell Activation
RPMI-8226 B cells were seeded at 5 × 105 cells/well in 24-
well plates. The cells were stimulated with lipopolysaccharide
(LPS) from Salmonella enterica serotype minnesota (Sigma-
Aldrich). To determine the best LPS concentration to stimulate
the cells as a positive control for cell activation, the following
LPS concentrations were tested in culture medium: 50, 100,
and 200 ng/mL. Supernatants from LPS-stimulated cells were
collected at two time points: 24- and 48-h post-stimulation.
To assess RPMI-8226 B cell activation in the presence of
polymers/BSA, cells were seeded in 24-well culture plates at a
density of 5 × 105 per well in the following polymer and BSA
solutions in RPMI 1640 medium supplemented with 10% FBS
and 1% antibiotics: 7% PEG 35 kDa, 7% Dex 500 kDa, and 10%
BSAAlbumax. After 24 h, supernatants were collected tomeasure
IL-6 secretion.
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Measurement of IL-2 and IL-6 Secretion
Concentrations of IL-2 and IL-6 in the supernatants were
determined by enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s instructions (R&D Systems
cat # S2050 and cat # DY206) using antibody concentrations
recommended by the manufacturer. Briefly, 96-well microplates
were coated overnight with capture antibodies diluted in
phosphate buffered saline (PBS). The next day, the plates were
washed three times in PBS containing 0.2% Tween 20 (PBST) and
blocked for 1 h with 1% BSA in PBS. After blocking, the plates
were washed three times in PBST and incubated with the samples
and recombinant protein standards for 2 h. Next, the plates
were washed three times in PBST and incubated for 2 h with
detection antibodies. The plates were then washed three times
in PBST and incubated with streptavidin-conjugated horseradish
peroxidase (HRP) for 20min. Finally, the plates were washed
three times in PBST and incubated with SuperSignal ELISA
Pico Chemiluminescent Substrate (Thermo Fisher Scientific) for
10min. All incubation and wash steps were performed at room
temperature. Luminescence was measured using a FilterMax
F5 microplate reader. Unknown values were determined by
extrapolation from a four-parameter logistic standard curve.

Confinement of Cells in the PEG-BSA
System for ELISpot Assay
To demonstrate the utility of the PEG-BSA (Albumax) system,
an optimized formulation was used to confine immune cells and
reduce reagent consumption in the ELISpot assay. Briefly, 96-
well ELISpot plates (Millipore Sigma) were coated with a working
solution of 10µg/mL IL-6 capture antibody from R&D Systems
cat # DY206 diluted in PBS. The plates were stored at 4◦C
overnight. The next day, the plates were washed with sterile water
and blocked for 1 h with complete RPMI medium for 2 h. After
blocking, the medium was removed, and RPMI-8226 B cells were
added to each well at various cell seeding densities. To stimulate
the RPMI-8226 B cells, a final concentration of 100 ng/mL of LPS
was added to the 10% BSA solution. Next, a 20 µL volume of
the mixture was placed in each well of the ELISpot 96-well plate
and covered with 80 µL of 7% PEG solution. A conventional
ELISpot assay without cell confinement in the PEG-BSA system
was performed in parallel as described above, with cells and LPS
mixed in RPMImedium and 100µL of themixture added to each
well. Following 24 h of culture for both the ATPS-based assay and
the conventual assay, the plates were washed with PBS containing
0.01% Tween 20 and incubated with the IL-6 detection antibody
(0.1µg/mL antibody from R&D Systems cat # DY206) at 37◦C
for 2 h. The plates were then washed with PBS containing 0.01%
Tween 20 and incubated with streptavidin-alkaline phosphatase
(Biotium) (1:1000 dilution in sterile PBS) for 45min. Finally,
the plates were washed with PBS containing 0.01% Tween 20,
followed by three washes with PBS, and incubated with 100µL of
BCIP/NBT substrate (Sigma-Aldrich) per well for 5–10min. Spot
development was stopped by extensive washing under running
tap water. Plates were left to dry overnight in the dark. IL-
6 producing cell spots were counted with an ImmunoSpot S6
(Cellular Technology Limited).

Measurement of IL-6 Confinement
IL-6 confinement was examined for two ATPS formulations: 7%
PEG 35 kDa-10% BSA (Albumax) and 5% PEG 35 kDa-6.4%
Dex 500 kDa. Both systems were formed in complete RPMI 1640
medium. A total of 500 pg/mL of recombinant IL-6 was added to
the bottom phase of each system (i.e., in either BSA or Dex). A
50 µL volume of each bottom phase solution was added to a 200
µL microtube and covered with a 150 µL layer of either 7% PEG
for the PEG-BSA system or 5% PEG for the PEG-Dex system.
Both systems were left to achieve thermodynamic equilibrium
at room temperature, and the phases were collected separately
at three time points: 2, 24, and 48 h. Three replicates were used
for each system. Concentrations of recombinant IL-6 in the
respective phases of the PEG-BSA and PEG-Dex systems were
measured by ELISA according to the manufacturer’s instructions
(R&D Systems cat # DY206) using the same ELISA procedure
described above.

Statistical Analysis
Kruskal-Wallis one-way analysis of variance (ANOVA) and
Tukey multiple comparison tests were conducted to compare
the effects of phase-separating solutions on cell viability over
72 h. Kruskal-Wallis ANOVA and Tukey multiple comparison
tests were performed to compare the effects of PMA and LPS
concentrations on cell activation. Kruskal-Wallis ANOVA and
Dunn’s multiple comparison tests were performed to compare
the effects of phase-separating solutions on IL-2 and IL-6
secretion by Jurkat T cells and RPMI-8226 B cells, respectively,
over 24 h. One-way ANOVA and Tukey multiple comparison
tests were conducted to compare IL-6 confinement ratios over
time, and the number of IL-6 secreting cell spots as a function
of cell density. Data are represented as mean values + standard
deviations. Statistical significance was defined as ∗p < 0.05.

RESULTS

ATPSs readily formed from mixtures of PEG and PEO with
BSA (Figure 1). As expected, increasing the PEG/PEO MW and
concentration favored phase separation with BSA. Thus, PEG 35
kDa and PEO 200 kDa required higher concentrations to achieve
phase separation with BSA as compared to PEO 900 kDa and
PEO 4,000 kDa. Binodal data were fit according to

y = a exp (bx0.5 − cx3),

where y and x are the polymer concentrations (in weight
percentage), and a, b and c represent fitting parameters (Merchuk
et al., 1998). Fitting parameters are displayed for each binodal in
Figure 1. Consistent with previous observations, as the polymer
MW increased (thus increasing the MW difference between
PEG/PEO and BSA), the binodal curves became increasingly
asymmetric. Figures 1A,D,G,J also show two coordinates (points
1 and 2) that represent the total compositions of both phases.
Figures 1B,E,H,K display the corresponding macroscopic and
microscopic images after equilibration of the phases. In
Figure 1A, point 1 corresponds to a system comprised of 7% PEG
and 15% BSA, and point 2 corresponds to a system comprised
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FIGURE 1 | Binodal curves for PEG- and PEO-BSA systems. (A) PEG 35 kDa-BSA, (D) PEO 200 kDA-BSA, (G) PEO 900 kDa-BSA and (J) PEO 4000 kDa-BSA. R is

the correlation coefficient. Fitting parameters are denoted by a, b, and c. Points 1 and 2 correspond to formulations shown in images to the right. (B,E,H,K) show

macroscopic and microscopic images of PEG, PEO, and BSA at different concentrations indicated by numbered points on the binodal graphs. Arrows indicate the

location of the interface between the phases. (C,F,I,L) show microscopic images of pre-equilibrated BSA droplets dispensed in pre-equilibrated PEG and PEO

solutions. Scale bars in (B,E,H,K) are 50µm. Scale bars in (C,F,I,L) are 500µm.
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of 5% PEG and 20% BSA. Comparing the systems formed from
points 1 and 2, one can appreciate that the relative volume of the
bottom phase is greater for point 2, as would be predicted from
estimation of the tie lines. Although systems on the same tie line
have different total polymer concentration and different volume
ratios after mixing, they should have the same final polymer
concentrations in the top and bottom phases (Kaul, 2000).

Microscopically, one can observe formation of droplet
structures for supercritical concentrations of solutes, similar
to oil-in-water emulsions. In an ATPS-emulsion, the phase
with the greatest volume fraction forms the continuous phase.

For instance, in the system composed of 5% PEG and 20%
BSA (Figure 1B), the continuous phase is BSA with PEG
droplets dispersed within it. Although the interfacial tension
of these ATPSs is orders of magnitude lower than oil-in-water
systems, the formation of droplets indicates the presence of
considerable interfacial tension between the two aqueous phases
(Esquena, 2016).

Increasing the molecular weight and concentration of
PEG/PEO increased the viscosities of the systems, resulting in
longer settling times. The relatively high viscosities of the PEO
200 kDa, PEO 900 kDa, and PEO 4,000 kDa systems resulted

FIGURE 2 | Representative images (10X) of microdroplet emulsions in PEO 900 kDa-BSA systems with addition of NaCl (A), HEPES (B), NaHCO3 (C), NAH2PO4 (D).

PS: no phase separation; +/– PS: near critical system/slight phase separation; + PS: super-critical system with apparent phase separation. Scale bars are 50µm.
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in highly deformed microdroplets present in the emulsions
(Figures 1E,H,K). The interfacial tension between the phases
coupled with their viscosity can enable confinement of cells as
well as select biomolecules by way of biomolecular partitioning.
However, solutions of PEO 900 kDa above 1.5% and PEO
4,000 kDa above 0.7% are too viscous to experimentally analyze
phase separation with BSA and display handling properties
that preclude downstream applications. High viscosities of these
polymer solutions make pipetting difficult, leading to inaccurate
dispensed volumes. This is evident in the images of dispensed
droplets of BSA-rich bottom phase into the top PEG-rich phase
in Figures 1C,F,I,L. Systems composed of PEG 35 kDa, PEO
200 kDa, and PEO 900 kDa offer workable viscosities that
allow dispensing of BSA microdroplets into a continuous phase
of PEG/PEO.

In terms of ATPS thermodynamics, the free energy of mixing
must be positive for phase separation to occur, which means
that the enthalpy of mixing must dominate over the entropy of
mixing (Frith, 2010). The addition of certain salts to an ATPS
is thought to decrease the entropic penalty, thereby promoting
de-mixing of the system at lower polymer concentrations (Frith,
2010; Johansson et al., 2011). We reasoned that salts and
buffering compounds present in various cell culture medium
formulations would therefore influence phase separation of
PEG/PEO-BSA ATPSs. The influence of salts such as NaCl and
buffering compounds such as HEPES, NaHCO3 and NaH2PO4

on phase separation was therefore examined for a single ATPS
formulation without extensive characterization of binodal phase
diagrams (Figure 2). As shown in Figure 2A, increasing NaCl
concentration promoted ATPS formation. Concentrations of
NaCl in cell culture medium range from 4.5 to 7.6 g/L.
Therefore, the NaCl concentration of a typical cell culture
medium formulation is sufficient to promote phase separation of
PEG/PEO and BSA. In contrast, HEPES, a buffering compound
present in Iscove’s Modified Dulbecco’s Media (IMDM) at ∼6
g/L did not promote ATPS formation (Figure 2B). Sodium
bicarbonate and sodium phosphate monobasic (also present in
various medium formulations at concentrations ranging from
∼1.2 to 3.7 g/L, and∼0.100 to 0.580 g/L, respectively) hadmodest
effects on ATPS formation as shown in Figures 2C,D. The type
of salt added to the system also influenced the shape and size
of the microdroplets. Microdroplet emulsions formed in systems
containing NaCl displayed droplets that were more well-defined
and rounder than droplets formed in systems containing sodium
bicarbonate and sodium phosphate monobasic, indicating that
addition of NaCl influences the interfacial tension by strongly
favoring de-mixing of the polymers.

Having characterized the phase separation of this novel
system, we next sought to determine the effects that PEG/PEO
and BSA had on cell viability and function. We evaluated the
viability of Jurkat T cells in individual phase-separating solutions
present in the PEG/PEO-BSA and PEG-Dex systems to assess the
suitability of these polymers for long term cell culture. As shown
in Figures 3A,B, culturing Jurkat T cells for 72 h in 7% PEG,
resulted in ∼70% cell viability, as compared to >89% viability
when the cells were cultured in the three types of PEO tested.
Among the PEOs, 0.1% PEO 4,000 kDa had the least impact

on cell viability with ∼98% cell viability. Therefore, polymer
concentration has a considerable effect on cell viability over time.
Addition of either technical grade BSA from Sigma or HyClone
BSA to the medium resulted in <40% cell viability. However,
addition of cell culture grade Albumax BSA to the medium
resulted in 98% cell viability. Addition of low IgG BSA to the
medium resulted in ∼90% cell viability. Cells cultured in Dex
were ∼97% viable. We also evaluated the viability of RPMI-8226
B cells in a selection of individual phase-separating solutions
to confirm the results obtained for T cells using an additional
suspension-cultured immune cell line (Figures 3C,D). Culturing
RPMI B cells for 72 h in 7% PEG 35kDa resulted in ∼76% cell
viability. The 7% Dex solution had a similar impact on B cell
viability with ∼73% cell viability. Cells cultured in the technical
grade BSA (Sigma) were ∼44% viable, which was significantly
different compared to control (∼80% cell viability). Since the
impact of Sigma BSA on RPMI-8226 B cell viability was slightly
lower in comparison with Jurkat T cells, we presumed that the
cell culture grade Albumax BSA would not affect B cell viability.
These results suggest that both PEG-BSA and PEG-Dex systems
are suitable for culture of T cells and B over 72 h.

All polymer solutions examined tended to cause T cell
aggregation, as shown in Figure 3B. Aggregation was most
evident in the PEO, BSA, and Dex conditions. This effect
can result from either excessive cell growth or immune cell
activation. Therefore, we decided to investigate the effects of the
phase-separating solutions on cell activation by measuring IL-2
secretion from Jurkat T cells and IL-6 secretion from RPMI-8226
B cells as these are themain cytokines secreted by these cells upon
activation. As a positive control for T cell activation, Jurkat T cells
were treated with PMA and ionomycin (Figure 4A). To find the
optimal PMA concentration to activate the cells, we performed
a dose-response experiment with PMA concentrations ranging
from 25 to 200 ng/mL. There were no significant differences
between the four different PMA concentrations tested over the
first 6 h. After 12 h of exposure, 50 ng/mL PMA resulted in the
highest level of IL-2 secretion out of any of the concentrations
tested (∼390 pg/mL IL-2), reaching a peak of ∼470 pg/mL IL-
2 after 24 h. As shown in Figure 4B, the polymers themselves
do not stimulate IL-2 secretion over 24 h. Activation of Jurkat T
cells by PMA/ionomycin treatment in polymer/BSA-containing
medium was also confirmed. Thus, although Albumax, HyClone,
and Dex cause cell aggregation, they do not stimulate IL-2
secretion and are therefore unlikely to have significant effects on
cell activation.

To confirm that the polymer solutions did not stimulate
RPMI-8626 B cells, we measured IL-6 secretion. As a positive
control for B cell activation, RPMI-8226 B cells were treated
with LPS (Figure 4C). To find the optimal LPS concentration
to activate the cells, we performed a dose-response experiment
with LPS concentrations ranging from 50 to 200 ng/mL. There
were no significant differences between the four different LPS
concentrations tested over the first 24 h. After 48 h of exposure,
however, 200 ng/mL LPS resulted in the highest level of IL-6
secretion out of any of the concentrations tested (∼175 pg/mL
IL-6) and was significantly different from the control (∼9.5
pg/mL IL-6). As shown in Figure 4D, the polymers themselves
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FIGURE 3 | Jurkat T cell and RPMI-8226 B cell viability in ATPS-polymer solutions. (A) Percentage of viable Jurkat T cells present for various polymer/BSA medium

additives after 72 h. (B) Representative images (10X) of live Jurkat T cells (in green, stained with C-AM) and dead cells (in red, stained with PI) for various polymer/BSA

medium additives after 72 h. (C) Percentage of viable RPMI-8226 B cells present for various polymer/BSA medium additives after 72 h. (D) Representative images

(10X) of live RPMI-8226 B cells (in green) and dead cells (in red) for various polymer/BSA medium additives after 72 h. Scale bars are 50µm. Significant reductions in

cell viability relative to the control are indicated by *.

do not stimulate IL-6 secretion. Thus, Albumax, PEG, and Dex
solutions do not stimulate IL-6 secretion and are therefore
unlikely to have significant effects on cell activation, although
additional cytokines should be examined in the future to confirm
this observation.

Due to the mild environment provided by ATPSs, many
applications have been developed in cell biology, e.g., for cell
purification and more recently for micropatterning of cells for
tissue engineering and high-throughput drug screening (Tavana
and Takayama, 2011; Atefi et al., 2014; Agarwal et al., 2017).
These techniques mainly use the well-known PEG-Dex system
to specifically confine cells to one of the phases or to the
interface between the phases (Tavana et al., 2011; Frampton
et al., 2015). Previous work has focused on applications using
adherent cells where the polymers are applied acutely to confine
the cells and are subsequently washed away once the cells
attach or assemble into aggregates. For applications involving
suspension-cultured cells such as immune cells, however, the
phase-separating solutions must remain in place to confine the
cells over longer periods of time. Figure 5A shows a schematic
diagram comparing ATPS-based immune cell culture with the
conventional cell culture. The PEG-BSA system can potentially
be applied for confining immune cells to reduce cell and
reagent consumption in screening assays (e.g., adjuvants and

antigens for vaccine development). For ATPS-based cell culture,
immune cells and reagents are mixed in a BSA solution and
covered with a PEG solution. Over 24 h of stimulation, immune
cells produce cytokines, which remain confined in the bottom
phase. For conventional cell culture, immune cells, and reagents
such as adjuvants are mixed in culture medium only. Over
24 h of stimulation, immune cells secrete cytokines that diffuse
throughout the culture medium.

To begin optimizing this system, we compared the
confinement of immune cells in 96-well plates with three
distinct well bottom shapes: flat-bottom, round-bottom, and
V-bottom. In addition, we added different volume ratios of
PEG:BSA (10:190, 20:180, 50:150, 60:140) (Figure 5B). Both
variables (plate type and ATPS volume ratio) were evaluated in
terms of cell confinement and ability to perform microscopic
imaging. To better visualize the ATPS phases and the cells, the
BSA phase was labeled with FITC-Dex and the Jurkat T cells were
stained with CellTracker RedTM CMTPX. As shown in Figure 5B,
both PEG and BSA phases can be easily visualized in each well
type. In terms of cell confinement, the V-bottom well was most
effective at localizing cells to a central well region, as shown in
Figure 5C, with the effect of the ATPS mainly to prevent cell
disruption during medium changes and supernatant collection.
All four volume ratios enabled confinement and imaging of cells.
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FIGURE 4 | Cytokine secretion by Jurkat T cells and RPMI-8226 B cells. (A) IL-2 levels were measured by ELISA in culture supernatants from Jurkat T cells at 6, 12,

and 24 h after stimulation with 25, 50, 100, or 200 ng/mL of PMA in RPMI 1640 medium as a positive control for cell stimulation. All the stimulation conditions also

received 300 ng/mL of ionomycin. The IL-2 secretion by Jurkat T-cells was also measured when the cells were cultured in 10% BSA (Albumax) without stimulation.

RPMI 1640 medium was used as a negative control. Significant differences in cell activation relative to the control are indicated by *. (B) Jurkat T cells were cultured in

10% BSA (Albumax, Sigma, or HyClone) 7 % Dex, and 7% PEG. RPMI 1640 medium was used as a control. (C) IL-6 levels were measured by ELISA in culture

supernatants from RPMI-8226 B cells at 24 and 48 h after stimulation with 50, 100, or 200 ng/mL of LPS in RPMI 1640 medium as a positive control for cell

stimulation. RPMI 1640 medium without LPS was used as a negative control. Significant differences in cell activation relative to the control are indicated by *. (D)

RPMI-8226 B cells were cultured in 10% BSA (Albumax) 7% Dex and 7% PEG 35 kDa. Both Jurkat T cell and RPMI-8226 B cell stimulation in various medium

additives remained near baseline with no significant differences noted between polymer conditions and the culture medium control.

Thus, the 10:190 volume ratio is the most advantageous volume
ratio for minimizing cell and reagent consumption.

In order to evaluate the potential of the PEG-BSA system for
screening vaccine adjuvants in vitro, we conducted an ATPS-
based ELISpot using the PEG-BSA system. Figure 6A shows a
schematic diagram comparing the ATPS-based ELISpot with the
conventional ELISpot assay. Both procedures follow the same
protocol, except that the ATPS-based ELISpot confines cells and
cytokines in the bottom BSA phase. Figure 6B compares ELISpot
results obtained from the PEG-BSA system with those obtained
from the PEG-Dex system and the conventional assay system.
The PEG-BSA system produced spots that were qualitatively
similar to those produced using the conventional assay protocol.
Artifacts were more frequently observed for the PEG-Dex and
conventional assay than in the PEG-BSA assay, as indicated
by arrows pointing to line artifacts from cell movement, ring
artifacts along the well edges and regions of the well devoid of

spots. When the ELISpot assay was conducted using the PEG-
Dex system to confine the cells, the overall signals and quality of
the spots were appreciably diminished compared to the PEG-BSA
and conventional assay formats.

We also examined IL-6 confinement in the 7% PEG-10% BSA
and 5% PEG-6.4% Dex systems by adding 150 µL of the top
phase (7% PEG or 5% PEG) on top of 50 µL of the bottom
phase (10% BSA or 6.4% Dex), with the bottom phase spiked
with recombinant IL-6 (500 pg/mL). After thermodynamic
equilibration at room temperature, we collected each phase
separately for analysis, measured the IL-6 concentration in each
phase and plotted the ratio of IL-6 concentration between the
top phase and bottom phase. As shown in Figure 6C, IL-6
was more strongly confined in the BSA phase of the PEG-BSA
system than in the Dex phase of the PEG-Dex system, suggesting
that the PEG-BSA system is superior to the PEG-Dex phase
system for confining cytokines in the ELISpot assay and in other
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FIGURE 5 | Schematic diagram of the PEG-BSA system for

compartmentalized immune cell culture. (A) Experiment setup using ATPS: (1)

Immune cells are suspended in the BSA solution containing reagents (e.g.,

adjuvants), and 20 µL of the mixture is added to each well of a 96-well plate.

(2) An 80 µL volume of the PEG solution is added to the well to cover the

BSA-bottom phase, confining cells and reagents in the BSA solution. (3) Over

24 h of adjuvant stimulation, immune cells produce cytokines, which remain

confined in the bottom phase. Conventional experiment setup: (1) Immune

cells and reagents are mixed in culture medium and added to each well. (2)

Over 24 h of stimulation, immune cells secrete cytokines that diffuse

throughout the culture medium. (B) PEG-BSA systems in three 96-well plate

geometries: flat-bottom, round bottom, and V bottom. The BSA-phase

(bottom) is labeled with FITC-Dex. (C) Representative images (4X) of Jurkat T

cells cultured in the PEG-BSA system in flat-bottom, round-bottom, and

V-bottom 96-well plates. The cells were stained with CellTracker RedTM

CMTPX. Scale bars are 100µm.

immunoassays used for screening cell responses. This may also
partially explain why the quality of the spots in the ELISpot
assay were better for the PEG-BSA system as compared to the
PEG-Dex system.

Finally, Figures 6D,E compares images of ATPS-based
ELISpot using the PEG-BSA system and conventional ELISpot as
a function of cell seeding density. Compared to the conventional
technique, ATPS-based ELISpot presented less background noise
and a lower frequency of spot development. As shown in
Figure 6F, the number of spots developed using the ATPS-based
ELISpot is smaller in comparison with the conventional assay
across different cell densities. However, there is a significant

difference in spot number between ATPS-based ELISpot and
conventional ELISpot assay for each cell density. Interestingly,
using the ATPS-based assay there is a significant difference
between each cell density, whereas with the conventionalmethod,
there is no significant difference between 10 × 103 and 5 × 103

cells per well, suggesting that the ATPS technique may improve
assay sensitivity when measuring low numbers of cytokine
secreting cells.

DISCUSSION

Microscale technologies are frequently used to investigate cell-
material interactions (Anderson et al., 2005; Khetani and
Bhatia, 2008), engineer and control cell shape and function
(Singhvi et al., 1994), and evaluate cell responses (Chen et al.,
2005) in a high-throughput manner. These technologies offer
tight control of the cellular microenvironment, significantly
reduce the consumption of cells and reagents required to
perform experiments, and in some cases, improve reaction
efficiencies (Chung et al., 2007). Many of these platforms rely
on microfluidics to manipulate the small volumes of fluid
used for cell culture and analysis. Microfluidic array platforms
have been developed for high-throughput cytotoxicity screening,
where three types of mammalian cell lines were screened
against low and high concentrations of five toxins (digitonin,
saponin, CoCl2, NiCl2, and acrolein) (Wang et al., 2007).
Another example is the sophisticated system developed by
Choi and Cunningham, which integrates a 96-well microplate
with microfluidic networks and biosensors to measure the
binding of IgG molecules (20 µL IgG solution consumed) to
immobilized protein A (30 µL protein A solution consumed)
(Choi and Cunningham, 2007). Although both systems are
able to analyze cell viability and biomolecular interactions in
a multiplex format while minimizing reagent consumption,
the specialized technical expertise and equipment required
to operate systems such as these limits their utility in life
science laboratories.

In contrast to Dex, BSA is ionic and amphiphilic, which
may intensify BSA interactions with cells and biomolecules.
Our findings suggest that the PEG-BSA system has potential
utility in confining immune cells in the bottom phase without
significantly affecting cellular viability and activation. In addition,
the BSA phase promotes superior IL-6 confinement over time
compared to the Dex phase which may be advantageous
for detection by various immunoassays such as ELISpot.
In terms of practical application, our ATPS-based multiplex
screening does not rely on expensive and complex equipment
and can be easily adapted to any laboratory familiar with
commonly-available liquid handing tools such as handheld
micropipettes. The approach presented here can micropattern
immune cells in an ATPS, while retaining high cell viability
and minimizing cell activation as measured by IL-2 and
IL-6 secretion.

There is considerable interest in polymers that are naturally
immunostimulatory. Short cationic amphiphilic peptides are
produced by several different cell types and can modulate the
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FIGURE 6 | Screening immune cells in the PEG-BSA system by ELISpot. (A) ATPS-Based ELISpot: (1) Capture antibodies are diluted in PBS and added to each well.

After overnight incubation, the capture antibodies are washed away and replaced with immune cells and adjuvants mixed in the BSA-phase. Over 24 h of stimulation,

cytokines are produced by the immune cells and become confined in the BSA-phase where they bind to the capture antibodies. (3) The PEG-BSA system is washed

away and it is replaced with detection antibodies mixed in PBS, followed by streptavidin-alkaline phosphatase and substrate solutions. (4) Each colored spot detected

on the membrane at the bottom of each well corresponds to a cytokine-secreting cell. Conventional ELISpot: (1) Capture antibodies are mixed in PBS and added to

each well of an ELISpot plate. After overnight incubation, the capture antibodies are washed away and replaced with immune cells suspended in culture medium

containing adjuvants. Over 24 h of stimulation, the cytokines produced by immune cells bind to capture antibodies. (3) The culture medium is washed away and it is

replaced with detection antibodies mixed in PBS, followed by enzyme and substrate solutions. (4) Each colored spot detected on the membrane at the bottom of

each well corresponds to a cytokine-secreting cell. (B) Representative ELISpot results for RPMI-8226 B cells stimulated with LPS and incubated in 7% PEG-10%

BSA, 5% PEG-6.4% Dex, and culture medium for 24 h. Artifacts are indicated by arrows pointing to line artifacts from cell movement, ring artifacts along the well

edges, and regions of the well devoid of spots. (C) IL-6 confinement in the bulk phases of two ATPS formulations over time: 10%BSA-7%PEG and 6.4%Dex-5%PEG.

*p < 0.05 (ANOVA with Tukey post-hoc test). (D) Representative ELISpot results for RPMI-8226 B cells stimulated with LPS and incubated for 24 h in the 7%

PEG-10% BSA system. (E) Representative ELISpot results for RPMI-8226 B cells stimulated with LPS and incubated for 24 h in culture medium (conventional

method). (F) The spots formed within wells using both methods were counted and plotted as a function of cell density. The * denotes significant differences from the

next highest cell density for the ATPS-based method. The †denotes significant differences from the next highest cell density for the conventional method. NS denotes

no significant difference from the next highest cell density.

innate immune response, which makes them useful as adjuvants
(Hancock et al., 2016). Polysaccharides also stimulate immune
responses and have been used as adjuvants. For example, inulin-
based adjuvants have been shown to activate both humoral
and cellular immune responses (Petrovsky, 2006; Kumar et al.,
2016). Chitosan is another polysaccharide that elicits a cellular
immune response (Moran et al., 2018). We anticipate that
our system may be used to confine various biomolecules and
immunostimulatory polymers and particles within the BSA phase
via biomolecular partitioning for future applications in screening
novel immunotherapies and adjuvant formulations. In this future
work, it will be important to consider the handling properties of
the ATPS-forming solutions and to more completely characterize
the phenotype of cells used in experiments by assessing
other types of immune cells and secreted cytokines. This cell
characterization work will be particularly important in light of

the cell aggregation phenomenon we observed for Jurkat T cells,
since cell-cell interactions are functionally important for T cell
signaling, as they are for other immune cells (Sabatos et al., 2008).
However, our data for IL-2 secretion suggest that aggregation of
Jurkat T cells cultured in ATPSs does not necessarily correlate
with cell activation.

Although most ATPSs used in cell culture applications
have been used to biopattern adherent cells (Tavana et al.,
2009; Frampton et al., 2013), ATPS techniques have also been
developed to form non-adherent cell aggregates. By exploiting
the interfacial forces between PEG and Dex, Frampton et al.
developed a simple method to confine cells and promote their
assembly into tissue constructs (Frampton et al., 2015). Initially,
cells were suspended in the PEG phase, which was layered on
top of the Dex phase. The cells were then allowed to settle
by gravity to the PEG-Dex interface. Once at the interface,
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cell-cell connections were formed, leading to the self-assembly
of constructs over several hours. ATPS techniques have also
enabled generation of tumor spheroids by confining cells within
a nanoliter-volume droplet of Dex immersed in a PEG phase
(Atefi et al., 2014; Han et al., 2015). However, to the best of our
knowledge, an ATPS has not been used to confine suspension-
cultured cells such as immune cells. Confining suspension-
cultured cells in an ATPS can be more challenging than adherent
cells because the polymers must remain in place to continue to
confine the cells.

A novel application for the PEG-BSA system is in confinement
of immune cell and reagents such as adjuvants and antigens
used in vaccine formulation development. ELISpot is a technique
widely used for screening vaccine candidates by measuring
cellular immune responses to a specific stimulus (Chambers
et al., 2010). The ATPS-based ELISpot was used to demonstrate
the application of the PEG-BSA system to confine immune
cells to facilitate vaccine adjuvant screening in vitro. When
conducting ELISpot using BSA as the bottom phase, the BSA
solution reduced spot development by blocking non-specific
binding and consequently improving the sensitivity of the
assay. One can notice a significant difference between each
cell density using the PEG-BSA system to confine cells and
cytokines. However, with the conventional method, there is no
significant difference between the lowest cell densities (10 ×

103 and 5 × 103 cells/well), which means that the ATPS-based
ELISpot has potential to improve the sensitivity of this assay.
Addressing how additional adjuvants and cytokines other than
IL-6 partition between the PEG and BSA phase will be of
paramount importance in determining the broad utility of
this approach.

Finally, the ATPS-based approach described here opens up
possibilities for applications beyond the culture of immune
cell lines for screening applications. For example, mixtures of
adherent and non-adherent cell types can potentially be co-
cultured in this platform to investigate cell interactions and
better understand the complexity of immune cell signaling in
various tissues. Furthermore, the PEG-BSA system has potential
to be applied to separate and purify biomolecules according
to their affinity for each phase. The PEG/PEO-BSA system
may also find applications in the encapsulation of drugs and
biomolecules. Thus, characterization of this novel ATPS and

preliminary evaluation of the cytotoxicity and cellular responses
to the phase-forming solutes may be valuable for exploration of a
variety of future biomedical applications.

CONCLUSION

We characterized a new ATPS and demonstrated that immune
cells and cytokines can be confined in a PEG-BSA systemwithout
compromising cell viability and activation. We showed that
this new system can be employed to improve the sensitivity
of a conventional ELISpot assay by reducing background
noise and detecting differences between small numbers of
cytokine secreting cells. We anticipate that this new system
will enable more robust and cost-effective multiplex screening
of adjuvants and other compounds known to stimulate
immune cells.
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Jun Wang was not included as an author in the published article. The corrected Author
Contributions Statement appears below:

“AT performed or assisted with all experiments and wrote the paper. AK performed the
phase-separation characterization and helped write the paper. RA helped analyze data and edited
the paper. NT helped analyze data and edited the paper. JW contributed to the initial concept of this
work and assisted with experimental planning. JF oversaw all experiments and edited the paper.”

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.
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