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Polymer-Salt Aqueous Two-Phase
System (ATPS) Micro-Droplets for
Cell Encapsulation
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Biosample encapsulation is a critical step in a wide range of biomedical and bioengineering applications.
Aqueous two-phase system (ATPS) droplets have been recently introduced and showed a great promise
to the biological separation and encapsulation due to their excellent biocompatibility. This study shows
for the first time the passive generation of salt-based ATPS microdroplets and their biocompatibility
test. We used two ATPS including polymer/polymer (polyethylene glycol (PEG)/dextran (DEX)) and
polymer/salt (PEG/Magnesium sulfate) for droplet generation in a flow-focusing geometry. Droplet
morphologies and monodispersity in both systems are studied. The PEG/salt system showed an
excellent capability of uniform droplet formation with a wide range of sizes (20-60 um) which makes

it a suitable candidate for encapsulation of biological samples. Therefore, we examined the potential
application of the PEG/salt system for encapsulating human umbilical vein endothelial cells (HUVECs).
A cell viability test was conducted on MgSO, solutions at various concentrations and our results showed
an adequate cell survival. The findings of this research suggest that the polymer/salt ATPS could be a
biocompatible all-aqueous platform for cell encapsulation.

Droplet microfluidics has emerged as a promising technique to generate micrometer-sized emulsions inside
microchannels'™. Its immense potential in numerous applications such as chemical reactions>®, material syn-
thesis’, drug delivery'®!? and single-cell encapsulation'*!* has been already reported in many publications.
Generation of water droplets inside an oil environment named a water-in-oil (W/O) system has been primarily
used in droplet microfluidics®. However, the biocompatibility issue arising from the toxic nature of some oils
could be detrimental to the viability of the biological samples. For example, organic solvents like oil can denature
biomolecules such as proteins or enzymes'®, damage the biological products and formation of tissue, inhibit the
cell growth, and accelerate the cell death!'®!”. As a result, an expensive and cumbersome post-processing step
is inevitable to remove oil from aqueous droplets containing biological samples (e.g. DNA, cells, and proteins)
immediately after W/O droplet generation™'®1°. To circumvent these challenges in the W/O system, an aqueous
two-phase system (ATPS) has been proposed?.

ATPS is usually formed by dissolving two incompatible polymers (e.g., polyethylene glycol (PEG)/dextran
(DEX)), or a polymer and salt (e.g., PEG/salt) into water. Phase separation occurs above a critical concentration
resulting in two aqueous phases each enriched with one of the components'®**2!. This system has been widely
employed for extraction, separation, purification, and enrichment of biomolecules'. ATPS, as an appropriate
alternative biocompatible and eco-friendly emulsion to the W/O system, has been also used to produce oil-free
and non-toxic aqueous droplets?. Despite its early introduction and strong potential, ATPS has gained little
attention and lags behind the popularity of the W/O system due to its critical hurdle for droplet generation, which
is the difficulty in formation of controlled and stable aqueous droplets in another aqueous phase. This challenge
is due mainly to the ultra-low interfacial tension (IFT) of ATPS, which is often less than 10! mN/m (c.f. 1~40
mN/m in the W/O system), resulting in either a long stream of the dispersed phase throughout the channel with-
out droplet breakup or erratic non-uniform droplets"*. Therefore, applying external forces to actively perturb
ATPS is necessary to facilitate the droplet breakup and generation. These methods include mechanical vibration?,
pulsating pressure'’, and electrohydrodynamic perturbation®. Although active techniques make ATPS droplet
generation possible, they are not straightforward and expensive.
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Figure 1. (a) Experimental setup including an inverted microscope, a high precision pressure pump, and a
microfluidic device. (b) Schematic diagram of a microfluidic chip with two inlets and one outlet. (c) Schematic
diagram of the flow-focusing geometry. Droplets are generated close to the junction and cells are encapsulated
inside droplets.

On the other hand, passive methods that are much cheaper and simpler than the active methods have been
recently reported for ATPS droplet generation?>?. The passive ATPS droplets have been primarily generated
in a PEG/DEX system?? which suffers from the low throughput® or oil involvement in the droplet generation
process?. Another possibility of ATPS droplet generation is to use a PEG/salt system. The PEG/salt system has
been found to possess excellent features such as low cost, short separation time, easier manipulation and dispos-
ability?*-*%. More importantly, the PEG/salt system has a relatively higher range of IFT (0.1-1 mN/m) resulting
in a faster growth rate of interfacial instability and jet breakup through the Rayleigh-Plateau (R-P) instability
when compared with the PEG/DEX system®. Due to the high IFT, passive ATPS droplet generation in the PEG/
salt system could be possible without applying external perturbations. The high IFT also makes droplet breakup
occurred closer to the junction without a long stable jet. Despite the significance and advantages of the PEG/salt
system, it received less attention in ATPS droplet generation.

At present, there is no literature regarding the passive salt-based ATPS droplet generation and the biocom-
patibility analysis of this system. Here, we report passively-generated ATPS droplets in the PEG/salt system.
Magnesium sulfate was chosen because it possesses a relatively higher value of interfacial tension at a low con-
centration when compared with the most available salts. Droplet generation, size, and uniformity in both sys-
tems of PEG/salt and PEG/DEX were observed, compared, and analyzed. We found that droplets in the PEG/
salt system have a significant better uniformity and a wider range of size controllability when compared with
those in the PEG/DEX system. Finally, we tested the biocompatibility of salt-based ATPS droplets for biomedical
applications through human umbilical vein endothelial cells (HUVECs) encapsulation. HUVECs that we used
are GFP-HUVECs [Green Fluorescent Protein]. GFP molecules fluoresce green color that greatly helps the user
study the dynamic changes of cellular processes of living cells in the droplets®. Fluorescence from HUVECs also
enables us to track the cells conveniently via optical microscopy. Finally, the average size of HUVECs is 14-15um
which is an ideal size to test the capability of encapsulation by droplets. The viability of the cells in salt media at
different concentrations was tested and found that 52% of the cells survived for 2 hours at a 15% salt concentra-
tion, showing a good cell viability.

Experimental Section

Experimental setup. Figure 1 shows the experimental setup for ATPS droplet generation including a
microfluidic chip and a high-precision microfluidic pressure control system (MFCS-EZ, Fluigent, Inc., USA).
The microfluidic chip consists of a flow-focusing geometry with a height of 50 um, a dispersed channel width
(Wp) of 50 um, and a continuous and main channel width (W) of 100 um. A precise pressure control system
includes a pressure pump and two reservoirs for dispersed (salt or DEX) and continuous (PEG) solutions. ATPS
droplet generation was observed and recorded using an inverted microscope (IX73, Olympus Corp., Japan) with
a 10 objective lens and a high-speed camera (Fastec IL5S, Fastec Imaging Corp., USA). The camera operated at
500 fps with an exposure time of 1.0 ms to capture a series of images at high-speed. Image] software was employed
for quantification of droplet shapes, droplet sizes, and number of droplets.

Microfluidic chip.  The microfluidic device was fabricated in polydimethylsiloxane (PDMS) using soft lithog-
raphy and photolithography techniques. Computer-aided design (CAD) software (AutoCAD 2016, Autodesk,
Inc., USA) was used to draw channel geometries. The photomask was created by printing the CAD design
onto a transparency sheet (25,400 dpi, CAD/ART Services Inc., USA). Then, a layer of KMPR 1025 photoresist
(MicroChem, USA) was spin-coated on a 4 inch silicon wafer (UniversityWafer, Inc., USA). After UV exposure
and chemical development, the channel pattern was formed. A standard ratio mixture of 10:1 PDMS elastomer
base to the crosslinking agent (Sylgard 184, Dow Corning, USA) was poured onto the silicon wafer and baked
in the oven for 1 h before removal of the PDMS layer. Inlet and outlet holes were made by punching through the
PDMS with a 1.0 mm diameter biopsy punch (Integra Miltex, Inc., Germany). Lastly, oxygen-plasma treatment
(Harrick Plasma, USA) was applied for PDMS/glass slide (25 x 75 x 1.0 mm, Fisher Scientific, USA) bonding.
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Figure 2. Preparation of ATPS systems for cell encapsulation. (a) Mixing of two solutions and phase separation
after reaching equilibrium. (b) Separation of two phases. (c) Addition of cell suspension into the salt medium
inside the pump reservoir.

Chemicals and solution preparation. We prepared two types of ATPS including PEG/salt and PEG/DEX
systems by dissolving Magnesium sulfate (MgSO,) (Sigma-Aldrich, USA), PEG (Sigma-Aldrich, USA) and DEX
(Alfa Aesar, USA) separately into deionized water: 7.65% (w/w) Magnesium sulfate, 15.10% (w/w) PEG for the
PEG/salt system® and 7.723% (w/w) DEX, 4.827% (w/w) PEG for the PEG/DEX system?®'. Solutions in both
systems were vigorously mixed in beakers using magnetic stirrer (Isotemp stirring hotplate, Fisher Scientific)
and left for 24 hours (PEG/DEX system) and 8 hours (PEG/salt system) inside two 50 mL conical centrifuge tubes
(Corning falcon centrifuge tubes, Fisher Scientific). After reaching equilibrium, phase separation occurs such
that the upper is equilibrated with a PEG-rich phase and the lowers are equilibrated with DEX-rich and salt-rich
phases (two phases became clear and transparent, and the interface was well-defined). As it is shown in Fig. 2, all
equilibrated phases were partitioned by a syringe and transferred to the separate 50 mL conical centrifuge tubes.
The IFT of the PEG/DEX system is 0 = 0.103 mN/m?*! while it is o =0.308 mN/m for the PEG/salt system?.

Cell viability. We used 3-[4, 5-dimethylthiazol-2-yl]-2, 5 diphenyltetrazolium bromide (MTT) assay to study
the impact of salt at different concentrations on cellular toxicity. HUVECs were grown in a T-75 cell-culture flask
with endothelial cell basal medium-2 (EBM-2, Lonza) supplemented with 1% penicillin-streptomycin-glutamine
(PSG), 10% fetal bovine serum (FBS), hydrocortisone, EGE, and ascorbic acid (Human epithelial cell medium kit,
EGM-2, Clonetics). After obtaining adequate confluence, the cells were detached using Trypsin-EDTA (0.25%)
and then were counted using hemocytometer. 5 x 10° cells (400 pl of cell suspension) were cultured on the 24-well
plates for 48 hours. Following, the culture medium was replaced with 400 pl of the fresh culture medium contain-
ing MgSO, solutions with final nine different concentrations (2.5, 5, 7.5, 10, 12.5, 15, 20, 25, and 30% w/v). After
2, 4, and 6 hours of incubation, we removed the medium from each well and washed them with PBS twice. Then,
40l of MTT solution (5 mg/ml) with 360 pl of fresh culture medium was added and the plates were incubated at
37°C with 5% CO, for 4hours. After 4 hours, the medium was removed carefully and 400 pl of Dimethylsulfoxide
(DMSO) was added to each well in order to solubilize intracellular formosan. The absorbance of collected for-
mosan was recorded at 570 nm with a spectrophotometer (SpectraMax 190 microplate reader). The measure-
ments were carried out in triplicate (n = 3). At the same time, live/dead staining (Live/Dead Kit, Thermo Fisher
Scientific) and imaging were carried out on the all nine treated (with 4 hours of incubation time) and control
wells using fluorescence microscopy (Nikon Eclipse TE2000-S). For this membrane integrity assay, we added two
different fluorescent dyes: Calcein, AM for live cells and ethidium homodimer-1 for dead cells which stain living
cells green and dead cells red, respectively. Image] was also used for merging the images.

Statistical analysis. We used one-way ANOVA with Tukey’s post hoc test to compare our different groups.
We had three samples in each group and data are shown as a mean =+ standard error (SE). The values of p < 0.05
are considered statistically significant.

Results and Discussion

ATPS droplet generation in PEG/Salt and PEG/DEX systems. Jetting is the most favorable flow
regime to produce droplets with the highest throughput and a wide range of droplet sizes*'. In this flow regime,
the interfacial tension (IFT) between the continuous and dispersed phases plays an important role in determin-
ing droplet breakup and generation characteristics. The IFT force attempts to minimize the surface area of the
dispersed phase while inducing the Rayleigh-Plateau (R-P) instability. The R-P instability creates breakup of
the dispersed jet into multiple droplets at its tip*2. The high IFT (1~40 mN/m) in the W/O system make droplet

SCIENTIFIC REPORTS |

(2019) 9:15561 | https://doi.org/10.1038/s41598-019-51958-4


https://doi.org/10.1038/s41598-019-51958-4

www.nature.com/scientificreports/

70
+PEG-Salt
60 -
¢ @ PEG-DEX
50 |
- ©
= o
2 401 ¢
s L
o <
E 30
8 .
20 1
of bbb bp s |
0 . . .
1.74 1.76 1.78 1.8 1.82

Pressure ratio (Ppgg/Psaic or Ppeg/Ppex)

Figure 3. Variations of droplet diameter versus the pressure ratio of the continuous phase (PEG) over dispersed
phase (salt and DEX).

formation facile and straightforward, but it is much challenging in APTS due to the intrinsic ultra-low value of
IFT (107! to 10* mN/m). When the IFT force is very small compared to the effect of shear and inertial forces, it is
expected to have a slow growth rate (w) of the instability along the dispersed jet, an increase in droplet breakup
length and break time, and a decrease in generation frequency®. This behavior can be explained by Eq. 1 that
indicates the relationship between the R-P instability growth rate and perturbation wavenumber (k), interfacial
tension (o), viscosity (1), size of the jet (r,), and channel height (k). In this equation, the lower IFT (o) makes the
growth rate (w) slower: in the literature, the slower growth rate makes droplet formation difficult***. Although
a passive method using a pipette tip could generate ATPS droplets in PEG/DEX by decreasing the inlet flow
rate significantly®?, this method is not practical since the input conditions continuously change during droplet
formation.

1 o Flx, VK2 = kY

w = L
8 “PEGh 1 -AhH -
Fix, \) = x*4 — A1+ 4Inx) + 2%(=8 + 427) + x*4 — 3071 — (4 — 40 Hlnx)
N o= Mo o

MpEG )  (h/2) (1)

To enable ATPS droplet generation, two options are possibly considered: one is to facilitate the jet breakup
via external means and another is to increase IFT values. A few active methods have been introduced to ease the
droplet breakup in the PEG/DEX system, but they are expensive and suffer from a slow droplet generation. As a
second option, here we use a PEG/salt system possessing higher IFT than that of the PEG/DEX system. We used a
precise pressure pump to inject solutions at low pressures/flow rates to offset the effect of low IFT of ATPS system.
In this case, the resultant IFT force could be comparable to the shear force*. It should be noted that the IFT of
PEG/salt system is (0.1-1 mN/m) when compared to (1~40 mN/m) of the W/O system, which is still a low value.

For the comparison purpose, we generated ATPS droplets in two systems: PEG/DEX and PEG/salt. To form
droplets under the jetting flow regime in both systems, we introduced PEG at 7-20 kPa and salt/DEX at 5-10
kPa. Figure 3 shows variations in a droplet size versus pressure ratio of the continuous phase (PEG) over the
dispersed phase (salt/DEX) in both systems. As seen in the figure, the droplet size decreases as the pressure ratio
increases in both systems although it is not significant in the PEG/DEX system. This decrease is due to either the
injection of PEG at higher pressure or DEX/salt at a lower pressure leading to the smaller droplets. In another
word, the inertial and viscous forces of the continuous phase increase with an increase in pressure ratio making
a longer and narrower jet and smaller droplets. The size decrease in the PEG/salt system is more pronounced,
suggesting that we have a wider range of size selectivity under the given pressure ratio than the PEG/DEX sys-
tem. The main reason for this difference is the low value of interfacial tension in the PEG/DEX system making
unstable tiny droplets. The range of droplet sizes in the PEG/salt system is 25~60 pum while it is 9.2~12.9 pm in
the PEG/DEX system. We conjecture that this behavior is attributed to the higher IFT that facilitates stable drop-
let generation. The error bars represent the standard deviation (SD) and SD,,, = 1.4 um for the PEG/salt system
and SD,,,= 2.8 um for the PEG/DEX system. The smaller SD,,, in the PEG/salt system suggests that formed salt
droplets are more uniform and consistent. For verification, we calculated the average coefficient of variation (CV)
in droplet size, defined as the ratio of a standard deviation to the mean of the droplet size, and CV,,,=4% in the
PEG-Salt system vs. CV,,, =26% in the PEG/DEX system.

To characterize droplet generation and size variations in these APTS systems, we performed a high-speed
visualization of the sequential droplet breakup process. Figure 4 shows the experimental images of generated
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Figure 4. Experimental images of droplet generation in the (a-d) PEG/salt system; (e-h) PEG/DEX system.
Droplet diameter (D) varies with the pressure ratio. (a) D=25.5 pm; (b) D=32.9 pm; (¢) D=46.2 pm; (d)
D=56.3 um; () D=9.43 pm; (f) D=9.28 pm; (g) D=11.97 pm; (h) D=12.92 um.

droplets in different sizes at different pressures for the PEG/salt (4a-d) and PEG/DEX (4e-h) systems. At given
pressure ratios, the breakup length in the PEG/DEX system is longer compared to that in the PEG/salt system
due to the lower value of IFT (e.g., 4a vs. 4e). As a result, DEX droplets are generated farther from the junction
than salt droplets: 200 pm in 4a and 600 pm in 4e. Although the breakup length in the PEG/DEX system is much
longer than in PEG/salt, we found that this length is not correlated with the droplet size.

Figure 4e-h show number of non-uniform tiny satellite droplets as thin DEX jet travels downstream. These
tiny droplets are created from the thin thread before the breakup of the main droplets*. Under given pressure
ratios we tested, the breakup point of the DEX phase was not consistent and occurs at different locations (see
Supporting Information Video 1) making inconsistent droplets and thin threads which could have adverse effects
on the droplet encapsulation process. It has shown that the existence of small satellite droplets close to the parents
droplets in the PEG/DEX system results in poor size distribution of the products and impurities in biochemical
tests®. This requires using active/passive methods to separate and sort satellite droplets from the main droplets
such as using optically induced dielectrophoresis* and double T-junction design®” which are expensive and need
advanced fabrication processes and equipment. In contrast, no satellite droplets were observed in the PEG/salt
system over the pressure ranges tested (see Supporting Information Video 2) and this is clearly seen in Fig. 4a-d,
leading to the formation of extremely uniform droplets.

In addition, consistent with Fig. 3, the variations of droplet sizes are more sensitive to the pressure ratio in the
PEG/salt system. Figures 4a,e show the smallest droplets at "6 — 1,81 while Fig. 4d,h show the largest drop-

salt/ DEX
lets at P56 — 1 75 in both systems: the percent change in a salt droplets size is 60% vs. 28% in DEX droplets.

salt/ DEX . . . . . . . .
Generation of size-tunable droplets is an important need for many large-scale applications and biological materi-

als of different sizes at a higher manufacturing efficiency while saving significant amounts of chemicals and time'.
We found that the PEG/salt system conveys high uniform droplets at a wide selectivity under given pressure
conditions.

Cell encapsulation in PEG/Salt ATPS and cell viability. The PEG/salt ATPS droplets show excellent
uniformity, stability and size controllability. For practical applications of this system, we investigated the capa-
bility of passive single-cell encapsulation inside salt droplets as it is the key factor in bio-applications such as
single-cell analysis and drug discovery*>. The HUVECs with a population of 1.5 x 10° cells/mL and an average
radius of 14 pm were first centrifuged with a speed of 1000 rpm for 5 min and then were suspended in the salt
phase inside the pump reservoir (Fig. 2). Individual cells come to the junction randomly and are encapsulated
into the uniform droplets at the end of the jet as a result of passive cell-triggered R-P instability (Fig. 5 and
see Supporting Information Video 3). The resulting cell-containing droplets become larger than empty droplets
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Figure 5. Representative images of cell encapsulation inside salt droplets in different sizes. (a) D =42 pum; (b)
D =34 pm; (c) D=25pm.
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Figure 6. Results of cell viability tests after adding salt solutions at concentrations from 2.5-30% to the cell
suspension. MTT assay shows the intensity of absorbance with cell treated time for nine different groups (n=3).

because the breakup location occurs closer to the junction at the same pressure ratio®. Figure 5 shows represent-
ative images of HUVECs encapsulation in different droplet sizes. Cells were successfully encapsulated and trav-
elled downstream while they stayed inside the salt droplets. We observed that some droplets were empty without
cells because the cells come to the junction inconsistently during the droplet formation. It is well known that
uniformity in cell encapsulation inside micro-droplets is one of the most challenging issues. Generally, single-cell
encapsulation in each microdroplet occurs randomly, resulting in a large number of empty droplets*. However,
by properly adjusting the inlet flow rates of continuous and dispersed phases and the cell suspension concentra-
tion, it could be possible to control the rate of cell encapsulation. In our study, the average rate of encapsulation
is about 20-30%.

Finally, we performed the cell viability test oft-chip to study the biocompatibility of the MgSO, solution by
using cell suspensions in the well-plates and treating the cells at different salt concentrations. Due to the ultra-
low interfacial tension of ATPS, the generated droplets have weak interfaces that can be torn and broken when
they experience a high amount of shear force. This can happen when droplets are drawn by pipette tips to be
transferred into the cell viability test environment. As a result, we performed the cell viability test oft-chip. Cell
proliferation on both the treated and control wells was measured by MTT assay. The MTT measurements are
based on the tetrazolium salt reduction to the purple formazan crystals. Figure 6 shows the viability graph of the
treated cells and controls. The highest viability is related to control (Tissue Culture Plate) and all the other data
are compared with the control data. Therefore, it should be noted that the control group shows 100% viability.
In Fig. 6, control means that we cultured the cells on the surface of well-plate and treated them with a culture
medium without adding any salts.

The cells show approximately 99, 92, 90, 81, 81, and 52%, viability after 2 hours of treatment with 2.5, 5, 7.5,
10, 12.5, and 15% w/v of MgSO, solutions, respectively. These results are also around 98, 83, 85, 65, 64 and 32% at
the 6 hours mark in MgSO, solutions with a concentration of 2.5, 5, 7.5, 10, 12.5, and 15% w/v, respectively. These
data confirm that the cell viability in low concentrations of MgSO, solutions is relatively high while high levels of
salt (>15%) enhance the cells killing rate. The salt concentration (7.65% w/w) used for salt-based ATPS droplet
generation in this study is ~15% (w/v). The results demonstrate no statistically significant reduction in the cell
viability after 2, 4, and 6 hours of treatments with 2.5, 5, 7.5, 10, and 12.5% w/v MgSO, solutions in comparison
with the control groups. By increasing the salt concentration more than 15% w/v, a difference does exist after
2hours of treatment. Base on the results, it is obvious that increasing the salt concentration and exposure time
cause an increase in cytotoxicity. Also, from images in Fig. 7, increasing the salt concentration has negative effects
on the live cell number, growth rate, and morphology. In addition to the cell viability data, we did not detect any
significant cell death in the treated wells after 4 hours under fluoroscopy (Fig. 6). Many types of cell research
require the cytotoxicity test over longer periods of time, but the droplets generated in this research are designed
to a widespread use in short-term experiments such as genome-sequencing, bioassay, cell assembly, etc.

SCIENTIFIC REPORTS |

(2019) 9:15561 | https://doi.org/10.1038/s41598-019-51958-4


https://doi.org/10.1038/s41598-019-51958-4

www.nature.com/scientificreports/

-
(OF 5500

Figure 7. Fluorescence images for morphologies of GFP-tagged Human Umbilical Vein Endothelial cells
(HUVEC:s) on TCP and treated cells with different salt solutions at 10 x magnification under fluorescence
microscopy. HUVECs have an elongated morphology on the surface of TCP: (a) Control; (b) 2.5%; (c) 5%; (d)
7.5%; (€)10%; (£) 12.5%; (g) 15%; (h) 20%; (i) 25%; (j) 30%.

Conclusion

Droplet microfluidics offers a wide range of biomedical and bioengineering applications such as high-throughput
single-cell assays, DNA sequencing, and protein analysis. In all these applications, successful and efficient
encapsulation into droplet is the main step of bioassays. The possibility of passive generation of salt based ATPS
microdroplets inside a microfluidic chip with a flow-focusing geometry, cell encapsulation, and its biocompat-
ibility test are successfully reported for the first time in this research. The results were compared with the PEG/
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DEX system and it was found that the PEG/salt system could result in droplet generation with better properties
such as size uniformity, stability and size controllability. The range of droplet sizes in the PEG/salt system is
25~60 pm which is wider compared to 9.2~12.9 pm in the PEG/DEX system. The generate salt droplets are highly
monodisperse with CV,,, =4% while it is 26% in the PEG/DEX system. This excellent feature is due mainly to
the higher interfacial tension of the PEG/salt system as compared to that in the PEG/DEX system. The PEG/salt
system allows the efficient encapsulation of biomaterials in a biofriendly oil-free environment. We tested this
feature by encapsulating HUVECs inside the salt droplets. We observed that droplets successfully were trans-
ported while they contained cells. Finally, we conducted the cell viability test on a MgSO, solution with different
concentrations to examine the biocompatibility of the salt. The test showed a cell viability of more than 50% at salt
concentrations of less than 15% w/v.

Received: 22 July 2019; Accepted: 10 October 2019;
Published online: 29 October 2019

References

1. Mastiani, M., Seo, S., Mosavati, B. & Kim, M. High-Throughput Aqueous Two-Phase System Droplet Generation by Oil-Free Passive
Microfluidics. ACS Omega 3(8), 9296-9302, https://doi.org/10.1021/acsomega.8b01768 (2018).

2. Mastiani, M., Seo, S., Jimenez, S. M., Petrozzi, N. & Kim, M. M. Flow Regime Mapping of Aqueous Two-Phase System Droplets in
Flow-Focusing Geometries. Colloids and Surfaces A: Physicochemical and Engineering Aspects 531, 111-120, https://doi.
org/10.1016/j.colsurfa.2017.07.083 (2017).

3. Mastiani, M., Mosavati, B. & Kim, M. (Mike) Numerical simulation of high inertial liquid-in-gas droplet in a T-junction
microchannel. RSC Advances 7(77), 4851248525, https://doi.org/10.1039/C7RA09710G (2017).

4. Shang, L., Cheng, Y. & Zhao, Y. Emerging Droplet Microfluidics. Chemical Reviews 117(12), 7964-8040, https://doi.org/10.1021/acs.
chemrev.6b00848 (2017).

5. Belder, D. Microfluidics with Droplets. Angewandte Chemie International Edition 44(23), 3521-3522, https://doi.org/10.1002/
anie.200500620 (2005).

6. Song, H., Chen, D. L. & Ismagilov, R. F. Reactions in droplets in microfluidic channels. Angewandte Chemie (International Ed. in
English) 45(44), 7336-7356, https://doi.org/10.1002/anie.200601554 (2006).

7. Shestopalov, I, Tice, J. D. & Ismagilov, R. F. Multi-step synthesis of nanoparticles performed on millisecond time scale in a
microfluidic droplet-based system. Lab on a Chip 4(4), 316-321, https://doi.org/10.1039/b403378g (2004).

8. Firoozi, N. et al. Synthesis of poly(e-caprolactone)-based polyurethane semi-interpenetrating polymer networks as scaffolds for skin
tissue regeneration. International Journal of Polymeric Materials and Polymeric Biomaterials 66(16), 805-811, https://doi.org/10.10
80/00914037.2016.1276059 (2017).

9. Hung, L.-H. et al. Alternating droplet generation and controlled dynamic droplet fusion in microfluidic device for CdS nanoparticle
synthesis. Lab on a Chip 6(2), 174-178, https://doi.org/10.1039/b513908b (2006).

10. Duncanson, W. . et al. Microfluidic synthesis of advanced microparticles for encapsulation and controlled release. Lab on a Chip
12(12), 2135-2145, https://doi.org/10.1039/C2LC21164E (2012).

11. Berkland, C., Kim, K. & Pack, D. W. Fabrication of PLG microspheres with precisely controlled and monodisperse size distributions.
Journal of Controlled Release: Official Journal of the Controlled Release Society 73(1), 59-74 (2001).

12. Liu, D., Zhang, H., Fontana, F,, Hirvonen, J. T. & Santos, H. A. Microfluidic-assisted fabrication of carriers for controlled drug
delivery. Lab on a Chip 17(11), 1856-1883, https://doi.org/10.1039/C7LC00242D (2017).

13. Brouzes, E. Droplet microfluidics for single-cell analysis. Methods in Molecular Biology (Clifton, N.J.) 853, 105-139, https://doi.
org/10.1007/978-1-61779-567-1_10 (2012).

14. Kang, D.-K., Monsur Ali, M., Zhang, K., Pone, E. J. & Zhao, W. Droplet microfluidics for single-molecule and single-cell analysis in
cancer research, diagnosis and therapy. TrAC Trends in Analytical Chemistry 58, 145-153, https://doi.org/10.1016/j.trac.2014.03.006
(2014).

15. Ooi, C. W. et al. Purification of lipase derived from Burkholderia pseudomallei with alcohol/salt-based aqueous two-phase systems.
Process Biochemistry 44(10), 1083-1087, https://doi.org/10.1016/j.procbio.2009.05.008 (2009).

16. Igbal, M. et al. Aqueous two-phase system (ATPS): an overview and advances in its applications. Biological Procedures Online 18(1),
18, https://doi.org/10.1186/s12575-016-0048-8 (2016).

17. Fan, R., Naqvi, K, Patel, K., Sun, J. & Wan, J. Evaporation-based microfluidic production of oil-free cell-containing hydrogel
particles. Biomicrofluidics, 9(5), https://doi.org/10.1063/1.4916508 (2015).

18. Mastiani, M., Seo, S., Melgar Jimenez, S., Petrozzi, N. & Kim, M. (Mike) Understanding Fundamental Physics of Aqueous Droplet
Generation Mechanisms in the Aqueous Environment.:V007T09A048, https://doi.org/10.1115/IMECE2017-71542 (2017).

19. Moon, B.-U., Jones, S. G., Hwang, D. K. & Tsai, S. S. H. Microfluidic generation of aqueous two-phase system (ATPS) droplets by
controlled pulsating inlet pressures. Lab on a Chip 15(11), 2437-2444, https://doi.org/10.1039/c51c00217f (2015).

20. Song, Y., Sauret, A. & Cheung Shum, H. All-aqueous multiphase microfluidics. Biomicrofluidics 7(6), 061301, https://doi.
org/10.1063/1.4827916 (2013).

21. Atefi, E., Mann, J. A. & Tavana, H. Ultralow Interfacial Tensions of Aqueous Two-Phase Systems Measured Using Drop Shape.
Langmuir 30(32), 9691-9699, https://doi.org/10.1021/1a500930x (2014).

22. Moon, B.-U,, Abbasi, N, Jones, S. G., Hwang, D. K. & Tsai, S. S. H. Water-in-Water Droplets by Passive Microfluidic Flow Focusing.
Analytical Chemistry 88(7), 3982-3989, https://doi.org/10.1021/acs.analchem.6b00225 (2016).

23. Zhou, C. et al. Microfluidic generation of aqueous two-phase-system (ATPS) droplets by oil-droplet choppers. Lab on a Chip 17(19),
3310-3317, https://doi.org/10.1039/C7LCO0696A (2017).

24. Sauret, A. & Cheung Shum, H. Forced generation of simple and double emulsions in all-aqueous systems. Applied Physics Letters
100(15), 154106, https://doi.org/10.1063/1.3702434 (2012).

25. Choi, Y. H.,, Song, Y. S. & Kim, D. H. Droplet-based microextraction in the aqueous two-phase system. Journal of chromatography. A
1217(24), 3723-3728, https://doi.org/10.1016/j.chroma.2010.04.015 (2010).

26. Yuan, H., Liu, Y., Wei, W. & Zhao, Y. Phase Separation Behavior and System Properties of Aqueous Two-Phase Systems with
Polyethylene Glycol and Different Salts: Experiment and Correlation. Journal of Fluids. https://doi.org/10.1155/2015/682476 (2015).

27. Grilo, A. L., Aires-Barros, M. R. & Azevedo, A. M. Partitioning in Aqueous Two-Phase Systems: Fundamentals, Applications and
Trends. Separation & Purification Reviews 45(1), 68-80, https://doi.org/10.1080/15422119.2014.983128 (2016).

28. Banik, R. M., Santhiagu, A., Kanari, B., Sabarinath, C. & Upadhyay, S. N. Technological aspects of extractive fermentation using
aqueous two-phase systems. World Journal of Microbiology and Biotechnology 19(4), 337-348, https://doi.
0rg/10.1023/A:1023940809095 (2003).

29. Firoozi, N. & Kang, Y. A Highly Elastic and Autofluorescent Poly(xylitol-dodecanedioic Acid) for Tissue Engineering. ACS
Biomaterials Science & Engineering 5(3), 1257-1267, https://doi.org/10.1021/acsbiomaterials.9b00059 (2019).

SCIENTIFIC REPORTS |

(2019) 9:15561 | https://doi.org/10.1038/s41598-019-51958-4


https://doi.org/10.1038/s41598-019-51958-4
https://doi.org/10.1021/acsomega.8b01768
https://doi.org/10.1016/j.colsurfa.2017.07.083
https://doi.org/10.1016/j.colsurfa.2017.07.083
https://doi.org/10.1039/C7RA09710G
https://doi.org/10.1021/acs.chemrev.6b00848
https://doi.org/10.1021/acs.chemrev.6b00848
https://doi.org/10.1002/anie.200500620
https://doi.org/10.1002/anie.200500620
https://doi.org/10.1002/anie.200601554
https://doi.org/10.1039/b403378g
https://doi.org/10.1080/00914037.2016.1276059
https://doi.org/10.1080/00914037.2016.1276059
https://doi.org/10.1039/b513908b
https://doi.org/10.1039/C2LC21164E
https://doi.org/10.1039/C7LC00242D
https://doi.org/10.1007/978-1-61779-567-1_10
https://doi.org/10.1007/978-1-61779-567-1_10
https://doi.org/10.1016/j.trac.2014.03.006
https://doi.org/10.1016/j.procbio.2009.05.008
https://doi.org/10.1186/s12575-016-0048-8
https://doi.org/10.1063/1.4916508
https://doi.org/10.1115/IMECE2017-71542
https://doi.org/10.1039/c5lc00217f
https://doi.org/10.1063/1.4827916
https://doi.org/10.1063/1.4827916
https://doi.org/10.1021/la500930x
https://doi.org/10.1021/acs.analchem.6b00225
https://doi.org/10.1039/C7LC00696A
https://doi.org/10.1063/1.3702434
https://doi.org/10.1016/j.chroma.2010.04.015
https://doi.org/10.1155/2015/682476
https://doi.org/10.1080/15422119.2014.983128
https://doi.org/10.1023/A:1023940809095
https://doi.org/10.1023/A:1023940809095
https://doi.org/10.1021/acsbiomaterials.9b00059

www.nature.com/scientificreports/

30. Wu, Y.-T., Zhu, Z.-Q. & Mei, L.-H. Interfacial Tension of Poly(ethylene glycol) + Salt + Water Systems. Journal of Chemical ¢~
Engineering Data 41(5), 1032-1035, https://doi.org/10.1021/je960044g (1996).

31. Hoeve, W. van. et al. Breakup of diminutive Rayleigh jets. Physics of Fluids 22(12), 122003, https://doi.org/10.1063/1.3524533 (2010).

32. Nunes, J. K., Tsai, S. S. H., Wan, J. & Stone, H. A. Dripping and jetting in microfluidic multiphase flows applied to particle and fiber
synthesis. Journal of physics D: Applied physics, 46(11), https://doi.org/10.1088/0022-3727/46/11/114002 (2013).

33. Geschiere, S. D. et al. Slow growth of the Rayleigh-Plateau instability in aqueous two phase systems. Biomicrofluidics 6(2),
022007-022007-11, https://doi.org/10.1063/1.3700117 (2012).

34. Ziemecka, I. All-aqueous compartmentalized structures by microfluidics, http://resolver.tudelft.nl/uuid:ddbc2271-24bf-4f84-9862-
716a85141d4a (2013).

35. Tottori, N., Hatsuzawa, T. & Nisisako, T. Separation of main and satellite droplets in a deterministic lateral displacement microfluidic
device. RSC Advances 7(56), 35516-35524, https://doi.org/10.1039/C7RA05852G (2017).

36. Hung, S.-H., Lin, Y.-H. & Lee, G.-B. A microfluidic platform for manipulation and separation of oil-in-water emulsion droplets
using optically induced dielectrophoresis. Journal of Micromechanics and Microengineering 20(4), 045026, https://doi.
0rg/10.1088/0960-1317/20/4/045026 (2010).

37. Yang, C.-H. et al. Microfluidic emulsification and sorting assisted preparation of monodisperse chitosan microparticles. Lab on a
Chip 9(1), 145-150, https://doi.org/10.1039/B807454B (2009).

38. Jing, T. et al. Jetting microfluidics with size-sorting capability for single-cell protease detection. Biosensors and Bioelectronics 66,
19-23, https://doi.org/10.1016/j.bios.2014.11.001 (2015).

39. Navi, M., Abbasi, N., Jeyhani, M., Gnyawali, V. & Tsai, S. S. H. Microfluidic diamagnetic water-in-water droplets: a biocompatible
cell encapsulation and manipulation platform. Lab on a Chip 18(22), 3361-3370, https://doi.org/10.1039/C8LC00867A (2018).

Author contributions

M.M. and M.K. designed the experiments. M.M., N.E, N.P, and S.S. carried out all experiments and processed the
data presented here. M.M., N.E, and M.K. discussed and interpreted results and commented on the manuscript.
M.M.,, N.E, and M.K. wrote the manuscript. All authors participated in the preparation and review of the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-51958-4.

Correspondence and requests for materials should be addressed to M.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:15561 | https://doi.org/10.1038/s41598-019-51958-4


https://doi.org/10.1038/s41598-019-51958-4
https://doi.org/10.1021/je960044g
https://doi.org/10.1063/1.3524533
https://doi.org/10.1088/0022-3727/46/11/114002
https://doi.org/10.1063/1.3700117
http://resolver.tudelft.nl/uuid:ddbc2271-24bf-4f84-9862-716a85141d4a
http://resolver.tudelft.nl/uuid:ddbc2271-24bf-4f84-9862-716a85141d4a
https://doi.org/10.1039/C7RA05852G
https://doi.org/10.1088/0960-1317/20/4/045026
https://doi.org/10.1088/0960-1317/20/4/045026
https://doi.org/10.1039/B807454B
https://doi.org/10.1016/j.bios.2014.11.001
https://doi.org/10.1039/C8LC00867A
https://doi.org/10.1038/s41598-019-51958-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Polymer-Salt Aqueous Two-Phase System (ATPS) Micro-Droplets for Cell Encapsulation

	Experimental Section

	Experimental setup. 
	Microfluidic chip. 
	Chemicals and solution preparation. 
	Cell viability. 
	Statistical analysis. 

	Results and Discussion

	ATPS droplet generation in PEG/Salt and PEG/DEX systems. 
	Cell encapsulation in PEG/Salt ATPS and cell viability. 

	Conclusion

	Figure 1 (a) Experimental setup including an inverted microscope, a high precision pressure pump, and a microfluidic device.
	Figure 2 Preparation of ATPS systems for cell encapsulation.
	Figure 3 Variations of droplet diameter versus the pressure ratio of the continuous phase (PEG) over dispersed phase (salt and DEX).
	Figure 4 Experimental images of droplet generation in the (a–d) PEG/salt system (e–h) PEG/DEX system.
	Figure 5 Representative images of cell encapsulation inside salt droplets in different sizes.
	Figure 6 Results of cell viability tests after adding salt solutions at concentrations from 2.
	Figure 7 Fluorescence images for morphologies of GFP-tagged Human Umbilical Vein Endothelial cells (HUVECs) on TCP and treated cells with different salt solutions at 10× magnification under fluorescence microscopy.




