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Abstract
Phase-separation multiphase flow at a liquid–liquid interface was successfully formed in an aqueous two-phase system of 
polyethylene glycol/phosphate mixed solutions when fed into a microchannel (100 µm wide and 40 µm deep) on a microchip 
and a fused-silica capillary tube (100 µm ID). As one example, tube radial distribution flow (annular flow) was observed 
when 10.0 wt% polyethylene glycol 6000 and 8.5 wt% dipotassium hydrogen phosphate aqueous solution containing 1.0 mM 
Rhodamine B was fed at 40 ℃, recorded by bright field microscopy. It exhibited a dipotassium hydrogen phosphate-rich 
inner phase and polyethylene glycol-rich outer phase. Effects of conditions including composition, flow rate, viscosity, and 
contact angle on tube radial distribution flow were analyzed. It was found out that although the viscosity of PEG-rich solution 
was much higher than that of phosphate-rich one, the phase configuration in tube radial distribution flow did not necessarily 
obey the viscous dissipation law in untreated microchannel and capillary tube, as well as for all the types of PEG/phosphate 
mixed solution the PEG-rich solution occupied the outer phase near the ODS-treated inner wall of both microchannel and 
capillary tube against the law. To assess the use of microfluidic flow in applications, we examined the distribution of red 
blood cells in the inner and outer phases fed into double capillary tubes with different inner diameters. Cell distribution was 
found to concentrate in the inner (dipotassium hydrogen phosphate-rich) phase compared to the outer (polyethylene glycol-
rich) phase at a ratio of 1.8.

Keywords Phase-separation multiphase flow · Polyethylene glycol · Phosphate · Aqueous two-phase system · Tube radial 
distribution flow

Introduction

Aqueous two-phase systems (ATPS) have been useful in 
biotechnology as a non-denaturing and benign media for 
separation [1–6]. They result from the mixing of either two 
polymers, a polymer and kosmotropic salt, or a chaotropic 

and kosmotropic salt together under particular conditions. 
One of the studied aqueous biphasic systems since discov-
ered is polyethylene glycol (PEG)/phosphate. This forms 
a two-phase system comprising an “upper phase” formed 
by the hydrophobic PEG and “lower phase” formed by 
the hydrophilic and denser phosphate solution. Successful 
extractions through liquid–liquid interfaces have been dem-
onstrated using PEG/phosphate mixed solutions [7–9].

In our previous studies, a method of multiphase flow gen-
eration was presented using two-phase solutions, including 
water–hydrophilic–hydrophobic organic ternary [10], ionic 
liquid–water [11], and fluorocarbon–hydrocarbon organic 
solvent mixed solutions [12]. Using a batch vessel, it is 
possible to apply temperature and/or pressure changes to 
a homogeneous solution to induce upper and lower phases. 
We found that such phase transformations can be similarly 
induced when feeding into a microspace such as a micro-
channel on a microchip or a capillary tube, resulting in 
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microfluidic flow with kinetic liquid–liquid interfaces [13, 
14].

This novel type of multiphase flow was named as “phase-
separation multiphase flow,” contrasting with conventional 
immiscible multiphase flow. One specific microfluidic exam-
ple is “tube radial distribution phenomenon” (TRDP) and 
the resulting “tube radial distribution flow” (TRDF) [15–18], 
which we have reviewed in previous studies [19–21]. In 
TRDF, a phase or kinetic liquid–liquid interface results 
within the microspace. Its unique properties with inner and 
outer phases have been applied to new types of chromatog-
raphy, extraction, mixing, and microreactor systems [19–21].

These results are expected to form the first in a new 
field of TRDF and related research, as its novel microflu-
idic behavior is yet to be fully investigated. We believed 
it was vital to continue to examine fundamental properties 
of TRDF. Especially we needed more information con-
cerning phase configuration of inner and outer phases in 
TRDF. In this study, despite recently publishing a techni-
cal report on PEG/citrate mixed solution where phase con-
figuration was not examined in detail [22] and an extrac-
tion by using two polymers system of PEG/dextran mixed 
solution where viscous dissipation was strictly confirmed 
[23], a PEG/phosphate mixed solution ATPS formed from 
single polymer-dissolved aqueous solution [7–9] was used 
for examining TRDF (Fig.  1). The four types of PEG/
phosphate mixed solutions, PEG6000/dipotassium hydro-
genphosphate  (K2HPO4) and PEG400/K2HPO4 as well as 
PEG6000/K2HPO4/dihydrogenphosphate  (KH2PO4) and 
PEG400/K2HPO4/KH2PO4, were thoroughly explored by 

using untreated- and trichloro(octadecyl)silane (ODS)-
treated microchannels and capillary tubes. Consequently, we 
found out a new phase configuration style in TRDF under 
certain experimental conditions.

The aqueous two-phase partitioning method developed by 
Albertsson does not use organic solvents or surfactants and 
has attracted attention as a separation and recovery method 
for biological components (proteins, cells, physiologically 
active substances, etc.) [7–9, 24–26]. Also, the distribution 
behavior of various cells in blood, including white blood 
cells, red blood cells, etc., has also been reported using an 
ATPS [27–29]. However, all of them are performed in a 
batch system, and there is little report on the method of 
separation and recovery in a flow. Therefore, we tried to 
separate and recover the biocomponents by phase separation 
in the flow using the aqueous two-phase partition method. 
Previously, we reported separation and recovery of proteins 
using the PEG/dextran system. However, dextran is difficult 
to handle due to its high viscosity and expensive. So, in this 
study, we tried to use the PEG/phosphate system in TRDF 
to investigate the separation and recovery of blood red cells 
as a model.

Experimental

Reagents and materials

Water was purified with an Elix 3 UV (Millipore Co., Bill-
erica, MA). All reagents were commercially obtained and of 

Fig. 1  a Phase diagram includ-
ing solubility curve for PEG/
phosphate mixed solution. b 
Process of phase-separation 
multiphase flow
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analytical grade. PEG6000 or PEG400 (the number means 
molecular weight), Rhodamine B,  K2HPO4,  KH2PO4 were 
acquired from Wako Pure Chemical Industries, Ltd. (Osaka, 
Japan). ODS was purchased from Sigma Aldrich (Tokyo, 
Japan). A red blood cell solution was obtained from Nippon 
Bio-Test laboratories INC. (Saitama, Japan). A microchip 
made of glass incorporating a microchannel line (100 µm 
wide × 40 µm deep) was purchased from Microchemical 
Technology (Kanagawa, Japan). Fused-silica capillary tubes 
(75, 100, and 200 µm ID) were obtained from GL Sciences 
(Tokyo, Japan).

ODS‑treated hydrophobic microchannel 
and capillary tube [30]

The hydrophobic-modified microchannel or capillary tube 
was prepared through the following procedure: 1 wt% 
ODS toluene solution was fed into a microchannel using 
a microsyringe pump at 1 µL  min–1 flow rate for approx. 
5 min. The channel was washed by feeding toluene from 
both ends at 50–100 µL  min–1 followed by chloroform. 
The microchip was heated at 150 °C for 30 min to promote 

hydrophobicity in the microchannel. All other measurements 
in this study not referring to use of the ODS-treated micro-
channel or capillary tube were performed using untreated 
versions.

Viscosity measurement

Homogeneous solutions of all mixed solvent systems were 
converted to heterogeneous solution systems with two 
phases––upper and lower––by controlling the temperature 
in batch vessels. Viscosities of upper and lower phase solu-
tions were measured with a viscometer (HAAKE RheoScope 
1; Thermo Scientific, Sydney, Australia).

Bright‑field microscope–charged‑couple device 
(CCD) camera system

The ternary mixed solution with Rhodamine B was observed 
after delivery into the microchannel or capillary tube using 
a microscope (BX51; Olympus, Tokyo, Japan) and a CCD 
camera (JK-TU53H; Toshiba, Tokyo, Japan) for bright-field 
imaging (Fig. 2a). The addition of rhodamine B helped the 

Fig. 2  Diagram of a bright-field 
microscope-CCD camera for 
observing microfluidic flow, 
b microchip and holder, and 
c Y-type microchannel on a 
microchip and images of non-
TRDF and TRDF states. Mixed 
solution (PEG6000 10.0 wt% 
and  K2HPO4/KHP2O4 8.5 wt%) 
containing 1.0 mM Rhodamine 
B was fed into the untreated 
channel at 10 µL  min−1
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visualization of multiphase flow through microscope to rec-
ognize clearly, because rhodamine B (red color) distributed 
to PEG-rich phase than phosphate-rich one. The temperature 
of the capillary tube was controlled using a thermo-heater 
(Thermo Plate MATS-555RO; Tokai Hit Co., Shizuoka, 
Japan). Diagrams of (b) a microchip and holder and (c) 
Y-type microchannel on a microchip with non-TRDF and 
TRDF images are shown in Fig. 2.

Results and discussion

Phase diagram of PEG/phosphate mixed solution

We examined the phase diagram of PEG/phosphate mixed 
solution at 25 and 40 °C. Results for PEG6000/K2HPO4 and 
PEG400/K2HPO4 as well as PEG6000/K2HPO4/KH2PO4 
and PEG400/K2HPO4/KH2PO4 are shown in Figs. 3 and 4, 
respectively. The pH values of PEG/K2HPO4/KH2PO4 and 
PEG/K2HPO4 were about 7 and 9, respectively. The wt% 
of the horizontal lines in Fig. 4 was calculated based on 
the total weight of  K2HPO4 and  KH2PO4 which were equi-
molar mixed. Solubility curves in the diagram indicate the 
boundary between the homogeneous solution and two-phase 

Fig. 3  Phase diagrams of PEG 
(PEG6000 or PEG400)/K2HPO4 
mixed solution. Solubility 
curves shown by solid lines at 
25 ℃ and dotted lines at 40 ℃. 
Mixed solutions A1, A2, A3, 
B1, B2, and B3 are homogene-
ous at 25 ℃, transforming to 
heterogeneous at 40 ℃. Volume 
ratios of upper and lower phases 
at 40 ℃ shown in percentages

Fig. 4  Phase diagrams of 
PEG (PEG6000 or PEG400)/
K2HPO4/KHP2O4 mixed solu-
tion. Solubility curves shown by 
solid lines at 25 ℃ and dotted 
lines at 40 ℃. Mixed solutions 
C1, C2, C-3, D1, D2, and D3 
are homogeneous at 25 ℃, 
transforming to heterogeneous 
at 40 ℃. Volume ratios of upper 
and lower phases at 40 ℃ shown 
in percentages
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heterogeneous solution. After heating from 25 to 40 °C, the 
A1–A3, B1–B3, C1–C3, and D1–D3 homogeneous mixed 
solutions become heterogeneous with an upper (PEG-rich 
solution) and lower (phosphate-rich solution) phase. The 
volume percentages of the heterogeneous solutions esti-
mated through visual observation in a glass vessel are shown 
in the figures.

Phase configuration in TRDF

The relationship between shear rate and shear stress for 
upper and lower phase solutions in a batch vessel for the C2 
mixed solution was examined (Fig. S1, Supporting Infor-
mation). The well-defined linearity confirms its behav-
ior as a Newtonian fluid. Viscosities of upper and lower 
phase solutions for mixed solutions A-D were measured 
and shown in Table 1. In all compositions the upper phase 
(PEG-rich) viscosities were much higher than lower phase 
(phosphate-rich).

We have previously discussed phase configuration in 
TRDF based on viscous dissipation and linear stability anal-
ysis [17, 31, 32]. When the difference in viscosity between 
the two phases is large, the higher viscosity phase forms the 
inner phase in TRDF regardless of volume ratio. The distri-
bution pattern of solvents follows that expected by viscous 
dissipation law. In contrast, when the viscosity difference is 
small, the phase with larger volume forms the inner phase, 
matching estimations from linear stability analysis.

TRDF in microchannel

We first examined TRDF formation in untreated microchan-
nel. The observed bright-field microscope photographs of 
PEG/phosphate mixed solution (C2 in Fig. 4) containing 
Rhodamine B in the microchannel at 25 and 40 °C are shown 
in Fig. 2c. Homogeneous flow was observed at 25 °C, while 
phase transformation into heterogeneous flow was seen at 
40 °C with a liquid–liquid interface, indicated phase-separa-
tion multiphase flow or TRDF. The solutions A–D were fed 
at various flow rates (1–50 µL  min−1) to observe the change 
in flow type; TRDF, multiflow, slug flow, or unstable flow. 
(Fig. S2; Supporting Information). Figure 5a summarizes 
TRDF formation based on the basic data (Fig. S2) from the 
viewpoint of phase configuration of PEG-rich outer or PEG-
rich inner. We observed two phase configurations in TRDF 
correlating to a PEG-rich inner with phosphate-rich outer 
phase and phosphate-rich inner with PEG-rich outer phase. 

That is, in spite of that PEG-rich phase was much high vis-
cous, the phase configuration did not necessarily obey the 
viscous dissipation law.

We also examined the solutions using the ODS-treated 
microchannel for similar effects (Fig. S3; Supporting 
Information). We summarized TRDF formation based on 
the basic data (Fig. S3) in Fig. 5b, from the viewpoint of 
phase configuration of PEG-rich outer or PEG-rich inner. In 
contrast to the untreated microchannel, each configuration 
comprised a phosphate-rich inner phase and PEG-rich outer 
phase in the ODS-treated microchannel against the viscous 
dissipation law.

TRDF in fused‑silica capillary tubes

We examined TRDF formation in untreated and ODS-treated 
fused-silica capillary tubes (100 μm ID, 360 cm length; 
observation point 100 cm from the capillary outlet) at 100 
μL  min−1. In the untreated tube, TRDF was observed with 
a PEG-rich inner phase and phosphate-rich outer phase 
as well as phosphate-rich inner phase and PEG-rich outer 
phase configuration (Fig. 6a). In contrast, only a phosphate-
rich inner phase and PEG-rich outer phase was seen in the 
ODS-treated tube (Fig. 6b). That is, the phase configuration 
in the untreated tube did not necessarily obey the viscous 
dissipation law, and the configuration in the ODS-treated 
tube showed only a phosphate-rich inner phase and PEG-
rich outer phase against the law. It was confirmed that the 
similar configuration pattern in TRDC was observed for a 
microchannel and capillary tube mentioned above.

Phase configuration of PEG/phosphate mixed 
solution in TRDF using ODS‑treated materials

Viscous dissipation and linear stability analysis cannot 
explain the TRDF phase configuration in PEG/phosphate 
mixed solution. We hence investigated the effect of inner 
wall characteristics of the microchannel and fused-silica 
capillary tube by comparing the contact angles of upper and 
lower phase solutions of A-D mixed solutions on untreated 
and ODS-treated glass plates. The obtained results that 
included the information of outer and inner phase con-
figuration are summarized (Figs. S4 and S5; Supporting 
Information).

The contact angles of the upper and lower phases 
on ODS-treated glass were much higher than those on 
untreated. We hypothesized that a phase solution with a 

Table 1  Viscosities of upper 
and lower phase for each 
solution composition

Solution composition A1 A2 A3 B1 B2 B3 C1 C2 C3 D1 D2 D3

Upper phase /mPas 4.7 6.5 6.9 11.4 6.4 6.6 14.5 9.9 15.1 4.3 6.0 6.2
Lower phase /mPas 1.5 2.6 2.1 3.1 3.0 3.8 1.8 2.5 1.8 2.8 3.3 2.7
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smaller contact angle may be placed as an outer phase near 
the inner wall. However, a clear relationship between TRDF 
phase configuration and contact angle was not seen, imply-
ing the contact angle effect for a plate in air deviates from 
that for microchannel and capillary tube inner walls.

Nonetheless, overall we can consider the ODS-treated 
inner wall to be more hydrophobic than the untreated one, 
so that the PEG-rich phase comprising more polymers has 
more affinity to the treated wall than the phosphate-rich 
phase comprising ions has. Therefore, it may be concluded 
for the moment, that although the viscosity of PEG-rich 
solution was much higher than that of phosphate-rich one, 
the phase configuration in TRDC did not necessarily obey 
the viscous dissipation law in untreated microchannel and 
capillary tube, as well as for all the types of PEG/phosphate 
mixed solution the PEG-rich solution occupied the outer 
phase near the ODS-treated inner wall of both microchan-
nel and capillary tube against the law at least under certain 

experimental conditions. In the future, we will investigate 
the phase configuration of PEG/phosphate mixed solution 
in TRDF from the viewpoints of dynamic friction, polymer 
rheology, and hydrogen bonding properties of PEG with the 
inner wall surface.

Distribution of red blood cells in upper and lower 
phases

One application of ATPS including PEG/phosphate mixed 
solution is separation of biomolecules and biocells [7–9, 
24–26]. In this study we modeled the separation of red 
blood cells in inner and outer phases in TRDF using a 
Y-type microchannel on a microchip and microflow system 
for different diameter double tubes. First, we examined the 
absorption spectra and calibration curve for red blood cells 
at 406 nm (Fig. S6, Supporting information). We then exam-
ined the distribution ratio of red blood cells in upper/lower 

Fig. 5  Photographs of TRDF 
configuration of PEG-rich inner 
or PEG-rich outer phase a in 
untreated Y-type microchan-
nel at a flow rate of 5 µL  min−1 
and b in ODS-treated Y-type 
microchannel at a flow rate of 
20 µL  min−1 for D3, 1 µL  min−1 
for A1, A2, A3, and C1, and 5 
µL  min−1 for others
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phases in a batch vessel using the calibration curve for C2 
mixed solution. In the results, red blood cells were concen-
trated in the phosphate phase at a distribution ratio of 1.9 
compared to the PEG phase. The number of 1.9 corresponds 
to distribution coefficient.

Effect of TRDF on red blood cell concentration

Different pressure losses were generated in the Y-type 
channels through the following set-up [22]. Two PTFE tube 
types, one with 500 µm ID (25.4 cm length) and another with 
250 µm ID (50 cm length), were connected to two separate 
microchannels on a Y-type microchip to control the pressure 
loss difference ΔP (ca. 3.4 kPa). The results indicate that 
the homogeneous mixed solution C2 transformed into two 
phases in the microchannel at 40 °C, allowing for separation 
in the Y-type channels as shown in Fig. 7. Figure 8 shows the 

successful collection of red blood cells in the phosphate-rich 
phase using TRDF and pressure loss difference.

Figure 9a shows a diagram of the microflow separation 
system comprising double capillary tubes [23, 33] with 75, 
100, and 200 µm ID and the experimental conditions. The 
observed TRDF after feeding the PEG/phosphate mixed 
solution C2 into the large capillary is shown in Fig. 9b. The 
system allowed the inner phosphate-rich and outer PEG-rich 
phases to separate by following the inner and outer capil-
laries, respectively. Conditions determining the flow from 
capillary A to B were found experimentally after varying 
the length of capillary C.

Red blood cell distribution between the inner and the outer 
TRDF phases was similarly examined through the microflow 
separation system, recovered continuously in capillaries B 
and C, respectively. Blood cells were seen to concentrate in 
the inner phosphate-rich phase at a distribution ratio of 1.8 

Fig. 6  Photographs of TRDF 
configuration of PEG-rich inner 
or PEG-rich outer phase a in 
untreated fused-silica capil-
lary tube (100 μm ID, length 
360 cm; observation point 
100 cm from the capillary 
outlet) at a flow rate of 100 µL 
 min−1 and b in ODS-treated 
fused-silica capillary tube 
(100 μm ID, length 360 cm; 
observation point 100 cm from 
the capillary outlet) at a flow 
rate of 100 µL  min−1
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compared to the outer phase, measured by absorption spec-
trophotometry calibration. The number of 1.8 corresponds to 
distribution coefficient. This closely matched the ratio obtained 
using the batch vessel. The aqueous two-phase partitioning 
method has attracted attention as a separation and recovery 
method. However, all of them are performed in a batch system, 
and there is little report on the method of separation and recov-
ery in a flow. The results obtained here must give a clue to pro-
vide a new flow separation system for biological components.

Conclusions

We reported the first results of phase-separation mul-
tiphase flow including TRDF achieved through ATPS 
comprising PEG/phosphate mixed solutions fed through 

a microchannel and a capillary tube. The effect of compo-
sition, flow rate, viscosity, contact angle and other condi-
tions were analyzed. It was found out that for all the types 
of PEG/phosphate mixed solution the PEG-rich solution 
occupied the outer phase near the ODS-treated inner wall 
of both a microchannel and a capillary tube. In addition, 
blood red cells fed into a microflow separation system 
incorporating double capillary tubes were seen to con-
centrate in the phosphate-rich solution during TRDF. The 
developed microflow system will be useful for the sepa-
ration and extraction of similar cells and biomolecules.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s44211- 022- 00259-4.

Fig. 7  Bright-field images of 
microfluidic flow in Y-type 
microchannel for solution 
C2 (PEG6000 10.0 wt% and 
 K2HPO4/KHP2O4 8.5 wt%) con-
taining 1.0 mM Rhodamine B 
at 40 °C and flow rate of 10 µL 
 min−1 for a equal and b unequal 
(ΔP; 3.4 kPa) pressure loss

Fig. 8  Concentration of red blood cells in Y-type microchannel 
through TRDF formation and pressure loss difference (ΔP; 3.4 kPa). 
Mixed solution C2 (PEG6000 10.0 wt% and  K2HPO4/KHP2O4 8.5 

wt%) containing 1.2 µL  mL−1 of red blood cells was fed at a flow rate 
of 10 µL  min−1, heated from 25 to 40 ℃ to produce TRDF. Rhoda-
mine B was not used in the system

https://doi.org/10.1007/s44211-022-00259-4
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