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We report a microfluidic strategy for fabricating monodisperse organic particles by exploiting temperature-
controlled miscibility in mixed solvents exhibiting lower critical solution temperature (LCST) behavior. In
a water—diethylene glycol monohexyl ether (C6E2) system, phase separation at elevated temperatures

enables controlled generation of monodisperse droplets, which subsequently reprecipitate into particles
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variation below 9% were successfully obtained. This LCST-driven microfluidic approach offers a general
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compounds.

In recent years, organic particles, defined as solid particles
consisting of polymers or low-molecular-weight compounds,
have been essential in many applications, such as photo-
catalysts," standards for size calibration, medicines,>* and other
composite materials.** Since the chemical and physical prop-
erties of particles depend on their size,>* it is necessary to
fabricate monodisperse particles with controlled sizes.
Emulsion and miniemulsion polymerization are widely used
as the heterogeneous processes for the fabrication of mono-
disperse organic particles composed of polymers.*” Both
methods are formulated with a hydrophobic monomer,
a surfactant and water. In particular, miniemulsion polymeri-
zation gives one monodisperse polymer particle from one
monodisperse monomer droplet.” However, applicable mono-
mers are limited only to typical compounds with vinyl groups.
Similarly, top-down and bottom-up methods have been
proposed for the fabrication of organic particles composed of
low-molecular-weight compounds.®® Although many bottom-up
methods that utilize difference in solubility have been devel-
oped, there is no method for producing monodisperse particles.
It is difficult to homogenize the entire system using simple
mixing in batch or flow systems. If monodisperse droplets
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dissolving target compounds are generated in poor solvent and
one droplet produces one particle, it is possible to establish
a new method for fabricating monodisperse organic particles
that can be applied to both polymers and low-molecular-weight
compounds.

In order to realize the strategy, we focused on lower critical
solution temperature (LCST)-type mixed solvents with liquid-
liquid two-phase at high temperatures and one liquid phase at
low temperatures (Fig. 1A)."*** The mixture of water and glycol
ethers (water-CnEm),'*"? and water-amine* were well known.
Their unique behaviour derives from the competition between
the incompatibility of water and hydrophobic parts of solvent,
and the hydrogen bonding between water and hydroxyl groups
of solvent.’>** These solvents are also commonly used for the
extraction and separation of salts and target compounds
through phase transitions." By utilizing these solvent systems,
it was proposed to separate the droplet formation step and the
particle precipitation step by temperature clearly (Fig. 1B). In
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Fig.1 Schematic illustration of this study. (A) Typical phase diagram of
an LCST-type binary mixture. The mixed solvent (composition P) is in
two phases above the critical temperature T, and in one phase below
the T. (B) The strategy of this study. The 1st step: monodisperse
droplets in which the target compound is dissolved are generated
above the T. The 2nd step: the droplets miscible with the poor solvent
below T, and target compounds precipitated in the mixed solvent.
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this paper, we report the results of precipitation from emulsion
droplets containing poly(vinyl alcohol) (PVA) caused by
temperature-dependent miscibility, as the first model of this
research. PVA is a water-soluble polymer, and their particles are
utilized to some applications (e.g. embolic particles,'®'” matrix
for enzyme immobilization,"” and drug carriers'?°). In the
water-diethylene glycol monohexyl ether (C6E2) binary mixture
system, water is a good solvent and C6E2 is a poor solvent for
PVA, respectively. The continuous generation of monodisperse
droplets was performed by utilizing polydimethylsiloxane
(PDMS)-based microfluidic devices. Microfluidics possesses the
ability to control droplet sizes by changing conditions, such as
microchannel characteristic size and flow rate.** It is able to
generate W/O type emulsions and O/W type emulsions by
controlling the wettability of PDMS with surface modification.*

First, the compatibility of PDMS with water-C6E2 binary
mixture was confirmed for application of PDMS-based micro-
fluidic devices. Swelling changes the cross-sectional area of the
channel and causes the microfluidic device to collapse. Solvent
compatibility of PDMS is classified by the degree of swelling
that is expressed by the swelling ratio (S): S = D/D,, where D is
the length of a PDMS sheet after immersion in solvent for 24
hours and D, is the length of the dry PDMS sheet.”* The swelling
ratio of PDMS in C6E2 was exceedingly low, and there was
almost no change in the length of PDMS sheets after immersing
in C6E2 for 24 hours (S = 1.00, Fig. S1). In the previous classi-
fication,** it should be possible to generate the droplets in these
solvents system with PDMS-based microfluidic device.

As with generally PDMS-based microfluidics, the dispersed
phase needed to be non-wetting with PDMS to avoid adhesion
on device walls.” In this experiment, we found a reversal of
wettability to the PDMS sheet as the temperature increased
(Fig. 2A). When a droplet composed of a water-rich phase (W)
was dropped on a PDMS sheet in a C6E2-rich phase (O) at 25 °C,
the contact angle of 62.8° was calculated by /2 method. This
result showed that the dispersed phase wetted the walls of the
microdevices fabricated by PDMS. As the temperature was
gradually increased, the wettability reversed at around 40 °C,
and the contact angles finally reached 124.6° at 75 °C. There is
a qualitative rule for the liquid-liquid interfacial tension related
to the mutual solubility: smaller mutual solubility gives greater
interfacial tension.”® For a water-C6E2 binary mixture system
with LCST-phase transition, increasing temperature leads to
increasing the liquid-liquid interfacial tension.

As shown in Fig. S2, focusing on the composition of C6E2
with temperature change from 25 to 75 °C, the aqueous phase
did not change significantly from 1.76 to 0.98 wt%.?” On the
other hand, the composition of C6E2 in the organic phase
changed from 52.1 to 77.4 wt%.”” The relative decrease in
surface free energy between the organic phase and PDMS may
have led to a reversal of the interfacial tension balance (Fig. 2B).
The mixed solvent system in this paper suggested that the ratio
of the degree of solvent mixing has a qualitative relation to the
contact angle. The wetting transitions observed in this study are
consistent with the prediction of the critical point wetting
theory,”® and the contact angle on a PDMS substrate is expected
to be zero near their lower critical solution temperature. It was
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Fig. 2 (A) Temperature dependence of the wettability of water-C6E2
binary mixture on a PDMS surface. Solid line: contact angles formed by
the water-rich phase on a PDMS surface (n = 3). The contact angle
formed by a droplet varied with temperature. The ratio of the degree of
solvent mixing; empty symbols (ref. 13); filled symbols (ref. 27). (B)
Schematic illustration of wettability change controlled by the
temperature-dependent interfacial tension balance. yo: liquid—liquid
interfacial tension; y.s: surface free energy between the organic phase
and PDMS; v, surface free energy between the aqueous phase and
PDMS.

suggested that W/O emulsion droplets did not contact with wall
surfaces under the liquid-liquid two-phase state at high
temperature.

Our microfluidic device, designed for monodisperse droplet
generation, included a flow-focusing junction where one
dispersed phase-channel intersects two continuous phase-
channels. The microchannel pattern was transferred onto
a PDMS substrate by a microchannel mold, and then the PDMS
substrate with the imprinted channel was bonded to another
smooth PDMS sheet. The prepared microchannel was enclosed
in a housing (Fig. S3). Microchannel molds and housings were
printed by 3D printer. The inside of the microdevice was heated
above a critical temperature, and the generated droplets were
observed with a high-speed camera (Fig. S4).

It was investigated whether W/O droplets could be continu-
ously generated in our microfluidic system. The dispersed and
continuous phases used water and a mixture of water and C6E2
(19: 80 (v/v)), respectively. The disperse phase was supplied to
the microfluidic device at five sets of flow rates (Qq = 1.0, 2.0,
3.0, 4.0 and 5.0 uL min "), and the flow ratio of dispersed phase
to continuous phase was fixed at 1:99 in all conditions. W/O
droplets were successfully generated in the microfluidic
device under 80 °C and all collected solutions formed a homo-
geneous phase in all conditions at room temperature. These
results indicated that droplets transitioned from immiscible to
miscible by controlled temperature. Focusing on the droplets
generation time, it is clear that larger total flow rate gave shorter
interval of generation time (Fig. 3A). The increase in the fluid
velocity led higher shear stress at the interface between the two

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Influence of the total flow rate on the droplet generation

time. (B) Influence of the total flow rate on the droplets size. The flow
ratio of dispersed phase to continuous phase was fixed at 1:99 in all
conditions. These results are indicated as the mean =+ standard error (n
= 10). Empty symbols: the predicted droplet sizes obtained from egn
(18) in ref. 29.

phases, resulting in faster droplet formation. The diameter of
the generated droplets is smaller in size with increasing the flow
rate (Fig. 3B). The mean diameter of the generated droplets also
correlated well with predicted values calculated from the
equation in reference (Table S1).* The monodispersity of the
droplets was evaluated by the coefficient of variation (CV),
which is defined as CV = ¢/u where ¢ and p are standard
deviation and mean of population, respectively. The square of
the CV value corresponds to the polydispersity index (PDI). In
the case of Qq = 1.0, 2.0, 3.0 and 4.0 uL min~ ", the CV values
measured were <2% much lower than the typical criterion of
10% for monodispersity of particle sizes. In contrast, the CV
value at Qq = 5.0 uL min~" was over the typical criterion, sug-
gesting that a change in the droplet generation mode occurred
with an increase in the total flow rate.

Monodisperse PVA particles were fabricated from mono-
disperse droplets of PVA aqueous solution. The continuous
phase is a binary mixture of water and C6E2 in the ratio of 19:
80 (v/v), as in the droplet generation experiment, while a 3 wt%
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PVA aqueous solution was supplied as the dispersed phase
solution. The mean diameter of the generated droplets of PVA
aqueous solution was 343.7 um, and their CV value was 4.0%.
After collection in a sample bottle, it was visually observed that
PVA precipitated in the mixed solvents. The obtained PVA
precipitates were spherical with a mean diameter of 98.9 um;
the CV value was 8.9%, confirming that the fabricated PVA
particles were highly monodispersed (Fig. 4A). To clarify the
correlation between the size distribution of droplets and ob-
tained corresponding particles, we next fabricated PVA particles
from droplets with a large variation in size. The polydisperse
droplets were generated by simple stirring (1500 rpm) of the
continuous phase and the dispersed phase above the critical
temperature. The shear force of stirring generates a large
number of small droplets, but their sizes are not controlled. The
obtained PVA precipitates were spherical particles with a mean
diameter of 20.0 pm, whereas the CV value was 80.0%. It is
suggested that the size distribution of obtained particles was
due to the polydispersity of droplet sizes (Fig. 4B). In contrast,
when a simple stirring was applied at room temperature, the
formation of aggregates was observed immediately in the mixed
solvent. The SEM image showed that thread-like aggregates of
less than 10 pm were assembled together and large agglomer-
ation was formed. It is possible that these PVA aggregates
precipitated earlier than shearing for droplets generation under
room temperature. It was clear that the “phase separation state
above the critical temperature” and the “generation of mono-
disperse droplets” were the key to fabrication of monodisperse
particles in our system.

If this method is restricted to the water-C6E2 binary system,
the organic compounds applicable to this method would be
severely limited. Our strategy was able to be applied to not only
binary systems, but also multi-component mixtures of solvents.
A ternary system including binary mixture with temperature-
dependent phase transition was searched by simulation for
calculating thermodynamic properties of liquid mixtures. By
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(A) SEM images of PVA precipitates; PVA precipitated in tube via monodisperse droplet states (top-left). PVA precipitated in the micro-

device without via droplet states (top-right). PVA precipitated in bottle stirred by stirrer bar via droplet states (bottom-left). PVA precipitated on
the stirrer bar immediately after injection into the poor solvent (bottom-right). (B) Mechanism of PVA precipitation.
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Fig. 5 (A) SEM image of PVA microparticles fabricated by mold with
a narrow channel width. (B) Size distribution histogram of PVA particles
with different fabrication method. Simple stirring by batch process
(blue); using microfluidic device in above section (red); using micro-
fluidic device with narrow pathway (yellow).

utilizing a ternary system of water plus ethylene glycol mono-
butyl ether plus 1-hexanol, monodisperse microparticles
composed of sodium alginate or PVA, were successfully
prepared respectively (Fig. S5 and S6). The utilization of multi-
component phase diagram is needed to fabricate particles of
a wide range of compounds (e.g., polymers, small molecules,
and biocompatible molecules etc.) from W/O or O/W emulsions.

The droplet size is determined by experimental parameters
like channel geometry, dimensions, interface tension, two-
phase flow rate ratio, flow velocity ratio, and viscosity.*
Although it was generally convenient to control the flow rate
ratio to change the size, the flow ratio could not be changed for
maintain the composition of LCST state. A shift in solvent
composition may result in LCST-phase transition not occurring.
To fabricate smaller PVA particles, we improved geometrical
parameters of microchannels to generate smaller droplets. The
new mold possesses a narrow continuous phase-channel which
is equal to 0.5 times the previous channel width (Fig. S7).

The mean diameter of the observed W/O droplets was 167.8
um, which was about 0.49 times smaller than that observed with
using the wider channel. The size distribution was also narrow
and classified monodisperse, as shown in their CV value (6.1%)
(Fig. S8). The SEM images showed that obtained PVA particles
were spherical shape, with a mean diameter of 35.9 pm (Fig. 5A).
In addition, size distribution profile showed that smaller
monodisperse particles were successfully fabricated (Fig. 5B). It
was clear that the “the size-control of generated droplets” was
a key to controlling the size of obtained particles in our system.

In this study, we proposed an innovative microfluidic system
using mixed solvents with temperature-dependent miscibility
for the fabrication of monodisperse particles. The investigation
of swelling ratio and contact angles in a water-C6E2 binary
mixture system with LCST-phase transition, showed solvent
stability of PDMS-based microfluidic devices. Monodisperse
droplets were continuously generated under phase separation
state above the critical temperature, and the phase changed
from immiscible to miscible with decreasing temperature.
Monodisperse PVA microparticles were successfully fabricated
via phase transition-induced solvent dissolution from droplets
into the continuous phase. In future, this approach, which
utilizes LCST-phase transition of mixed solvent, could be
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applied to fabrication of monodisperse particles composed of
polymers or low-molecular-weight compounds.
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