7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Kinetic description of water transport during

’ M) Check for updates ‘
spontaneous emulsification induced by Span 80+

Cite this: Nanoscale, 2024, 16, 4056

*P Piangrawee Santivongskul,®
© and Akihide Hibara @ *f

Mao Fukuyama, (= *@ Tomoko Mizuguchi,
Yuri Ono,“ Motohiro Kasuya, 9 Arinori Inagawa

Spontaneous emulsification is a phenomenon that forms nanometer-sized droplets (nanodroplets)
without the application of any external force, and the mechanism has been actively studied for application
to various technologies. In this study, we analyzed the kinetics of spontaneous emulsification induced by
Span 80. The measurement of water concentration in Span 80 hexadecane solution indicated that the
chemical potential of water in the nanodroplets decreased as the amount of water in the nanodroplets
decreased. Based on this result, water transport between the aqueous phase and nanodroplets in which
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the chemical potential of water was controlled was quantitatively investigated by using a microfluidic
device. The results demonstrate that the kinetics of water transport during spontaneous emulsification
induced by Span 80 was described by a model of osmotic transport through an organic liquid film
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Introduction

Emulsions are dispersions of liquid droplets in an immiscible
liquid and have been widely used, such as in oil recovery,
cosmetics, food, medical, and pharmaceutical industries.
Since first reported in 1876, spontaneous emulsification
has been studied owing to its high potential for industrial
applications."™ Conventional emulsification requires external
forces to form droplets, causing an increase in the interfacial
free energy, whereas spontaneous emulsification does not
require any external forces. Therefore, spontaneous emulsifica-
tion has been applied to various technologies, such as for drug
carrier preparation,”” microanalysis,®*° and micro- and nano-
material synthesis.""""”
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between the aqueous phase and nanodroplets.

Understanding the mechanism of spontaneous emulsifica-
tion is important for industrial applications. There are several
surfactants used for spontaneous emulsification, such as
Aerosol-OT,'®  trimethyloctadecylammonium  bromide,">*°
Tween series’ and Brij series.>'® Also, it is known that the
mixture of surfactants efficiently induces spontaneous emulsi-
fication due to low surface tension dynamic effects such as the
Marangoni effect.>*° The mechanism of spontaneous emulsifi-
cation is different depending on the surfactants. Several types
of mechanisms have been reported based on ultralow inter-
facial tension,>*® solubility changes,*' phase transition of the
organic phase'>' and the interface induced by temperature
changes."® Recently, spontaneous emulsification induced by
Span 80, a well-known non-ionic surfactant, has been reported
(Fig. 1A).>* In this system, water-in-oil droplets with sizes
ranging between 10-1000 nm (nanodroplets) are formed in a
water-Span 80-organic phase system. The spontaneous emulsi-
fication of Span 80 does not follow the aforementioned mecha-
nisms but is considered to be driven by the difference in the
chemical potential between the aqueous phase and nanodro-
plets via a water film transport (Fig. 1B).”>** By utilizing the
spontaneous emulsification of Span 80, we have previously
developed microanalytical methods in micrometer-sized water-
in-oil droplets (microdroplets).®™'® In this method, the selec-
tive concentration enrichment of microdroplet contents was
achieved based on the molecular transport, including water*?
and solutes,>** to the Span 80 nanodroplet during spon-
taneous emulsification. As a result, various microdroplet
manipulations such as protein crystallization® and immuno-
assay were demonstrated.’

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Spontaneous emulsification induced by Span 80. Water transport
to the reverse micelle of Span 80 in organic phase (A) and a nanodroplet
is formed (B). The water transport continue until chemical potential of
water nanodroplet (uy, ng) becomes equal to that in the aqueous phase
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Understanding the kinetics of spontaneous emulsification
is important for its practical use because it is a non-
equilibrium, non-stationary phenomenon in which droplets
form at the oil-water interface under transiently changing
conditions.”?® The qualitative mechanism of the spontaneous
emulsification of Span 80 (Fig. 1B) has been derived from the
investigation based on the equilibrium model.?*** In the pre-
vious study, we have clarified that the water transport during
spontaneous emulsification is induced by the difference of
chemical potential between the aqueous phase and the nano-
droplets by using microfluidic devices.*®> However, the kinetics
of spontaneous emulsification of Span 80 remain unclear. It
has been difficult to describe the kinetics of spontaneous
emulsification due to the lack of quantification method for
water transport during spontaneous emulsification.

In this study, the kinetics of the spontaneous emulsifica-
tion of Span 80 was quantitatively investigated using a micro-
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fluidic device, in which the emulsion behaviors can be investi-
gated by forming and manipulating the microdroplets in
micrometer-sized fluidic channels.”®* We considered this
feature to quantify trace amounts of water transport in spon-
taneous emulsification with a high reproducibility and sensi-
tivity. In this study, we first investigated the relationship
between the amount of water and the chemical potential in
nanodroplets. Subsequently, we quantified the time variation
of water transport between the nanodroplets and microdro-
plets in a microfluidic device. The results indicated that the
water transport during spontaneous emulsification induced by
Span 80 was described by a model of osmotic transport
through an organic liquid film between aqueous phase and
nanodroplets.

Materials and methods
Chemicals

NaCl and hexadecane were purchased from FUJIFILM Wako
Pure Chemical Corporation (Osaka, Japan). Span 80 and Brij
S2 were purchased from Merck KGaA (Darmstadt, Germany).
Bis(2-ethylhexyl) hydrogen phosphate (BEHP) was purchased
from Tokyo Chemical Industry Co., Ltd (Japan). Silpot 184 and
501 W were obtained from Dow Corning Toray Co., Ltd

(Japan).

Observation of spontaneous emulsification on a centimeter
scale

Hexadecane solutions of 100 mM Span 80, 5 mM Brij S2, and
100 mM BEHP were prepared. Milli-Q water and these hexade-
cane solutions were gently poured into glass bottles to prepare
two-phase systems respectively. These solutions were observed
at 0 h and 91 h after pouring.

Interfacial tension measurement

The interfacial tension of the water/hexadecane solution of
BEHP and Brij S2 was measured by the pendant drop method
(Kyowa Interface Science Co., Ltd, Japan). The critical micellar
concentration (cmc) was determined based on the dependence
of the interfacial tension on the concentration.

Pretreatment of organic phases containing surfactants with an
aqueous NaCl solution

By using hexadecane as an organic solvent, 100 mM Span 80
solution, 5 mM Brij S2, and 100 mM BEHP solution were pre-
pared. These solutions were pretreated with 1-4 M NaCl
aqueous solution. 10 mL of hexadecane solution and 10 mL of
aqueous NaCl solution were gently mixed in a 50 mL bottle
and remained stationary for 5 min. The aqueous phase was
then removed from the bottle. After repeating the procedure
three times, the resulting mixture was maintained overnight
with a 10 mL additional aqueous NaCl solution at a low stir-
ring speed. During these steps, the reverse micelles were
swelled by water and nanodroplets were formed. Shortly before
the next experimental step, the mixture was centrifuged at

Nanoscale, 2024, 16, 4056-4062 | 4057
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2000g for 1 min to precipitate the excess aqueous phase, and
the supernatant was used as the organic phase solution.

Karl Fisher titration

The water concentrations in the pretreated hexadecane solu-
tions of surfactants were measured by using the Karl Fisher
titration (MKC-710B, Kyoto Electronics Manufacturing Co.,
Ltd, Japan).

Molecular dynamics (MD) simulation of Span 80 reverse
micelles

The MD simulation of Span 80 reverse micelles in hexadecane
was performed following the previous report.>” Briefly, the
initial structure and partial charges of a Span 80 molecule
were taken from ref.>® but the charges of the hydrocarbon tails
were set to 0. The interaction parameters of Span 80 were gen-
erated based on ref.>® For hexadecane, the GROMOS53A6 force
field was used,*® but for the dihedral potential, the Ryckaert-
Bellemans model was adopted.®' All partial charges of hexade-
cane were set to 0. For water, a three-site simple point charge
(SPC) model was used.>* The aggregation number of the nano-
droplets was set to 70. Two nanodroplets with different
numbers of water molecules were prepared: 70 and 140. All
simulations were performed using the GROMACS 2021
package® in the isothermal-isobaric ensemble with tempera-
ture T = 298 K and pressure P = 1 bar. After energy minimiz-
ation for 50 000 steps in each system, a 210 ns simulation was
performed for structural relaxation with the Berendsen baro-
stat,>* followed by a 200 ns run for hydrogen-bond analysis
and then a 30 ns run for free energy profile calculation with
the Parrinello-Rahman barostat.*> The temperature was kept
constant by canonical sampling through velocity scaling.*® The
equations of motion were integrated by the leapfrog algorithm
with a time step of 2 fs. The electrostatic interaction was
handled by the smooth particle mesh Ewald method.*” The
visualization of the atomic configurations was performed
using the software VMD.*® The lifetime of the hydrogen bond
and the activation free energy for hydrogen-bond breaking
were calculated using the method in ref.*’ The free energy
profile of a water molecule was calculated using the umbrella
sampling and weighted histogram analysis method.*°

Fabrication of microfluidic devices

A Polydimethylsiloxane (PDMS) microfluidic device was fabri-
cated by following the previous report.>* A mold with 210 pm-
wide and 80 pm-deep square microwells on the ceiling of a
3 mm-wide 80 pm-deep microchannel were fabricated by soft
lithography. A 7:1 mixture of PDMS and curing agent was
cured at 75 °C more than 1 h. The microfluidic device was
bonded to a PDMS-coated slide glass after plasma treatment
(CUTE, Femto Science Inc, Korea).

Observation of spontaneous emulsification of microdroplets
in a microfluidic device

The microdroplets were prepared according to a previously
reported procedure.”® First, NaCl aqueous solution was intro-
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duced to the microfluidic channel with microwells.
Hexadecane was introduced using a manual syringe to isolate
the aqueous solution in each microwell. The pretreated Span
80 hexadecane solution was then introduced into the micro-
channels using a syringe pump (KDS-100, KD Scientific
Corporation, USA) at 3 pL min~" to provide a fresh organic
phase to the interface of the microdroplets and to remove the
nanodroplets formed by spontaneous emulsification.

The micrographs were analyzed usinghrough the pretreat-
ment using the NaCl aqueous so Image J software to deter-
mine the volume of the microdroplets by assuming that the
shape of the microdroplet is the combination of the outer half
of a torus and a cylinder (see section 1 and Fig. S1A in ESIT for
detail). The NaCl concentration in the microdroplet was calcu-
lated based on the microdroplet volume by assuming that all
the NaCl remained in the microdroplets during the spon-
taneous emulsification.>® The chemical potential of water in
the microdroplets (4,q) was calculated based the NaCl
concentration.

Measurement of the size of Span 80 reverse micelles by using
dynamic light scattering

To investigate the size of the Span 80 reverse micelles, 300 mM
hexadecane solution of Span 80 pretreated by 2 M and 5 M
NacCl solutions were measured by using dynamic light scatter-
ing (Zetasizer Nano-ZS, Malvern Panalytical Ltd., UK)

Results and discussion

Water content and chemical potential of the water in nano
water droplets

First, the chemical potential of water in nanodroplets in Span
80 hexadecane solution was investigated. The critical micellar
concentration (cmc) and interfacial tension (y) of the water-
Span 80-hexadecane system are 0.15 mM and 2 mN m™*,
respectively.”’ The water concentration in 300 mM of Span
80 hexadecane solution, which achieved partition equilibrium
with 1-4 M NaCl aqueous solution, was measured by the Karl
Fischer titration. In this experiment, the Span 80 reverse
micelles were swelled by water to form the nanodroplets
through the pretreatment using the NaCl aqueous solution
(Fig. 2A). The chemical potential of water in the nanodroplets
(Mw,na) were the same as that in NaCl aqueous solution (t,aq)
because the system achieved the equilibrium. As shown in
Fig. 2B, a higher NaCl concentration (Cnaci,aq) resulted in a
lower water concentration in the organic phase (Cy,org). We
considered that Cy,ore/Cspan s0,0rg indicates amount of water in
the nanodroplets since the Span 80 concentration in the hexa-
decane solution (300 mM) is much higher than cmc (0.15 mM)
and the most of the Span 80 molecules were involving in nano-
droplets. The activity of water in aqueous solution (a,,q) is cal-
culated from Cyaciaq as described the previous study (Fig. 2C,
see section 2 in ESI} for detail). The dependences of Cy, or and
Cw,org/Cspan s0,0rg ON 1N @, o are obtained as Fig. 2D and E.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Water in the organic phase containing Span 80 in the partition
equilibrium with the NaCl aqueous solutions. (A) Schematic illustration
of the equilibrium. (B) Dependence of the water concentration in the
organic phase (Cy,org) on the NaCl concentration in aqueous phase
(CnaclLag)- (C) Dependence of the logarithm of water activity in aqueous
solution (Inaw,aq) ON Cnaciaq. (D) Dependence of Cyorg ON INayaq. (E)
Dependence of the ratio of water and the surfactant concentrations in
the surfactant solution (Cy,org/Csurf) ON N @y, aq.

Fig. 2E indicates that a higher water content in the Span 80
nanodroplets results in a higher chemical potential of water in
nanodroplets (¢, na) SINCE Ly nd = ftw,ag- MD simulations of the
nanodroplets consisting of water and Span 80 with ratios of
70/70 molecules and 70/140 molecules were conducted
(Fig. S27). The result indicated that the free energy of the water
in the 70/70 nanodroplet was lower than that in the 70/140
droplet, which is coincident with the result shown in Fig. 2.

In addition to Span 80, the same experiments were per-
formed with Brij S2 (the main component is diethylene glycol
octadecyl ether, cmc < 1.1 mM, y = 2 mN m™") and BEHP (cmc
<22 mM, y = 23 mN m™') as examples of surfactants that were

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

soluble in hexadecane. The results indicated that Cy, o, was
constant regardless of Cnaciaq (Fig. S3A and Bt). These surfac-
tants did not cause spontaneous emulsification (Fig. S3C¥).
These results indicate that the increase in the amount of water
in Span 80 nanodroplets with g increase is characteristic
and this can induce the spontaneous emulsification.

Quantitative analysis of the water transport during
spontaneous emulsification using microfluidics

To describe the kinetics of water transport in the spontaneous
emulsification of Span 80, the transport of water from micro-
droplets to nanodroplets was observed in a microfluidic
device. Microdroplets were formed in a 210 pm sized microwell
structure in the device (Fig. 3A). The microdroplet was pre-
pared in each well by introducing aqueous phase, hexadecane,
and hexadecane solution of Span 80. An organic phase con-
taining nanodroplets, whose chemical potential of water had
been adjusted by the pretreatment, flowed continuously from
upstream. These nanodroplets that reach to the microdroplets
still had room to swell water from the microdroplets because
the NaCl concentration in the microdroplets was lower than
that used for pretreatment. The decrease in volume of the
microdroplets owing to the transport of water from microdro-
plets to the nanodroplets was measured. As reported in a pre-
vious study, the nanodroplets flowed downstream after con-
tacting the microdroplets for time 7 (<1 s, Fig. 3C); the
accumulation of nanodroplets on the surface of the microdro-
plets was not observed in this experiment, although spon-
taneous emulsification occurred (Fig. 3D).”* Note that during
spontaneous emulsification, inorganic salts and hydrophilic
molecules remain in the microdroplets and do not partition to
the nanodroplets.”*’

The water transport from microdroplets to nanodroplets
was quantified from the micrographs (see section 1 and
Fig. S1B-F in ESIf for detail). It should be noted that the
chemical potential of water in the microdroplets can be
assumed to be the same as that in bulk because the contri-
bution of the interface of the microdroplets is negligible com-
pared to kpTIna,mq (see section 5 in ESIt for detail). The
microdroplets stopped shrinking when they reached a certain
size (Fig. 4A). This occurred because the NaCl concentration in
the microdroplet increases with shrinkage, and the chemical
potentials of water in the microdroplet (i, mqa) and nanodro-
plet (¢wna) become equal, stopping the apparent water trans-
port.”® The flux of water (J) from the microdroplet to the nano-
droplet was calculated from the change in the microdroplet
volume (Fig. 4B). The time course of the NaCl concentration in
the microdroplet was calculated, assuming that all NaCl
remained in the microdroplet, and the water activity in the
microdroplet was determined (Fig. 4C).

The flux of water transport between organic liquid films
driven by osmosis is described by the following equation from
Fick’s law:**

_dv(n1

Hwnd — Hwmd
=-p- M= P
dt S (

= =T Inayna — INayma) (1)

J
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Fig. 3 Observation of the water transport during spontaneous emulsifi-
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tration of microdroplet preparation. (C) Schematic illustration of water
transfer around a microdroplet during spontaneous emulsification. (D)
Micrographs of microdroplets during spontaneous emulsification. The
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P= 5V, @)

where D is the diffusion constant of water in the organic
phase, K is the partition coefficient of water between the water
and organic phase, V,, is the molar volume of water, § is the
thickness of the membrane, and V, is the molar volume of
hexadecane.

Here, water activity of nanodroplet is calculated from NaCl
concentration in the microdroplet (see section 2 in ESI} for
details). Considering that ay, nq is the water activity of the NaCl
solution used for the pretreatment of the Span 80 hexadecane

4060 | Nanoscale, 2024,16, 4056-4062
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solution, J was plotted on Inayng — Inaymg, as shown in
Fig. 4D; J increases as In ay nqg — In ay mq increases. This graph
was linearly fitted by eqn (1) to obtain P.

The experimental results using nanodroplets with different
indicated that P was 0.2 pm s ', and independent of g na
(Fig. 5). The theoretical value of P was calculated by using V,, =
18 mL mol™, V, = 291 mL mol™, D =3 x 10° cm? s7', K =
7.3 mM/55.4 M = 1.3 x 107>, § = 12 nm. The value of § is the
average distance between micelles when 300 molecules of
Span 80 are considered to form one micelle (see section 6 in
ESIf for detail). The value of D was estimated based on the
Stokes-Einstein equation by using the diffusion coefficient of
a typical small molecule in water (10> cm® s™)** and the ratio
of the viscosities of water (0.890 mPa s ')** and hexadecane
(3.03 mPa s™')."* The calculated theoretical value of P was
0.02 um s, which is ten times lower than the experimental
value (0.2 pm s '). A possible reason for the experimental
value being higher than the theoretical value is that the Span
80 monomers promote water transport in the thin films of the
organic phases containing Span 80.** Since this is rough esti-
mation and the difference of the theoretical and experimental
value is only one order of the magnitude, we concluded that
the kinetics of the water transport during spontaneous emulsi-
fication induced by Span 80 was described by a model of
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Fig. 4 Analysis of the water transport from microdroplets to nanodro-
plets during spontaneous emulsification. (A) Time course of the micro-
droplet volume, (B) water flux (J), and (C) NaCl concentration in the
microdroplets. (D) Dependence of J on lnawmg — Nawng. Different
symbols indicate different droplets in the same experiment. The NaCl
concentrations of the pretreatment and initial microdroplet were 3 M
and 0.2 M, respectively.
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osmotic transport through an organic liquid film between the
aqueous phase and nanodroplets.

This result indicates that the differences depending on the
water content of the nanodroplets, such as the curvature of the
interface and the strength of the hydrogen bonds (see section 3
in ESIf for detail), do not affect the kinetics of water transport
or are already included in the osmosis model. On the other
hand, some detail behavior in the experimental results could
not be explained by a simple osmotic model. For example, the
plot shown in Fig. 4D is not exactly linear, which may be owing
to the increase in iy, ng during the contact of the nanodroplets
and a microdroplet (r in Fig. 3C). Therefore, for a more accurate
description of the spontaneous emulsification kinetics, it may
be necessary to measure the rate of increase of iy nq.

Conclusion

In this study, we analyzed the kinetics of spontaneous emulsi-
fication induced by Span 80. Karl Fischer titration indicated
that the chemical potential of water in the nanodroplets
decreased as the amount of water in the nanodroplets
decreased, which was also reproduced in the MD simulations.
The water transport between the nanodroplets and aqueous
phase with the modulated water chemical potentials was quan-
titatively investigated in the microfluidic device. The results
indicated demonstrate that the kinetics of the water transport
during spontaneous emulsification induced by Span 80 was
described by a model of osmotic transport through an organic
liquid film between the aqueous phase and nanodroplets. This
fundamental understanding has implications for the appli-
cation of the spontaneous emulsification to various fields such
as cosmetics, food, medical, and pharmaceutical industries.
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