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Abstract This work introduces a new polymeric emulsifier,
polyglycerol-block-poly(e-caprolactone), to prepare and sta-
bilize oil-in-water nanoemulsions through the formation of a
semi-solid interphase between oil and water. Nanoemulsions
are prepared using representative silicone and ester oils, which
are widely used for commercial consumer products. The block
copolymer is homogeneously solubilized in a mixture of oil
and ethanol at 70 °C, and the organic solution is dispersed in
water using a conventional homogenizer. Stable
nanoemulsions of 220-280 nm in mean diameter are sponta-
neously generated. The block copolymer is reorganized at the
interface to form a robust semi-solid polymeric barrier that can
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prevent the entrapped oil from diffusing out to the aqueous
phase. The barrier exhibits excellent stability against mechan-
ical stresses, allowing nanoemulsions to be very stable during
repeated freeze/thaw cycles. This work suggests that
polyglycerol-based block copolymers can be a new promising
polymeric emulsifier for stabilization of nanoemulsions of
various oils.

Keywords Polyglycerol - Amphiphilic copolymers -
Nanoemulsions - Polymeric emulsifiers - Dispersion stability

Introduction

Stabilization of oil-in-water (O/W) and water-in-oil (W/O)
emulsions is affected by electrostatic interactions, steric hin-
drance, the Marangoni effect, and mechanical forces [1-3].
Surface active molecules, such as surfactants and lipids, are
widely used as an emulsifier because their distribution at the
interfaces between the two phases is predictable from their
molecular structures and controllable by molecular manipula-
tion and combination of multiple compounds. However, the
interfaces stabilized by such small molecular weight mole-
cules are intrinsically labile against external stresses. There-
fore, polymeric emulsifiers have received much attention as an
alternative to surfactants because of low critical micelle con-
centration (cmc), excellent structural stabilities, and unique
conformational properties [4-8]. In addition, they have been
considered for biological applications because of biocompat-
ibility, facile surface modification, and stimuli-responsive
properties [9—12]. Therefore, various amphiphilic polymers
have been studied and used as an emulsifier for industrial
applications in the fields of food, cosmetics, drug delivery,
etc. [13-16].
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In O/W emulsions, a hydrophilic segment of polymeric
emulsifiers plays as a corona exposed to the aqueous phase,
while a hydrophobic segment anchors to and possibly pene-
trates into a dispersed oil droplet. Accordingly, the molecular
conformation and the penetration depth of a polymer chain
into the dispersed phase are critically important for the disper-
sion stability of emulsions [6, 17, 18]. In general, it is desirable
to choose a hydrophobic segment that can be readily dissolved
in the dispersed phase to minimize its interactions with solvent
molecules in the continuous phase [19]. The conformation of a
corona polymer chain also needs to be extended toward the
aqueous phase to decrease its undesirable interactions with the
dispersed phase [4, 8, 20].

Contrary to this commonly accepted concept, our recent
works demonstrated that methoxy poly(ethylene glycol)-b-
poly(e-caprolactone) (mPEG-b-PCL), where PCL is insoluble
in both of the oil and aqueous phases, can be used as an
effective emulsifier for various O/W emulsions [21-23]. The
block copolymer can be solubilized in ethanol and miscible
with oils only at an elevated temperature (about 70 °C). When
the oil/polymer mixture was dispersed in an aqueous solution,
mPEG-b-PCL formed a semi-solid interphase that effectively
stabilized O/W emulsions. It was also found that the type of
oils greatly affects the morphology and dispersion stability of
nanoemulsions [23]. High-pressure homogenization was es-
sential to reduce the size of emulsions to nanoscale for all
types of oils tested. Even in the case of micron-sized emul-
sions, it was very important to apply high-energy inputs in
order to stabilize emulsions; otherwise, the block copolymer
chains are kinetically frozen within the oil phase and precipi-
tated as semi-crystalline polymer debris rather than migrate to
the O/W interface. Although mPEG-b-PCL exhibited promis-
ing properties as a new type of emulsifier forming a robust
semi-solid interphase, high-energy inputs are essential for sta-
bilization of both of nano- and micron-sized emulsions.

In this work, we introduce a new amphiphilic block
copolymer, polyglycerol-b-poly(e-caprolactone) (PG-b-
PCL), as a semi-solid polymeric emulsifier to prepare
and stabilize nanoemulsions without high-pressure ho-
mogenization. We investigated the impact of a new hy-
drophilic block on the formation and dispersion stability
of O/W nanoemulsions. PG-b-PCL was synthesized via
the ring opening polymerization of ¢-CL with
poly(ethoxyethyl glycidyl ether) (PEEGE) as an initiator,
followed by deprotection of PEEGE [24, 25]. Linear and
hyperbranched PGs have been widely studied as a hydro-
philic corona for anti-fouling coatings and self-assembly
of micelle-like structures [24-29]. However, PG has never
been used as a corona segment of polymeric emulsifiers
for any types of emulsions. This article reports the syn-
thesis and characterization of linear PG-b-PCL, and char-
acteristics of its self-assembled micelle-like aggregates in
an aqueous solution. We prepared stable nanoemulsions
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using PG-b-PCL via the formation of a semi-solid inter-
phase at the O/W interface. Dioctanoyl-decanoyl-glycerol
(ODO), cethyl ethylhexanoate (CEH), and
cyclomethicone (DC345) were used because they are
commonly used for cosmetic and personal care products.
The prepared nanoemulsions were exposed to a very
harsh freeze/thaw cycling condition to examine their dis-
persion stability against mechanical stresses [30].

Experimental
Materials

Glycidol (96 %), p-toluenesulfonic acid (TsOH) monohydrate
(98.5 %), glycerol (99.5 %), ethyl vinyl ether (98 %), tin(II) 2-
ethylhexanoate (Sn(Oct.),, 95 %), e-caprolactone (97 %), di-
chloromethane (anhydrous, 99.8 %), potassium ferz-butoxide
(98 %), and uranyl acetate were purchased from Sigma-
Aldrich (St. Louis, MO, USA). For polymerization, glycerol
was purified by distillation directly from CaH, prior to use.
The other reagents and solvents were used as received.

Methods
Synthesis of PG-b-PCL

Briefly, glycidol and ethyl vinyl ether were used as starting
materials and were stirred for 3 min at —30 °C with catalytic
amount of TsOH monohydrate. The reaction mixture was
magnetically stirred at 25 °C for 3 h. The mixture solution
was neutralized by saturated NaHCO; solution (68 mL), and
the product was extracted twice with ethyl acetate
(84 mL x 2). The organic layer was dried over MgSO,4 and
distilled in vacuum at 65 °C to yield ethoxyethyl glycerol
ether (EEGE, 1) as a colorless liquid product. The compound
1 was polymerized with potassium zert-butoxide as an initiator
in THF at =50 °C to give poly(ethoxyethyl glycidyl ether)
(PEEGE, 2). After 24 h polymerization, cold methanol
(10 °C) was added to the reactor followed by magnetic stirring
for 2 h. The resulting polymer which was obtained after the
evaporation of methanol and THF was dissolved in hexane
and centrifuged at 3500 rpm for 10 min to remove the precip-
itated potassium chloride. Compound 2 was obtained by dry-
ing in vacuum for 24 h. The following polymerization reaction
of compound 2 with e-caprolactone monomer gave PEEGE-
b-PCL (3) block copolymer. The reaction was catalyzed by
tin(I) 2-ethylhexanoate (1.15 g, 3 wt.% of PEEGE + e-
caprolactone). After a step for removal of impurities by cen-
trifuge, the desired block copolymer (3) was obtained by pre-
cipitation in cold hexane. Finally, PEEGE groups in com-
pound 3 were deprotected to produce polyglycerol groups,
and the whole block copolymer could be PG-b-PCL (4).
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Addition of oxalic acid in acetone broke down ether bonds in
PEEGE groups, and the final block copolymer was obtained
by dialysis against an excess amount of water
(MWCO =1 kDa) at room temperature for 1 day.

Characterization of PG-b-PCL

The successful synthesis of the polymer was confirmed with
Fourier transform-infrared spectroscopy (ALPHA FT-IR
Spectrometer with a diamond ATR probe, Bruker, Billerica,
MA, USA). The molecular weight of the synthesized polymer
was determined using gel permeation chromatography (GPC).
A high-performance liquid chromatography (HPLC) system
composed of Agilent 110 series (Agilent Technologies, Palo
Alto, CA, USA) and refractive index detector was operated at
1.0 mL min~' using a series of three PLgel columns
(300 x 7.5 mm, pore sizes = 10°, 10*, and 10° A). Tetrahydro-
furan was used as an isocratic mobile phase, and monodis-
perse polystyrenes (Polysciences, Inc., Warrington, PA,
USA) were used as calibration standards. 'H nuclear magnetic
resonance (NMR) spectrum was obtained at 25 °C with a
Bruker NMR operating at 300 MHz using CDCl; as a solvent.
Chemical shifts were measured in parts per million (ppm).
Thermal properties of the synthesized polymers were ana-
lyzed by differential scanning calorimeter (DSC) using DSC
204 F1 Phoenix (Netzsch-Gerdtebau GmbH, Selb, Germany).
Two scan circles of heating and cooling were run between
—50 °C to 200 °C at a scan rate of 10 °C min'. Data from
second heating were analyzed to determine the enthalpy of
endothermic processes.

Preparation and characterization of PG-b-PCL micelle-like
aggregates

To prepare micelle-like aggregates, polymer powders (10 mg)
were dissolved in acetone at a concentration of 10 mg mL ™",
and then the polymer solution was added to 10 mL of deion-
ized water with vigorous stirring. The prepared solution was
left at room temperature overnight to completely evaporate the
organic solvent. A series of self-assembled micelle-like aggre-
gates of PG-b-PCL with different concentrations was prepared
via serial dilution with deionized water to determine the cme
as previously reported [31]. Two milligrams of pyrene was
dissolved in 20 mL ethanol and diluted with deionized water
to the final concentration of 0.5 mM. Two milliliters of this
solution was diluted with 8 mL of deionized water, and 1 mL
of the resulting solution was diluted again with 49 mL of
deionized water. Subsequently, 100 uL of a pyrene solution
(2 uM) was added to 900 uL of PG-b-PCL solutions. Fluo-
rescence intensities were measured by a fluorescence spectro-
photometer F7000 (Hitachi, Tokyo, Japan) using a quartz cell.
Fluorescence spectra were recorded from 350 to 450 nm with
excitation at 332 nm. Scan speed was set at 240 nm min ', and

the slit width was 5 nm for both excitation and emission. The
peak intensities at 372 and 384 nm were collected, and their
ratios (/37/1534) were recorded as a function of the block co-
polymer concentration. The cmc values were calculated using
a sigmoidal (Boltzmann type) fitting curve.

Preparation of O/W nanoemulsions

Ten milligrams of PG-b-PCL and 100 mg of oil were dis-
solved completely in 1 mL of ethanol in a sonication bath at
70 °C for 15 min. The solution was dropped slowly into 5 mL
of deionized water with high-speed homogenization using a
Wise Tis HG-15A homogenizer (witeg Labortechnik GmbH,
Wertheim, Germany) at 10,000 rpm for 5 min at 70 °C. Then
the mixture was stirred in air until cooled to an ambient
temperature.

Dynamic light scattering and transmission electron
microscopy

Size distributions were measured at 25 °C by dynamic laser
light scattering (DLS) using a zeta potential and particle size
analyzer ELSZ-1000 (Otsuka Electronics Co., Ltd., Osaka,
Japan). Hydrodynamic diameter was determined using the
CONTIN algorithm. The second-order polydispersity index
(uo/T?), where p is the second moment about the mean and
I, is the average decay rate, determined using the method of
cumulants. Transmission electron microscope (TEM) was al-
so used to observe the particle morphologies. Five microliters
of nanoemulsion samples were mixed with 10 uL of 1 %
uranyl acetate for negative staining, then that mixture was
placed onto a copper grid coated with carbon followed by
incubation for 20 min at room temperature. The drop was then
removed by touching to a filter paper and the grid was air
dried for 20 min. The samples were observed by Electron
Microscope JEM 3010 (JEOL, Akishima, Japan) operated at
300 kV.

Results and discussion

PG-b-PCL was synthesized via the combination of anionic
polymerization and ring opening polymerization as shown in
Fig. 1. Firstly, glycidol was conjugated to ethyl vinyl ether in
order to obtain EEGE (yield = 75.6 %) in the presence of
PTSA at room temperature. Then, PEEGE was synthesized
by anionic polymerization of EEGE using potassium fert-
butoxide as an initiator, as established by Dworak et al. [32].
The weight average molecular weight (Mw) and polydisper-
sity index (PDI) of the produced PEEGE were 3.7 kDa and
1.46, respectively. The yield of this reaction was around 90 %
in weight. The terminal hydroxyl group of PEEGE was used
as an initiator for ring opening polymerization of ¢-
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Fig. 1 a p-Toluenesulfonic acid,
25 °C, 3 h; b potassium tert-
butoxide, THF, 65 °C, 24 h; ¢ ¢-
caprolactone, tin(II) 2-
ethylhexanoate, neat, 125 °C,
20 h; and d oxalic acid, acetone,
room temperature, 5 h

caprolactone in the presence of tin(Il) 2-ethylhexanoate as a
catalyst. The synthesized PEEGE-b-PCL was purified by pre-
cipitation in an excess amount of cold n-hexane. The Mw and
PDI were 13.5 kDa and 2.48, respectively, as determined by
GPC. The protecting acetal groups in the PEEGE block were
cleaved by acidic hydrolysis with oxalic acid in acetone. Then,
the reaction mixture was dialyzed against an excess amount of
deionized water to obtain pure PG-b-PCL. The synthesized
PG-b-PCL was soluble in chloroform while insoluble in
DMSO and methanol (Supplementary data, Table S1).

"H NMR spectrum of the synthesized PG-b-PCL shows the
peak number 1 to 5 for the hydrogen atoms in the PCL seg-
ment and broad peaks of 6 to 8 for those in the PG segment
(Fig. 2a and Fig. S1). This spectrum confirms the existence of
both of the PG and PCL segments in the final product. The
molar ratio of PCL to PG was 2.44, corresponding to a weight
ratio of 3.85. The Mw and PDI were 17 kDa and 1.51, respec-
tively. In addition, the presence of a hydroxyl group on PG-b-
PCL was confirmed through FT-IR (wavenumber = 3300~
3400 cm ', Fig. 2b). The thermal properties of both of PCL
and PG-b-PCL were examined using DSC (Fig. 2¢). Splitting
of the endothermic melting peak was observed for both of the
polymers. This phenomenon indicates the existence of two
different crystalline phases in the PCL block, which can be
caused by heterogeneous nucleation due to spatial confine-
ment [33]. The melting temperature of PCL in the block co-
polymer significantly decreased (1st, 58.3 °C and 2nd,
51.6 °C) compared to that of free PCL powders (1st, 68.4 °C
and 2nd, 54.2 °C). The enthalpy in PG-5-PCL (1st, —93.04 J/g
and 2nd, —70.59 J/g) was also significantly lower than that in
PCL (1st, —102.2 J/g and 2nd, —75.15 J/g). These results in-
dicate that the presence of the PG block effectively interfered
with the crystallization of PCL.

The cmc of PG-b-PCL in deionized water was determined
from the characteristic band shift in the fluorescence spectra of
pyrene upon its partition into the inner core of micelles
(Fig. S2). Figure 3a shows the intensity ratios (/375/I3g4) of
pyrene excitation spectra versus the logarithm of polymer
concentration (log;o C). The cmc was obtained from the inter-
section of two straight lines: the base line and the rapidly
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Fig. 2 a Chemical structure of PG-b-PCL with its "H NMR spectrum in
CDCls. b FT-IR absorbance spectrum of PG-b-PCL. ¢ DSC diagram of
the first and second heating scans of PG-b-PCL
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falling intensity ratio [31]. Because of a relatively large Mw
(17 kDa) and a high weight ratio of hydrophobic to hydrophil-
ic blocks (3.85), the measured cmc was very low
(1.29 x 10* g L") in deionized water. This value is much
smaller than those of non-ionic surfactants (e.g.,
7.4 x 1072 g L™ for Tween 20, 2.0 x 10" g L™" for Triton
X-100, and 1.1 g L™ for Brij 35) [34] and even relatively
smaller than those of other micelle-like polymeric aggregates
(e.g., 2.6~8 g L™! for Pluronic F127) [35]. Accordingly, the
size of the micelle-like aggregates of PG-b-PCL was larger
than that of conventional surfactants. The hydrodynamic
mean diameter of PG-b-PCL aggregates was about 111 nm
with a second-order polydispersity index (u,/I”) of 0.18, in-
dicating a narrow size distribution. The surface of PG-5-PCL
aggregates was slightly negatively charged as indicated by a
zeta potential of about —5.78 mV in water (Fig. S3).

The diameter was increased when oils were added to the
ethanolic solution of PG-b-PCL compared to the diameter of

0L T r T - -
0 300 600 900 1200 1500 1800
Diameter (nm)

ODO CEH DC345

micelle, and chemical structures of oils were described in
Fig. S4. To prepare nanoemulsions, the synthesized diblock
copolymers were dissolved in ethanol at 70 °C and then mixed
with the oils mentioned above. No phase separation was ob-
served for all of the oils tested at the temperature. The homo-
geneous oil/polymer mixtures were poured into deionized wa-
ter at 70 °C with homogenization at 10,000 rpm for 5 min,
generating nano-sized embryonic droplets immediately. The
solidification of the polymer chains occurred rapidly as they
diffuse out of the organic phase toward the O/W interface,
where the hydrophilic block in the polymer chain could stretch
into the aqueous phase. The ethanol in the droplet also diffuses
into water very fast because of its small molecular size and
high miscibility with water, leaving the hydrophobic block in
the oil phase. Nanoemulsions were successfully prepared
using PG-b-PCL as a semi-solid emulsifier for all of the oils
tested in this work. The mean hydrodynamic diameters of
ODO, CEH, and DC345 nanoemulsions stabilized with PG-
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b-PCL were 246, 278, and 226 nm, respectively (Fig. 3¢c). The
photograph of the prepared nanoemulsions shows that there
was no apparent phase separation (Fig. 3d). As a control ex-
periment, mPEG-5-PCL was used as an emulsifier to prepare
nanoemulsions of the same oils following the same experi-
mental procedures. The Mw of mPEG-b-PCL was 13,
660 Da with a PDI of 1.22. The molar ratio of mPEG to
PCL was 2.72, corresponding to a weight ratio of 1.05. This
polymer was successfully employed to prepare highly stable
nanoemulsions when high-pressure homogenization at a pres-
sure of about 1 kbar as shown in our previous work [23].
However, conventional homogenization at 10,000 rpm result-
ed in immediate phase separation of the resulting
nanoemulsions (Fig. 3e, ), indicating the importance of pro-
cessing conditions in the preparation of stable nanoemulsions
using mPEG-b-PCL. Stabilization of the O/W interface with
the block copolymer could be kinetically determined by the
competition between the insolubilization of the polymer
chains within the organic phase and their migration toward
the O/W interface. Therefore, the successful stabilization of
nanoemulsions by PG-b-PCL with relatively mild homogeni-
zation suggests that the choice of a hydrophilic segment can
be a very important factor that determines the solubility (and
wettability) of polymers in oils and self-organization of the
amphiphilic block copolymer at the interface.

Apparent macroscopic phase separation (creaming) was
observed for the CEH nanoemulsions after incubation at room
temperature in 1 day, while the ODO and DC345
nanoemulsions still exhibit homogeneous appearance

A B

300 D
£ € 360 —e—0D0
= —0D0 c —y—DC345
= 270 —y—DC345 T 320
L 5]
2 T
g 5 280
8 240 2
s o
5 210 M § a0
H 5
<l S 200
£ 180 2 . . . " .
01 2 3 4567 8 910 T 1 2 3 4 5
Incubation time (days) cycles

Fig. 4 TEM images with digital photographs of O/W nanoemulsions of
ODO (a) and CEH (b) stabilized with PG-b-PCL. Time-dependent evo-
lution of the hydrodynamic diameters of O/W nanoemulsions stabilized
with PG-b-PCL through 10 days at room temperature (¢) and 5 cycles of
freeze/thaw processes (d)
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(Fig. 4a, b). Note that the hydrodynamic diameter of the
CEH nanoemulsions (278 nm) was larger than those of the
other nanoemulsions (246 nm for ODO and 226 nm for
DC345) when the size was measured immediately after prep-
aration. Relatively fast creaming of the CEH nanoemulsions
was observed from repeated experiments several times. One
possible factor that induced such destabilization is a relatively
larger difference of oil density [36]. The specific gravity of
CEH is 0.86 at 25 °C while those of ODO and DC345 are 0.94
and 0.96, respectively. CEH also has a relatively low viscosity
(13 mPa s, 25 °C) compared to the other oils (70 mPa s for
ODO and 20 mPa s for DC345). The low density and viscosity
of CEH are disadvantageous for the prevention of Ostwald
ripening, which is a major mechanism of destabilization of
nanoemulsions [37]. However, despite these disadvantages,
CEH was very successfully emulsified into stable
nanoemulsions with mPEG-b-PCL, as shown in our previous
work, indicating that the large density difference and low vis-
cosity are not likely features that exclusively determine the
dispersion stability of nanoemulsions prepared using a semi-
solid polymer emulsifier [23].

The wettability of the polymer chains by oils can be anoth-
er important factor to be considered because the types of oil
significantly affected the stability of nanoemulsions [23]. If
the phase separation between polymer and oil occurs very
quickly, PG-b-PCL can be precipitated in the organic phase
rather than migrate to the O/W interface. To determine the
amount of oil absorbed by PG-»-PCL, 100 mg of PG-»-PCL
was mixed with 1 g of ODO, CEH, and DC345, respectively.
The mixtures were kept at 80 °C for 24 h and then vortexed
vigorously. The mixtures were then cooled down to room
temperature. At 80 °C, the oil/polymer mixtures were homo-
geneously transparent without any phase separation. Howev-
er, when they were cooled down to room temperature, the
semi-solid oil/polymer mixture was completely separated
from the oil phase in the case of CEH and DC345. In contrast,
the ODO/PG-b-PCL mixture formed a gel-like structure, indi-
cating that the PCL block is highly wettable by ODO, which
has a chemical structure similar to the repeated ester unit of
PCL. The weight percentages of oil in the semi-solid oil/
polymer mixtures were 90.2, 35.3, and 39.8 %, for ODO,
CEH, and DC345, respectively (Fig. S5). No significant dif-
ferences in the wettability of PG-b-PCL between CEH and
DC345 suggest that the oil wettability is not the sole parameter
that determines the destabilization of the CEH nanoemulsions.

Although the underlying mechanism on destabilization of
the CEH nanoemulsions is not clearly understood, one phe-
nomenological feature is that destabilized emulsions have
very heterogeneous surface structures. TEM images showed
that the CEH nanoemulsions have irregular small domains,
which seem to be polymer-rich phases separated from the
organic phase (Fig. 4b). These irregular small particle-like
structures were also observed for other unstable
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nanoemulsions; for example, nanoemulsions of isopropyl
myristate and liquid paraffin prepared using mPEG-5-PCL
by high-pressure homogenization [23]. In these cases, the un-
stable interface was ascribed to fast precipitation of the poly-
mer chains in the organic phase due to the incompatibility of
the PCL block with the oils. However, the instability of the
CEH nanoemulsions raised another possibility that the inter-
action between the hydrophilic block and oil is also an impor-
tant factor for dispersion stability of nanoemulsions. It should
be noted that PG-b-PCL contains a hydroxyl group in each
monomeric unit, which can provide a proton donor for hydro-
gen bonding to the oxygen in the ester linkage of CEH. The
existence of hydrogen bonding between PG and CEH can
interfere with the extension of the hydrophilic chain to the
aqueous phase, resulting in much less effective repulsion be-
tween neighboring hydrophilic chains. Further study is under-
way to clarify the effects of oil on the intermolecular associa-
tion of the hydrophilic chains of the polymeric emulsifier,
which needs to be suppressed for effective steric repulsion
between oil droplets.

The dispersion stability of the ODO and DC345
nanoemulsions was examined under two different conditions:
(1) incubation at room temperature for 10 days (Fig. 4c) and
(2) a repeated freeze/thaw cycling process (Fig. 4d). The
nanoemulsions were incubated without using any additional
agents, such as thickeners and organic solvents. Slight fluctu-
ation in the emulsion size was observed for both of the
nanoemulsions during incubation for 10 days, but there was
no tendency to either the increased size of nanoemulsions or
any apparent phase separation. In particular, both of the
nanoemulsions exhibited excellent stability during repeated
freeze/thaw cycles, which generate a high level of mechanical
stresses to the emulsions. These results suggest that the
nanoemulsions stabilized with PG-b-PCL have a very robust
interphase, effectively preventing oil from diffusing out to the
aqueous phase.

Conclusions

It was demonstrated that a polyglycerol-based block copoly-
mer, PG-b-PCL, can effectively stabilize O/W nanoemulsions
through the formation of a semi-solid interphase.
Nanoemulsions were prepared using three different ester and
silicone oils (ODO, CEH, and DC345), all of which are com-
monly used for cosmetic and personal care products. The
block copolymer is homogeneously solubilized in a mixture
of ethanol and oil at 70 °C. The organic solution is dispersed
in water by homogenization at 10,000 rpm. The block copol-
ymer is reorganized at the interface to form a robust semi-solid
polymeric barrier between oil and water. The dispersion sta-
bility of the prepared nanoemulsions was dependent upon the
oil type. While the nanoemulsions exhibited macroscopic

phase separation for CEH, there was no significant change
of appearance and emulsion sizes in the ODO and DC345
nanoemulsions. The surface of these stable nanoemulsions
was very smooth, indicating no microscopic phase separation,
allowing nanoemulsions to exhibit excellent stability against
mechanical stresses generated during repeated freeze/thaw cy-
cles. This work suggests that PG-b-PCL is an attractive emul-
sifier for nanoemulsions that require structural stability under
various stresses.
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