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This study presents a facile but useful methodology to improve the skin permeation of nanoemulsions
through associative polymeric micelle (APM)-mediated drop-to-skin dipolar interactions. Amphiphilic
triblock copolymers, poly(ethylene oxide)-b-poly(e-caprolactone)-b-poly(ethylene oxide) (PEO-PCL-
PEO), were co-assembled with lecithin to fabricate APMs. As model drug carriers, nanoemulsions were
prepared using the same amphiphile composition. Dense-suspension rheological studies revealed that
when APMs co-existed with nanoemulsions, the drop-to-drop association was predominantly influenced
by the PEO chain conformation surrounding the APMs; shorter PEO chains reduced the APM-mediated
nanoemulsion association due to weak chain conformation. The shorter PEO chains of the APMs pro-
moted the drop-to-skin association. Therefore, APMs with short PEO chains aided the penetration of
the nanoemulsion into the skin. These results highlight that manipulation of the nanoemulsion drop
association is important and plays a role in enhancing dermal drug delivery performance.

� 2021 Elsevier B.V. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.1. Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.2. Preparation of ANEs and APMs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.3. Dense-suspension rheology studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.4. Gravimetric determination of water evaporation rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.5. Noninvasive visualization of skin penetration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.6. In vitro skin penetration study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
3. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

3.1. Fabrication and characterization of ANEs and APMs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
3.2. Understanding of APM-mediated drop-to-drop interactions of ANE fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
3.3. Water evaporation behavior of APM-treated ANE fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
3.4. Visualization of skin penetration behaviors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.5. Improved skin penetration performance of APM-treated ANEs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
4. Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
CRediT authorship contribution statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Declaration of Competing Interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2021.117741&domain=pdf
https://doi.org/10.1016/j.molliq.2021.117741
mailto:sca680@skku.edu
mailto:jinwoongkim@skku.edu
https://doi.org/10.1016/j.molliq.2021.117741
http://www.sciencedirect.com/science/journal/01677322
http://www.elsevier.com/locate/molliq


M. Sung, Dae Hyun Shin, Hyo Jung Lee et al. Journal of Molecular Liquids 344 (2021) 117741
1. Introduction

Stratum corneum (SC), structured with combined lipid bilayers
in the keratinized region, acts as a primary protection barrier
against external hazardous factors [1]. This intrinsic function of
SC makes transdermal drug delivery challenging [2,3]. Nano-drug
delivery platforms, including lipid vesicles [4–6], polymeric
micelles [7], nanoemulsions [8,9], and nanoparticles [10,11], have
been developed to enhance transdermal delivery without damag-
ing the skin structure by taking advantage of the high diffusivity
of nanoscale drug carriers [12]. However, these typical diffusion-
based delivery systems are still subject to SC skin barrier function,
necessitating the development of technology to actively deliver
drugs through the SC layer. The active transdermal drug delivery
technology relies on inducing a strong mutual attraction between
the drug carrier and the skin surface [13]. Therefore, nanocarriers
decorated with skin-attractive biomolecules, including cell-
penetrating peptides [14,15], antigens [16,17], DNA molecules
[18], and SC lipids [19], can readily get adsorbed into the skin to
help the delivery of the encapsulated drug.

Active transdermal delivery is more effective when a well-
designed polymer is incorporated to induce physical adsorption
[20–26]. For example, positively charged chitosan coated on solid
nanoparticles improves transdermal drug permeation through
electrostatic interaction with the negatively charged skin surface
[27,28]. In addition, PEGylation of nanocarriers promotes their
wetting on the skin surface due to the association of polyethylene
glycol with SC lipids, thus improving skin penetration of the encap-
sulated drug [24,29]. These studies propose that hydrophilic asso-
ciative polymers act as molecular linkers with the skin for delivery
carriers. Polymeric micelles show high linking efficiency as col-
loidal linker complex fluids compared to single polymers because
they can interact in all directions. The conformation of associative
polymer chains at the periphery of micelles increases the possibil-
ity of interacting with the skin surface as well as with other
micelles, which is the advantage of using a nanomicellar system
with a corona structure over a single molecule system. Such a
new transdermal delivery system not only allows significant
improvement of drug delivery performance but also fine-tuning
of the rheological behavior of complex biofluids.

Herein, we report a simple and practical approach to improve
skin permeation of an active compound in an oil-in-water (O/W)
nanoemulsion by employing associative polymeric micelles
(APMs) as a mediator connecting emulsion drops with the skin sur-
face. For this purpose, we prepared associative nanoemulsions
(ANEs) that were formulated with the same amphiphiles, amphi-
philic triblock copolymers (PEO-PCL-PEO) and lecithin, used for
the fabrication of APMs. A common feature of these colloidal sys-
tems is the induction of dipole–dipole interactions between the
terminal methoxy group of PEO blocks and the phosphorylcholine
group of the hydrophilic head of lecithin. We investigated how the
chain conformation of PEO blocks at the periphery of APMs
affected the rheological behavior and water evaporation behavior
of the ANEs. Consequentially, we demonstrated that the use of
APMs with controlled chain conformations of PEO brushes plays
an essential role in drop-to-skin dipolar interactions that eventu-
ally determine the skin penetration of an active compound.
2. Materials and methods

2.1. Materials

PEO-PCL-PEO triblock copolymers with different molecular
weights were synthesized via a condensation reaction between
methoxy-terminated poly(ethylene oxide) (mPEO) and poly(e-
2

caprolactone) (PCL). We used two types of PEO-PCL-PEO with block
ratios of 2 k:2k:2k and 5 k:10 k:5k. mPEO (Mn = 2,000 g/mol and
Mn = 5,000 g/mol), PCL (Mn = 2,000 g/mol and Mn = 10,000 g/m
ol), isophorone diisocyanate (IDPI), and dibutyltin dilaurate
(DBTDL) were purchased from Sigma-Aldrich (USA). Lecithin was
commercially available as Lipoid P75-3 (soybean lecithin, Lipoid
Kosmetik AG, Germany) containing 70% hydrogenated phos-
phatidylcholine and 30% other components. Porcine skin with a
thickness of 400 lm was purchased from Micropig Franz Cell
Membrane (Korea). 3D human skin model Neoderm�-ED was pur-
chased from Tego Science (Korea) and analyzed according to the
manufacturer’s instructions. PC-104 was obtained from the Amore
Pacific (Korea). All other chemicals used were of reagent grade.
Deionized (DI) double-distilled water was used in all experiments.

2.2. Preparation of ANEs and APMs

For the preparation of an ANE, 2.4 wt% of PEO5k-PCL10k-PEO5k

and 0.6 wt% of lecithin (Lipoid P75-3) were melted with 1,3-
butylene glycol at 85 �C. Pre-heated 57% (w/v) DI water was then
added to the melted mixture, and 40% (w/v) olive oil was slowly
poured into the triblock copolymer-based aqueous mixture while
homogenizing (ULTRA-TURRAX� T-25 basic dispersers, IKA, Japan)
at 13,000 rpm for 2 min. This precursor emulsion was downsized
by homogenization with a high-pressure homogenizer (MN400BF,
Micronox, Korea) at a pressure of 1,000 bar for five cycles [30]. To
obtain an APM, 2.4 wt% PEO-PCL-PEO and 0.6 wt% lecithin were
first dissolved in tetrahydrofuran (THF) by sonication at 40 �C for
5 min. Then, 97 wt% of DI water was added dropwise while vigor-
ously stirring the mixture at 100 lL/min using a syringe pump
(Pump 11Elite, Harvard Apparatus, USA). Then, THF was com-
pletely removed from the APM dispersion by evaporation at
40 �C. APM-added ANE dispersions were produced by simple mix-
ing of an APM dispersion to an ANE dispersion in a ratio of 1:9 (v/
v). The size and zeta potential of both ANEs and APMs were mea-
sured by dynamic light scattering (DLS) with a He–Ne laser
(632.8 nm) (ELS-Z, Otsuka Electronics, Japan). To avoid multiple
scattering, all samples were diluted with DI water before each
measurement. After negative staining of the samples with 1 wt%
uranyl acetate, drop and micelle morphologies were observed
using a transmission electron microscope (TEM; LIBRA 120, Carl
Zeiss, Germany) operating at 120 kV.

2.3. Dense-suspension rheology studies

The rheological properties of APM-treated ANE fluids were
observed in a concentrated suspension state using a DHR-3
rheometer (TA Instruments, USA). A cone-plate type geometry with
a diameter of 40 mm and an angular gap of 2� was used with a gap
of 54 lm. The evaporation of water from the test fluid during the
measurement was prevented by surrounding the rheometer plate
with a solvent trap. After equilibrating each test sample loaded
on the plate for 30 min, the flow sweep and frequency sweep
modes were operated. The flow sweep test was conducted by vary-
ing the shear rate from 0.1 to 100 1/s. The frequency sweep test
was carried out at angular frequencies (x) ranging from 0.1 to
100 rad/s with constant amplitude (c = 1.0%). In all suspension rhe-
ology studies, the volume fraction of ANE + APM was set to
0.5 ± 0.01 by controlling evaporation of the aqueous continuous
phase. The corrected oil volume fraction was determined using a
moisture analyzer (MX-50, A&D, Japan).

2.4. Gravimetric determination of water evaporation rate

The evaporation rate was determined using Croll’s model
employing the gravimetric analysis method. A sample (50 mL)
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was treated evenly on porcine skin with an area of 2 � 2 cm2. The
treated skin was placed in a desiccator with a constant internal
environment (temperature = 25 �C; relative humidity = 40%). The
changes in mass were recorded at 5 min intervals for 48 h using
an electronic scale (Sartorius Lab Instruments GmBH & Co. KG, Ger-
many, d = 0.1 mg) equipped with Weigh Anchor by Sartorius Hong
Kong (version: 2.0). The free-water evaporation (FWE) stage was
fitted using the linear regression method. The transition time tc
was determined when the linear regression coefficient was 0.98.
The mass change during bound water evaporation (BWE) was fit-
ted to exponential decay, m (t) = m0 + Ae�bt, to analyze the BWE
stage. The evaporation rate at the BWE stage was obtained by dif-
ferentiating the mass change with respect to t and dividing it into
the mass at tc to compensate for the difference in water concentra-
tion between each sample.

2.5. Noninvasive visualization of skin penetration

For the skin penetration study, we topically treated porcine skin
with APM-treated ANE fluids with a fluorescent drug probe (Nile
red) in oil drops. After 24 h of treatment, we collected a series of
fluorescence images stacked along the z-axis from the skin surface
using a confocal laser scanning microscope (CLSM, TCS SP8
HyVolution, Leica Microsystems, USA). The wavelength of the light
source was 532 nm for excitation of the Nile red fluorescence probe
with a UV–Vis laser port UV/405. The scanned pattern was focused
using an objective lens (40�, ZEISS, Germany). The fluorescent sig-
nal of the collected images was analyzed for obtaining the intensity
profile using the ImageJ program.

2.6. In vitro skin penetration study

In vitro skin penetration of APM-treated ANE fluids was carried
out following the TG No.428, OECD guidelines. In this study, APM-
treated ANEs that contained 0.01 wt% of ceramide PC-104 were
prepared in oil drops as a probe drug. For the non-vehicle control,
0.01 wt% of PC-104 was dissolved in methanol. The 3D human skin
model with SC, epidermis, and dermis (thickness = 1.00–1.20 mm)
was prepared after washing with phosphate-buffered saline for
Fig. 1. Chemical structures of (a) PEO-b-PCL-b-PEO and (b) lecithin (Lipoid P75-3). The a
PEO2k-PCL2k-PEO2k and Lipoid P75-3, (d) PEO5k-PCL10k-PEO5k and Lipoid P75-3, and (e) P

3

30 min. Then, the skin model was placed between the donor and
receptor chambers, with SC facing the donor chamber. The area
of the diffusion cell was 2.54 cm2. After topological treatment of
20 lL of the sample at different time intervals (3, 6, 9, and 24 h),
the penetration of PC-104 through the skin model was quantified
using high-performance liquid chromatography (HPLC) fitted with
a 100–5 C18 column (Kromasil, 4.6 � 250 mm, 5 lm, Sweden),
coupled to UV–Vis and MS detection at 205 nm wavelength (Agi-
lent 1260 VWD, USA), equipped with a binary pump (Agilent
1260 Quat Pump VL, USA) and an automatic injector (Agilent
1260 ALS, USA). The flow rate was 1 mL/min. Methanol and water
were used as mobile phases. The significant retention time of PC-
104 was 2.7 min. The area under curve was integrated by Chrome-
leon software (Dionex). All values are the mean ± standard devia-
tion of three determinations. The statistical significance (p-value)
of the data was analyzed by a one-way ANOVA test using Origin
8.5 software (OriginLab Co., Northampton, USA) and p < 0.01 was
considered statistically significant.
3. Results and discussion

3.1. Fabrication and characterization of ANEs and APMs

It is known that APMs can associate with each other through
direct interactions between hydrophilic polymer brushes on their
surface that depend on the chemistry, chain length, and chain con-
formation of hydrophilic polymer chains, in addition to the disper-
sion medium conditions, including pH, temperature, and
osmolality. In this study, we apply the favorable properties of
APMs to propose a methodology that can further enhance the skin
penetration performance of ANEs, thus imparting new functional
applications to conventional emulsion formulations. For this, we
synthesized two types of triblock copolymers with different PEO
chain lengths: PEO2k-PCL2k-PEO2k and PEO5k-PCL10k-PEO5k

(Fig. 1a). The hydrophobic blocks were selected according to the
PEO chain length to match the hydrophilic-lipophilic balance
between the two triblock copolymers. Each PEO-PCL-PEO was co-
assembled with Lipoid P75-3 to form APM6k and APM20k, respec-
tively (Fig. 1b–d). The ANE was prepared using PEO5k-PCL10k-
ppearance of APMs and ANEs prepared with PEO-b-PCL-b-PEO and Lipoid P75-3: (c)
EO5k-PCL10k-PEO5k and Lipoid P75-3.
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PEO5k and Lipoid P75-3 (Fig. 1e). The co-assembled Lipoid P75-3 on
both APMs and ANEs was capable of inducing the dipole–dipole
interactions between the methoxy group at the tail end of the
PEO blocks and the phosphorylcholine group on the head [31]. Par-
ticularly, Lipoid P75-3 was chosen because it not only has skin
compatibility, but also induces the dipole–dipole attraction.

The ANE and APMs prepared in this study were characterized by
DLS, zeta potential, and TEM analyses. The ANE was prepared by
co-assembling PEO5k-PCL10k-PEO5k and Lipoid P75-3, which
formed the smallest and most stable emulsion system at a hydro-
dynamic size of 400 nm. This information was used throughout the
study. To minimize any effect of particle size variation, we pre-
pared APMs with similar particle sizes by fixing the composition
of PEO-PCL-PEO/Lipoid P75-3 to 8/2 (w/w) and applying high-
pressure homogenization at a pressure of 1,000 bar for five cycles,
that enabled tuning their hydrodynamic size to approximately
100 nm (Fig. 2a). The zeta potential was detected at �35 mV for
the ANE and �15 mV for the APMs. Such negative zeta potentials
of the ANE and APMs are due to the incorporation of Lipoid P75-
3 (Fig. 2b) [32,33]. Although APM20k showed slightly higher zeta
potential values than APM6k because of the shielding of the APM
surface by longer PEO brushes [34], the difference was negligible
at the 5 mV level. In the TEM observation, the ANE nanodrops
showed a slightly distorted morphology, which implies that the
PEO-PCL-PEO/Lipoid P75-3 formed a resilient composite polymer
Fig. 2. (a) Size distribution of ANE and APMs. (b) Hydrodynamic size and zeta po

4

film at the O/W interface (Fig. 2c). The APMs presented a blurred
round-shaped particle morphology but had similar particle sizes,
regardless of the molecular structure of PEO-PCL-PEO (Fig. 2d–e).
The above analysis shows that the APMs prepared as intended in
this study have a particle size that is sufficiently smaller than that
of ANE, and that there is no significant difference in particle size
and surface potential between the two; only the PEO chain length
is different.

3.2. Understanding of APM-mediated drop-to-drop interactions of ANE
fluids

To evaluate how the addition of APMs affects the inter-drop
association in the ANE system, we investigated the dense-
suspension rheological behaviors of ANE fluids in the presence of
APMs [35]. All the ANE fluids were concentrated to 50% volume.
No phase separation of ANE drops was observed even at such a
high oil volume fraction because the resilient polymer film formed
at the O/W interface structurally stabilizes the nanoemulsion drops
[30]. As the ANE drops show higher mutual attraction at high con-
centrations, their dipolar interactions can be characterized more
clearly. We observed that the incorporation of APM6k into the
ANE fluids at 25 �C lowered both Ǵ and G00 by approximately one
unit, whereas the incorporation of APM20k increased them
(Fig. 3a–b). This implies that APM6k interaction with emulsion
tential of ANE and APMs. TEM images of (c) ANE, (d) APM6k, and (e) APM20k.



Fig. 3. Storage modulus (Ǵ) and loss modulus (G00) against frequency changes for ANE fluids containing (a) APM6k at 25 �C, (b) APM20k at 25 �C, (c) APM6k at 65 �C, and (d)
APM20k at 25 �C.
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drops was weaker than that of APM20k due to the limited confor-
mation of PEO chains, thus making the fluid less elastic. As
expected, PMs made of only block copolymers did not show any
ability to make the fluid more attractive, which is comparable to
the effect of adding APMs. To confirm whether the difference in
rheological behavior according to the change in PEO chain length
is due to chain conformation, we investigated the dense-
suspension rheological behavior of ANE fluids at an elevated tem-
perature. As the PEO chains dissolved in water collapse at the
lower critical solution temperature (LCST, 60 �C), they changed
their conformation from an elongated state to a coiled state near
the LCST [36]. The APM6k-treated ANE showed higher moduli at
65 �C than at 25 �C. As the short PEO chains coil, the van der Waals
attraction between the droplets seems to be enhanced. Interest-
ingly, we observed that the APM20k-treated ANE fluid maintained
its original rheological properties against the PEO chain collapse,
which can be attributed to the effective entanglement of long
PEO chains. These results suggest that the PEO chain conformation
5

on the APMs plays an important role in controlling the APM-
mediated inter-drop association of the ANE drops.

3.3. Water evaporation behavior of APM-treated ANE fluids

The APM-mediated drop-to-drop interaction presumably influ-
ences the water retention capacity of the ANE fluids on the skin
surface. To figure out this, we examined the water evaporation rate
on the skin topically treated with APM-treated ANE fluids. An ali-
quot of the ANE fluid was spread evenly on the porcine skin, and
the mass change caused by water evaporation was monitored as
a function of time. Applying the Croll’s model [37,38] to the mass
change, as shown in Fig. 4, the water evaporation pattern of ANE
fluids is composed of FWE during the early stage and BWE during
the later stage. The FWE of the APM20k-treated ANE fluid, deter-
mined from the slope of the early stage of evaporation, was the
lowest, establishing an even longer timescale. This suggests that
thinning of the APM20k-treated ANE fluid film by drying was



Fig. 4. (a) Water evaporation profiles of test samples on porcine skin as a function of time. Temperature and relative humidity were precisely controlled at 25 �C and 40%,
respectively. (b) Water holding parameters obtained during the second evaporation stage. The evaporation rate at BWE was obtained by differentiating the mass change with
respect to t and then dividing this value by the mass of water at the starting point of the BWE stage.
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limited due to the favorable drop-to-drop association, thus hinder-
ing the dipolar interaction between the ANE droplets and skin
lipids. This interpretation is reliable because the water content of
the APM20k-treated ANE fluid was lowest at the BWE stage. In
our study, the water content of the APM6k-treated ANE fluid was
highest at both tc and t1. This means that APM6k having short
PEO chains induces the drop-to-skin association rather than
drop-to-drop association, facilitating the adhesion of emulsion
drops onto the skin (see Table 1).
3.4. Visualization of skin penetration behaviors

To visualize the skin penetration profile of APM-added ANEs
through the skin, we topically treated porcine skin with ANEs con-
taining Nile red [39–41] as a fluorescent drug probe and captured
images along the z-axis of the skin using CLSM. After 24 h of topical
treatment, the transdermal delivery behavior of the drug probe
was analyzed for fluorescence intensity at the depth of the SC layer
(20 lm). Images of the skin scanned by CLSM at different depths
showed that the drug probe distribution of the APM6k-treated
ANE was detected in deeper skin layers, which is comparable to
other ANEs (Fig. 5). For a quantitative comparison, the fluorescence
intensities were plotted against the z-direction of the skin depth,
as shown in Fig. 6. The fluorescence intensity of APM6k-treated
ANE peaked at a depth of 10 lm whereas the other ANEs peaked
at 5 mm. The accumulated fluorescence intensity of APM6k-
treated ANE increased by approximately 27%. In contrast, the
APM20k-treated ANE showed no significant change in the fluores-
cence intensity over the entire skin depth, while showing low
Table 1
Parameters calculated from water evaporation profiles.

Sample Revap at FWE (min�1) Tc (min) b Mwate

ANE 0.0575 769 55.74
ANE/APM6k 0.0772 495 61.78
ANE/APM20k 0.0466 967 54.98

aFWE is the free-water evaporation stage. bTime taken to change from FWE to BWE stag
fitting the mass change data using nonlinear regression during the BWE stage.
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intensity. Moreover, its accumulated fluorescence intensity was
approximately half that of APM6k-treated ANE. In the dense-
suspension rheology study, we confirmed that APM20k effectively
enhanced the association between ANE drops and APM6k. From
the perspective of transdermal absorption of drug-containing nan-
odroplets, the stronger drop-to-drop attraction of the ANE lowers
the chances of drop-to-skin attraction. Therefore, it was inter-
preted that the incorporation of APM5k led to relatively weak
drop-to-drop attraction and enhanced skin penetration of drug-
containing nanodroplets.
3.5. Improved skin penetration performance of APM-treated ANEs

To further confirm the skin penetration behaviors of APM-
treated ANEs, in vitro skin penetration studies were performed
with 3D human skin in Franz diffusion cells. Ceramide was incor-
porated in the oil phase of all the ANE samples as a probe drug.
HPLC analysis was conducted to quantify ceramide in the receptor
solution collected at different time points (Fig. 7). It was noted that
the peak integrations of ceramide observed over 9 h were not sig-
nificant across the samples, and their intensities were also very
low. However, noticeable differences were observed 24 h after
application, showing that the peak integrations of ceramide were
significant for the APM6k-treated ANE, followed by ANE, and finally
by APM20k-treated ANE: this order followed the order of the skin
penetration profiles. Intriguingly, the peak integration of APM20k-
treated ANE was slightly lower than that of the control. This
implies that the skin penetration of the ANE drops hindered the
strong association with APM20k. It is evident that the introduction
r at tc (%) c Revap at BWE (�10�3, min�1) d Mwater at t1 (%)

0.0887 39.67
0.0688 46.87
0.0669 43.83

e. cMwater is the mass of remaining water. dRevap is the evaporation rate obtained by



Fig. 6. (a) Fluorescence intensity (FI) and (b) accumulated fluorescence intensity versus skin penetration depth profiles after topically treating the porcine skin with Nile-red-
loaded ANEs through the SC layer (0–20 mm).

Fig. 5. (a) CLSM images of porcine skin along the z-direction after topical treatment with ANEs. The fluorescence dye was Nile red. The scale bar is 50 lm.
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of APM6k to the ANE enhanced the skin penetration of ANE drops,
whereas the introduction of APM20k retarded the skin penetration.
The APM6k-aided improved skin penetration of the ANE is closely
7

related to the intercellular penetration of weakly percolated nan-
odrops, which leads to more rapid diffusion due to less elastic
properties.



Fig. 7. (a) High-performance liquid chromatogram and (b) peak integration of skin-penetrated ceramide-loaded ANE fluids. The characteristic retention time of ceramide was
2.7 min. Ceramide dissolved in methanol was used as the control. Values are the mean ± standard deviation of three determinations. (**p < 0.01).
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4. Conclusions

In summary, we introduced a facile and effective strategy for
improving skin penetration of ANE by inducing a favorable drop-
to-skin association. The key to our approach is to introduce APMs
into the ANE fluids because APMs induce a strong mutual attrac-
tion between ANE drops and the skin surface. Our dense-
suspension rheological and water evaporation analyses revealed
that the PEO chain conformation on the APMs determines the
favorable drop-to-skin association of ANE fluids. Finally, we
showed that APMs with short PEO chains enhanced the skin pene-
tration of the nanoemulsion. We expect that these findings will
pave the way for the development of an advanced transdermal
delivery system for pharmaceutical and personal care products.
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