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Abstract: The skin loses its moisture with advancing age, causing cosmetic issues such as wrinkles.
In addition, the loss of moisture leads to hypersensitivity to external stimuli such as UV light.
Transcutaneous supplementation with hyaluronic acid (HA) is an effective and safe method of
recovering the moisturizing function and elasticity of the skin. However, the transcutaneous delivery of
HA remains challenging owing to the barrier function of the stratum corneum (SC) layer. To penetrate
the SC barrier, we used a reverse micelle formulation that does not require high energy consumption
processes for preparation. We aimed to enhance the skin permeability of HA by incorporating glyceryl
monooleate—a skin permeation enhancer—into the formulation. A fluorescently-labeled HA-loaded
reverse micelle formulation showed significantly enhanced permeation across Yucatan micro pig skin.
Fourier transform infra-red spectroscopy of the surface of the skin treated with the reverse micelle
formulation showed blue shifts of the CH2 symmetric/asymmetric stretching peaks, indicating a
reduction in the barrier function of the SC. Further study revealed that HA was released from the
reverse micelles at the hydrophobic/hydrophilic interface between the SC and the living epidermis.
The results demonstrated that our reverse micellar system is an easy-to-prepare formulation for the
effective transcutaneous delivery of HA.
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1. Introduction

The skin is the largest organ and plays an important role as a barrier, maintaining the homeostasis
of the human body. However, with advancing age, the skin gradually loses its barrier function and
moisture, causing cosmetic problems such as wrinkles. The dominant causes of these problems are
internal factors, such as a loss of the extracellular matrix (ECM), and external factors such as exposure
to UV light [1]. Skin with higher transepidermal water loss causes inflammation under lower doses
of UV light [2]. Therefore, once the skin loses moisture, it enters a compounding cycle in which
its greater sensitivity to external stimuli leads to further moisture loss. A key molecule in breaking
this cycle is hyaluronic acid (HA)—a linear polysaccharide with repeating units of disaccharides of
N-acetyl-D-glucosamine and D-glucuronic acid—which is one of the components of the ECM and
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is mostly found in the human dermis [3]. HA is used in various biomedical fields, owing to its
excellent biodegradability, biocompatibility, non-toxicity and non-immunogenicity [4–6]. Skin aging
is associated with the loss of HA in the dermis; therefore, supplementation with HA is required
to maintain the moisturizing function and elasticity of the skin. Injection has been used as an HA
supplementation method; however, medical accidents, including the loss of eyesight following an HA
injection to the face, have been reported [7,8]. Another method is oral administration; however, when
applied this way, HA loses its function as a result of metabolism in the digestive organs. In contrast to
these methods, transcutaneous delivery is a safe and effective administration method for HA because it
does not require needles and can directly target the dermis without undergoing metabolism. However,
the skin permeation of HA is prohibited by the topmost layer of skin, the stratum corneum (SC)
layer [9]. The SC is composed of corneocytes and intercellular lipids that work as a barrier to molecules
that are both large and hydrophilic, including HA. Although it has been reported that HA enhances
the skin permeability of accompanying drugs by hydrating the SC [10–12], delivering HA itself into
the skin remains a challenge. Physical enhancement techniques, such as microneedles [13] and an
ultra-sound assisted system [14], have been developed; however, similarly to injection, safety concerns
remain. Tokudome et al. successfully delivered HA into the dermis using polyion complex emulsions,
without using physical enhancement techniques [15], and we reported successful HA delivery using the
solid-in-oil technique [16]. However, these techniques require high cost processes such as freeze-drying
and high-speed homogenizing, making them unfavorable for industrial application.

To overcome these limitations, we propose the use of reverse micelles that can encapsulate
hydrophilic drugs in their aqueous core. The reverse micelle formulation is an easy-to-prepare system
that is produced by mixing water, surfactant and oil components without high energy consumption
processes. Numerous researchers have developed reverse micelle formulations with various surfactant
molecules—such as phospholipids [17], fatty acids [18] and an amphiphilic dendritic polymer [19]—to
deliver small molecule drugs. However, there are only a few reports of the delivery of high molecular
weight drugs (>500 Da) [20,21] and, to the best of our knowledge, no one has achieved the transcutaneous
delivery of HA into the dermis layer using a reverse micelle formulation.

We previously developed a reverse micelle formulation, using glyceryl monooleate (MO) as the
surfactant, and succeeded in delivering a peptide antigen (~1400 Da) to the skin dendritic cells in the
living epidermis layer [22]. The formulation was able to enhance the permeability of skin to such
a high molecular weight drug owing to the strong permeation enhancing effect of MO. However,
this system has not been applied for polysaccharides, including HA, and its permeation mechanism
has not been fully addressed. Here, to expand the range of cargo molecules that can be delivered
by our system, we first examined the optimal composition for encapsulating HA in the reverse
micelle formulation. Subsequently, we evaluated the skin permeation of the HA-loaded reverse
micelle formulation and examined the permeation mechanism using fluorescence imaging and Fourier
transform infra-red (FTIR) spectroscopy. The results showed our reverse micelle system to be an
easy-to-prepare formulation for the effective transcutaneous delivery of HA.

2. Materials and Methods

2.1. Materials

Hyaluronic acid (HA; MW = 10 kDa) was purchased from Kewpie (Tokyo, Japan). Isopropyl
myristate (IPM) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) were bought from
Tokyo Chemical Industry (Tokyo, Japan). Isopropanol (IPA) was obtained from Kishida Chemical
(Osaka, Japan). Glyceryl monooleate (MO) was purchased from Nikko Chemicals (Tokyo, Japan).
Fluorescein-cadaverine dihydrochloride was obtained from Toronto Research Chemicals (North York,
ON, Canada), and 1-hydroxybenzotriazole monohydrate (HOBt·H2O) was bought from Watanabe
Chemical (Osaka, Japan). Rhodamine labeled 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
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(Rh-DOPE) was purchased from Avanti Polar Lipids (Alabaster, AL, USA). Yucatan micro pig (YMP)
skin was obtained from Charles River Laboratories Japan (Kanagawa, Japan).

2.2. Synthesis of Fluorescein-Labeled HA (FCHA)

Fluorescein cadaverine and HA were chemically conjugated using the EDC/HOBt coupling
reaction. EDC in purified water (48.5 mg/mL) and HOBt·H2O in DMSO (34.5 mg/mL) were mixed
at a 1:1 volume ratio (coupling reagent). Then, 1 mL of fluorescein-cadaverine dihydrochloride in
DMSO (7.56 mg/mL) and 4 mL of HA in purified water (12.5 mg/mL) were mixed, and 2 mL of the
coupling reagent was added to initiate the coupling reaction. The solution was stirred for 24 h at room
temperature using a magnetic bar. Subsequently, the solution was transferred into a 3 kDa cut-off

dialysis membrane to remove residual fluorescein-cadaverine dihydrochloride. Finally, the solution
was freeze-dried to obtain the FCHA powder.

2.3. Preparation of the FCHA-Loaded Reverse Micelle Formulation

Ahead of the preparation of the FCHA-loaded reverse micelle formulation, IPM and MO were
heated to 70 ◦C on a block incubator (EYELA, Tokyo, Japan). Precise amounts of MO and IPA were added
to the IPM, and the mixture was stirred for several minutes with heating. Subsequently, the aqueous
solution of FCHA was added dropwise. Finally, the mixture was vortexed and allowed to cool to room
temperature. The final concentration of FCHA was 1.0 mg/mL. Detailed compositions are stated in Table 1.
The water content and the particle size of the FCHA-loaded reverse micelle formulation were determined
by Karl Fischer titration and dynamic light scattering (Zetasizer Nano ZS, Malvern, Worcestershire,
UK), respectively. For morphological observation, the FCHA-loaded reverse micelle formulation was
sandwiched between a glass slide and a cover glass and observed with a confocal laser scanning
microscope (CLSM, LSM700, Carl Zeiss, Jena, Germany). To evaluate the homogeneity of the reverse
micelles, the dispersed fraction of the aqueous phase was defined as follows:

(Dispersed fraction of aqueous phase) [%] = Rwater [%] ·WRM [g]/Wwater [g] (1)

where Rwater is the water content in the reverse micelles, WRM is the total weight of the reverse micelle
formulation, and Wwater is the weight of water added to the formulation.

2.4. In Vitro Skin Permeation Study

YMP skin stored at −80 ◦C was defrosted at room temperature, and the fat was carefully removed
in order to avoid damaging the dermis layer. Next, 1.5 × 1.5 cm2 segments of the full-thickness YMP
skin were fixed on Franz-type diffusion cells (effective diffusion area: 0.785 cm2), and the receiver
phase was 5 mL of phosphate-buffered saline (PBS). All of the diffusion cells were equilibrated at
32.5 ◦C to reproduce the temperature of the human skin surface. Then, 250 µL of the FCHA-loaded
reverse micelle formulation was added to the donor chamber and the whole experiment system
was maintained at 32.5 ◦C for 24 h. The same amount of FCHA in PBS (1.0 mg/mL) was used as a
control aqueous solution group. The skin segments were then washed with 20% ethanol prior to
the imaging and quantification experiments. For the imaging experiment, the skin segments were
soaked in 4% paraformaldehyde (Fujifilm Wako Pure Chemical, Osaka, Japan) for 6 h, frozen in
liquid nitrogen, and embedded in an optimal cutting temperature compound. Subsequently, the
skin segments were sliced into 20 µm thicknesses with a microtome cryostat (Leica CM1860UV, Leica
Biosystems, Wetzlar, Germany) and then adsorbed on glass slides. Specimens were covered with
Entellan (Merck, Darmstadt, Germany) and a cover glass for fluorescence imaging with CLSM. For the
quantification of FCHA, the skin segments were cut into small pieces with a scalpel and submerged in
500 µL of PBS:methanol:acetonitrile = 2:1:1 (v/v/v) to extract FCHA from the YMP skin. The extract
solution was then filtered through a polytetrafluoroethylene membrane with 0.2 µm pores, and the
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amount of FCHA that permeated into the YMP skin was quantified using the fluorescence intensity at
λex = 493 nm and λem = 521 nm (LS55, PerkinElmer, Waltham, MA, USA).

Table 1. Compositions of the fluorescein-labeled hyaluronic acid (FCHA)-loaded reverse micelle
formulations ((FCHA) = 1 mg/mL). W0 is the water-to-MO (glyceryl monooleate) molar ratio.

IPM IPA MO Water W0

(wt.%) (wt.%) (wt.%) (wt.%) (-)

91.5 2.0

6.0 0.5 1.7
89.5 4.0
87.5 6.0
85.5 8.0
83.5 10.0

89.2 2.0

8.0 0.8 2.0
87.2 4.0
85.2 6.0
83.2 8.0
81.2 10.0

93.5 2.0

4.0 0.5 2.5
91.5 4.0
89.5 6.0
87.5 8.0
85.5 10.0

91.0 2.0

6.0 1.0 3.3
89.0 4.0
87.0 6.0
85.0 8.0
83.0 10.0

2.5. In Vitro Skin Permeation Study

Mouse ear auricles were used to elucidate how FCHA permeated through the SC layer. Defrosted
ear auricles were treated with 10 µL of the FCHA-loaded reverse micelle formulation for 2 h under
moisture control. The ear auricles were then washed with PBS:methanol:acetonitrile = 2:1:1 (v/v/v) and
sandwiched between a glass slide and a cover glass for CLSM observation.

To elucidate the permeation mechanism, the nanostructure in the SC layer was analyzed by Fourier
transform infra-red (FTIR) spectroscopy. First, an SC sheet was obtained, as previously reported [23,24].
Briefly, defrosted YMP skin was heated at 60 ◦C for 90 s in a water bath, and the epidermis sheet was
carefully peeled off with forceps. The epidermis sheet was then incubated in 5 mL of 0.25% trypsin-1
mM ethylenediaminetetraacetic acid solution (Thermo Fisher Scientific, Waltham, MA, USA) overnight,
at room temperature. The obtained SC sheet was washed with water and dried for further use. A piece
of the SC sheet was treated with 100 µL of the FCHA-loaded reverse micelle formulation at 32.5 ◦C for
24 h and then washed and dried thoroughly. Finally, the FTIR spectrum of the SC sheet was obtained
using a Spectrum Two (PerkinElmer) with a resolution of 1 cm−1 and 128 scans.

To observe the distribution of surfactants in the skin, Rh-DOPE was used as a fluorescent surrogate
for MO. MO was combined with 0.015 wt% Rh-DOPE and used for the preparation of a dual-labeled
reverse micelle formulation. The cross-section of YMP skin that was treated with dual-labeled reverse
micelles was observed with CLSM using the same process as in 2.4.

2.6. Statistical Analysis

Statistical analysis was performed using Microsoft Excel 2019 (Microsoft, Redmond, DC, USA).
The indicated P-values were derived from Student’s t-test. Significance is indicated as * P < 0.05,
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** P < 0.01, *** P < 0.001 and **** P < 0.0001. Data are expressed as the mean ± standard error of the
mean value, unless specified.

3. Results & Discussion

3.1. Preparation and Characterization of the Reverse Micelle Formulation

The chosen components of the reverse micelle formulation were IPM as the oil phase, MO as
the surfactant, IPA as the co-surfactant and Milli-Q water as the aqueous phase. MO is an ester of
glycerol and oleic acid and works as a strong skin permeation enhancer [25,26]. All of the components
were non-toxic and pharmaceutically acceptable. In addition, the reverse micelle formulation could be
produced by simply mixing all of the components, without the need for high energy consumption
processes, which is favorable for industrial application. First, reverse micelles with the compositions
outlined in Table 1 were prepared in order to determine the optimal formulation. As an indicator
of the homogeneity of the reverse micelles, we defined the dispersed fraction of the aqueous phase,
which means the percentage of added water dispersed into the formulation. If the dispersed fraction is
100%, a formulation is completely homogeneous, unless the formulation causes phase separation or
precipitation. The dispersed fraction had a positive correlation with the mass fraction of IPA (Figure 1).
A likely reason for this observation is the surface activity of IPA, which can work as a co-surfactant
in addition to MO, allowing a greater amount of water to be dispersed in the IPM. Another factor
that governs the dispersed fraction is the molar ratio of water-to-MO (W0). As W0 increased from
1.7 to 3.3, the dispersed fraction tended to decrease. This tendency is consistent with the fact that
more surfactant molecules, MO in this case, are required to reduce the surface free energy at the
polar/nonpolar interface as the volume of water increases. Based on these results, we determined the
optimal reverse micelle formulation to be 10 wt% IPA mass fraction and a W0 value of 1.7, with the
composition IPM:IPA:MO:water = 83.5:10.0:6.0:0.50 (w/w/w/w), for which the dispersed fraction was
nearly 100%.
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Figure 1. Dispersed fractions of aqueous phase in reverse micelle formulations versus various
compositions (n = 3, mean ± SE).

The FCHA-loaded reverse micelle formulation with the optimal composition was used for further
evaluation. Dynamic light scattering measurement showed that the size distribution of the reverse
micelles was monomodal and the Z-average was 871.8 nm (Figure 2a). Next, the FCHA-loaded
reverse micelle formulation was observed with CLSM to directly evaluate the location of FCHA in
the formulation. The fine polka-dot pattern of green fluorescence in the acquired fluorescence image
indicates that FCHA was encapsulated in the hydrophilic domain of the reverse micelles (Figure 2b).
These results show that the water phase containing the hydrophilic FCHA was uniformly dispersed in
the organic phase (IPM).
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Figure 2. Characterization of the FCHA-loaded reverse micelle formulation. (a) Particle size distribution.
(b) Confocal laser scanning microscope (CLSM) image with a 100 × lens. Scale bar: 10 µm.

3.2. Permeation of FCHA into YMP Skin

YMP skin—a preferred in vitro animal skin model—was chosen to evaluate the skin permeation
of the reverse micelle formulation [27]. First, cross-sections of YMP skin treated with FCHA in PBS or
the FCHA-loaded reverse micelle formulation ((FCHA) = 1.0 mg/mL) were observed with CLSM to
reveal the distribution of FCHA (Figure 3a). The fluorescence signal from the FCHA/PBS-treated skin
was weak, indicating that the permeability of skin to FCHA itself is poor and it is unable to enter the SC
layer. In contrast, strong fluorescence was observed for the skin treated with the FCHA-loaded reverse
micelle formulation, and FCHA was distributed not only in the SC layer but also in the epidermis and
the dermis layers. Consistent with these observations, the quantification of the FCHA extracted from
the skin revealed that the reverse micelle formulation delivered 16.7 times more FCHA than the control
aqueous solution (Figure 3b).
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Figure 3. Skin permeability to FCHA. (a) CLSM images of the skin cross-sections of Yucatan
micro pig (YMP) skin treated with FCHA/PBS or the FCHA-loaded reverse micelle formulation
((FCHA) = 1.0 mg/mL). The images were obtained with a 20× lens. Scale bars: 50 µm. (b) Amount of
FCHA that permeated into the YMP skin, quantified from the fluorescence intensity of FCHA extracted
from the skin. n = 3, mean ± SE, **** P < 0.0001.

3.3. Permeation Mechanism of the FCHA-Loaded Reverse Micelle Formulation

Further experiments were carried out to determine the underlying mechanism for the effective
FCHA delivery by the reverse micelle formulation. The rate-limiting step of the mass transfer of the
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hydrophilic drug through the skin is the diffusion step within the hydrophobic SC layer; thus, we first
observed how FCHA penetrates through the SC. In general, there are three possible pathways through
the SC: the intracellular route, where a drug penetrates directly across corneocytes; the intercellular
route, where a drug diffuses through the gap region between corneocytes; and the transappendageal
route, where a drug diffuses via the hair follicles and sweat glands (Figure 4a) [28]. As can be seen in the
CLSM images of the skin’s top surface, green fluorescence highlighted the rims of the corneocytes, which
clearly demonstrates that FCHA passed through the SC layer via the intercellular route (Figure 4b,c).
Given that skin appendages occupy only 0.1% of the skin’s surface, transappendageal penetration was
not dominant in this case, although it is possible that it also contributed [29].
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FTIR spectroscopy was used to evaluate the effects of the FCHA-loaded reverse micelle formulation
on the nanostructure of the intercellular region and establish why FCHA was able to penetrate through
the SC layer [30]. The gap region surrounding the corneocytes is filled with ceramides, cholesterols
and fatty acids that self-assemble to form lamellar structures. Information on the molecular orientation
of these lipid molecules in the lamellar structure can be acquired from the peak positions of the
CH2 symmetric stretching (~2850 cm−1) and CH2 asymmetric stretching (~2920 cm−1) in the FTIR
spectrum. When the degree of molecular orientation decreases and the barrier function of the skin is
weakened, the bent alkyl chain content increases, which manifests as blue shifts in the CH2 stretching
modes [31,32]. We isolated the SC sheet from the YMP skin and treated it with FCHA-loaded reverse
micelles for 24 h. Figure 5 shows the FTIR spectra of pre- and post-treated SC sheets. Both CH2

stretching modes of the post-treated SC sheet were blue shifted by 2–3 cm−1, which indicates that the
reverse micelle formulation altered the lamellar structure and enhanced the FCHA’s diffusivity within
the intercellular region. This is thought to be predominantly due to MO, a skin permeation enhancer
that has a kinked alkyl chain and is easily inserted into the lamellar structures [33,34]. HA also acts as
a permeation enhancer; however, it only causes the hydration of the SC and does not alter the lipid
nanostructure at low concentrations [11]. Judging from these data, FCHA was able to penetrate the SC
layer via the intercellular route with the assistance of the reverse micelle formulation.
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correspond to CH2 symmetrical and asymmetrical vibration modes of SC lipids in the intercellular
region, respectively.

After passing through the SC, FCHA must permeate into the living epidermis layer. However,
the FCHA encapsulated in the reverse micelles is not notionally expected to enter the hydrophilic
part of the epidermis, owing to the hydrophobic nature of the reverse micelle surface. To reveal the
mechanism in this step, we prepared dual-labeled reverse micelles using Rh-DOPE (0.015 wt.%) as an
indicator of MO (surfactant) and applied them to the YMP skin. Both green and red fluorescence were
detected from the skin cross-section by CLSM observation (Figure 6a). While green fluorescence from
FCHA was distributed to the deeper region, consistent with Figure 3, the red signal from Rh-DOPE
was only detected from the top surface of the skin. The images support the notion of a mechanism
of FCHA being released from the reverse micelles at the interface between the SC and the living
epidermis, as illustrated in Figure 6b. In normal skin, the water content in the SC is ~20%, while that
in the living epidermis is ~70% [35], which indicates that there is a pseudo-hydrophobic/hydrophilic
interface between these layers. Due to the hydrophobic nature of MO (HLB = 3.8), the reverse micelles
were unable to retain their morphology and collapsed before entering the living epidermis. Similar
permeation behavior was also observed for another oil-based drug carrier [36].
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Figure 6. (a) CLSM images of the cross-section of YMP skin treated with a dual-labeled reverse micelle
formulation (green: FCHA, red: Rh-DOPE). The images were obtained using a 20× lens. Scale bars:
50 µm. (b) Schematic illustration of the overall permeation mechanism of the FCHA-loaded reverse
micelle formulation.
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4. Conclusions

The transcutaneous delivery of HA has been achieved using physical permeation enhancers and
colloidal systems; however, these approaches have been limited by concerns for their safety, as well
as their production costs. In this study, we used a reverse micelle formulation as an easy-to-prepare
and effective transcutaneous delivery system for HA. The FCHA-loaded reverse micelle formulation
was prepared by the simple mixing of IPM, IPA, MO and water, without any cumbersome processes
such as freeze-drying or high-speed homogenizing. The mass fraction of IPA and the water-to-MO
ratio influenced the homogeneity of the reverse micelles, and we successfully determined the optimal
formulation in which the FCHA in the water phase was uniformly dispersed in IPM. The skin permeation
of FCHA was significantly enhanced by the reverse micelle formulation and the fluorescent signal of
FCHA was detected from the dermis layer of the YMP skin. Surface observation and FTIR spectroscopy
of the skin revealed that the reverse micelle formulation disrupts the nanostructure of the intercellular
lipids, allowing FCHA to penetrate the SC via the intercellular route. The permeation mechanism
of FCHA was further investigated using a dual fluorescently-labeled reverse micelle formulation.
The findings showed that FCHA was released from the reverse micelles at the hydrophobic/hydrophilic
interface between the SC and the living epidermis. Our system was shown to be an easy-to-prepare
formulation for the effective transcutaneous delivery of HA. The approach could be used in cosmetic
and biomedical products and improve the quality of life for people with skin conditions.
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