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Abstract

Transdermal immunization represents a promising needle-free alternative to conventional
vaccination. However, efficient antigen delivery and robust immune activation remain
major challenges. In this study, a solid-in-oil (5/0O) nanodispersion system comprising
a dendritic cell-targeting peptide (HR8), ovalbumin (OVA), and an adjuvant was devel-
oped for transdermal immunization. The HR8 peptide along with OVA was successfully
incorporated into an S/O nanodispersion with an optimal hydrodynamic diameter of
particles (<200 nm) and exhibited stable physical properties for up to 90 days. In vitro and
in vivo studies demonstrated enhanced antigen delivery with insignificant skin irritation
in C57BL/6N mice. Moreover, in vivo transdermal immunization studies demonstrated
that the addition of the HR8 peptide enhanced OVA-specific IgG responses (~1.5-fold).
Notably, the HR8 peptide also promoted an approximately 2.5-fold increase in IgG2c levels,
suggesting a shift toward a more T helper type 1-biased immune response, as reflected by
an increased IgG2c¢/IgGl1 ratio. Overall, these findings demonstrate that the incorporation
of HR8 peptide into an S/O nanodispersion enables efficient transdermal antigen delivery
and improved immunogenicity, highlighting its potential as a simple, non-invasive, and
patient-friendly immunization strategy.

Keywords: transdermal immunization; solid-in-oil (S/0O) nanodispersion; dendritic cells;
ovalbumin; HR8 peptide

1. Introduction

Immunization is a powerful strategy designed to elicit specific and durable immune
responses to treat or cure diseases through the administration of specific antigens, including
inactivated or attenuated pathogens, peptides, or proteins [1]. In the context of cancer
therapy, vaccines that engage the adaptive immune system offer distinct advantages over
conventional cancer therapies, such as sustained therapeutic efficacy and reduced systemic
toxicity [2]. However, most vaccines are administered via injection, which introduces
several limitations, including pain, the risk of needle-related injuries, and the need for
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trained healthcare professionals for proper administration [3]. These challenges have
driven increasing interest in the development of safe, simple, and non-invasive delivery
approaches via the oral, nasal [4,5] and transdermal routes [6-8].

Transdermal immunization has emerged as a potential approach because of its capacity
to exploit the immunologically rich environment of the skin. This strategy utilizes the
immune networks in the epidermis and dermis, where antigen-presenting cells (APCs)
are more densely distributed than in the muscle or subcutaneous tissue, which allows the
induction of strong immune responses at lower antigen doses [9]. In addition, transdermal
delivery enables the convenient administration of antigens using patch-based systems.
Among APCs, dendritic cells (DCs) play a pivotal role and are critical mediators of antigen
presentation and the initiation of adaptive immunity. The presence of multiple DC subsets
in the skin highlights the potential of transdermal immunization as an effective delivery
strategy. Administering antigens via this route can also stimulate dermal DCs [10]. DCs
are highly efficient and professional APCs that process and present antigens to activate T
cells [11-14]. Therefore, immunotherapeutic approaches mediated by DCs are essential for
efficient antigen presentation and adaptive immune activation. However, the insufficient
targeting of DCs has significantly compromised the efficacy of immunization [15]. DC-
targeted immunization can boost CD8" T cell-mediated immunity resulting in T helper
(Th) type 1 immune responses [16,17]. Among T helper cell subsets, Th1l and Th2 cells
play distinct roles in immunity, with Th1 cells mediating cellular immunity and Th2 cells
supporting humoral responses. However, a balanced Th1/Th2 response is critical for
optimal therapeutic outcomes [18,19].

DC-targeted antibodies have been extensively explored as a strategy to enhance immu-
nization because of their ability to achieve the precise and efficient delivery of antigens to
DCs [20,21]. Recently, targeting peptides have emerged as an attractive alternative to anti-
bodies because of their low molecular weight, high permeability, reduced immunogenicity,
lower production costs, and versatility for co-delivery with specific antigens [22,23]. Regard-
ing vaccine applications, peptides have been utilized to facilitate MHC class I-dependent
antigen presentation by delivering exogenous antigens into the cytosol of APCs [24-28]. De-
spite these advantages, their clinical application is limited because of difficulties in delivery,
poor stability, and low bioavailability [29]. However, Zheng et al. reported a notable ad-
vancement by identifying and optimizing a novel DC-targeting peptide with the D-amino
acid sequence HLHKHHLR (HRS), using a phage display technique, which enhanced
ovalbumin (OVA) delivery following its subcutaneous administration [15]. Zheng et al.
used CpG oligodeoxynucleotide (ODN) 1826 as an adjuvant to activate DC via Toll-like
receptor 9 (TLR9) signaling, thereby overcoming immune tolerance [30-32]. Nevertheless,
subcutaneous administration has some drawbacks, including needle-related complications
and possible pathogen transmission resulting from the improper reuse of needles and
syringes [6]. Furthermore, the short half-life of peptides following subcutaneous adminis-
tration requires repeated dosing, leading to pain, psychological discomfort, and ultimately
reduced patient compliance [33].

To address these limitations, the solid-in-oil (5/0) nanodispersion system has recently
gained attention as a versatile platform for transdermal antigen delivery. Previous stud-
ies have demonstrated that the S/O nanodispersion system can effectively deliver OVA
across the skin, either alone or in combination with peptides and adjuvants [18,34-36].
Considering these advantages, the current study used an S/O nanodispersion system
to co-deliver OVA with a DC-targeting peptide via the transdermal route. To the best
of our knowledge, this study represents the first evidence of transdermal immunization
enabled by the co-delivery of a DC-targeting peptide with a model antigen (OVA) through
an S/O nanodispersion system. The present study developed an S/O nanodispersion
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system incorporating the DC-targeting HR8 peptide and OVA as a model antigen. The
physical properties of various nanodispersions were characterized, and their ability to
induce enhanced immune responses following transdermal immunization was evaluated.

2. Results and Discussion
2.1. Characterization of the S/O Nanodispersions with HR8 Peptide

Prior to the preparation of the S/O nanodispersions, the complexation behavior
between OVA and the HR8 peptide was investigated as previously reported with slight
modifications [18]. The formation of stable antigen-peptide complexes is essential for their
efficient incorporation into the S/O system and their transdermal delivery. To evaluate
complex formation, aqueous solutions of OVA and HRS peptide using Milli-Q water were
prepared at molar ratios of 1:10, 1:20, 1:30, and 1:40 and their zeta potentials were measured
using DLS (Figure 1). OVA alone had a negative surface charge (—28.0 £ 6.3 mV), whereas
the HRS8 peptide alone had a positive surface charge (24.4 & 5.7) attributable to the presence
of multiple histidine and lysine residues that confer cationic properties [15,37]. Upon
complexation, the zeta potentials of the OVA-HRS8 complexes shifted progressively from
negative to positive values with an increase in HR8 content (Table S1). The gradual shift
in zeta potential strongly indicates the formation of electrostatic interactions between
negatively charged OVA and the positively charged HR8 peptide. Similar trends have been
reported for protein-peptide or DNA-ionic liquid complexes where charge neutralization
followed by charge reversal confirms successful complex formation [18,38]. Furthermore,
the positive surface charge observed for these complexes suggests that OVA is effectively
surrounded by HRS peptides, which is advantageous for DC-targeting antigen delivery [38].
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Figure 1. Zeta potentials of OVA alone, HR8 alone, and the OVA-HRS8 complex at different molar ratios.

The S/O nanodispersions were then prepared by mixing with a surfactant-containing
cyclohexane solution at a ratio of 1:2 (v/v) followed by freeze-drying and the addition
of 1 mL IPM. However, for optimization, two surfactants, L-195 and ER-290, were evalu-
ated because of their ability to stabilize water in oil systems that facilitates transdermal
delivery [34,39,40]. Twelve different S/O formulations (Tables S2 and S3) were prepared
and characterized for the hydrodynamic diameter of particles and polydispersity index
(PDI) using DLS. Among the tested formulations, F8-S/O (ER-290; 50 mg) and F12-S/0
(ER-290; 100 mg) nanodispersions exhibited desirable physicochemical features, including
nanoscale size (~200 nm) and low PDI values for about 90 days. The physical stability of
the formulations was evaluated at room temperature, during which no significant changes
in the hydrodynamic diameter of particles or PDI were observed for the F8-S/O and F12-
S/0 nanodispersions (Table 54, Figure 2). The maintenance of consistent hydrodynamic
diameter of particles and low PDI values indicated that the S/O nanodispersions remained
physically stable, with no evidence of aggregation, coalescence, or phase separation over
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the storage period. Such stability is critical for ensuring uniform antigen distribution,
reproducible performance, and reliable transdermal delivery. Based on robust stability
under ambient conditions, F8-S/O and F12-5/0 were selected for subsequent in vitro and
in vivo studies.
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Figure 2. The hydrodynamic diameter of particles of F8-5/0 nanodispersions (A) and F12 S/O
nanodispersions (B) until 90 days.

Next, the release of OVA from in vitro S/O nanodispersions was evaluated under
hydrophilic conditions using phosphate-buffered saline (in PBS, 37 °C). The release profile
was evaluated for 24 h to reflect the intended duration of transdermal patch application.
As shown in Figure 3, F8-5/0 and F12-5/0 nanodispersions exhibited sustained and
controlled release behavior throughout the 24 h period [41,42].

F8-S/0
-= F12-S/0

Cumulative
OVA released (%)

1 3 12 24
Time (h)

Figure 3. The cumulative release of OVA from S/O nanodispersions (F8-5/0 and F12-S/0O). Data
presented as the mean + SD (n = 3).

2.2. In Vitro Skin Permeability Evaluation

In vitro skin permeation studies revealed that both S/O formulations markedly en-
hanced the delivery of FITC-OVA relative to the PBS control (Figure 4). It was reported that
S5/0 nanodispersions permeated via the intercellular route, where IPM disrupts stratum
corneum (SC) lipids, reducing barrier integrity and enhancing permeation [43,44]. In our
study, the F8-5/0 nanodispersion showed significantly increased permeation and penetra-
tion efficiency compared with that of the F12-S/O nanodispersion. These results may be
attributed to the lower surfactant content in F8-S/O, which likely enables the more efficient
release of antigen. In contrast, higher surfactant concentrations, as in F12-S/0, may result
in stronger interactions between the antigen and surfactant molecules, thereby restricting
the release of antigen. A study by Kitaoka et al. demonstrated that higher concentrations of
surfactants limited antigen exposure by forming antigen—surfactant complexes, ultimately
reducing the permeation and immunological efficacy [40].
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Figure 4. Amounts of FITC-OVA that permeated (transdermal) and penetrated (topical) through
mouse skin. Statistical significance was assessed using Tukey’s multiple comparison test: * p < 0.05
and **** p < 0.0001. Values are the mean + SD (n = 3). ns = non-significant.

2.3. In Vitro Biocompatibility Study

To assess the safety profile of the newly developed S/O nanodispersions, in vitro cyto-
toxicity was evaluated using the CCK-8 assay in HeLa cells (Figure 5). Cells were treated
with various concentrations (12.5, 25, and 50 pug/mL) of free OVA or S/O nanodispersions
(F8-5/0 and F12-5/0). Across all tested concentrations, the mean cell viability remained
above 90%, suggesting negligible cytotoxicity and good biocompatibility of the formula-
tions. These results indicate that newly formulated S/O nanodispersions are biocompatible
and suitable for transdermal applications. HeLa cells were employed as a standardized
in vitro model for the preliminary assessment of the cytotoxicity of the formulations. The
primary objective of this assay was to establish the baseline of cell viability prior to in vivo
evaluation. We acknowledge that normal skin-derived cells such as human keratinocytes
or primary fibroblasts would offer a more physiologically relevant model for transdermal
formulations. These specialized models will be incorporated in our future work.
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Figure 5. Cell viability was evaluated with different formulations of OVA (free OVA, F8-5/0, and
F12-S/0) for 24 h. Values are the mean + SD (n = 3).

2.4. In Vivo Skin Irritation Evaluation

Trans-epidermal water loss (TEWL) was determined to evaluate the skin irritation
potential of the S/O nanodispersions. Initial TEWL values were recorded for all mouse
groups before the application of the formulations. At 24 h post-application, the patches were
removed, and TEWL values were re-measured to assess the change in water loss. Although
a slight increase in TEWL was observed, the differences were not statistically significant
(Figure 6). Subsequent measurements at 48 h showed that TEWL values had recovered to
their initial levels, indicating recovery of the skin’s barrier functions. However, significant
TEWL values were observed after 48 h, when the mouse groups were treated with 5% SDS
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in PBS. These findings indicate that S/O nanodispersions caused the minimal and reversible
disruption of skin integrity, supporting their safe use for transdermal applications.
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Figure 6. (A) In vitro skin irritation study design. (B) TEWL values measured before application,
and 24 h and 48 h after patch removal. Statistical significance was assessed using Tukey’s multiple
comparison test: **** p < 0.0001. Values are the mean =+ SD (n = 3). ns = non-significant.

2.5. In Vivo Immunization and OVA-Specific Antibody Responses

The immunization efficacy of the developed S/O formulations was evaluated by
administering vaccine patches transdermally to C57BL /6N mice three consecutive times
according to a defined schedule (Figure 7A). After the third immunization, blood samples
were collected at 28 days and 42 days for antibody analysis. Immune responses induced by
5/0 nanodispersions were determined by measuring serum anti-OVA antibody levels by
an enzyme-linked immunosorbent assay (ELISA). Initial observations at 28 days after the
third immunization indicated that F8-S/O nanodispersions induced approximately 2-fold
higher OVA-specific IgG titers compared with F12-S/0O nanodispersions. This enhanced
antibody production observed with F8-S/O nanodispersions suggested improved antigen
presentation (Figure 7B). This observation aligns with the findings of Kitaoka et al. who
demonstrated that increasing the amount of surfactant reduced antigen presentation and
antibody responses [40]. At 28 and 42 days after the third immunization, F8-5/0 nan-
odispersions exhibited approximately 46-fold and 68-fold higher OVA-specific IgG titers,
respectively, compared with their mixture in PBS, indicating the successful induction of
antigen-specific immune responses via the transdermal route (Figure 7C). These results
confirm the ability of the S/O nanodispersions to effectively deliver OVA across the skin
barrier and induce robust immune responses via the transdermal route. To elucidate the
role of the DC-targeting HR8 peptide, an S/O nanodispersion without HR8 peptide was
used as a control. Enhancement of immune responses was observed between the F8-5/0
nanodispersion and (—HRS8) F8-5/0 nanodispersion, with the F8-S/O nanodispersion
showing approximately 1.2-fold and 1.5-fold higher IgG titers at 28 and 42 days, respec-
tively (Figure 7C). The enhanced immune response exhibited by the F8-5/0 nanodispersion
may be associated with the inclusion of the HR8 peptide which was previously reported by
Zheng et al. as a DC-targeting peptide [15]. The authors demonstrated the DC-targeting
ability of the HRS8 peptide and showed that it could enhance the antigen-specific immune
responses. However, the exact mechanism of HR8-mediated DC-targeting was not directly
addressed in the present study. Therefore, the proposed role of HR8 peptide in facilitating
DC-targeting is based on previous studies and should be regarded as a plausible expla-
nation to be evaluated in future investigations using cellular uptake, receptor-binding
and fluorescence colocalization assays. To further characterize the type of immunological
responses, IgG subclasses were investigated, including IgG1 and IgG2c. IgGl1 is generally
associated with Th2-mediated humoral immunity, whereas IgG2c represents Th1-driven
cellular immunological responses. The ratio of IgG2c¢/IgG1 can be used to determine Th1
or Th2-type immune responses [34]. In this study, OVA-specific IgG1 levels were higher
than IgG2c levels in the sera of immunized mice, indicating a predominantly Th2-biased
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immune response. However, the inclusion of HR8 peptide into the S/O nanodispersion
led to an approximately 2.5-fold increase in IgG2c levels, suggesting a shift toward a more
Thl-biased immune response compared with S/O nanodispersion without HR8 peptide
(Figure S1). Consistently, for F8-5/0 nanodispersion, when the IgG2c/IgGl1 ratio increased,
the Th1/Th2 balance shifted in favor of Thl-driven immune responses, indicating en-
hanced cellular immunity (Figure 7D). This shift toward the Thl immunity is particularly
important for antitumor immunity because Th1 responses are associated with the activa-
tion of cytotoxic T lymphocytes, which improve tumor clearance [19]. Previous studies
have demonstrated that DC-targeting immunization strategies enhanced cellular immune
responses and produced sustained antitumor effects in animal models [45-47]. In line
with these findings, Zheng et al. reported that a DC-targeting HR8 peptide significantly
enhanced cellular immune responses and anti-tumor activity following its subcutaneous
administration [15]. However, the present study demonstrated that the transdermal co-
delivery of HR8 peptide and a model antigen OVA using S/O nanodispersion promoted a
shift toward a more Thl-biased immune response, which supports the effectiveness of this
simple and patient-compliant, needle-free approach. Although further studies are required
to fully elucidate the mechanistic role of the HR8 peptide in modulating immune responses,
including its interactions with dermal DCs and intracellular trafficking pathways, the
present results clearly demonstrate that the S/O nanodispersion approach is capable of
inducing robust and functionally relevant immune responses.
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Figure 7. (A) Experimental design for the in vivo immunization of C57BL/6N mice. (B) Results
of ELISA measurements and comparisons between S/O nanodispersions (F8-S/O and F12-5/0).
(C) OVA-specific IgG responses at 28 days and 42 days after the third immunization. (D) OVA-specific
IgG1 and IgG2c responses after the third immunization. Statistical significance is assessed using a
paired t-test (B,D) and Tukey’s multiple comparison test (C): ** p < 0.01 and **** p < 0.0001. Values
are the mean + SD (n = 3).

3. Materials and Methods
3.1. Materials

OVA was obtained from Sigma-Aldrich (St. Louis, MO, USA) and HR8 peptide
(sequence: HLHKHHLR; molecular weight: 1077.27 Da) was purchased from GenScript
(Piscataway, NJ, USA) with a purity of 96.4%. Isopropyl myristate (IPM) and cyclohexane
were acquired from TCI (Tokyo, Japan) and Wako (Kyoto, Japan), respectively. Sucrose
erucate (ER-290) and sucrose laurate (L-195) were kindly provided by Mitsubishi Chemical
Foods (Tokyo, Japan). A Bicinchoninic Acid (BCA) Protein Assay Kit was purchased from
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Thermo Fisher Scientific (Waltham, MA, USA). CpG ODN 1826: 5'-tccatgacgttcctgacgtt-
3’ (20 mer) was acquired from Invivogen (Carlsbad, CA, USA). Horseradish peroxidase
(HRP)-conjugated rabbit anti-mouse IgG, IgG1, and IgG2c antibodies were sourced from
Rockland Immuno-Chemicals (Gilbertsville, PA, USA).

3.2. Cells

HelLa cells were sourced from the RIKEN cell bank (Tsukuba, Japan). Fetal bovine
serum (FBS), Dulbecco’s Modified Eagle Medium (DMEM), and antibiotic-antimycotic
were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Dulbecco’s phosphate-
buffered saline (DPBS) and trypsin/ethylenediaminetetraacetic acid solution were acquired
from Nacalai Tesque (Kyoto, Japan). A CCK-8 assay kit was acquired from Dojindo
Molecular Technologies, Inc. (Kumamoto, Japan).

3.3. Animals

For immunization studies and skin irritation test, 5-week-old C57BL/6N female mice
were obtained from Kyudo Corporation (Saga, Japan) and raised under standard conditions.

3.4. S/O Nanodispersions and Characterization

S/0 nanodispersions were formulated following a previously reported protocol with
minor modifications [18,48]. Briefly, OVA and HR8 peptides were mixed at molar ratios of
1:10, 1:20, 1:30, and 1:40 in 2 mL of Milli-Q water and the zeta potential was determined
using a laser Doppler electrophoresis method with a Zetasizer NanoZS (Malvern, Worces-
tershire, UK). Then, 200 uL of CpG ODN 1826 (0.05 mg/mL) was added to 2 mL of the
OVA-HRS solution. Next, 2.2 mL of this solution was added to 4.4 mL of cyclohexane
containing sucrose erucate (ER-290) in a glass vial (1:2, v/v). The resulting mixture was then
homogenized at 26,000 rpm for 2 min using a Polytron homogenizer PT3100D (Kinematica
AG, Lucerne, Switzerland) to form water-in-oil (W/O) emulsions. The prepared emulsions
were immediately frozen in liquid nitrogen for 20 min, followed by lyophilization for 18 h
using a freeze dryer (FD5N; EYELA, Tokyo, Japan) to yield a protein—surfactant complex.
Subsequently, 1 mL of IPM was added to the obtained solid complex and the mixture
was vortexed at room temperature and stirred at 500 rpm for 12 h to form the final S/O
nanodispersion. The complexation between the OVA-HR8 complex and the surfactant
was not evaluated directly, but the hydrodynamic diameter of the particles, PDI and the
stability results indirectly supported the successful formation of stable S/O nanodisper-
sions. As a comparison study, S/O nanodispersions were also prepared using sucrose
laurate (L-195) under identical conditions (Table S2). The OVA concentration in IPM was
fixed at 1 mg/mL. The hydrodynamic diameter of particles (Table S3) of the resulting
nanodispersions was analyzed by dynamic light scattering (DLS) with a Zetasizer NanoZS
(Malvern, Worcestershire, UK).

For in vitro fluorescence microscopic analysis of S/O nanodispersions in mouse skin,
formulations were prepared using FITC-labeled OVA (1.0 mg/mL) combined with HR8
peptide and a surfactant (Table S5).

3.5. Cell Viability Assay

Cell viability was evaluated using HeLa cells following a previously reported protocol
with slight modifications [49]. Cells were cultured to approximately 70-80% confluence
and harvested by trypsinization. Subsequently, the cells were plated into a 96-well flat-
bottomed plate at 5 x 10* cells per well (100 uL) and cultured in D-MEM containing 10%
fetal bovine serum and 1% antibiotic-antimycotic at 37 °C in a CO, incubator for 24 h. The
medium was then exchanged for fresh medium containing various concentrations of free
OVA or 5/0 nanodispersions (F8-S/0 and F12-5/0) at OVA concentrations of 12.5, 25, and
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50 ug/mL, followed by incubation for an additional 24 h. Cell viability was then assessed
using a CCK-8 assay in accordance with the manufacturer’s protocol. Untreated cells were
used as the control and all experiments were conducted in triplicate. Cell viability was
calculated according to the following equation:

Cell viability [%] = [(As — Ab)/(Ac — Ab)] x 100

where As represents the absorbance of the sample, Ac the absorbance of the negative
control, and Ab the absorbance of the blank.

3.6. In Vitro Protein (OVA) Release Study

The release of OVA from S/O nanodispersions into phosphate-buffered saline (PBS)
was evaluated following a previously reported method [40]. Briefly, 150 uL of the S/O
nanodispersion was added to 600 puL PBS and stirred at 37 °C for 24 h. At predetermined
time points (1, 3, 12, and 24 h), aliquots (20 pL) were collected, and the released OVA
concentration was quantified using a BCA assay with a kit purchased from Thermo Fisher
Scientific (Waltham, MA, USA). All procedures were conducted in accordance with the
manufacturer’s instructions and following a previously reported method [18,34,40].

3.7. In Vitro Skin Permeation Study

For the fluorescence microscopy-based assessment of transdermal delivery, OVA
was labeled with fluorescein isothiocyanate (FITC) according to a previously reported
method [50]. The in vitro skin permeation of FITC-OVA-loaded S/O formulations
(1 mg/mL) was assessed using excised mouse skin mounted on a Franz diffusion cell
(FDC), according to a previously reported method. Briefly, frozen (—80 °C) mouse skin was
thawed at room temperature, and cut to an appropriate size (2 cm x 2 cm) and immediately
mounted on an FDC (diffusion area: 0.785 cm?), with the stratum corneum facing the
donor compartment and the dermis facing the receptor compartment. Initially, the receptor
chamber was filled with 4 mL of PBS (pH 7.4) and equipped with a magnetic stirrer. To
remove air bubbles, 1 mL of PBS was administered through the branch tube into the FDC.
The donor compartment was filled with 200 uL of S/O nanodispersion or PBS solution
consisting of a mixture of FITC-OVA, CpG ODN 1826 and HR8 peptide as control. This
study was conducted at 32.5 °C for 6 h under constant stirring (500 rpm). To evaluate
the topical delivery, the treated skins were removed from the FDC, thoroughly washed
repeatedly with 20% ethanol and sectioned into small pieces using a scalpel. The skin
pieces were then immersed in 1 mL of extraction solution comprising PBS, acetonitrile, and
methanol at a ratio of 2:1:1 (v/v/v) and the extraction was conducted at room temperature
for 18 h under continuous shaking. The transdermal (across-skin) delivery of FITC-OVA in
the receiver phase as well as the topical (into-skin) delivery of FITC-OVA from the extracted
skin samples was quantified by determining the fluorescence intensity at 485-535 nm using
a Varioskan LUX multimode microplate reader (Thermo Fisher Scientific).

3.8. In Vivo Skin Irritation Study

In vivo skin irritation induced by the S/O formulations was evaluated by determining
the trans-epidermal water loss (TEWL), expressed in g/m?-h. C57BL/6N mice were
anesthetized for 10 min prior to the experiment, and the TEWL value of the dehaired
mice was recorded using a VAPOSCAN (Asch Japan Co., Ltd., Tokyo, Japan) (n = 3).
Following the application and subsequent removal of the formulation-loaded patch, TEWL
measurements were taken at 24 and 48 h. For comparison, the TEWL measurements were
also performed in mice treated with 5% sodium dodecyl sulfate (SDS) in PBS as a positive
control and untreated mice as a negative control at the same time points.
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3.9. In Vivo Immunization and Measurements of IgG-Specific Antibodies

An isoflurane vaporizer chamber was used to anesthetize C57BL /6N mice for ade-
quate sedation and dehaired before immunization. Ovalbumin (100 pg per mouse) was
administered by topical transdermal application to the dorsal skin of mice three times at
one-week intervals. Homemade patches consisting of two layers of gauze (approximately
2 x 2 cm?, Hakujuji Co., Ltd., Tokyo, Japan) were used as the application matrix for all
formulations. Each patch was loaded with 100 pL of the test S/O nanodispersions (F8-S/0
and F12-S/0) or the corresponding control formulation before being applied to the dorsal
skin. The control formulations included a PBS solution containing OVA, HR8 peptide,
and adjuvant as well as an S/O nanodispersion without the HR8 peptide. The patches
were removed after 24 h and the same procedures were followed for the second and third
immunizations. Blood samples were collected from the tail vein of individual mice 1 day
before the first immunization and on days 28 days and 42 after the third immunization
for subsequent immunological analyses. For this purpose, the sera were separated by
centrifugation at 3500 rpm for 10 min and anti-OVA IgG, IgG1, and IgG2c were evaluated
using ELISA as previously reported [50].

3.10. Statistical Analysis

GraphPad Prism software (Version 6.05) was used for statistical analysis. Statistical
significances were evaluated by one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test and paired f-test. Statistical significance is indicated
as * p < 0.05, ** p < 0.01, ** p < 0.001, and **** p < 0.0001. Data are presented as the
mean =+ standard deviation of the mean.

4. Conclusions

This study demonstrated that the incorporation of a DC targeting HR8 peptide into an
5/0 nanodispersion provided an effective platform for transdermal immunization. The
newly developed formulation successfully delivered OVA and induced significantly higher
OVA-specific IgG responses compared with PBS solution, highlighting improved antigen
delivery. S/O nanodispersions containing the HR8 peptide exhibited approximately 1.5-
fold higher OVA-specific IgG responses than those without HRS8 peptides. Importantly, S/O
nanodispersion containing the HR8 peptide promoted an approximately 2.5-fold increase
in IgG2c levels, indicating a shift toward a more Thl-biased immune response. Further
investigation of the HR8 peptide-mediated DC-targeting strategies may provide deeper
insights into its immunological advantages. Additionally, extending this platform to other
antigens might broaden its applicability as a versatile transdermal immunization strategy.
Future studies focusing on the therapeutic evaluation of this formulation will help to fully
realize the clinical potential of this approach. Overall, these findings highlight the potential
of 5/0 nanodispersions as a needle-free vaccine delivery platform capable of eliciting
robust immune responses.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules31152668/s1, Figure S1: OVA-specific IgG2c responses;
Table S1: Zeta potentials measurement; Table S2: Compositions of F1~F12 solid-in-oil (S/O) nanodis-
persions; Table S3: Hydrodynamic diameter of particles and polydispersity index (PDI) of F1~F12
solid-in-oil (S/0) nanodispersions; Table S4: Hydrodynamic diameter of particles and PDI of F8-S/O
and F12 S/O nanodispersions until 90 days; Table S5: composition of S/O nanodispersions loaded
with FITC-OVA.
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