colloids

8 and interfaces

Article

Laminarin-Loaded Solid-in-Oil Nanodispersion for Enhanced
Non-Invasive Transdermal Immunization

Md. Shahin Sarker 2%, Yoshirou Kawaguchi 1*, Rie Wakabayashi 1, Noriho Kamiya 130,

Muhammad Moniruzzaman # and Masahiro Goto

W) Check for updates

Academic Editor: Spencer E. Taylor

Received: 6 May 2026

Revised: 5 June 2026

Accepted: 22 June 2026

Published: 25 June 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1,3,%

Department of Applied Chemistry, Graduate School of Engineering, Kyushu University, 744 Motooka,
Nishi-ku, Fukuoka 819-0395, Japan; sarker.md.shahin.772@s.kyushu-u.ac.jp (M.S.S.);
wakabayashi.rie.122@m.kyushu-u.ac.jp (R.W.); kamiya.noriho.367@m.kyushu-u.ac.jp (N.K.)

Department of Pharmacy, Jashore University of Science and Technology, Jashore 7408, Bangladesh

3 Center for Future Chemistry, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan
Mechanical Engineering Technology, New York City College of Technology, The City University of New
York (CUNY), 186 Jay Street, New York, NY 11201, USA; muhammad.moniruzzaman43@citytech.cuny.edu
*  Correspondence: kawaguchi.yoshirou.168@m kyushu-u.ac.jp (Y.K.); m-goto@mail.cstm.kyushu-u.ac.jp (M.G.);
Tel.: +81-92-802-2806 (M.G.)

Abstract

Simple and non-invasive transdermal vaccination is an attractive alternative to conven-
tional injection-based immunization. However, the effectiveness of transdermal vaccines is
often constrained by the stratum corneum barrier. Although the use of solid-in-oil (S/O)
nanodispersion technology has successfully facilitated skin permeation to induce an im-
munological response, the antibody titers remain suboptimal. Herein, a dectin-1 selective
ligand, laminarin, was used as an immunostimulatory adjuvant to enhance the immune
response. S/O nanodispersions loaded with laminarin and ovalbumin (OVA) were system-
atically developed and characterized in terms of particle size, in vitro OVA release behavior,
and skin permeation performance using excised mouse skin. In vivo immunization via tran-
scutaneous administration was performed to evaluate biocompatibility and antigen-specific
immunoglobulin-G (IgG) responses. Laminarin-loaded S/O nanodispersions demonstrated
long-term stability and efficient ex vivo skin permeability. All the prepared laminarin-
loaded S/O nanodispersions showed increased OVA-specific IgG responses compared with
the laminarin-free S/O formulation. Among the formulations, the S/O nanodispersion
containing OVA and laminarin at a 1:4 weight ratio induced 20-fold higher OVA-specific
IgG responses than PBS and 7-fold higher responses than laminarin-free S/O formulations.
This study clearly demonstrates the potential of laminarin-loaded S/O nanodispersions as a
non-invasive vaccine delivery platform for enhancing antigen-specific antibody responses.

Keywords: laminarin; dectin-1 targeting; solid-in-oil nanodispersion; transcutaneous
immunization; vaccine development

1. Introduction

Vaccination induces a durable antigen specific immune response and is the most
reliable preventive strategy against infectious diseases [1]. Recently, the targeted delivery
of tumor antigens to antigen-presenting cells (APCs) has emerged as a highly promising
modality for cancer immunotherapy [2]. Injection remains the predominate route for
immunization; however, injection is associated with several safety concerns and poor
patient compliance. Transdermal vaccine administration is a promising alternative to
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needle-based approaches because transdermal administration is simple, non-invasive, self-
administrable, and targets skin-resident APCs [3]. Nevertheless, the highly organized
structure of the stratum corneum of the skin limits transdermal vaccine delivery [4]. To
mitigate this limitation, several physical and chemical strategies have been developed to
facilitate skin permeability for transcutaneous vaccine delivery [3,5].

To overcome the challenges imposed by the skin barrier, a solid-in-oil (S/O) nan-
odispersion system in which drug molecules are encapsulated by surfactants and dis-
persed within an oil phase has been developed in our laboratory [6-8]. This system has
achieved high encapsulation efficiency for various therapeutics, including small molecules,
proteins, and oligonucleotides [7-10]. The enhancement of in vivo antibody production
has also been demonstrated through the co-encapsulation of polyarginine [11] or CpG
oligodeoxynucleotides [12] in 5/O nanodispersions. The use of S/O nanodispersions
is highly advantageous in transcutaneous vaccine formulations, as the nanodispersions
enable the co-loading of various adjuvants alongside hydrophilic antigens.

A key challenge in the development of S/O formulations loading vaccines without
an immunostimulatory adjuvant is the activation of dendritic cells (DCs), the generation
of antigen-specific cytotoxic T lymphocytes (CTLs) and the induction of robust antibody
responses [13,14]. Cancer antigens alone do not effectively trigger antigen-specific CTL
activation or antibody generation because DCs and macrophages have low efficiency for
antigen presentation and reduced expression of co-stimulatory molecules [15,16]. Therefore,
adjuvant components that can strongly promote DC maturation are required in combination
with cancer antigens to achieve effective tumor immunity [17-20].

Natural polysaccharides, which have diverse biological activity, low toxicity, and
excellent biocompatibility, have emerged as promising candidates for use as vaccine ad-
juvants [21,22]. These biomolecules, which consist of multiple monosaccharide units
connected by glycosidic bonds, can stimulate macrophages as well as T and B lympho-
cytes, thereby enhancing cytokine and antibody production [23,24]. Laminarin, a (1 —
3)-p-D-glucan derived from brown seaweed, is a natural ligand of the DC-associated C-
type lectin receptor dectin-1 [25] and exhibits notable immunomodulatory and antitumor
activities [26,27]. Dectin-1-stimulated DCs have been reported to prime Th17 and CD8" T
cell responses [28], convert regulatory T (Treg) cells into interleukin-17 (IL-17)-producing
cells [29], and induce robust cytotoxic T lymphocyte responses [30]. Previous studies have
demonstrated that a physical mixture of laminarin and ovalbumin (OVA) administered
intravenously significantly suppressed tumor growth [26], and a physical mixture of lami-
narin nanoparticles and OVA administered subcutaneously enhanced OVA-specific IgG
responses [31]. Furthermore, a recent study has indicated that laminarin-coated peptide
dendrimers can enhance the precise targeting of the decitin-1 receptor and improve oral
gene delivery [32].

The present study aimed to develop a nanocarrier platform for the transcutaneous
delivery of an antigenic protein in combination with laminarin, a dectin-1-specific natural
ligand. Laminarin/OVA-loaded S/O nanodispersions were prepared and characterized
in terms of particle size distribution, polydispersity index (PDI), morphology, stability,
and biocompatibility. The protein release profiles of S/O nanodispersions formulated
with varying OVA-to-laminarin weight ratios were evaluated in phosphate-buffered saline
(PBS), and ex vivo skin permeation was investigated using excised mouse skin. Finally, the
immunoenhancing potential of the S/O nanodispersions for transcutaneous immunization
was evaluated by measuring antibody production in mice.
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2. Materials and Methods
2.1. Materials

Laminarin derived from Laminaria digitata was purchased from InvivoGen (San Diego,
CA, USA). OVA was procured from Sigma-Aldrich (St. Louis, MO, USA). Sucrose laurate
(L-195) and sucrose erucate (ER-290) were purchased from Mitsubishi-Kagaku Foods Cor-
poration (Tokyo, Japan). Isopropyl myristate (IPM) was purchased from FUJIFILM Wako
Pure Chemical Corporation (Osaka, Japan). The horseradish peroxidase-labeled anti-mouse
IgG polyclonal antibody and bicinchoninic acid (BCA) protein assay kit were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). A cell counting kit (CCK-8) contain-
ing 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium
monosodium salt was purchased from Dojindo Molecular Technologies, Inc. (Kumamoto,
Japan). Mouse skin (Hos: HR-1) was sourced from Hoshino Laboratory Animals, Inc.
(Ibaraki, Japan) and stored at —80 °C.

2.2. Animals

Female C57BL/6N mice (5 weeks of age) were purchased from Kyudo Co. (Saga,
Japan) and acclimatized under natural conditions for 1 week before the experiment. All
animal experiments were conducted with the approval of the Kyushu University Ani-
mal Experiment Ethics Committee (Approval ID: A25-241-1) and in accordance with the
Guidelines for the Care and Use of Laboratory Animals established by the Science Council
of Japan.

2.3. Preparation of the Laminarin/OVA-Loaded S/O Nanodispersions

The S/0O nanodispersions were prepared according to a previously reported method
with slight modifications [12]. Briefly, 2 mL of an aqueous solution of OVA (1 mg) containing
laminarin (1, 2, 3, 4, or 5 mg) was mixed with 4 mL of a cyclohexane solution of ER-290
(12.5 mg/mL) in a glass vial (aqueous: organic phase ratio 1:2, v/v). The mixtures were
then homogenized at 26,000 rpm for 2 min using a homogenizer (Polytron® PT 3100
D, Kinematica AG, Luzern, Switzerland) to obtain water-in-oil (W/O) emulsions. The
resulting emulsions were rapidly frozen in liquid nitrogen for 30 min and subsequently
lyophilized for 18 h using a freeze-dryer (FD5N; EYELA, Tokyo, Japan) to obtain protein—
surfactant complexes. Finally, each complex was dispersed in 1 mL of IPM, followed by
vortexing at room temperature and stirring at 500 rpm to produce a S/O nanodispersion.
For the selection of the optimal formulation, S/O nanodispersions were prepared using
L-195 (50, 75, and 100 mg in 4 mL of cyclohexane) (Table S1) and ER-290 (75 and 100 mg in
4 mL of cyclohexane) following the same procedure as described above (Table S2).

2.4. Physical Characterization of the S/O Nanodispersions

The particle size distribution and PDI values of the S/O nanodispersions were in-
vestigated at 25 + 0.1 °C using dynamic light scattering (DLS) on a Zetasizer Nano ZS
instrument (Malvern, Worcestershire, UK) equipped with a 1 cm quartz cuvette at a 173°
scattering angle. Prior to measurement, the S/O formulations were diluted 100-fold with
IPM, and the average values of ten replicates were recorded as the representative par-
ticle sizes. The refractive indexes used for the measurements were 1.43, 1.44, and 1.46
for IPM, ER-290 S/O, and L-195 S/O, respectively, as determined experimentally using a
refractometer (RA-500, KEM, Kyoto, Japan). The physical stability of the laminarin-loaded
5/0 nanodispersions was inspected visually, and the particle size and PDI values were
monitored using DLS for 3 months at room temperature (25 £ 0.5 °C).

Transmission electron microscopy (TEM) analysis was performed to assess the mor-
phology of the prepared S/O nanodispersions using a JEM-2010 electron microscope (JEOL
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Ltd., Akishima, Tokyo, Japan). First, 2 uL of each sample was spread on carbon film-coated
copper grids, air-dried for 2 min, and excess liquid was removed by blotting, followed
by immediate washing with 5 uL of Milli-Q water. Samples were negatively stained for
5 min using 2% (w/v) uranyl acetate solution. Finally, the grids were vacuum-dried in a
desiccator, and TEM images were taken at an accelerating voltage of 120kV.

2.5. Protein Release Efficiency Study of the S/O Nanodispersions

The release of protein (OVA) from S/O nanodispersions containing OVA and laminarin
at different weight ratios was evaluated in PBS as previously described [11,12]. Briefly, an
aliquot of S/O nanodispersion (150 uL) was added to 600 uL of PBS and stirred at 37 °C for
24 h. Samples (25 pL) were withdrawn at 0, 1, 3, 6, and 24 h, and the OVA concentration in
each sample was measured by BCA assay using a BCA protein assay kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions.

2.6. Ex Vivo Skin Permeability Study Using Excised Mouse Skin

Fluorescein isothiocyanate (FITC)-labeled OVA was prepared to assess the skin per-
meability of OVA using fluorescence microscopy according to a previously reported
method [33], and S/O nanodispersions loaded with laminarin and FITC-OVA were
prepared (Table S3). The ex vivo skin permeations of FITC-OVA-loaded formulations
(1 mg/mL) were evaluated using excised Hos:HR-1 mouse skin mounted on a Franz dif-
fusion cell (FDC), following a previously reported method [12]. In brief, frozen (—80 °C)
mouse skins were cut into an appropriate size (2 X 2 cm?) and immediately mounted on
an FDC with a diffusion area of 0.785 cm?; the skin stratum corneum layer was facing the
donor compartment and the dermis layer was facing the receptor compartment, which was
filled with 5 mL of PBS (pH 7.4). The donor compartment was filled under light-protected
conditions with 200 uL of S/O formulation or PBS solution containing 1 mg/mL of FITC-
OVA. The skin permeability study for transdermal delivery was conducted for 6 h at 32.5 °C
under continuous stirring at 500 rpm. To evaluate the topical delivery of FITC-OVA using
5/0 nanodispersions, the mounted skin was carefully detached from the FDC, and the
treated skin sections were washed with 20% ethanol several times. The skin was then
cut into small pieces and subjected to extraction by immersing the skin pieces in 1 mL of
extraction buffer (PBS: acetonitrile: methanol = 2:1:1, v/v/v) at room temperature for 18 h
with continuous shaking. The amounts of FITC-OVA delivered transdermally (across the
skin) and topically (into the skin) were quantified by measuring the fluorescence intensity
of the receiver-phase and skin-extraction samples at 485-535 nm using a Varioskan LUX
multimode microplate reader (Thermo Fisher Scientific).

2.7. In Vitro Cytotoxicity Assay

Cytotoxicity assays of the prepared S/O formulations were conducted using the
murine DC line DC2.4. DC2.4 cells were cultured in Roswell Park Memorial Insti-
tute 1640 (RPMI-1640) medium (Nacalai Tesque, Kyoto, Japan) supplemented with 1%
2-mercaptoethanol (Sigma-Aldrich, Burlington, MA, USA), 10% fetal bovine serum (Gibco,
Thermo Fisher Scientific), 1% antibiotic-antimycotic (anti-anti; Thermo Fisher Scientific),
1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (1 mM; Nacalai Tesque),
and 1% non-essential amino acids (Nacalai Tesque).

Cell viability was assessed according to the manufacturer’s guidelines using CCK-8
(Dojindo, Kumamoto, Japan). In brief, cells were seeded into 96-well plates at a density of
1 x 104 cells per well and incubated for 24 h. Then, the culture medium of the cells was
replaced with fresh culture medium containing different concentrations of free OVA or
laminarin-OVA-loaded S/O nanodispersions (OVA concentrations: 50, 25, and 12.5 ng/mL)
and the cells were incubated for an additional 24 h. Finally, 10 pL of CCK-8 reagent was
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added to each well and the cells were incubated for 4 h to allow color development.
Untreated cells were used as a control. All experiments were performed in triplicate. The
absorbance was measured using a Varioskan LUX multimode microplate reader (Thermo
Fisher Scientific) at 450 nm. Cell viability was calculated using the following formula:

... o\ (Absorbance of test sample — Absorbance of blank)
Cell Viability (%) = (Absorbance of negative control — Absorbance of blank) X100

2.8. In Vivo Skin Irritation Study

Skin irritation induced by the S/O nanodispersions was evaluated by measuring
transepidermal water loss (TEWL). TEWL was expressed as the amount of water lost
per unit area per unit time, reported as g/m?/h. C57BL/6N mice were anesthetized for
10 min before patch administration and during TEWL measurements to ensure adequate
sedation. Baseline TEWL values of dehaired mouse skin were measured before application
of all formulations administered using a patch (n = 3) using a VAPO SCAN device (Asch
Japan Co., Ltd., Tokyo, Japan). TEWL was subsequently recorded at 24 and 48 h after
patch removal in mice treated with the formulations. As a control, TEWL values in the 5%
sodium dodecyl sulfate (SDS) in PBS and non-treated groups were also measured at the
corresponding time points.

2.9. Transcutaneous Immunization and Measurement of Anti-OVA Antibody Titers

The dorsal skin of C57BL/6N mice was dehaired after 7 days of acclimatization
under natural conditions and then vaccination was conducted using a homemade patch
composed of two layers of gauze (approximately 2 x 2 cm?; Hakujuji Co., Ltd., Tokyo,
Japan) secured with medical adhesive tape. The gauze was impregnated with 100 uL of
each laminarin/OVA-loaded S/O nanodispersion formulation containing varying amounts
of laminarin. As controls, PBS solutions of OVA with or without laminarin and OVA
S/0 nanodispersions without laminarin, containing equivalent amounts of OVA, were
also applied. Transcutaneous immunization at a dose of 100 pg of antigen per mouse by
applying a patch to dorsal skin for 24 h was performed three times with 7-day intervals
between each application. Blood was collected from the tail vein of each mouse prior to the
first immunization and 14 and 28 days after the third immunization. Serum was obtained
by centrifugation at 5000 rpm for 10 min and used to quantify OVA-specific IgG antibody
titers by enzyme-linked immunosorbent assay (ELISA), as previously described [12].

2.10. Statistical Analysis

GraphPad Prism software (version 6.05) was used to perform statistical analysis.
Statistical significance of the data was determined by one-way ANOVA with Sidak’s and
Tukey’s multiple comparison tests. Statistical significance values are indicated by * p < 0.05,
**p <0.01, ** p <0.001, and **** p < 0.0001. All values are shown as mean (standard
deviation) [mean (SD)].

3. Results
3.1. Preparation, Characterization, and Stability Evaluation of the S/O Nanodispersions

In the present study, laminarin, a dectin-1-specific natural ligand for DCs, was used
as an adjuvant, and ER-290 and L-195 were employed as surfactants (Tables S1 and S2) in
the preparation of S/O nanodispersions. To facilitate the skin permeability of the prepared
formulations, IPM was used as an oil vehicle. These S/O formulations can be regarded as
safe for transcutaneous vaccine applications because IPM and fatty acid esters of sucrose
are extensively employed in the manufacturing of cosmetic and pharmaceutical products.
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We first examined the effect of laminarin and the surfactants on the particle size in
laminarin/OVA-loaded S/O nanodispersions. Because the skin is inherently hydrophobic,
the permeation of hydrophilic antigens with molecular weights greater than 500 Da in
aqueous systems is restricted [4]. DLS analysis revealed that 12 of 15 formulations prepared
using L-195 as the surfactant exhibited particle sizes greater than 500 nm in diameter after
7 days (Table S4). The particle sizes of FL 1:2:75, FL 1:3:75, and FL 1:5:75 were less than
500 nm on day 7; they increased to more than 500 nm by day 14 (Table S4). In contrast,
formulations prepared with ER-290 as the surfactant showed particle sizes of less than
300 nm in diameter (Table S5).

As shown in Tables 54 and S5, ER-290-based S/O nanodispersions exhibited smaller
particle sizes compared to the corresponding L-195-based formulations. Consequently,
ER-290 was selected for further study because it produced nanodispersions with particle
sizes favorable for transcutaneous delivery [8,34]. Although all the ER-290-based S/O
formulations exhibited particle sizes less than 300 nm, the formulation containing 50 mg
of ER-290 was selected for further study because it provided the optimal particle size and
acceptable stability while using lowest surfactant concentration [35]. This formulation
was also favored to minimize potential adverse effects associated with higher surfactant
loadings. Moreover, higher ER-290 loadings have been reported to reduce drug release
and attenuate antigen-specific immune responses [35]. Collectively, these considerations
support the selection of the 50 mg ER-290 formulation as the optimal formulation. In
the present study, five laminarin/OVA-loaded S/O nanodispersion formulations were
selected from a total of 30 formulations and designated as FER-1:1:50, FER-1:2:50, FER-
1:3:50, FER-1:4:50, and FER-1:5:50 according to the OVA: laminarin: ER-290 weight ratios
(Table 1).

Table 1. Composition and particle size of laminarin/OVA-loaded S/O nanodispersions.

Formulation Composition Particle Size and PDI
Name of the —
S/O Dispersion OVA (mg) Laminarin ER-290 Z-Average * PDI *
(mg) (mg) (nm)

FER 1:1:50 1 1 50 233 (21) 0.254 (0.084)
FER 1:2:50 1 2 50 205 (12) 0.101 (0.073)
FER 1:3:50 1 3 50 170 (21) 0.218 (0.054)
FER 1:4:50 1 4 50 255 (34) 0.211 (0.142)
FER 1:5:50 1 5 50 272 (14) 0.238 (0.046)

* Data are presented as the mean (SD) of five measurements.

Visual inspection revealed that the incorporation of the laminarin-OVA complex
into the S/ O particles, followed by dispersion in IPM, resulted in transparent liquid S/O
formulations (Figure 1A). The formation of nanosized particles in the S/O formulation
was demonstrated by particle size distribution analysis using DLS and morphological
evaluation using TEM (Figures 1B and S1).

Stability is a critical attribute of any pharmaceutical formulation, as good stability
ensures consistent physicochemical properties, drug release, and therapeutic efficacy over
time. The physical stability of the laminarin/OVA-loaded S/O nanodispersions at room
temperature was investigated during the 90-day period. Although minor fluctuations
in particle size were observed during storage time (Table S6; Figure 52), no consistent
upward trend indicative of particle aggregation was detected. Importantly, all formulations
exhibited particle sizes below 300 nm and PDI values below 0.5 throughout the study period,
indicating that the nanodispersions retained their nanoscale dimensions and acceptable
physical stability during storage period.
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Figure 1. (A) Physical appearance of the laminarin/OVA-loaded S/O formulations (#F1, #F2, #F3, #F4,
and #F5 indicate FER 1:1:50, FER 1:2:50, FER 1:3:50, FER 1:4:5, and FER 1:5:50 formulations, respec-
tively). (B) DLS measurement of the particle size of laminarin/OVA-loaded S/O nanodispersions.
Data are presented as mean (SD) from five measurements.

Next, the OVA release efficiency from the S/O nanodispersions was evaluated in PBS
at 37 °C. OVA release from the S/O nanodispersions increased progressively over 24 h
study period (Figure 2). A relatively initial rapid release was observed within the first 6 h,
followed a sustained release phase that continued up to 24 h without reaching a complete
plateau. The cumulative release at 24 h ranged from approximately 30-45% depending on
the formulation. This release profile is consistent with those previously reported for S/O
nanodispersion systems [11,12].

50-
< 404
23
2 8 304
©
S 3 -~ FER 1:1:50
g D 20- -= FER 1:2:50
©g FER 1:3:50
O 10 -¥- FER 1:4:50
FER 1:5:50
0 T T T 1
0 6 12 18 24 30

Time (h)

Figure 2. Time course of the OVA release efficiency of the S/O nanodispersions into PBS. The
cumulative amount of protein released from laminarin/OVA-loaded S/O nanodispersions containing
varying amounts of laminarin was measured. Data are shown as mean (SD) (1 = 3).

3.2. Evaluation of Ex Vivo Skin Permeability

The ex vivo skin permeability of the FITC-OVA-loaded S/O nanodispersions was
quantified using the FDC system. The laminarin/FITC-OVA-loaded S/O dispersions
resulted in the significantly enhanced topical (penetration into the skin) and transdermal
(permeation through the skin) delivery of OVA, compared with the PBS control (containing
the same weight ratio of OVA and laminarin), indicating the effective performance of the
formulation (Figure 3). Topical and transdermal delivery was enhanced by up to 15- and
5.5-fold, respectively, compared with the PBS control. The control formulations without
surfactants exhibited instability and resulted in poor drug delivery compared with the
5/0 dispersions, highlighting the critical role of surfactants in maintaining stability and
enhancing drug delivery performance.
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Figure 3. Ex vivo delivery of FITC-OVA across mouse skin: (A) transdermal and (B) topical delivery
of various laminarin/OVA-loaded S/O nanodispersions. Data are presented as mean (SD) (1 = 3).
Statistical significance was assessed using Sidak’s multiple comparison test; **** p < 0.0001 compared
with the physical mixture in PBS (control).

3.3. In Vitro Biocompatibility of the S/O Nanodispersions

To evaluate the relative safety of the newly developed laminarin/OVA-loaded S/O
nanodispersions, cell viability was assessed in DC2.4 cells using the CCK-8 assay. DCs
are professional APCs that play a central role in initiating cellular immune responses
by capturing, processing, and presenting antigens to T cells; therefore, maintaining DC
viability is essential following antigen uptake. The cytotoxicity of various S/O nanodis-
persions containing OVA was examined by exposing DC2.4 cells to various concentrations
of OVA (50, 25, and 12.5 ug/mL). As shown in Figure 4, the mean cell viability of DC2.4
cells treated with laminarin/OVA-loaded S/O nanodispersions, and free OVA remained
above 90%. These results indicated there was minimal cytotoxicity and demonstrated
the good biocompatibility of laminarin/OVA-loaded S/O nanodispersions as antigen
delivery systems.

Lol = FER1:1:50 B FER1:3:50 @ FER 1:5:50
. [ FER1:2:50 ] FER1:4:50 EE OVA in PBS
X
§‘100__T_l T oL T 4 R :_l P
E
o
; 50
[}

(&]
0 T T T
S W \qf.b

OVA Concentration [ug/mL]

Figure 4. Cell viability after treatment with various concentrations of different formulations of OVA
(laminarin/OVA-loaded S/O and free OVA); mean (SD) (n = 3).

3.4. In Vivo Skin Irritation Evaluation

The TEWL value was determined to assess the potential for skin irritation of the
laminarin/OVA-loaded S/O nanodispersions. The TEWL value is considered to be a
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reliable indicator of the skin barrier integrity and is commonly used for the detection
of skin barrier dysfunction [36]. TEWL was measured at three time points: before the
application of the patch and 24 and 48 h after patch removal (i.e., 48 and 72 h after initial
application) (Figure 5A).

A.

Depilation &D & @
@ — e e el TEWL

C57BL/6N(?) -7 0 1 2 3
(5 weeks old) Day
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Figure 5. In vivo skin irritation test. (A) Animal experimental schedule, depilation (day—7), vaccine
administration (day 0), and TEWL measurements [before application of patch, and at 24 h (day 2) and
48 h (day 3) after patch removal]. (B) TEWL values before and after the application of formulation
in patch to mouse. Data are presented as mean (SD) (n = 3, averaged from three measurements per
mouse); ns, not significant; and **** p < 0.0001 (compared with the TEWL value before application of
formulation) using Tukey’s multiple comparison test.

Baseline TEWL values were recorded for all mouse groups prior to formulation appli-
cation. TEWL was also remeasured 24 h after patch removal to assess water loss following
treatment. A modest elevation in the TEWL value was observed after 24 h of patch removal,
but this difference was not statistically significant (Figure 5B). At 48 h after patch removal,
TEWL values returned to baseline levels, indicating the complete recovery of the skin
barrier function after formulation application (Figure 5B). In contrast, skin treated with
5% SDS in PBS exhibited significantly elevated TEWL values, exceeding 30 g/m?/h even
48 h after patch removal. Overall, these results demonstrated that laminarin-loaded S/O
formulations have an acceptable skin safety profile.
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3.5. Evaluation of OVA-Specific Antibody Responses Following Transdermal Immunization

To assess the immunogenicity of the laminarin-loaded S/O nanodispersions as trans-
dermal vaccines in a murine model, serum antibody titers from C57BL/6N mice after
immunization were measured using ELISA (Figure 6A). After three consecutive adminis-
trations of laminarin-containing S/O formulations, the highest level of OVA-specific IgG
response was induced by the S/O nanodispersion formulated with OVA and laminarin
at a 1:4 weight ratio (w/w) (Figure 6B). S/O formulations containing OVA and laminarin
at weight ratios of 1:1, 1:2, and 1:3 exhibited less OVA release in PBS compared with the
1:4 weight ratio nanodispersion, suggesting that the OVA-to-laminarin ratio influenced
the release behavior of OVA from S/O nanodispersions. However, excessive amounts of
laminarin in the S/O formulations may have attenuated the release of OVA-laminarin
complexes from nanoparticles within the epidermis as lower OVA-specific IgG responses
were induced when the OVA-to-laminarin weight ratio was increased to 1:5.

A. B.
*k kK
*kkk 1
dkk
3x10°8+ *x
£
£ T
Depilation [ '] 0 b ‘ ‘ 6
[ | | | | | 23 2104
$» ELISA o o, - T
T T T T 1 £
CS7BL/BN(9) 54 14 7 0 1 28 Q = T
(5 weeks old) Day F© 1x10°
0 Patch administartion (24h, 2X2 cm?, 100 pL) §
‘ Blood sampling ©
0_ T T T T
S S S S S
RN AN A N 4
Q- e Q- Q- »a
& & & & ¢
. D.
1 1
== *kkk ! = *kdk !
3)(106‘ ek 4)(106— ek
& 2
- -
3x106
%: 2x106- %g
o o
= E T 2x10°-
53 g S
2T 1x10° aw
< & 1x108
> >
: _ o &
0 T T T T T 0 T T T T T
X .
\&0 Qé'c QQ% c.,\0 %\0 .ée? ro_, < P %\o %\o
& & & Vfo@ & & \ & \,"’& \:‘"<°
AR e -\ DERC N S A\
Q & QD R

Figure 6. Invivo immunization of C57BL/6 N mice. (A) Immunization schedule, depilation
(day —15), vaccine administration (days —14, —7, 0), and blood sampling (days —15, 14, 28).
(B) OVA-specific IgG responses in mice on day 14 after the third immunization following trans-
dermal application of S/O nanodispersions containing OVA and laminarin at different weight ratios.
(C, D) Comparison of OVA-specific IgG responses between the different administered formulations
(non-treated, PBS solution, and S/O nanodispersions) on days 14 (C) and 28 (D) after the third immu-
nization. (—) Lam denotes OVA alone, whereas (+) Lam indicates OVA combined with laminarin
at a weight ratio of 1:4. Data are presented as mean (SD) (n = 3); *** p < 0.0001, *** p < 0.001, and
** p < 0.01 using Tukey’s multiple comparison test.
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The anti-OVA response was enhanced by the addition of laminarin in both aqueous
solutions and S/O nanodispersions (Figure 6C,D). The mean OVA-specific IgG titer in mice
treated with the S/O nanodispersion with an OVA-to-laminarin weight ratio of 1:4 was
approximately 20-fold higher than that in mice treated with PBS solution. In addition,
laminarin-loaded S/O nanodispersions induced 3.4-fold higher anti-OVA IgG responses at
day 14 and 7-fold higher responses at day 28 compared with S/O nanodispersions without
laminarin (Figure 6C,D).

4. Discussion

Targeting antigens to APCs is a well-established approach for enhancing vaccine
efficacy. This is typically achieved by forming complexes between antigenic protein and
antibodies that recognize surface molecules on APCs. In this study, we explored an alterna-
tive strategy using laminarin, a 3-1,3-glucan that functions as a dectin-1-targeting ligand,
to facilitate antigen delivery to APCs via transdermal delivery. Transdermal vaccination
requires efficient antigen transport across the skin barrier while preserving skin integrity
and APC viability [37]. In the present study, laminarin-loaded S/O nanodispersions were
developed to enhance antigen delivery to skin-resident DCs through nanoscale formulation
and B-glucan receptor-mediated targeting. It has been reported that the use of laminarin
in peptide dendrimer-based formulations can enhance drug delivery performance and
facilitate DC targeting [32].

Stable nanosized S/O nanodispersions (<300 nm) were achieved using ER-290 as the
surfactant (Tables S5 and S6), whereas formulations prepared with L-195 exhibited particle
growth, indicating reduced physical stability (Table S4). ER-290 is a nonionic surfactant
characterized by a long alkyl chain (C22:1) and a low hydrophilic-lipophilic balance
(HLB) value (HLB = 2). This surfactant can form W/O emulsions with a small droplet
size [34] that facilitate the penetration of high-molecular-weight proteins across the stratum
corneum, indicating the suitability of the emulsions for transdermal drug delivery [38].
The sustained physical stability of S/O formulations containing ER-290 (Figure S2) was
observed over a period of 90 days. Moreover, morphological analysis using TEM indicated
that the prepared S/O nanodispersions were nanosized (Figure S1). The use of IPM as
the oil vehicle further ensured the skin compatibility of the formulations [39]. Figure 2
shows that the in vitro release of OVA from the S/O nanodispersions was comparable
to that observed in a previous study [11,12]. Importantly, release studies indicated that
the antigen-release profile changed with changing the OVA-to-laminarin weight ratio,
highlighting the influence of laminarin on antigen—nanoparticle interactions. Laminarin-
loaded S/O nanodispersions markedly enhanced ex vivo skin permeability, resulting in
increases in the topical and transdermal delivery of FITC-OVA of up to 15- and 5.5-fold,
respectively, compared with the PBS control solutions containing equal weight ratios of
OVA: laminarin (Figure 3). The PBS solutions of FITC-OVA and laminarin showed poor
delivery efficiency compared with the S/O formulations, emphasizing the necessity of
nanodispersion integrity for effective skin permeation of the antigen.

Biocompatibility evaluation is one of most important prerequisites for newly devel-
oped formulations. A cytotoxicity evaluation demonstrated that laminarin/OVA-loaded
5/0 nanodispersions were well tolerated at a cellular level. DC2.4 cell viability remained
above 90% following exposure to the formulations (Figure 4) at all tested antigen concen-
trations, indicating minimal cytotoxicity and preservation of DC function. In vivo skin
irritation measurements revealed only a modest and transient increase in TEWL after
patch removal, which was recovered within 48 h (Figure 5B). In contrast, the sustained
elevation of TEWL was observed following treatment with 5% SDS. These results support
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the suitability of the prepared S/O nanodispersion for repeated transdermal applications
and indicate acceptable tolerability for in vivo experiments [36].

Immunization studies demonstrated that antibody responses were markedly depen-
dent on the OVA: laminarin ratio in the S/O formulations (Figure 6B). The S/O nanodisper-
sion containing OVA and laminarin at a 1:4 weight ratio elicited the strongest OVA-specific
IgG response among all the tested formulations, indicating an optimal balance between
antigen release and DC targeting. Lower laminarin ratios were associated with reduced
antigen release, whereas excessive laminarin attenuated the release of OVA-laminarin
complexes, resulting in diminished antibody responses. Notably, OVA-specific IgG titers
were enhanced approximately 20-fold by the S/O nanodispersion formulated with an OVA-
to-laminarin weight ratio of 1:4 compared with the PBS control (Figure 6C,D). Although
laminarin alone augmented immune responses in aqueous solution, the incorporation of
laminarin into S/O nanodispersions resulted in a 7-fold higher immunostimulatory effect
compared with laminarin-free S/O formulations (Figure 6D). This enhancement suggests
there is a synergistic effect between nanocarrier-based transcutaneous delivery and the
dectin-1-mediated immune activation by laminarin [26]. Importantly, the substantial induc-
tion of antigen-specific IgG responses observed in the present study is highly relevant in
the context of cancer immunotherapy, as the expression of cancer-derived IgG has been
closely associated with tumor progression and metastatic behavior across a wide range
of malignancies, including lung, breast, colon, renal, thyroid, parathyroid, salivary gland,
gastric, and pancreatic cancers [40]. The tumor-specific expression of cancer-derived IgG
has gained attention as a diagnostic and prognostic biomarker and preclinical studies have
shown that antibodies directed against cancer-derived IgG can elicit promising therapeutic
anticancer effects, indicating the potential of cancer-derived IgG as a therapeutic target [41].
Overall, the findings of the present study indicate the potential of laminarin based APCs
targeting via S/O nanodispersions provides a safe and effective platform for enhancing
transdermal immunization.

5. Conclusions

We have developed laminarin-loaded S/O nanodispersions using ER-290 as a surfac-
tant to enhance non-invasive transdermal immunization. The optimized nanodispersions
were stable at room temperature and demonstrated efficient antigen release, enhanced
skin permeability compared with PBS control, minimal cytotoxicity, and acceptable skin
safety. These properties collectively led to enhanced OVA-specific antibody responses
following transcutaneous immunization. The OVA-to-laminarin ratio (w/w) was the key
determinant of the immune response, underscoring the need for precise formulation to
maximize immunogenicity. Further studies are required to fully characterize cellular im-
mune responses and cytokine profiles. However, based on these findings, laminarin-loaded
5/0 nanodispersions using biocompatible ER-290 as the surfactant provide a simple, non-
invasive transdermal vaccination strategy capable of inducing enhanced immune responses
in murine models.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ colloids10040049 /51, Table S1: Composition of laminarin/OVA-
loaded S/O nanodispersions formulated with L-195; Table S2: Composition of laminarin/OVA-
loaded S/O nanodispersions formulated with ER-290; Table S3: Composition and particle
size of laminarin/FITC-OVA-loaded S/O nanodispersions; Table S4: Particle size and PDI of
laminarin/OVA-loaded S/O nanodispersions formulated with L-195; Table S5: Particle size and PDI
of laminarin/OVA-loaded S/O nanodispersions formulated with ER-290; Table Sé6: Physical stability
study of evaluation of S/O nanodispersions for 90 days; Figure S1: TEM images laminarin-OVA-
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loaded S/O nanodispersions; Figure S2: Particle size of laminarin-OVA-loaded S/O nanodispersions
monitored by DLS over 90 days.
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