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A B S T R A C T

Transcutaneous immunization (TCI) has the advantages of avoiding the liver first-pass effect, good compliance
and convenient use compared with the traditional oral or injection vaccination. However, the stratum corneum
(SC) of the skin is the main obstacle that limits the entry of antigen molecules into the epidermis for activating
dendritic cells (DCs). In the present study, the hyaluronic acid (HA) and galactosylated chitosan (GC) modified
ethosome (Eth-HA-GC) was prepared through layer-by-layer self-assembly method. Eth-HA-GC has good stability
and can be effectively phagocytosed by the bone-marrow-derived DCs (BMDCs) in vitro. The ovalbumin (OVA)
loaded Eth-HA-GC (OVA@Eth-HA-GC) can promote BMDCs' expression of CD80, CD86 (DCs maturation-asso-
ciated marker molecules), TNF-α, IL-2 and IL-6. Subsequently, a novel OVA@Eth-HA-GC-loaded silk fibroin
(OVA@Eth-HA-GC/SF) nanofibrous mats were fabricated through green electrospinning. The OVA@Eth-HA-GC/
SF mats exhibit good transdermal performance in vitro. Transdermal administration with OVA@Eth-HA-GC/SF
mats induced the serum anti-OVA-specific IgG and increased the expression of IFN-γ, IL-2 and IL-6 by spleen cells
in vivo. Furthermore, the use of OVA@Eth-HA-GC/SF mats evidently inhibited the growth of EG7 tumor in the
murine model. These results demonstrate the OVA@Eth-HA-GC/SF mats can effectively stimulate the immune
response to OVA through transdermal administration. In conclusion, the antigens@Eth-HA-GC/SF mats is a
promising TCI system.

1. Introduction

Transcutaneous immunization (TCI) provides an alternative method
to safe and effective vaccination through intact or pretreated skin in-
stead of normal methods such as subcutaneous injection (s.c.), in-
tramuscular injection (i.m.), or oral administration methods [1,2]. TCI
avoid drug degradation in liver and/or gastrointestinal route and it is
painless [1,2]. TCI can achieve similar effects at lower doses compared
with s.c. or i.m. injections, because the skin has plentiful antigen-pre-
senting cells (APCs) - mainly dendritic cells (DCs) that priming naive T
cells and elicit an efficient adaptive immune response via capturing and
presenting antigens [1–3]. However, the stratum corneum (SC), in the
outermost of the epidermis, forms an almost fully impermeable barrier

that prevents the pathogen invasion and antigen with a molecular
weight larger than 500 Da to pass [4,5]. Thus, increasing the efficiency
of transdermal administration is an urgent issue.

Ethosomes (Eths) have been used as a transdermal carrier to in-
crease the drug delivery efficiency due to its excellent capacity of li-
quidity, deformability and the high encapsulation ability [5–8]. Eth is a
special liposome, named after the introduction of alcohol [8]. The
presence of alcohol imparts higher fluidity and deformability to Eth,
thereby significantly improving its transdermal ability [9–12]. For
transdermal drug delivery products, the patch has advantages of easy to
use and store compared with the liquid formulation. The nanofibrous
mats are a good substrate for drug delivery – it has large specific surface
area that provides more contact sites for cells – as the loaded drugs are
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easily taken up by cells [13,14]. Studies have also shown that nano-
carriers attached to the nanofibers not only have a significantly im-
proved stability but also a smoother release of the drug contained
therein [15]. Silk fibroin (SF) is a natural biomacromolecules with ex-
cellent biocompatibility, good water retention, gas permeability and
skin affinity [16,17]. Also, SF nanofibers can well mimic the extra-
cellular matrix [16,17]. Thus, the Eths-loaded SF nanofibrous mats can
be a useful system for transdermal drug delivery.

Modification of the antigen-carriers to target DCs is helpful to im-
prove the immune efficiency of the vaccination system [18–20]. The
galactose-type C-type lectin (GCL) on the surface of DCs in humans and
mice is a type II transmembrane glycoprotein that can bind galactose,
N-acetyl galactosamine, Lewis X (such as monosaccharides), and oli-
gosaccharides [21,22]. The galactosyl groups have a high affinity for
mouse GCLs receptors and therefore it is considered as an effective li-
gand that can target DCs [19,20]. The Galactosylated chitosan (GC)
contained scaffolds has been proved beneficial to the attachment and
proliferation of liver cells for their specific recognition and interaction
[23–25]. GC can be used for targeting DCs as it contains galactosyl and
has the advantages of biodegradability and biocompatibility [23–25].
Hyaluronic acid (HA) is an important constituent of the extracellular
matrix with high concentrations in the skin and has been proved to be a
useful carrier material for transdermal delivery [26–28]. HA-modified
Eths showed an improved performance on both stability and skin per-
meation compared with the bare Eths [26]. Therefore, we hypothesize
that the SF nanofibrous mats loaded with HA and GC modified Eths
could be an ideal solution for TCI.

In this study, we prepared HA & GC-modified Eths (Eth-HA-GC)
through layer-by-layer self-assembly to form an antigens delivery
system which can effectively deliver antigens to the DCs. The oval-
bumin (OVA) was used as model drug to observe the performance of
Eth-HA-GC on targeting and activating DCs. Subsequently, a novel TCI
system based on the Eth-HA-GC-loaded SF (Eth-HA-GC/SF) nanofibrous
patch was developed to facilitate the use of Eth-HA-GC. Morphology of
Eth-HA-GC/SF was characterized with both scanning electron micro-
scope (SEM) and confocal laser scanning microscopy (CLSM). The
transcutaneous performance of the OVA-loaded Eth-HA-GC/SF (OVA@
Eth-HA-GC/SF) was determined by in vitro test with mouse isolated
skin. The transdermal immunological efficiency of OVA@Eth-HA-GC/
SF was evaluated with mice models by detecting the levels of IGG, IFN-
γ, IL-2 and IL-6. Furthermore, the OVA@Eth-HA-GC/SF was used to
treat the tumor-bearing mice models which were in advance sub-
cutaneously inoculated with E.G7-OVA cells to directly observe its
immune effect.

2. Experimental section

2.1. Materials

Fluorescein isothiocyanate (FITC), 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromidecholesterol (MTT), 1,10-dioctadecyl-
3,3,30,30-tetramethylindocarbocyanine perchlorate (DiI), 4,6-diamino-
2-phenylindole dihydrochloride (DAPI), lithium bromide (LiBr), le-
cithin, cholesterol, octadecylamine, sodium forms of HA
(Mw = 30–50 kDa), chitosan (Mw = 50–190 kDa), poly(ethylene
oxide) (PEO, Mw = 900 kDa), Dimethyl Sulfoxide (DMSO), lipopoly-
saccharide (LPS), Rhodamine-labeled phalloidin, and OVA were pur-
chased from Sigma-Aldrich (Shanghai) Trading Co., Ltd. (China).
Cocoons of B. mori silkworm were from Huzhou Silk Co., Ltd. (China).
Lactose acid (LA) and N,N,N′,N′-Tetramethylethylenediamine (TEMED)
were from Sangon Biotechnology (Shanghai) Co., Ltd. (Shanghai,
China). N-(3-(dimethylamino)-propyl)-3-ethylcarbodiimide hydro-
chloride (EDC) and N-Hydroxysuccinimide (NHS) were from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). RPMI 1640
medium, high-sugar DMEM medium and fetal bovine serum (FBS) were
from Gibco (USA). Granulocyte macrophage colony-stimulating factor

(GM-CSF), IL-4, PE-labeled goat anti-mouse (CD11c, CD80, CD86)
monoclonal antibodies and TMB ELISA kits (for detection of IgG, IL-2,
IL-6, TNF-α and IFN-γ) were from PeproTech (USA). L929 cell line was
provided by the Institute of Biochemistry and Cell Biology Sciences,
Chinese Academy of Sciences (Shanghai, China). E.G7-OVA cells were
from Shanghai jiwei Biological technology co., Ltd. (China). C57BL/6
mice were purchased from Shanghai SLAC Laboratory Animal Co. Ltd.
(Shanghai, China). Ultrapure water was used throughout this study.

2.2. Synthesis of Galactosylated chitosan

GC was prepared as previously described [25]. Briefly, 2.3 g of LA
dissolved in 50 mL of TEMED/HCl buffer solution (pH = 4.7) was
successively activated by mixture of 0.14 g EDC and 0.6 g of NHS. Then,
2.2 g of chitosan (2-fold molar over LA) was added and reacted for 72 h
at room temperature (RT). The product was purified by dialysis in
water for 3 days at RT. Finally, lyophilized GC was identified through
attenuated total reflection-fourier transform infrared spectroscopy
(ATR-FTIR) (Nexus-670, Hitachi, Japan).

2.3. Preparation and characterization of the galactosylated eths

The Eths were prepared as reported earlier [29]. Briefly, 100 mg egg
yolk lecithin, 10 mg cholesterol, and 4 mg octadecylamine were dis-
solved in 5 mL of absolute ethanol at room temperature, and remove
the ethanol by rotary evaporation at 40 °C to obtain a lipid film. The
films were then rehydrated with 10 mL 20% ethanol containing 0 or
0.1 mg/mL drugs (OVA or FITC-labeled OVA (FITC-OVA)) through
agitating for 30 min at RT. Homogeneous OVA-loaded cationic Eths
were obtained using a probe sonicator (JY92-II, NingBo Scientz Bio-
technology Co., Ltd., Ningbo, China), and non-encapsulated free drugs
were removed by centrifugation. Then, the solution was filtered with a
220 nm microporous filter membrane for several times to obtain Eths
with a uniform particle size. The Eths were then coated with equal
volume of 1 mg/mL HA aqua solution at RT for 2 h to obtain HA-coated
Eths (Eths-HA), centrifugated to remove the free HA. Subsequently, an
equal volume of Eth-HA and 1% (w/v) GC acetic acid solution
(pH = 4.0) were mixed and stirred at RT for 2 h. After removing the
free GC by centrifugation, the Eth-HA-GC was obtained. DiI-labeled
Eths were prepared by adding 0.2 mL DiI (10 Μm ethanol solution) to
10 mL Eths solution. Stirring the mix solution for half an hour and the
DiI-labeled Eth was obtained after dialysis for three days (changing
water 3 times a day) against deionized water. Free DiI and DiI ag-
gregates were removed by centrifugation. Eth, Eth-HA and Eth-HA-GC
were characterized by Zeta potentials (Malvern Instruments, UK), laser
particle analyzer (BI-200SM, Brookhaven, USA), and transmission
electron microscopy (TEM) (JEM-2100, JEOL Ltd., Japan) - at an ac-
celeration voltage of 200 kV with a LaB6 electron gun.

2.4. Assays of cellular uptake of the eths and the induction of DCs in vitro

Mouse bone-marrow-derived dendritic cells (BMDCs) were isolated
according to a reported protocol [30]. Briefly, the bone marrow cells
were isolated from both shinbones and thighbones of female C57BL/6
mice (6–8 weeks old). The marrow cells were cultured in RPMI 1640
complete medium supplemented with 10% FBS, 100 U/mL penicillin
and 100 μg/mL streptomycin, 1000 U/mL GM-CSF and 500 U/mL IL-4
in a 5% CO2 incubator at 37 °C under a humid atmosphere. Suspended
BMDCs were harvested after 6 or 7 days of culture.

To investigate the ability of the modified Eths to target DCs, the
BMDCs were seeded in 35 mm glass bottom dishes (5 × 104 per dish)
and co-cultured with 40 μL DiI-labeled Eths (30 μg/mL) in the dark for
2 h, the untreated cells were used as control. Then, cells were washed
with PBS for 3 times and fixed with 4% paraformaldehyde for 30 min.
Subsequently, cells were stained with DAPI for 10 min, washed with
PBS 3 times, observed under a confocal laser scanning microscope
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(ZEISS LSM 700, Jena, Germany).
To further quantitatively analyze the phagocytosis of Eths by DCs,

BMDCs were seeded in a 24-well plate (1 × 105 per well) and further
co-cultured with free FITC-OVA, FITC-OVA loaded ethosomes (FITC-
OVA@Eth), FITC-OVA loaded Eth-HA (FITC-OVA@Eth-HA), or FITC-
OVA loaded Eth-HA-GC (FITC-OVA@Eth-HA-GC) for 12 h.
Subsequently, the cells were slightly washed with sterile PBS three
times to discard redundant free FITC-OVA or various Eths. The uptake
efficiency of BMDCs was measured immediately by flow cytometry
under a FACSCalibur (Becton Dickinson, USA).

To evaluate the changed ability of BMDCs induced by the OVA-
loaded Eths, the suspended BMDCs (1 × 105 per well) were incubated
in 24-well plate with OVA@Eth, OVA@Eth-HA, or OVA@Eth-HA-GC
respectively for 24 h, LPS treated cells were used as control. Cells were
then harvested and incubated with PE-goat anti-mouse CD11c, CD80 or
CD86 monoclonal antibodies for 30 min. The expression of CD11c,
CD80 and CD86 by BMDCs were detected with flow cytometry under a
FACSCalibur (Becton Dickinson, USA). The concentrations of TNF-α, IL-
2 and IL-6 in the supernatant of each sample were also determined with
TMB ELISA kits.

2.5. Preparation and characterization of the eths-loaded SF nanofibrous
mats (ESNFM)

SF was prepared using the method described in our previous study
[17,31]. Briefly, cocoons were boiled three times (30 min/time) in a
0.5% (wt/v) Na2CO3 aqueous solution, and then sericin was removed
by rinsing with ultrapure water. The degummed and dried silk was
dissolved in 9.3 M LiBr solution in a water bath at 45 °C for 30 min.
Then, the homogeneous solution was dialyzed (molecular weight cutoff
=14.000 Da) against deionized water for 3 days. Finally, the re-
generated SF sponges was gained by filtering and lyophilizing the SF
solution.

The nanofibers were prepared via the similar eco-friendly process as
described in our previous studies [17,31]. Briefly, 1.0 g SF, 0.1 g PEO
and 0.25 g OVA (free or loaded in ethosomes) dissolved together in
5 mL ultrapure water and the mixture was stirred over 12 h to obtain
stable spinning solutions. The solutions were then electrospun at a
stable extruding rate of 1.0 mL/h under a voltage of +12 kV and the
collect distance was 15 cm. The resulting products were dried and
stored under vacuum at room temperature before use. The surface
morphology of the nanofibrous mats was observed using scanning
electron microscope (SEM) and the distribution of the FITC-OVA-loaded
Eths on the SF nanofibers was observed by fluorescence microscopy.

2.6. Cytocompatibility assays

The nanofibrous patches were collected on circle glasses (14 mm in
diameter) for cellular study. After treated with 75% (v/v) ethanol vapor
for 24 h, the fiber-deposited glasses were placed into a 24-well culture
plate without further sterilizing, and fixed with autoclaved stainless
steel rings, with fiber-free glasses as controls. Mouse fibroblast L929
cells were seeded on the nanofibrous matrices at a density of 2 × 104

cells/well and cultured with high-sugar DMEM medium supplemented
with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin and in-
cubated in a humidified incubator at 37 °C with 5% CO2.

For cell viability assay, cells were washed once with PBS buffer after
culturing for 1, 3, or 5 days. Then, 360 μL of the culture medium
containing no serum and 40 μL of MTT solution (5 mg/mL) were added
to each well and incubated for another 4 h at 37 °C in the 5% CO2

incubator. The medium was discarded, and 400 μL of DMSO was added
to each well, shaking for 30 min. at room temperature in the dark. The
absorbance at the 492 nm was measured using a microplate reader
(Multiskan MK3, Thermo). Each group was repeated 3 times with a
slide as a blank control.

For cell morphology, after 3 days of culture, cells were washed 3
times with PBS, and then fixed with 4% paraformaldehyde at 4 °C for
2 h. The supernatant was discarded and the cells were washed 3 times
with PBS. Cells were subjected to gradient dehydration with ethanol
and then treated under vacuum spray, the morphology of the cells was
observed by SEM. Moreover, the paraformaldehyde-fixed cells were
treated with 0.1% Triton solution for 3–5 min. and washed 3 times with
PBS. Then, the samples were treated with 2% (wt/v) bovine serum al-
bumin (BSA) solution for 20–30 min. and washed with PBS 3 times.
Rhodamine-labeled phalloidin (5μg/mL) was added onto the slides for
30 mins' staining in the dark and wash with PBS for 3 times. Finally,
DAPI was added to stain for 5 min. in the dark and wash with PBS for 3
times. The morphology of cells was observed under fluorescence mi-
croscope.

2.7. Assays to assess the transdermal performance of the ESNFM in vitro

The hairs on the abdomen were removed from dead mice by a razor
and the full thickness of abdominal skin was surgically peeled off. The
subcutaneous fat was removed from the dermis side with surgical
scissors. The obtained skin was then repeatedly washed with sterile PBS
(pH = 7.4) until no turbidity and stored at −20 °C for further use.

The Franz diffusion cells were used to investigate the transdermal
performance of the ESNFM in vitro (Fig. 1). The above prepared skin

Fig. 1. Scheme of in vitro skin permeation assay using the Franz diffusion cell.
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(the surface of stratum corneum facing up) was sandwiched between
the donor and receiving pool of the diffusion cell system, and the
ESNFMs loaded with FITC-OVA were tightly attached to the surface of
the skin. The receiving pool was filled with PBS (pH = 7.4), which was
stirred continuously at 350 rpm and maintained at the temperature of
33 °C by water bath. At appropriate interval (0.5, 1, 2, 4, 6, 8, 10, 12,
24, 36, 48 h respectively), 2 mL of the receiving solution was with-
drawn via the sampling port and then replaced by equal volume of fresh
buffer. The absorbance value of the receiving solution at 488 nm was
detected with a UV–vis spectrophotometer (UV1100, TECHCOMP,
China), and the cumulative drug permeation (Q) through the skin was
calculated according to the FITC standard curve and the following
formula:

=
+

′
×

=
−

Q
VC Σ C V

Q
100%n

n
i ii 1

1

Where V is the volume of the transdermal cup, Cn is the drug con-
centration of the receiver solution at each test time, Ci is the drug
concentration of the i-th sample, Vs is the sample volume and Q' is the
total amount of drug in the ESNFM.

The skin was removed from the Franz diffusion cell after the above
transdermal experiment and made into paraffin sections with a thick-
ness of approximately 10 μm. FITC-OVA distribution in paraffin section
was observed by a fluorescent microscope (TS10, Nikon, Japan).

2.8. Animal experiments

Six-week-old C57BL/6 female mice were maintained in a 12 h light/
dark cycle with free access to food and water (SPF environment). All
animal experiments were performed according to the guidelines ap-
proved by the Institutional Animal Care and Use Committee at Donghua
University.

2.9. Transcutaneous immunization of mice with ESNFM

Mice were randomly divided into five groups of 10 mice in each
group. Before immunization, the abdomen fur of each mouse was
shaved with an area of about 2 cm × 2 cm. Then the mice were an-
esthetized by intraperitoneal injection of 0.2 mL pentobarbital solution.
After moistened with a little PBS, the nanofibrous mats containing
10 μg of OVA were attached to the abdomen shaving area and fixed
with medical tape to make the mats in close contact with the skin for
48 hs. The same operation was repeated to boost the immunization on
the 14th day.

Blood samples were collected from eye venous plexus (0.5 mL for
each mouse) on days 14 and 28 after the first immunization, respec-
tively. Serum were isolated from the blood samples by further standing
for 30 min at RT and then centrifugation for 5 min at 3000 rpm. Firstly,
the ELISA plates were coated with 100 μL OVA solution (10 μg/mL)
overnight at 4 °C, and unbound OVA was removed by washing 3 times
using 300 μL TPBS. Subsequently, the plates were blocked with 100 μL
TPBS solution containing 1% BSA in a 37 °C incubator for 1 h. Each well
was added 100 μL of 2-fold serially diluted samples. To detect the IgG,
100 μL of 1: 5000 diluted goat anti-mouse IgG-HRP monoclonal anti-
body was added and TME color developing solution was used to color
development. Finally, 100 μL 2 M H2SO4 solution was added to each
well to terminate color development. A microplate reader (Multiskan
MK3, Thermo) was used to detect absorption value at 450 nm.

Mice immunized for 28 days as described above were killed by
cervical dislocation. Their spleens were taken out and cut into pieces
and digested with collagenase until the cells were dispersed. Cell sus-
pension was then collected and centrifuged at 1200 rpm for 5 min,
discarding the supernatant and the red blood cell lysate was added for
resuspension. After standing for 2 min, the fragments of red blood cells
were removed by centrifugation at 1500 rpm for 5 min. Cells were

washed with PBS for 3 times, and suspended with RPMI 1640 medium
containing 10% FBS and 1% penicillin-streptomycin, transferred to the
6-well plate and cultured in the incubator for 48 h. Then the culture
medium was completely discarded and the cells were resuspended with
RPMI 1640 medium and adjusted to 1 × 105/mL. Cells were treated
with OVA (10 μ g/mL) and continue to culture for 24 h. The super-
natant was extracted to detect levels of IFN - γ, IL-2 and IL-6 with the
TMB ELISA kits.

2.10. Tumor-bearing experiment in mice after transcutaneous immunization

Mice were randomly divided into five groups of 5 mice in each
group and transdermal immunized as described in the previous method.
On days 14 after the second immunization, each mouse were sub-
cutaneously inoculated with 5 × 105 E.G7-OVA cells (mouse T lym-
phocytes). Tumor growth was observed every day after inoculation, and
the length (L) and width (W) of the tumor were measured with a vernier
caliper every 4 days and recorded. Tumor volume (V) was calculated
using the following equation: V = 0.5 × L × W2.

2.11. Statistical analysis

All data were reported as mean ± standard deviation. Statistical
analysis was conducted using the one-way analysis of variance
(ANOVA). a p-value< 0.05 was considered significant, and the data
were indicated with * (or #) for p < 0.05, ** (or ##) for p < 0.01 and
*** (or ###) for p < 0.001.

3. Results

3.1. Characterization of Galactosylated ethosomes

FTIR spectroscopy was used to investigate the structural variation
during the preparation of the Eth-HA-GC (Fig. 2). The cationic Eths
with positive charged surface were firstly prepared using octadecyla-
mine by film dispersion method [29]. Subsequently, HA was conjugated
onto the surface of the cationic Eths through electrostatic adsorption
and change the surface into negative charged one. Finally, the GC was
coated onto the negative charged Eth-HA to obtain the Eth-HA-GC. As
shown in Fig. 2, HA showed peaks at 3409.9 cm−1 that confirms the
presence of OH and at 2897.7 cm−1 due to the CeH stretching,
1618.5 cm−1 that indicates the presence of amid II group, at
1417.73 cm−1 that refer to CeO group with C]O combination, and
1049.5 cm−1 refer to the C-O-C stretching. Those results agree with
earlier FTIR for HA [32]. FTIR for Eth shows peaks at 2880.6 cm−1

Fig. 2. Infrared spectrum of the Eths (a: HA; b: GC; c: Eth; d: Eth-HA; e: Eth-HA-
GC).
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refer to CH2 stretch, at 2850.7 cm−1 refer to CeH and peak at
1723.5 cm−1 refer to C]O. Those results agree with earlier FTIR for
Eth [33]. GC spectrum show peaks at 1650 cm−1 refer to the acylamino
group, at 1570 cm−1 refer to the unreacted amino groups, at
1150 cm−1 refer to C-O-C bridge, and at 3330 cm−1 refer to hydroxyl
groups [34]. The Eth-HA show the peaks of HA and Eth with small
intensity changes, suggesting that HA is successfully adsorbed on the
ethosomes. Similarly, the spectrum of the Eth-HA-GC has the char-
acteristic peaks of HA, GC and Eth, implying that GC is successfully
adsorbed on the surface of the Eths.

The TEM image shows a spherical morphology with a multi-layer

cystic structure for the bare Eth with a diameter around 120 nm
(Fig. 3a). After modification by HA, the diameter was increased to
about 200 nm and the inner cystic structure became fuzzy (Fig. 3b&e).
The surface change of the Eth-HA was presumably due to the coating of
hydrophilic HA [35]. In contrast, the Eth-HA-GC shows a decreased
diameter compared to the Eth-HA, which might be due to the highly
dense form between HA and GC (Fig. 3c&e) [36]. In addition, the poly
dispersity index (PDI) values of the particles were 0.364, 0.325 and
0.25 for Eth, Eth-HA and Eth-HA-GC, respectively. The entrapment
efficiency of the prepared Eths to OVA was 63.58% ± 3.56% (table
S1).

The zeta potential values of bare Eth, Eth-HA, and Eth-HA-GC
were + 20.9 ± 0.95, −16.2 ± 0.3, and + 38.0 ± 2.11 mV, re-
spectively (Fig. 3d). These results indicated that HA and GC were suc-
cessfully coated onto the surface of Eth via electrostatic adsorption.
Also, the zeta potential and average diameter of Eth, Eth-HA and Eth-
HA-GC were systematically investigated within one month. The results
showed that just like the unmodified Eths, the one layer or bilayer
coated Eths were all maintained monodispersity and did not rapidly
change in size (Fig. S1), which should be mainly due to the mutual
repulsion caused by the charges on their surface.

3.2. Cellular uptake of the eths by DCs in vitro

The uptake of Eths by DCs was observed with Confocal laser scan-
ning microscopy assay. As shown in Fig. 4, the DiI-labeled Eth and Eth-
HA-GC were engulfed by DCs and distributed in the cytoplasm around
the nucleus. Obviously, DCs have preference for the uptake of Eth-HA-
GC, and the amount of phagocytosis was much more than that of Eth-
HA and non-modified Eth, suggesting that Eth-HA-GC has good ability
to target DCs.

The BMDCs was co-cultured with the OVA-loaded Eths in vitro and

Fig. 3. TEM images (a, b, c), zeta potentials (d) and diameters (e) of the Eth, Eth-HA and Eth-HA-GC (a: Eth; b: Eth-HA; c: Eth-HA-GC).

Fig. 4. Confocal laser scanning microscopy images of DCs phagocytosing DiI-
labeled Eths.
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analyzed using flow cytometry to further investigate the ability of the
modified Eths to target DCs. As shown in Fig. 5 Aa & B, the cellular
uptake of the free FITC-OVA was less, indicating that free OVA was
difficult to enter into the cell through the cell membrane. The cellular
uptake for the FITC-OVA encapsulated Eths were significantly increased
compared with that of the free FITC-OVA (Fig. 5 A(b-d) & B). In par-
ticular, the cellular uptake for FITC-OVA@Eth-HA-GC was much better
than that of other groups (Fig. 5 Ad & B).

3.3. In vitro inductive effect of DCs by the antigen-loaded eths

The ability of the modified Eths to induce DCs to mature and express
immunoreactive cytokines was further investigated. The LPS-treated
DCs was used as control. The flow cytometry results showed that PE
fluorescence intensity for the group of OVA@Eth-HA-GC was

significantly higher than that for the other groups (Fig. 6). Those results
indicate that the antigen-loaded Eth-HA-GC has excellent ability to
induce DCs to express CD11c, CD80 and CD86 which are the molecular
marks related to maturation of DCs. The levels of TNF-α, IL-2 and IL-6
secreted by the BMDCs in the OVA@Eth, OVA@Eth-HA and OVA@Eth-
HA-GC groups were significantly increased compared to that of the
control and free OVA groups, and the OVA@Eth-HA-GC group has the
highest level.

3.4. Characterization of the eths-loaded SF nanofibrous mats (ESNFM)

The concentration of aqueous SF solution in the electrospinning was
set as 20% (w/v), and 2% (w/v) PEO was added to enhance the
spinnability of the SF aqueous solution [17,31]. In this work, 25% of
OVA (w/w based on SF) was added to the electrospinning solution. The

Fig. 5. Flow cytometry histograms (A) and percentage (B) of FITC-fluorescent signals in BMDCs after co-cultured with different carriers for 24 h (a: free FITC-OVA; b:
FITC-OVA@Eth; c: FITC-OVA@Eth-HA; d: FITC-OVA@Eth-HA-GC).

Fig. 6. The levels of CD11c, CD80, CD86, TNF-α, IL-2 and IL-6 secreted by BMDCs after co-culture with OVA-loaded Eths for 24 h.
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Fig. 7. SEM photograph (left column), diameter distribution (middle column) and fluorescence micrograph (right column) of the different SF patches (a: SF; b: OVA/
SF; c: OVA@Eth/SF; d; OVA@Eth-HA/SF; e; OVA@Eth-HA-GC/SF; f: FITC-OVA/SF; g: FITC-OVA@Eth/SF; h: FITC-OVA@Eth-HA/SF; i: FITC-OVA@Eth-HA-GC/SF;
a1, b1, c1, d1 and e1 refer to the diameters of a, b, c, d and e respectively).
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nanofibers have a round and smooth morphology and the diameter of
pure SF nanofibers is 564 ± 104 nm (Fig. 7). The incorporation of
OVA does not change significantly the morphology of SF nanofibers but
the diameter was increased to 653.78 ± 109.33 nm because the
viscosity of the solution increased. The fiber diameters of OVA@Eth/SF
increased to 914.29 ± 190.15 nm due to the Eths surface charge.
However, the diameter of OVA@Eth-HA-GC/SF significantly reduced to
406.29 ± 78.97 nm, which may be due to the nature of the charge and
surface tension of the GC.

The single-layer nanofibers loading FITC-OVA were observed using
a fluorescence microscope to confirm the drug-loaded Eths was suc-
cessfully loaded onto the nanofibers (Fig. 7f). The figure shows con-
tinuous uninterrupted linear green fluorescence appeared in the free
FITC-OVA/SF nanofibers, while intermittent beaded green fluorescence
appeared for the FITC-OVA@Eths-loaded fibers (Fig. 7g-i). Those re-
sults indicate that the FITC-OVA@Eths was successfully loaded onto the
SF nanofibers and distributed evenly.

3.5. Cytocompatibility of the ESNFM

MTT assay was used to investigate the adhesion and proliferation of
skin cells on the ESNFM (Fig. 8A). The L929 cells grown on the nano-
fibrous mats exhibit a higher viability than those on cover slips
(p < 0.05), and there is no significant difference between neat SF and
ESNFM. These results indicate that the ESNFM has good cytocompat-
ibility and SF's biocompatibility was unaffected by the incorporation of
Eths. The morphology of the cultured L929 cells was observed by SEM
to confirm the cytocompatibility of the ELSNM. The result shows that
cells cultured on both cover slips and the ELSNM have a good mor-
phology and the cells on both the neat and ESNFM spread much better
than those on cover slips (Fig. 8B). Moreover, cell-cell and cell-material
interactions are seen clearly on the mats, which was presumed bene-
ficial to signal transduction between cells and cells and between cells
and materials (Fig. 8B b-f) [37,38]. A similar phenomenon was also
observed under a fluorescence microscope (Fig. 8C). These results
suggest that the as-prepared ESNFM has a good skin compatibility.

3.6. Transdermal performance of the ESNFM in vitro

The cumulative release of FITC-OVA in vitro for 48 h was examined
to evaluate the transdermal performance of the ESNFM (Fig. 9A). The
cumulative transdermal release of drugs from the ESNFM is greatly
increased (up to 16%) compared to the group of FITC-OVA/SF. More-
over, the amount of drug retained in skin tissue from the ESNFM was
significantly more than that from the FITC-OVA/SF group. The dis-
tribution of FITC-OVA in skin tissues was observed by fluorescence
microscopy (Fig. 9B&C). The results show that the green fluorescence
intensity of FITC-OVA/SF group was much lower than that of the
ESNFMs, which is consistent with the cumulative release data. The
dynamic transdermal progress of the Eths was investigated by con-
tinuously observing the distribution of Eths in the skin at different time
points. As shown in Fig. S4, the DiI-labeled Eths gradually penetrated
from the surface to the deep layers of skin. These data confirmed the
remarkable ability of Eths to penetrate the stratum corneum.

3.7. Evaluation of the TCI effect induced by the OVA-loaded ESNFM

To investigate whether the antigen-loaded ESNFM has the ability to
induce a systemic antigen-specific antibody response, mice were im-
munized twice with the OVA-loaded mats through transdermal route
(Fig. 10). Serum samples were collected and anti-OVA antibodies were
measured on day 14 after immunization. Mice that treated with OVA/
SF had a low level of OVA-specific IgG antibody, like the untreated
control. However, much higher levels of OVA-specific IgG were ob-
served in the serum from the mice treated with the OVA-loaded
ESNFMs via the transdermal route ((Fig. 10). Furthermore, the level of
OVA-specific IgG from the OVA@Eth-HA-GC/SF treated mice was sig-
nificantly higher than that from the mice treated with OVA@Eth/SF.
These results prove that the effective targeted delivery of antigen to DCs
in the skin leading to more effective humoral immune response.

To assess whether OVA@Eth-HA-GC trigger the immune response
toward a Th1 or Th2 immune response, spleen cells from mice were
obtained 1 week after the final immunization and cultured with 10 μg/
mL OVA for 72 h. The quantity of cytokines (IFN-γ for Th1, IL-2 and IL-
6 for Th2) in the culture supernatants was determined by ELISA
(Fig. 10b-d). The IFN-γ production was significantly increased in spleen
cells from mice treated with the OVA@Eth/SF compared to that in-
duced by OVA/SF (Fig. 10 b). Furthermore, the spleen cells from mice
treated with OVA@Eth-HA-GC/SF show a significant increase in the
production of IL-2 and IL-6 compared to other groups (Fig. 10B b&c). In
conclusion, the transdermal administration of OVA@Eth-HA-GC/SF
induced higher secretions of both Th1 and Th2 cytokines and an ef-
fective immune response to OVA.

Fig. 8. Proliferation and morphology of L929 cells on different scaffolds(A: cell
proliferation; B: SEM image of the cells; C: cells stained with rhodamine-labeled
phalloidin and DAPI, phalloidin binds to F-actin to stain the microfilament red,
and DAPI stains the nucleus blue; a: cover slip; b: SF; c: OVA@Eth/SF; d: OVA@
Eth/SF; e: OVA@Eth-HA/SF; f: OVA@Eth-HA-GC/SF). (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)
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3.8. The protective effect of immune response induced by the OVA-loaded
ESNFM against EG7 tumor challenge in mice model

The mice were immunized with the OVA-loaded ESNFMs three
times at 1-week intervals to evaluate whether the ESNFM could be used
as a DC-targeted transdermal vaccine to induce protective immune re-
sponse against EG7 tumor challenge (Fig. 11). Mice were sub-
cutaneously injected with E.G7-OVA cells 14 days after the second
immunization and tumor growth was evaluated in each mouse for
5 weeks. The solid tumors began to appear on the 8th day after tumor
inoculation, and the volume of the tumor increased with time
(Fig. 11A). On the 16th day, the tumor volume of each group began to
differ. The volumes of the tumor from the control and OVA/SF groups
were similar and increased rapidly. While the tumor volumes from the
mice treated with OVA@Eth-HA-GC/SF increased significantly slower
and the 28-day difference is more pronounced. Fig. 11B shows the
tumor entities on the 28th day after tumor inoculation in each group.
Obviously, the tumor volume of the OVA@Eth-HA-GC/SF group is
much smaller than that of other groups. These results indicate that the

DCs-targeting and immunostimulatory effects of the OVA@Eth-HA-GC/
SF can successfully induce a systemic immune response that protects
mice against tumor challenge.

4. Discussion

TCI is a new strategy for needle-free vaccination that delivers spe-
cific antigens to the APCs - mainly DCs present in the active epidermis
and dermis in the skin - to elicit an effective immune response [1–3].
Compared with subcutaneous or intramuscular injection, the TCI vac-
cine patch has various advantages such as good compliance, high effi-
ciency, easy operation, easy storage and transportation, and avoiding
the liver first-pass effect [1,2]. The main goal of TCI is formulating an
antigen-loaded carrier capable of penetrating the SC and targeting DCs
as the SC is a difficult barrier for free macromolecular antigens. Eth is
an ideal transdermal drug delivery vehicle for its advantages such as
smaller particle size, high encapsulation rate, higher skin permeability
and better fluidity and stability [5–12]. The electrospun nanofibrous
mats have been regarded as useful drug delivery systems for their

Fig. 9. Transdermal performance of the mats in vitro (A: cumulative transdermal release curve; B: intradermal drug retention; C: cross section of the skin after
treatment with different mats; D: longitudinal section of the skin after treatment with different mats; a: FITC-OVA/SF; b: FITC-OVA@Eth/SF; c: FITC-OVA@Eth-HA/
SF; d: FITC-OVA@Eth-HA-GC/SF; 1: fluorescent photo; 2: photomicrograph; 3: merge of fluorescent photo and photomicrograph).
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Fig. 10. The levels of serum OVA-specific IgG and spleen cell-derived cytokines (IFN-γ, IL-2 and IL-6) from the mice received transcutaneous immunization.

Fig. 11. The tumor growth curve (A) and tumor photos at day 28 (B) after transcutaneous immunization by OVA-loaded mats (a: control group; b: OVA/SF group; c:
OVA@Eth/SF group; d: OVA@Eth-HA/SF group; e: OVA@Eth-HA-GC/SF group; * Significant difference compared with the control group; # significant difference
compared with the OVA/SF group).
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desirable features – such as high surface area-to-volume ratios and
porosity with interconnectivity - that play a critical role in mass
transport and provide efficient drug delivery [14]. Our previous studies
have confirmed the good performance of the electrospun SF nanofi-
brous mats in drug delivery [17,31,39–42]. We demonstrated that Eth-
loaded SF nanofibrous mats (ESNFM) can efficiently deliver bioma-
cromolecules (molecular weight greater than 60,000) into mice through
the transdermal route (Fig. S2). In addition to the properties of Eth, the
large specific surface area of nanofibers should also contribute to the
good transdermal performance of the ESNFM by enlarging the contact
area between the Eths and the SC of the skin. Therefore, the ESNFM can
be a good solution for transdermal drug delivery and TCI.

Galactosyl has been reported to specifically recognize and interact
with the GCL receptors on the DCs surface, thus the galactosylated
nanocarriers can target DCs and stimulate their maturation [19–22]. GC
has a good performance on promoting hepatocytes adhesion and pro-
liferation as it contains galactosyl and is positively charged [23–25]. In
this study, HA and GC were used to modify the Eth via electrostatic
adsorption to bring the galactosyl group on the surface for targeting
DCs. The results show that Eth-HA-GC is positively charged, which is
beneficial to adsorption of negatively charged drugs (such as protein
and DNA) and delivering them into cells through fusing with the ne-
gatively charged cell membrane. In vitro data showed that the uptake of
Eth-HA-GC by BMDCs is much more than that of Eth-HA or bare Eth
(Fig. 4&5), which confirmed that the presence of GC has given Eths the
ability to target DCs. Moreover, the expression of CD11c, CD80 and
CD86 stimulated by the OVA@Eth-HA-GC is also more (Fig. 6). CD11c
is one of the markers expressed by DCs at its earlier stage, while CD80
and CD86 belong to the ones expressed by the mature DCs [20,43].
Therefore, our results demonstrate that Eth-HA-GC is a good nano-
carrier for antigens to target DCs and stimulate them to mature. Also,
the antigen-loaded Eth-HA-GC significantly enhanced DCs' secretion of
TNF-α, IL-2 and IL-6. Since these cytokines are pro-inflammatory fac-
tors which can further induce the activation and proliferation of T cells
[44,45], our results suggest that the antigen-loaded Eth-HA-GC can
effectively stimulate a cellular immune response.

Encouraged by the impressive data shown in Fig. 4-6, we fabricated
a novel antigen-loaded ESNFM named OVA@Eth-HA-GC/SF by a green
electrospinning process. This unique ESNFM had excellent skin cyto-
compatibility and showed a good transdermal performance. The
transdermal efficiency of Eths has a slight decrease after modification
with HA and GC, which might be mainly due to the increase of the
particle size. HA-modified Eth has recently been reported to have a
better transdermal performance than bare Eth due to HA's unique
function that increasing the moisture content of the cuticle to make it
expand and then reduce the compactness of its structure [26]. Here, the
situation is some different – the Eth-HA showed an inferior transdermal
performance to the bare Eth and Eth-HA-GC, which should be attrib-
uted to surface charged property besides particle size. The prepared Eth
and Eth-HA-GC in this study are positively charged, while Eth-HA ne-
gatively charged. The positively charged surface facilitates the carriers'
adhesion to the negatively charged cell membrane, which is beneficial
to the skin permeation performance.

The fluorescence intensity of BMDCs co-cultured with FITC-OVA@
Eth-HA-GC/SF is much higher than that with FITC-OVA@Eth-HA and
FITC-OVA@Eth (Fig. S3), which is consistent with the results of BMDCs
co-cultured with free Eths and also indicate that the Eths can be re-
leased from the ESNFMs. Furthermore, in vivo results showed that the
treatment of OVA@Eth-HA-GC/SF significantly increase levels of OVA-
specific antibody in serum and that of IFN-γ, IL-2 and IL-6 secreted by
spleen cells, which indicates that OVA@Eth-HA-GC/SF can effectively
stimulate both humoral and cellular immune responses. Since IFN-γ and
IL-2 belong to Th1 type cytokines, and IL-6 is one of the Th2 cytokines,
these data demonstrate the OVA@Eth-HA-GC/SF can induce effective
Th1 and Th2 cellular and humoral immune response [20,46,47]. The
tumor inhibitory test was conducted with a mouse model to further

investigate the TCI effect of OVA@Eth-HA-GC/SF. The results indicated
that the transdermal administration of OVA@Eth-HA-GC/SF sig-
nificantly inhibits the growth of E.G7 tumor. Our data demonstrates
that the OVA@Eth-HA-GC/SF nanofibrous mats can stimulate an ef-
fective immune response through transdermal route.

Considering all the results in this study, as well as the simple process
and environmental friendliness of its preparation, the TCI system based
on the Eth-HA-GC/SF nanofibrous mats has a promising application
potential in immunization and tumor treatment.

5. Conclusion

In this study, we report a galactosylated ethosome (Eth-HA-GC) that
has the ability to target DCs and stimulate them to mature. A novel SF
nanofibrous mats loading Eth-HA-GC (Eth-HA-GC/SF) fabricated via
green electrospinning shows a good performance in transdermal de-
livery of macromolecular antigens. The transdermal administration of
OVA-loaded Eth-HA-GC/SF (OVA@Eth-HA-GC/SF) significantly in-
crease the levels of serum IgG antibody and Th1/Th2 cytokines in mice.
Also, the mice treated with OVA@Eth-HA-GC/SF through transdermal
route show an efficient anti-OVA immune response against EG7 tumor
challenge. Our results suggest the transdermal vaccination with the
antigen-loaded Eth-HA-GC/SF nanofibrous mats could effectively elicit
cellular and humoral immune responses and systemic anti-tumor im-
munity. Therefore, this novel Eth-HA-GC/SF nanofibrous mats could
find a promising application in the fields of TCI and antitumor.
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