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Introduction

In recent years, immunotherapy has brought hope 
for the cure of malignant tumours. Programmed 
cell death-(ligand) 1 (PD-(L)1) is considered 
to be the most promising target for tumour 
immunotherapy, and the administration of anti-
PD-(L)1 (aPD-(L)1) has achieved significant 
clinical efficacy in the treatment of lung 
cancer, advanced melanoma, bladder urothelial 
carcinoma, gastric cancer and other tumours.1 
However, more than half of patients are not 
sensitive to immune checkpoint blockers,2, 3 and 
various combination therapies based on immune 
checkpoint blockers to enhance their efficacy 
are constantly being explored.3-8 Recent studies 
have shown that the anti-tumour effect of aPD-
1 requires the “authorization” of dendritic cells 
(DCs) to express interleukin-12 (IL-12): IL-12 

stimulates T cells to release interferon-γ (IFN-γ), 
which can further activate the atypical nuclear 
factor-κB signalling pathway, activating DCs in 
an IL-12-dependent manner and enhancing the 
therapeutic effect of aPD-1.1, 9, 10 Therefore, the 
effective activation of DCs to express IL-12 is 
critical in aPD-1 therapy.

DCs are the most powerful antigen-presenting 
cells in vivo and are abundant in the dermis and 
active epidermis of the skin.11 The skin also 
contains other immune-active cells including 
Langerhans cells, macrophages, mast cells and T 
cells.12, 13 Therefore, the skin is considered as the 
best site for immunization, thus giving rise to the 
concept of transcutaneous immunization (TCI).11 
Compared with traditional inoculation methods 
such as injection and oral administration, TCI 
has many advantages, including avoiding the 
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Recent studies have suggested that the anti-tumour effect of the programmed cell death protein 

1 monoclonal antibody (aPD-1) depends on the expression of interleukin-12 (IL-12) by dendritic 

cells (DCs). Since DCs are abundant in skin tissues, transdermal delivery of IL-12 targeting DCs 

may significantly improve the anti-tumour effect of aPD-1. In this study, a novel mannosylated 

chitosan (MC)-modified ethosome (Eth
-MC 

) was obtained through electrostatic adsorption. 

The Eth
-MC 

loaded with plasmid containing the IL-12 gene (p
IL-12

@Eth
-MC 

) stimulated DCs to 

express mature-related molecular markers such as CD86, CD80, and major histocompatibility 

complex-II in a targeted manner. The p
IL-12

@Eth
-MC

 was then mixed with polyvinyl pyrrolidone 

solution to make microspheres using the electrospray technique, and sprayed onto the surface 

of electrospun silk fibroin-polyvinyl alcohol nanofibres to obtain a PVP-p
IL-12

@Eth
-MC 

/silk 

fibroin-polyvinyl alcohol composite nanofibrous patch (termed a transcutaneous immunization 

(TCI) patch). The TCI patch showed a good performance on transdermal drug release. Animal 

experiments on melanoma-bearing mice showed that topical application of the TCI patches 

promoted the expression of IL-12 and inhibited the growth of tumour. Furthermore, combined 

application of the TCI patch and aPD-1 showed a stronger anti-tumour effect than aPD-1 

monotherapy. The combination therapy significantly promoted the expression of IL-12, 

interferon-γ and tumour necrosis factor-α, the infiltration of CD4
+

 and CD8
+

 T cells into 

tumour tissues, and thus promoted the apoptosis of tumour cells. The present study provides 

a convenient and non-invasive strategy for improving the efficacy of immune checkpoint 

inhibitor therapy. This study was approved by the Institutional Animal Care and Use 

Committee at Donghua University (approval No. DHUEC-NSFC-2020-11) on March 31, 2020.
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first pass effect of the liver and gastrointestinal irritation, 
being non-invasive, easy to use, and achieving good patient 
compliance.14 However, the stratum corneum is a tight physical 
barrier of the skin, and it is difficult for macromolecular drugs 
such as antigens to be absorbed through the skin. Absorption 
requires the help of chemical penetration enhancers or 
nanocarriers. As chemical osmotic agents often cause adverse 
reactions such as skin irritation, lipid vesicles represented by 
ethosomes (Eths) have attracted much attention in recent 
years.15 Eths are alcohol-containing liposomes with excellent 
flexibility and fluidity. The alcohol molecules contained in Eths 
enhance the ability of lipid vesicles to penetrate the stratum 
corneum, which give Eths good transdermal performance.16, 17  
Eths also have excellent drug-loading properties, including 
room temperature stability, high encapsulation efficiency and 
good biocompatibility.15 Therefore, Eths are regarded as good 
carriers for drug delivery through transdermal route. We have 
reported recently that targeted delivery of antigen molecules 
to DCs via the transdermal route can trigger an effective 
immune response.18 DCs express C-type lectin receptors on 
their surface, including DC-Sign, DEC-205, and mannose 
receptor.18, 19 Liposomes modified with galactose or mannose 
groups have been shown to have the ability to target DCs and 
stimulate their maturation.20-22 It is reasonable to assume that 
Eths modified with mannose groups on the surface would 
possess the ability to transdermally target DCs and could be a 
useful carrier for TCI.

IL-12 comprises two subunits, P35 and P40, which are produced 
by DCs and phagocytes after stimulation by microorganisms 
or cytokines.23 IL-12 may be an ideal candidate for tumour 
immunotherapy due to its ability to activate innate and adaptive 
immunity.24 IL-12 in tumours induces apoptosis of regulatory 
T cells and impairs memory CD8+ T cells, leading to an influx 
of activated and lethal CD4+ and CD8+ T cells.25 Although 
the anti-tumour effect of IL-12 has been confirmed by many 
studies, its clinical application is still difficult to popularize 
due to its short half-life and systemic toxicity. IL-12 gene drugs 
may be a better choice to compensate for the short half-life of 
protein drugs.26, 27 We hypothesized that transdermal delivery 
of the IL-12 gene targeted to DCs by mannose-modified Eths 
could significantly improve the anti-tumour efficacy of aPD-1.

Electrospun nanofibres have unique advantages as sustained-
release drug carriers due to their large specific surface area and 
high porosity.28 Electrospun silk fibroin (SF) and polyvinyl 
alcohol (PVA) (SF-PVA) composite nanofibres have good skin 
affinity and mechanical properties, and are suitable for use as 
scaffolds for transdermal drug delivery. Polyvinylpyrrolidone 
(PVP) has good biocompatibility and is easily soluble in 
water.29, 30 Electrostatic spray technology can be used to make 
the mixture of PVP and Eth into drug-loaded microspheres and 
attach them to nanofibrous mats, so as to obtain a convenient 
transdermal drug delivery patch. The high water solubility of 
PVP facilitates the rapid dissociation of drug-loaded Eths from 

the microspheres and their penetration into the skin.

In this study, a novel carrier for TCI was first fabricated by 
modifying hyaluronic acid (HA) and mannosylated chitosan 
(MC) successively on the surface of Eths via electrostatic 
adsorption and layer-by-layer self-assembly (the resulting 
product was named Eth-MC). The Eth-MC loaded with plasmid 
containing the IL-12 gene (pIL-12@Eth-MC) was then mixed with 
PVP solution to make microspheres and sprayed onto the 
electrospun SF-PVA nanofibres by electrospraying to obtain 
a PVP-pIL-12@Eth-MC/SF-PVA nanofibrous patch (named 
a TCI patch). The ability of pIL-12@Eth-MC to target DCs to 
induce their maturation was verified by in vitro phagocytosis 
experiments, and melanoma-bearing mice were used as a model 
to investigate the anti-tumour activity of the as-prepared TCI 
patch and to ascertain whether it can enhance the anti-tumour 
effect of aPD-1.

Methods

Synthesis of mannosylated chitosan

MC was synthesized by a method previously reported.31 In 
short, chitosan (Sigma-Aldrich, St. Louis, MO, USA) was 
dissolved in 1% acetic acid to prepare a 2.0 mg/mL solution. 
Aqueous solutions of D-mannose (20 mM; Sigma-Aldrich) 
and NaBH(OAc)3 (20 mM; Yien Biotechnology Co., Ltd., 
Shanghai, China) were also prepared, then equal volumes 
of the three solutions were evenly mixed by slowly stirring 
at room temperature for 48 hours, dialyzed in a dialysis bag 
(MWCO 12–14 kDa, Beijing Jingke Hongda Biotechnology 
Co. Ltd., Beijing, China) against deionized water for 72 hours, 
and freeze-dried to obtain the MC.

Preparation of mannosylated chitosan-modified 

ethosomes

Eths were prepared following a previously-described 
method.14 Briefly, 10 mg cholesterol (Sigma-Aldrich), 100 mg 
egg yolk lecithin (Sigma-Aldrich) and 4 mg octadecylamine 
were dissolved in 5 mL absolute ethanol at room temperature, 
and then rotary evaporated at 40°C to obtain a lipid film. 
Subsequently, 10 mL 30% ethanol containing 0 or 40 μg/mL  
IL-12 gene expression plasmid (pIL-12; Hunan Fenghui 
Biotechnology Co., Ltd., Changsha, China) was added to 
rehydrate the film by agitating for 30 minutes at room 
temperature. A probe ultrasonic instrument (JY92-II, Ningbo 
Kechuang Biotechnology Co., Ltd., Ningbo, China) was used 
to obtain homogenous suspension of cationic Eths loaded with 
pIL-12, and the non-encapsulated free drugs were removed by 
centrifugation at 12,787 × g for 10 minutes. Then, filtering 
the solutions multiple times using a 220 nm microporous 
membrane, Eths (Eth or pIL-12@Eth) with uniform particle 
size was obtain. An equal volume of 1 mg/mL HA aqueous 
solution (Sigma-Aldrich) was added into the Eth solution 
and slowly stirred at room temperature for 2 hours to obtain 
HA-coated Eths (Eth-HA or pIL-12@Eth-HA), then centrifuged at 
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12,787 × g for 10 minutes to remove free HA. Subsequently, an 
equal volume of Eth-HA and 1% (w/v) MC acetic acid solution 
(pH = 4.0) were mixed and stirred at room temperature for 
2 hours. After removing free MC by centrifugation at 12,787 
× g for 10 minutes, MC-coated Eths (Eth-MC or pIL-12@Eth-MC)  
were obtained. Next, 0.2 mL of 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate (DiI; Sigma-Aldrich) 
was added to 10 mL of Eth solution, stirred for 30 minutes and 
dialyzed against deionized water for 3 days (changing the water 
three times a day) to obtain DiI-labelled Eths. Free DiI and DiI 
aggregates were removed through centrifugation at 12,787 × g 

for 10 minutes. The Eths were characterized by transmission 
electron microscopy (JEM-2100, Jeol Ltd., Tokyo, Japan), 
laser particle analysis (BI-200SM, Brookhaven Instruments, 
Holtsville, NY, USA) as well as measuring zeta potential 
(Malvern Instruments, Malvern, UK).

Gel retardation assay

The optimum octadecylamine:pIL-12 (N/P) ratio of cationic 
Eths loaded with DNA was investigated by the gel block 
method32 to explore the ability of the carrier to condense 
DNA. The plasmid-loaded Eths were prepared with N/P ratios 
of 1:5, 1:10, 1:15 and 1:20. After mixing with loading buffer, 
the plasmid-loaded Eths were placed into a sample well of a 
1% agarose gel, and electrophoresed in Tris/borate/ethylene 
diamine tetraacetic acid buffer at 90 V for 25 minutes, and 
then photographed with a gel imager (FR-980B, Shanghai Furi 
Technology Co., Ltd., Shanghai, China).

Cytotoxicity assay 

Viability of the Eth-treated cells was assessed by Cell Counting 
Kit-8 (CCK-8) and live/dead staining assays. DC2.4 cells 
(Hunan Fenghui Biotechnology Co., Ltd.) were seeded into a 
24-well plate at a cell density of 1.5 × 104/well and cultured at 
37°C in a humidified incubator with 5% CO2 using RPMI 1640 
medium (Gibco, Carlsbad, CA, USA) supplemented with 1% 
(v/v) penicillin/streptomycin and 10% (v/v) fetal bovine serum 
(Gibco). Medium was discarded after culturing for 24 hours, 1 
mL of fresh medium containing different concentrations of the 
carrier materials was added (the wells without carriers were 
used as controls) and cultures were returned to the incubator 
for a further 24 hours. 

For CCK-8 assay, medium was removed and the cell layer was 
washed with sterile phosphate-buffered saline (PBS) three 
times, then 400 μL fresh RPMI 1640 medium (without fetal 
bovine serum) containing 40 μL CCK-8 reagent (Biyuntian 
Biotechnology Co., Ltd., Shanghai, China) was added to each 
well, and the plate was incubated at 37°C in the dark for 1 
hour, after which 100 μL of each sample was transferred to a 
96-well plate. A microplate reader (Multiskan MK3, Thermo 
Fisher Scientific, Waltham, MA, USA) was used to measure 
the absorbance at 450 nm. The following formula was used to 
calculate the cell survival rate: Cell viability (%) = (At – Ab)/
(Ac – Ab) × 100 (At: absorbance of the tested samples; Ab: 
absorbance of the blank wells containing culture medium 
and CCK-8 solution but without cells; Ac: absorbance of the 
controls).

For live/dead staining assay, calcium-AM/propidium iodide 

double staining was used to evaluate the growth state of the 
cells co-incubated with Eth-MC at different concentrations. 
After co-incubation for 24 hours, the medium was removed 
and the cells were washed three times with PBS. Then, 200 
μL of 5 μM calcein-AM (Biyuntian Biotechnology Co., Ltd.) 
and 10 μM propidium iodide (Biyuntian Biotechnology Co., 
Ltd.) were added to each well and the plate was incubated at 
37°C in the dark for 15 minutes. Cell morphology was finally 
observed using an inverted fluorescence microscope (DMi 8, 
Leica Microsystems Ltd., Wetzlar, Germany).

Targeted induction of dendritic cells by Eth
-MC

 in vitro

Phagocytosis of Eth
-MC 

by dendritic cells

DC2.4 cells (2 × 105/well) were seeded evenly onto a confocal 
culture dish and treated with 30 μL DiI-labelled Eths (30 μg/mL)  
at 37°C for 2 hours in the dark, cells treated with the same volume 
of PBS were used as control. Then, cells were washed three times 
with PBS, fixed for 30 minutes using 4% paraformaldehyde 
and stained with 4,6-diamino-2-phenylindole dihydrochloride 
(Sigma-Aldrich) for 10 minutes. After washing again with 
PBS three times, samples were observed using a confocal laser 
scanning microscope (ZEISS LSM 700, Zeiss, Jena, Germany). 
The fluorescence intensity of different samples was compared 
and analysed using ImageJ 1.44 software (National Institutes of 
Health, Bethesda, MD, USA).

Transfection of dendritic cells and L929 with p
IL-12

-loaded 

ethosomes

The mouse skin fibroblasts L929 were provided by the 
Institute of Biochemistry and Cell Biology, Chinese Academy 
of Sciences (Shanghai, China). L929 cells (cultured with 
high-glucose Dulbecco’s modified Eagle medium (Gibco) 
supplemented with 10% (v/v) fetal bovine serum and 1% 
(v/v) penicillin/streptomycin) and DC2.4 cells were seeded 
into a 6-well plate at 2 × 105/well and incubated at 37°C in 
5% CO2. When the cells reached 80% confluence, medium was 
refreshed and Eths loaded with 2.5 μg pIL-12 were added and 
incubated for 24 hours. After that, total RNA was extracted 
from the cells and reverse transcribed into complementary 
DNA using a kit (NovoProtein Technology Co., Ltd.). The 
mRNA expression of IL-12a and IL-12b was then analysed by 
real time fluorescence quantitative polymerase chain reaction 
on a polymerase chain reaction machine (7500, Applied 
Biosystems Inc., Foster City, CA, USA), under the following 
conditions: denaturation at 95°C for 2 minutes, followed by 
40 cycles of 95°C for 15 seconds and 62°C for 32 seconds. The 
housekeeping gene β-actin was used as an internal reference 
control and the relative expression level of IL-12 was calculated 
by the 2–ΔΔCt method (Table 1).33

Induction of dendritic cell maturation by p
IL-12

-loaded ethosomes

DC2.4 cells were seeded into a 6-well plate at 1.5 × 105/well, 
and co-cultured with 30 μL of unmodified Eths or pIL-12-loaded 
Eths for 24 hours. Cells treated with lipopolysaccharide (100 
ng/mL; Sigma-Aldrich) or PBS were used as the positive 
or negative control, respectively. Cells were harvested and 
centrifuged at 250 × g for 5 minutes, washed with PBS for three 
times, then incubated with phycoerythrin-labelled goat anti-
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mouse CD80, major histocompatibility complex-II and CD86 
monoclonal antibodies (PeproTech, Rocky Hill, NJ, USA) 
at 4°C for 30 minutes. After again washing with PBS three 
times, the samples were analysed by flow cytometry using a 
FACSCalibur machine (Becton Dickinson, Franklin Lakes, NJ, 
USA).

Preparation and characterization of the transcutaneous 

immunization patch

Preparation of silk fibroin and polyvinyl alcohol nanofibres 

SF was prepared according to the previously-described 
method.14 Briefly, the mulberry silkworm cocoons (Huzhou 
Silk Company, Huzhou, China) were degummed three times 
with 0.5% (w/v) Na2CO3 solution at 100°C for 30 minutes, and 
then washed with warm water. After drying, the degummed silk 
(SF) was dissolved in 9.3 M lithium bromide (Sigma-Aldrich) 
at 60°C for 1 hour to obtain a uniform solution. After three 
days of dialysis with a dialysis bag (molecular weight cut-off = 
14,000 kDa) against deionized water at room temperature, the 
SF solution was filtered and lyophilized to obtain regenerated 
SF sponges.

Aqueous solutions of 8% PVA (Sigma-Aldrich) and 6% SF were 
prepared, mixed together at a volume ratio of 5:2 (PVA:SF) 
and stirred for 12 hours at room temperature to obtain stable 
spinning solutions, which were then electrospun at a voltage 
of 15 kV, an extrusion rate of 1 mL/h and a receiving distance 
of 15 cm. The resulting product was placed in a vacuum dryer 
(DZF-6020, Yiheng Technology Co., Ltd., Shanghai, China) 
for drying and storage before use.

Preparation of microsphere-loaded silk fibroin and polyvinyl 

alcohol nanofibrous patches

First, 1 g PVP was dissolved in 6 mL of 60% ethanol solution, 
then blended with 4 mL pIL-12@Eth-MC to obtain a well-
mixed solution by gentle stirring at room temperature for 
2 hours. Next, the mixed solution was taken into a syringe 
and microspheres (PVP-pIL-12@Eth-MC) were sprayed onto 
the surface of the SF-PVA nanofibres. The conditions set 
for electrospraying were as follows: voltage 18 kV, receiving 
distance 15 cm, extrusion rate 0.8 mL/h, temperature 40°C, 
humidity 8%. The obtained product was a PVP-pIL-12@Eth-MC/
SF-PVA composite nanofibrous patch, which is referred to as a 
TCI patch in this study. The TCI patches were dried and stored 
in a vacuum dryer before use.

The surface morphology of the TCI patch was characterized 
using a scanning electron microscope (TM-1000, Hitachi, 
Tokyo, Japan) and the distribution of DiI-labelled Eths in the 

patch was observed with a fluorescence microscope (DMi 8).

In vitro transdermal test 

Mouse skin was prepared according to a previously-described 
method14 and stored at –20°C until further use. A Franz 
diffusion pool was used to assess the transdermal performance 
of the TCI patches according to a published method.14 Briefly, 
the prepared skin (with the surface of the stratum corneum 
facing upwards) was sandwiched between the receiving pool 
and the donor pool of the diffusion cell system, and a patch 
containing 4 μg of pIL-12 labelled with Hoechst 33342 (Biyuntian 
Biotechnology Co., Ltd.) was attached tightly to the skin surface. 
The receiving pool was filled with PBS (pH = 7.4) and stirred 
continuously at 350 r/min while maintaining at 33°C in a water 
bath. At appropriate time intervals (0.5, 1, 2, 4, 6, 8, 10, 12, and 
24 hours), 2 mL of receiving solution was removed from the 
sampling port and added to an equal volume of fresh buffer. 
Under 354 nm excitation and 458 nm emission wavelengths, 
the absorbance value of the receiving solution samples were 
determined using an ultraviolet spectrophotometer (UV1100, 
Shanghai Mapada Instrument Co., Ltd., Shanghai, China). The 
cumulative release amount of the plasmid was then calculated 
according to the following formula:

where Q is the cumulative amount of drug released, Q’ is the 
actual amount of drug contained in the Eths, V is the volume 
of the diffusion pool, Ci is the drug concentration at i sampling 
time, and Vi is the volume at i sampling time.

Data were also expressed as the cumulative drug permeation 
per unit of skin surface area, Qt/S (S = 1.13 cm2). The steady-
state fluxes (Jss(2−24h)) were calculated at steady state between 
2 and 24 hours as shown in the following formula:34 Jss(2–24h) 
=ΔQt/Δt × s. where ΔQt is the cumulative drug permeation 
within a certain period (Δt).

The pIL-12@Eth-MC treated skin was removed from the 
Franz diffusion cells at different time points (2, 4, 8, and 12 
hours) embedded in paraffin and sequentially sectioned. 
The distribution of fluorescence in the skin was observed 
using fluorescence microscopy (DMi 8) and the fluorescence 
intensity of different samples was compared and analysed 
using ImageJ 1.44 software.

Animal experiments

Five-week-old C57BL/6 male mice (Shanghai SLAC 
Laboratory Animal Co., Ltd., Shanghai, China; license No. 
SCXK (Hu) 2012-0002) were maintained in a 12-hour light/

Table 1. Primer sequences for real-time fluorescence quantitative polymerase chain reaction

Gene
Sequence (5′ –3′)

β-Actin Forward: GGC TGT ATT CCC CTC CAT CG

Reverse: CCA GTT GGT AAC AAT GCC ATG T
IL-12a Forward: TCC AGC AGC TCC TCT CAG TG

Reverse: ACT GGC TAA GAC ACC TGG CA
IL-12b Forward: GGC TGG ACT GCA TGA TAG CG

Reverse: GCC AGG ATG TCT CTG CTC CT

Note: IL-12: interleukin-12.
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dark cycle with free access to food and water (specific pathogen-
free environment). All animal experiments were performed 
according to the guidelines approved by the Institutional 
Animal Care and Use Committee of Donghua University 
(approval No. DHUEC-NSFC-2020-11, on March 31, 2020).

Mice were inoculated with B16-F10 cells (a mouse melanoma 
cell line, provided by the Institute of Biochemistry and Cell 
Biology, Chinese Academy of Sciences, 1 × 106/mouse) on 
the side of the thighs and randomly divided into four groups, 
each with 11 mice: control (not receiving any treatment), TCI 
monotherapy, aPD-1 monotherapy, and combination therapy 
(TCI + aPD-1). The TCI patches (each contained 4 g pIL-12) 
were applied to the hairless dorsal skin of the mice. Before 
application, the skin was moistened with water to make the 
patch adhere closely to the skin, and then fixed in position with 
medical tape. The aPD-1 was administered by intraperitoneal 
injection (20 μg/mouse/time). Tumour length (L) and width 
(W) were measured every 2–3 days, and tumour volume (V) 
was calculated according to the following formula: V = (L × 
W2)/2. A mouse with a tumour volume exceeding 2000 mm3 

was considered dead. Mouse body weights were also recorded 
every 2–3 days. Blood was collected on days 10, 17, and 24 
in each group, and serum levels of IFN-γ, IL-12, and tumour 
necrosis factor-α (TNF-α) were determined by enzyme-
linked immunosorbent assay according to the manufacturer’s 
protocol (PeproTech). Briefly, the microtiter plates were 
coated with purified antibodies (anti-mouse IFN-γ, IL-12 or 
TNF-α) to make solid phase antibodies, and IFN-γ (IL-12 or 
TNF-α) were added. Then, horseradish peroxidase-labeled 
secondary antibodies were added to form antibody-antigen-
enzyme-labeled antibody complex. After thorough washing, 
3,3′,5,5′-tetramethylbenzidine was added for color rendering. 
The optical density at 450 nm was measured with a microplate 
reader (Multiskan MK3), and the concentration of IFN-γ (IL-
12 or TNF-α) was calculated according to the standard curve. 
On day 24, the mice were sacrificed by cervical dislocation, 
and tumours, hearts, livers, spleens, lungs and kidneys were 
all removed and fixed in 4% paraformaldehyde solution. The 
tumour tissues were stained with terminal deoxynucleotidyl 
transferase-mediated dUTP nick-end labelling and 
immunohistochemical staining of anti-CD4 and CD8. For 
terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labelling, proteinase K was add to cover the tissue slices and 
incubated at 37°C for 25 minutes. Washing with PBS (pH 7.4) 
for 10 minutes, the samples were incubated with membrane 
breaking solution at room temperature. Washing and dry, 
the slices were incubated with terminal deoxynucleotidyl 
transferase, FITC-labeled dUTP and buffer (mix at 1:5:50 
ratio) at 37°C for 2 hours. The samples were washed with PBS, 
covered with anti-fade mounting medium, observed under 
fluorescence microscope (DMi 8). For immunohistochemical 
staining of anti-CD4 and CD8, the tissue slides were immersed 
in ethylenediaminetetraacetic acid antigen retrieval buffer 
(pH 8.0) and maintained at a sub-boiling temperature for 15 
minutes. Washing and eliminating obvious liquid, the tissue 
was blocked with 3% bovine serum albumin for 30 minutes. 
Throwing away the blocking solution slightly, the tissue was 
incubated with primary antibodies overnight at 4°C, and 

placed in a wet box containing a little water. After washing 
slides three times with PBS and throwing away liquid slightly, 
the tissue was incubated with secondary antibodies at room 
temperature for 50 minutes in dark. Washing three times, 
the sample was incubated with 4,6-diamino-2-phenylindole 
dihydrochloride solution at room temperature for 10 minutes 
in dark. After washed three times with PBS, the sample was 
incubated with spontaneous fluorescence quenching reagent 
for 5 minutes. The samples were washed in running tap water 
for 10 minutes, covered with anti-fade mounting medium 
and observed by fluorescent microscopy (DMi 8). At the same 
time, paraffin sections of tumour and viscera were prepared, 
stained with hematoxylin–eosin, examined and photographed 
under a microscope (DMi 8).

Statistical analysis

All experiments were carried out at least three times and data 
are reported as mean ± standard deviation (SD). OriginPro 8.0 
(OriginLab Corporation, Northampton, MA, USA) was used 
to perform one-way analysis of variance with Tukey’s post hoc 

test for statistical analysis. A P value of < 0.05 was considered 
significant.

Results

Characterization of Eth
-MC

In the mannose coupling reaction, the aldehyde group of 
ring opening mannose reacted with the free amino group of 
chitosan to form a Schiff’s base (R-CH=N-R bond), which 
was confirmed by the N-H bending of secondary amine at 
1558.54 cm–1 and the C-N stretching vibration peak at 1410.01 
cm–1 31 (Figure 1A). The variation of the characteristic peaks 
from 3304.17 cm–1 to 3383.26 cm–1 further confirmed the 
above conclusion. In addition, the extensive and strong OH 
stretch at 3383.26 cm–1 and the strong CO stretch at 1076.32 
cm–1 in the spectrum of MC proved that there were a large 
number of hydroxyl groups (from mannose), indicating that 
mannose groups were successfully attached to chitosan.35 In 
the spectrum of HA, the characteristic peaks at 1609.43 cm–1 
and 1032.34 cm–1 are strong amide and C-O-C chemical bonds, 
respectively.36 MC has its characteristic peaks at 1595.18 cm–1 
and 1410.01 cm–1.31 For Eth, the characteristic peaks at 2920.80 
cm–1 and 2851.50 cm–1 represented the stretching vibration 
of the C-H bond and the H-C-H symmetrical stretching 
peak, respectively.37 Compared with the Eth, the absorption 
peak intensity at 1032.34 cm–1 in the spectrum of Eth-HA was 
significantly enhanced, indicating that HA was successfully 
adsorbed onto the Eth. In the spectrum of Eth-MC, the intensity 
of the absorption peak at 1595.18 cm–1 and 1410.01 cm–1 was 
significantly enhanced, indicating that MC was successfully 
adsorbed onto Eth-HA.

Figure 1B shows the particle size and electric potential of the 
Eths. Since positively-charged octadecamine was used in the 
preparation of Eths, the obtained Eths were positively charged 
with a potential of +21.3 mV. HA is negatively charged and 
can be adsorbed onto the surface of cationic Eths through 
electrostatic interaction to obtain Eth-HA with a potential of 
–18.26 mV. Positively-charged MC was then further adsorbed 
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onto the surface of Eth-HA to obtain positively-charged Eth-MC 
with a potential of +25.90 mV. This modification also showed 
a significant effect on the particle size of Eths. The size of Eth-HA  
was almost doubled compared with the bare Eth, which may 
be due to the hydration of HA.16 The particle size of Eth-MC was 
significantly reduced compared with Eth-HA, which might be 
due to the compact structure between HA and MC caused by 
the attraction of charges.14 The morphology of Eths showed a 
multi-layer cystic spherical structure (Figure 1C). The results 
of agarose gel electrophoresis showed that no bright bands were 

visible in the sample well when the ratio of octadecylamine 
to plasmid was higher than 1:10, i.e. pIL-12 was physically 
encapsulated within the inner cavity of the Eth-MC (Figure 1D). 
When the ratio was less than 1:15, some of the DNA that could 
not be completely enclosed was electrostatically adsorbed onto 
the surface of the positively-charged Eth-MC, causing a bright 
band to appear in the sample well. In order to allow the Eth-MC  
to completely encapsulate as much DNA as possible in its inner 
cavity through physical encapsulation, a 1:10 N/P ratio was 
used to load pIL-12 in subsequent experiments.

A B

C

D

Figure 1. Characterization of Eths. (A) Infrared spectra of the materials. Arrows indicate the characteristic peaks. (B) 
Particle size and electric potential. Data are expressed as mean ± SD. The experiments were repeated by three times. 
(C) Transmission electron microscopy images of Eths. The adsorption of HA made the particle size of Eth increase 
significantly while the potential greatly reduced. When MC is further adsorbed on the surface of HA, the particle size 
decreases but is still larger than bare Eth, and the potential increased slightly. Scale bars: 200 nm. (D) Image of agarose 
gel electrophoresis at different octadecylamine:pIL-12 ratios. Eth: ethosome; HA: hyaluronic acid; MC: mannosylated 
chitosan; pIL-12: plasmid containing IL-12 gene.

Cytotoxicity of the ethosomes

CCK-8 assay was used to determine the cytotoxicity of the 
Eths. As shown in Figure 2A, the viability of DCs was not 
significantly reduced when the concentration of carriers 
did not exceed 10 μg/mL. The Eth-HA showed excellent 
cytocompatibility, which might be attributable to HA being 
negatively charged. Among the three carriers, Eth-MC showed 
the worst cytocompatibility, which is likely to be due to its 
higher potential. At concentrations of no more than 30 μg/mL, 
Eth-MC showed good cytocompatibility (cell viability was more 
than 80% of the control). When the concentration reached 40 
μg/mL, Eth-MC exhibited obvious cytotoxicity. The results of 
live and dead cell staining showed a similar trend with that 
of CCK-8 (Figure 2B). Based on these results, the Eth-MC  
concentration was set to 30 μg/mL in subsequent studies, 
considering a balance between cytotoxicity and drug dosage.

Dendritic cell-targeted performance of Eth
-MC

To evaluate the targeting performance of the carriers, DCs 
were treated with DiI- (red fluorescent dye) labelled carriers. 
The phagocytosis of the carriers by DCs was observed by 
confocal laser scanning microscopy. As shown in Figure 3A 
& B, the intensity of red fluorescence in the Eth-MC treated 
cells was significantly higher than that of the Eth and Eth-HA  

cells, indicating that DCs have a selective preference for the 
phagocytosis of Eth-MC, that is, Eth-MC has good ability to 
target DCs. Eth-treated cells showed weak red fluorescence, 
indicating that Eth can be taken up by DCs in a non-targeted 
manner. Eth-HA was least engulfed by DCs, which may be due 
to its negative surface charge and larger particle size. The 
expression level of IL-12 in DC2.4 cells after transfection was 
significantly higher than that of L929 cells, and Eth-MC induced 
a much higher expression than Eth-HA or bare Eth did (Figure 

3C). These data indicated that Eth-MC has the ability to target 
DCs.

p
IL-12

@Eth
-MC

 induces dendritic cells to mature

To investigate whether pIL-12@Eth-MC can induce DC 
maturation, flow cytometry was used to detect the expression 
of CD80, CD86 and major histocompatibility complex-II 
which are markers related to the maturation of DCs. After 
co-incubation for 24 hours, the expression levels of the above 
markers in the groups with pIL-12 loaded carriers were much 
higher than those with lipopolysaccharide (used as positive 
control) or empty carriers (Figure 4A & B). In addition, the 
pIL-12@Eth-MC induced significantly higher levels than the pIL-12 

@Eth, indicating that pIL-12@Eth-MC can effectively stimulate 
DC maturation.
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Figure 2. Cytotoxicity of Eths with different modifications as evaluated by Cell Counting Kit-8. (A) Cell viability. Data 
are expressed as mean ± SD. The experiments were repeated by three times. *P < 0.05, **P < 0.01, ***P < 0.001 (one-
way analysis of variance followed with Tukey’s post hoc test). (B) Live and dead staining of Eth-MC-treated cells. There 
was no significant difference in cell morphology among different groups, but cell proliferation was inhibited to a certain 
extent when the concentration of Eth-MC is higher than 30 μg/mL. B1–6: 0, 5, 10, 20, 30, and 40 μg/mL. The green 
fluorescence indicates live cells. Scale bars: 500 μm. Eth: ethosome; HA: hyaluronic acid; MC: mannosylated chitosan.

Figure 3. Performance of Eths targeting dendritic cells. (A) Confocal laser scanning microscopy images of dendritic 
cells phagocytosing DiI (red)-labelled Eths. The phagocytosis efficiency of Eth-MC was significantly higher than that of 
others. Scale bars: 20 μm. (B) Fluorescent intensity analysis of A. (C) Relative mRNA expression of IL-12 in different 
cells transfected with pIL-12@Eths detected by real-time polymerase chain reaction. Data are expressed as mean ± SD. 
The experiments were repeated by three times. *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance 
followed with Tukey’s post hoc test). DAPI: 4,6-diamino-2-phenylindole dihydrochloride; DiI: 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate; Eth: ethosome; HA: hyaluronic acid; IL-12: interleukin-12; MC: mannosylated 
chitosan; pIL-12: plasmid containing IL-12 gene.
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Characterization of the transcutaneous immunization 

patch

Morphology

SF-PVA composite nanofibrous mats with high porosity 
were first prepared by electrospinning, and the average fibre 
diameter was 449 ± 107 nm (Figure 5A). Then, the PVP-Eth-MC  

microspheres (Figure 5B1) were sprayed onto the SF-PVA 
composite nanofibrous mats using electrospraying technology to 
obtain a TCI patch as shown in Figure 5C1. The average diameter 
of the microspheres was 658 ± 175 nm (Figure 5B2), and they 
were evenly distributed on the surface of SF-PVA composite 
nanofibrous mats (Figure 5C1). The existence of Eth-MC on 
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the TCI patch was confirmed by fluorescence microscopy, as 
shown in Figure 5C2, where Eth-MC was labelled with DiI (a red 
fluorescent dye). The high specific surface area and high porosity 

of the composite nanofibrous mats are conducive to close contact 
between the drug-loaded microspheres and skin cells, thereby 
contributing to the transdermal drug release of Eth-MC. 

Figure 4. IL-12 gene-loaded Eths stimulate DCs expression of CD80, CD86 and MHC-II. (A) Flow cytometry histograms. 
(B) Quantitative analysis of CD80, CD86 and MHC-II. Data are expressed as mean ± SD. The experiments were 
repeated by three times. **P < 0.01, ***P < 0.001 (one-way analysis of variance followed with Tukey’s post hoc test). Eth: 
ethosome; HA: hyaluronic acid; IL-12: interleukin-12; LPS: lipopolysaccharide; MC: mannosylated chitosan; MHC-II: 
major histocompatibility complex-II; PBS: phosphate-buffered saline; pIL-12: plasmid containing IL-12 gene.

Figure 5. Morphology of SF-PVA nanofibrous mats (A1), microspheres (B1) and TCI patch (C1). (A2) Distribution of 
diameters in A1. (B2) Distribution of diameters in B1. (C2) Fluorescence micrograph of TCI patch. Red represents DiI-
labeled Eth-MC. Scale bars: 10 μm in A1, 8 μm in B1 and C1, 500 μm in C2. AD: average diameter; Eth-MC: mannosylated 
chitosan-modified ethosome; PVA: polyvinyl alcohol; SF: silk fibroin; TCI: transcutaneous immunization.
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Transdermal performance of the transcutaneous immunization 

patch

The pIL-12 was labelled with Hoechst 33342 and the 
transdermal performance of the TCI patches was evaluated 
using a Franz diffusion pool in vitro. As shown in Figure 

6A, the cumulative transdermal drug release over 36 hours 
for pIL-12@Eth- or pIL-12@Eth-MC-loaded TCI patches were 

27.3% and 26%, respectively. The data of steady-state flux 
showed a similar trend to that of the cumulative release, at 
0.030 μg/h/cm2 for pIL-12@Eth and 0.029 μg/h/cm2 for pIL-12 

@Eth-MC (Figure 6B). These results suggested that the 
transdermal performance of the Eth can be slightly affected 
by modification with HA and MC, which may be due to the 
increased particle size after modification. Figure 6C & D 
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shows the permeation and distribution of the DiI-labelled 
Eth-MC and Hoechst 33342-labelled pIL-12 in skin tissue after 
the transdermal application of the TCI patches for different 
times. The carriers and drugs were mostly distributed in the 
stratum corneum within 2 hours. When the administration 

time was extended to more than 4 hours, the carrier and drugs 
completely penetrated into the dermis layer of the skin. These 
results indicate that the as-prepared TCI patch can effectively 
deliver plasmid DNA (molecular weight greater than 1 × 106) 
through the transdermal route.

Figure 6. (A, B) In vitro cumulative transdermal drug release curve (A) and its Steady-state release flux (B). (C, D) 
Fluorescence images of skin sections (C) and their fluorescent intensity analysis (D) after transdermal administration 
with pIL-12@Eth-MC. The amount of Eth and DNA that penetrate into the skin tissue increases with time. Scale bar: 200 
μm. Data are expressed as mean ± SD. The experiments were repeated by three times. DiI: 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindocarbocyanine perchlorate; Eth: ethosome; IL-12: interleukin-12; MC: mannosylated chitosan; pIL-12: 
plasmid containing IL-12 gene.
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Figure 7. Expression of cytokines in the blood of melanoma-bearing mice given TCI and/or aPD-1 monotherapy 
treatment. a–d: Control, TCI monotherapy, aPD-1 monotherapy, and TCI + aPD-1 groups. Data are expressed as mean 
± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance followed with Tukey’s post hoc test). aPD-1: 
programmed cell death protein 1 monoclonal antibody; IFN-γ: interferon-γ; IL-12: interleukin-12; TCI: transcutaneous 
immunization; TNF-α: tumour necrosis factor-α.

Anti-tumour effect of combination therapy with a 

transcutaneous immunization patch and aPD-1

Expression levels of interleukin-12, interferon-γ and tumour 

necrosis factor-α under different treatments

After treatment with the TCI patch and/or aPD-1, blood 
samples were taken from the eyes at different time points, and 
secretion levels of IL-12, IFN-γ and TNF-α were analysed by 
enzyme-linked immunosorbent assay. As shown in Figure 

7, the expression level of IL-12 in each experimental group 

was higher than that of the control group, and showed an 
upward trend with the increase of the time and frequency of 
medication, among which the combined treatment group had 
the highest level. The increase of IL-12 level should be related 
to the transdermal targeted delivery of IL-12 gene to DCs. The 
expression of IFN-γ and TNF-α was also higher in the combined 
treatment group, suggesting that co-administration of the TCI 
patch and aPD-1 can more effectively promote the secretion of 
cytokines, thereby producing better anti-tumour effects.
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Effects of different treatments on tumour growth

The tumour growth of melanoma-bearing C57BL/7 mice after 
different treatments is shown in Figure 8. The treatment of the 
tumor-bearing mice is shown in Figure 8A. Compared with the 
control group, different treatments showed certain inhibitory 
effects on tumour growth, and the combination therapy (TCI + 
aPD-1) group showed the most significant effect. The tumour 

mass of the TCI + aPD-1 group was significantly smaller than 
that of the aPD-1 monotherapy group, though their volumes 
seemed no different (Figure 8B & C). The trend of survival 
(Figure 8D) was similar to that of tumour weight (Figure 8C). 
Obviously, the anti-tumour effect of the combined treatment 
was significantly better than that of the monotherapy groups, 
indicating that TCI treatment enhanced the efficacy of aPD-1.

Figure 8. Schematic diagram of animal experiment protocol (A), tumour volume change curves (B), tumour weight at 
day 24 (C), survival rate (D) and Body weight change curves (E) in melanoma-bearing mice with TCI and/or aPD-1 
treatment. a–d: Control, TCI monotherapy, aPD-1 monotherapy, and TCI + aPD-1 groups. Data are expressed as mean 
± SD (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance followed with Tukey’s post hoc test). aPD-
1: programmed cell death protein 1 monoclonal antibody; TCI: transcutaneous immunization. 

Histological analysis of the tumour tissues

To investigate the effects of different treatments on T cell 
recruitment and infiltration in tumour tissues, CD4 and CD8 
immunohistochemical analyses were performed on tumour 
tissues in each group. As shown in Figure 9A & B, there were 
very few CD4+ and CD8+ T cells (showing red fluorescence) 
in the tumour tissues of the control group, while in the 
experimental groups they were more numerous. Especially, the 
infiltration of CD4+ and CD8+ T cells into the tumour tissues of 
the TCI + aPD-1 group was the most obvious, indicating that 
the transdermal targeted induction of DCs expressing IL-12 
was conducive to the recruitment and infiltration of cytotoxic 
T cells. Terminal deoxynucleotidyl transferase dUTP nick-end 
labelling staining of tumour tissue stained apoptotic cells green, 
and the stronger the green fluorescence, the more apoptotic 
tumour cells were present. There were more apoptotic tumour 
cells in the treatment groups than in the control. The number 
of apoptotic tumour cells in the TCI + aPD-1 group was much 
greater than that in the TCI or aPD-1 monotherapy groups 
(Figure 9A & C). Haematoxylin–eosin staining results showed 
that there were more necrotic areas in the tumour tissues of 
each treatment group, compared with the control. Moreover, 
the combined treatment resulted in more necrotic areas 

than aPD-1 or TCI monotherapy alone. The above results 
indicated that transdermal delivery of the IL-12 gene targeting 
DCs significantly enhanced the anti-tumour effect of aPD-1 
through activating cytotoxic T cells, which in turn induced 
apoptosis of tumour cells.

Biosafety evaluation of the combined therapy

To investigate the biosafety of the TCI patch or its combined 
application with aPD-1 at the in vivo level, the heart, liver, 
spleen, lung and kidney of the above experimental mice 
were removed, and stained with hematoxylin–eosin for 
histopathological analysis. As shown in Figure 10, there was 
no significant difference between the organ tissue sections of 
each treatment group and the control group, indicating that 
the TCI system used in this study has good biosafety.

Discussion

Transdermal administration has attractive development and 
application prospects for its advantages of avoiding first-
pass effect and gastrointestinal irritation and achieving good 
patient compliance.38 Needle-free TCI has also become the 
most promising method of immunization due to its non-
invasiveness, ease of use and high efficiency.39 In this study, 
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Figure 9. (A) Different staining images of tumour tissue from the melanoma-bearing mice after receiving different 
treatments. (B, C) Fluorescent intensity analysis of anti-CD4/CD8 or TUNEL staining. The treatment groups had more 
tumour cell apoptosis and more cytotoxic T cell infiltration than the control, and the combined treatment group was 
far better than the other groups. Scale bars: 50 and 400 μm. a-d: Control, TCI monotherapy, aPD-1 monotherapy, and 
TCI + aPD-1 groups. Data are expressed as mean ± SD (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis 
of variance followed with Tukey’s post hoc test). aPD-1: programmed cell death protein 1 monoclonal antibody; H&E: 
hematoxylin-eosin; TCI: transcutaneous immunization; TUNEL: terminal deoxynucleotidyl transferase dUTP nick-end 
labelling.

Figure 10. Histological characterization (hematoxylin–eosin staining) of the major organs from the melanoma-bearing 
mice after receiving different treatments. The organs showed little difference among the groups. a–d: Control, TCI 
monotherapy, aPD-1 monotherapy, and TCI + aPD-1 groups. Scale bar: 400 μm. aPD-1: programmed cell death protein 
1 monoclonal antibody; TCI: transcutaneous immunization. 

Heart Liver Spleen Lung Kidney

a

b

c

d

45
40
35
30
25
20
15
10

5
0

M
ea

n 
dl

uo
re

sc
en

ce
 in

te
ns

ity

6000000

5000000

4000000

3000000

2000000

1000000

0

M
ea

n 
dl

uo
re

sc
en

ce
 in

te
ns

ity

C
D

4
C

D
8

TU
N

E
L

H
&

E

A
a b c d

B C

 a      b      c      d         a      b     c      d  a             b             c            d  

** **

***
***

***
***

***

***
***

*****
**

*

CD4
CD8

TUNEL



162

Wang, H.; et al.

www.biomat-trans.com

Research Article

Eth-HA and Eth-MC were obtained by modifying the Eth surface 
with HA and MC using electrostatic adsorption and layer-
by-layer self-assembly techniques. In vitro phagocytosis and 
transfection experiments showed that the Eth-MC possesses 
the ability of targeting DCs (Figure 3). Eth-MC showed a good 
transdermal performance, although the performance was 
slightly weaker than the unmodified cationic Eth (Figure 

6), which may be due to an increase in particle size after 
modification. Therefore, the as-prepared Eth-MC can be a 
good TCI carrier. Flow cytometry showed that pIL-12@Eth-MC  
stimulate DCs to express higher levels of CD80, CD86 
and major histocompatibility complex-II than pIL-12@Eth  
and lipopolysaccharide groups (Figure 4), indicating that  
pIL-12@Eth-MC effectively induce DCs to mature, which is the 
key to stimulating the immune response.

Due to their high specific surface area, porosity and structure 
similar to the natural extracellular matrix, electrospun 
nanofibrous mats have unique advantages for tissue 
regeneration and drug-controlled release.40 Eth-loaded patches 
can be easily prepared by electrospinning in one step, and 
the obtained patches show good transdermal drug release 
performance.41 However, this method has the disadvantages 
that the drug loading amount is limited and drug activity 
can be damaged in the high voltage electric field or organic 
solvent necessary for manufacture. In order to overcome these, 
electrospraying was used in this study to prepare drug-loaded 
microspheres and spray them onto the electrospun nanofibres. 
The drug loading amount could then be flexibly controlled 
by the electrospray time. Moreover, because the drug-loaded 
microspheres were sprayed onto the surface of the nanofibres, 
they were more likely to come into contact with cells and enter 
the skin tissue, compared with products prepared by one-step 
blend electrospinning. The drug-loaded PVP-Eth-MC could be 
easily obtained by electrospraying a mixed aqueous solution of 
PVP and Eth-MC (Figure 5). PVP is widely used because it has 
good biocompatibility and is physically inert.24-26 In an aqueous 
medium, PVP can very easily dissolve and diffuse out of the 
matrix.24-26 When used, the TCI patch needs to be in contact 
with pre-moistened skin for a closer fit. At this time, the PVP 
will quickly dissolve in the water, and the drug-loaded Eth-MC 
will be free to contact the skin cell membrane and fuse into 
the skin tissue. Here, the combination of electrospinning and 
electrospraying for preparation of a transdermal drug delivery 
patch is demonstrated to be an effective method, as the patches 
can effectively deliver plasmid DNA (molecular weight greater 
than 1 × 106) through the skin.

The antitumour effects of IL-12 have long been reported. IL-
12 exerts a variety of biological effects on human T and natural 
killer cells in vitro, in addition to its ability to promote cytolytic 
activity, including induction of the expression of IFN-γ and 
other cytokines from peripheral blood T and natural killer cells.42 
However, direct injection of IL-12 protein to treat tumours 
in clinical practice is plagued by its short half-life, high dose 
demand and great safety risks.43 The use of IL-12 gene drugs can 
avoid the above drawbacks to a certain extent. Recent studies 
have demonstrated that the anti-tumour efficacy of aPD-1 
can be significantly improved by inducing DCs to express IL-
12, and the patients are less likely to suffer a relapse.44 In this 

study, we used Eth-MC as carriers to transdermally target DCs 
to deliver the IL-12 gene. In vitro experiments showed that pIL-12 

@Eth-MC promote the expression of IL-12 by DCs, and have 
obvious targeting properties (Figure 3). Animal experiments 
carried out with melanoma-bearing mice as a model confirmed 
that applying a TCI patch of PVP-pIL-12@Eth-MC/SF-PVA to the 
skin significantly promoted the expression of IL-12 (Figure 

7), and showed a certain inhibitory effect on tumour growth 
(Figure 8). When a TCI patch was co-administered with 
aPD-1, the expression level of IL-12 was further increased, 
and the levels of TNF-α and IFN-γ were also significantly 
increased (Figure 7), and showed a stronger inhibition of 
tumour growth than using aPD-1 alone (Figure 8). Further 
studies on the microenvironments of tumour tissues showed 
that apoptosis and infiltration of CD4+ and CD8+ T cells in the 
co-administration group were all significantly greater than 
in other groups (Figure 9), which is consistent with the data 
on tumour volumes and weights (Figure 8B & C). TNF-α 
and IFN-γ play important roles in the immune system and in 
monitoring tumour growth.45 IL-12 protein generally induces 
the secretion of IFN-γ by cytotoxic T cells, while IFN-γ in turn 
has a powerful ability to stimulate DCs to express IL-12 and 
enhance the immune response.46 The as-prepared TCI patch 
promoted the secretion of immune response-related cytokines 
such as IFN-γ and TNF-α by transdermal delivery of the IL-

12 gene, targeting and promoting IL-12 expression by DCs, 
thereby enhancing the anti-tumour effect of aPD-1 through 
a certain mechanism. The tissue sections of the vital organs 
including the heart, lung, liver, kidney and spleen showed no 
significant differences between the groups, indicating that 
the treatments with the TCI patch or/and aPD-1 which we 
developed have good biosafety.

In summary, co-administration of the TCI patch and aPD-
1 can effectively inhibit tumour growth by enhancing the 
levels of IL-12, TNF-α and IFN-γ as well as promoting the 
infiltration of cytotoxic T cells into tumour tissues. In this 
study, a novel carrier, Eth-MC, which has the performance of 
targeting DCs, was fabricated by modifying the mannose group 
on the surface of the Eth through electrostatic adsorption 
and layer-by-layer self-assembly methods. The pIL-12@Eth-MC  
were observed inducing the maturation of DCs in vitro. A 
TCI patch of PVP-pIL-12@Eth-MC/SF-PVA was obtained by 
electrospraying pIL-12@Eth-MC-loaded microspheres onto the 
surface of SF-PVA nanofibers. The TCI patches showed a good 
transdermal drug release performance. Applying the TCI patch 
to the skin of melanoma-bearing mice showed an inhibitory 
effect on tumour growth, and significantly enhanced the anti-
tumour effect of aPD-1 without causing systemic toxicity. This 
approach provides a convenient and non-invasive strategy 
for improving the efficacy of immune checkpoint inhibitor 
therapy.
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