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A B S T R A C T   

This study aimed to deliver mRNA vaccines and immune checkpoint blockers (ICB) with a transcutaneous im
munization (TCI) system based on ethosomes (ETH), exploring the feasibility and effectiveness of their use in 
tumor treatment. Our data showed that the mannosylated-chitosan-modified ETH (ETHMC) loaded with mRNA 
can efficiently transfect dendritic cells (DCs) and induce them maturation. The transdermal patches loaded with 
mRNA vaccines (termed TCIP) or siRNA against PDL1 (termed TDSP) were prepared by electrospraying mi
crospheres containing mRNA- or siRNA-loaded ETHMC onto the surface of silk fibroin matrices (SFM). The 
patches showed a good transdermal performance and can effectively deliver nucleic acid molecules into the deep 
layers of skin. In vivo experiments showed that TCIP loaded with mRNA vaccines can effectively trigger cellular 
and humoral immune responses. Using mouse melanoma as a model, the combined treatment with TCIP and 
TDSP showed good antitumor effect, significantly inhibiting tumor growth by improving the infiltration of CD4+

and CD8+ T cells as well as the apoptosis rates in tumor tissues. Our work provides a new strategy for tumor 
treatment by integrating the non-invasive and convenient of TCI and the flexibility of RNA therapy.   

1. Introduction 

Transcutaneous immunization (TCI) is a simple and relatively new 
method of vaccination that the antigen and adjuvants is applied onto the 
skin to induce systemic immune responses [1]. Dendritic cells (DCs), 
fibroblasts, T cells, B cells and the skin draining lymph nodes constitute 
the skin immune network [2]. An effective immune response can be 
activated when the antigen is delivered to the langerhans cells (LCs, 
which belong to immature DCs) in the epidermis via transcutaneous 
route [3]. The epidermis and dermis are rich in LCs and DCs, which 
makes the skin an attractive site for vaccination [4]. TCI simplify the 
vaccination process without the pain and the risk of infection caused by 
inject, thus, the coverage and safety of vaccination can be greatly 
improved. Besides, the transdermal delivery avoids the premature 
metabolism of the drug, which leads to better bioavailability [5]. 
Therefore, TCI represents an encouraging alternative to traditional 
vaccination approach. 

Various TCI systems have been developed and investigated, 

including microneedle, lipid-based vesicles, hydrophilic gel patches, 
hyaluronic acid conjugates, natural polymeric nanocapsules, etc. [6]. 
The application of TCI systems has been extensively explored in recent 
years and shown promising potentials in the field of antitumor [7–14]. 
Among them, the most concerned one is microneedle-based TCI systems 
for their highly efficient at transdermal drug delivery [8–12]. Although 
the microneedles are much thinner than traditional needles, they can 
still cause minor damage to the skin and may lead to potential risk of 
infection. Ethosome (ETH), a special liposome containing low molecular 
weight alcohol, can be obtained through facile process and has good 
stability, high encapsulation efficiency and good performance in trans
dermal drug delivery without any damage to the skin [15]. By modifi
cation with galactose or mannose groups on its surface, the ETH can 
obtain the ability to target DCs [16–18]. DCs-targeted cationic ETHs 
have been proved to be useful carriers for TCI, as they can effectively 
trigger immune response by percutaneously delivering antigen to DCs 
[16–18]. TCI systems based on DCs-targeted ETHs have been reported 
with good antitumor effect when tumor-associated antigens or 
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immunotherapy cytokines were encapsulated in the ETHs [16–18]. 
Furthermore, our recent work demonstrated that the combination 
therapy with ETH-based TCI and anti-programmed cell death-1 (PD1) 
monoclonal antibody (aPD1) could produce a synergistic anti-tumor 
effect [19]. The PD1 ligand 1 (PDL1) interacts with PD1 and result in 
inhibition of the anti-tumor response [20–22]. Antagonists against PDL1 
may be safer compared with those against PD1, as PDL1 is expressed on 
tumor cells and DCs while PD1 is only expressed on T cells [23]. Studies 
have proven the advantages of knocking down PDL1 with siRNA against 
PDL1 (siRNAPdl1) in tumor immunotherapy, and DCs are a unique and 
important target of PDL1 blocking [24]. Considering its unique 
non-invasiveness and convenience, the combination of ETH-based TCI 
and transdermal delivery of siRNAPdl1 may be a promising solution for 
tumor treatment. 

In recent years, RNA therapy represented by mRNA and siRNA have 
attracted much attention due to the following unique advantages: no 
potential risk of harmful genomic integration since mRNA needs only to 
be translated into protein in the cytoplasm; great flexibility in terms of 
production, as different products can be produced using the same 
established production process without adjusting the original route; 
half-life of mRNA in vivo can be adjusted by using different modifications 
and delivery methods [25,26]. These advantages make RNA therapy a 
promising prospect in the treatment of infectious diseases and tumor 
[27]. Tumor specific antigen-encoded mRNA can trigger antitumor 
immune response to kill tumor cells, many studies have reported 
applying mRNA vaccines to tumor immunotherapy and achieved good 
results [28]. However, mRNA is vulnerable to degradation by ubiquitous 
nucleases during the process of delivery. Currently, the most commonly 
used method is to encapsulate mRNA in cationic lipid nanoparticles, 
coupled with modification and optimization in coding and non-coding 
regions to increase the stability and translation efficiency of mRNA 
[29]. Hence, we speculate that transdermal administration of mRNA 
vaccines and siRNAPdl1 could be a useful strategy for the prevention and 
treatment of tumors. 

Compared with creams and suspensions, patches have the advan
tages of convenient storage, transportation and use, and are more suit
able for transdermal drug delivery (TDD). The base substrate used to 
construct the TDD patches must have good skin affinity. Silk fibroin (SF) 
from silkworm cocoon has excellent biocompatibility and is widely used 
in biomedical field [30–35]. SF fibrous matrices (SFM) was used as 
substrate to construct TDD systems in our previous studies wherein 
drug-loaded ETHs were distributed evenly on the SF fibers through 
electrospinning [32,36,37]. However, the electrospun SFM (eSFM) has 
poor mechanical properties and less ETH loading limited by the elec
trospinning itself. A feasible solution for overcoming these disadvan
tages is to spray microspheres containing drug-loaded ETH onto the 
substrates with a better mechanical performance using electrospray as 
reported previously, wherein polyvinylpyrrolidone (PVP) was used to 
form the microspheres [19,36]. PVP is a biodegradable synthetic poly
mer with good biocompatibility [38]. The water-soluble property of PVP 
is conducive to the rapid release of ETH from the microspheres and 
contact with the skin [19,36]. The SFM obtained by soaking (sSFM) with 
a CaCl2-ethanol-H2O ternary solution has been reported with good 
mechanical performance [39]. In addition, the ternary solution im
mersion method is much simpler than electrospinning. Thus, the com
bination of sSFM and microspheres composed of antigen-loaded ETH 
and PVP could be a useful strategy for the construction of TCI patches 
(TCIP). 

In this study, we aimed to develop a novel TCIP loading mRNA 
vaccines based on the mannosylated-chitosan (MC) modified ETH 
(ETHMC) and sSFM. The tyrosinase-related protein 2 (TRP2) was used as 
a model of tumor associated antigen, and oligodeoxynucleotides con
taining unmethylated CpG motifs (CpGs) as adjuvants. The mRNA of 
TRP2 (termed mRNATrp2) and CpGs were encapsulated into ETHMC 

(termed mRNATrp2@ETHMC and CpGs@ETHMC, respectively) and then 
sprayed onto the sSFM by electrospray to obtain the TCIP. While the 

patches for transdermal delivery of siRNAPdl1 (termed TDSP) were ob
tained by electrospraying the siRNAPdl1-loaded ETHs (siRNAP

dl1@ETHMC) onto the sSFM. After physicochemical and biological 
characterization in vitro, the antitumor effect of TCIP combined with 
TDSP was evaluated using a syngeneic mouse model for melanoma by 
subcutaneous injection of B16F10 cell lines. 

2. Materials and methods 

2.1. Materials 

Cholesterol, lecithin, octylamine, HA, chitosan (C), D-mannose (M), 
PVP, dimethyl sulfoxide, 4,6-diamino-2-phenylindole dihydrochloride 
(DAPI), fluorescein isothiocyanate (FITC), lipopolysaccharide (LPS) and 
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate 
(DiI) were purchased from Sigma-Aldrich (St Louis, MO, USA). Dieth
ypyrocarbonate (DEPC) was purchased by Shanghai Yuanye Biology 
Science and Technology Co., Ltd. (Shanghai, China). Calcium chloride 
(CaCl2) was from Shanghai Titan Technology Co., Ltd. (Shanghai, 
China). Three acetoxyl group sodium borohydride (NaBH(OAc)3) was 
purchased from Yien Biotechnology Co., Ltd. (Shanghai, China). Plas
mids (pcDNA™3.1(+) and pLVX-shRNA2) were purchased from Anhui 
General Biological Co., Ltd. (Chuzhou, China). HiScribe T7 ARCA mRNA 
kit was purchased from Biotechnology International Trade (Shanghai) 
Co., Ltd. (Shanghai, China). The cell line was purchased from Hunan 
Fenghui Biological Technology Co., Ltd. (Changsha, China). Cell 
Counting Kit-8 (CCK-8), calcein-AM/propidium iodide (PI) double stain 
kit, bulk plasmid extraction kit, SanPrep Column PCR product purifi
cation kit and Hoechst 33342 were purchased from Shanghai Shenggong 
Biology Engineering Co., Ltd. (Shanghai, China). Mulberry silkworm 
cocoons were purchased from Huzhou Silk Company (Huzhou, China). 
Phycoerythrin-labelled goat anti-mouse monoclonal antibodies of CD80 
(clone No.16-10A1) and CD86 (clone No. A17199H) were from Pepro
Tech (Rocky Hill, NJ, USA). Rabbit anti-mouse CD4 (#GB13064-2) and 
CD8 (#GB13429) were purchased from Servilcebio Co., Ltd. (Wuhan, 
China). TMB enzyme-linked immunosorbent assay (ELISA) kits (IL-12, 
TNF-α, IFN-γ and TRP2 antibody) were purchased from Shanghai Hen
gyuan Biology Science and Technology Co., Ltd. (Shanghai, China). 
Real-time fluorescence quantitative polymerase chain reaction (PCR) 
kits were purchased from Nanjing Vazyme Biotech Co., Ltd. (Nanjing, 
China). C57BL/6 mice were purchased from Shanghai Jiesijie Experi
mental Animal Co., Ltd. (Shanghai, China). 

2.2. Preparation of in vitro transcribed mRNA (IVT mRNA) 

DNA template for the preparation of the IVT mRNA of mouse TRP2 
including T7 promoter, 5′ un-translated region (UTR), open reading 
frame (ORF), and 3′UTR was designed and constructed into pcDNA™3.1 
(+) plasmid (Fig. 1A & Table S1). Subsequently, the linearized DNA 
template for IVT mRNA of TRP2 (termed DNATrp2) was obtained by PCR. 
The linearized DNA template for IVT mRNA of green fluorescent protein 
(EGFP) (termed DNAegfp) was also obtained using pLVX-shRNA2 as 
template. The sequences of the primers were shown in Table S1. The 
PCR products were then purified by kit and used as templates to produce 
IVT mRNAs contaning 7-methyl guanosine (m7G) cap at the 5′ end and a 
poly(A) tail at the 3′ end with a HiScribe T7 ARCA mRNA Kit (with 
tailing) following the instructions of the manufacturer. The IVT mRNA 
products (termed mRNAegfp and mRNATrp2 for egfp and Trp2, respec
tively) were verified through 1% agarose gel electrophoresis and then 
stored at − 80 ◦C for later use. 

2.3. Preparation and characterization of ETHMC 

2.3.1. Synthesis of mannosylated chitosan (MC) 
MC was synthesized according to a previously reported method [17]. 

Briefly, 2.0 mg/mL chitosan solution was prepared using 1% acetic acid 
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as solvent. Aqueous solutions of NaBH(OAc)3 (20 mM) and D-mannose 
(20 mM) were also prepared. Equal volumes of the three solutions were 
mixed by slowly stirring at room temperature for 48 h, followed by 
dialysis (MWCO 12–14 kDa) against deionized water for 72 h. Finally, 
the product was freeze-dried to obtain the MC. 

2.3.2. Preparation of MC-modified ETH (ETHMC) 
The ETH was synthesized by thin film dispersion as previously re

ported [17]. Briefly, Egg yolk lecithin, cholesterol and octadecylamine 
were mixed with a mass ratio of 50:5:2 and dissolved in 3 mL of ethanol 
by stirring. The solution was then transferred into a round-bottom flask 
and heated by water bath at a temperature of 40 ◦C, the ethanol was 
completely removed by rotary evaporation and a solid film was obtained 
at the bottom of the flask. Subsequently, 10 mL 30% ethanol containing 
mRNAs or siRNAPdl1 was added to rehydrate the film by stirring for 30 
min at room temperature. The suspension product was then emulsified 
for 100 s at 80 W in an ice bath using a probe ultrasonic instrument 
(JY92-II, Ningbo Kechuang Biotechnology Co., Ltd., Ningbo, China). 
After filtering the emulsion multiple times with a 220 nm microporous 
membrane, ETH or RNAs-loaded ETHs with uniform particle size were 
obtained. To prepare ETHMC loaded with IVT mRNAs or siRNAPdl1, the 
RNAs-loaded ETHs were mixed with an equal volume of 1 mg/mL hy
aluronic acid (HA) aqueous solution and stirred slowly at room tem
perature for 2 h. Then, the mixture was centrifuged at 12,787×g for 10 
min to remove free HA and added with 1% (w/v) MC acetic acid solution 
(pH = 4.0). After stirring and centrifugation with the same process, the 
empty EthMC or RNAs-loaded EthMC (mRNAegfp@ETHMC, mRNATr

p2@ETHMC or siRNAPdl1@ETHMC) were obtained. DiI-labelled ETH and 
ETHMC were also prepared for fluorescence microscopy. Briefly, 10 ml of 
ETH or ETHMC solution were mixed with 0.2 mL of DiI, and then agitated 

for 30 min and dialyzed with ultrapure water for three days to obtain 
DiI-labelled ETH or ETHMC. The morphology of ETHs was characterized 
by transmission electron microscopy (TEM, JEM-2100, Jeol Ltd., Tokyo, 
Japan) and the particle sizes and zeta potentials were measured by 
Zetasizer Nano ZS (ZEN3600, Malvern Panalytical Ltd., U.K.). ETHMC 

was also characterized by Fourier-transform infrared (FTIR) spectros
copy with a FTIR spectrometer (Nicolet 6700, Thermo fisher, USA) in 
the range of 400–4000 cm− 1. 

2.4. Gel retardation and RNase resistance assay 

The optimal load of ETHMC for RNAs was determined using agarose 
gel electrophoresis assay. ETHMC loaded with different amount of mRNA 
was prepared, and the samples were evaluated by 1% agarose gel elec
trophoresis at 180 V for 15 min and imaged under UV light using a gel 
imager (FR-980B, Shanghai Furi Technology Co., Ltd., Shanghai, China). 
The ability of ETHMC to protect IVT mRNA from degradation was also 
assessed in vitro with agarose gel electrophoresis. Briefly, the mRNATr

p2@ETHMC were treated with RNase for 1 h at room temperature, and 
the mixture was then incubated with EDTA for 10 min to inactivate 
RNase. Subsequently, 2% Triton X-100 was added to release mRNA, and 
the samples were analyzed with the same agarose gel electrophoresis 
described above. 

2.5. Cytotoxicity assay 

Cell viability was assessed by cell counting kit 8 and live/dead 
staining assays. DC2.4 cells were uniformly seeded in 24-well plates at 2 
× 104 per/well and cultured in RPMI-1640 medium supplemented with 
1% penicillin/streptomycin and 10% fetal bovine serum at 37 ◦C under 

Fig. 1. Characterization of mRNATrp2@ETHMC. (A) Schematic diagram of mRNATrp2 preparation process. (B) DNATrp2 and mRNATrp2 products were verified by 
agarose gel electrophoresis. (C) Gel retardation data to determine the optimal load of ETHMC for RNAs and verify the ability of ETHMC to protect mRNA from RNase. 
(D) Transmission electron microscopy images of ETH, ETHMC and mRNATrp2@ETHMC. (E) The particle potentials and sizes of ETHMC and mRNATrp2@ETHMC (Data are 
shown as means ± SD, n = 3). 
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atmosphere of 5% CO2 until the cell confluence reached about 80%. 
Then, the cells were treated with different concentrations of ETH or 
ETHMC for 24 h. After washing with PBS for three times, each well was 
added 400 μL mixture of RPMI 1640 medium and CCK-8 reagent (at the 
ratio of 9:1) and incubated in the dark for 1 h. Subsequently, 100 μL 
supernatant was taken from each well and transferred to a 96-well plate, 
and the absorbance at 450 nm for each sample was measured using a 
microplate reader (1510, Thermo Fisher Scientific, Waltham, MA, USA). 
The cell viability was calculated according to equation (1). In addition, 
the above-treated cells were continued to co-incubate with 200 μl of 5 
μM calcein-AM and 10 μM propidium iodide for 20 min in the dark. 
Finally, the morphology of the cells was observed and imaged with a 
fluorescence microscope (DMi 8, Leica Microsystems Ltd., Wetzlar, 
Germany). 

​ Cell ​ viability ​ =
At ​ – ​ Ab
Ac ​ – ​ Ab

× 100% (1) 

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 control. 

2.6. Phagocytosis of ETHMC by DCs in vitro 

DC2.4 cells were seeded and cultured as described above. 100 μL DiI- 
labelled ETH or ETHMC loading FITC was added and co-incubated with 
the cells for 4h, the cells treated with the equal volume of PBS or empty 
carriers were regarded as controls, followed by washing with PBS for 
three times. Then, the cells were fixed using 4% paraformaldehyde for 
30 min and incubated with DAPI for 10 min, followed by washing with 
PBS for three times. Finally, the cells were visualized by a fluorescent 
microscope (DMi 8). 

2.7. Transfection of DCs with mRNAegfp@ETHMC in vitro 

mRNAegfp was used as a model to transfect DCs in vitro to investigate 
whether mRNA-loaded ETHMC can be successfully expressed in the cells. 
DC2.4 cells were seeded and cultured as described above. mRNAegf

p@ETHMC containing 2 μg mRNAegfp was added and co-incubated with 
the cells for 6 h in FBS-free RPMI-1640 medium. Then, the FBS-free 
medium was replaced with complete medium and continued to cul
ture for 24 h, followed by observation using a fluorescence microscope 
(DMi 8). 

2.8. Induction of DCs maturation by mRNATrp2@ETHMC 

DC2.4 cells were seeded into 6-well plates at 4 × 105 per/well and 
treated with mRNATrp2@ETHMC, mRNATrp2/CpGs@ETHMC or empty 
ETHMC (2.5 μg/ml) for 24 h, and 2 μg of LPS or PBS were set as positive 
and negative control respectively. Cells were then digested by trypsin 
and washed with PBS for three times, and suspended in PBS at 1 × 106 

cells/mL. Subsequently, 100 μL cell suspensions were taken and co- 
incubated with monoclonal antibodies of phycoerythrin-labelled goat 
anti-mouse CD80 and CD86 for 30 min at 4 ◦C. After washing with PBS 
for three times, the samples were resuspended in 300 μL PBS and 
examined by a flow cytometer (FACS Calibur, Becton Dickinson, 
Franklin Lakes, NJ, USA). 

2.9. Test of knocking down PDL1 with siRNAPdl1 in vitro 

DC2.4 cells were seeded and cultured as described above. Cells were 
treated with siRNAPdl1@ETHMC (2.5 μg/mL) or empty ETHMC for 24 h. 
Then, total RNAs were extracted from the cells and reverse transcribed 
to obtain cDNA using the reverse transcription kit. Subsequently, the 
obtained cDNA was used as template to run real time fluorescence 
quantitative PCR on a PCR machine (7500, Applied Biosystems Inc., 
Foster City, CA, USA) under the following conditions: denaturation at 

95 ◦C for 2 min, followed by 40 cycles of 95 ◦C for 15 s and 62 ◦C for 32 s 
(primer sequences were shown in Table S1). The housekeeping gene 
Gapdh was used as an internal reference control and the relative level of 
mRNAPdl1 was calculated by the 2–ΔΔCt method. 

2.10. Preparation and characterization of transdermal patches 

The sSFM was prepared with a facile immersion method based on the 
ternary solution reported previously [39]. Briefly, silkworm cocoon 
shells (SCS) were completely soaked in ternary solutions consisted of 
calcium chloride, ethanol and water in a mass ratio of 1:2:8 at 90 ◦C for 
overnight, followed by rinsing with 50% ethanol. sSFM was obtained 
after drying the rinsed samples for several hours in an oven at 60 ◦C. 
Microspheres containing drug-loaded ETHMC were fabricated using a 
previously reported method. In details, 1g PVP was added to 6 mL of 
60% ethanol solution, which was subsequently mixed with 4 mL vac
cines (mRNATrp2@ETHMC and CpG@ETHMC share the volume equally) 
or siRNAPdl1@ETHMC by stirring at room temperature. Then, the mixture 
was placed into 5 mL syringe to produce microspheres by electrospray 
under the following conditions: voltage 18 kV, receiving distance 15 cm, 
extrusion rate 1 mL/h, temperature 40 ◦C, humidity 8%. TCIP and TDSP 
were obtained by spraying microspheres loaded with vaccines or siR
NAPdl1@ETHMC onto the sSFM, respectively. 

The morphology of the patches was characterized by scanning 
electron microscopy (SEM, Phenom XL, Phenom Scientific, Shanghai, 
China). The mechanical properties of the patches were tested by a tensile 
testing machine (HY940-FS, Shanghai Hengyu Instrument Co., Ltd, 
China). The hydrophilicity and hydrophobicity of the patches was 
detected through the droplet angle measurement method using an Angle 
measuring instrument (DSA30 Kruss, Germany). The porosity of SFM 
was studied by the volume ratio method [34]. Briefly, the dried sSFM 
were cut into rectangle, measuring the length, width and thickness and 
calculating its volume and weight. Then the sSFM was immersed in an 
ethanol and weighed again. And the porosity was calculated according 
to equation (2). The moisture retention performance of the sSFM at 
25 ◦C and 35% humidity was estimated by weighting the wet samples at 
different time points and calculated according to equation (3) [35]. 

Porosity=
Wew − Wd

ρe × V
× 100% (2) 

(Where Wd is the weight of dry sSFM, Wew is the immediate weight of 
sSFM after soaking in ethanol, ρe is the density of ethanol). 

Moisturizing ​ rate=
Wt − Wd

Ww − Wd
× 100% (3) 

(Where Wd refers to the weight of dried sSFM, Ww is the immediate 
weight of sSFM after soaking in water, Wt is the weight of wet sSFM at 
time t). 

2.11. Transdermal test in vitro 

Skin permeation test in vitro was performed with Franz cells ac
cording to a previously-described method [16]. Briefly, the mouse skin 
samples were mounted separately on the diffusion cells with the 
epidermis facing up, and the drug-loaded patches covered the skin 
samples with the drug-loaded surface touching the stratum corneum. 
ETHMC was labelled with DiI, and the linear DNA templates for in vitro 
transcription of TRP2 (termed as DNATrp2) were labelled with Hoechst 
33342 and used as the model drugs encapsulated in ETHMC. The 
receiving pool was filled with PBS buffer (pH = 7.4) and stirred 
continuously at 350 r/min while maintaining at 33 ◦C in a water bath. 
The experiment was run for 36 h and sampled at appropriate time in
tervals (2, 4, 6, 8, 10, 12, 24, 36 h). 2 ml receiving fluid were collected 
and immediately added with an equal volume of fresh PBS at each time 
point. The absorbance of the collected samples was measured at 354 nm 
by an ultraviolet spectrophotometer (TU-1810, Beijing Persee General 
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Instrument Co., Ltd., Shanghai, China), and the cumulative drug release 
against the skin was calculated according to equation (4). 

Q=

(
VCn +

∑n− 1
i=1 CiVi

)

Q’
× 100% (4)  

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 vol
ume at i sampling time. 

To measure the drugs remaining in the skin, the surface of the skin 
samples was washed with PBS for 3 times and then homogenized. 3 mL 
PBS was added and shook for 12 h in the dark. Subsequently, the mixture 
was centrifuged at 11988×g for 1 h and the absorbance value of the 
supernatants was measured at 354 nm using an ultraviolet spectropho
tometer (TU-1810). The amount of drug retention in the skin was 
calculated according the same method above mentioned. To detect the 
drug distribution in the skin, the skin samples collected at the last time 
point were made into paraffin-embedded sections and observed using a 
fluorescence scanning imaging system. 

2.12. Animal experiments 

Five-week-old C57/BL6 male black mice were maintained in a 12 h 
light/dark cycle with free access to food and water (SPF environment). 
All animal experiments were performed under the guidelines approved 
by the Institutional Animal Care and Use Committee of Donghua 
University. 

2.12.1. Detection of the TCIP-induced IgG and cytokines 
The mice were anesthetized by intraperitoneal injection of 0.1 mL 

1% pentobarbital solution. Then, the abdomen hair of each mouse was 
removed. After moistened the bare belly skin with PBS, the as-prepared 
TCIP (1.5 cm × 1.5 cm, the actual loading amounts for mRNATrp2 and 
CpGs were both 10 μg) was attached to the skin and fixed with medical 
tape for 3 days so that the patches can adhere closely to the skin. The 
same operation was repeated on the 7th and 14th day to boost the im
munization. Non-administered mice served as control. Blood samples 
were collected from eye venous plexus (0.5 mL for each mouse) on days 
3, 10 or 17, respectively. After standing for 30 min at RT, the blood 
samples were centrifuged for 5 min at 3000 rpm to obtain serum. Then, 
serum levels of TRP2 specific IgG, TNF-α, IFN-γ and IL-12 were deter
mined by ELISA according to the manufacturer’s protocol. 

2.12.2. Evaluation of the anti-tumor effect of TCIP or/and TDSP 
Mice were randomly divided into four groups (each with 4 mice): 

TCIP, TDSP, Combination treatment (TCIP + TDSP) and control. All the 
mice were inoculated with B16F10 cells (1 × 106/mouse) at the root of 
the thighs, and the day of inoculation was defined as day 0. For the 
groups receiving TCIP administration, mice were treated with TCIPs for 
three times, on days − 21, − 14 and − 7 respectively following the same 
method described above. For the groups receiving TDSP administration, 
mice were treated with TDSP (1.5 cm × 1.5 cm, containing 10 μg siR
NAPdl1) for four times, on days 5, 10, 15 and 20 respectively. 

Tumor sizes as well as body weights were monitored every 2–3 days 
after inoculation of B16F10 cells. By measuring tumor length (L) and 
width (W), the volume (V) of tumor was calculated with equation (5). 
On day 23, the mice were sacrificed by cervical dislocation as the vol
ume of tumors from control group were exceeding 2200 mm3. Tumors, 
hearts, kidneys, livers, lungs and spleens were all removed and fixed in 
4% paraformaldehyde solution. The tumor tissues were stained with 
terminal deoxynucleotidyl transferase-mediated dUTP nick-end label
ling (TUNEL) and immunohistochemical staining of anti-CD4 and CD8 
according to the instructions of the kits. In addition, paraffin sections of 
the tumors and viscera were prepared, stained with hematoxylin–eosin, 
observed and photographed under a microscope (DMi 8). 

V =
L × W2

2
(5)  

2.13. Statistical analysis 

All experiments were conducted at least three times, and numeric 
data were expressed as mean ± standard deviation (SD) unless otherwise 
indicated. Statistical significance was analyzed by one-way analysis of 
variance (ANOVA) with Tukey’s post hoc test or unpaired t-test. A p 
value less than 0.05 was considered significant. 

3. Results 

3.1. Preparation and characterization of mRNATRP2@ETHMC 

DNA vector pcDNA™3.1(+) including T7 promoter, 5′UTR, ORF 
encoding TRP2 and 3′UTR in sequence was constructed and used as 
template for PCR to obtain DNATrp2 (Fig. 1A & Fig. S1). DNATrp2 was 
then used as template for production of mRNATrp2 and the expected size 
of mRNATrp2 is about 2000 bp, which was verified by electrophoresis 
assay (Fig. 1B). 

Morphology of ETHs was characterized by TEM, which showed a 
multi-layer cystic spherical structure (Fig. 1D). The MC-modified ETH 
(ETHMC) was successfully prepared as proved by FTIR spectra (Fig. S2). 
Compared to ETH, the size of ETHMC increased from 97 nm to 121 nm 
due to the adsorption of HA and MC on the surface, and the potential of 
ETHMC increased significantly due to the adsorption of MC (Fig. 1D&E). 
After drug loading, size of mRNATrp2@ETHMC had a greater increase 
compared with the empty ETHMC, while the change of potential was the 
opposite due to the negatively charged mRNA (Fig. 1D&E). Cytotoxicity 
of ETHMC was assessed by CCK and live/dead cell staining assays. Ac
cording to the data (Fig. S3), ETHMC showed no obvious cytotoxicity at 
the concentrations of no more than 30 μg/mL, which is consistent with 
previous reports [17]. In consideration of a balance between cytotox
icity and drug dosage, the concentration of ETHMC in subsequent studies 
was set to 30 μg/mL. 

The capacity of ETHMC to encapsulate mRNA was determined by the 
gel retardation assay. As shown in Fig. 1C, migration of mRNA was 
completely blocked when the concentration of mRNA was no more than 
40 μg/mL. At the concentration of 40 μg/mL, a bright band appeared in 
the sample well, indicating that RNA could not be completely enclosed 
and some of them were electrostatically adsorbed on the surface of the 
positively-charged Eth− MC. To make the Eth− MC enclose as much RNA as 
possible within its inner cavity through physical encapsulation, a con
centration of 30 μg/mL for RNA was used in subsequent experiments. 
Fig. 1E also showed the electrophoresis of free mRNATrp2 and mRNATr

p2@ETHMC (with the optimal loading) after being treated with RNase A 
and EDTA in turn. Obviously, the mRNA encapsulated in ETHMC sur
vived while the free mRNA was completely degraded by RNase, indi
cating that the coating of ETHMC can protect mRNA from RNase attack. 
The stability of mRNA encapsulated in ETHMC was also investigated by 
changing the storage time and temperature. As shown in (Fig. S4), with 
the protection of ETHMC, mRNA was able to survival for at least three 
weeks at 4 ◦C. 

3.2. Performance of ETHMC on targeting DCs 

The DCs-targeted performance of ETHMC was evaluated by in vitro 
phagocytosis and fluorescence microscopy. As shown in Fig. 2, the up
take of ETHMC by DCs was significantly more than that of ETH. FITC 
wrapped in ETHMC also appeared in a large number of cells. These re
sults are consistent with the previous report [36], confirming the good 
ability of ETHMC to target DCs. The mRNAegfp was produced and used to 
assess the transfection efficiency of mRNAegfp@ETHMC to DCs. As shown 
in Fig. S5, mRNAegfp was effectively transfected into DCs and expressed 
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normally. In addition, the transfection efficiency of mRNA encapsulated 
in ETHMC was much higher than those in lipo8000 (a commercial 
transfection reagent) or ETH, which was consistent with the results in 
Fig. 2 and confirmed the good ability of ETHMC to target DCs. 

3.3. Performance of mRNA@ETHMC on inducing DCs maturation in vitro 

To investigate the ability of mRNA@ETHMC to induce DCs matura
tion, the expression levels of CD80 and CD86 (two markers of the mature 
DCs) were detected after treating DCs with mRNATrp2@ETHMC for 24 h 
in vitro. According to the flow cytometry data (Fig. 3A&B), mRNATr

p2@ETHMC significantly improved the expression levels of both CD80 
and CD86, compared with the negative and positive controls. In addi
tion, the combination of mRNATrp2@ETHMC and CpG@ETHMC showed a 
much stronger ability in promoting the expression of the markers than 
the single mRNATrp2@ETHMC did. These results indicated that ETHMC 

loaded with mRNATrp2 and CpG can effectively induce the maturation of 
DCs. 

3.4. Morphology and transdermal performance of the patches 

Microspheres composed of drug-loaded ETHMC and PVP were 
sprayed onto the surface of the sSFM to obtain the transdermal patches. 
As shown in Fig. 4A, the sSFM had a porosity and loose structure made of 
uniform fibers, and the microspheres were evenly dispersed on the 
surface of the fibers. The porosity of sSFM is about 77.68% (Fig. S7A). 
Size of sSFM fibers and microspheres were 11 ± 2 μm and 683 ± 141 nm, 
respectively (Fig. 4B). Such a structure is conducive for the close 
adhesion of the drug-loaded microspheres to the skin and further pro
motes the transdermal delivery of drug. In addition, sSFM has a good 
tensile performance, which would not be affected by the introduction of 
microspheres (Fig. S7B). The moisturizing rate of sSFM for 24 h is about 
45.37% at 25 ◦C and 35% humidity, showing a good moisture retention 
performance (Fig. S7C). The water contact angle of sSFM is about 81.46◦

and the angle is significantly reduced to 64.23◦ after its surface being 
sprayed with the microspheres (Fig. S7D), which indicates that sSFM is 
hydrophilic, and the attachment of microspheres improves its 

hydrophilicity. 
The DNATrp2 labelled with Hoechst 33342 was used as the model 

drug to assess the transdermal performance of the patches by Franz 
diffusion method in vitro. As shown in Fig. 5A, the cumulative trans
dermal drug release over 36 h for the DNATrp2@ETHMC-loaded patches 
was 35.4%, significantly higher than that for the control of free DNATrp2. 
The data of drug retention in the skin also showed a similar trend with 
the transdermal drug release (Fig. 5B&C). These results indicate that the 
prepared patches loaded with ETHMC can effectively deliver nucleic acid 
molecules through transdermal route and the ETHMC is helpful during 
the process. 

3.5. Evaluation of immune activity of TCIP 

Serum levels of TRP2-specific IgG and some immune related cyto
kines were detected by ELISA to evaluate the immune activity of TCIP. 
As shown in Fig. 6, the serum levels of IgG, TNF-α, IL-12 and IFN-γ of the 
mice administrated with TCIP were significantly higher than those of the 
untreated ones, and the levels increased with the increase of immuni
zation times, suggesting that the transdermal administration of TCIP 
effectively elicited the immune response of mice. 

3.6. Anti-tumor efficacy of TCIP or/and TDSP 

Real-time fluorescence quantitative PCR was used to examine the 
effect of siRNAPdl1@ETHMC lowering the expression of PDL1 in DCs. As 
shown in Fig. S6, mRNA level of PDL1 decreased significantly in the cells 
treated with siRNAPdl1-loaded carriers compared with the empty ETHMC. 
Moreover, the cells treated with siRNAPdl1@ETHMC expressed less PDL1 
(about 20% of the control) than those with siRNAPdl1@Lipo8000 (about 
33% of the control), which should be due to that ETHMC is more efficient 
than Lipo8000 to transfect DCs, and also confirm the DCs-targeted 
ability of ETHMC. 

The anti-tumor activity of the TCIP or/and TDSP was evaluated using 
a syngeneic mouse model for melanoma. As shown in Fig. 7, the tumor 
volume in each group gradually increased with time, and the slowest 
tumor growth was in the group of combination treatment with TTVP and 

Fig. 2. Cellular uptake of ETH or ETHMC by DCs (Blue fluorescence refers to nucleus stained by DAPI; Red fluorescence refers to ETH or ETHMC labelled by DiI; 
Green fluorescence refers to FITC). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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TDSP (Fig.7BD). The mice body weights increased over time with a trend 
similar to that of tumor growth, but no significant difference between 
the groups (Fig. 7C). There was significant difference in tumor volume 
and mass between the treatment groups and the control group, indi
cating that the treatments have significant antitumor effect (Fig.7BDEF). 
There were also difference among the different treatments, the combi
nation treatment of TCIP and TDSP showed the strongest suppression on 
tumor growth, and the tumor suppression efficiency of TCIP single 
treatment was significantly higher than that of TDSP (Fig.7EF). The 
trend of survival rates (Fig. 7G) was similar with that of volumes 
(Fig. 7F). These results suggested that the administration with TCIP or/ 
and TDSP can effectively inhibit the growth of tumor. 

The tumor tissues were further investigated with H&E, TUNEL and 
immunohistochemistry staining (Fig. 8). As shown in Fig. 8 A&B, the 
treatment groups had much higher intensity of red fluorescence than the 
untreated control, indicating that the treatment with TCIP or/and TDSP 
improved the infiltration of CD4+ and CD8+ T cells in the tumor tissues. 
TUNEL staining results showed there were significantly more apoptotic 
cells (showing green fluorescence) in the treatment groups compared 
with the control. H&E staining results showed large areas of white and 
tan in the treatment groups, which represents the areas of necrosis due 
to the apoptosis of tumor cells. Moreover, there was significant differ
ence in the CD4+/CD8+ T cells infiltration and tumor cells apoptosis 
between the different treatment groups, and the combination treatment 
with TCIP and TDSP exhibited the strongest ability to induce CD4+/ 
CD8+ T cells infiltration and tumor cells apoptosis. 

3.7. Biosafety evaluation of treatment with TCIP or/and TDSP 

The heart, liver, spleen, lung and kidney of the treated mice was 
collected and stained with H&E for histopathological analysis to assess 
the biosafety of the treatment with TCIP or/and TDSP. As shown in 
Fig. 9, the cell structure of the organs is complete, morphology of the 
nuclear is normal and clear, and there was no cracking and shrinkage, 
suggesting no obvious pathology or local inflammation in the main 
organ and tissues after the treatment. Also, there is no significant dif
ference between the treatment groups and the control. These results 
demonstrate that TCIP or/and TDSP treatments did not produce signif
icant toxicity to the organs, suggesting the administration of TCIP or/ 
and TDSP has a good biosafety. 

4. Discussion 

TCI represents an encouraging alternative to traditional vaccination 
approaches by overcoming their limitations such as invasive and pain, 
risk of infection or gastrointestinal irritation [40]. As a special type of 
liposome, ETH is capable to deliver drugs into deeper layers of the skin 
and increase their rate of transdermal absorption without any damage to 
the skin [41]. Our previous studies have proved that the modified ETHs 
with the ability to target DCs are useful vehicles for TCI, as they can 
effectively trigger antigen-specific immune responses via trans
cutaneous route [16,17]. The mRNA vaccines have attracted great 
attention in recent years for their advantages of avoiding the risk of DNA 

Fig. 3. Levels of CD80 and CD86 expressed by DCs treated with mRNATrp2/CpGs-loaded ETHMC (A: Flow cytometry histograms of CD80 and CD86 expressed by 
DCs after different treatment; B: Quantitative analysis of B. Data are shown as means ± SD, n = 3; *p < 0.05, **p < 0.01, ***p < 0.001). 

K. Wang et al.                                                                                                                                                                                                                                   



Composites Part B 233 (2022) 109648

8

contaminating the genome and the complicated expression and purifi
cation process required for protein antigens [42]. In this study, we 
aimed to deliver mRNA vaccines using such ETH-based TCI system, 
trying to integrate the unique advantages of both TCI and mRNA vac
cines for a better application effect. 

Since mRNA is easily degraded by RNase that is almost ubiquitous, 
the key to mRNA vaccines is how to ensure the stability of mRNA and its 
expression efficiency in cells. In the process of preparing IVT mRNA, in 
addition to the routine operation of using DEPC to treat all vessels, 
capping and tailing the transcripts with m7G and poly(A) are considered 
helpful to improve its stability [43,44]. Besides, the IVT mRNAs envel
oped in nano-carriers such as lipid nanoparticles have been reported 
with good stability [45]. In addition, IVT mRNAs with appropriate 5′

UTR and 3′ UTR also have better stability and translation efficiency in 
cells [46,47]. Here, we proved that ETH encapsulation can protect the 
IVT mRNA from degradation by RNase (Fig. 1C), and mRNA stored in 
this way can survive for several weeks at a temperature of 4 ◦C (Fig. S4). 
With the modification of MC on the surface of ETH by electrostatic 
adsorption and layer by layer self-assembly, ETHMC possessed a good 
ability to target DCs (Fig. 2). And ETHMC showed a higher efficiency in 
transfecting DCs than lipo8000 (Fig. S5), which should be due to the 

DCs-targeted capacity of ETHMC. The mRNA encapsulated in ETHMC was 
successfully expressed after transfecting DCs (Fig. S5). Furthermore, 
mRNATrp2-loaded ETHMC was observed to effectively induce DCs 
maturation in vitro (Fig. 3A&B). These results, coupled with its good 
transdermal performance (Fig. 5), demonstrated that ETHMC is a suitable 
carrier for targeted delivery of mRNA vaccines to DCs through trans
cutaneous route. 

For the convenience of use, the ETHMC loaded with antigens and 
adjuvants was sprayed onto the fibrous substrates to produce TCIP by 
electrospraying, a facile method reported previously [17,19]. We used 
sSFM as the substrates, which can be obtained by simply soaking SCS in 
an eco-friendly ternary solution of CaCl2-ethanol-H2O. After soaking, 
the original compact SCS was changed into a loose sheet with fiber 
network structure (Fig. 4A). The sSFM has a good tensile performance 
(much better than that of eSFM as reported previously [19]) and mois
ture retention property (Fig. S7). These properties as well as the facile 
preparation method make sSFM a suitable base substrate for TDD 
patches. The microspheres containing drug-loaded ETHMC were evenly 
distributed on the surface of sSFM (Fig. 4A), and the patches exhibited a 
good performance in delivering biomacromolecules into deep layer of 
the skin (Fig. 5). Therefore, the combination of ETHMC and sSFM is a 

Fig. 4. Micrographs (A) and diameter distribution chart (B) of the transdermal patches (a–c: sSFM; d–f: transdermal patches).  
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Fig. 5. In vitro skin permeation data of the 
patches loaded with DNATrp2@ETHMC or free 
DNATrp2 (A: Cumulative drug release curve; B: Drug 
retention in the skin; C: Fluorescence micrographs of 
skin sections after transdermal administration for 36 
h (Red fluorescence: DiI-labelled ETHMC; Blue fluo
rescence: DNATrp2 labelled with Hoechst 33342). Data 
in A and B are shown as means ± SD, n = 3; ***p <
0.001). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 6. Serum levels of TRP2-specific IgG and cytokines after administration with TCIP. (A) Schematic protocol of immunization and blood samples collection. (B) 
Levels of TRP2-specific IgG. (C) Levels of IL-12. (D) Levels of IFN-γ. (E) Levels of TNF-α. Data are shown as means ± SD, n = 3; *p < 0.05, **p < 0.01, ***p < 0.001. 
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good strategy for constructing patches for TCI or other treatments. The 
serum levels of TNF-α, IL-12, IFN-γ and TRP2-specific IgG were signifi
cantly increased after the administration of TCIP (Fig. 6), suggesting that 
the patches loaded with mRNATrp2@ETHMC can effectively trigger 
TRP2-specific humoral and cellular immune responses. Thus, the feasi
bility and effectiveness of the above TCI system to deliver mRNA vaccine 
was also confirmed in vivo. 

Immunotherapy has attracted extensive attention in recent years, 
including tumor vaccines, ICB and chimeric antigen receptor T-cells 
[48]. It can eliminate tumor cells by stimulating the patient’s own im
mune system and has the advantages of high efficiency, low toxicity and 
not easy to relapse compared with traditional therapies [49]. Many 
studies have shown that the combination of multiple means, such as 
tumor vaccine combined with ICB, can achieve better tumor suppression 
effects [50]. The high efficiency, noninvasive and convenience of TCI 
provide a broad space for its application, and some progress has been 
made in percutaneous delivery of tumor vaccine for anti-tumor appli
cation [16,17,19,51]. Knockdown of PDL1 expression with siRNA has 
been chosen by more researchers as an immune checkpoint blocking 
strategy, because it can avoid the risk of immune system hyperactivity 
caused by blocking PD1 [24]. We have reported that transdermal 

delivery of tumor vaccine or cytokines to DCs using ETH can effectively 
inhibit tumor growth [16,17,19]. Moreover, the combination of TCI and 
aPD1 can further improve the anti-tumor effect compared with the TCI 
or aPD1 monotherapies [17,19]. In this study, we tried for the first time 
to use a similar TCI system to deliver mRNA vaccines and anti-PDL1 
siRNA for the treatment of tumor. Using mouse melanoma as a model, 
TCIP and TDSP were applyed to the skin before and after tumor inocu
lation, respectively. The results showed that the application of TCIP 
or/and TDSP can significantly inhibit the growth of melanoma (Fig. 7). 
Moreover, a large number of CD4+ and CD8+ T cells infiltrated in the 
tumor tissue after treatment (Fig. 8). The massive infiltration of CD4+

and CD8+ T cells as well as the high expression of cytokines (TNF-α, 
IL-12, IFN-γ) may be important reasons for the apoptosis of tumor cells, 
as these cytokines are the key indicators of robust anti-tumor immune 
response [52]. However, the antitumor effect of TDSP in this study was 
significantly weaker than TCIP, which may be because: 1) The dose of 
siRNAPdl1 contained in TDSP was not enough to significantly knock 
down the level of PDL1 in vivo; 2) TDSPs were attached to the abdomen 
of mice in this study, and it may be more effective to administer them to 
the tumor site. The analysis of tissue sections of important organs such as 
heart, liver, lung, kidney and spleen suggest that the administration of 

Fig. 7. Antitumor efficacy of different treatment in B16F10 Melanoma model. (A) Schematic protocol of in vivo antitumor experiments. (B) The average tumor 
growth curve. (C) Body weight of mice bearing tumor. (D) Individual mouse tumor growth curve. (E) Tumors isolated from the mice on day 23. (F) Tumor weight on 
day 23. (G) Survival rate (mice with a tumor volume exceeding 2000 mm3 were considered dead). Data are shown as means ± SD, n = 4; *p < 0.05, **p < 0.01, ***p 
< 0.001. 
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TCIP or/and TDSP have good biosafety. 
The anti-tumor strategy of tumor vaccine combined with ICB shows 

good results. Most previous studies used this combined treatment 
strategy after tumor vaccination. However, the main function of vaccine 
is prevention, although tumor vaccine has been proved to have thera
peutic effect. Therefore, it is valuable to explore the application strategy 
of combining the prophylactic activity of tumor vaccine with the ther
apeutic effect of ICB. Herein, we adopted such a strategy, that is, 
applying TCIP before tumor inoculation coupled with TDSP after tumor 
inoculation. Our data shows that this combined treatment has a better 
antitumor effect than the monotherapy groups did (Figss. 8and 9). 
Interestingly, it has been reported recently that the combination of 
tumor vaccines and ICB has significant prophylactic activity against 
tumors [14,19]. It would be meaningful to compare the antitumor 

activity of different application modes of combination treatment with 
tumor vaccines and ICB. 

To our knowledge, this study is the first attempt to use ETH-based 
TCI system for delivery of mRNA vaccines and anti-PDL1 siRNA for 
tumor immunotherapy. Our data proved the feasibility and effectiveness 
of this novel strategy. We believe that there is still much room to 
improve the efficacy of this strategy by optimizing the technical details, 
which is expected to have a better effect in tumor immunotherapy. 

5. Conclusion 

In this study, the feasibility of transcutaneous delivery of mRNA 
vaccine via patches based on ETHMC/sSFM was investigated. The results 
showed that ETHMC is a good carrier for DCs-targeted delivery of mRNA 

Fig. 8. Micrographs of tumor tissues stained by H&E, TUNEL and antibodies of CD4 or CD8 (A), fluorescent intensity of CD4 and CD8 (B) and TUNEL 
staining (C) (Data are expressed as mean ± SD, n = 3; *p < 0.05, ***p < 0.001). 
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through transdermal route, since it has good performances in targeting 
DCs and protecting mRNA from being degraded by RNase as well as 
good transdermal ability. Animal experiments using mouse melanoma 
as a model demonstrated the prophylactic activities of TCIP on inhib
iting tumor growth by delivering mRNA vaccines. And the application of 
TDSP delivering anti-PDL1 siRNA was also shown significantly sup
pressing the growth of tumor. The combination of TCIP and TDSP 
showed a better ability to promote CD4+/CD8+ T cells infiltration in 
tumor tissues and induce tumor cells apoptosis. Considering the ad
vantages of efficiency, non-invasiveness and convenience, the strategy 
of TCIP combined with TDSP has good application potential in tumor 
immunotherapy. 
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