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Abstract
In recent years, cancer vaccines that intend to specifically initiate host immune responses against cancer have achieved some clinical success. Delivery of vaccines with traditional needles is usually associated with the risk of infection and poor patient compliance. The development of needle-free vaccines may overcome these limitations. In this work, a needle-free patch is designed for effective cancer vaccination using a fluorine chain-modified cationic polymer, fluorinated chitosan (FCS), which is able to transdermatically deliver the antigen to antigen-presenting cells in the skin. Specifically, a transdermal carrier, FCS, and model antigen ovalbumin (OVA) can self-assemble into nanoparticles, which can reversibly open the tight junction-associated proteins of epithelial cells and penetrate across the epidermis. The needle-free cancer vaccine patch is fabricated by mixing FCS-OVA nanoparticles with the US Food and Drug Administration-approved immune adjuvant imiquimod (R837) in blank cream. Such a needle-free cancer vaccine can generate robust immune responses to protect mice against ovalbumin-expressing melanoma (B16-OVA). Compared to traditional intradermal injection, needle-free cancer vaccines achieved an even more efficient protection effect against B16-OVA cancer cells. This work indicated that the novel needle-free cancer vaccine may provide a compelling technology for simple and safe vaccination, which may help to increase vaccination coverage.

1. Introduction
[bookmark: OLE_LINK3][bookmark: _Hlk76764772]By boosting the body's immune system to against cancer cells, cancer immunotherapy, including immune checkpoint blockade (ICB), cytokine therapy, chimeric antigen receptor (CAR)-T-cell therapy, and cancer vaccines, has achieved tremendous progress and shown promising therapeutic results in the clinic[1-3]. Among them, cancer vaccines exhibit many unique advantages, which usually raise specific T‑cell or B‑cell responses against cancer and may provide long-term immune-memory effects to protect the patient from cancer recurrence[4-6]. Effective cancer vaccines usually contain specific antigens, which are expected to be overexpressed in cancer cells rather than normal cells, and adjuvants, which could improve the immunogenicity of antigens[7, 8]. During cancer vaccination, resting dendritic cells (DCs) can be activated and loaded with antigen, programmed to migrate to nearby lymph nodes, and then present antigens in the form of small peptides bound within the major histocompatibility complex (MHC)[9, 10]. Then, T cells can recognize the complex of specific peptide and MHC molecules, activate with additional signals provided by mature DCs, and then traffic widely through the body to attack their targeted cancer cells[11-13].
Typically, most vaccines are administered through needles due to their effectiveness in delivering the vaccines into the body. However, needle injections are usually associated with the risk of infection, poor patient compliance, especially for children, special training of medical staff to operate properly and subsequent needle handling[14-16]. Additionally, there are a large number of antigen-presenting cells (APCs), also called Langerhans cells, in the epidermis of skin, which can enter draining lymph nodes and deliver antigens to T cells and trigger strong immune responses[17]. Needle delivery of vaccines may bypass abundant APCs, resulting in inefficient immune responses. Thus, transdermal delivery of vaccines into the epidermis of skin may be an ideal strategy for vaccination[18, 19]. Recently, various transdermal delivery systems based on chemical enhancers[20] and physical enhancement devices such as cavitational ultrasound[21], iontophoresis[22], microdermabrasion[23] and microneedles[24] have been developed. Although these strategies could be used for the transdermal delivery of vaccines, they still face many challenges. For example, chemical enhancers, such as membrane penetrating peptides, usually show inefficient transdermal delivery efficiency[25, 26]. Meanwhile, physical enhancement devices usually depend on large equipment to open the epithelial barrier through pulses with high energy, which may be inconvenient, expensive and invasive[27, 28]. Moreover, although microneedles have shown great potential for vaccine delivery, they could still induce slight damage to the skin with many small needles, which also has the risk of infection[16, 29, 30]. Thus, it is still vital to develop novel transdermal delivery systems to achieve needle-free vaccinations.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Chitosan (CS), a naturally degradable polysaccharide with good biocompatibility, has been reported to have the ability to cross the mucosal barrier[31, 32]. In our recent works, we found that modifying chitosan with fluorine chains could effectively transport macromolecules, such as antibodies against biological barriers[7, 33-37]. Thus, modifying chitosan with fluorine chains may be an effective strategy to transdermally deliver cancer vaccines. Taking advantage of the amino-rich nature of chitosan[38], perfluoroheptanoic acid was grafted onto chitosan via an amino-carboxylate coupling reaction. It was found that the obtained fluorinated chitosan (FCS) was able to self-assemble with the model antigen ovalbumin (OVA) to form stable nanoparticles, which could reversibly open the tight junction-associated proteins of epithelial cells and penetrate across the epithelial barrier into the dermis. We have demonstrated the excellent transdermal ability of FCS-OVA nanoparticles in both the Franz diffusion chamber assay[39] in vitro and lymph node accumulation in vivo. To improve the immune stimulation effect achieved by FCS-OVA, a US Food and Drug Administration (FDA)-approved immune adjuvant, imiquimod (R837), was introduced to be mixed in the commercial cream containing FCS-OVA. With the help of FCS, the model antigen OVA can penetrate across the epithelial cell barrier, accumulate in nearby lymph nodes and trigger the antigen presentation process[40]. The presence of R837, which is a potent TLR7 agonist, could further promote antigen presentation[41]. Using this needle-free cancer vaccine, FCS-OVA/R837, robust antigen-specific cellular immune responses could be triggered, which could effectively protect mice against B16-OVA melanoma. Thus, our work provides a novel and efficient strategy to prepare needle-free cancer vaccine patches that effectively prevent cancer recurrence and metastasis.
2. Results and discussion
Formation and characterization of FCS-OVA nanoparticles
First, a fluoroalkane chain was grafted to chitosan to form FCS via the amino-carboxylate coupling reaction with the help of N-ethyl-N′-(3-(dimethylamino)propyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS). Interestingly, the positively charged FCS could interact electrostatically with negatively charged proteins, forming stable FCS-OVA nanoparticles (Figure 1a). To optimize the formed FCS-OVA nanoparticles, various FCS-OVA nanoparticles were synthesized after adding FCS and OVA with different weight ratios from 2:1 to 1:4. Then, the size distribution and zeta potential of various FCS-OVA nanoparticles were characterized by a Zetasizer Nano ZS. As shown in Figure 1b, FCS-OVA with the ratio of FCS to OVA at 2:1 and 1:1 exhibited a uniform size distribution of approximately 150 nm. In contrast, FCS-OVA with other FCS and OVA ratios exhibited a relatively larger size, indicating the agglomeration of FCS-OVA. From the zeta potentials of different nanoparticles, we can see that as the weight ratio of OVA increased, the zeta potentials of nanoparticles decreased, further demonstrating that the successful self-assembly of FCS-OVA nanoparticles was induced by electrostatic interactions (Figure 1c). Considering that FCS-OVA nanoparticles with FCS and OVA weight ratio of 1:1 exhibited a suitable size and narrowest distribution, they were chosen in the following experiments.
[bookmark: OLE_LINK4]Then, transmission electron microscopy (TEM) was employed to elucidate the morphological features  of FCS-OVA with FCS and OVA weight ratio of 1:1. As shown in Figure 1d, FCS-OVA exhibited homogeneously spherical morphology with the average diameter about 180 nm. In addition to the morphology characterization, we then determined the biocompatibility of FCS-OVA nanoparticles using a standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay. In this experiment, DC 2.4 cells were incubated with CS-OVA or FCS-OVA at varying concentrations. Excitingly, FCS-OVA revealed nearly no cytotoxicity to cells even at high concentrations up to 500 µg/ml. In contrast, the viability of DC 2.4 cells incubated with CS-OVA at the same concentration was only 50% (Figure 1e). Thus, FCS exhibited better biocompatibility, which may be attributed to the fluoroalkane chain replaced the amino group of CS, reducing the positive charge of CS.

Transdermal delivery of FCS-OVA nanoparticles
For effective cancer vaccines, the internalization, intracellular processing, and subsequent presentation of antigens by antigen-presenting cells play pivotal roles in eliciting effective immune responses. Therefore, we first investigated the cellular uptake profile of antigen by DCs. Here, DC 2.4 cells, which is a dendritic cell line that could be used to study the partial biology of DCs, were incubated with FCS-OVA-FITC and OVA-FITC and then analysed by confocal imaging and flow cytometry (OVA was labelled with FITC for in vitro tracking). As depicted in Figure 2a, the uptake of FCS-OVA nanoparticles by DC 2.4 cells was significantly augmented in comparasion with free OVA. The enhanced uptake of FCS-OVA nanoparticles was further substantiated through flow cytometry analysis, as illustrated in Figure 2b and Figure 2c. These findings unequivocally demonstrate that FCS-OVA nanoparticles effectively enhance the intracellular uptake of the antigen.Inspired by the effective cellular uptake of FCS-OVA nanoparticles by DCs, we then investigated their transdermal delivery efficiency. First, the standard Franz diffusion chamber was used to determine the transdermal delivery efficiency of FCS-OVA across the mouse skin layer (Figure 2d). We separated the skin of C57BL/6 mice, the stratum corneum was carefully preserved and subsequently positioned between the donor chamber and the receiver chamber. The donor chamber was loaded with OVA-FITC, FCS-OVA-FITC, and CS-OVA-FITC, and the fluorescence signals in the receiver chamber were assessed at various time intervals. As expected, FCS-OVA nanoparticles exhibited significantly higher transdermal delivery efficiency across the epithelial barrier (Figure 2e).
For a transdermal delivery vaccine, whether the antigen can be efficiently delivered into the dermis and migrate into lymph nodes determines its vaccine efficiency[40]. Thus, we then investigated the lymph node accumulation of OVA after transdermal delivery of OVA in different formulations. Specifically, mice were covered with OVA-Cy5.5, FCS-OVA-Cy5.5, and CS-OVA-Cy5.5 (OVA was labelled with Cy5.5 for in vivo tracking), which were mixed in moisturizing cream (Aquaphor) at a weight ratio of 1:1 and covered with 3M Tegaderm Transparent Film Dressing (1624 W) for fixation and moisturization. 12 hours later, upon ethical sacrifice, the mice subjects were utilized for lymph node collection, followed by fluorescence imaging. The ex vivo fluorescence imaging of the lymph nodes revealed that the highest accumulation of OVA occurred in the lymph nodes of mice treated with FCS-OVA-Cy5.5 cream, confirming that efficient transdermal delivery of antigen was achieved by such a needle-free vaccine (Figure S1). The quantitative statistical analysis further confirmed the efficient antigen delivery into the lymph nodes obtained by FCS-OVA-Cy5.5 (Figure 2f). Confocal imaging of mouse skin slices further demonstrated the good skin penetration ability of FCS (Figure S2).

The mechanism of transdermal delivery
[bookmark: OLE_LINK5]Encouraged by the effective transdermal delivery of OVA achieved by FCS in vitro and in vivo, we investigated the mechanism of such enhanced transdermal delivery ability. It is commonly known that the epithelial barrier is principally maintained by tight junctions, and CS derivatives have the ability to modulate the structure of tight junctions and improve the permeability of epithelial tissue [42]. To identify the mechanism of efficient transdermal delivery achieved by FCS, the Transwell assay was carried out to monitor the transepithelial electrical resistance (TEER), which is a standard parameter utilized to assess the integrity and functionality of tight junctions. [43]. In this experiment, the epithelial skin barrier were mimicked by culturing human skin dermis cells (HACAT) in the Transwell to form a monolayer, when the TEER value increased to a stable level at 300 (Figure 3a). Then, FCS-OVA nanoparticles were added into the Transwell, and the TEER value was monitored continuously. As shown in Figure 3b, the TEER value decreased to 45% after incubation with FCS-OVA nanoparticles for 4 hours, and the TEER value gradually returned to the normal level by removing the FCS-OVA nanoparticles, indicating that FCS might improve skin penetration by temporarily opening the tight connections between epithelial cells.
[bookmark: OLE_LINK6]To further investigate the mechanism by which FCS opens cellular tight junctions, the distribution and quantification of four tight junction-related proteins, ZO-1[44] (a scaffold protein that crosslinks and anchors tight junction strand proteins to the actin cytoskeleton), E-cadherin[45] (a bridge between the actin cytoskeleton), claudin[46] and occludin[47] (a staple of the tight junction), were investigated[48]. Following 6 hours culture of HACAT cells with or without FCS-OVA nanoparticles, proteins of HACAT cells were extracted and the amounts of tight junction-related proteins were quantified by western blotting. Interestingly, after culturing with FCS-OVA nanoparticles, the expression of the four tight junction-related proteins remained consistent (Figure 3c, d). Moreover, the distribution of tight junction-associated proteins was further investigated by immunofluorescence staining. The tight junction-associated proteins around the cell after treatment with FCS-OVA NPs changed from tight circles around the cells to circles with interruptions in the middle (Figure 3e). Thus, the total amount of tight junction proteins remained nearly unchanged, and the arrangement of proteins around the cells changed, demonstrating that FCS-OVA nanoparticles did not affect the expression of tight junction-associated proteins but created pathways through the cells by changing the distribution of tight junction-associated proteins. Considering that the phosphorylation level of myosin light chain 2 (pMLC) plays a key role in the regulation of cytoskeletal structure[49], the levels of myosin light chain 2 (MLC) and pMLC in HACAT cells were detected by western blotting. As shown in Figure 3f & g, after incubating with FCS-OVA nanoparticles, the amount of pMLC expressed in HACAT cells increased, showing that FCS may promote the phosphorylation level of MLC to improve actin contraction and tight junction relative protein rearrangement, leading to the opening of cellular tight junctions to allow the transdermal delivery of macromolecules.

In vitro immune responses
To enhance the immune responses induced by FCS-OVA nanoparticles, the potent TLR7 agonist R837, which is essential for the presentation of the antigen and triggering subsequent immunological responses[50], was mixed with FCS-OVA nanoparticles. To verify the immunostimulatory effect, healthy C57BL/6 mice were used to extracte bone marrow-derived dendritic cells (BMDCs) and studied the maturation of DCs after incubation with FCS, OVA, R837, OVA-R837, FCS-OVA and FCS-OVA nanoparticles with R837 (FCS-OVA-R837) (Figure 4a & b). The expression levels of CD80 and CD86, recognized as hallmark indicators of DC maturation, were quantified using flow cytometry analysis. As shown in Figure 4a & b, FCS-OVA-R837 obviously promoted DC maturation with CD80 and CD86 expression upregulated. The maturation of DCs was further confirmed by the increased secretion of interleukin-6 (IL-6, pro-inflammatory cytokine), interleukin-12p40 (IL-12p40, antigenic stimulation cytokine), and tumor necrosis factor-α (TNF-α, inflammatory response cytokine) (Figure 4-e). In addition to DC maturation, we further investigated the antigen cross-presentation ability of DCs after incubation with FCS, R837, OVA, OVA-R837, FCS-OVA and FCS-OVA-R837 by flow cytometry. The most abundant SIINFEKL peptide was found on the surface of BMDCs treated with FCS-OVA-R837 (Figure 4f), indicating that FCS-OVA-R837 could promote antigen cross-presentation by DCs and induce downstream immune responses.
[bookmark: _Hlk66302481]Inspired by the effective antigen cross-presentation and maturation of DCs induced by FCS-OVA-R837, we further evaluated the efficiency of BMDCs activated by FCS-OVA-R837 to trigger subsequent OVA-specific T-cell responses. In this case, OT-1 mice were sacrificed, and OVA-specific T cells were extracted from the spleen and then cocultured with BMDCs pretreated with OVA, FCS-OVA, OVA-R837 or FCS-OVA-R837. Here, OVA-specific CD8+ T cells were separated by magnetic beads and prestained with carboxyfluorescein succinimidyl ester (CFSE), and evalued the proliferation. As expected, the OT-1 CD8+ T cells cultured with FCS-OVA-R837 showed much higher proliferation than that of other groups, indicating that FCS-OVA-R837 might efficiently activate BMDCs and cause ensuing OVA-specific T-cell responses (Figure 4g & h).

Prophylactic studies and immunological evaluation
To study the protective ability of such a needle-free vaccine patch, C57BL/6 mice were divided into five groups: FCS patch, FCS-OVA patch, OVA-R837 patch, FCS-OVA-R837 patch and intradermal injection of OVA-R837 (for patch groups: FCS was 25 μg, OVA was 25 μg and R837 was 200 μg per time for six times; for intradermal injection: OVA was 50 μg, R837 was 400 μg per time for three times). For the patch groups, FCS, FCS-OVA, OVA-R837 or FCS-OVA-R837 were first mixed with moisturizing cream, applied to the back of C57BL/c mice, and then covered with a 3 M dressing. For three weeks, the vaccine was administered twice a week. As the positive control, the mice were intradermally injected with OVA-R837 once a week for three weeks. Four days after the last treatment, every mouse was challenged with 3*106 OVA-expressing B16-OVA melanoma tumor cells (Figure S3 & Figure 5a). Tumor growth was monitored every two days. Excitingly, compared to the mice with standard intradermal injection of OVA-R837, the mice treated with the FCS-OVA-R837 patch exhibited a much better protective effect to inhibit the growth of tumors, which might be because intradermal injection of the vaccine usually bypasses the abundant APCs in the epidermis of the skin, leading to inefficient antigen presentation. In addition, mice in the FCS-OVA-R837 patch-treated group exhibited significantly prolonged survival, with an 80% survival rate 60 days after tumor challenge (Figure 5c). In contrast, both the OVA/R837 patch, which has difficulty crossing the skin barrier, and the FCS cream, which lacks antigen, exhibited negligible protective effects against tumor growth (Figure 5b).
Next, we evaluated the immune responses induced by this needle-free FCS-OVA-R837 vaccine patch. In the parallel experiment, mice were vaccinated with the FCS-OVA patch, FCS-OVA-R837 patch, OVA-R837 patch and intradermal injection of OVA-R837 and then sacrificed, and their inguinal lymph nodes (LNs) were isolated for evaluation four days after the final treatment. Similar to the in vitro experiment, the highest levels of CD80 and CD86 expression were found in DCs taken from the lymph nodes of mice treated with the FCS-OVA-R837 patch, clearly demonstrating the maturation of DCs induced by FCS-OVA-R837 patch. Moreover, the CD11c+SIINFEKL-H-2Kb+ antigen cross-presented on the surface of DCs collected from the lymph nodes of in FCS-OVA-R837 treated mice was also significantly increased (Figure 5d-g). Meanwhile, T cells obtained from the spleens of mice in different groups were stimulated with OVA peptide (SIINFEKL) and then analysed. The relative ratio of IFN-γ+CD8+ T cells collected from mice immunized with the FCS-OVA-R837 vaccine was significantly increased (Figure 5h & i), demonstrating the strong in vivo T-cell responses induced by FCS-OVA-R837 vaccination patch. 

3. Conclusion
In conclusion, we developed a needle-free vaccination patch utilizing FCS, a cationic polymer modified with fluorine chains that can self-assemble with the model antigen OVA to form homogenous nanoparticles . Interestingly, this nanoparticles could reversibly open the tight junction between epithelial cells and facilitate the penetration of OVA through the epithelial barrier , and uptaken by antigen present cells in the dermic and eipderic, than accumulating into the nearby lymph nodes and triggering antigen presentation. Meanwhile, with the help of R837, which could promote DC activation by stimulating the TLR7 signaling pathway, effective antigen presentation was achieved. More importantly, compared to traditional intradermal injection of OVA-R837, such a needle-free vaccine patch could trigger more effective antitumor immune responses, exhibiting a much better protective effect to inhibit the growth of tumors. In addition to the model antigen OVA demonstrated in this work, such transdermal FCS may be extended to fabricate other types of important needle-free vaccines, such as vaccines against COVID-19.
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[bookmark: _Hlk68118408]Figure 1 | Preparation and characterization of FCS-OVA nanoparticles. a, Schematic illustration showing the preparation of FCS-OVA nanoparticles. b, c, Size distribution and zeta potential of FCS-OVA nanoparticles with weight ratios ranging from 2:1 to 1:4. d, Transmission electron microscopy (TEM) image of FCS-OVA nanoparticles. e, Relative viabilities of DC2.4 cells after incubation with FCS-OVA or CS-OVA at different concentrations for 12 h (n = 5).
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Figure 2 | In vitro transdermal delivery ability of FCS-OVA NPs. a, Confocal fluorescence images of DC2.4 cells treated with OVA-FITC (green) or FCS-OVA-FITC (green) for 6 h. b, c, Flow cytometry and statistical analysis showing the uptake of OVA-FITC and FCS-OVA-FITC by DC2.4 cells at 5 h and 10 h (n = 3). d, Schematic representation of the Franz diffusion assay. e, The cumulative penetration percentage of OVA in the receptor chamber at various time points (n = 3). f, Fluorescence intensity of OVA-Cy5.5 in the inguinal lymph nodes of mice after treatment with different patches (n = 3). P values were calculated by one-way ANOVA with Tukey’s post hoc test, *p < 0.05, **p < 0.01.
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[bookmark: _Hlk132035340]Figure 3 | Transdermal delivery mechanism of FCS-OVA. a, Schematic illustration showing the measurement of transepithelial electrical resistance. b, Effect of FCS-OVA on the TEER of monolayer cell model (n = 3). c, d, Western blotting images and statistical analysis of tight junction-associated proteins in HACAT cells (n = 3). e, Immunofluorescence images showing the distribution of tight junction-associated proteins, including E-cadherin, ZO-1, claudin, or occludin, on the cell surface after incubation with FCS-OVA NPs. f, g, Western blotting images and statistical analysis of the phosphorylated level of MLC in cells after incubation with FCS-OVA NPs.
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[bookmark: _Hlk132035392]Figure 4 | In vitro immune responses. a, b, Representative flow cytometry plots and statistical analysis of BMDCs after incubation with OVA, FCS, FCS-OVA NPs, OVA-R837, R837 and FCS-OVA NPs with R837 for 12 h (n = 3). c, d, e, The concentrations of IL-6, IL-12p40 and TNF-α secreted by BMDCs evaluated by enzyme-linked immunosorbent assay (ELISA) (n = 3). f, Cross-presentation efficiencies of BMDCs after incubation with different materials for 12 h. g, h, Representative flow cytometry plots and statistical analysis showing the proliferation of OT-I CD3+CD8+ T cells after incubation with BMDCs pretreated with OVA, FCS-OVA NPs, OVA-R837 or FCS-OVA NPs with R837 (n = 3). P values were calculated by one-way ANOVA with Tukey’s post hoc test, ***p < 0.001, ****p < 0.0001.
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Figure 5 | Needle-free cancer vaccine patch to prevent tumor growth in vivo. a, Schematic illustration indicating the process of vaccination. b, c, Tumor growth curve and survival rate of mice after treatment with different vaccines (n = 5). d, e, Representative flow cytometry plots and statistical data showing DC maturation and f, g, cross-presentation in the LNs of mice in different groups (n = 4). h, i, Representative flow cytometry plots and statistical data showing the percentages of IFN-γ-positive cells in CD8+ T cells after restimulating post-immunized splenocytes (n = 4). P values were calculated by two-tailed Student’s t test, *p < 0.05, **p < 0.01, ****p < 0.0001.
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