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Therapeutic cancer vaccines have undergone a resurgence in the past decade. Because of the high level of
immune cell accumulation and abundant capillary lymphatic system in the dermis, percutaneous vaccina-
tion is considered to be an ideal treatment route. For convenient administration, the recent development
of microneedles (MNs) provides a safe, painless, and low-cost transdermal delivery strategy, which could
bypass the first-pass metabolism of vaccines for enhanced stability and bioavailability. However, the ther-
apeutic effect of MNs-based cancer vaccines is not optimal, which is limited by the complex set of host,
tumor, and environmental factors, as well as the limited vaccine loading capacity. Therefore, further im-
provements are still required to push their clinical translation. In this critical review, we deliberate on
how to improve the therapeutic effect of MNs-based vaccines for cancer immunotherapy, summarize the
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;\rlnmunotpelrapy recent advances in MNs-based cancer vaccination, and provide an overview of various design strategies
anoparticle . : . . . .. .
Lympi node and mechanisms for active or passive targeting delivery, aiming to develop safer, more effective, and more

stable MNs-based cancer vaccines. Finally, we briefly describe the potential of vaccine platforms in com-
bination with other therapies, suggest the need to design vaccines according to specific circumstances,

and discuss the biosafety of repeated administration for enhancing clinical efficacy.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Cancer incidence and mortality rates are gradually increasing in
the 215t Century, and it is predicted that the incidence of cancers
will double by 2070 compared to 2020 [1,2]. Therefore, cancer is
still a serious threat to human health. Recently, immunotherapy
has revolutionized the field of cancer therapy due to its high effi-
ciency and relatively low toxicity [3,4]. However, successful cancer
immunotherapy ultimately requires the immune system of patients
to recognize tumor antigens for immune activation. While some
patients could spontaneously generate sufficient antigens to rouse
a robust antitumor response, most patients do not. Fortunately, the
cancer vaccine provides new hope for ensuring adequate levels of
cytolytic effectors (T cells and antibodies) and offering secure, spe-
cific, and well-tolerated treatment compared to other immunother-
apies [5].

Originally, vaccines were designed to prevent infectious dis-
eases, but recently the concept of vaccines goes far beyond pre-
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vention [6,7]. Especially in the field of cancer immunotherapy, both
prophylactic and therapeutic vaccines have been designed to treat
different cancers with promising results. In the 1890s, Dr. William
Coley, the pioneer of therapeutic vaccines for cancer, first treated
the established malignant tumors with inactivated bacteria, which
effectively activated the immune system of patients to cause tumor
regression [8,9]. This laid the foundation for cancer immunother-
apy research and cancer vaccines. After years of research and test-
ing, several prophylactic and therapeutic cancer vaccines were ap-
proved, such as human papillomavirus (HPV) and hepatitis B virus
(HBV) prophylactic vaccines to prevent viral cervical and liver can-
cer. In addition, U.S. Food and Drug Administration (U.S. FDA) also
approved the first therapeutic cancer vaccine in 2010, Sipuleucel-T
(Provenge®), which is an immune cell-based vaccine for hormone-
refractory prostate cancer treatment [10]. In 2015, U.S. FDA and Eu-
ropean Medicines Agency (EMA) further approved the talimogene
laherparepvec (T-VEC) for melanoma treatment, which is an on-
colytic virus-based vaccine [11].

Despite this inspiring foundation, the clinical translation of can-
cer vaccines from bench to bedside remains a challenge due to the
high variability of tumor antigens and the poor immune response
induced. Inspiringly, some studies have found that the immune re-
sponse of vaccines may be related to the administration route. For
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Fig. 1. MNs-based vaccine delivery for cancer immunotherapy.

instance, several clinical studies found that the immune response
rate of the influenza vaccine by intradermal injection was higher
than that of other administrations [12]. On the one hand, skin as-
sociates with the abundance of immune cells and unidirectional
flow of capillary lymphatic vessels compared to muscle or subcuta-
neous tissue, which are critical for provoking immunity. Moreover,
it can resolve the problem of gastrointestinal tract degradation and
the metabolism of the vaccines. Therefore, transdermal adminis-
tration is particularly attractive in the field of vaccination. Impor-
tantly, the advent of microneedles (MNs) further opens up a new
possibility of safe, painless, and convenient vaccination with sim-
ple transportation, storage, and handling conditions, which is the
core challenge in vaccine development.

Recently, the research on cancer vaccination through MNs
has made great progress. MNs not only enhance the stability of
cancer vaccines but also improve the bioavailability and efficiency
of vaccines. The history of MNs-based cancer vaccines has been
the subject of excellent reviews [13-15]. However, these reviews
focused more on the advantages of MNs-based percutaneous
administration over other administrations but ignored the crucial
deficiencies of MNs, such as low vaccine loading. As a result, these
vaccines may fail to trigger sufficiently strong and durable immune
responses, suggesting that innovative strategies are required to op-
timize MNs-based vaccine therapy. This needs to take into account
all the mechanisms of antitumor immunity to trigger a stronger
response. Therefore, higher requirements are required for MNs-
based cancer vaccines for better immunotherapy efficacy. With the
rapid development of nanotechnology, the immune-engineering
design of MNs-based cancer vaccines with different nanomaterials
offers a new strategy for enhancing immune response, includ-
ing an increase of antigen uptake by immune cells, recruitment
of immune cells, enhancement of antigens presentation, and
SO on.

Herein, we presented a review of the current state of funda-
mental research on MNs-based cancer vaccines and categorized
their immune-engineering design strategies, aiming to point out
the direction of developing safer, more effective, and more sta-
ble MNs-based vaccines for cancer immunotherapy (Fig. 1). Specif-
ically, we briefly outlined the advantages of using MNs in can-
cer vaccines, and systematically introduced the types of cancer
vaccine according to the antigen, including in vitro and/or in-situ
treated tumor cells or generated lysates, protein/peptide, and nu-
cleic acid, etc. Then, nanoparticles (NPs), including polymeric, lipid-
based, and self-assembled peptide/protein nanovaccines, etc. were

reviewed as carriers to integrate into MNs-based cancer vaccines,
which could further enhance the immune response of vaccines by
increasing the uptake of antigens by immune cells and increas-
ing the targeting of the vaccine to the lymph nodes (LNs), etc.
Subsequently, we classified their designs for targeting delivery, in-
cluding passive targeting to LNs and active targeting to immune
cells through physicochemical properties of nanovaccines and lig-
and receptor-specific recognition, etc. Finally, the prospects and
challenges of MNs-based cancer vaccines were also speculated.

2. Advantages of using MNs for cancer vaccination

Conventionally, the majority of vaccines are administered intra-
muscularly or subcutaneously, with a few exceptions are admin-
istered orally, which means vaccines will pass the gastrointestinal
tract and the systemic circulation in turn, and then capture and
present by antigen-presenting cells (APCs, such as dendritic cells
(DCs)) [16]. Subsequently, APCs travel to secondary LNs, where the
interaction between APCs and T cells via major histocompatibil-
ity complex (MHC)-T cell receptor recognition and co-receptor en-
gagement. In this process, the delivery of the vaccine to APCs is a
critical event to stimulate the proliferation and differentiation of T
and B cells in LNs with antitumor effects and long-lasting memory
[17,18]. When the immune system is attacked by the same antigens
again, it follows its original memory, inducing stronger humoral
and cellular immunity to protect the individual from invasion [19].
However, vaccines are prone to degradation and clearance during
gastrointestinal and systemic circulation before uptake by APCs,
which is one of the main reasons for most vaccine failures. There-
fore, researchers designed various delivery strategies with the help
of different materials, but the therapeutic effect was unsatisfactory.
Inspiringly, some studies have found that the administration route
of vaccines may address this issue. Thus, alternatives have been in-
vestigated to improve the efficiency of vaccines, including oral mu-
cosa [20], nasal [21], and intradermal [22] delivery. Among them,
the skin is a highly immunologically active organ and is of great
interest for vaccination because of its availability [23,24].

Skin is the largest organ in the body and consists of the epider-
mis, dermis, and subcutaneous tissue [25]. In the epidermis and
dermis, there are several types of immune cells, such as Langer-
hans cells (LCs), DCs, and macrophages, which are the most spe-
cialized APCs [26]. What is more, there are rich unidirectional flow
capillary lymphatic vessels in the skin, which can absorb the in-
terstitial fluid in the dermis due to their endothelial cells being



Y. Chen, J. Zhu, J. Ding et al.

relatively loose compared to the blood vessels. Therefore, deliver-
ing vaccines through the skin has a unique innate physiological ad-
vantage, where vaccines can migrate to LNs by different strategies
to effectively initiate an adaptive immune response, including ac-
tive and passive delivery strategies [27,28]. Nevertheless, the struc-
ture of the stratum corneum resembles a “brick wall”, which is the
main barrier to drug delivery [29,30]. To address this issue, sev-
eral techniques have been developed, including ion introduction
[31], ultrasonic introduction [32], electroporation [33], laser abla-
tion [34], and MNs.

MNs, a promising percutaneous device dating back to 1971, are
comprised of multiple needles arranged on a base and designed
using a variety of materials including polymers, carbohydrates,
metal, silicon, and so on, in which each needle with a height rang-
ing from 25um to 2000pum, 1pm to 25um width, and an exter-
nal diameter of not more than 30um [35]. According to the per-
formance of MNs, MNs can be roughly divided into five categories,
including solid MNs, coated MNs, hollow MNs, dissolving MNs, and
hydrogel-forming MNs that form transient and tiny aqueous chan-
nels in the skin without touching the rich nerve endings and capil-
laries in the dermis by adjustable needle length, facilitating trans-
dermal drug delivery in a minimally invasive and painless manner
[36-38].

All in all, MNs delivery of cancer vaccines has the following
advantages: firstly, MNs are expected to promote the immune re-
sponse of vaccines due to the innate immune advantage of skin;
secondly, MNs can effectively enhance the stability of cancer vac-
cines at room temperature by solidifying the vaccine, thus avoid-
ing cold chain and effectively facilitating vaccination programs in
developing countries or remote areas; thirdly, MNs allow precisely
the cancer vaccines delivery, resulting in a high local concentra-
tion of vaccine, which helps to save vaccine doses, thereby reduc-
ing costs and toxicity; last but not least, MNs-based cancer vac-
cination can overcome the disadvantages of syringes to achieve a
painless vaccination, reduce the risk of infection spread, as well as
anxiety, and improve patient compliance [39,40].

3. Types of cancer vaccines

Cancer vaccines generally employ tumor antigens combined
with adjuvants for exogenous administration to activate the APCs.
The uptake of co-delivered antigens and adjuvants by APCs through
systemic circulation and optimal APCs maturation are critical
events for activating adaptive immunity. However, the conventional
administration route of vaccination is painful and invasive for vac-
cine receivers, and the benefits are unsatisfactory due to first-pass
metabolism. Alternatively, MNs are developed to offer painless, tol-
erable, and efficient intradermal delivery approaches for cancer
vaccination, because the height of MNs can be adjusted that fa-
cilitate accurate delivery of vaccines into the skin to escape from
systemic circulation. MNs provide a common platform for various
types of cancer vaccine delivery during the last decade, including
nucleic acid vaccines (DNA, RNA), protein/peptide vaccines, whole
tumor cells or lysates vaccines, and in-situ vaccines. In this section,
we provided an overview of MNs-based cancer vaccines according
to different cancer vaccine antigens (Table S1 in Supporting infor-
mation).

3.1. DNA vaccines

DNA vaccines usually derive from bacterial plasmids and travel
to the nucleus to express antigens and manipulate the immune
response offering advantages including product stability, absence
of pathogenic infection, and easy preparation and modification
to match mutations in the antigenic spectrum [41]. However,
the clinical performance of naked DNA cancer vaccines is poor
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due to multiple biological barriers, low independent transfection
efficiency, low immunogenicity, and degradation by DNase and
lysozymes [42]. The following approaches can improve the above
problems: (1) rational optimization of encoded antigens: designing
hybrid plasmids encoding homo- and/or hetero-antigens, using
neoantigen DNA vaccines with tumor specificity; (2) optimization
of vaccine formulations: combining gene vectors and adjuvants.
For example, Duong et al. [43] designed a smart DNA vaccine de-
livery system, in which negatively charged poly(I:C) and positively
charged ultra-pH-responsive oligo sulfamethazine conjugated
poly(B-amino ester urethane) (OSM-(PEG-PAEU)) were assembled
with layer by layer on the 9 x 9 MNs array (600 um needle), then
the pOVA-loaded cationic polymer DA3 was coated on the surface
of the outermost anionic complex (Fig. S1A in Supporting informa-
tion). In the high pH environment of the skin after MNs insertion,
OSM-(PEG-PAEU) converted into anionic copolymers, releasing
DNA vaccine and poly(I:C) based on electrostatic repulsion. Due
to the electrostatic interaction of poly(I:C) and DNA vaccine, they
eventually were uptake by immune cells through negative-charged
cell membranes and then the antigens were expressed (Figs. S1B
and C in Supporting information). MNs-based smart DNA vaccine
system significantly promoted the production of anti-OVA IgG1
and interferon y (IFN-y) positive tumor-infiltrating CD8% T cells
in vivo (Figs. S1D and E in Supporting information) and inhib-
ited melanoma compared to subcutaneous injection. Similarly,
the group loaded pOVA and poly(I:C) into the cationic polymer
conjugate DA3 via ionic interactions to form nanocomplexes that
were incorporated into the MNs for tumor eradication (Fig. S1F
in Supporting information) [44]. Enzymatic degradation of pOVA
and poly(I:C) was protected by the cationic polymer conjugate
DA3, which promoted uptake by immune cells and enhanced the
entrance of pOVA into the nucleus to encode antigens based on
the proton sponge effect.

3.2. RNA vaccines

RNA vaccines also provide a platform for cancer therapy, in par-
ticular, mRNA is translated in the cytoplasm to encode tumor anti-
gens for cancer immunotherapy, which reduce insertion mutation
risk compared to DNA vaccines [45]. In addition, RNA is transcribed
in vitro to increase yield and enable rapid, scalable production, as
well as RNA acts as an adjuvant by providing co-stimulatory sig-
nals [46]. However, RNA is poorly stable and rapidly degraded by
extracellular RNase in vivo, and mRNA is prone to translation er-
rors. Accordingly, efficient, nontoxic vectors and multiple structural
modification strategies are available to improve stability and deliv-
ery efficiency. Furthermore, mRNA synthesized by RNA sequence
engineering becomes more easily translated. Nevertheless, subcu-
taneous delivery of naked mRNA has been shown to yield high
protein translation efficiency [47]. Koh et al. [48] attempted to load
naked mRNA in dissolving MNs for activating immunity against
tumors. The results showed that the luciferase mRNA (mLuc) in
the MNs could be preserved in solid form for at least two weeks
under ambient conditions and MNs-derived mLuc from Day 5 to
Day 15 produced comparable levels of luciferase expression to Day
0 by subcutaneous injection. In tumor model treatment, the OVA
mRNA-loaded MNs also induced effective serum anti-OVA antibod-
ies and delayed tumor progression. In summary, MNs offer an at-
tractive delivery platform for mRNA-based vaccines.

3.3. Protein/peptide vaccines

Besides nucleic acid cancer vaccines, MNs-delivered protein or
peptide vaccines also serve an essential role in cancer prevention
and treatment. In contrast to nucleic acid vaccines, protein/peptide
cancer vaccines are directly processed at the APCs to activate
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immunity, offering low production costs, low oncogenicity, and
little allergenic response [49]. Unfortunately, naked antigenic
protein and peptide are generally less immunogenic and result in
immune tolerance due to immunosuppression of the tumor and
limited T-cell recruitment. Beyond nanocarriers and adjuvants,
several approaches were proposed to address the challenges,
including the selection of optimal antigenic targets, optimization
of peptide composition, length, and sequence to improve binding
affinity and bioavailability, preparation of multiple epitope vac-
cines, protein/peptide binding and modification. For instance, Kim
et al. [50] coupled a cytotoxic T-cell epitope peptide (SIINFEKL)
to hyaluronate (HA) in a biodegradable HA MNs patch, which
effectively delivered antigens to the skin immune system (Fig. S2A
in Supporting information). HA promoted antigen internalization
into APCs through HA receptor-mediated endocytosis and acted
as a model damage molecule by engaging Toll-like receptors to
activate immune cells. Importantly, the FITC-labeled HA-SIINFEKL
fluorescence signal was still observed for 24h, probably because
of the steric bulk and the non-fouling effect of HA that protected
HA-SIINFEKL from peptidase degradation, which prolonged inter-
action between HA-SIINFEKL and APCs (Fig. S2B in Supporting
information). In vivo antitumor results showed that MNs-based
HA-SIINFEKL significantly inhibited B16 melanoma growth and en-
hanced CD8* T cell infiltration compared to MNs-based SIINFEKL.
Similarly, Zeng and colleagues assembled cationic nanoarginine
(R9) domain-modified Trp2 peptide with adjuvant CpG in layers
to form 128 immunopolyelectrolyte multilayers on the surface
of levopolylactic acid MNs to induce a strong memory immune
response [51].

3.4. Whole tumor cells or lysates vaccines

Recently, strategies for the in vitro preparation of tumor anti-
gens for vaccination using whole tumor cells or lysates have
been progressively investigated to enhance antitumor immune re-
sponses. Generally, cancer vaccines containing a single antigen are
likely to fail to produce an effective antitumor immune response
due to tumor heterogeneity and the non-expression of immuno-
genic antigens to obtain immune escape [52,53]. Compared to nar-
rowly defined tumor antigens, whole tumor cells or lysates provide
a wide range of tumor-associated antigens (TAAs) sources to offer
patient-individualized antigens and prevent the emergence of im-
munoresistant tumor variants [54]. Ye et al. [55] reported on the
both prophylactic and therapeutic effects of MNs patch delivery of
whole tumor cell lysates vaccines on tumors (Fig. S3A in Support-
ing information). They co-encapsulated melanin-containing B16F10
whole tumor lysates and the adjuvant granulocyte-macrophage
colony-stimulating factor (GM-CSF) in MNs. The 15 x 15 MNs ar-
ray with a height of 800pum and conical construction, providing
sufficient strength for insertion into the skin. MNs promoted the
uptake and presentation of antigens by DCs, which facilitated im-
mune response via abundant lymphatic vessels in the dermis. The
results showed that the MNs-delivered vaccine significantly facil-
itated the release of cytokines (IFN-y, tumor necrosis factor o
(TNF-«), and interleukin 6 (IL-6)) and infiltration of CD8* T cells,
inhibited the development of distant tumors, and prolonged the
survival period. Notably, self-antigens and signaling molecules in
whole tumor cell lysates can suppress immune responses, and live
tumor cells are poorly immunogenic and secrete or contain cy-
tokines to depress DCs and T cell function [56]. To overcome these
challenges, various strategies including cyclic freeze-thaw, ultravio-
let (UV) irradiation, thermal therapy, hyperthermia, and hypochlo-
rite oxidation have been proposed. Yang et al. [57] used a NIR laser
to irradiate B16 cells in vitro to generate sufficient TAAs and co-
loaded it with GM-CSF and Tat-beclin 1 into dissolving MNs to en-
hance antigen cross-presentation and T cells activity to induce a
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robust antitumor immune response (Fig. S3B in Supporting infor-
mation).

3.5. In-situ vaccine generation

In recent years, the concept of in-situ cancer vaccines has been
proposed for cancer immunotherapy. It aims to activate antitumor
immunity by triggering the immunogenic cell death (ICD) of tu-
mor cells in the body through chemotherapy, photothermal ther-
apy, photodynamic therapy, radiotherapy, and sonodynamic ther-
apy, and so on [58,59]. ICD of tumor cells induces the release of
TAAs, danger-associated molecular patterns (DAMPs), and a range
of pro-inflammatory cytokines to promote the uptake, presenta-
tion, and maturation of DCs, as well as regulate the tumor im-
munosuppressive microenvironment to further enhance antitumor
effects [60,61]. Compared to other cancer vaccines, this conver-
sion of the patient’s tumor into a vaccine ensures the specificity
of the antigen and avoids the tedious process of in vitro tumor
antigen identification and the need for in vivo antigen recognition
[62]. Similar to whole tumor cells or lysates vaccines, in-situ vac-
cine generation also leads to the release of immunosuppressive cy-
tokines, and the effective recognition of TAAs released through ICD
is also an important parameter for successful immune activation.
Therefore, several strategies have been proposed to optimize in-situ
vaccines, such as combining immune adjuvants and cytokines to
reprogram the tumor immunosuppressive microenvironment, and
nanoparticles being used to capture released TAAs to facilitate their
DCs delivery. Our group developed a photothermal nanovaccine to
enhance the immunotherapy of melanoma by an array of 10 x 10
dissolving MNs platform with a 100% skin insertion ratio (Fig. S4A
in Supporting information) [63]. The photothermal nanovaccine
was constructed of polyserotonin (PST) core adsorbed B-catenin
silencing DNAzyme and tannic acid (TA)/Mn2*t coordination-based
metal-organic-framework (MOF) shell. The results revealed that the
nanovaccine triggered the tumor cells’ ICD through a photother-
mal effect, then the released TAAs were captured and presented to
DCs by the bio-adhesive nature of the PST, as well as the DAMPs
were released to enhance the tumor immunogenicity (Figs. S4B-E
in Supporting information). Furthermore, the DNAzyme was acti-
vated by Mn?* to silence the B-catenin that regulated the secre-
tion of C-C motif chemokine ligand 4 (CCL4) to promote DCs in-
filtration and activation. The system of MNs-based photothermal
nanovaccine achieved safe and effective antitumor efficacy of pri-
mary and distant tumors without extra therapeutic agents.

4. MNs-based cancer vaccines delivered by nanocarriers

A series of complex facts about the host, the tumor, and the
environment also directly affect tumor-specific immunity. Tumor
antigens alone induce less strong and sustained T cells response,
and the design of vaccines often requires consideration of multi-
ple mechanisms of immune homing, inhibition, and escape. There-
fore, cancer vaccines often need to combine tumor antigens with
different components, including adjuvants and chemokines, and so
on, to achieve step-by-step regulation for provoking robust im-
munity. Although multiple cancer vaccine components are simply
mixed for co-delivery, the naked nucleic acid and protein/peptide
are susceptible to enzymatic degradation and elimination, as well
as the adjuvant dissociates from the antigen and is rapidly de-
graded when the vaccine enters the body. Seriously, free adjuvant
triggers the autoimmune response against the host [64].

Nanoparticles offer an excellent co-delivery platform. With
the development of nanotechnology, NPs with different compo-
sitions, sizes, shapes, and surface properties are manufactured as
a common vehicle for multiple components in cancer vaccines to
enhance the immunogenicity of antigens and achieve the desired
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immune response [65,66]. NPs provide several advantages for
cancer vaccines with the protection of vaccines from degradation,
sustained release of depot effect, and targeting effect to facilitate
absorption [67,68]. NPs also possess inherent immunostimulatory
properties that are comparable to those of conventional vaccine
adjuvants and provide both antigens and adjuvants to the same
APCs to enhance antigen immunogenicity [69,70].

Considering the advantages of nanocarriers and the important
role of skin in immunization, dermal delivery of nanocarrier-based
cancer vaccines is an excellent administration route for cancer
immunotherapy. However, breaking through the stratum corneum
barrier is a priority, and MNs, a recent trend in transdermal drug
delivery, have effectively overcome this challenge. Currently, sev-
eral materials were deployed as nanocarriers for cancer vaccines,
which were loaded in MNs for percutaneous immunization (Fig. S5
in Supporting information).

4.1. Polymeric nanovaccines

The materials for preparing polymer NPs are divided into
synthetic polymers, including poly(lactic-co-glycolic acid) (PLGA),
poly(glycolic acid) (PGA), poly(lactic acid) (PLA), polyethylenimine
(PEI), etc. and natural polymers (e.g., chitosan, alginate, dextran,
and hyaluronic acid, etc.) [71,72].

PLGA is one of the most widely used synthetic polymers, ap-
proved by the FDA for clinical applications due to biocompatibil-
ity and low toxicity, and is extensively applied for the delivery of
drugs, nucleic acids, and vaccines based on controlled release prop-
erty [73]. Zaric et al. [74] conducted a classic study, in which they
encapsulated the model antigen OVA in PLGA NPs and delivered by
MNs. The results revealed that MNs-based OVA-NPs were mainly
retained at the vaccination site with depot effect and presented by
DCs in the skin, activating an effective CD8* T cell response, as
well as promotion of IFN-y. Furthermore, compared to OVA-MNs,
OVA-NPs-MNs maintained the stability of OVA that still induced a
similar level of specific CD8* T immune responses to the initial
ones after 10 weeks.

PEI is a cationic polymer that is widely used for nucleic acid
delivery as it forms complexes with nucleic acids through electro-
static interactions and possesses a proton sponge effect that sig-
nificantly enhances transfection [75]. PEI is also highly cytotoxic,
causing cell death due to a high positive surface charge. Never-
theless, toxicity can be reduced by using linear and low molecu-
lar weight PEI or charge shielding [76]. Hu et al. [77] proposed a
novel DNA cancer vaccine delivery system based on MNs, in which
DNA was loaded in PEl;gg9 with low toxicity to fabricate complexes
with mannose and cell-penetrating peptide modified on the sur-
face (CPP-PEl ggo-Man/DNA nanocomplexes).

Chitosan is a naturally cationic polysaccharide polymer with
biocompatible and biodegradable properties and exhibits a strong
affinity for nucleic acid and cell surface. Antigens and adjuvants
were loaded into chitosan by physical encapsulation, chemisorp-
tion, and electrostatic interactions to obtain natural polymer-based
nanovaccines that enhanced uptake and protected antigens from
degradation [72]. Li et al. [78] designed rapidly dissolving MNs
loaded with positively charged chitosan NPs encapsulating the
antigen OVA and the adjuvant CpG by electrostatic interactions
(Fig. S6A in Supporting information). The NPs zeta potential was
25.8mV, following incubation with DCs for 2h, the uptake effi-
ciency of NPs by DCs reached 93.37% through the interaction of
NPs with the cell membrane, while the free OVA was only 38.7%
(Fig. S6B in Supporting information).

4.2. Lipid-based nanovaccines

Lipid-based NPs have been widely used for vaccine delivery
with biocompatibility and inherent adjuvant property, where the
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positive charge of the outer lipid layer promotes adhesion to neg-
atively charged cell membrane through ionic interaction, leading
to sustained release of antigen [79]. Additionally, liposomes can
mimic cell membrane morphology to deliver hydrophobic and hy-
drophilic active substances [80]. Therefore, due to their physico-
chemical properties, low cytotoxicity, and structural flexibility, li-
posomes are more suitable than other carriers for the delivery of
vaccines, and in particular have been extensively investigated in
recent years for the delivery of mRNA vaccines [81]. Zhao et al
[82] prepared OVA-PD-Lipos by wrapping OVA and the adjuvant
platycodin (PD) in liposomes for immunization by HA-based dis-
solving MNs with a height of 356 um and reliable skin insertion ca-
pability (Fig. S7 in Supporting information). Liposomes with a sur-
face charge of 45.7mV enhanced the uptake of OVA by mouse bone
marrow DCs and remarkably reduced the toxicity and hemolysis of
PD by reducing the interaction of platycodin with cholesterol in
the cell membrane. The results showed that MNs-based OVA-PD-
Lipos elicited remarkable OVA-specific IgG, IgG1, and IgG2b levels
in mice.

4.3. Self-assembled peptides/proteins nanovaccines

Based on complex molecular interactions, such as electrostatic
interactions, hydrophobic interactions, aromatic interactions, or hy-
drogen bonding, peptides or proteins self-assemble into thermo-
dynamically stable supramolecular nanostructure and facilitate the
stability of antigens to improve immunogenicity [83]. For example,
Cole et al. [84] designed a dissolving MNs delivery platform based
on RALA-encapsulated pPSCA (encoded Prostate Stem Cell Antigen)
for the prevention and treatment of prostate cancer (Fig. S8A in
Supporting information). RALA is a cationic peptide delivery se-
quence consisting of a novel 30 amino acid that electrostatically
encapsulates DNA encoding the prostate stem cell antigen to form
RALA/pPSCA cationic NPs. RALA/pPSCA cationic NPs protected pP-
SCA from serum nuclease degradation and significantly enhanced
cell transfection. Similarly, RALA acted as a pDNA carrier, forming
nanocomplexes that were loaded into MNs to trigger an immune
response against TC-1 cervical cancer cells in vivo (Fig. S8B in Sup-
porting information) [85].

5. Targeting delivery strategies for MNs-based cancer vaccines

The LNs distributed throughout the body with high-density
APCs, B cells, and T cells, which are the most important lym-
phoid organs for vaccine-induced adaptive immunity [86]. Hence,
cancer vaccines targeted delivery to LNs is an attractive cancer
immunotherapy strategy. The skin, as the perfect site for immu-
nization, is rich in capillary lymphatic vessels, which provide a
bridge between the skin and LNs, as well as offer the basis for
targeting cancer vaccines to LNs through percutaneous delivery
[87]. Among the targeting strategies, passive lymphatic drainage,
receptor-promoted cytokinesis, vesicular transfer mechanisms, and
uptake by APCs are effective approaches for cancer vaccines to en-
ter the capillary lymphatic vessels, especially for nanovaccines [28].
Additionally, higher interstitial oncotic pressure in the skin offers
advantages for targeting LNs [88]. Based on these facts, MNs of-
fer great advantages for the direct exposure of cancer vaccines to
capillary lymphatic vessels in the skin for targeted LNs delivery.

5.1. Passive targeting-LNs accumulation

Passive targeted accumulation of LNs relies on the physic-
ochemical properties of the nanovaccine. Size is an important
parameter in the migration of nanovaccines into the capillary
lymphatics through loose gaps in the endothelium of capillary
lymphatic vessels [87,89]. It is generally accepted that small-sized
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particles (<10nm) are absorbed through the capillaries into the
blood after dermal administration, 10-100nm particles enter
the capillary lymphatic vessels via lymphatic drainage, while
the efficiency of particles of >100nm is significantly reduced by
obstruction of the extracellular matrix in the tissues through lym-
phatic drainage, and larger particles (>~200nm) do not move freely
directly into the lymphatic capillaries but are instead migrated to
the LNs by APCs through lymphatic transport [90-94]. Therefore,
designing the size of the cancer nanovaccine is important for the
passive targeting of LNs accumulation. For instance, Kim et al
[95] co-loaded hydrophilic antigen OVA, hydrophobic adjuvant
TLR7/8 agonist (R848), and Poloxamer F127 in MNs for cancer vac-
cination (Fig. S9A in Supporting information). After insertion of the
pyramid-shaped MNs, the released cargoes were self-assembled
in-situ in the skin, forming nanomicelles with the size of 30 nm to
40nm. The results demonstrated that R848-loaded nanomicelles
promoted the uptake of OVA-FITC by RAW264.7 cells. Importantly,
the fluorescent probe signal in nanomicelles was observed from
Langerhans cells (CD207%), medullary macrophages (F4/807),
DCs (DEC205%), and subcapsular macrophages (CD169%) in LNs,
indicating nanomicelles particle size was suitable for efficiently
transporting R848 and antigens to the LNs via lymphatic drainage.
Furthermore, MNs-based nanomicelles delivery induced a low
level of IL-6 in serum compared to subcutaneous injection, due to
the NPs-mediated delivery of R848 to LNs targeted accumulation
that minimized systemic exposure. In vivo results demonstrated an
increase in antibody and IFN-y levels were elicited, resulting in a
significant antitumor effect.

Moreover, the passive targeted accumulation of LNs can also be
enhanced by adjusting the shape, surface charge, rigidity, and sur-
face hydrophobicity of nanovaccines’ physical and chemical prop-
erties [96]. Normally, the positive surface charge is a disadvan-
tage for NPs, making them more susceptible to removal during
systemic circulation. However, in the case of MNs delivering safe
doses of nanovaccines, the positive surface charge is a favorable
factor, which enhanced the escape capacity of endosomes and the
activation of skin-resident immune cell in particular [97]. Further-
more, Leak and colleagues used cationic ferritin to demonstrate
the presence of anionic sites at endothelial cell junctions in cap-
illary lymphatic vessels [98]. Given these, Wu et al. [99] prepared
nanovaccines with positive (OVA-SAT) and negative (OVA-SCT) sur-
face charges based on transfersomes, respectively, and incorporated
them into MNs for skin immunization (Figs. S9B and C in Sup-
porting information). Transferosomes were elastic and deformable
vesicles that facilitated the diffusion and migration of antigens in
the skin. Although the higher internalization efficiency of nega-
tively charged nanovaccines by DCs due to HA-CD44 interactions,
positively charged nanovaccines exhibited greater endo/lysosome
escape that promoted OVA presentation. In vivo tracking study
showed that cationic nanovaccine OVA-SAT was better enriched
in LNs than anionic nanovaccine OVA-SCT for 120h after percuta-
neous immunization by MNs (Fig. S9D in Supporting information).

5.2. Active targeting-LNs homing

APCs residing in the skin are responsible for the uptake, pro-
cessing, and presentation of vaccines to the LNs to activate the
immune response. Therefore, designing cancer vaccines to tar-
get APCs actively and exploiting homing effect would be an
ideal strategy. Especially, highly expressed receptors on the sur-
face of DCs, including CD40, CD44, CD11c, DC-SIGN, and DEC205,
offer the opportunity for active target delivery of cancer vac-
cines to LNs [100,101]. For example, Zhou et al. [102] devised
a strategy for targeting tumor-draining lymph nodes (tdLNs) and
DCs with transfersomes based on nanovaccines complexed MNs
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with pyramid morphology and 84.4% insertion ratio (Fig. S10A
in Supporting information). Apart from the fact that the trans-
fersomes enhanced lymphatic uptake via the skin route, they
also modified the transfersomes with HA-GMS-aCD40 to endow
the transfersomes with DCs active targeting ability via oCD40-
CD40 and HA-CD44. OVA or TAA, «PD1, and poly(l:C) were co-
encapsulated in functionalized transfersomes for vaccination via
dissolving MNs. The results revealed that the highest fluores-
cence signal of functionalized transfersomes-based nanovaccines
in tdLNs was observed for 96h after MNs-based immunization,
achieving a significant anti-melanoma effect. Furthermore, man-
nose receptors expressed by DCs will also facilitate the targeted
delivery of cancer vaccines to DCs [103-105]. Xu et al. [106] pre-
pared a polymeric nanocomplex of paclitaxel (PTX)-encapsulated
sulfobutylether-8-cyclodextrin (SBE)/mannosylated N,N,N trimethyl
chitosan (mTMC)/DNA, which provided pTrp-2 cancer vaccine tar-
geting DCs through mannose and produced high antitumor activ-
ity in mice using MNs-assisted transcutaneous immunization (Fig.
S10B in Supporting information).

Besides active targeting of DCs, endothelial cells of the capil-
lary lymphatic vessels express vascular cell adhesion molecule 1
(VCAM-1), intercellular adhesion molecule 1 (ICAM-1) and lym-
phatic vessel endothelial hyaluronan receptor-1 (LYVE1), which are
necessary to help immune cells enter the capillary lymphatic ves-
sels. Therefore, modification of cancer vaccines by suitable ligands
to target endothelial cells is a potential way to achieve effective
delivery of cancer vaccines to LNs [90].

Recently, biomimetic cancer nanovaccines based on various cell
membrane modifications have also emerged as a research hotspot.
NPs are encapsulated by cell membranes that inherit the func-
tions and components (e.g, proteins and carbohydrates) of the
original cells (cancer cells, red blood cells, neutrophils, platelets,
macrophages, and bacteria, etc.), and the components of the cell
membrane are recognized as antigens that offer the high poten-
tial of cancer vaccines delivery [107-109]. In particular, cancer cell
membrane-modified nanovaccines possess homologous recognition
of tumor cells and active delivery of TAAs from the cell membrane
surface to DCs that enhance uptake to activate subsequent anti-
tumor immune responses [110,111]. Park et al. [112] encapsulated
the imiquimod (R837)-loaded nanomicelles (F127-R837 NPs) into
HCT116 cancer cell membrane to prepare F127-R837@M NPs for
skin cancer vaccination by dissolving MNs. The results showed that
F127-R837@M NPs were efficiently absorbed by RAW264.7 cells,
and F127-R837@M NPs delivered by dissolving MNs significantly
suppressed tumors compared to F127-R837 NPs.

Albumin hitchhiking is another interesting and attractive strat-
egy for the active homing delivery of cancer vaccines to LNs. Albu-
min is the most abundant protein in the blood and is also widely
present in interstitial fluid, where it is mainly responsible for the
transport of hydrophobic molecules, such as hormones, long-chain
fatty acids, and drugs [113]. Due to the high concentration of albu-
min in the blood, the albumin hitchhiking prevents the nanovac-
cines from crossing the capillaries and entering the circulation in
the skin, while most of them enter the lymphatic system. Given
these facts, An et al. [114] utilized dissolving MNs to deliver an am-
phiphilic vaccine consisting of OVA and CpG, which effectively de-
livered vaccine to drained LNs for inducing the immune response
through the transport and uptake mechanism of albumin hitchhik-
ing (Fig. S11A in Supporting information). The results suggested the
increase in fluorescence intensity and size of inguinal and axillary
LNs isolated from mice based on MNs delivery, compared to in-
tradermal injection. In addition, MNs-based modified CpG delivery
showed higher DCs accumulation in LNs than unmodified CpG and
was similar to intradermal injection (Fig. S11B in Supporting infor-
mation).
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6. Conclusions and future perspectives

Among various cancer immunotherapies, the therapeutic vac-
cine becomes the research hotspot recently because it could of-
fer specific, safe, and tolerable treatment. However, its therapeu-
tic efficacy is still suboptimal, which limits clinical translation. Re-
cent studies show that percutaneous delivery of vaccines offers a
novel strategy for vaccine redevelopment. In particular, MNs-based
cancer vaccine has become a new research hotspot due to vari-
ous unique advantages. However, low drug packaging of MNs lim-
its the immune response rate, so higher requirements are needed
for such an administration route. To this end, we have a categori-
cal discussion of existing immune-engineering design strategies for
MNs-based cancer vaccines, which have important guiding signifi-
cance for the development of safer, more potent, and more durable
MNs-based cancer vaccines. Meanwhile, there is a burgeoning of
research activities to investigate the various parameters of MNs-
based cancer vaccine delivery to optimize immune responses, in-
cluding MNs type, material, structure, shape, size, etc. These pa-
rameters are important in piercing skin with adequate mechanical
strength, establishing the effective dose, enhancing the stability of
the vaccine, achieving controlled release, triggering an effective im-
mune response, and improving patient compliance. Besides, MNs
delivery strategy is conducive to combining vaccines with syner-
getic therapy, such as phototherapy, chemotherapy, and immune
checkpoint inhibition therapy, which is superior to monotherapy
that combats tumor immune escape established by downregula-
tion of MHC complexes presentation, Treg cells immunosuppres-
sion and upregulation of co-repressed signaling pathways to facili-
tate clinical translation.

Despite these advantages of MNs for cancer vaccine delivery,
only a few have entered clinical trials and there are still several
issues that require attention. Firstly, MNs delivery systems are not
suitable for all types of cancer vaccines, and sometimes it depends
on the type of tumor. For instance, MNs-based in-situ vaccines
combined with phototherapy are more suitable for superficial
tumors and their metastasis, but not for deep primary tumors.
Therefore, how to apply these effective strategies universally is
still one of the current research directions. Secondly, although
MNs have a minimally invasive nature, repeated administration
reminds us to pay attention to their safety, such as allergies and
infection. Therefore, the selection of MNs biomaterials and the
incorporation of nanotechnology to prolong the release of tumor
antigens to enhance the efficacy and persistence of cancer vac-
cines, achieving a shift from multiple to single vaccination remains
a focus of future attention. Besides, MNs-based cancer vaccine
researches are still at cell and animal levels, and there needs
more work to figure out the racial differences between animals
and human, which is critical for clinical translation. Especially, the
skin elasticity that affects the insertion of MNs and the density
of capillary lymphatic vessels depend on the physiological state of
the patients at various ages, and therefore the patients have to be
taken into account to optimize the MNs-based cancer vaccines. In
addition, aseptic scale-up production, batch-to-batch reproducibil-
ity, cost-effectiveness, and strict government supervision are also
crucial for the successful clinical translation of MNs-based cancer
vaccines.
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