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Abstract: Background: The high incidence and mortality rates of cancer have kept it at
the top of the research agenda for the global healthcare industry, as well as put serious
economic pressure on families and society. It has gradually been recognised that reducing
the incidence of cancer through various interventions and that combining prevention and
treatment are the key to alleviating the burden of cancer. Methods: Retrieve and summarize
the literature related to the delivery methods of tumor vaccines, and investigate whether
these delivery methods have been applied clinically or have been used in clinical trials.
Results: there are a variety of methods for cancer vaccine development, but only a very
small number of studies have been able to make strides towards implementing these
methods in the clinic, which is closely linked to drawbacks with the means of vaccine
delivery. Conclusions: This review analyses the reasons why it is difficult to apply these
methods in the clinic from the point of view of the delivery method rather than the design
of the cancer vaccine. It also describes some of the delivery methods that have not yet
been applied for cancer vaccines and, considering this in conjunction with those that are
currently used for this purpose, predicts their prospects for future application.
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1. Introduction

The latest global cancer statistics published by the International Agency for Research
on Cancer (IARC) show that nearly 20 million new cases of cancer occurred in 2022, leading
to about 9.7 million deaths, and the number of new cancer cases is expected to reach
35 million by 2050 [1]. Cancer imposes a severe socio-economic burden on countries,
not only causing a significant loss of labour and disrupting the balance of the economic
structure of many households, but also leading to an increase in healthcare expenditure,
with the global economic cost of cancer estimated to be USD 25.2 trillion between 2020 and
2050 [2]. Investments in cancer palliation, treatment, and intervention, as well as in vaccine
development, can effectively reduce cancer risks and help tens of thousands of families,
with enormous economic benefits and social dividends for countries in the decades to come.

Cancer cells can survive in the body by activating a series of signals to evade recog-
nition and clearance by the body’s immune system; thus, finding effective ways to alter
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the tumour immunosuppressive microenvironment (TEM) is a major challenge in current
research. Vaccines are often used in the prevention of infectious diseases, and this approach
is also considered to have great potential in attacking the TEM due to a vaccine’s ability to
enhance antigen-specific immune responses [3] (Figure 1). Therefore, the focus of cancer
prevention and treatment is on the research and development of cancer vaccines. Unlike
conventional vaccines, cancer vaccines are vaccines that induce personalised immunity
against specific tumours by activating the body’s immune response through the intro-
duction tumour-associated antigens (TAAs) or tumour-specific antigens (TSAs) into the
human body to overcome the tumour’s immune evasion function and thus enhance the
effectiveness of prevention and treatment methods [4]. Tumour vaccines are divided into
two categories according to their uses: therapeutic vaccines and prophylactic vaccines.
Therapeutic vaccines are mainly based on tumour antigens and stimulate cytotoxic T cells
to produce an effective anti-tumour response. They are usually used in a series of adjuvant
treatments after radiotherapy or surgical resection, an example being the world'’s first FDA-
approved therapeutic tumour vaccine, Provenge (Sipuleucel-T) [5]. Prophylactic vaccines
are primarily designed to reduce the incidence or recurrence of tumours by inducing an
immune response in the body, and these vaccines are already on the market, such as the
HPV vaccine [6], which reduces the incidence of HPV by activating the body’s humoral
immunity.
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Figure 1. Mechanisms by which tumour vaccines enter the organism to attack tumour cells and
induce adaptive immune long-term memory.

Researchers are constantly screening for effective tumour antigens and have con-
structed tumour vaccines through a variety of advanced technologies [7]. Cancer vaccines
are often based on special materials, such as cells [8], viruses [9], peptides [10,11], and
nucleic acids [12]. The preservation and delivery of vaccines has become a concern with
regard to maximizing their efficacy, minimizing their cost, and achieving a high vaccination
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coverage. The safe, efficient, and precise delivery of the carefully developed tumour vaccine
to the target site in the body—in order to fully stimulate a strong anti-tumour immune
response—has become the next important problem to overcome. This not only affects the
efficacy and utilisation of the vaccine, but also serves as a bridge for the application of the
vaccine in the clinic.

There are four main types of vaccination methods: nasal spray, inhalation, oral, and
injection [13]. Injections have become the most common form of vaccination due to their
enhanced effects, but some patients with needle phobias may reject vaccination; thus,
some emerging vaccination modalities are now filling this gap. The aim of this review is to
summarise the development and advantages of different delivery modes for cancer vaccines;
to introduce several new vaccination modes in detail; and to discuss the opportunities and
challenges that vaccine delivery faces.

2. Traditional Delivery of Oncology Vaccines
2.1. Nasal Spray for Vaccination

Nasal spray vaccines, as a new non-invasive vaccine, mainly promote a systemic
immune response by activating immune cells in the mucosa of the nasal cavity and the
respiratory tract. Since these vaccines can only be deposited into the nasopharynx and
cannot reach the lungs, this mode of vaccination is usually used in conjunction with New
Crown and influenza vaccines [14]. However, there are still risks for pregnant women,
asthmatics, and immunocompromised people, and few cancer vaccines are currently being
developed that involve this mode of vaccination.

2.2. Inhalation Vaccination

Compared to other organs in the body, the lungs exchange gases with the outside air
throughout the day and are easily attacked by microorganisms both inside and outside
the body. They also cannot regenerate or repair themselves; therefore, in order to increase
the utilisation rate of the vaccine in the lungs and to achieve the desired intrapulmonary
sedimentation rate, inhaled vaccines have been developed [15]. Inhaled vaccines differ
from nasal spray vaccines: they are nebulized into tiny particles, inhaled via the mouth,
and deposited in the lungs [16]. Some scholars have applied this vaccination approach to
develop lung cancer vaccines with greater precision. Tang Z et al. developed an inhalation-
adapted dual-targeting nanoparticle made of cationic lipids and hyaluronic acid. Its targets
include therapeutic mRNAs to lung tumour and inflammatory cells. When inhaled, it
shows good targeting and transfection, offering a new method for the palliative treatment
of lung infections and cancer metastases [17].

2.3. Oral Vaccination

About 70% of the body’s immune cells are in the GI tract. Oral vaccines, given through
the GI tract, function by activating intestinal lymphoid tissue immunity. They are a simple
method that avoids harm to the circulatory system and vessels [18]. Many research teams
are aiming to combine oral delivery with tumour vaccines and are focused on developing
oral tumour vaccines to evoke a robust immune response. Lipid nanoparticles (LNPs) are
currently a key topic in mRNA delivery [19]. After intravenous injection, mRNA@LNPs
may accumulate in the liver, causing adverse reactions. Thus, researchers have introduced
the “immune gold” -glucan to create the oral vaccine 3-Glus/ mRNA@LNPs. Tests showed
that this improved vaccine could shield mRNA from the GI tract’s pH, and once absorbed
by intestinal immune cells, it activates T cells, strengthening cancer immunotherapy [20].
Guangjun Nie’s team used genetically modified Escherichia coli outer membrane vesicles
(OMVs) to develop an oral cancer vaccine. This vaccine can effectively activate tumour-
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antigen-specific anticancer responses and inhibit tumour growth, and its ability to suppress
melanoma lung metastasis in mice was also explored and verified [21].

Japanese researchers have been continuously developing innovative oral cancer vac-
cines. In the preliminary stage, they proved that B. longum 420 can effectively inhibit
tumour growth in mouse models of prostate cancer and bladder cancer expressing WT1.
Building on this foundation, they successively prepared several oral vaccines that can effec-
tively fight against tumours in mouse models of bladder cancer, prostate cancer, and renal
cell carcinoma. This has greatly helped patients who are resistant to immune checkpoint
inhibitors (ICIs), providing them with a more promising treatment approach [22].

Oral cancer vaccines, being self-administrable, cut costs and have an edge over nasal
spray and inhaled vaccines. However, their development has encountered problems. The
GI tract’s structure demands that oral vaccines are able to adapt to an acidic pH and resist
protein-hydrolysing enzymes. In addition, much higher antigen doses are required for oral
vaccines than parenteral ones, risking high-level tolerance in the body [23].

2.4. Vaccination by Routine Injection

The injection method, as the most widely used drug delivery method in the medical
industry, can not only be used to strictly control the dosage of the drug, but also avoids the
impacts that the gastrointestinal tract has on the drug [24]. The site of drug administration
is usually determined according to the drug preparation and is generally categorized as
intramuscular, subcutaneous, intravenous, or intradermal injection.

2.4.1. Intramuscular Injection

Intramuscular injection is performed using a sterile syringe that allows the drug to be
absorbed through the blood vessels in the muscle and into the blood circulation to exert its
effect. The most classic example is the HPV vaccine, which has been officially approved
for market [25]. The HPV prophylactic vaccine elicits humoral immunity, generating
neutralising antibodies to block infection [26]. In addition to this, experts and scholars are
improving cancer vaccines to achieve anti-tumour effects efficiently after intramuscular
injection. A team at the University of Toronto has successfully designed a new muscle-
specific nRNA delivery LNP that can achieve a low off-target rate, and when successfully
transported to muscle tissue, can efficiently edit muscle-specific genes. When applied to a
mouse melanoma model, after activating the cellular immune response, it was observed to
have a strong anti-tumour effect [27].

2.4.2. Hypodermic Injection

The skin is the largest organ in the body and contains a rich capillary network and
lymphatic vessels. Skin-mediated drug delivery methods are promising [28]. When a drug
is injected subcutaneously, a local drug reservoir forms and the drug enters the systemic
circulation via capillary and lymphatic absorption. With benefits such as potential slow
release, it is the favoured delivery route for many drugs, particularly macromolecular
ones [29]. Professor Hai-Fang Yin’s team studied the efficacy of the subcutaneous injection
of neoantigen-loaded exosomes combined with PD-1 inhibitors to treat tumours. They
showed that this vaccine boosts tumour immunotherapy, enhances exosome uptake via den-
dritic cells and lymph node homing, and mobilizes the CD8" T-cell response. Subcutaneous
injection of this vaccine significantly curbed tumour growth [30].

In addition to therapeutic tumour vaccines, a team of researchers has developed a sub-
cutaneously administered adjuvant class of red-blood-cell-based vaccines (RBC vaccines)
with tumour antigenic modifications targeted to red blood cells to induce long-lasting anti-
tumour responses, primarily improving cancer immunotherapy. Subcutaneously injected
RBC vaccines can be taken up by DCs, contributing to the increased infiltration of tumour
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CD8" cells, significantly enhancing the efficacy of «PD-1 therapy, and inducing a shift from
CD8* T cells to regulatory T cells. The combined regimen of RBC vaccines and aPD-1
can also induce an expansion of memory T cells, constructing a long-lasting anti-tumour
immune response mechanism that attenuates the inhibitory effect of chemotherapy on the
immune system, improves the efficacy of chemotherapy, and makes it easier to remove
tumour cells [31].

A relatively stable environment is provided for drug absorption via the subcutaneous
injection of vaccines, which is conducive to drug action; however, ensuring the effective
distribution and long-lasting effect of the drug in specific tissue layers is still a concern
for scholars.

2.4.3. Intracutaneous Injection

Through intradermal injection, a drug is delivered from the epidermis to the dermis to
ensure local accumulation and drug absorption and action. A CDC research team prepared
LMP2 DCs infected with rAd-LMP2. After intradermal vaccination, they found that the
vaccine was safe and could effectively prevent nasopharyngeal cancer recurrence and
metastasis [32].

Overseas studies have proven the feasibility of intradermal cancer vaccine injection.
Sumitomo Pharma America applied for a phase I trial (NCT02498665) in the US to study
subcutaneous and intradermal injection of the cancer vaccine DSP-7888 emulsion in ad-
vanced cancer patients. Their results showed that intradermal injection was more effective
than subcutaneous injection, showing that it had no significant dose-limiting toxicity and
better tolerability; thus, intradermal injection was chosen for the next clinical study [33].

Intradermal injection has a great advantage over other injections in terms of the
vaccination dose: a very small dose can induce a strong local immune response. However,
subcutaneous injection has similar defects to intradermal injection: due to the difficulty of
controlling the injection site, it is difficult to accurately control the depth of administration,
which affects the immune response, and subcutaneous injection may also cause local
adverse reactions.

2.4.4. Intravenous Injection

When tumour vaccines are injected intravenously, as the blood circulates to the im-
mune organs throughout the body, they can recognize and present the antigenic compo-
nents of the vaccine, thus initiating an immune response [34]. Intravenous injection is a
common vaccine delivery method in animal experiments. It allows vaccine antigens to
circulate systemically, mimicking tumour cell metastasis in the body. This enables animal
immune systems to encounter antigens quickly, which is crucial for studying the immediate
immune response and anti-tumour effects of tumour vaccines.

Professor Yongbin Mou’s team explored using nanotechnology to boost dendritic
cell (DC)-mediated anti-tumour immune responses by preparing a soft mesoporous
organosilica-based nanovaccine (SMONYV). After tail-vein injection in mice, the SMONV
triggered a strong DC-mediated anti-tumour immune response. It activated tumour-specific
T cells, inhibited regulatory T-cell-induced immunosuppression, and sustained the T-cell-
mediated immune memory. In melanoma and colon cancer mouse models, the SMONV
suppressed tumour growth. When paired with the aPD-1 antibody, it eradicated tumours
entirely and established a long-lasting immune memory [35].

Although intravenous injection can rapidly deliver vaccines into the bloodstream for
rapid systemic effects, it requires specialized medical personnel to administer the vaccine,
which increases healthcare costs and resource requirements; thus, this option needs to be
weighed against its associated potential risks.
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2.4.5. Intratumoural Injection

The intratumoural injection of tumour vaccines directly acts on tumours, creating
high-concentration immune stimulation and triggering a strong immune response. It can
also alter the tumour microenvironment, boost immune cell infiltration into tumour sites,
and enhance tumour cell death. This method can also be used on distal metastatic tumours,
which is crucial for preventing cancer metastasis and recurrence [36].

Researchers from Fudan and the University of Texas developed a small-molecule
nanovaccine of PC7A and an antigenic peptide. Its structure allows active delivery to the
lymph nodes, priming the immune system. The vaccine activates the STING pathway, is
pH-responsive, and promotes antigen cross-presentation, strongly stimulating tumour-
specific T cells for anti-tumour effects. Experiments on the subcutaneous and intratumoural
injection of this nanovaccine show that, under the same conditions, the latter inhibits
tumour growth more efficiently and has a more significant anti-tumour effect [37].

Since most common tumours are not superficial tumours but parenchymal tumours
in the body, which makes intratumoural vaccination much more difficult, most of the
trials of intratumoural vaccines registered on ClinicalTrials.gov are only for superficial
tumours. Only some parenchymal tumours that cannot be surgically removed, or that are
difficult and risky to remove surgically, can be treated with intratumoural vaccines as a
local treatment to control tumour growth.

All traditional methods of vaccine administration have significant advantages but
also disadvantages (Table 1), and these limitations have restricted the vaccine research and
development process to a large extent. Most researchers choose to improve the vaccine itself,
which undoubtedly leads to huge scientific and technical barriers, while some scientists
look for the key to the problem and choose to improve the vaccine’s delivery method to
improve its effect and popularity.

Table 1. Summary of advantages, disadvantages, and applications of traditional injection methods.
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3. Novel Delivery Modes for Oncology Vaccines

There are problems with traditional tumour vaccination methods: When administered

enterally, gastric acid and intestinal proteases can degrade vaccine antigens, reducing

immunogenicity and altering the vaccine’s effects. Although intestinal factors do not

interfere with parenteral-administered vaccines, the immune response is stable and the

dose is controllable, but patient compliance is poor [49]. As a result, researchers are

constantly figuring out new ways to vaccinate against tumours to better meet patient needs
(Table 2).

Table 2. Summary of advantages, disadvantages, and applications of new inoculation methods.
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3.1. Novel Needle-Free Thermal Release-Driven Jet Injector

The new needle-free pyrolysis-driven jet injector (PJI) is based on the principle of the

pyrolysis-driven propulsion of the injector and ejects the drug in the form of a high-speed
jet from an extremely fine nozzle. This instantly penetrates the skin and enters into the
target site, such as subcutaneous tissue or muscle [58]. In order to demonstrate whether
the PJI can enable DNA to enter the body through biological barriers such as the skin
and achieve good anti-tumour effects, a Japanese research team conducted a study on a
transplantable tumour mouse model expressing ovalbumin (OVA) as a model antigen. They
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found that the protein expression in the skin was higher when using the PJI compared to
needle syringes, enhancing antigen-specific CTL production to induce a strong anti-tumour
immune response [50].

The PJI can deliver vaccine antigens precisely to the skin’s immune-cell-enriched areas
and can also deliver novel vaccines that are difficult to deliver via traditional injection.
In addition, its needle-free nature means that it is reusable, avoiding needlestick injury
accidents, reducing the occupational risk to healthcare workers, and eliminating the po-
tential for cross-contamination. However, the high-speed drug jet may be painful for the
patient and improper operation may cause damage to the skin (leading to certain technical
requirements for the operator and professional training). In addition, PJI equipment is
expensive, as it requires regular maintenance and calibration, which will increase the cost
of healthcare and lead to technical difficulties.

3.2. Tumour Vaccine Tattoo

Traditional tattoo artists utilize tattoo needles to uniformly puncture the epidermis
at high speeds, implanting dye into the dermis; this retains the design once the wound
is closed. Scientists thus came up with the idea that tattoo needles could be used to
puncture the skin to stimulate an inflammatory response in the immune system, providing
an environment more capable of triggering an immune response for vaccinations [59].
Advances in science and technology have realized the combination of nanotechnology
and tattoo technology, completing the expansion of the function of tattoos from purely
decorative to medicinal, among other directions.

As early as 2008, German scientists found that the injection of an anti-papillomavirus
vaccine into mice through transparent ink tattoos can stimulate an anti-tumour immune
response, and a large number of antibodies were produced in the mice. In the same year,
a team of researchers conducted a study on melanoma tattoo vaccination and publicly
released the results of a phase I clinical trial [60]. Following this, another researcher used
the tattoo gun vaccination system to administer pDC-STAMP/OVA to mice to verify
that the tattooed vaccine could induce a specific immune response [61]. Scientists have
also successively validated the application of tattoo technology to administer various
tumour vaccines, such as prostate tumour [62] and human papilloma [63] vaccines, as well
observed the therapeutic efficacy and validated the safety of patients with common vulvar
intraepithelial neoplasia (uVIN) [53] and melanoma [52].

The development and preparation of tumour vaccine tattoos require highly advanced
technology and professional equipment, and the relevant technology is not yet fully mature.
The costs of research, development, and production are high, which may limit this technol-
ogy’s wide application and promotion. This has complicated the research and development
of tumour vaccine tattoos, and is also why advances in the field are slow, as the field is
relatively small and there are a relatively limited number of scientific researchers who have
devoted themselves to it.

3.3. Nanogel Delivery of Vaccines

The structure of hydrogels and extracellular matrices is a three-dimensional network
that can provide a stable microenvironment for cells and biomolecules. Wrapping a drug
in a hydrogel can realise the slow release of the drug to achieve highly efficient medica-
tion [64]. The application of hydrogels in tumour vaccine delivery draws on this idea
by encapsulating tumour vaccine antigens in a hydrogel to achieve the slow release of
antigens, sustained activation of the immune system, and thus long-term anti-tumour
immune effects.
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The feasibility of implantable hydrogel tumour vaccines has now been demonstrated.
After incomplete surgical resection of mice carrying homozygous lateral abdominal Panc02
tumours, the PancVax vaccine, which has been verified to have anti-tumour effects, was
encapsulated in a hyaluronic acid hydrogel and implanted at the resection site. It was found
that the application of the PancVax hydrogel resulted in the activation of T cells and the ex-
pansion of specific T cells, which positively impacted the immunosuppression induced by
postoperative PancVax. This induced immunosuppression effectively prevented tumour re-
currence after incomplete resection [65]. Although effective, implantable hydrogel vaccines
are applied surgically and wound recovery is also slow, with low patient acceptance.

For this reason, the design of an injectable hydrogel tumour vaccine with better patient
acceptance has been explored. Injectable hydrogel tumour vaccines have a wide range of
applications and can be designed as single-shot prophylactic tumour vaccines to achieve
a preventive effect [66]. They can also be used as a multifunctional delivery platform
to deliver drugs for the treatment of rectal cancer [67], and vaccines prepared using this
system also provide a new solution for preventing recurrence after the surgical resection of
melanoma [68]. Hydrogel microspheres [69] obtained by microfluidic device fabrication
combine the advantages of nanomaterials and hydrogels [70], removing the need for
incisions (as required for implantable hydrogels) and reducing the side effects resulting
from the interference of the gelation process after injecting the hydrogel into the organism.

3.4. Microneedle Load Tumour Vaccine

As the first line of defence of the human body, the skin consists of the epidermis and
the dermis. The outermost layer of the epidermis is the stratum corneum, with multiple
layers of flat keratinocytes arranged in close proximity to form a solid ‘wall” to block the
invasion of harmful substances. T-lymphocytes and Langerhans cells (LCs) are important
immune cells in the epidermis and play a key role in identifying and removing pathogens
and tumour cells in the skin and initiating adaptive immune responses. This is essential for
maintaining skin immune homeostasis [71]. Immune cells such as macrophages, mast cells,
neutrophils, and dendritic cells in the dermis also make an indelible contribution to the
body’s immune defence. Therefore, subcutaneous vaccination is recognised as one of the
most effective routes of vaccination.

Microneedling (MN), as a new physical transdermal drug delivery technology, consists
of an orderly array of tiny micron-sized tips with a self-contained substrate that can
accurately and directionally penetrate the stratum corneum [72], the first line of defence of
the skin. Micron-sized fine mechanical channels are opened for vaccine delivery without
damaging deep tissues (Figure 2).

The microneedle painlessly penetrates the stratum corneum of the skin and then
recruits a large number of DCs and T cells under the skin. After the vaccine (antigen)
comes into contact with the DCs in the surface layer of the skin, the DCs will transport
the antigen to the lymph nodes and induce an immune response [73]. This stimulates the
activation of T cells; thus, the body rapidly produces a large number of CD4" and CD8" T
cells to activate its adaptive immune response. A memory response may also be produced
when cancer antigens are encountered in the future, thus preventing the occurrence and
recurrence of cancer as much as possible. This has the advantages of low cost, high safety,
simplicity, painlessness, etc., and it is a minimally invasive and efficient drug delivery
method that improves the immunogenicity of the vaccine. This new method of vaccine
delivery (Table 3) has shown great potential [74].
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Figure 2. Specifics of different types of microneedle drug delivery.
Table 3. Design and application of different types of microneedles.
Mic_rr(;,l;)eeedle Mal&‘gﬁgging Specifications Matrix Material Loaded Drug Application Published
Antitumour effect
; ; 10% PVP and 10% - b
Solid . . 800 pm height, 200 pm base, Adenovirus validation for
microneedles Micromoulding and 500 um pitch Sllcg‘r?s:gr(:é;g;al (PeptiCRAd) melanoma and 2024[75]
pulmonary carcinoma
Single needle height of Detection of glucose and
3D printing 800 wm, bottom diameter of PDMS —_— lactate expression levels 2023 [76]
00 pm in ISF
miggrlllgg:lles o CNC-controlled hollow
Cationic liposome microneedle injection
Etching 50 pm inner diameter Sapphire HPV E743-63 SLP system 2018 [77]
vaccine for tumour vaccine
delivery
Tip size 250 um x 250 um, g R
WU Miomoudng g 0D NNpAG G Nengoigrome e el aars
sizelem X 1em
13 x 13 array, 1 mm tip-to-tip . S
. . . . . . Live t 11 Inhibit f mel.
Micromoulding dlsta;clg ig:()]szg(:lv pl.;r; high Culture medium é‘;‘écﬂlrg?,}lé\cl‘; grol w1t }110;}\ (él rr;:eui?eii‘lr?: 2025 [79]
Frozen
microneedles 2.5% (v/v) DMSO
Low-temperature Height 950 um, base width and 100 mul:/[ sucrose Co-delivery of DC Prevention and 2022 [80]
micromoulding 400 pm phosphate-buffered vaccine and aPD1 treatment of melanoma
saline (PBS)
Quadrilateral . s
pyramid-shaped needles, - Antigen-undefined Effectlve_l y mh1b1ts
. . . Hyaluronic acid melanoma invasion and
Micromoulding 800 um high, 300 um base (HA) and PVP K90 whole tumour cell regresses existing 2023 [81]
diameter, in 12 x 12 uniform vaccine (TCV) N N
Dissolvable array, 750 pm tip spacing malignancies
microneedles
S ior to standard
300 um diameter and 600 mt?frir:l(;u(l)asr iar?'e catlion
Micromoulding pum length, spaced 50 um PVA solution DNA vaccine . .. jec 2018 [82]
apart in preclinical cervical
cancer models
Combined melanoma
Two-step process —_— HA Ph(é’tgglgfrr;l?lcae%ent treatment ar:pl skin 2024 [83]
Hydrogel regeneration
microneedles MNP needle tip spacing is Stem-cell-derived .
Micromoulding 700 wm in diameter, 500 pm DAM and HAMA mitochondria-rich Promotes chronic 2024 [84]
in height, and 270 um in base EV wound healing
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In order for microneedles to be able to successfully puncture the skin for drug de-
livery without affecting their own morphology or that of the drug, a matrix microneedle
material is required. Microneedles are usually classified into six categories: solid, hollow,
porous, frozen, soluble, or hydrogel. Solid microneedles can deliver tumour vaccines
with viruses [75] as the raw material, and their fabrication requires precise techniques and
technologies, such as photolithography, etching, and other micromachining technologies.
Compared to solid microneedles, hollow microneedles have internal cavities that can hold
more drugs, enabling higher drug loading to meet some therapeutic needs. A numerically
controlled CNC hollow microneedle injection system developed based on the structure
of hollow microneedles (DC-hMN-iSystem) was combined with the cationic liposomal
HPV E743-63 SLP vaccine to achieve low-speed vaccine microinjection [77]. This enabled
the effective control of tumour growth; however, the construction of this microinjection
system has certain technical requirements, which negatively affect its applicability. Porous
microneedles, due to the specificity of their structure, are often used as probes to detect
changes in organismal biomarkers or indicator changes; scientists have also used porous
microneedles to deliver exosomes wrapped with the STING agonist MSA-2 (MEM) [78] as
a way to optimize the effect of radiotherapy, effectively preventing the recurrence of tu-
mours. Frozen microneedles have incomparable advantages over other microneedles in the
delivery of live cells. Frozen microneedles have been loaded with a live tumour cell vaccine
(TCV) and shown, after administration, to recruit more DCs that help control the growth of
tumours and improve the quality of the immune response. Frozen microneedles can also
significantly increase the infiltration of tumour CD8* T cells, showing great potential in
inhibiting melanoma growth and recurrence [79]. Soluble microneedles are widely used
in tumour vaccine delivery; one study described the delivery of a cervical cancer vaccine
via soluble microneedles, and the inhibition of tumour growth was even better than that
achieved by standard intramuscular injections in preclinical models of cervical cancer [82].
Most research on hydrogel microneedles in the field of oncology is linked to photothermal
responses or photodynamic therapy [83], but there are many studies proving the feasibility
of hydrogel microneedles for delivering exosomes of a cellular origin [84-86]; therefore,
although there are no systematic studies on the delivery of tumour vaccines via hydrogel
microneedles yet, there is huge potential and opportunity lurking.

4. Challenges in the Clinical Translation of Oncology Vaccine
Delivery Systems

Cancer vaccines are the most promising and cost-effective anti-tumour strategy. In
addition to the development of effective anti-tumour vaccines, the selection of the appro-
priate mode of vaccination also plays a large role in improving the efficiency of the vaccine
and reducing the side effects of the drug. The advantages of the injection method, which
allow for the administration of large doses and the precise control of the administered dose,
have cemented its place in the long history of the research and development of tumour
vaccines. However, with the development of the medical industry, people are gradually
discovering that high-dose administration also implies an increased risk of allergies and
adverse reactions. The emergence of nasal spray vaccines, as well as the development of
the PJI, vaccine tattoos, gels, and microneedle arrays, indicate that people are no longer
satisfied with the simple and traditional method of vaccination via injection, but are looking
for a more efficient and minimally invasive method of delivery.

Compared with the squeeze—push injection of the same vaccine dose, microneedle
administration can induce a stronger immune response, and if the matrix of the microneedle
is a hydrogel material, it can also achieve the effect of slow release, which enhances the
efficacy of the vaccine and reduces its toxicity [87]. In this way, a minimally invasive
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and painless method is also achieved, which greatly improves the patient’s adherence to
medication. In addition, the use of microneedles presents a new direction for administering
medication for patients with a ‘needle tip phobia’, which is of great convenience to such
special patients. Microneedles with a high biosafety and good compatibility are often made
from biodegradable or organic materials, and over time, their structure will change or even
the tip of the needle will disappear, thus avoiding the problem of disposal in medical sharp
waste [88] and avoiding cross-infection.

Although microneedle vaccination is simple and fast, can be self-administered, and
has lower labour costs, in addition to the vaccines being more easily preserved compared to
liquid preparations, the cost of production is still a key issue that must be considered. While
most microneedle-related research focuses on design and application, the manufacturing
of microneedle patches on a large scale is also a central issue in their translation to clinical
settings [89]. Few microneedle patches have actually been licensed or entered the medical
device market due to the limitations of the manufacturing technology, which cannot support
the low-cost mass production of microneedle patches.

5. Conclusions and Outlook

Injectable vaccines, oral vaccines, and tumour vaccines prepared as a gel or adminis-
tered via a microneedle together constitute a multifaceted system of vaccination modes,
each with its unique advantages. Microneedle patches are a promising, safer, and less toxic
matrix material for tumour vaccine delivery, and have unique benefits.

Compared with other tumour vaccine delivery methods that have entered the clinical
research stage, microneedle research is still in the early stages, and there is a significant gap.
Although microneedle technology can achieve relatively accurate and efficient drug deliv-
ery via vaccines, several key problems still need to be overcome in practical applications.

From the perspective of clinical translation, the first problem is that a standardised
production process for microneedle vaccine delivery systems has not yet been realised,
which is closely linked to the development of science and technology. Increasing investment
in equipment and technology; searching for sterile, durable, safe, and higher-quality
manufacturing methods; and increasing the output rate of microneedles via high-quality
control will benefit remote areas with poor patient access and achieve cancer prevention in
the truest sense.
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