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Abstract 

Microneedles have emerged as a promising platform for cancer immunotherapy, offering targeted approaches to both drug 
delivery and diagnosis. Owing to their minimally invasive nature and precise control over drug administration, microneedles have 
the potential to improve therapeutic outcomes for cancer patients. This review provides an overview of recent advances in the 
use of microneedles for tumor immunotherapy. We first introduce their fundamental mechanisms and various classifications, 
followed by an examination of their roles in therapeutic intervention and diagnostic monitoring within the context of 
immunotherapy. The distinctive design of microneedles facilitates efficient therapeutic delivery and supports synergistic integration 
of immunotherapy with other treatment modalities, including chemotherapy, radiotherapy, and photothermal therapy. Finally, we 
explore future directions for microneedle-based systems and their potential to further improve the efficacy of cancer 
immunotherapy. 
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Introduction 
Cancer remains the second leading cause of 

mortality worldwide, with its high incidence and 
mortality rates posing a major challenge to global 
public health [1–10]. Conventional therapeutic 
approaches, such as chemotherapy, radiotherapy, and 
surgery, remain widely employed; however, they are 
frequently accompanied by serious adverse effects. In 
particular, systemic toxicity and drug resistance can 
significantly compromise patients’ quality of life [11–
16]. These treatment-related burdens may also have a 
substantial impact on patients’ overall well-being [17–
22]. Immunotherapy has emerged as a promising 
alternative; however, its effectiveness is still limited by 
two principal barriers. The tumor microenvironment 
(TME) with immunosuppressive properties can inhibit 
the activity of effector cells. Meanwhile, the dense 
extracellular matrix of solid tumors limits drug 
penetration and distribution [23,24].  

Transdermal drug delivery systems offer a 
complementary therapeutic approach [25–27]. These 
systems deliver drugs directly to local targets, which 
reduces the liver's metabolic clearance of the drugs 
and also helps lower systemic exposure and toxicity. 
Many compounds have been previously studied that 
support transdermal drug delivery [28–31]. However, 
there are a number of significant issues. One is the 
characteristic of numerous anti-cancer drugs. The 
molecules are large or very polar. Other medicines are 
prone to crystallizing. These features make it hard for 
them to pass through the skin’s stratum corneum 
[32,33]. Another issue is a lack of specificity for tumor 
tissue. This can harm the surrounding normal tissues. 
Moreover, maintaining the effective drug release 
continuously is challenging [34–36]. All of these 
problems restrain the use of transdermal systems in 
oncology. Therefore, there is a need for improved drug 
delivery methods. An important objective for further 
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development of localized cancer therapy is the precise 
and controllable release of drugs. 

Microneedles have the potential to enhance the 
transdermal delivery of drugs. These devices consist 
of small projections. Their size can be as small as the 
micrometer range [37–44], forming microchannels in 
the deep layers of the skin. Drugs can then be 
delivered to specific local areas [45–51]. Compared to 
traditional transdermal methods, microneedles are 
painless. These are minimally invasive treatments that 
can deliver medication efficiently and precisely. Drug 
release can also be controlled. Microneedles can 
bypass the liver and intestines, allowing the drug to 
enter the bloodstream directly. This raises drug 
concentration and bioavailability [52,53]. The 
technology also enables sustained release, thereby 
maintaining stable drug levels in the body over an 
extended period. The minimal pain associated with 
microneedles may improve patient adherence while 
reducing fear of needles [54,55]. Given their minimally 
invasive nature and efficient delivery capabilities, 

microneedles are emerging as a promising option for 
cancer therapy. They can also facilitate the 
combination of immunotherapy with other 
treatments, potentially achieving improved antitumor 
effects [56]. Furthermore, microneedles are considered 
safe, well tolerated, and cost-effective, and have 
shown substantial progress in tumor immunotherapy. 
Therefore, a comprehensive review of their current 
applications and recent developments is warranted. 

This review discusses microneedle technology 
for cancer immunotherapy. We summarize recent 
progress in this field (Figure 1). We first explain how 
microneedle systems work, and sort them into 
categories. Then we talk about their current 
applications in immunotherapy and diagnostic 
monitoring. We analyze the potential of combining 
microneedles with other therapies. We also discuss 
existing problems and future research directions. Our 
goal is to clarify how microneedles can be translated 
into clinical use for cancer immunotherapy. 

 

 
Figure 1. An Overview of Microneedle Technology in Cancer Immunotherapy. Microneedles bypass the stratum corneum and deliver immunotherapeutics directly into the 
skin with minimal invasion. Solid microneedles create microchannels while providing physical and material cues that stimulate local immunity; hollow microneedles enable 
controlled infusion of checkpoint inhibitors or vaccine components; coated microneedles release surface-loaded drugs or adjuvants rapidly; and dissolving microneedles embed 
payloads in biodegradable matrices for release as the needles dissolve. These platforms support transdermal tumor vaccination, cutaneous checkpoint blockade, and combination 
regimens with photodynamic therapy, chemotherapy, or radiotherapy. 
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Fundamental principles and 
classification of microneedle technology 

Microneedles are miniature needle-like devices 
ranging in size from tens to hundreds of micrometers 
[57,58]. They are capable of penetrating the stratum 
corneum without irritating the nerve endings beneath 
it. The main applications of such microscale systems 
are transdermal drug delivery, vaccine delivery, and 
collection of biological samples [56,59–68]. The 
microneedle structure is typically composed of three 
basic components. It contains a sharp tip for breaking 
through the skin barrier, a needle shaft that transports 
the active substance to be administered, and a support 
base for stability and easy handling. The special design 
produces temporary microchannels on the surface of 
the skin [69]. Microneedles have several clinical 
advantages. They skip the first-pass elimination, and 
they enhance patient compliance with drug therapy. 
Meanwhile, they reduce the number of specialist 
clinical staff. The major benefit of their use is the 
capacity to exert localized therapeutic activity, but 
with reduced systemic toxicity [70]. 

Classification of microneedle systems 
Depending on their structural design and drug 

delivery mechanisms, commonly used microneedles 
can be divided into four major categories. All 
categories have their own specialties and drawbacks 
[71–73]. Generally, skin pretreatment is performed by 
using solid microneedles. Microneedles form tiny 
holes in the skin. This facilitates the absorption of other 
medications. The needles are devoid of any 
ingredients. Hollow microneedles are microneedles 
that contain a channel inside the needles. They can be 
used for sustained drug delivery. They also have the 
ability to harvest biological fluids [74–76]. The needles 
are applied in vaccination and biosensing [77]. Soluble 
microneedles are made of biodegradable polymers 
[61]. They are absorbed by the body slowly when in 
the skin. Their drug release profile is sustained-release 
[78]. This approach is useful in tumor therapy and 
immunotherapies [79–81]. Coated microneedles are 
needles coated with a layer of drug. They eject the 
drug rapidly following penetration of the skin. This is 
helpful in a treatment that requires quick action [79, 
82]. 

Solid and hollow microneedles offer high 
mechanical integrity and precise volumetric delivery. 
However, they do need to be used singly at any given 
time, or they are difficult to make. This makes it hard 
to use the product on oneself. The coated type of 
microneedles carries less drug. They can also come out 
with their coating during insertion. A soluble 
microneedle is easy to use and enables controlled 

release. However, it is not very potent. Residual 
polymer in the skin could lead to safety concerns. 
Soluble microneedles are considered to be the most 
promising for clinical applications (assessed for 
vaccines and immunotherapies). However, the 
challenges of either large-scale manufacture at room 
temperature or long-term storage stability remain 
significant challenges. 

Materials determine performance and 
biocompatibility 

Microneedle performance is determined by the 
materials used. It has an influence on mechanical 
strength, drug release, and safety. Metal needles are 
tough but may not be very biocompatible [23]. 
Polymer systems are better tolerated by the tissues. 
They can also be degraded at a variable rate [60,83–85]. 
Depending on composition and structure, various 
functional microneedles are available. Solid ones are 
those that are made of non-degradable materials such 
as silicon or metal. They are structurally good but may 
raise questions about complex handling and dosage 
accuracy. The main application of these is skin 
pretreatment and low-level delivery [86]. The 
microneedles coated with the drug are also comprised 
of high-strength materials like silicon or metal. They 
suffer the drawbacks of potential instability of coatings 
and limited capability for drug loading. Vaccines [87–
89] are typical highly active drugs for which these 
microneedles are used. Compared with solid and 
coated microneedles, the hollow microneedles have 
greater drug loading capabilities and can be used to 
develop sustained and controlled releases of drugs 
[90–92]. However, they are prone to channel blockage 
due to their complex design, and their manufacturing 
process is relatively complex. They can be employed 
for the delivery of sensitive biological compounds and 
can also be applied to diagnostic methods like 
interstitial fluid sampling [93]. Dissolvable 
microneedles are manufactured from water-soluble 
polysaccharide materials or biodegradable polymer 
materials [94]. Once injected, the needle-like matrix 
dissolves in tissue, and the therapeutic drug contained 
within the matrix is released from it. They are 
biocompatible, user-friendly, and cheap to make. They 
may be able to transport several medications, and the 
release can be timed or controlled. Their 
disadvantages, however, are that the drug tends to 
diffuse during their manufacture and that cross-
linking agents leave behind residues in the skin [61,95–
98]. Hydrogel-based microneedles exhibit 
considerable swelling capacity. The needle tip absorbs 
the tissue interstitial fluid, leading to controlled drug 
elution [99–104]. Typically constructed from 
hydratable polymer matrices, they provide excellent 
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tissue compatibility without leaving residues, feature 
straightforward fabrication and application, and allow 
regulated drug release [105–108].  

The clinical applicability of each type of 
microneedle depends on addressing type-specific 
limitations. Solid and hollow microneedles carry the 
risk of needle breakage. They also require trained 
personnel to perform multistep procedures. These 
requirements limit their use in large-scale vaccination 
campaigns. Coated microneedles have a low drug-
loading capacity. They are therefore suitable only for 
the delivery of highly potent drugs. Dissolvable 
microneedles offer a good balance between safety, 
convenience, and controlled drug release. However, 
they have low mechanical strength. Batch-to-batch 
variation also requires engineering solutions. Smart 
microneedles are stimulus-responsive devices. Unlike 
conventional systems, they enable dynamic control 
(Figure 2). 

Next-generation microneedle systems 
There is a continuous development of materials 

science and flexible electronics. The applications of 
microneedles continue to grow. They are now not 
limited to the delivery of drugs transdermally. They 
are evolving into an intelligent diagnostic and 
therapeutic platform. Smart microneedles are based on 
stimulus-responsive materials and sensors. They sense 
abnormal signals from the tumor microenvironment 
(TME). Then they take drugs to certain areas on certain 
dates [109,110]. This is in contrast to traditional passive 
diffusion microneedles. In the field of cancer 

immunotherapy, tumor sites tend to be more acidic, 
have greater temperature changes, have more 
abnormally active enzymes, and have more redox 
imbalance. These features help trigger smart 
microneedles precisely. pH-responsive polymers are 
polymers that degrade or change structure in the 
acidic TME. This allows for the local release of 
immunostimulants, chemotherapeutics, or immune 
checkpoint inhibitors. It also has the advantage of 
minimizing exposure to normal tissues. The 
temperature-responsive hydrogels can undergo phase 
transitions in response to external temperature stimuli 
or temperature changes in inflammation. 
Enzyme-responsive microneedles rely on the 
overexpression of the enzyme matrix 
metalloproteinases in tumors. These enzymes are able 
to degrade the needle matrix and lead to drug release. 
Redox-responsive nanocarriers make use of high 
levels of glutathione in tumor cells, which break 
disulfide bonds. This will permit the selective release 
of the drug within cells [111–116]. Other than single-
stimulus systems, multi-response microneedles 
enhance spatiotemporal control in tumor 
immunomodulation. They deliver several drugs 
successively as per the requirements of the treatment. 
They, for instance, first secrete chemotherapeutics to 
induce immunogenic cell death (ICD). Then they set 
free dendritic cell stimulants or immunostimulants. 
This enhances the presentation of antigens and 
adaptive immunity. This is similar to the way the 
natural immune response takes place, albeit to some 
extent. It helps to boost immunity in the area where 

 

 
Figure 2. Classification of immunomodulators in microneedle-based cancer immunotherapy. Microneedle-based cancer immunotherapy leverages four classes of 
immunomodulators. Immune checkpoint inhibitors, including antibodies, peptides, and siRNAs, restore T cell function by blocking coinhibitory pathways. Microenvironment 
remodellers, such as autophagy modulators, metabolic agents, and cytokines, dismantle the immunosuppressive barriers in the tumor stroma. Cell death inducers, including 
chemotherapeutics, radiation sensitisers, and phototherapeutic agents, release damage-associated molecular patterns and expose tumor antigens to initiate adaptive immunity. 
Lipid-based adjuvants, such as Toll-like receptor agonists, Stimulator of Interferon Genes (STING) agonists, and inflammasome activators, trigger innate sensors to drive 
dendritic cell maturation and antigen presentation. Encapsulated in dissolving, hydrogel, or stimuli-responsive microneedles, these agents achieve localised transcutaneous 
delivery with limited systemic exposure and improved efficacy against primary and metastatic tumors.  
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the tumor is present. Smart microneedles coupled with 
nanocarriers increase drug retention time. They 
maintain the levels of local drugs throughout the 
treatment. This makes drug administration less 
frequent. It also plays a role in immune memory [117–
123]. Recently, microneedles with embedded sensors 
are of increasing interest. These systems are based on 
arrays of microneedles containing microelectrodes, 
electrochemical sensors, or optical probes. They track 
in real time the pH, inflammatory factors, and tumor 
markers in interstitial fluid [124–126]. In this mode, the 
sensor is used to identify abnormal biological signals. 
This in turn leads to the liberation of the drug or to an 
external physical stimulus [115]. Most of the current 
studies are still at concept validation or animal testing. 
Power sources, wireless transmission, and intelligent 
algorithms are still improving to make them 
biocompatible. Smart microneedles are expected to 
progress further (Figure 3). 

Application of microneedles in tumor 
immunotherapy 
Microneedle-induced local immune responses 

The use of microneedles allows for minimally 
invasive drug delivery. They also regulate the tumor 
microenvironment by their physical and chemical 
characteristics. This enhances anti-tumor immune 
responses. 

Mechanical penetration triggers innate immune 
activation 

Microneedles initially penetrate the epidermis 

and dermis. Temporary microchannels form. There is 
minor damage to the tissue. DAMPs are released. 
Components of the extracellular matrix are exposed. 
The stiffness and shape of microneedles will affect 
penetration depth. The needles are stiff, are of the right 
size, and penetrate the stratum corneum. This allows 
antigens to be more easily delivered to immune cells 
[127]. These signals are detected by skin-resident 
immune cells, particularly epidermal Langerhans cells 
and dermal dendritic cells and macrophages. They 
detect damage. An innate immune response starts. The 
activation of TLR4 leads to the activation of 
downstream signaling. This is based on MyD88 
(myeloid differentiation primary response 88). The 
NF-κB pathway within these sentinel cells gets 
activated [128–132]. Keratinocytes and fibroblasts 
react. They produce IL-1β, IL-6, and TNF-α [133–135]. 
Chemokine expression increases. More immune cells 
are recruited to the area. 

Material engineering strategies for immune 
modulation 

Material choice involves considerations that 
extend beyond physical properties. The skin contains 
numerous immune cells [136,137], providing a natural 
environment in which microneedles can directly 
regulate immunity. The chemical properties of the 
matrix, together with its degradation properties and 
surface characteristics, play important roles in 
controlling the release of antigens and 
immunomodulators. These factors can subsequently 
influence the extent of dendritic cell maturation and 
the level of T-cell activation [138–140]. 

 

 
Figure 3. Microneedle (MN) designs before and after skin insertion. Solid MNs pierce the stratum corneum and are withdrawn, leaving microchannels for permeation and 
local immune cues. Hollow MNs use a central lumen/reservoir to infuse liquid cargo after insertion. Coated MNs carry drug or adjuvant on the needle surface, which hydrates 
and detaches in skin. Dissolving MNs are the dosage form: the loaded matrix swells/erodes and releases cargo as the needles dissolve. Smart MNs remain intact but release in 
response to NIR/radiation, pH, or temperature cues. 
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Hyaluronic acid is a naturally occurring 
glycosaminoglycan. The release of drugs can be 
controlled by the extent of cross-linking and molecular 
weight. Low-molecular-weight hyaluronic acid (< 50 
kDa) is easily dissolved and soon provokes an 
inflammatory reaction and attraction of antigen-
presenting cells. High-molecular-weight hyaluronic 
acid (> 500 kDa), in contrast, is a sustained-release 
system, which extends immune stimulation and 
memory T cells. The extent of immunomodulation by 
this polysaccharide is affected by changes in molecular 
weight differential binding to CD44 and Toll-like 
receptors (TLR2/4). Specifically, high-molecular-
weight hyaluronic acid (> 500 kDa) binds to CD44 
receptors to exert immunomodulatory effects, while 
low-molecular-weight fragments (< 50 kDa) 
preferentially interact with TLR2 and TLR4 to trigger 
pro-inflammatory signaling. It is also not restricted to 
a physical barrier. Degradation products also bind to 
CD44 receptors on macrophages and promote the 
polarisation of M2-like immunosuppressive 
macrophages into M1-like immune-activating 
macrophages [141,142]. Co-delivered medications 
have the ability to suppress regulatory T cells and 
myeloid-derived suppressive cells. They can increase 
the tumour's blood supply and thus promote the 
infiltration of immune cells into the tumour [143]. 

The proportion of lactic acid to glycolic acid in 
polylactic-co-glycolic acid (PLGA) has a great 
influence on immunological results. A high lactic acid 
ratio raises the level of hydrophobicity, thereby 
leading to aggregation of proteins and development of 
antibodies. Increasing the glycolic acid ratio 
accelerates degradation and reduces local 
acidification. This may mitigate the 
immunosuppressive environment caused by tissue 
damage. Besides, the lactic acid produced by PLGA 
degradation can be directly utilised by regulatory T 
cells. This promotes the expansion and functional 
maintenance of regulatory T cells. Therefore, when the 
aim is to overcome immune tolerance, materials with 
high lactic acid release should be avoided, or lactate 
dehydrogenase inhibitors should be considered. 

Chitosan and its derivatives have unique 
advantages due to their cationic characteristics. These 
characteristics confer excellent mucosal adhesion and 
membrane permeability [138–140]. However, charge 
density must be carefully balanced with 
immunogenicity. When chitosan is highly 
deacetylated, it has a greater number of free amine 
groups. This can improve the delivery of intracellular 
DNA vaccines but can at the same time trigger the 
complement system and induce acute inflammation. 
Moderate acetylation leads to a decrease in the 
cytotoxicity, as does PEGylation. Good transfection 

efficiencies are still obtained for intracellular delivery. 
These modifications will also decrease clearance, 
which will limit the rapid clearance through the 
reticuloendothelial system. 

Immune regulation and spatiotemporal precision 
are controlled by stimulus-responsive materials. 
Antigen and adjuvants can be released in specific 
microenvironments from pH-sensitive and enzyme-
responsive materials. This facilitates efficient uptake of 
antigens and accelerated maturation of dendritic cells. 
Adaptive immune responses kick in more strongly. 
Temperature-responsive materials also exist. A 
representative example is poly(N-
isopropylacrylamide), which exhibits a phase 
transition at 32–34 °C. These materials can pair with 
local hyperthermia or photothermal nanoparticles. 
Together they trigger release by heat. Drug delivery 
timing can be adjusted. Real-time conditions in the 
tumor immune microenvironment guide this. 

An alternative strategy exists in which the 
material itself functions as an immune modulator. For 
example, CpG oligonucleotides attach to microneedle 
surfaces. When the microneedles puncture the skin, 
they activate plasmacytoid dendritic cells. This 
happens directly in the dermis. Manganese dioxide 
nanoparticles can also be used. These nanoparticles 
create reactive oxygen species. They do this through a 
Fenton-like reaction. The redox balance at the tumor 
site gets disrupted. ICD is then induced. These 
integrated designs blur the distinction between 
carriers and active ingredients. Thus, immunological 
effects should be considered at the earliest stages of 
material synthesis. 

The topography of the material surface is equally 
important. Nanoscale roughness can mimic the 
patterns found in pathogens. This activates 
phagocytosis in the macrophages. Conversely, overly 
smooth surfaces may trigger a foreign body reaction 
and lead to the formation of fibrous capsules, which 
block contact between the microneedles and immune 
cells. Constructing biomimetic microgrooves or arrays 
of nanocolumns on the surface of microneedles using 
soft lithography or electrospinning has become a 
common approach to actively guide immune cell 
behaviour. 

From a clinical translation perspective, the 
immunological validation of material design requires 
broader assessment than current standards provide. 
Traditional standards primarily focus on acute 
inflammation and sensitisation, and may not capture 
changes in the chronic immune microenvironment. 
Establishing a graded evaluation system for assessing 
immunocompatibility is therefore warranted. Initially, 
innate immune activation should be assessed, 
including complement activation and the cytokine 
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profile. Next, adaptive immune biases, including the T 
helper 1/T helper 2/regulatory T cell balance, should 
be examined. Finally, the establishment and 
maintenance of immune memory should be 
monitored. Material properties must be considered. 
The release kinetics and the immunological outcome 
are also significant. For microneedle technology to 
evolve beyond merely a delivery system to an 
immunotherapy platform, these three elements must 
be carefully considered and incorporated. 

Adjuvant co-delivery and ICD amplify antitumor 
immunity 

The platform is able to deliver agents directly to 
the target site, where ICD is triggered. The DAMPs 
released by the malignant cells activate dendritic cells. 
Antigen presentation improves; more antigen-
presenting cells enter the tumor; and immune signals 
activate tumor-specific T cells. Immune memory can 
be established, leading to a lower risk of relapse 

(Figure 4) [144,145]. 
Microneedles can also carry immune-boosting 

agents. This is on top of the ICD immune cascade and 
enhances the antitumor response of the body (Figure 
5) [146]. As an example, microneedles have the ability 
to deliver granulocyte-macrophage colony-
stimulating factor (GM-CSF). Its release fosters the 
recruitment of the dendritic cell and augmentation of 
the antigen uptake. This enhances the Langerhans-cell 
density and T-cell clonal diversity in tumor-draining 
lymph nodes [68]. The platform has the potential to 
present immune modulators like CpG 
oligonucleotides, which elicit antitumor effects and 
suppress tumor growth. Diagnosis is done with the 
use of microneedles to remove skin interstitial fluid, 
and in this way longitudinal analysis of immune 
parameters, such as macrophage and effector T-cell 
responses, is monitored [142]. To conclude, material-
based immune modulation, ICD induction, adjuvant 
delivery, and diagnostic monitoring allow a strong 
long-term antitumor immune response [147]. 

 

 
Figure 4. (A) Preparation workflow of the CF-CFA-MN dual-layer microneedle system for synergistic induction of cell death and ferroptosis for tumor treatment. (B) 
Representative micrograph of CFA-MN. (C) Body temperature of 4T1 tumor-bearing mice. (D) Relative tumor volume among the different groups of treatment. (E) 
Haematoxylin and eosin-stained representative tumor sections from mice of each treatment group. Adapted with permission from [145]. Copyright © 2025 Elsevier Inc. 
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Figure 5. Microneedle-induced local immune response. (A) The composite microneedle system demonstrates synergistic antitumor efficacy through activation of the Stimulator 
of Interferon Genes (STING) pathway and induction of immunogenic cell death. (B) tumor growth curves across experimental groups. (C) Representative images of lung 
metastatic foci on day 14 post-inoculation, with quantitative analysis of metastatic nodules and lung weight ratio. (D) Haematoxylin and eosin-stained lung tissue sections (with 
insets showing metastatic lesions) and immunofluorescence staining for CD8⁺ T cells and interferon-γ. Adapted with permission from [146]. Copyright © 2023 Wiley. 

 
Delivery of immune checkpoint inhibitors 

Microneedle technology offers a novel and highly 
efficient approach for the administration of immune 
checkpoint inhibitors. Conventional intravenous 
delivery is associated with the risk of systemic toxicity 
and an increased potential for drug resistance. In 
contrast, microneedles facilitate precise localised drug 
delivery with on-demand release capabilities. These 
devices can breach the stratum corneum to administer 
immune checkpoint inhibitors directly into the TME. 
This method substantially increases drug 
bioavailability and concurrently minimises off-target 
adverse effects. Microneedle systems may therefore 
improve the effectiveness and safety of 
immunotherapeutic agents. For instance, 
biodegradable patches loaded with antibodies against 
programmed cell death protein 1 (PD-1) have 
demonstrated superior antitumor efficacy compared 
with traditional intravenous injections. These 

platforms also show marked synergistic outcomes 
when administered with therapy targeting cytotoxic 
T-lymphocyte-associated protein 4 (CTLA-4) [148]. 
Advancements in this field have led to the 
development of core-shell microneedle designs 
capable of co-delivering anti-PD-L1 antibodies and the 
indoleamine 2,3-dioxygenase inhibitor 1-
methyltryptophan, thereby augmenting T cell 
recruitment and improving melanoma growth 
suppression [149,150]. Gilardi et al. devised a localised 
delivery strategy for immune checkpoint inhibitors 
using dissolvable microneedles. This study has 
targeted and administered an anti-CTLA-4 antibody 
via microneedles to tumors of the head and neck. This 
preserved the antitumor activity of CD8+ T cells and 
conventional type 1 dendritic cells (cDC1s) [151] and 
may limit the systemic distribution of the antibodies 
and the resulting side effects, minimizing unwanted 
systemic exposure. Drugs can be released from 
stimulus-responsive materials under specific 
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conditions. Some systems are degraded in the acidic 
tumor environment and release drugs locally and are 
more effective for treatment and also for local control. 
Healthy tissue stays untouched. This method sharpens 
immunotherapy. It also fights immunosuppressive 
environments. The same technology stops cancer from 
coming back after surgery. Yin et al. used soluble 
microneedles. They delivered photoimmunotherapy 
nanoparticles to the tumor. These nanoparticles were 
coated with M1 macrophage membranes. They also 
carried black phosphorus quantum dots and 
doxorubicin. This approach induced ICD through 
chemophototherapy, substantially enhancing the 
effectiveness of anti-PD-L1 immunotherapy. This 
strategy inhibited postoperative recurrence and 
metastasis in breast cancer and melanoma models, 
accompanied by observable T cell activation and the 
establishment of long-term immunological memory 
(Figure 6) [152]. 

Xiang et al. engineered a dissolvable microneedle 
patch for the transdermal co-delivery of the TLR7/8 

agonist R848 and an anti-PD-1 inhibitor. This 
combination stimulates dendritic cell maturation 
directly within the tumor, enhances CD8+ T cell 
infiltration, and disrupts the PD-1/programmed death 
ligand 1 (PD-L1) pathway to alleviate 
immunosuppression. It inhibited both tumor 
recurrence and pulmonary metastasis in a 
postoperative model of triple-negative breast cancer 
[153]. Zhang et al. developed a biodegradable, 
implantable microneedle device designed to slowly 
release factors that activate glioblastoma-associated 
macrophages, along with a TLR9 agonist, into the 
tumor cavity following resection. This method 
reprograms remaining macrophages. They become a 
proinflammatory type. It also helps recruit T cells [45]. 
This lowers the chance of tumor regrowth. These 
studies show microneedles can deliver immune 
checkpoint inhibitors locally. This boosts cancer 
immunotherapy effectiveness. It also cuts down on 
systemic side effects (Table 1). 

 

 
Figure 6. Research on the application of microneedle technology in immune checkpoint inhibitor delivery systems. (A) (i) Schematic of the anti-PD-1 delivery system based 
on microneedle patches applied for melanoma treatment. (ii) Scanning electron microscopy (SEM) image of the nanoparticles. (iii) SEM image of the microneedle patch. (iv) 
Fluorescence imaging of fluorescein isothiocyanate-labelled antibody-loaded nanoparticles in a microneedle patch. The scale bars are 100 nm in (ii), 200 μm in (iii), and 200 μm 
in (iv). Adapted with permission from [148]. Copyright © 2016, American Chemical Society. (B) Technical scheme for the combined use of the BD@LM microneedle patch 
with anti-PD-L1 immunotherapy. Adapted with permission from [152]. Copyright © 2025 Elsevier B.V.  
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Table 1. Application of dissolving microneedles for localised delivery of immune checkpoint inhibitors in cancer treatment 

Composition Diseases Treatment Mechanism Key Advantages Limitations Ref. 
Anti-PD-1 antibodies Melanoma Immunotherapy Localised delivery of ICI, 

enhanced antitumor 
immunity 

Superior efficacy vs. IV 
injection, synergistic with 
anti-CTLA-4 

Systemic toxicity and drug 
resistance risks of 
conventional IV delivery 

[148] 

Anti-PD-L1 antibodies + 
IDO inhibitor 1-MT 

Melanoma Immunotherapy Co-delivery augments T 
cell recruitment, 
suppresses tumor growth 

Enhanced T cell 
recruitment, improved 
melanoma suppression 

Insufficient inherent drug-
loading capacity of 
microneedles, anti-PD-L1 
loading dependent on 
electrostatic interactions, 
risking drug migration or 
inactivation during storage, 
potential immunogenicity 
of chitosan 

[149,150] 

Anti-CTLA-4 antibody Head and Neck 
Squamous Cell 
Carcinoma 

Immunotherapy Sustained CD8+ T 
cell/cDC1-dependent 
antitumor activity via 
intratumoral delivery 

Considerably reduced 
irAEs by limiting systemic 
antibody exposure 

Requires intratumoral 
administration, accessibility 
limitation 

[151] 

M1 macrophage 
membrane-modified 
photoimmunological NPs, 
black phosphorus quantum 
dots, doxorubicin 

Breast cancer, 
Melanoma 

Immunotherapy 
and Chemo-
phototherapy 

ICD via 
chemophototherapy 
potentiates anti-PD-L1 
immunotherapy 

Prevented postoperative 
recurrence and metastasis, 
T cell activation, long-term 
immunological memory 

Multi-component 
complexity, potential 
phototoxicity 

[152] 

TLR7/8 agonist R848 + 
anti-PD-1 inhibitor 

Triple-negative 
breast cancer 

Immunotherapy Stimulates DC maturation, 
enhances CD8+ T 
infiltration, disrupts PD-
1/PD-L1 axis 

Inhibited postoperative 
recurrence and pulmonary 
metastasis 

Potential TLR agonist-
related inflammation, 
transdermal depth 
limitation 

[153] 

Glioblastoma-associated 
macrophage-activating 
factors + TLR9 agonist 

Glioblastoma Immunotherapy Reprograms residual 
macrophages to 
proinflammatory 
phenotype, promotes T cell 
recruitment 

Sustained intracavitary 
release post-resection, 
reduced tumor regrowth 

Invasive implantation 
required, applicable only to 
resectable tumors 

[45] 

CTLA-4: cytotoxic T-lymphocyte-associated protein 4, IDO: indoleamine-pyrrole 2,3-dioxygenase, irAEs: immune-related adverse events, IV: intravenous, 1-MT: 1-
methyltryptophan, PD-1: programmed cell death 1, PD-L1: programmed death ligand 1, TLR: Toll-like receptor 

 
Delivery of tumor vaccines 

Cancer vaccines are designed to trigger targeted 
immune responses against specific cancers. They are 
often grouped by how they are made. Microneedles 
help deliver tumor vaccines. They improve 
immunogenicity and targeting. Traditional delivery 
routes often fail for tumor vaccines. They cannot take 
up lymph efficiently. This stops antigen presentation 
and immune activation. Microneedles break through 
the skin's outer layer. They deliver vaccines into the 
dermis. This area is rich in immune cells. Antigen 
presentation then becomes more effective. The studies 
on melanoma have demonstrated that microneedle 
vaccines can deliver a potent antitumor response with 
acceptable overall safety and hence have potential 
applications in personalized and targeted cancer 
immunotherapy [154]. 

These vaccines are split up into groups based on 
their composition. Nucleic acid-based vaccines are 
eye-catching due to their high immunogenicity, low 
cost, and flexibility of design. DNA vaccines are stable 
during storage and transport, and mRNA vaccines do 
not require going into the cell nucleus. Both typically, 
however, need delivery systems to gain access to cells. 
During microneedle formulation, interactions 
between the microneedle matrix materials and nucleic 
acid carriers need to be controlled to maintain overall 
transfection efficiency. Microneedle delivery results in 
higher expression of genes and higher immune 

responses such as antibody production and T cell 
activity when compared with standard needle 
injections [155]. 

This technology is confirmed in real-world tests. 
The delivery of RALA/pDNA nanoparticles was done 
using freeze-dried dissolvable microneedles (MNs) 
made of polyvinyl alcohol (PVA). Approx. 50 µg was 
obtained from each array, which is in the effective 
range of DNA vaccines. This approach has been 
shown to cause greater cytotoxic and immune 
responses, delay the onset of tumors, and slow the 
growth of tumors in a cervical cancer model, 
compared with intramuscular injections [156]. A 
second study employed cationic RALA for the 
condensation of DNA to form nanoparticles that were 
administered via a polyvinylpyrrolidone microneedle 
patch. This induced a long-term cellular immune 
response to prostate stem cell antigens in skin 
immunization in both preventive and treatment 
settings. It inhibited growth and decreased the tumor 
burden [157]. There has been extensive research 
studying dendritic cell and whole tumor cell vaccines. 
Whole-cell vaccines are effective in exposing a variety 
of tumor-associated antigens and counteracting the 
immunosuppressive effects of the tumor. In a study, 
the researchers used Prussian blue nanoparticles to 
induce ICD in A20 lymphoma cells. The whole-cell 
vaccine was able to activate dendritic cell responses. 
Microneedle patches in porous gel of GelMA and 
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PLGA showed enhanced lymphatic uptake and 
comfort [158]. GM-CSF and Tat-beclin 1 were 
delivered in another whole-cell system, TCV-DMNs. 
These combined to increase antigen uptake, 
autophagy, dendritic cell maturation, and 
presentation, leading to antitumor immunity. The 
system resulted in the prevention of melanoma, and in 
mice with established tumors, it shrank the tumors, 
leaving the mice free of tumors for more than 40 days 
[159]. 

Viral vectors are employed in third-generation 
vaccines. They are similar to viruses but do not contain 
any viral genome and are created by the interaction of 
viral structural proteins. This involves cloning of the 
genes in an expression cassette [160]. In this regard, 
Boone et al. created a self-propelled microneedle 
system based on reaction-driven thrust. PvBNP 
adjuvant nanoparticles are pushed by the action of 
magnesium microparticles into the tissue fluids in the 
TME, where they can penetrate deep into the tumor 
[161]. This was an active microneedle that performed 
better than passive microneedles and conventional 
injections. It inhibited the growth of tumors, 
prolonged survival, and triggered local innate and 
systemic adaptive anti-tumor immunity in melanoma 
models. 

The fourth category covers protein or peptide 
antigen vaccines. Ovalbumin is a classic model 
antigen. It is often used to test microneedle 
immunogenicity because it targets lymph nodes well. 
One study showed that adding particulate adjuvants, 
loaded onto polylactic-polylactic copolymer 
nanoparticles, into dissolving microneedles triggered 
a stronger immune response than standard 
intradermal injection [162]. Later work created a 
hyaluronic acid-based dissolving microneedle system. 
It delivered ovalbumin antigen and poly(lactic-co-
glycolic acid) nanoparticles together through the skin. 
Those nanoparticles carried the polyinosinic-
polycytidylic acid adjuvant [163]. In summary, 
microneedle technology presents a promising avenue 
for advancing tumor vaccine development towards 
highly effective, low-toxicity, and personalised 
immunotherapeutic strategies (Figure 7). 

Microneedles as delivery vehicles for 
combining cancer immunotherapy and 
other treatments 

Microneedle technology offers a highly efficient 
platform for the co-delivery of cancer immunotherapy 
and other treatment modalities. In the field of 
combined chemo-immunotherapy, early studies 
developed nanoparticles incorporating both anti-PD-1 
antibodies and cisplatin for administration via 

microneedles. This method had synergistic effects on 
melanoma models and was able to overcome drug 
resistance [83,164–167]. Progress has seen a 
programmable delivery system created by Tian et al., 
based on dissolvable microneedles (si/DOX@LRGD 
dMNs). It uses pH-sensitive, melanoma-targeting 
liposomes to co-deliver doxorubicin and an anti-PD-
L1 agent. It also potently suppressed tumor growth in 
mouse models using the same doses. This was the 
result of a T-cell response: active T cells were CD8+ T 
cells, which produced IFN-γ [168]. Lan et al. have 
created a patch of microneedle patch based on pH-
sensitive liposomal nanoparticles to achieve the 
delivery of anti-PD-1 and cisplatin to the tumor. The 
nanoformulations stimulated immunity and retarded 
tumor development. This local therapy was more 
effective with animals that were resistant to systemic 
anti-PD-1 therapy [164]. Combining radiotherapy with 
immunotherapy can be achieved using microneedles. 
Hu et al. developed a manganese X-ray responsive, 
microneedle system that is soluble and loaded with 
manganese ions. It enhances the melanoma 
radiosensitivity and activates ICD, due to the 
stimulation of the STING pathway. These 
microneedles used together with radiotherapy and 
immune checkpoint blockade stimulates the 
maturation of dendritic-cells and enhances T-cell-
mediated immune response, which greatly enhances 
systemic antitumor effects (Figure 8) [169]. 

Microneedle platforms have the potential to 
combine immunotherapy with phototherapeutic 
strategies to allow photothermal agents to be targeted 
at tumor locations, enhancing bioavailability and 
reducing off-target toxicity. The hyaluronic acid or 
polyvinyl alcohol matrix can incorporate gold 
nanoparticles, polydopamine, and indocyanine green 
[170]. Microinjected microneedles degrade in tissue 
fluid and discharge their cargo once inside the skin. 
Localised hyperthermia is induced by follow-up near-
infrared irradiation that kills cancerous cells. This 
approach uses two mechanisms, which are 
microneedle penetration of the tumor stromal barrier 
to enhance access to drugs and photothermal effects of 
inducing apoptotic or necrotic cell-death. A single 
system was loaded with anti-PD-1 peptides and thiol-
modified gold nanorods. On insertion, and near-
infrared exposure, the gold nanorods produce ablative 
heat, and emitted peptides boost T-lymphocyte 
cytotoxicity [171]. Equally, Chen et al. created a self-
degrading hyaluronic acid microneedle platform 
comprising of pH-sensitive glucan nanoparticles to be 
co-introduced with hydrophobic zinc phthalocyanine 
and hydrophilic anti-CTLA-4 antibody (Figure 9) 
[172]. 
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Figure 7. Application of microneedle technology in tumor vaccine delivery systems. (A) (i) Schematic representation of the TCV-DMN system for tumor immunotherapy. (ii) 
Imaging analysis of samples using confocal laser scanning microscopy. The top-row images show the lateral morphology of a single microneedle. Scale bar = 200 μm. The bottom 
row shows the B16 cells in the TCV-DMN. Scale bar = 10 μm. These cells underwent multicolour fluorescent labelling prior to imaging: OVA-FITC (green fluorescence), BSA-
Cy5 (red fluorescence), and DAPI (blue fluorescence). Adapted with permission from [159]. Copyright © 2023 Elsevier B.V. (B) (i) Fabrication process of poly(lactic-co-glycolic 
acid) (PLGA) porous microneedle patches. (ii) Macro top view of PLGA porous microneedle patches, scanning electron microscopy (SEM) morphology of surface microneedle 
arrays, and SEM images of microneedle bodies and surface pore structures. Adapted with permission from [158]. Copyright © 2024 by the authors. 

 
Other approaches use composite microneedles 

loaded with both photothermal agents and 
chemotherapeutic drugs, which have shown 
favourable results in melanoma models. The 
immunotherapeutic or chemotherapeutic synergy 
achieved through microneedle-assisted photothermal 
treatment arises from thermally induced increases in 
tumor vascular permeability, which enhances 
subsequent drug penetration and uptake [173–175]. 
This form of synergistic approach can help to surpass 
the drawbacks of traditional monotherapies. These 
mechanisms boost therapy and synchronize immune 
response and tumor destruction. The use of 
microneedles can support transdermal co-delivery of 
agents with different solubility profiles such as anti-
CTLA-4 antibodies and zinc phthalocyanine [172]. 
Coupling of photothermal agents and 
chemotherapeutic drugs into composite microneedles 
has also produced encouraging results in melanoma 
models. The other method involves carrier-free 

nanoplatform that employs catalase as a scaffold. It 
stands in a state of equilibrium until it comes in contact 
with the acidic TME where it restores enzyme activity, 
degrades hydrogen peroxide, produces oxygen, and 
decreases tumor hypoxia, thus enhancing 
photodynamic therapy [176]. The team of Chen et al. 
designed self-assembling microneedles that, when 
used in vivo, self-assemble and deliver micelles 
containing ICD inducers and autophagy inhibitors to 
tumors. The complex delivered after the insertion self-
assembles with a size dependent on the photothermal 
conditions to enable deep penetration of tumors. The 
platform inhibits autophagy and increases the release 
of DAMP in tumors. Moreover, chloroquine 
inactivates NF-κB that leads to M1 polarisation of 
tumor-associated macrophages [177]. Overall, 
microneedle-based platforms may enable the precise 
spatiotemporal co-administration of multiple 
therapeutics. This approach enhances antitumor 
immunity while minimising systemic exposure. 
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Future work should evaluate integrating smart 
stimuli-responsive materials with patient-specific 
treatment regimens to advance tumor immunotherapy 
towards minimally invasive, highly efficient, and 
personalised therapeutic solutions (Table 2, Figure 
10). 

Applications of microneedles in tumor 
diagnosis and monitoring 

The functional characteristics of microneedle 
technology support its use for both tumor biomarker 
detection and monitoring of the TME. Dermal 
interstitial fluid contains various cancer-related 
biomarkers, including proteins, lipids, nucleic acids, 
and extracellular vesicles. Together, these components 
form tumor-specific molecular signatures. 

Microneedles can penetrate the stratum corneum to 
directly obtain samples from the dermis or interstitial 
fluid and collect biological fluids near the tumor in real 
time. This enables continuous monitoring of important 
indicators [178]. Circulating tumor DNA is clinically 
relevant, and so are some patterns of microRNAs and 
tumor-derived exosomes. These support less invasive 
liquid biopsy platforms. Specific molecules, such as 
metabolites and cytokines, can be captured on the 
surface of microneedles with attached antibodies or 
nanomaterials. They can identify early recurrence or 
metastasis and help direct modifications in tumor 
immunotherapy treatment [58]. These tools, in 
combination, enable early cancer screening. They help 
check treatment outcomes. They also aid personalized 
treatment design [179–182]. 

 

 
Figure 8. Microneedle technology is used as a delivery system of tumor immunotherapy that is synergistically combined with radio- and chemotherapy. (A) si/DOX@LRGD 
dMN system: (i) Mechanism of melanoma chemoimmunotherapy, (ii) Scanning electron microscopy (SEM). Scale bar = 100 μm and (iii) Rhodamine B-labelled dMN penetration 
in mouse skin. Scale bar = 100 μm. Based on [168] with modification. Copyright © 2023 Elsevier B.V. (B) Polylactic-co-glycolic acid (PLGA) and Mn (20%)-ZIF-8 MNs: (i) PLGA 
porous MN fabrication, (ii) Mn-ZIF-8 MN solubility, (iii) MN array image, (iv) SEM image of MNs, and (v) haematoxylin and eosin-stained image of rat skin post-puncture. With 
permission, adapted in [169]. Copyright © 2025 The Author(s). 
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Figure 9. Microneedle technology serves as a synergistic delivery platform for combined tumor immunotherapy and phototherapy. (A) Schematic illustration of the mechanism 
by which microneedle (MN)-assisted photodynamic therapy (PDT) combined with immune checkpoint blockade activates latent antitumor immune responses through MN-
mediated co-delivery systems. (B) Scanning electron microscopy image of a hyaluronic acid (HA)-based microneedle patch. Scale bar = 500 μm. (C) Haematoxylin and eosin-
stained cross-section of mouse skin after microneedle puncture. Scale bar = 200 μm. (D) Photographs of mice captured on days 1, 5, and 20 following treatment. (E) Normalised 
tumor volume. Adapted with permission from [172]. Copyright © 2020 Elsevier B.V. 

 
Related studies have supported this approach. 

For example, Tran et al. used a microneedle-assisted 
method to analyse interstitial fluid in the skin and 
found that the levels of proteins such as albumin and 
α-1 antitrypsin were 40% to 60% higher than those in 
serum. This may reflect tumor-associated 
inflammatory responses or changes in the 
microenvironment. Analysing interstitial fluid 
biomarkers has the potential to improve the accuracy 
of predicting cancer recurrence or metastasis by 
approximately 30%, while continuous monitoring of 
changes in its composition can aid in assessing 
treatment response [183]. Based on this foundation, He 
et al. developed a biomimetic three-dimensional 
porous microneedle system. The system has a strong 
liquid absorption capacity and high-density antibody 
immobilisation capability, enabling the high-density 
binding of human epididymis protein 4 and cancer 
antigen 125 on the microneedle surface. Its unique 
groove design effectively prevents cross-reactions 
between different detection components, achieving 
nanomolar-level detection sensitivity [184]. 

Poursharifi et al. developed a microneedle-based 
wearable biosensor patch fabricated using a 
polyurethane-PEDOT:PSS composite via a single-step 
drop-casting process. Mechanical simulations 
confirmed that the microneedles exhibit good 
penetration and structural stability while maintaining 
electrical conductivity. Validation using a human skin 
model demonstrated that the device specifically 
responds to tyrosinase at physiological concentrations 
and did not cause substantial skin irritation or allergic 
reactions. These findings support its use for the non-
invasive detection of melanoma [185]. Another study 
developed a microneedle array platform based on 
wettability control. Hydrogel scaffolds at the tips 
facilitate tissue penetration and three-dimensional 
sampling. The immobilised graphene aerogel 
efficiently concentrates nucleic acid biomarkers, while 
the hydrophobic substrate forms isolated 
compartments for tip-based polymerase chain reaction 
amplification and reduces fluorescence interference. 
This platform enabled the spatial localisation of lung 
cancer nucleic acid biomarkers and highly sensitive 
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detection of occult lesions in animal tissues and clinical 
samples (Figure 11) [178].  

Building on this foundation, the dynamic 
sampling of these biomarkers via the therapeutic 
microneedle platform can provide real-time insights 
into the intensity of local immune responses and the 
efficacy of immunotherapy, thereby establishing a 
monitoring system that is highly aligned with tumor 
immunotherapy centres. In a related study, Dosta et al. 
designed a hydrogel-based microneedle platform. The 
platform combines drug delivery and fluid sampling. 
This platform delivers immunostimulatory agents 
directly into the tumor core. It also collects interstitial 
fluid from the local lesion. The platform was tested on 
mice with melanoma and colorectal cancer. The fluid 
was analyzed, and its immune cell profile was very 
similar to the solid tumor tissue. Following treatment, 
there was a significant increase in the number of 
macrophages and in the influx of effector T cells [142]. 
The combination of treatment and monitoring opens a 
novel approach to investigate antitumor immune 
responses in situ. The majority of studies address static 
biomarkers, and a limited number have analyzed 
immune gene expression before and after therapy. But 
such monitoring of several TME parameters in vivo at 
high spatiotemporal resolution is still scarce. This gap 
could be bridged by therapeutic microneedle 

platforms, which simultaneously deliver drugs and 
monitor real-time responses. They are able to gather 
marker information on TME along with physiological 
or drug measurements in real time [186–188]. In the 
case of cancer patients suffering from diabetes, this 
technology can monitor their blood glucose [189]. Live 
data can help to quickly adjust treatment and identify 
side effects. 

Ways to deal with microneedle cancer 
diagnostics are not perfect. The sample volumes are 
small, and there is a danger of dilution of samples due 
to extraction pressure, and it is difficult to obtain intact 
specimens. Minor proteins and important biomarkers 
in interstitial fluid from skin are difficult to detect 
[190,191]. Antibody binding efficiency may be affected 
by tissue conditions, and biomarker transport from 
blood to interstitial fluid may contribute to a delay in 
diagnosis. Current systems might not be sensitive and 
specific enough. Since the devices cannot be 
integrated, electrochemical biosensors have limited 
lifespans and can only be used for short-term 
monitoring. There is a need for better in vitro skin 
models to validate the use of these, as well as 
improvements in biocompatibility, device durability, 
and the ability to scale up manufacture. These issues 
will lead to greater use and clinical uptake. 

 

 
Figure 10. (A) Schematic of dissolvable MNs with in situ self-assembled nanospheres for photoimmunotherapy. (B, C) Scanning electron microscopy and stereomicroscopy 
images of the MN-ZGC patch. (D) Photoacoustic imaging of tumor sO₂ in 4T1-bearing mice after MN-ZGB or MN-ZGC treatment. (E, F) tumor weights and images of excised 
tumors from each group. Copyright © 2021 American Chemical Society [177].  
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Table 2. Application of dissolving microneedles in combined cancer treatment modalities 
MNs Matrix Material Composition Diseases Treatment Mechanism Key Advantages Limitations Ref. 
Amylopectin, 
Phosphate 

Liposomes 
capable of 
effectively loading 
DOX and siPD-L1 

Melanoma Immunotherapy 
and 
Chemotherapy 

si/DOX@LRGD suppresses 
PD-L1-mediated immune 
evasion while inducing 
immunogenic cell death and 
tumor apoptosis via 
doxorubicin. Simultaneously, 
it stimulates CD8+ T cells to 
secrete interferon-γ and 
elicits potent immune 
responses 

Dual-response precise 
controlled release reduces 
systemic toxicity; siRNA 
silencing is more efficient than 
antibody blockade and 
simultaneously enhances 
chemotherapy sensitivity and 
reshapes the immune 
microenvironment 

siRNA has poor stability 
in vivo and requires 
liposomal protection; the 
durability of PD-L1 
silencing is limited 

[168] 

Polyvinylpyrrolidone 
(PVP) 

Lipid 
nanoparticles 
loaded with anti-
PD-1 and cisplatin 

Melanoma Immunotherapy 
and 
Chemotherapy 

By inducing T cell immune 
responses, blocking the PD-1 
signalling pathway, and 
enhancing the direct 
cytotoxic effects of CDDP on 
tumor cells, synergistic 
antitumor effects were jointly 
activated 

Combined chemotherapy and 
immunotherapy delivery via a 
single platform, lipid 
nanoparticles enhance the 
solubility of hydrophobic 
drugs, pH-responsive tumor-
targeted release 

Concerns remain 
regarding the 
nephrotoxicity and 
neurotoxicity of cisplatin 

[164] 

Tips: hyaluronic acid 
and Mn-ZIF-8 
 
Base layer: 
polyvinylpyrrolidone 
(PVP K90) 

Zeolite 
imidazolate 
framework-8 (ZIF-
8) capable of 
effectively loading 
manganese ions 

Melanoma Immunotherapy 
and Radiation 
Therapy 

Following X-ray irradiation, 
Mn-ZIF-8 microneedles 
continuously release Mn²⁺ to 
activate the cGAS-STING 
pathway. This enhances 
antigen presentation by 
dendritic cells and further 
amplifies T cell-dominant 
immune responses 

High stability of inorganic 
ions, dual functions of 
radiotherapy sensitisation and 
immune activation, 
spatiotemporal precision 
control via X-ray response 

Mn²⁺ has a narrow 
therapeutic window and 
is neurotoxic at high 
doses; the temporal 
control of the X-ray 
response is complex 

[169] 

PMVE-MA (Gantrez 
S-97) 

AuNRs and anti-
PD-1 peptides 

Breast 
cancer 

Immunotherapy 
and 
Photothermal 
Therapy 

Enhances the ability of 
cytotoxic T lymphocytes to 
destroy tumor cells. The heat 
generated upon exposure to 
near-infrared light aids 
tumor elimination 

Precise and controllable 
photothermal effects, easy 
functionalisation of AuNRs, 
low systemic toxicity, 
simultaneous imaging-guided 
therapy 

Limited light penetration 
depth, the long-term in 
vivo metabolism of 
AuNRs is unknown 

[171] 

Hyaluronic acid Photosensitiser 
and anti-CTLA-4 
antibody (aCTLA-
4) 

Breast 
cancer 

Immunotherapy 
and 
Photodynamic 
Therapy 

PDT first exerts its tumor-
killing effect and triggers an 
immune response, 
subsequently promoting 
aCTLA-4-based 
immunotherapy 

Dual photodynamic-
immunological mechanism, 
pH-sensitive, enhanced tumor 
targeting, hyaluronic acid 
offers good biocompatibility 

Photodynamic therapy 
has limited light 
penetration depth; 
aCTLA-4 is associated 
with significant systemic 
toxicity (colitis, 
hypophysitis); and there 
is a risk of cutaneous 
phototoxicity with 
photosensitisers 

[172] 

Hyaluronic acid Immunogenic Cell 
Death Inducer 
(IR780) and 
Autophagy 
Inhibitor 
(Chloroquine, CQ) 

Melanoma Immunotherapy 
and 
Phototherapy 

Upon entering the skin, C/I-
Mil undergoes self-assembly 
and is extensively 
internalised into cells. It 
inhibits autophagy and 
promotes the release of 
DAMPs. Concurrently, 
chloroquine activates the NF-
κB pathway, reprogramming 
tumor-associated 
macrophages to the M1 
phenotype 

Diagnosis and Treatment 
Integration: Near-infrared 
fluorescence imaging 
guidance, in situ self-
assembly-enhanced tumor 
targeting, reversal of the 
immunosuppressive 
microenvironment 

The efficiency of 
immunogenic cell death 
is influenced by tumor 
heterogeneity; 
chloroquine may 
interfere with autophagy 
in normal cells; near-
infrared light has limited 
tissue penetration depth 

[177] 

CTLA-4: cytotoxic T-lymphocyte-associated protein 4, DAMP: damage-associated molecular patterns, NF-κB: nuclear factor kappa B, PD-1: programmed cell death 1, PD-
L1: programmed death ligand 1, PDT: photodynamic therapy, STING: Stimulator of interferon genes. 

 

Summary and outlook 
The field of microneedle technology has made 

great advances and may prove beneficial for cancer 
immunotherapy. It delivers drugs to specific locations, 
is less invasive, and may overcome the limitations of 
drugs in relation to targeting. This review highlights 
the basics and the types of microneedles, therapeutic 
and diagnostic applications, and the use of 
microneedles with other therapies. It provides an 
analytical approach that allows us to compare 

different microneedle designs and their impact on the 
tumor microenvironment and immune response. It 
provides an overview of the relationship between 
delivery accuracy and speed of release and the need 
for closed-loop systems. These systems enable real-
time monitoring, provide feedback, and integrate 
multiple treatment modalities. Besides, this review 
proposes a new classification method for combination 
therapy strategies. This is based on coordination in 
time and space, changing the surroundings, and 
making more antigens. These ideas might be useful for 
future work.  
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Figure 11. Application value of microneedle technology in tumor diagnosis. (A) Surface-immobilised smart probe for epidermal sensing. (i) Operational mechanism of the 
probe on microneedles and its specific chemical reaction with tyrosinase (Tyr). (ii) Representative square-wave voltammetry signal illustrating the signal-on detection principle. 
Adapted with permission from [185]. Copyright © 2025 Wiley. (B) F-PCR-MNA for spatial tumor tissue biopsy. (i) Workflow schematic. (ii) Structural composition of the 
MNA and its biomimetic narrow-mite morphology. (iii) Scanning electron microscopy image of the MNA. Copyright © 2023 The Author(s) [178]. (C) Core workflow for 
ovarian cancer diagnosis via multi-biomarker detection using immune-specifically functionalised hp-MN patches. Adapted with permission from [184]. Copyright © 2025 Wiley.  
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Despite rapid progress, several issues still need to 
be addressed before these methods can be applied to 
patients. Major challenges include mass production, 
long-term safety testing, and patient-specific 
customization [34,61,63,123,186–189]. A major issue is 
how the physical insertion of microneedles alters the 
local tumor immune microenvironment [71]. Our 
current understanding of the molecular cascades 
triggered by tissue injury remains limited [131]. The 
dense extracellular matrix impedes the penetration of 
substances. Abnormal blood vessels present an 
additional barrier [72]. These factors may attenuate 
pro-inflammatory signaling and limit drug 
penetration. Therefore, there is a need to develop 
advanced in vivo monitoring tools with high resolution 
and real-time operational capabilities [58,178]. 
Another objective is to develop smart materials 
sensitive to and responsive to specific conditions in the 
tumor microenvironment, such as certain enzymes, 
abnormal pH changes, or abnormal levels of matrix 
metalloproteinases [115,126]. Drug carriers should 
avoid generating immunosuppressive signals and be 
able to penetrate thick tissue matrices [138,147]. 
Biodegradable microneedle materials like hyaluronic 
acid, collagen, gelatin, and polydopamine [64,80] 
degrade slowly and produce fragments and 
intermediate compounds [64]. How these fragments 
bind to immune cell receptors is not well understood. 
The signaling mechanisms after binding and the 
resulting immune response remain unclear. Whether 
these interactions result in inflammation, prevention 
of inflammation, or exacerbation of 
immunosuppression is unclear. One of the biggest 
challenges in clinical practice is the difference between 
the prototype that is tested in the laboratory and the 
prototype tested in patients. A key obstacle to clinical 
translation is that, to date, most microneedle studies 
have been conducted on rodents. However, their skin 
differs from human skin. These differences directly 
affect drug delivery. The human stratum corneum is 
much thicker, consisting of 5–10 layers of 
keratinocytes. In contrast, the stratum corneum of 
mice contains only 2–3 layers of keratinocytes. The 
density of hair follicles differs by more than an order 
of magnitude between the two species. Furthermore, 
the mouse epidermis is densely populated with γδ T 
cells, whereas the human epidermis contains only 
sparse populations of γδ T cells [192,193]. 
Furthermore, the microbial environment of laboratory 
mice is far cleaner than that of human skin; 
consequently, the development of the resident 
immune cell populations in their skin is constrained by 
a microbiome that is far less diverse than that of 
humans [194]. Therefore, the antitumor immune 
responses induced in patients may differ from those 

observed in mice, both in intensity and quality. What’s 
more, Laboratory-scale microneedle geometry, drug 
loading, and release profile may not scale up to large-
scale production [34,61]. Quality control, long-term 
storage, and biosafety should be prioritized for future 
studies [128]. The next stage is to create systems that 
are capable of being mass-produced, conform to the 
regulatory requirements, and can be adapted to 
patients. There are challenges in cancer 
immunotherapy for microneedle technology, but it has 
tremendous potential for translation. This review 
helps to deepen understanding and further 
innovations. 
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