European Cells and Materials Vol.59 2026 (pages 1-17) DOI: 10.22203/eCM.v059a01

&
CELLR mac=zian

Review

The Prospects of Microneedle Drug Delivery Technology in Cancer
Pain and Analgesia Fields

ISSN 1473-2262

OPEN ACCESS

Ayang Zhao®¥, Yueyue Gao®¥, Yuting Rong?, Ao Zhang?, Guibo Fan?, Xue Zhang', Rui Xin!, Sihua
Qi%* and Liangcan Hel-*

1School of Medicine and Health, Key Laboratory of Micro-systems and Micro-tructures Manufacturing (Ministry of Education), Zhengzhou Research
Institute, Harbin Institute of Technology, 150001 Harbin, Heilongjiang, China
2Department of Anesthesiology, The 4th Affiliated Hospital of Harbin Medical University, 150001 Harbin, Heilongjiang, China
§These authors contributed equally.

Abstract

Cancer pain significantly impairs the quality of life of patients, yet conventional analgesic approaches—such as oral, rectal, subcuta-
neous, and intrathecal administration—are often limited by systemic side effects and poor compliance. Microneedle (MN) technology,
an innovative transdermal drug delivery platform, offers a promising alternative by painlessly penetrating the stratum corneum to enable
precise, controlled drug release. This review systematically examines recent advances in MN-based analgesic strategies, highlighting
its applications across diverse pain conditions, including local anesthesia, rheumatoid arthritis, neuropathic pain, migraines, and post-
operative pain. We further explore the translational potential of MNs for cancer pain analgesia, emphasizing their ability to enhance
therapeutic efficacy while minimizing adverse effects. Looking forward, the development of smart-responsive MNs and multifunctional
combination platforms is poised to advance personalized pain management. With its favorable safety profile and patient-friendly design,
MN technology holds substantial promise for overcoming the limitations of traditional cancer pain therapies.
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Introduction cific receptors on nociceptors, depolarizing them and gener-
ating nerve impulses [7,8]. Pain signals are transmitted via
afferent nerve fibers to the dorsal horn of the spinal cord,
where they are preliminarily integrated before ascending
through the spinothalamic tract to the cerebral cortex, form-
ing the perception of pain. In chronic pain states, the ner-
vous system undergoes plastic changes, such as central sen-
sitization, where non-noxious stimuli can also elicit pain.
Additionally, pro-inflammatory factors like prostaglandins,
TNF-q, and IL-6, released during inflammatory responses,
exacerbate local tissue damage and increase nociceptor sen-
sitivity, lowering their threshold and leading to hyperalge-
sia and allodynia [9,10]. Furthermore, study on axonal re-
traction compounds in rat models of discogenic low back
pain have provided new insights into the mechanisms and

Pain is a complex and diverse perceptual event, a sub-
jective sensation caused by tissue damage or potential in-
jury, characterized by its unpleasant or distressing nature
[1]. Recognized as the “fifth vital sign,” pain significantly
impairs patients’ quality of life, making its active treatment
clinically significant [2]. Based on duration, pain can be
classified as acute (e.g., postoperative or traumatic pain)
or chronic (e.g., osteoarthritis pain or neuropathic pain)
[3,4]. Etiologically, pain can be categorized into inflamma-
tory pain [1] and cancer pain [5]. The mechanisms of pain
involve intricate physiological and pathological processes,
broadly divided into nociceptive pain (resulting from tissue
damage or inflammation, such as arthritis) and neuropathic

pain (caused by damage to the peripheral or central nervous
system, such as diabetic neuropathy) [6]. Noxious stim-
uli trigger the release of various pain-inducing substances,
such as prostaglandins and bradykinin, which activate spe-
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treatment of chronic pain [11].

Cancer is one of the most severe threats to human
health, constituting a major public health crisis [12]. Cancer
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pain, experienced by diagnosed patients due to the tumor it-
self or its treatment, is one of the most feared symptoms, af-
fecting over half of patients during disease progression [2].
By adversely impacting emotional state, cognitive function,
daily activities, and social relationships, cancer pain signif-
icantly impairs physical and mental health, reducing overall
quality of life [13].

However, managing cancer pain poses significant
challenges for clinicians. The World Health Organiza-
tion (WHO) three-step analgesic ladder is the dominant
approach, advocating a stepwise selection of analgesics
based on pain severity [14,15]. The first step involves
non-opioid analgesics like acetaminophen or nonsteroidal
anti-inflammatory drugs (NSAIDs) for mild pain; the sec-
ond step introduces weak opioids such as codeine; and
the third step employs strong opioids like morphine. For
moderate to severe cancer pain, opioids are irreplaceable
[16]. With pharmacotherapy, over 80% of cancer patients
achieve satisfactory pain relief. Adjuvant analgesics, min-
imally invasive interventions, radiotherapy, chemotherapy,
hormone therapy, and non-pharmacological measures (e.g.,
cognitive, psychosocial, and spiritual interventions) serve
as valuable complements [17,18].

Opioids can be administered via oral, sublingual, in-
tramuscular, subcutaneous, transdermal, or rectal routes.
Following WHO guidelines, oral and transdermal routes
are most common. Oral administration is convenient but
suffers from first-pass metabolism, gastrointestinal side ef-
fects, and slow absorption. Transdermal drug delivery sys-
tems (TDDS), where drugs permeate the skin to achieve lo-
cal or systemic effects, are widely used due to their safety
and efficacy [19,20]. Drugs penetrate through the stratum
corneum of the skin to achieve both localized therapeutic
effects and systemic therapeutic effects by crossing the epi-
dermis and dermis and entering the bloodstream via the cap-
illaries. However, the stratum corneum constitutes a natu-
ral barrier to molecular penetration, limiting the action of
many therapeutic agents and making it difficult for them to
successfully reach their targets.

Microneedle (MN) technology, a novel transdermal
delivery method, enhances drug permeation physically
[21]. MNs are neatly aligned arrays of micron-sized nee-
dles that penetrate the stratum corneum to create micron-
sized channels, allowing the drug to be delivered directly
to superficial areas of the epidermis or dermis. Through
these channels, the drug can bypass the barrier and enter
the body’s circulation directly, thus improving delivery ef-
ficiency and overcoming various problems associated with
conventional formulations [22].

MN patches are non-invasive, convenient, and avoid
the first-pass metabolism. MNs also allow for termina-
tion at any time, prolong the duration of action, reduce
dosing frequency, and improve patient compliance, mak-
ing them widely used in controlled-release and sustained-
release drug research [23]. In recent years, it has been found
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that MN technology has demonstrated excellent therapeu-
tic potential in a variety of biomedical fields, such as dis-
ease diagnosis and monitoring, vaccine delivery, biosens-
ing, and cell therapy [24,25].

Therefore, this review systematically examines the re-
markable efficacy of microneedle technology across mul-
tiple applications in pain management, with a particular
focus on the unique demands of the complex clinical set-
ting of cancer pain. It aims to critically evaluate the po-
tential and challenges of existing MN designs in achiev-
ing sustained-release stability, rapid relief for breakthrough
pain, and high-dose opioid delivery, thereby providing new
perspectives for developing next-generation precision anal-
gesic solutions for cancer pain.

Current Status of Cancer Pain Treatment
Cancer Pain

Cancer is one of the most serious diseases threaten-
ing human health [12]. Cancer pain, which is caused by
the tumor itself or by the treatment of the tumor in a pa-
tient diagnosed with cancer, is often felt during the course
of treatment, and its main symptoms include constant or in-
termittent episodes of burning, pins and needles, tearing,
and knifing pain [26]. A literature review summarizing the
prevalence and severity of pain among cancer patients dur-
ing the period 2014-2021 concluded that the overall preva-
lence of pain was 44.5%. 30.6% of patients experienced
moderate to severe pain [27]. Cancer pain causes profound
suffering at both the mental and physical levels, making it
one of the most difficult challenges for patients to tolerate
and manage, and greatly reducing their quality of life.

The occurrence of pain involves two pathophysiolog-
ical mechanisms, namely, injury sensory and neuropathic.
Cancer pain is often mixed, with both injury-sensing pain
[28] and neuropathic pain [26]. Cancer pain is the result
of the interaction between cancer cells, the central nervous
system, peripheral tissues, and the immune system, and the
formation process is complex, involving multiple patho-
physiological processes such as sensitization of peripheral
injury receptors, central sensitization, acidification of the
tumor microenvironment, nerve compression injury, and
altered neuroplasticity, etc. [29,30]. The causes of can-
cer pain are varied and can be categorized into three main
groups:

(1) Tumor-related pain

As the growth of malignant tumors is extremely fast
and uncontrollable, when the volume of malignant tumors
exceeds the range of normal tissues, the tissue envelope
can not withstand the load, which results in the stretching
of the tissue envelope and triggers severe pain. When the
malignant tumor grows beyond the capacity of the normal
tissue, the overstretched tissue capsule can trigger severe
pain. Tumor cells have a tendency to infiltrate and metasta-
size to surrounding tissues, including but not limited to soft
tissues, skin, bones, nervous system, vascular structures,
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and internal organs. At the same time, fast-growing tumors
compress or wrap around nerve fibers, which can lead to
ischemia and mechanical damage [30]. In addition, perfo-
ration or obstruction of cavity organs, as well as abnormal
increase of intracranial pressure caused by brain metastasis,
are also important causes of pain.

(2) Tumor treatment-related pain

At present, the main cancer treatments include surgi-
cal resection, radiotherapy, radiofrequency ablation tech-
nology, interventional therapy, molecular targeted therapy,
and immunotherapy, etc. Although there are certain ther-
apeutic effects on the lesions, pain may also occur during
the process of receiving anti-tumor treatment. For exam-
ple, after chemotherapy, patients may develop mucositis,
venous embolic inflammation, peripheral neuropathy, etc.,
which may lead to the appearance of pain symptoms. After
surgery, it may induce a series of complications, including
nerve damage, residual limb pain, and phantom limb pain,
which is the phenomenon of adhesion between the organs
caused by pain.

(3) Other causes of pain

Pain may also arise from a variety of comorbidities as-
sociated with the tumor, as well as the psychosocial aspects
of the patient. For example, herpes zoster neuralgia and
pressure sores are common in cancer patients, or other dis-
ease states that coexist with pain, such as diabetes-induced
peripheral neuropathy and primary trigeminal nerve pain.
In addition, psychiatric conditions such as fear and anxiety
may also trigger or exacerbate pain.

Based on the duration of pain, cancer pain can be cate-
gorized into acute pain and chronic pain. In addition, there
is a kind of intractable pain called breakthrough cancer pain
(BTcP), which has a rapid onset, severe degree, and short
duration, and can occur in both acute pain and chronic pain
in patients with tumors. Cancer breakthrough pain occurs
in approximately 60% of cancer patients [31]. Patients with
burst pain suffer significantly more pain-related functional
impairment and psychological trauma (depression and anx-
iety) and have a reduced quality of life compared to patients
without burst pain.

The definition of BTcP proposed by the British and
Irish Association for Palliative Care (APM) in 2009 is still
widely respected and used as a reference. The APM pro-
poses that BTcP is a transient exacerbation of pain that
occurs spontaneously or suddenly, triggered by some pre-
dictable or unpredictable factor, in the context of relatively
stable background pain control and adequate application of
analgesic medication. Typical eruptive pain episodes are
moderate to severe in intensity, occur rapidly (within min-
utes), and are of relatively short duration (median duration
of 30 minutes) [32].

The diagnostic criteria for cancerous eruptive pain are
as follows: (1) whether the patient has experienced per-
sistent pain (i.e., background pain) in the past week; (2)
whether the patient’s background pain has been effectively
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controlled in the past week (digitized pain score<3); and
(3) whether the patient has experienced transient worsen-
ing of pain (digitized pain score>4). Only when all the
above three conditions are met can the diagnosis of can-
cerous eruptive pain be made [33].

BTcP is characterized by a lag in pain relief, the pos-
sibility that the pain may have resolved on its own by the
time treatment is effective, and an increase in the incidence
of adverse effects with increased opioid dosage, making ef-
fective control of BTcP a therapeutic challenge.

Cancer Pain Treatment

Pain relief is a basic human right, and the rational use
of medications in cancer pain management is particularly
important to ensure clinical benefits and improve the qual-
ity of life of cancer pain patients. The three-step princi-
ple of pharmacotherapy advocated by the WHO has played
a key role in guiding the management of cancer pain as a
guideline and educational tool for cancer pain management,
which has been promoted and applied globally for more
than 40 years. This principle has also contributed signifi-
cantly to the increase in the use of opioid analgesics [14].

The main mode of cancer pain treatment is oral med-
ication according to the three-step principle. Oral medi-
cation is still the most important mode of medication be-
cause it is convenient to use, easy to obtain, simple to man-
age, and enables patients to have a high degree of adher-
ence. In addition to the classic three-step approach, a two-
step method has emerged as a validated alternative for can-
cer pain management, simplifying the transition from non-
opioids to strong opioids [34]. The use of weak opioids in
the second step of the WHQO'’s three-step principle is con-
troversial because low-dose strong opioids may be better,
especially in low- and middle-income countries where low-
dose opioids are expensive.

More than 80% of patients with cancer pain can be re-
lieved more satisfactorily with medication. In addition, ad-
juvant analgesics, minimally invasive interventions, radio-
therapy, chemotherapy, hormone therapy, radiofrequency
ablation, and other therapies may be useful [35]. Non-
pharmacological interventions such as cognitive, psychoso-
cial, and spiritual interventions can be a valuable comple-
ment to pharmacological interventions [17,18].

The Opioids

Opioid analgesics are the most effective medications
for the treatment of acute and chronic pain by acting on the
central nervous system to provide significant pain relief or
reduction, as well as eliminating pain-induced emotional re-
actions. Structurally, most opioids are derived from the ex-
traction of alkaloids and their derivatives from the resin of
the opium poppy [36]. Natural alkaloids include morphine,
the classic opioid, and the semi-synthetic codeine. Syn-
thetic derivatives include fentanyl, heroin, buprenorphine,
hydromorphone, and methadone. Opioids act by engaging
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Fig. 1. Chemical structure of fentanyl and some of its analogs. The schematic was created with Microsoft PowerPoint.

specific cell surface receptors: u, k, and 0 receptors, re-
spectively [37]. These receptors are found primarily in the
central nervous system, brain, and spine, but also in blood
vessels, heart, lungs, intestines, and even peripheral blood
mononuclear cells [38]. Opioids are widely used as anal-
gesics for general anesthesia for surgical procedures, long-
term analgesia, and sedation for intensive care patients [39].
Opioids have an irreplaceable role for patients with moder-
ate to high cancer pain [40].

Classic Opioids

Morphine is the classic opioid, a natural product de-
rived from the opium poppy plant. Morphine has a po-
tent analgesic effect, significantly raising the pain thresh-
old, and is accompanied by sedative and respiratory depres-
sant effects. Morphine is widely used clinically for the re-
lief of moderate to severe pain, but should be used with cau-
tion due to its addictive properties and potential respiratory
depressant side effects [41].

The fentanyl family of drugs is also a common and
potent opioid (Fig. 1), and since its development in the
early 1960s by Dr. Paul Janssen of Janssen Pharmaceuti-
cals in Belgium, this class of drugs has occupied an impor-
tant place in clinical anesthesia and pain management [36].
The fentanyl family includes fentanyl, alfentanil, sufen-
tanil, remifentanil, carfentanil, lofentanil, and so on [37,39].
Fentanyl and its derivatives have demonstrated highly po-
tent analgesic activity through structural modification and
conformational studies, and have a similar mechanism of
action to morphine but with significantly enhanced anal-
gesic potency, often tens to hundreds of times that of mor-
phine. New opioids have also been introduced in recent
years, including hydrocodone and hydromorphone [42].
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Sufentanil is a potent opioid analgesic [43] and is cur-
rently the most potent analgesic of the fentanyl family.
Sufentanil has a stronger affinity for opioid receptors than
fentanyl, so as a highly selective agonist for p-opioid re-
ceptors, sufentanil has a 7-10 times stronger affinity for p-
opioid receptors than fentanyl, and the analgesic potency
is approximately 5-10 times stronger than that of fentanyl,
with a longer maintenance time than that of fentanyl. It is
also superior to fentanyl in maintaining hemodynamic sta-
bility and regulating stress hormone secretion, and can en-
sure adequate myocardial oxygen supply [39].

In addition, the respiratory depression of sufentanil
is less than that of fentanyl, which is less toxic and safer
than fentanyl and morphine. With high-fat solubility, it
can be rapidly diffused and distributed to all tissues in the
body, and it is very easy to cross the cell membrane and the
blood-brain barrier, so sufentanil has a higher binding rate
to plasma proteins, and the onset of analgesia is rapid [39].
Therefore, sufentanil is a possible focus for better control
of cancer eruption pain.

Although fentanyl family drugs have demonstrated
significant analgesic effects in clinical applications, their
potential adverse effects, such as respiratory depression,
nausea and vomiting, and somatic dependence, should not
be ignored. Therefore, when using these drugs, it is im-
portant to follow strict medical protocols and ensure that
they are used under strict medical supervision to avoid pos-
sible serious side effects and dependence. Meanwhile, with
the advancement of science and technology and the devel-
opment of medicine, researchers are continuously explor-
ing the structural modification and modification of fentanyl
analogs to develop new analgesic drugs that are more effi-
cient and safer, and provide better pain management pro-
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grams for patients [44].

Opioid Delivery Modalities

According to the WHO’s basic principles of pain med-
ication, the most common routes of administration for opi-
oids are oral and transdermal. In addition, there are many
other routes of administration, such as subcutaneous injec-
tion, intrathecal injection, intramuscular injection, sublin-
gual injection, rectal injection, etc.

Oral analgesic drugs are easy to use, simple to admin-
ister, and effective, but have the disadvantages of first-off
elimination effect and slow absorption [2]. When intra-
venously injected preparations such as sufentanil, remifen-
tanil, etc., have the advantages of immediate effect, suit-
able for unconscious patients and emergencies, avoiding
first-pass elimination, and predictable blood concentration.
However, intravenous drugs need to be used under the guid-
ance of specialized doctors in clinical practice, and injection
is often accompanied by injection pain, which makes it in-
convenient for patients to use the drug and leads to poor
compliance.

In the transdermal delivery of opioids, the fentanyl
extended-release transdermal patch is widely used in the
clinic, and its analgesic strength is 50-100 times that of
morphine. It is easy to use, non-invasive, absorbed through
the skin; not metabolized by the liver, no first elimination;
fewer adverse reactions, and good patient compliance, es-
pecially for patients who can not be taken orally [45].

Transdermal Drug Delivery System

The TDDS is a drug delivery system in which drugs
are administered through the skin and enter the body’s cir-
culation to produce systemic or local therapeutic effects,
and is widely used in clinical practice because of its safety
and effectiveness [19,20]. The drug penetrates through the
stratum corneum to achieve a local therapeutic effect, or
after crossing the stratum corneum, it further penetrates
the epidermis and dermis, and enters the blood circulation
through the capillaries to achieve a systemic therapeutic ef-
fect. TDDS has the unique advantages of: (1) avoiding the
first-pass effect; (2) no needles are required to administer
the drugs, which is convenient to administer the drugs; (3)
painless or mild pain, which makes the patient’s compliance
good; (4) reducing the probability of the drug’s enzymatic
degradation, and maintaining a higher activity; (5) main-
taining a stable blood concentration for a long time, which
ensures the stability of the drug effect and improves the
safety of the drug administration. (6) Reducing the prob-
ability of enzymatic degradation of drugs and maintaining
high drug activity; (7) Maintaining stable blood concentra-
tion for a long time to ensure the stability of drug efficacy
and enhance the safety of drug administration [20].

However, the stratum corneum of the skin is the
biggest barrier limiting the application of TDDSs. The
stratum corneum constitutes a barrier to the passage of
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molecules, limiting the efficacy of most therapeutic agents
and allowing only a few molecules to reach their targets.
Drugs that can be delivered transdermally must meet the
following conditions: a relative molecular mass of no more
than 500; high activity with pharmacological effects at
low doses; fewer than 5 hydrogen-bonded donors and 10
hydrogen-bonded acceptors; and a moderate oil-water par-
tition coefficient. These conditions limit the applicability of
this delivery system, as only lipophilic and low molecular
weight drugs can be absorbed transdermally, whereas large
molecules such as peptides and proteins cannot be delivered
transdermally.

The unique physiological structure of the skin is an ob-
stacle to transdermal drug delivery while ensuring human
safety. To overcome this challenge, existing physical and
chemical permeation enhancers can facilitate the transder-
mal absorption of drugs by reducing the resistance of the
stratum corneum or enhancing the permeability of the skin,
depending on the mechanism of permeation enhancement.
The chemical approach focuses on the use of chemical per-
meation enhancers to modulate the physiological charac-
teristics of the skin and to break the lipid tightness, thus in-
creasing the acceptance of the drug by the stratum corneum.
Physical means, on the other hand, focus on physically al-
tering the physical morphology and physiological proper-
ties of the stratum corneum to enhance transdermal drug
delivery. With the development of drug delivery technolo-
gies, such as liposomal [46], micelles [47], and emulsions
[48], they have also been used for transdermal drug deliv-
ery. These new delivery techniques can improve the effi-
ciency of transdermal drug delivery to a certain extent, and
improve the therapeutic effect by prolonging the local re-
tention time of the drug, but due to the existence of the nat-
ural barrier of the skin, the new drug delivery techniques
can not essentially improve the efficiency of transdermal
drug delivery. Currently, the commonly used techniques
are still adjunctive therapies, such as electroporation, ul-
trasound, iontophoresis, magnetic field, thermal pore intro-
duction, and laser introduction [19,49].

However, the development of novel TDDS, includ-
ing MN technology, laser thermal ablation technology, ul-
trasound technology, and electroporation technology, can
break the stratum corneum barrier to improve transder-
mal efficiency [19]. These technologies are capable of de-
livering macromolecular drugs by penetrating the stratum
corneum at the nanoscale and microscale levels, which not
only enhances the drug delivery efficiency of drug action
but also expands the range of pharmaceutical and clinical
applications of TDDS (Fig. 2).

Microneedle

MN consists of several micron-sized needle-like struc-
tures. Typical MN tips are 150-1500 pm in length, 50-250
pm in width, and 1-25 pym in tip thickness [22]. Studies
have shown that MN, a novel transdermal drug delivery
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Fig. 2. Drug delivery systems. The schematic was created with Microsoft PowerPoint.

modality, enhances drug delivery and overcomes the prob-
lems associated with conventional formulations. The skin
consists of the epidermis, dermis, and subcutaneous tissue
[50]. The MN creates a micron-sized pathway that directs
the drug to the epidermis or upper dermis, smoothly by-
passing the stratum corneum (the strongest barrier of the
skin) and entering the dermal microcirculation without hav-
ing to face the barrier. MN is able to avoid activation
of dermal nerves, without triggering pain receptors, and
is able to efficiently deliver large molecules to the target
site with little or no pain, as compared to needles used for
hypodermic injections. Compared with subcutaneous nee-
dles, it can deliver macromolecular drugs to the target site
with minimal pain or near painlessness, showing excellent
drug penetration performance. In the process of applying
a microneedle, controlling the length of the MN can avoid
touching capillaries and nerve endings, reducing or elimi-
nating pain; transdermal drug delivery can allow the drug
to be continuously transported to the bloodstream, with sta-
ble plasma concentration of the drug, but also avoid the first
pass metabolism by the liver, reducing the damaging effect
of the drug on the liver and kidneys. MN patch has the ad-
vantages of minimally invasive, painless, convenient drug
delivery, self-administration, good patient compliance, pro-
longing the duration of action, reducing the number of times
the drug is used, and can be terminated at any time [51].
Therefore, MN not only leads a new trend in the field of
cosmetology but also has a broad research, development,
and application prospect in the field of biomedical trans-
dermal drug delivery [21].
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Types of Microneedles

Depending on the mode of delivery and mechanism of
action, common types of MN include: solid MNs, coated
MNs [52], hollow MNs, dissolvable MNs and hydrogel
MNs [53] (Fig. 3). In recent years, new types of MNs
such as cryo-MNs, isolated MNs and shaped MNs have
been developed in response to the demand for individual-
ization, which is highly valued in the field of biomedicine
[21]. Depending on their structural design and function,
MNs can also be categorized as integrated MNs [54], de-
tachable MNs [55], bio-inspired MNs [56], and responsive
MNs [57].

Different types of MNs can deliver drugs through dif-
ferent mechanisms (Fig. 4). Dissolving microneedle tech-
nology has received increasing attention in recent years
[58]. Dissolvable MNs are made of biodegradable polymer
materials and drugs prepared into MNs. After piercing the
skin, the needles made of biodegradable materials will be
gradually degraded in the microenvironment, and the drugs
will be released synchronously, and the drug molecules will
pass through the barrier of the stratum corneum and be ab-
sorbed into the human body through the subcutaneous tis-
sues. In contrast to coated MNs, dissolvable MNs dissolve
completely in the skin, thus leaving no biohazardous waste
of sharp objects after use. Dissolvable MNs also greatly
improve patient compliance by eliminating the need to re-
move the needles for drug delivery and reducing the risk of
cross-contamination by not reusing MNs [59]. The prepara-
tion of MNs has evolved from chemical etching and micro-
electromechanical systems (MEMS) processing to laser and
mold injection molding [60]. The main preparation tech-
niques for polymer dissolvable MNs include casting, hot
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a. Solid MNs

c. Coated MNs

e. Hydrogel-forming MNs

Fig. 3. The schematic illustrations of common microneedle (MN) types for transdermal delivery. (a) Solid; (b) Dissolvable; (c)
Coated; (d) Hollow; and (e) Hydrogel-forming MNs. The schematic was created with Microsoft PowerPoint.

pressing, and injection molding, which greatly reduce pro-
duction costs compared to other MNs.

Injection molding refers to the preparation of a mold,
commonly made of monocrystalline silicon, stainless steel,
and ceramics, which is then used to prepare the MN from
the polymer material. The process involves injecting the
polymer material into the mold, which is then vacuumed or
centrifuged [61].

For dissolvable MNs, the tip matrix material is the
key to development and needs to be able to be degraded
or have good water solubility. Commonly used polymeric
materials include hyaluronic acid (HA), sodium alginate,
polyvinyl alcohol, dextran, chitosan, polyvinylpyrrolidone,
chondroitin sulfate, etc., as well as materials for preparing
microspheres such as polylactic acid and polylactic acid-
hydroxyacetic acid copolymers [21,57,62]. HA was ini-
tially found in the vitreous tissues of the eyes of rabbits
and cattle. As a key extracellular matrix component, HA
is usually found as a sodium salt and is widely distributed
in the human body, especially in tissues such as articular
cartilage. HA is a common material for the preparation
of dissolvable MNs due to its excellent water-absorbing
and moisturizing properties, non-immunogenicity, resorba-
bility, and excellent biocompatibility [63,64]. HA, with
its exceptional hydrophilicity and biocompatibility, dis-
solves rapidly to enable immediate drug release, making
it suitable for analgesic scenarios requiring a fast onset
of action. Synthetic polyester materials like polylactic-
polyhydroxyacetic acid copolymers allow precise control of
degradation rates through molecular weight and monomer

www.ecmjournal.org

ratios, enabling sustained drug release over weeks or even
months. This provides an ideal solution for chronic pain
management requiring long-term, stable dosing. Biocom-
patibility and degradation safety are paramount for clini-
cal translation. These natural and synthetic polymers typ-
ically exhibit favorable tissue compatibility, with degrada-
tion products like lactic acid and glycolic acid participat-
ing in normal metabolic processes. Furthermore, the hy-
drophilicity and hydrophobicity of the material, its crys-
tallinity, and its interactions with drug molecules directly
determine the MN’s drug loading efficiency, storage stabil-
ity, and ultimate release kinetics [53,59].

Dissolvable MNs can realize efficient drug delivery,
precise control of drug loading, and microneedle morphol-
ogy can realize the controlled release of drugs; the produc-
tion process conditions are mild, to ensure the stability of
the drug in the production process; the use of biodegrad-
able and biocompatible materials, to avoid wound infec-
tion, and high safety. The main obstacle to the development
of dissolvable MNs is the preparation of materials that can
meet the requirements of the material, in addition to being
biodegradable and biocompatible, but also must have suf-
ficient mechanical strength, otherwise the microneedle can
not be used to puncture the skin for drug delivery. It is be-
lieved that with the development of modern material tech-
nology, these problems can be properly solved [59].

Research Status

With the development of material science and manu-
facturing technology, MN transdermal drug delivery tech-
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Fig. 4. Schematic illustrations of common microneedle fabrication methods. (a) Micro-molding; (b) Spray molding; (¢) 3D Printing;
(d) Wet Etching; (e) Droplet-born air drying. The schematic was created with Microsoft PowerPoint.

nology, in addition to drug delivery, can also realize the ex-
traction of body fluids, biosensing, and mediating cellular
delivery of cell therapy [65,66].

The application and implementation of MN in multi-
ple fields, such as chronic diseases, such as arthritis or di-
abetes [07], cancer, skin aesthetics, family planning, pre-
vention of infectious diseases, disease diagnosis and moni-
toring [24], and vaccine delivery [68], are becoming more
and more widespread and have achieved remarkable results
[23,25]. It shows the great potential of MN as a form of
clinical treatment and has a broad application prospect in
various biomedical fields.

MN technology is widely used in wound healing and
tissue regeneration. In a variety of tissues such as skin,
heart, bone, tendon, eye, blood vessels, mouth, hair, spinal
cord, and uterus, it can promote wound healing and tissue
regeneration [51,69] as well as exert antimicrobial effects
[70]. It has shown favorable therapeutic effects in acne
scarring [71], psoriasis [72], and alopecia areata [73].

MN:ss are a promising vehicle for applications in mini-
mally invasive wearable technology, such as study that have
found that deep melanoma treatment can be enhanced by
wearable self-energizing MN patches [74]. In addition, MN
is capable of extracting interstitial fluid (ISF) after passing
through the skin barrier, making it valuable for applications
in transdermal sensing and drug delivery [75]. For this rea-
son, minimally invasive skin-worn devices with advanced
integration of ISF sampling and target molecule sensing
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have also been developed, allowing simultaneous detection
of cortisol levels by MN-based sensors, with high sensi-
tivity, excellent efficiency, and outstanding reproducibility
[76].

Diverse Applications of MNs in Pain
Management

Local Anesthesia and Acute Pain Management

The use of MN patches to deliver macromolecules in
anesthesia and analgesia management can improve the effi-
ciency of drug administration. Local anesthetics (LAs) in-
clude lidocaine, ropivacaine, and bupivacaine. Local anes-
thetics provide analgesia by binding to ion channels in the
cell membrane and blocking nerve pathways. The anesthe-
siologist can adjust the dose, concentration, and location
of the drug to achieve the desired anesthesia effect during
surgery [77].

Using MN technology in delivering LAs can act di-
rectly on the skin or submucosal layer to achieve local anes-
thesia in a painless, minimally invasive, safe, and highly ef-
fective manner [78]. Due to the small volume of MNs and
the superior water solubility of dissolvable MNs, dissolv-
able MNs loaded with LAs can take effect in a short period
oftime, e.g., loaded with local anesthetics such as lidocaine
and ropivacaine [79].

Lidocaine, as a commonly used local anesthetic, can
achieve rapid onset and long-lasting analgesia through mi-
croneedle delivery. Dissolvable MNs of lidocaine hy-
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drochloride, prepared using dissolvable microneedle tech-
nology, can be used for rapid and efficient local anesthe-
sia and are a possible alternative method of local anesthetic
delivery [80], which meets the clinical requirements while
overcoming the drawbacks of other traditional lidocaine de-
livery methods [81]. In different studies, the polymeric ma-
terials used in the preparation of lidocaine MN patches, in-
cluding HA, polyvinyl alcohol, sodium carboxymethylcel-
Iulose, and polylactic acid [82], can be used for local anes-
thesia of the oral mucosa [80], indicating the potential of
MN s in local anesthesia [83,84].

Liuetal. [85] developed curved MNs patches inspired
by mosquito beaks to provide rapid and painless local anes-
thesia for ophthalmic local anesthesia, overcoming the lim-
itations of traditional local anesthetics delivery methods,
thus opening up new possibilities for the treatment of oph-
thalmic diseases. Multiple clinical trials confirm that mi-
croneedle pretreatment significantly enhances surface anes-
thesia [86]. In addition, the use of percutaneous maltose-
based MN patches to enhance surface anesthesia prior to in-
travenous cannulation in pediatric patients has also demon-
strated a good safety and efficacy profile [87].

Chronic Pain and Inflammatory Disease Management

The application of microneedling in chronic pain man-
agement covers a wide range of chronic pain disorders
such as rheumatoid arthritis, osteoarthritis, psoriatic arthri-
tis, and atopic dermatitis. The use of MN technology to de-
liver NSAIDs has a wide range of applications. For exam-
ple, diclofenac nanoparticle-loaded MN patches are effec-
tive in relieving arthritis pain through local and systemic de-
livery [88]. Meloxicam microneedle patches, on the other
hand, have been designed for pain management in cattle,
demonstrating their potential in veterinary medicine [89].

A composite MN patch loaded with Cucumaria fron-
dosa polysaccharides (CFP) and 3-acetylaconitine (AA)
was developed for the treatment of osteoarthritis of the
knee. In OA model rats, this MN patch significantly re-
duced joint swelling and pain behavior scores and improved
cartilage tissue morphology damage [90]. Feng ef al. [91]
developed a microneedle patch using poly-L-lysine (PLP)
as a matrix and loaded with loaded with sinomenine hy-
drochloride (SH) for the synergistic treatment of rheuma-
toid arthritis (RA). The transdermal MN delivery system
circumvented the oral first-pass effect of SH, enhancing its
bioavailability. Additionally, PLP, as a natural polysaccha-
ride matrix, strengthened the MNs’ mechanical integrity
and sustained-release properties. Pan et al. [92] devel-
oped a functional hydrogel MN patch for atopic dermatitis
(AD) based on a phenylboronic acid-modified hyaluronic
acid (HA-PBA) matrix crosslinked with tannic acid/silver
nanoparticles (TA/Ag NPs), enabling precise transdermal
delivery of cyclosporine. This MN-mediated transdermal
delivery achieved superior therapeutic effects in an AD
mouse model using only 29% of the oral dose.
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Gout is a recurrent metabolic inflammatory disease
caused by abnormal purine metabolism in the body, leading
to excessive production or decreased excretion of uric acid,
which in turn leads to elevated blood levels of uric acid and
deposition of urate crystals in synovial membranes, bursae,
cartilage, and other tissues of the joints. Rapid separation
of dissolvable MNs for slow release of colchicine and stabi-
lization of uricase to simplify long-term gout management
Mei and colleagues achieved rapid separation of dissolvable
MNss for slow release of colchicine and stabilization of uri-
case to simplify long-term gout management by co-loading
colchicine (Col) and liposomes of uricase (UAO-LPO) in
a dissolvable MN system with chitosan as a slow-release
material [93].

Liu et al. [94] also developed colchicine micronee-
dle arrays and demonstrated excellent analgesic and anti-
inflammatory effects in a rat model of acute gout. The
results of the study showed that the colchicine micronee-
dle treatment group exhibited a significant analgesic ef-
fect within 6 hours after administration, the mechanical
pain threshold was increased by about 2.5-fold compared
with that of the model group (p <0.01), and the analgesic
effect lasted for more than 24 hours. In terms of anti-
inflammatory effects, MN-delivered colchicine showed ex-
cellent therapeutic effects. These findings provide an im-
portant experimental basis for the development of safer and
more effective therapeutic regimens for gout and demon-
strate the broad application prospects of MN technology in
the treatment of inflammatory joint diseases.

In addition, ziconotide can be used in patients with se-
vere chronic pain requiring intrathecal therapy and intoler-
ant or ineffective to other pain treatments such as morphine.
A study developed MNs fused with exosomes of ziconotide
liposomes, which demonstrated excellent analgesic effi-
cacy, providing a safe and effective delivery modality for
the treatment of chronic pain and further expanding the ap-
plication of MN technology in pain management [95].

Neuropathic Pain

Neuropathic pain is a type of chronic pain caused by
injury or lesions of the nervous system, and its pathogene-
sis involves complex pathological changes in the peripheral
and central nervous systems. Studies have shown that neu-
ropathic pain involves multiple complex mechanisms, in-
cluding peripheral sensitization, central sensitization, and
neuroimmune interactions [6,10].

Following nerve injury, peripheral nerve fibers un-
dergo abnormal regeneration and upregulate voltage-gated
sodium channels (e.g., Nav1.7) and sensitized transient re-
ceptor potential channels (e.g., TRPV1), collectively lead-
ing to neuronal hyperexcitability and hyperalgesia [10,96].
At the spinal cord level, nerve injury induces synaptic
plasticity changes by enhancing NMDA and AMPA re-
ceptor function while weakening GABAergic inhibition,
thereby amplifying and sustaining pain signals [10]. Fur-
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thermore, activated microglia and astrocytes disrupt neu-
ronal inhibitory balance and maintain neuroinflammation
by releasing BDNF and proinflammatory cytokines (e.g.,
TNF-q, IL-18, and IL-6), serving as a key component of
central sensitization [9]. Neuroimmune interactions, such
as infiltrating Th17 cells, M1 macrophages, and epigenetic
modifications, also contribute to the chronicity of neuro-
pathic pain by regulating the expression of pain-related
genes, including BDNF and Nav1.7 [97].

Therapeutic strategies for neuropathic pain require
multi-targeted interventions. Modulation of ion channel
activity (e.g., Navl.7 inhibitors [98] and TRPV1 antago-
nists [99]), targeting glial cell activation (e.g., inhibition of
microglia by minocycline [100]), modulation of immune
responses (e.g., anti-TNF-« antibodies [101]), and inter-
vention in epigenetic modifications (e.g., HDAC inhibitors
[102]) are all potential therapeutic directions. Future stud-
ies should further explore the interactions of these mecha-
nisms to develop more effective combination therapeutic
regimens and provide more precise clinical interventions
for neuropathic pain patients [103].

Calcitonin gene-related peptide (CGRP) released from
sensory nerve endings plays an important role in chronic
neuropathic pain. A research team has designed and devel-
oped an analgesic MN patch, which utilizes dissolvable MN
technology to achieve painless transdermal delivery of se-
lective CGRP antagonist peptides, opening up new avenues
for the treatment of localized neuropathic pain [104].

As mentioned earlier, sensitization of transient re-
ceptor potential channels (e.g., TRPV1 [99] and TRPA1
[105]) can exacerbate nociceptive sensitization. Han et
al. [106] found that MNs containing buprenorphine or 3-
acetylephedrine exerted sustained analgesic effects against
neuropathic pain by blocking pain signaling pathways such
as TRPV1. This experience is directly relevant to can-
cer pain, as advanced cancer pain often contains a signif-
icant neuropathic component, suggesting that similar MN-
targeted delivery strategies could be adapted for managing
refractory cancerous neuropathic pain.

Innovative Treatments for Other Pain Types

Postoperative pain is a protective response after tissue
injury, which can promote wound healing but also brings
adverse effects requiring close attention. For example,
postoperative pain can cause adverse cardiovascular effects
in the short term, including increased heart rate, increased
blood pressure, and may even cause myocardial infarction,
etc.; cause respiratory function to be weakened, which may
lead to postoperative pulmonary complications; and also
reduce gastrointestinal peristalsis, which is not conducive
to the recovery of intestinal function. Therefore, postop-
erative analgesia can not only reduce the patient’s pain but
also be more favorable to the patient’s recovery [107]. A
study used a unique pH-responsive core-shell MN design
to load ropivacaine, and successfully validated the long-
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lasting analgesic effect and safety of this pH-responsive
self-monitoring MN in an animal model of postoperative
incisional pain [108].

Chemotherapy-induced neuropathic pain (CINP) is
a common adverse effect of antineoplastic agents, which
usually leads to dose reduction, treatment delay, or dis-
continuation of chemotherapy. Paclitaxel-induced periph-
eral neuropathy (PIPN) is a common dose-limiting adverse
effect of oncologic chemotherapy, and its pathogenesis
involves multiple pathophysiological processes. Studies
have shown that paclitaxel causes microtubule structural
disorders in sensory neurons of the dorsal root ganglion
(DRG) by interfering with microtubule dynamics, trigger-
ing axonal transport disorders, and mitochondrial dysfunc-
tion. At the molecular level, paclitaxel activates injury re-
ceptor channels such as TRPV1 and TRPA1, increasing
neuronal excitability, while promoting the release of pro-
inflammatory cytokines (e.g., TNF-a, IL-6) and inducing
neuroinflammatory responses [109]. In animal models, pa-
clitaxel treatment leads to mechanical nociceptive hyper-
sensitivity and thermal nociceptive hypersensitivity accom-
panied by decreased nerve fiber density and demyelination
changes [109,110].

From a therapeutic point of view, current intervention
strategies for PIPN mainly include pharmacological modu-
lation and neuroprotection. Studies have shown that mod-
ulation of ion channel activity (e.g., Nav1.7/1.8 inhibitors
[98]), inhibition of neuroinflammation [111], and the use
of neurotrophic factors (e.g., NGF [112], BDNF [113]) can
alleviate the symptoms of PIPN to varying degrees. No-
tably, novel drug delivery systems such as slow-release mi-
croneedle arrays may improve drug targeting and reduce
systemic side effects. In addition, non-pharmacological
therapies such as photobiomodulation therapy have also
demonstrated some neuroprotective effects. Future studies
should focus on elucidating the precise molecular mech-
anisms of paclitaxel neurotoxicity and developing multi-
targeted combination therapies to better combat this clinical
challenge [98].

In response to paclitaxel-induced peripheral neuropa-
thy, a bilayer MN patch containing HA-PBA-QCT devel-
oped by Kong et al. [114] could significantly reduce pain
through synergistic effects. Quercetin (QCT), known for its
anti-inflammatory, antioxidant, and neuroprotective prop-
erties, has been investigated for the treatment of various
neurological disorders. The study combined phenylboronic
acid-modified hyaluronic acid (HA- pba) gels with doped
QCT and prepared bilayered MN patches in needles us-
ing HA-PBA-QCT complexes and HA/polyvinyl alcohol
(PVA) as a substrate. The cross-linking between PVA and
HA-PBA-QCT allows for the control of the sustained re-
lease of QCT upon application. This work applied these
QCT-loaded microneedle (QMN) patches to the dorsal skin
of the feet of ptx-treated mice, which exhibited mechani-
cally abnormal pain and cold nociceptive hypersensitivity.
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Application of the QMN patch every two weeks signifi-
cantly reduced the pain response. This analgesic effect was
associated with modulation of satellite glial cell activity, re-
duction of macrophage infiltration, and reduction of TNF-
« and IL-6 levels in dorsal root ganglia (DRGs). In addi-
tion, the treatment increased cellular antioxidant capacity
through upregulation of Nrf2 and catalase in DRGs. Over-
all, these findings suggest that the bilayer QMN patch has
long-term anti-inflammatory and antioxidant effects and re-
duces chemotherapy-induced neuropathic pain in patients.
This strategy holds dual significance for cancer pain man-
agement: it can directly alleviate treatment-related pain,
thereby improving patient tolerance to anticancer therapy,
and its mechanism of targeting neuroinflammation and ox-
idative stress also offers a novel approach for treating can-
cerous neuropathic pain caused by tumor invasion or com-
pression.

In addition, MN technology has demonstrated unique
benefits in migraine pain. The zolmitriptan intradermal
MN system (Qtrypta™) provides highly effective treatment
for acute migraine headaches through rapid drug delivery
[115]. Photochemical 3D printing technology has further
advanced the development of programmable MNs, such
as dexamethasone MN arrays for on-demand drug release
[116].

New Perspectives on Microneedle for Cancer
Pain Relief

Cancer pain seriously affects the quality of life of can-
cer patients, and there is still a need for continuous explo-
ration and research on better pain management methods.
The principle of three-step drug therapy proposed by WHO
is the current mainstream therapy, in which opioids have
an important role in effectively relieving the symptoms of
moderate-to-severe cancer pain. MN patch is a new type
of TDDS, which is minimally invasive, painless, and can
pass through the barrier of skin stratum corneum to avoid
the first pass elimination, solving the technical problem of
low efficiency of drug transdermal in the traditional way of
drug delivery. Its convenient way of drug delivery, no nee-
dles to give drugs, no pain, improves patient compliance
characteristics, and can avoid the intramuscular injection
or intravenous injection of needle operation to the patient’s
adverse psychological effects.

Currently, MN technology has been widely used in a
variety of pain management applications, and studies have
shown that the analgesic mechanism of drug delivery has
significant commonalities with the pathways of cancer pain
onset and inhibition [99,104,114]. Recently, MNs have also
found applications in cancer treatment. Zhang et al. [117]
designed a MN patch based on an oxygen vacancy-rich
CoSn(OH)6/FeS2 heterostructure. This system can respon-
sively release H2S gas in the tumor microenvironment to
promote apoptosis, while simultaneously driving ferropto-
sis via the Fenton reaction, thereby achieving a synergistic
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therapy pathway combining both apoptosis and ferroptosis.
This work provides a novel strategy for overcoming tumor
drug resistance and achieving precise, efficient, and local-
ized combination therapy. Although MN technology in the
field of oncology is currently focused on the delivery of an-
ticancer drugs, its potential application in the analgesia of
cancer pain is also worthy of expectation.

Translating MN technology into effective cancer pain
management solutions requires a systematic evaluation of
the delivery efficacy of different analgesic drugs. Al-
though direct pharmacokinetic studies of MNs in cancer
pain models remain limited, recent research on key opioids
has yielded valuable data. For instance, fentanyl studies
have advanced beyond mere delivery to integrated sensing
applications; polymer-based microneedle sensing platforms
have achieved highly sensitive detection of fentanyl in bi-
ological fluids, indirectly confirming the excellent com-
patibility and stability of this technology platform when
combined with fentanyl [118]. More importantly, as an
extremely potent opioid, sufentanil polymer-soluble MNs
have demonstrated precise analgesic effects in mouse mod-
els. This study provides direct potency and safety refer-
ences for developing MN formulations of such highly ac-
tive drugs [119]. In contrast, for hydrophilic local anes-
thetics (such as ropivacaine), pH-responsive hydrogel MNs
achieved on-demand sustained release (>72 hours) in in-
flammatory environments through smart materials, demon-
strating high local delivery efficiency [108]. For easily
degraded peptide drugs such as Ziconotide (ZIC), encap-
sulation within lipid or exosome-based nanocarriers fol-
lowed by loading onto MNs serves as a key strategy to pre-
serve activity and significantly enhance transdermal perme-
ation efficiency [95]. These examples demonstrate that a
drug’s molecular properties—size, polarity, and stability—
fundamentally dictate the design philosophy for micronee-
dle formulations: from stable loading and controlled release
of small-molecule opioids to nanoscale encapsulation and
enhanced delivery of large-molecule biologics.

However, for morphine—the more commonly used
clinical agent—systematic evaluation of its high drug load-
ing capacity, long-term stability, and release kinetics within
soluble MNs remains a critical gap that future research must
address. Building upon existing work, future studies should
further quantify and compare the encapsulation efficiency,
in vitro release kinetics, and in vivo transdermal delivery
efficiency of conventional cancer pain medications within
optimized MN systems to accelerate their clinical transla-
tion.

Despite the promising prospects of MN technology in
cancer pain management, its clinical translation faces mul-
tidimensional challenges. Firstly, achieving scalable pro-
duction requires resolving issues such as material consis-
tency, needle body structural precision, and uniform drug
loading to ensure batch-to-batch quality control. As an in-
vasive medical device, sterilization processes must guar-
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antee sterility and safety without compromising micronee-
dle structure, drug potency, or biocompatibility. This ne-
cessitates developing specialized solutions tailored to mi-
croneedle characteristics [120]. Moreover, significant indi-
vidual variations in patient skin conditions—influenced by
age, treatment toxicity, or malnutrition—manifest in differ-
ences such as stratum corneum thickness, hydration levels,
and pathological alterations. These variations may com-
promise the consistency of transdermal penetration and the
predictability of analgesic efficacy [121,122]. Addition-
ally, long-term safety data for repeated use remain unavail-
able for chronic cancer pain requiring extended manage-
ment. Finally, achieving safe and effective patient self-
administration relies not only on intuitive and user-friendly
patch design but also requires comprehensive patient edu-
cation, clear instructions, and potential remote monitoring
support to ensure treatment adherence and safety.

The future development direction can be centered
on three core areas. First, the development of smart re-
sponsive MNs (such as light- or pH-responsive types).
These MNs transform drug delivery from passive release
to active regulation, providing a precise tool to address
the complex dynamic demands of managing cancer pain,
where background pain and breakthrough pain intertwine.
For instance, Yu et al. [123] developed a near-infrared-
responsive MN patch loaded with asymmetric Fe-N-S-
C nanoenzymes and a radical initiator. This system in-
duces ferroptosis through dual-enzyme-catalyzed (mimick-
ing peroxidase/glutathione oxidase activity) to induce fer-
roptosis. Laser activation synergistically generates pho-
tothermal and radical-mediated killing effects, demonstrat-
ing significant antitumor and anti-metastatic efficacy both
in vivo and in vitro. Near-infrared light-responsive MNs
can be triggered by a portable light source applied by
the patient at the specific skin site during an episode of
breakthrough pain, enabling rapid, on-demand drug release
within minutes [106]. This offers a revolutionary tool for
the immediate, patient-controlled management of break-
through pain. On the other hand, pH-responsive MNs can
sense the characteristically acidic microenvironment of tu-
mor tissues or inflammatory sites and intelligently acceler-
ate drug release under these conditions [108]. This char-
acteristic enables the drug to accumulate more extensively
at the site of pain, achieving targeted sustained analge-
sia for cancerous lesions while minimizing systemic expo-
sure and side effects. Furthermore, Hu et al. [124] devel-
oped a bismuth-based dissolvable MN platform integrating
Bi/Bi2SiO5@SiO2—x nanocomposites with gaseous pro-
drugs. This system not only enables CT imaging guidance
but also achieves controlled release of NO and H2 in re-
sponse to multiple stimuli (pH, NIR light, and ultrasound),
thereby synergistically enhancing photothermal, photody-
namic, sonodynamic, and gas therapies.

Second, the construction of multifunctional platforms,
the integration of the analgesic-antitumor drug delivery
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(e.g., MN patches of chemotherapeutic agents combined
with analgesic drugs [125]), or the integration of biosen-
sors for real-time monitoring of pain markers and the dy-
namic modulation of drug delivery. The potential of MNs
as a multifunctional platform has been preliminarily val-
idated across diverse applications. In tissue engineering,
MN-mediated cell implantation technology combined with
decellularized scaffolds has successfully been used to con-
struct bionic skin models and promote chronic wound heal-
ing [126]. This demonstrates MNs’ capability to precisely
deliver bioactive components (such as cells) while syner-
gizing with biomaterial microenvironments. It provides
crucial proof-of-concept and technical insights for devel-
oping multifunctional cancer pain management strategies
integrating analgesia, tissue repair, and even immunomod-
ulation. Another exemplary work is the smart MN system
developed by Hu et al., which innovatively integrates tu-
mor CT imaging, starvation therapy (via glucose oxidase),
and gas therapy (releasing H-S) into a single platform, syn-
ergistically enhancing photothermal/sonodynamic therapy
[127]. This integrated “diagnosis-multimodal therapy” de-
sign provides an inspiring technical blueprint and proof-
of-concept for future development of integrated MN plat-
forms capable of both anticancer and potential analgesic
functions.

Third, promoting personalized medicine by customiz-
ing MN formulations based on patients’ genotypic or phe-
notypic characteristics (e.g., CYP450 enzyme polymor-
phisms [128]). With its unique advantages of high effi-
ciency, safety, and customizability, MN technology is ex-
pected to break through the bottleneck of traditional cancer
pain management, and interdisciplinary synergistic innova-
tion of material science, pharmacy, and clinical medicine
will be the key to realizing the transformation of the in-
telligent MN system and promoting precise analgesia. In
the future, safer and simpler cancer pain management may
be realized through MN technology, which opens up a new
way of thinking about cancer pain treatment and is expected
to bring benefits to cancer patients.

Conclusions

This review systematically summarizes the innovative
prospects of MN technology in cancer pain management.
Its core innovation lies in creatively applying this physi-
cal penetration technique to the complex clinical scenario
of cancer pain, offering a new paradigm to overcome the
limitations of traditional drug delivery methods. By over-
coming skin barriers to achieve painless, efficient drug de-
livery, MN systems demonstrate clear advantages in en-
hancing the local delivery efficiency of analgesics like opi-
oids, enabling on-demand drug release to manage break-
through pain, and improving patient compliance. Future
development of smart, responsive MNs targeting the acidic
microenvironment or abnormal biomarkers associated with
cancer pain, alongside the creation of composite platforms
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combining analgesic and antitumor functions, will be key
directions for advancing this technology’s clinical transla-
tion. MN technology holds promise for breakthroughs in
achieving more precise, personalized, and patient-friendly
cancer pain management.
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