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Microneedles (MNs) can be used for the topical treatment of skin disorders as they directly deliver thera-
peutics to the site of skin lesions, resulting in increased therapeutic efficacy while having minimum side
effects. MNs are used to deliver different kinds of therapeutics (e.g., small molecules, macromolecules,
nanomedicines, living cells, bacteria, and exosomes) for treating various skin disorders, including super-
ficial tumors, wounds, skin infections, inflammatory skin diseases, and abnormal skin appearance. The
therapeutic efficacy of MNs can be improved by integrating the advantages of multiple therapeutics to
perform combination therapy. Through careful designing, MNs can be further modified with biomimetic
structures for the responsive drug release from internal and external stimuli and to enhance the transder-
mal delivery efficiency for robust therapeutic outcomes. Some studies have proposed the use of drug-free
MNs as a promising mechanotherapeutic strategy to promote wound healing, scar removal, and hair
regeneration via a mechanical communication pathway. Although MNs have several advantages, the
practical application of MNs suffers from problems related to industrial manufacture and clinical evalua-
tion, making it difficult for clinical translation. In this study, we summarized the various applications,
emerging challenges, and developmental prospects of MNs in skin disorders to provide information on
ways to advance clinical translation.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

As the outermost layer of the body, the skin acts as the first line
of defense, preventing the entry of foreign substances and also
enhancing the chances of developing various skin disorders [1].
Skin diseases are quite common and affect 30%–70% of the global
population. It significantly affects the productivity, psychological
health, and quality of life of patients, as the affected region of the
skin might impair the appearance, structure, and/or function of
skin tissue. The transdermal drug delivery system (TDDS) is a suit-
able administration route for the topical treatment of skin diseases
with inert target delivery and a few mild side effects [2]. However,
the therapeutic efficacy of conventional TDDS is usually unsatisfac-
tory due to its poor drug delivery efficiency, which is associated
with the stratum corneum that acts as the foremost transdermal
barrier [3]. Therefore, a novel TDDS needs to be developed to over-
come the transdermal barriers and improving the treatment of skin
diseases.

Microneedles (MNs) are minimally invasive devices consisting
of an array of micron-sized needles (25–2000 lm long) and can
painlessly pierce the stratum corneum to generate mechanical
microchannels for delivering drugs intradermally. Compared to
conventional TDDS, MNs can significantly enhance the efficacy of
transdermal delivery and facilitate spatiotemporally controlled
drug release in the skin layer, ranging from the epidermis to the
dermis; thus, it has superior therapeutic effects. Additionally,
MNs eliminate the limitations related to the molecular weight
(< 500 Daltons (Da)) [4], lipophilicity (1 < log(P) < 3) [5], and size
(<100 nm) [6] of the therapeutic agents associated with the con-
ventional TDDS. They also serve as an ‘‘all-in-one” platform to
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integrate multiple therapeutic agents (e.g., chemical compounds,
photosensitizers, nanoparticles (NPs), microparticles, living cells,
and bacteria) to perform combination therapy for enhancing ther-
apeutic performance. As MNs possess the advantages of both TDDS
and injection, they have revolutionized the landscape of TDDS and
their application has increased in the field of dermatology.

Through continuous research over many decades, the applica-
tion of MNs has been extended to various skin disorders, including
superficial tumors, wounds, skin infections, inflammatory skin dis-
eases, and abnormal skin appearance (alopecia, pathological scars,
photoaging, wrinkles, etc.). To improve the therapeutic outcomes
of MNs, researchers have proposed numerous strategies that can
be broadly divided into three types: ① enhancing the efficacy of
drug delivery by optimizing the geometry and compositions of
MNs [7,8], ② developing combination therapy to integrate the
advantages and multiple action mechanisms of different therapeu-
tic agents [9], and ③ developing MNs with biomimetic structures
to increase adhesion or contraction force in the skin [10]. Additionally,
drug-free MNs were found to facilitate mechanotherapy for some
problems, such as wounds [11], alopecia [12], scars [13], and wrinkles
[14], by influencing collagen remodeling and vascularization in a
mechanical communication pathway.

Although MNs have been used for effectively treating skin dis-
orders, a systematic summary of the latest progress in this field
is lacking. Therefore, in this review, we summarized the advan-
tages and applications of MNs in treating dermatological diseases
(Fig. 1). Considering that commercialized MN products are only
available for cosmetic dermatology, we also discussed the major
challenges in the development, manufacture, and clinical transla-
tion of medical MN products. The customization of MNs toward
precision therapy might also provide insights into rational dosing
and improve therapeutic efficacy. Overall, this review provides
valuable information on the design and clinical translation of MNs.
2. Type, preparation, and characterization of MNs

The investigation of MNs as a novel TDDS was first proposed in
1976 when the first patent for MNs was filed by Martin and Gerstel
Fig. 1. An overview of MN-mediated topical management of skin disorders and
defects by different therapies. PTT: photothermal therapy; PDT: photodynamic
therapy; ROS: reactive oxygen species; CDT: chemodynamic therapy; GOx: glucose
oxidase; CAT: catalase; NIR: near-infrared; NK: natural killer.
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from Alza Corporation [15,16]. After the emergence of microelec-
tronics and microfabrication technology in the 1990s, considerable
progress was made in the manufacturing of MNs with different
types of geometric parameters and materials, which helped MNs
become a prominent part of the pharmaceutical field [16]. The
MN technology was first used in 1998 by Henry et al. [17] for the
transdermal delivery of calcein as a model drug, which increased
skin permeability by up to four orders of magnitude, relative to
that achieved by applying creams. Since then, researchers have
developed different types of MNs to meet the needs of different
applications (Fig. 2). Overall, the development and application of
MNs have become more convenient and eco-friendly. The methods
for preparing and characterizing MNs are described below.

2.1. Three-step administration MNs

2.1.1. Solid MNs
Solid MNs made from silicon [18], metal [19,20], and polymers

[21] (Table 1 [18-51]) represent the first and second generation of
MNs. The fabrication of solid MNs varies depending on the materi-
als used and can be generally performed by dry-etching [22], wet-
etching [18], deep reactive ion etching [23], laser cutting [24], elec-
troplating [25], diffraction lithography [26], micrmolding [21,27],
etc. (Table 1). Solid MNs usually have enough mechanical strength
to pierce the cuticular barrier as their constituent materials are
rigid. During drug administration, solid MNs are used to pierce
the skin to create microchannels, and then, they are removed from
the insertion sites and replaced with drug-loaded patches, creams,
solutions, or a backing layer (Fig. 2(a)). As the created microchan-
nels are in a dynamic recovery process and might be closed during
administration, the permeation of drugs from solid MNs is usually
passive, resulting in poor efficiency of delivery and low accuracy of
the dose [52]. Additionally, silicon or metal-based solid MNs are
biologically incompatible, and needle breakage in the skin might
be harmful to the health of the patient.

2.1.2. Hollow MNs
Hollow MNs are microsyringes, i.e., the length and diameter of

their needles are at the micrometer level. Hollow MNs are mainly
prepared using silicon, metal, and polymers, which are also used
for producing solid MNs [28]. HollowMNs can be prepared by deep
reactive-ion etching [29], wet and dry etching [30], drawing lithog-
raphy [31], three-dimensional (3D) printing [32], etc. The needles
used in hollow MNs have an empty cavity to hold a drug solution
and for dispersion. The drug delivery through hollow MNs usually
includes the following three steps (Fig. 2(b)): The hollow MNs first
pierce the skin, and then, the drugs are injected into the skin through
the empty cavity under pressure or by electric driving [53]. After
administration, the hollow MNs are pulled out from the skin for
recovery. Compared to other types of MNs, hollowMNs offer a flex-
ible flow rate for accurately delivering high doses of drugs and are
primarily used for assisting the delivery of biomacromolecules,
including proteins [54], genes [55], and vaccines [56]. However, hol-
lowMNs are difficult to manufacture, and they also have the risk of
needle fracture and lumen blockage during administration [57].

2.2. Two-step administration MNs

2.2.1. Coated MNs
In coated MNs, the drug formulation is coated onto the surface

of solid MNs via dip coating [33], inkjet deposition [34], inkjet
printing [35], spray drying [36], and micromolding [37]. Therefore,
the materials used for preparing solid MNs are also suitable for fab-
ricating coated MNs. Among these methods of preparation, dip
coating is used most commonly to prepare coated MNs, as the pro-
cess is simple and inexpensive. The micromolding technique was



Fig. 2. Different types of MNs for drug delivery. Three-step administration MNs: (a) solid MNs and (b) hollow MNs; two-step administration MNs: (c) coated MNs and (d)
hydrogel-forming MNs; one-step administration MNs: (e) dissolving MNs and (f) cryoMNs.

Table 1
The materials and technologies used to prepare various MNs.

Type of
MNs

Preparation
material

Examples Preparation method References

Solid MNs Silicon Monocrystalline, polycrystalline silicon Dry-etching, wet-etching, deep reactive
ion etching

[18–27]

Metal Titanium, stainless steel, nickel Laser cutting, laser ablation, wet-etching,
electroplating

Polymer Poly(lactic-co-glycolic) acid (PLGA), poly lactic acid (PLA), polycarbonate,
polymethylmethacrylate (PMMA)

Lithography, micromoulding

Hollow
MNs

— — Deep reactive-ion etching, wet and dry
etching, drawing lithography, 3D printing

[28–32]

Coated
MNs

— — Dip coating, inkjet deposition, inkjet
printing, spray drying, micmolding

[33–37]

Hydrogel-
forming
MNs

Crosslinked
polymer

Poly(methyl vinyl ether-co-maleic acid) (PMVE/MA), methacrylated
hyaluronic acid (MeHA), methacrylate gelatin (GelMA), 2-hydroxyethyl
methacrylate (HEMA)

Micromoulding, 3D printing [38–41]

Other
polymers

Silk, poly vinyl alcohol (PVA), Gantrez� S-97 —

Polysaccharide Hyaluronic acid (HA), chondroitin sulfate, chitosan, dextran —
Dissolving

MNs
Natural
polymer

Silk, gelatin, hydroxypropyl methyl cellulose (HPMC) Micromoulding, droplet-born air blowing,
laser lithography, photolithography, 3D
printing

[42–49]

Synthetic
polymer

Poly vinyl pyrrolidone (PVP), PVA, PLGA, PLA —

CryoMNs Polymer Polystyrene, PLA, polycaprolactone, MeHA, GelMA Cryogenic micromoulding, freezing
template-based micromolding

[50,51]
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recently used for the mass fabrication of coated MNs with uniform
and controllable drug loading [37]. When coated MNs are inserted
into the skin, the coated cargo first dissolves in the cutaneous
tissues, and the remaining MNs can be removed from the skin
for recycling (Fig. 2(c)). The major issues associated with the
preparation and administration of coated MNs include the low
drug-loading capacity, as the capacity is restricted by the coating
thickness and needle size, and low efficiency of delivery due to
non-homogeneous coating and premature drug loss.

2.2.2. Hydrogel-forming MNs
Hydrogel-forming MNs consist of swellable polymeric needles

and a drug-loaded backing layer. The hydrogel-forming MNs can
be prepared by micromolding [38,39] and 3D printing [40]. After
the MNs are inserted into the skin, the needles (Table 1) absorb
interstitial fluid from tissues and expand to create microchannels
for continuous drug delivery (Fig. 2(d)) [41]. After administration,
the MNs can be removed from the insertion site. Compared to
other MNs, hydrogel-forming MNs can resist the closure of skin
orifices to a greater extent. They can achieve higher delivery
172
efficiency and longer drug release by tuning the swellability of
polymers [58]. They also have certain advantages over dissolving
MNs in drugloading capacity, as the backing layer has a larger
space to load drugs [59].

2.3. One-step administration MNs

2.3.1. Dissolving MNs
Dissolving MNs consist of drug-loaded needles attached to a

backing layer. They can be prepared from biodegradable materials,
including polysaccharides [42], natural polymers [43], and syn-
thetic polymers [44], and can be fabricated by micromolding
[45], droplet-born air blowing [46], laser lithography [47], pho-
tolithography [48], and 3D printing [49] (Table 1). Micromolding
is the most commonly used and cost-effective method, in which
the needle or base solution is filled into the micropores of the male
mold under centrifugal or vacuum conditions. Drug administration
by dissolving MNs is simplified into one step, where the MNs
pierce the skin to release cargoes without additional manipulation
(Fig. 2(e)). Thus, a good selection of needle materials with enough
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mechanical strength, and hence, good skin penetration ability is
critical for preparing dissolving MNs. Based on the mechanical
properties of the material, needle materials can be divided into
ductile materials (e.g., hyaluronic acid (HA) and poly vinyl alcohol
(PVA)) and brittle materials (e.g., poly vinyl pyrrolidone (PVP), chi-
tosan, and dextran). To increase the mechanical strength of
dissolving MNs, polymer blends with complementary mechanical
properties or auxiliary materials (e.g., hydroxypropyl-b-cyclodex-
trin (HP-b-CD) [60], sucrose [61], and hyaluronidase [62]), which
can form hydrogen or electrostatic force with major needle mate-
rials, are commonly used for preparing MNs. The mechanical prop-
erties of MNs might be susceptible to high humidity, high
temperature, and physical stress. Thus, these MNs need to be pro-
tected from fracture during their preparation, application, and
storage. Overall, dissolving MNs have excellent biocompatibility
and are suitable for patients who need long-term therapy [63].

2.3.2. CryoMNs
CryoMNs are the latest type of MNs that are specifically

designed to deliver living cells [50] or bacteria [51] for treating
melanoma or eye infection. CryoMNs can be fabricated by cryo-
genic micromoulding [50] or freezing template-based micromold-
ing [51], which not only keep the cargoes active but also enable
MNs with sufficient mechanical strength to perform skin insertion.
When CryoMNs are inserted into the skin, the needles made from
biodegradable polymers (Table 1) dissolve to release the cargo,
which further proliferates and promotes therapeutic effects
(Fig. 2(f)). CryoMNs enhance the stability and bioactivity of living
cargoes during preparation and long-term storage, but their appli-
cation is still restricted by the requirements of aseptic manufactur-
ing, storage, and transportation at ultra-low temperatures, and
limited cell volume [50]. However, CryoMNs can be used for pro-
ducing MNs loaded with biopharmaceutics (e.g., exosomes, vacci-
nes, genes, and biomacromolecules).

2.4. Characterization of MNs

Characterization of MNs is necessary for developing high-
quality and safe MNs. The qualitative and quantitative evaluation
of MNs can help optimize the formulation composition, geometric
parameters, and preparation methods of MNs, which can enhance
their suitability for therapeutic requirements. The morphology,
size, and drug distribution of MNs can be evaluated by performing
scanning electron microscopy, stereotypic fluorescence micro-
scopy, and confocal laser scanning microscopy. The mechanical
properties of MNs are closely related to the skin puncture perfor-
mance of MNs and can be determined by a texture or tensile test-
ing machine. The mechanical strength and breaking force of MNs
can be calculated from the displacement-force curve of MNs. The
ability of MNs to puncture the skin is usually evaluated via trypan
blue or hematoxylin and eosin (H&E) staining of the inserted skin
tissues to visualize the micropores created by the MNs. The real-
timemonitoring of the puncture depth can be performed by optical
coherence tomography (OCT). Drug loading also indicates the thera-
peutic efficacy of MNs. To determine the drug loading of MNs, first,
the needles are cut off and then collected for conducting drug con-
tent assay by high-performance liquid chromatography (HPLC),
ultraviolet–visible spectrophotometry, fluorescence spectrophotom-
etry, etc. The in vitro transdermal delivery efficiency of MNs can be
evaluated using the Franz diffusion cell to measure the cumulative
drug permeability and the retention of the drug in the skin. The
in vivo performance can be assessed by tracking the biodistribution
of the drug using a living image system and conducting pharmacoki-
netic studies. The therapeutic efficiency of MNs is usually evaluated
by conducting pharmacodynamic studies. The safety of MNs can
be evaluated by assessing local skin irritation (e.g., erythema,
173
granulation, and inflammation) and systemic toxicity through visual
inspection, histological analysis, or biochemical assays. The stability
of MNs is evaluated by determining whether the content, activity,
and degradation product of loaded drugs and the physicochemical
properties of MNs change after storage under specified conditions
of humidity and temperature.
3. MN-mediated treatment of dermatological diseases

3.1. The use of MNs for treating superficial skin tumors

Superficial skin cancers (e.g., squamous cell carcinoma, basal
cell carcinoma, and malignant melanoma) are common tumors
and seriously threaten humans [64]. Surgical resection, radiother-
apy, and chemotherapy are the most widely used regimens for can-
cer therapy. However, these methods show problems of high
recurrence rate, low therapeutic outcome, serious side effects,
and poor patient compliance. To overcome their limitations, novel
therapeutic methods (e.g., phototherapy, chemodynamic therapy
(CDT), gene therapy, and immunotherapy) and combination
therapy have emerged as alternatives to cancer therapy. Specifi-
cally, MN-mediated topical administration has certain advantages
over intravenous injection, intratumor injection, and oral adminis-
tration in treating superficial tumors. These advantages include
increased drug delivery efficiency and decreased side effects
caused by systemic drug exposure. MNs provide a painless and
minimally invasive administration technique. They have been
extensively studied and optimized to deliver different kinds of
therapeutic agents for treating various superficial tumors.

3.1.1. Chemotherapy
The local delivery of chemotherapeutic drugs via MNs is a

promising approach for treating superficial skin tumors using a
low dose of drugs and with minimum side effects. Lan et al. [65]
described a technique using MNs to intratumorally deliver pH-
responsive lipid-coated cisplatin NPs, which was a more efficient
and safer method of cancer therapy than intravenous injection.
Additionally, doxorubicin (DOX) and docetaxel were co-loaded in
MNs to efficiently suppress tumor growth, and the effect was supe-
rior to that of monotherapy and intratumoral administration [66].
Bioorthogonal catalysis implements abiotic transition metals as
alternatives to natural enzymes for catalyzing chemical reactions,
and this technique can be used to activate prodrugs in living envi-
ronments via non-natural processes [67]. Bioorthogonal catalysis
might avoid the side effects of anticancer prodrugs on normal tis-
sues. To ameliorate the safety issues associated with metals, Chen
et al. [67] developed a biorthogonal MN patch integrated with Pd
NP-doped TiO2 nanosheets to combat melanoma. This MN device
allowed the transformation of N-allyloxycarbonyl-caged DOX
(alloc-DOX) into DOX in the B16-F10 tumor-bearing mice and
showed robust antitumor effects. Additionally, this device could
be easily withdrawn, and it could eliminate the off-target side
effects in healthy or distant tissues.

3.1.2. Photodynamic therapy (PDT)
In PDT, laser-irradiated photosensitizers are used to transfer

light energy to highly cytotoxic reactive oxygen species (ROS) to
kill cancer cells [68]. In 2008, Donnelly et al. [69] described silicon
MNs-mediated intradermal delivery of 5-aminolevulinic acid
(ALA), which could perform the PDT of skin tumors efficaciously.
Pretreatment of the skin with silicon MNs significantly increased
the in vitro and in vivo transdermal delivery of ALA released from
a bioadhesive patch. The MN-assisted delivery of ALA led to the
production of a larger amount of protoporphyrin IX and achieved
comparable PDT at a lower dose and application time. In another
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study, ALA-loaded dissolving MNs were also developed for the PDT
of melanoma, and they showed a better anti-tumor effect than that
achieved via ALA injection [70]. Hypericin is a naturally derived
photosensitizer. It has high photodynamic efficiency and can pref-
erentially accumulate in tumor tissues. However, the highly
hydrophobic nature and poor skin permeability of hypericin
severely hinder its application in PDT. To address these limita-
tions, Abd-El-Azim et al. [71] developed and used AdminPenTM hol-
low MNs to assist the intradermal delivery of hypericin-loaded
lipid capsules. This technique showed satisfactory antitumor effi-
ciency in the CT-26 tumor-bearing mice. About 85.84% of the
tumor volume was decreased following MN-assisted PDT.

Researchers have proposed several strategies to improve the
antitumor efficiency of PDT, including integration with chemother-
apy, increasing intratumoral O2 saturation, depleting glutathione
(GSH), imaging-guided PDT, and a combination of these tech-
niques. Tham et al. [72] developed mesoporous nanovehicles
co-loaded with phthalocyanine, dabrafenib, and trametinib for
the photodynamic chemotherapy of melanoma. They also used
the MN technology to promote the delivery of nanovehicle into
deep tumors for enhanced antitumor effects. Liu et al. [73] intro-
duced sodium percarbonate to prepare oxygen-propelled MNs to
simultaneously deliver chlorin e6 (Ce6) into deeper tumor tissues
and relieve the hypoxia around the tumor, which improved the
PDT of breast cancer. Li et al. [74] developed catalase (CAT) and
Cu2+ dual-doped zeolitic imidazolate framework (ZIF)-loaded
MNs for the enhanced PDT of melanoma by simultaneously self-
generating O2 and depleting GSH. The photosensitizers released
from the ZIF could be tracked by fluorescence imaging, which
enabled image-guided repeatable PDT for enhanced antitumor
effect. He et al. [75] developed a synthetic biology-instructed ther-
anostic MN patch that was mixed with Cu2+-doped calcium phos-
phate NPs for traceable and repeatable PDT. ALA and CAT were
co-loaded in the NPs to perform PDT and achieve reverse tumor
hypoxia via the catalysis and decomposition of hydrogen peroxide
(H2O2) into O2. The increase in tumor oxygenation promoted the
transformation of ALA into porphyrin IX, while Cu2+ and Ca2+

depleted GSH and increased oxidative stress, respectively.
Together, these changes enhanced the antitumor efficiency of
ALA-mediated PDT. The tumor oxygenation and the metabolic
kinetics of porphyrin IX were monitored through fluorescence/
photoacoustic duplex imaging, which enabled image-guided PDT.
Such a theranostic MN patch might be effective in the clinic.

3.1.3. Photothermal therapy (PTT)
Several researchers have shown that MN-mediated PTT exhibits

excellent anti-tumor efficacy by generating local hyperthermia to
ablate tumors, and it is more effective than intravenous and
intra-tumor injection due to the ‘‘zone accumulation” and uniform
distribution of photosensitizers in the tumor tissues [76,77]. Wei
et al. [78] developed dissolving MNs integrating NIR950 AIEgen-
loaded pH-responsive micelle to perform PTT. The method ablated
the malignant melanoma through only a single low-dose adminis-
tration and one round of laser irradiation at 808 nm. Some
researchers also developed two-dimensional (2D) MXene-loaded
dissolving MNs to photothermally ablate tumors under laser irra-
diation at 1064 nm located in the second near-infrared (NIR-II)
window. The method significantly increased the survival rate of
tumor-bearing mice [79]. Considering that single PTT is prone to
tumor relapse, the combination of PTT and chemotherapy was
proposed as a better therapeutic option for cancers due to their
synergistic effects. Organic (e.g., indocyanine green (ICG) [80],
IR780 [76]) and inorganic (e.g., lanthanum hexaboride [81], gold
nanocage [82], and CuS [83]) photosensitizers can be co-loaded
with chemotherapeutical drugs in MNs to perform photothermal
chemotherapy for treating superficial tumors with higher antitu-
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mor efficiency than that achieved via monotherapy. This technique
is highly efficient because of the NIR-activable drug release and the
multiple anti-tumor mechanisms of combination therapy [76,77].

3.1.4. Chemodynamic therapy
In CDT, H2O2 is catalytically converted into highly cytotoxic

hydroxyl radicals (OH�) that kill tumor cells through the Fenton
or Fenton-like reaction [84]. CDT is different from PDT and does
not require external laser irradiation or additional oxygen supply
for producing ROS. Thus, it is a promising approach for tumor treat-
ment. Ruan et al. [85] developed multifunctional CaO2@Mn-
polydopamine (PDA) NP-embedded MNs as a synergistic therapeu-
tic strategy against melanoma by integrating PTT, CDT, and
hypoxia relief. Briefly, Mn-PDA generated PTT via NIR irradiation
and catalyzed endogenous and CaO2-generated H2O2 to produce
OH�. CaO2 released O2 to relieve tumor hypoxia, which significantly
inhibited tumor growth. Liao et al. [86] developed a ‘‘ROS accumu-
lation” strategy to improve the therapeutic efficacy of CDT against
melanoma. In their technique, the MNs were used to deliver a ver-
satile nanomedicine to increase ROS accumulation for a sustain-
able Fenton reaction by gallic acid-mediated reduction of Fe3+ to
Fe2+ for catalyzing the conversion of H2O2 into OH�, PDA-
mediated hyperthermia and GSH depletion, and DOX-induced
ROS production. The multifunctional MNs integrated with CDT/
PTT/chemotherapy significantly inhibited tumor growth by exert-
ing multiple antitumor effects.

3.1.5. Starvation therapy
Glucose oxidase (GOx)-based starvation therapy has received

much attention for tumor treatment, as GOx can catalyze the oxi-
dation of intratumoral glucose, thus blocking the energy supply for
tumor proliferation. Gluconic acid and H2O2 are the main oxidation
byproducts of glucose, which can create an acidic tumor micro-
environment and provide a substrate to enable cascade reaction-
enhanced multi-modal tumor therapy. However, GOx is liable to
degradation and deactivation by protease in vivo, and nanoengi-
neering techniques are implemented to prolong the catalytic activ-
ity of GOx. For example, Zhou et al. [87] used a biomineralized
approach to immobilize ICG, GOx, and CAT in the internal core
and external layer of ZIF-8, thus forming a multifunctional nano-
reactor that exhibited combined PTT, PDT, and starvation therapy.
Specifically, GOx-mediated starvation therapy initiated the cascade
reaction of biomineralized ZIF-8, as it could downregulate the
expression of heat shock proteins to sensitize PTT and produce
exogenous H2O2, which was further catalyzed by CAT to self-
generate oxygen, thus enhancing PDT. Then, ZIF-8 was coated with
HA for homing tumor tissues via the cluster of differentiation 44
(CD44) receptor and loaded in the MNs for intratumoral delivery;
the technique significantly enhanced the treatment of melanoma.
In another study, Zeng et al. [88] encapsulated GOx in cell
membrane-inspired biomineralized NPs that were delivered by
MNs for topical starvation therapy of melanoma. Gox was first
coordinated with folic acid and Zn2+ to construct a nanoscale core,
which was coated with a PDA shell to protect the degradation of
GOx. This GOx, which was slowly released from the cell-
mimicking NPs, catalytically consumed glucose over a long time
and exhibited high antitumor efficacy.

3.1.6. Gene therapy
With the advancement of various techniques in biology and

intensive research on tumors, gene therapy has emerged as a novel
anti-tumor regimen. It is performed by transferring corrective or
therapeutic genes into the cells of a patient to modify defects
and abnormal genes related to diseases [89]. Different kinds of
genes, including small interfering RNA (siRNA) [90] and plasmid
DNA (pDNA) [91], have been delivered by MNs for tumor
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treatment. To improve the delivery and transfection efficiency, the
genes are first inserted into functional NPs before being loaded into
MNs. For example, Ruan et al. [92] developed coated MNs inte-
grated with the cell-penetrating peptide octaarginine/BRAF siRNA
nanocomplex to silence the BRAF gene. This method significantly
inhibited the proliferation of melanoma. Xu et al. [93] developed
a p53 DNA and IR820 co-loaded MN patch to perform
temperature-responsive release of genes and combined gene-PTT.
Their method showed excellent antitumor efficacy in vivo.

3.1.7. Immunotherapy and photoimmunotherapy (PIT)
Immunotherapy is a powerful tool in cancer treatment. It stimu-

lates the immune system of the body to antagonize primary, dis-
tant, and metastatic tumors. However, most immunotherapeutic
strategies are not efficacious because of the immunosuppressive
microenvironment and low immunogenicity of tumor tissues. In
the last decade, many studies have been conducted to solve these
problems using the benefits of MN-mediated immunotherapy for
skin cancer.

Immune checkpoint blockade is a classical approach to elicit an
antitumor response in preclinical and clinical trials by reversing
the immunosuppressive microenvironment using different agents,
including programmed cell death protein 1 (PD-1) and its ligand
(PD-L1), and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-
4) [54]. Wang et al. [94] developed a self-degradable MN patch
integrated with pH-sensitive dextran NPs for enhanced
immunotherapy of melanoma (Fig. 3(a)). Briefly, GOx, CAT, and
anti-PD-1 (aPD1) were co-encapsulated in dextran NPs that were
further loaded into photo-crosslinked HA MNs. After the MNs were
applied to the tumor tissues, the GOx catalyzed the oxidation of
glucose into gluconic acid, which created a local acidic microenvi-
ronment and promoted the self-dissociation of dextran NPs to sub-
stantially release aPD1 for effective immunotherapy. Additionally,
CAT catalyzed the conversion of the undesired byproduct H2O2 into
O2, which further assisted GOx-mediated oxidation. Compared to
intratumorally injected free aPD1 and the MNs without degrada-
tion triggers, self-degradable MN could induce a significant
increase in the immune response via a single administration to
suppress the growth of melanoma. Additionally, the MN-
mediated codelivery of aPD1 and anti-CTLA-4 produced a synergis-
tic antitumor effect.

As dendritic cells (DCs) are important antigen-presenting cells
(APCs), DC vaccines have been widely used in cancer immunother-
apy [95]. MNs can be used to effectively and directly deliver DCs to
the cutaneous tissue, which contains abundant APCs. Chang et al.
[50] developed cryoMNs to deliver ovalbumin-pulsed DCs (OVA-
DCs) for vaccination of cancer cells and immunotherapy of
melanoma (Fig. 3(b)). The cryoMNs were prepared using a step-
wise cryogenic micromolding technique to package OVA-DCs
pre-suspended in a cryogenic medium. The cryoMNs showed good
skin insertion ability and maintained the viability of OVA-DCs after
one month of storage in liquid nitrogen. After optimizing the
administration frequency (twice per week) and dosage (4 � 105

OVA-DCs), the vaccination efficiency of cryoMNs was further com-
pared to those of intravenously and subcutaneously injected OVA-
DCs. The cryoMNs induced stronger antigen-specific immune
responses and exerted a better tumor inhibitory effect. The DNA
vaccine is a promising alternative strategy to activate humoral
and cellular immunity against tumors. Duong et al. [96] developed
polycarbonate MNs coated with a nanoengineered DNA vaccine
that could be continuously released into the skin to induce a robust
immune response for antagonizing metastatic melanoma. Based on
a layer-by-layer coating technique, theMNswere alternately dipped
in an ultra-pH-responsive copolymer and adjuvant poly(I:C) to load
the DNA vaccines. The adjuvant and DNA vaccines were released
into the cutaneous tissues with rich immune cells due to the pH-
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response dissociation of copolymers, resulting in a stronger immune
response to reject pulmonary metastatic melanoma than that
recorded after administering the soluble DNA vaccine.

In PIT, PTT-generated hyperthermia or PDT-derived ROS is used
to produce an in situ vaccine and destroy the tumor cell. PIT can
strongly promote immunotherapy by triggering the release of
damage-associated molecular patterns (DAMPs) and inflammatory
cytokines [97,98]. Additionally, an increase in the local tempera-
ture can increase blood and lymphatic flow, which in turn can
recruit APCs and T lymphocytes to enhance the immune response
[96]. Some metabolic and autophagy regulators might also be
introduced to reverse the immunosuppressive environment for
robust PIT against primary, distal, and metastatic tumors. For
example, Chen et al. [98] designed core–shell MNs that were
loaded with 1-methyl-tryptophan (1-MT) and ICG in the core and
shell, respectively, for the robust PIT of melanoma. In that study,
1-MT was found to be an effective indoleamine 2,3-dioxygenase
(IDO) inhibitor, which prevented the PTT-induced high expression
of IDO that could functionally impair the antitumor immune cells.
The core–shell MNs effectively eradicated 80% of the primary
tumor and elicited an antitumor immune response, thus inhibiting
tumor metastasis. In another study, in situ self-assembled nano-
micelle MNs were developed to achieve autophagy regulation-
enhanced PIT [99] (Fig. 3(c)). IR780 and chloroquine (CQ) were
co-encapsulated in soluplus-based nanomicelles to perform PTT
and regulate the autophagic pathway, respectively. When the
MNs were inserted into the skin, the nanomiclles self-assembled
and were coated by HA through electrostatic interactions to facili-
tate tumor targeting via the CD44 receptor. PTT induced immuno-
genic cell death (ICD) of B16 cells, which in turn acted as an ‘‘eat
me” signal for phagocytosis by M2 phenotype tumor-associated
macrophages (TAMs). Both cellular and animal studies showed
that CQ can inhibit autophagy and induce the polarization of TAMs
toward the M1 phenotype, thus enhancing the antitumor effects of
PIT. Thus, the autophagy-regulated PIT initiated a robust antitumor
immune response to eradicate the primary and distant melanoma.
PDT was also used to potentiate immunotherapy. Chen et al. [9]
developed self-degradable MNs integrated with pH-responsive
dextran NPs to co-deliver zinc phthalocyanine and anti-CTLA4
antibody (aCTLA4) to treat breast cancer via PDT-mediated PIT.
PDT killed the tumor cells to trigger an immune response, whereas,
aCTLA4 inactivated the regulatory T cells (Tregs) to reverse the
immune-suppressive microenvironment, thus enhancing the
effects of PIT.

3.2. The use of MNs for promoting wound healing

The skin is the first line of defense against exterior microbial
attacks and is crucial for maintaining tissue fluids, nutrients, and
electrolytes. Skin injuries can occur due to various factors, includ-
ing trauma, burn, surgery, diabetes mellitus, etc. If the integrity
and primary function of the skin are impaired, it can adversely
affect the quality of life, appearance, and mental health of patients.
Many researchers have focused on wound healing, as it imposes an
enormous global health burden. Wound healing generally has
three phases, including inflammation, proliferation, and tissue
remodeling [100]. During wound healing, skin infection can
develop easily as wounds create a conducive environment to foster
microorganisms [101]. Therefore, effective therapeutic regimens
need to be developed to accelerate wound healing, recover skin
functions, and prevent complications [102].

Many researchers have started using MNs in the field of wound
healing as they have several advantages over conventional medical
operations or adhesives, including sutures, staples, medical tapes,
medical glues, and functional hydrogel [103]. MNs can provide
firm adhesion to the injured tissues, minimize tissue damage,



Fig. 3. (a) The MNs integrated with self-dissociated NPs for the pH-responsive release and intratumoral delivery of aPD1, resulting in robust immune response against cancer
cells. (b) The cryoMNs-mediated intradermal delivery of DCs for potentiating immunotherapy. (c) In situ self-assembled nanomicelle MN-mediated PIT of melanoma via
autophagy regulation. a.u.: arbitrary units; m-HA: methacrylated hyaluronic acid; MHC: major histocompatibility complex; TCR: T-cell receptor; s.c.: subcutaneous injection;
i.v.: intravenous; LC3: microtubule-associated protein light chain 3; iNOS: nitric oxide synthase; Arg-1: arginase-1; NF-jB: nuclear factor kappa-B; MAPK: mitogen-activated
protein kinase. (a) Reproduced from Ref. [94] with permission; (b) reproduced from Ref. [50] with permission; (c) reproduced from Ref. [99] with permission.
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avoid fluid leakage, and facilitate the smart delivery of drugs [104].
As MNs can be loaded with therapeutic agents that have
anti-bacterial, anti-oxidant, anti-inflammatory, and angiogenic
activities, they can be used to simultaneously kill microorganisms,
relieve inflammation, and promote vascularization for rapid
wound healing. For example, Yin et al. [105] developed magnesium
organic framework (Mg-MOF)-based multifunctional MNs for
accelerating diabetic wound healing (Fig. 4(a)). Briefly, the Mg-
MOFs were prepared from MgCl2 and gallic acid, and then, mixed
with poly(c-glutamic acid) (c-PGA) hydrogels to prepare the nee-
dle tips. The Mg2+ released from the needle tips promoted angio-
genesis by increasing cell migration and endothelial cell tube
formation, while the gallic acid scavenged excessive ROS, thus
decreasing inflammation. Additionally, the backing layer made of
graphene oxide-silver nanocomposite (GO-Ag) hydrogels exerted
antibacterial effects and accelerated the healing process. Such a
multifunctional MN patch with an ‘‘all in one” strategy can
strongly promote diabetic wound healing.

To improve the therapeutic efficacy of MNs in wound healing,
many researchers have investigated NIR-activable MNs with con-
trollable release and gas therapy. Sun et al. [106] developed
MXene-integrated MNs to achieve temperature-sensitive release
of adenosine under NIR irradiation which enhanced angiogenesis
and accelerated wound healing. Zhang et al. [107] developed sep-
arable MNs integrated with black phosphorus (BP) for
photothermal-responsive oxygen delivery to treat hard-to-heal
diabetic wounds. When BP quantum dots were exposed to NIR,
the local temperature increased rapidly and decreased the oxygen
binding capacity of hemoglobin, resulting in controllable oxygen
delivery, which promoted wound healing with faster wound clo-
sure, tissue regeneration, and angiogenesis. In another study, Yao
et al. [108] developed porous MOF-integrated MNs that were used
for the photothermal-responsive delivery of nitric oxide (NO),
which promoted diabetic wound healing. GO was co-loaded with
the NO-laden MOF in the microparticles, which were used for the
photothermal responsive release of NO; the microparticles were
further formulated into MNs to enable efficacious and deep trans-
dermal delivery of NO for accelerated wound healing.

With the development of tissue engineering, mesenchymal
stem cell (MSC)-based and exosome-based regenerative therapy
has been extensively investigated for wound healing. To overcome
the low migration ability and poor therapeutic efficacy of injected
MSCs, Lee et al. [109] developed a detachable hybrid MN depot
(d-HMND) for the intradermal delivery of MSCs. This method
showed higher cell viability and wound closure rate. Exosomes
are small vesicles that are secreted by cells and have a diameter
of 50–150 nm. They help in regulating intercellular communica-
tion by transporting bioactive cargoes, including microRNAs
(miRNAs), messenger RNAs (mRNAs), and proteins [110]. Some
researchers used MNs to deliver an assortment of naturally
secreted and artificial exosomes to improve their activity and ther-
apeutic efficiency and found that the method can accelerate wound
healing [111,112]. Yuan et al. [111] developed methacrylate gelatin
(GelMA) MNs co-loaded with human umbilical vein endothelial
cell (HUVEC)-secreted exosome and tazarotene to achieve sus-
tained release and increased angiogenesis for repairing diabetic
wounds. In another study, Ma et al. [112] developed a membrane
extrusion method for producing artificial nanovesicles from Fe
NPs-pretreated MSCs (Fe-MSC-NVs), which significantly increased
the expression of therapeutic cytokines and accelerated angiogen-
esis. Then, the Fe-MSC-NVs were co-loaded with PDA NPs in the
core and shell of hyaluronic acid methacrylate (HAMA) MNs,
respectively, for promoting diabetic wound healing (Fig. 4(b)).
With the gradual degradation of HAMA, the Fe-MSC-NVs were sus-
tainably released from the needle tips to promote angiogenesis,
while the PDA NPs were slowly released to decrease the
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ROS-induced inflammatory response. The combination of Fe-
MSC-NVs and PDA NPs further promoted the polarization of
macrophages into the M2 phenotype, which prevented wound
inflammation. Therefore, dual-functionalized MN patches with
antioxidant, anti-inflammatory, and angiogenic activities provide
valuable insights into wound healing management.

Several researchers have recently developed biomimetic MNs
for complete wound management. Deng et al. [11] developed ori-
ented antibacterial sericin MNs that mimicked the dentition pat-
tern of lampreys to provide directional traction for shrinking the
infected wound area (Fig. 4(c)). Sericin extracted from silkworm
cocoons was used for producing needle tips that significantly
improved skin repair by promoting hair follicle regeneration and
angiogenesis. The zinc oxide (ZnO) NPs released from the MNs
effectively killed bacteria and promoted the healing of infected
wounds. Guo et al. [10] developed a bioinspired MN patch that
mimicked the flat and inclined structure of the shark tooth and
integrated microfluidics and MXene electronics for intelligent
wound management. The biomimetic structures allowed the MN
patches to easily penetrate the skin and adhere stably to the
chronic wounds over the long-term recovery period. The
microfluidic channel consisting of MN arrays and porous ordered
structures allowed the MNs to detect several inflammatory factors,
while the electronics integrated with the MN patch facilitated sen-
sitive motion monitoring.

3.3. MNs for combating skin infections

Skin infections caused by bacteria [113,114], fungi [115], and
viruses [116] account for a significant subset of dermatologic dis-
eases and are a serious medical concern. The administration of
antibiotics via oral, injectable, and transdermal routes is the pri-
mary method to treat skin infections. However, the antibiotics
have to be often administered at a high dosage for these regimens
to achieve the desired therapeutic outcomes because of the extre-
mely low efficiency of delivery at the site of infection [117]. Addi-
tionally, these treatment modalities can increase the risk of
microbial resistance, since the proliferation of the microbiome
highly depends on the dose and duration of administration. To
address this problem, MN-mediated topical treatment was devel-
oped as a promising alternative by directly delivering antimicro-
bial agents to the infected skin. This method requires a lower
dosage of the antibiotic and has fewer side effects and microbial
resistance. The use of MNs also reduces the labor and costs associ-
ated with injections, such as the disposal of biohazardous sharp
wastes, needle stick injuries, and potential infections [118]. Addi-
tionally, MNs can penetrate the dense physical barriers formed
by bacterial and fungal biofilms to deliver therapeutic agents at
specific depths to inhibit microbes [118].

MNs that can control the release of antimicrobial agents have
received much attention for their application in treating various
skin infections, such as infected wounds, cutaneous fungal infec-
tions, herpes, etc. Various therapeutic agents (Table 2
[11,115,116,119–128]), including antibiotics (e.g., doxycycline,
clindamycin, amphotericin B (AmB), and acyclovir), antimicrobial
peptides, photosensitizers (e.g., methylene blue, Zn2GeO4:Cu
(ZGC) nanorod), inorganic NPs (e.g., silver NPs, Zn-MOF, and ZnO
NPs), and living bacteria, were successfully delivered through
MNs for the topical treatment of skin infections by performing
chemotherapy, PDT, PTT, CDT, photocatalytic therapy, biotherapy,
and a combination of these techniques. Generally, antimicrobial
efficacy can be improved by altering the composition and geomet-
ric parameters of MNs. Combination therapy can improve the effi-
cacy of antimicrobial activity by initiating complementary killing
mechanisms. For example, Zhao et al. [119] used MN patches to
deliver cascaded AgNPs/GOx nanocapsule (nGOx)/apramycin



Fig. 4. Strategies utilized for promoting wound healing. (a) Development of multifunctional Mg-MOFs-based MNs for promoting diabetic wound healing. (b) Fe-MSC-NVs and
PDA co-loaded MNs for accelerated diabetic wound healing. (c) Illustrations of oriented antibacterial sericin MNs mimicking the structure of lamprey teeth to promote
infected wound healing. S. aureus: Staphylococcus aureus; P. aeruginosa: Pseudomonas aeruginosa; E. coli: Escherichia coli; OASM: oriented antibacterial sericin microneedles. (a)
Reproduced from Ref. [105] with permission; (b) reproduced from Ref. [112] with permission; (c) reproduced from Ref. [11] with permission.
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Table 2
Summary of MN-mediated treatment of skin infections.

Type of therapy Therapeutics and diseases Evaluation model Key findings Reference

Antibiotic therapy Doxycycline for chronic wounds Free-floating fibroblast-populated
collagen lattice

The solid MN roller enhanced the transmembrane delivery of
doxycycline and reduced the matrix metalloproteinase
(MMP) activity

[120]

Clindamycin-bearing gelatin NPs
for eradicating bacterial biofilms

Ex vivo biofilms The MNs could provide gelatinase-responsive release of
clindamycin and were more effective to eradicate Vibrio
vulnificus biofilms than drug solution

[121]

AmB for fungal infection Ex vivo skin infection model The killing rate of AmB MN against Candida albicans biofilm
inside porcine skin reached 100% within 24 h

[115]

Acyclovir for herpes simplex
virus type 1 infection

In vitro and in vivo skin permeation
studies

The MNs showed overtly higher transdermal delivery
efficiency than the commercial cream

[116]

PDT Methylene blue for infected
chronic wound

In vitro biofilms The methylene blue-mediated PDT killed more than 96% of S.
aureus and 99% of E. coli and Candida albicans

[122]

ZGC nanorod for infectious
wounds

In vitro biofilms and in vivo
methicillin-resistant Staphylococcus
aureus (MRSA)-infected wounds

The pre-illuminated ZGC exerted a long-persistent
photocatalytic effect to continuously produce ROS for
eliminated MRSA biofilm and accelerating wound healing

[123]

CDT Nanosilver for polymicrobial skin
infection

In vitro antibacterial activity The nanosilver coated MNs exhibited broad-spectrum
antibacterial effect

[124]

Zn-MOF for infected wounds In vitro antibacterial effect and
in vivo infectious wounds

The zinc ion released from Zn-MOF killed bacteria and
collaborated with hydrolyzed HA to promote infectious
wound healing

[125]

ZnO NPs for infected wounds In vitro antibacterial effect and
in vivo infectious wounds

ZnO NPs exhibited effective
antimicrobial activity and promoted the healing of infected
wounds

[11]

Living bacteria
therapy

Bacillus subtilis for fungal
infection

In vitro and in vivo antifungal effect The living MNs demonstrated in vitro antifungal activity
comparable to ketoconazole and successfully inhibited
fungal infections in vivo

[126]

Antibiotic/
starvation
therapy/CDT

Apramycin, GOx nanocapsule
(nGOx), and silver NPs for
microbial infections

In vitro antibacterial effect
and in vivo infected wounds

The tri-component nanocomposites could rapidly kill
bacteria and restore the infected wounds without scar

[119]

Antibiotic/CDT AgNO3, Ga(NO3)3, and
vancomycin for biofilm-infected
wounds

Ex vivo biofilm-infected human skin
wounds

The MNs eradicated both MRSA and MRSA/P. aeruginosa
blend biofilms

[127]

PTT/antimicrobial
peptide/
photocatalytic
therapy

Four-armed poly(L-lysine)
coated vanadium carbide MXene
nanosheets for skin infection

In vitro antibacterial and
antibiofilm efficacy, in vivo murine
and ex vivo human skin model

The nanosheets showed strong antibacterial and antibiofilm
performance by integrating photothermal, photocatalytic,
and membranolytic activity.

[128]
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nanocomposite for combination antimicrobial therapy. The nGOx
converted glucose into H2O2 to accelerate the release of Ag+ from
AgNPs, which facilitated a synergistic antimicrobial effect that
integrated starvation therapy, metal ion, and antibiotic activity.
Such a cascaded nanocomposite rapidly killed bacteria and showed
broad antibacterial spectra at a low dose of apramycin. The MN-
assisted intradermal delivery of nanocomposite achieved rapid
scarless skin recovery. With ongoing studies on superior curative
effects, MNs might also be endowed with smart drug release
behavior that responds to the pathological microenvironment
(e.g., low pH, high ROS level, and specific enzyme) and external
stimulus (e.g., light, electricity, and magnet). Additionally, to
develop biosensing devices, MNs might be used for monitoring
the concentration of antibiotics or identifying bacterial species.
Such information can help in rational drug usage and promote
the development of personalized medicine [118].

3.4. The use of MNs for treating inflammatory skin diseases

3.4.1. Psoriasis
Psoriasis is a chronic and immune-mediated skin disorder that

is characterized by the presence of squama, erythema, and thicken-
ing. Psoriasis affects 2%–5% of the global population [129]. An
increase in the inflammatory response with excessive production
of pro-inflammatory cytokines and hyperproliferative kera-
tinocytes are the major pathological features of psoriasis [130].
Therefore, the strategies for treating psoriasis involve alleviating
the inflammatory response and prohibiting the proliferation of kera-
tinocytes. However, the therapeutic efficacy is unsatisfactory, as
the oral and conventional transdermal administration of drugs
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suffers from poor drug delivery efficiency. As MNs have the advan-
tages of both injection and the transdermal delivery system, they
can painlessly deliver the payload to the local psoriatic site with
high efficiency of delivery while avoiding systemic side effects.

Oral methotrexate (MTX) is one of the first-line treatments for
moderate-to-severe psoriasis, although it might cause undesired
side effects like gastrointestinal discomfort, stomatitis, hepatotoxi-
city, etc. To eliminate these adverse effects of oral MTX, Du et al.
[131] developed MTX-loaded dissolving MNs for treating psoriasis
(Fig. 5(a)). The MTX-loaded MNs effectively downregulated the
interleukin-23 (IL-23)/IL-17 axis to alleviate skin inflammation
and decrease the expression of nucleus related antigen (Ki67), thus
inhibiting the proliferation of keratinocytes and decreasing the
thickness of the ear and the epidermis (Fig. 5(b)). The MTX-
loaded MNs produced an anti-psoriatic effect comparable to that
of oral MTX at a two-fold dosage, showing great potential for pso-
riasis therapy. However, the drug loading of MNs was relatively
low (13.8 lg per MN patch), thus necessitating daily administra-
tion to obtain satisfactory therapeutic efficacy. To improve drug
loading and reduce the dosing frequency, Tekko et al. [132] devel-
oped MTX nanocrystal-integrated dissolving MNs with a drug
loading of up to 2.48 mg per MN patch and continuous drug release
over 72 h for anti-psoriasis therapy. This composite MN greatly
improved the retention of MTX in the skin for enhanced therapeu-
tic outcomes but decreased the systemic exposure of MTX. For
targeted therapy of psoriasis, Jing et al. [133] developed dissolving
MNs integrated with keratinocyte membrane-camouflaged pH-
responsive micelles for the active targeted delivery of shikonin.
The micelles could be preferentially internalized by the HaCaT cells
due to the homologous targeting and responsive release of



Fig. 5. (a) Development of MTX-loaded HA MNs for improved treatment of psoriasis and (b) the ability of different treatments to decrease ear thickness, epidermal thickness,
and Ki67+ expression. n = 5; **p < 0.01, ***p < 0.001; #p < 0.05, ##p < 0.01; ns: no statistical significance. (c) The action mechanism of EGCG and AA co-loaded c-PGA MNs in
ameliorating the symptoms of AD, and (d) the resultant serum IgE and histamine levels. n = 4–5; **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared with the AD group; IFN-
c: interferon-c. (a, b) Reproduced from Ref. [131] with permission; (c, d) reproduced from Ref. [146] with permission.

T. Peng, Y. Chen, W. Hu et al. Engineering 30 (2023) 170–189
shikonin in a low acidic environment, resulting in an excellent
anti-psoriatic effect via the regulation of the IL-23/T helper 17 cell
(Th17) inflammatory signaling axis.

Several studies have recently shown that biologics-based
immunotherapy is highly effective in treating moderate-to-severe
psoriasis, as psoriasis is an autoimmune disease in which cytokines
are over-secreted [134]. Korkmaz et al. [135] developed anti-tumor
necrosis factor -a (TNF-a) antibody (Ab) tip-loaded dissolving MNs
for the immunotherapy of psoriasis, which significantly decreased
the thickness of the epidermis and the level of IL-1b in mice with
psoriasis. Wu et al. [136] developed MXene-based photothermal
dissolving HA MNs for the intradermal delivery of IL-17 mono-
clonal antibodies (mAbs). Upon laser irradiation, the excellent pho-
tothermal performance of MXene promoted the release of IL-17
mAbs from MNs and further diffusion into deeper skin layers.
The IL-17 mAbs-laden photothermal-responsive MNs efficiently
blocked the interaction between IL-17 and the downstream inflam-
matory signaling pathway, which significantly decreased the level
of proinflammatory cytokines.

3.4.2. Atopic dermatitis (AD)
AD is chronic, recurrent, and inflammatory dermatosis thatman-

ifests as erythema, dryness, pruritus, and eczema [137]. As AD pro-
gresses, the skin thickens, and lichenification occurs, leading to
persistent pruritus and scratching, which might result in sleep and
mental disorders. AD can occur among people of all ages, and its
prevalence among children is as high as 20% [138]. AD can have seri-
ous psychological effects on patients and their families [16]. Exces-
sive immune response to allergens is a major pathogenic factor that
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drives the progress of AD [139]. Particularly, the Th2-induced
immune reaction, along with the secretion of IL-4 and IL-13 can
cause allergic responses, involving the production of immunoglobu-
lin E (IgE) and IgG1 and the release of histamine [140].

By conducting comprehensive studies on the pathogenesis of
AD, several researchers have proposed various therapeutic strate-
gies for the treatment of mild-to-severe AD, such as the application
of emollients to repair the skin, topical anti-inflammation therapy
(e.g., corticosteroids and phosphodiesterase-4 (PDE-4) inhibitors),
systemic immunosuppressants (e.g., cyclosporine and MTX), and
biotherapy (e.g., nemolizumab and tezepelumab) [141]. However,
efficacious and safe delivery systems customized for treating AD
are lacking. Recently, MN-mediated topical therapy of AD showed
promising therapeutic outcomes and few side effects. Triamci-
nolone acetonide (TA) is a commonly prescribed drug for relieving
AD, and it has low solubility. To increase drug loading, Jang et al.
[142] introduced a TA suspension to prepare high-dose TA dissolv-
ing MN (2 mg of TA per MN patch), which effectively relieved the
AD-like skin inflammation in mice. To combine the advantages of
multiple drugs, Wan et al. [143] developed composite MN to
jointly deliver a clustered regularly interspaced short palindromic
repeat (CRISPR)-CRISPR-associated protein 9 (Cas9) ribonucleopro-
tein and glucocorticoid nanoagent for the treatment of AD. Its
effectiveness was superior to that of the clinically available dexam-
ethasone cream or tacrolimus ointment. MN-assisted genome edit-
ing successfully downregulated the expression of Nod-like
receptor family, leucine-rich repeat and pyrin domain containing
3 (NLRP3) inflammasome and worked with glucocorticoid therapy
to exert a synergistic therapeutic effect [143]. Besides drug
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therapy, Kim et al. [144] proposed a novel allergen-specific
immunotherapeutic strategy for AD by MN-mediated transdermal
delivery of Dermatophagoides farina extract as the allergen. The
MN-mediated immunotherapy was safe in vivo and induced ten
times the immunologic response of subcutaneous injection. Chen
et al. [145] developed c-PGA MNs as immunomodulators to ame-
liorate the symptoms of AD and examined the influence of the
molecular weight of c-PGA on immunomodulatory effects. The
results showed that c-PGA with a high molecular weight (molecu-
lar weight = 1100 kDa) downregulated the Th2 immune response
more efficiently, resulting in significantly lower clinical dermatitis
scores, epidermal thickness, and mast cell infiltration. In another
study, epigallocatechin gallate (EGCG) and L-ascorbic acid (AA)
were co-loaded into c-PGA MNs for the treatment of AD (Fig.
5(c)) [146]. Although EGCG has good antioxidant and anti-
inflammatory activities, its instability severely limits its clinical
application. Thus, AA was introduced as a stabilizer to preserve
the structural stability of EGCG. After the EGCG/AA-laden MNs
were stored for four weeks, the antioxidant activity of EGCG was
maintained at 93% of the initial activity. Pharmacodynamic studies
have shown that the administration of EGCG/AA-laden MNs once a
week for four weeks can effectively ameliorate the symptoms of
AD and decrease the release of serum IgE and histamine through
the combined actions of antioxidation, anti-inflammation, and
immunomodulation (Fig. 5(d)) [146].

4. Application of MNs for improving skin appearance

With the improvement in living standards and the desire to lead
a healthy lifestyle, people have become more concerned about
their appearance. Due to an increase in the number of external
(e.g., stress, mediation, trauma, infection, and light) and internal
factors (e.g., autoimmune disorders, aging, and metabolic
disorders) that damage the skin, the incidence of multiple skin dis-
orders, including alopecia, scars, acne vulgaris, photoaging, actinic
keratosis, wrinkle, pigmentation, etc., has become quite common.
Thus, effective treatment strategies need to be developed for these
skin disorders, as aberrant appearance can cause social and psy-
chological problems for patients. The minimally invasive micro-
needling technique has been applied in the field of aesthetic
dermatology due to its benefits of physical skin puncture that
can induce collagen remodeling, neovascularization, and an
increase in the efficiency of transdermal delivery. Recent advance-
ments in the microneedling technique for managing a broad spec-
trum of skin defects are described below.

4.1. The use of MNs for alopecia therapy

The prevalence of alopecia has increased considerably in soci-
ety, where approximately 50% of males and 15%–30% of females
suffer from hair loss [147]. Alopecia is a common autoimmune dis-
order caused by multiple factors, including medication, aging, dis-
eases, stress, etc., and it seriously affects the appearance, social
interaction, and emotional well-being of people. Human hair folli-
cles undergo cyclical rounds of anagen, catagen, and telogen (Fig.
6(a)) [148]. The anagen phase is a rapid growth period character-
ized by the proliferation of keratinocytes in the hair follicle epithe-
lium. When the hair follicle enters the catagen phase, it starts to
degenerate because of apoptosis. Finally, the hair follicle advances
to the telogen phase with the interruption of hair growth. Several
studies have shown the crucial role of hair follicle stem cells
(HFSCs) in regulating hair growth; HFSCs can promote hair growth
to enter the telogen–anagen transition phase in the presence of
certain stimuli [149]. Therefore, most strategies for repairing hair
include the activation of HFSCs to initiate hair follicle regeneration
or the reconstruction of fuller hair through transplantation [150].
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Androgenetic alopecia (AGA) and alopecia areata are the two
representative types of alopecia. AGA is also regarded as male pat-
tern baldness and accounts for more than 90% of alopecia. AGA is
characterized by a ‘‘horseshoe” pattern where hair loss usually
occurs in the temporal and vertex regions, while sparse hair occurs
in the occipital region [151]. Alopecia areata occurs as glossy, well-
demarcated, and round spots of hair drops on the scalp that do not
atrophy to a specific area [147]. Topical drug therapy is the primary
treatment method for stimulating hair regrowth, and many
researchers have investigated ways to enhance the efficiency of
drug delivery to hair follicles. MNs might be used as an adjuvant
tool for promoting hair regrowth in alopecia since the genes asso-
ciated with hair growth, such as Wnt family member 3a (Wnt3a)
gene, b-catenin gene, vascular endothelial growth factor (VEGF)
gene, and Wnt10 gene, can be significantly increased via repeated
MN stimulation. Many studies have reported that the application
of MNs in the treatment of AGA and alopecia areata is efficacious
[152].

AGA is a chronic progressive disease with hair follicle niche dis-
orders. Resolving problems that hinder the proliferation of HFSCs is
necessary for stimulating efficient hair regrowth. Three approaches
were proposed for activating HFSCs for AGA therapy. Excessive ROS
production and insufficient vascularization surrounding hair folli-
cles are regarded as the two primary causes of AGA. Therefore,
Yuan et al. [153] synthesized CeO2 nanoenzyme (CeNZ)-loaded
MNs to scavenge ROS at the perifollicular region and trigger neo-
vascularization through mechanical stimulation. Their technique
accelerated hair regrowth in mice with AGA and showed better
therapeutic outcomes than topical minoxidil at a lower frequency
of administration (Fig. 6(b)). Increasing the accumulation of lactic
acid in cells to activate the HFSCs by the small-molecule drug
UK5099 [154] or chitosan lactate [155] is a promising alternative
strategy for efficient AGA therapy. Yang et al. [156] developed
hair-derived keratin MNs for co-delivering UK5099 and MSC-
derived exosomes as HFSC activators (Fig. 6(c)). This technique
activated the hair follicle cycle transition and promoted hair
regrowth in a shaved mouse model within only six days. The use
of specific type II 5a reductase (SRD5A2) inhibitors, like finasteride
(FNS), to stop the conversion of testosterone into dihydrotestos-
terone was recommended as the first-line therapy for AGA. How-
ever, the oral administration of FNS tablets causes serious side
effects among patients, such as decreased libido, erectile dysfunc-
tion, and ejaculation disorder [157,158]. MN-mediated intradermal
delivery of FNS and topical treatment of AGA can improve thera-
peutic outcomes and avoid the systemic adverse effects. Kim
et al. [157] developed FNS powder-carrying MNs (FNS-PCM) with
a topical diffusion enhancer to increase the dissolution and release
of FNS in the skin. The FNS-PCM promoted the sustained release of
FNS for three days and a larger amount and density of regenerated
hair than the topical FNS-gel. To increase drug homing in hair fol-
licles for targeted therapy, Cao et al. [158] developed bioinspired
nanostructured lipid carrier (NLC)-loaded dissolving MNs for treat-
ing AGA with high therapeutic efficacy (Fig. 6(d)). The NLC was
synthesized from intrinsic glycerides and squalene for the targeted
delivery of FNS to the hair follicles by preferentially fusing and
interacting with sebum. The bioinspired MNs were more effective
than FNS-NLC or commercial minoxidil in promoting hair regrowth
by dramatically increasing the gene expression of b-catenin,
insulin-like growth factor 1 (IGF-1) gene, and VEGF while decreas-
ing the expression of SRD5A2, transforming growth factor-b1 (TGF-
b1) gene, and dickkopf-related protein-1 (DKK-1) gene.

Alopecia areata is an autoimmune disorder characterized by
scarless hair loss and affects approximately 2% of the general popu-
lation [159]. Alopecia areata is usually accompanied by an inflam-
matory response at the hair follicles with initial onset before the
age of 30 and might be caused by genetic and environmental



Fig. 6. (a) Illustration of the hair growth cycle including anagen, catagen, and telogen. (b) Illustration of CeNZ integrated MNs for AGA therapy by promoting angiogenesis and
scavenging excessive ROS. (c) Illustration of detachable keratin MN loaded with UK5099 and exosome for hair loss therapy. (d) Illustration of MN-mediated delivery of
FNS-NLC for AGA treatment. DSPE-mPEG2000: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]; DP: dermal papilla; T:
testosterone; DHT: dihydrotestosterone; AR: androgen receptor. (a) Reproduced from Ref. [148] with permission; (b) reproduced from Ref. [153] with permission;
(c) reproduced from Ref. [156] with permission; (d) reproduced from Ref. [158] with permission.
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factors [160]. The clinical manifestations of alopecia areata include
baldness with monofocal or multifocal patches on the scalp and
even diffusion to the entire body [161,162]. The available treat-
ments for alopecia areata include immunomodulators (corticos-
teroids, cyclosporine, and MTX), minoxidil, and contact
immunotherapy through topical or systemic administration. They
only benefit mild cases and have a high recurrence rate [163].
Giorgio et al. [160] combined ALA-mediated PDT and MNs for
treating moderate to severe alopecia areata and confirmed that
the method was efficacious by conducting a clinical study with
41 patients. They found that the MNs increased the penetration
of ALA in the skin and enhanced the immunosuppressive activity
to achieve the best clinical outcome with hair regrowth observed
in 16 of the 17 patients.

4.2. The use of MNs for pathological and acne scars

4.2.1. Pathological scars
Pathological scars usually result from abnormal wound healing

following various injuries, including surgeries, burns, scalds, and
severe trauma (Fig. 7(a)). Pathological scars affect millions of peo-
ple worldwide. Many studies have shown that the high mechanical
tension formed while healing can drive the development of patho-
logical scars by triggering the release of cytokines, such as hypoxia-
inducible factor-1a (HIF-1a), VEGF, TGF-b1, and a-smooth muscle
actin (a-SMA) (Fig. 7(b)) [164,165]. Hypertrophic scars (HSs) and
keloids are the two major types of pathological scars that are char-
acterized by the excessive deposition of the extracellular cellular
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matrix (ECM) and the presence of over-proliferative fibroblasts
(Figs. 7(c) and (d)). The excessive ECM imposes high mechanical
stress on fibroblasts, which exacerbates pathological fibrosis and
scar formation [13]. HS and keloid both display raised and erythe-
matous scars that are confined to the original wound area and pro-
trude from the injured site to invade the adjacent skin tissues
[166]. Compared to the progression of HS, the progression of
keloids lasts longer, and their treatment is more difficult, as keloids
might continue developing for several months or even years and
finally become benign fibro-proliferative tumors. Both conditions
are accompanied by pain, itching, and skin tightness, which lead
to several problems, including physical, psychological, and
cosmetic problems [167], among patients.

Among various therapeutic strategies used for treating patho-
logic scars, drug therapy is recommended as the first-line treat-
ment regimen, as it shows satisfactory curative effects and a few
side effects [168]. However, conventional transdermal prepara-
tions (e.g., creams, ointments, and hydrogels) (Fig. 7(e)) deliver
drugs very inefficiently to the lesions due to the rigid and thick-
ened skin barrier, which greatly decreases the effectiveness of
therapy. Although intralesional injection (Fig. 7(e)) can overcome
the stratum corneum barrier, a skilled person is required to con-
duct the operation, and the process is extremely painful, resulting
in poor patient compliance. The application of MN, in this case, has
several advantages, such as lesser pain and higher efficiency of
transdermal delivery. Additionally, drug-free MNs allow efficient
mechanotherapy for anti-scarring by reducing fibroblast-
generated mechanical stress and attenuating integrin–focal



Fig. 7. The (a) inducing factors, (b) formation mechanism, (c) typical characteristics, and (d) representative images of pathological scars. (e) Representative transdermal
preparations applied for scar management. (f) Illustration of MN interrupting the mechanical communication between fibroblasts and ECM via the integrin–FAK signaling
pathway for anti-scarring and the resultant alteration of protein expression. (g) Schematic illustration of HAase-enhanced transdermal delivery in HS and metformin-assisted
PDT by blocking the self-protective autophagy. (h) Bilayer dissolving MNs with rapid release of TA and sustained release of 5-FU for synergistic HS therapy. (i) MN-mediated
delivery of HSF membrane-camouflaged CDF for actively targeted therapy of HS. FAK: focal adhesion kinase; pFAK: phospho-focal adhesion kinase; Rho: Ras homology;
ROCK: Rho-associated kinase; SF: silk fibroin; CTGF: connective tissue growth factor; ITGB1: recombinant integrin beta 1; GAPDH: recombinant glyceraldehyde-3-phosphate
dehydrogenase; FAK: recombinant focal adhesion kinase; RhoA: Ras homolog family member A; FN1: fibronectin 1 gene; FBN1: fibrillin-1 gene; COL1A1: collagen type Ⅰ alpha
1 gene; ANKRD1: recombinant ankyrin repeat domain protein 1 gene; HSFb: hypertrophic scars fibroblasts; CS: chitosan; DEX: dexran; BSP: Bletilla striata polysaccharide;
STAT3: signal transducer and activator of transcription 3. (f) Reproduced from Ref. [13] with permission; (g) reproduced from Ref. [170] with permission; (h) reproduced from
Ref. [171] with permission; (i) reproduced from Ref. [172] with permission.
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adhesion kinase (FAK) signaling (Fig. 7(f)) [13]. The therapeutic
efficacy of MNs can be easily modified by only altering their den-
sity and size [169]. These findings suggest that MNs are promising
for the management of scars.

4.2.2. Treatment of HSs
Several researchers have used MNs for delivering various ther-

apeutic agents (e.g., chemicals, photosensitizers, and nucleic acid
drugs) for the effective treatment of HS. However, two major bar-
riers hinder the delivery efficiency of MNs. ① The rigid stratum
corneum is the first barrier against drug permeation which neces-
sitates the MNs to have sufficient mechanical strength for entering
the stiff scars [60]. ② The dense ECM is another barrier that
impedes drug diffusion to the targeted cells. To pass through both
physical barriers, Huang et al. [170] introduced hyaluronidase
(HAase) to simultaneously enhance the mechanical strength of
MNs and increase the transdermal permeability of the drug; their
technique significantly increased the efficacy of the delivery of
ALA in vitro and in vivo (Fig. 7(g)). Compared to ALA-loaded MNs,
the HAase/ALA-co-loadedMNs can produce a larger amount of pro-
toporphyrin in the HS tissues, which increases the effectiveness of
PDT. Metformin-loaded MNs were further introduced to block the
self-protective autophagy pathway and function along with PDT
for treating HS. This treatment strategy significantly decreased
the scar elevation index (SEI) and the levels of collagen I and
TGF-b1 proteins.

Although TA is the recommended first-line drug therapy for HS,
a high drug dosage is usually required to achieve an acceptable
anti-scarring effect, which might increase the side effects
associated with glucocorticoids, such as atrophy and skin pigmen-
tation. To reduce the dosage of TA and obtain multiple therapeutic
effects, Yang et al. [171] designed TA and 5-fluorouracil (5-Fu)
co-loaded bilayer MNs with biphasic release behavior for the
combination therapy of HS (Fig. 7(h)). Specifically, TA was rapidly
released from the HA needle tail, while 5-Fu was slowly released
from the chitosan needle tip to avoid rapid elimination, which
facilitated combination therapy. The anti-scarring efficacy of
bilayer MN-mediated combination therapy was better than that
of monotherapy. The results showed that the bilayer MNs could
significantly lower the SEI and downregulate the mRNA and pro-
tein levels of collagen I and TGF-b1. For the active targeted treat-
ment of HS, Wu et al. [172] developed composite MNs consisting
of quercetin-loaded cyclodextrin MOF (CDF) camouflaged by an
HS fibroblast (HSF) membrane (Fig. 7(i)). The MN-mediated deliv-
ery of biomimetic CDF efficiently decreased the SEI and collagen I/
III levels by regulating the Wnt/b-catenin and JAK2/signal trans-
ducer and activator of transcription 3 (STAT3) signaling pathways.
This technique was more effective than the use of non-
functionalized CDF with or without the assistance of MNs. Wang
et al. [173] developed an upconversion NPs (UCNPs)-embedded
MN system to deliver siRNA-targeting TGF-b1 receptor for gene
therapy of HS. The porous silica shell was used to load siRNA for
enhanced cellular internalization, while the core consisting of
UCNPs facilitated the monitoring of gene delivery and gene expres-
sion via imaging by upconversion luminescence. Once internalized,
the released siRNA silenced the target mRNA and inhibited fibrob-
last hyperproliferation and collagen overproduction.

4.2.3. Treatment of keloids
To evaluate whether TA-loaded dissolving MNs were efficient

and safe for treating keloids, Tan et al. [174] conducted a two-
phase clinical trial that lasted for eight weeks. Two keloids per
patient were treated for four weeks with the application of MN
once a day, followed by no intervention for another four weeks.
Compared to the untreated group, the MN-treated group showed
a significant reduction in the keloid volume in a dose-dependent
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manner. Park and Kim [175] developed stainless solid MNs coated
with 5-Fu-loaded carboxymethyl chitosan NPs for treating keloid
scars. The NPs released from MNs diffused into the skin, thus
inhibiting the proliferation of human keloid fibroblasts.

4.2.4. Acne scars
Contrary to pathological scars, acne scars are accompanied by

dermal depressions and the destruction of collagen derived from
inflammatory acne recovery [176]. About 95% of acne patients
develop a series of facial scarring, which greatly affects the patients
psychologically [177]. Several therapeutic regimens have been
investigated for treating acne scars, including surgical techniques
(e.g., subcision and punch graft), ablative and non-ablative laser
treatment, dermal fillers, etc [176]. In a study, minimally invasive
microneedling with a dermaroller was used as an alternative strat-
egy for treating atrophic and hypertrophic acne scars in the clinic,
as it could decrease the risk of depigmentation, scarring, and infec-
tions with prolonged healing [176]. As a collagen induction
therapy, repetitive skin puncture using microneedling can also
promote the release of various growth factors for neovasculariza-
tion and neocollagenation for leveling atrophic scars. The combina-
tion of microneedling with therapeutic agents, such as platelet-rich
plasma (PRP) [178], 5-ALA [179], and glycolic acid (GA) peel [180],
was more effective in treating scars, making it a favorable alterna-
tive to invasive treatment techniques.

4.3. Others

Many preclinical and clinical trials have been conducted (Table 3
[181–194]) to determine whether the application of microneedling
can improve abnormal skin appearance resulting from acne
vulgaris, photoaging, actinic keratosis, wrinkles, and pigmentation.
Microneedling alone showed satisfactory therapeutic efficacy on
photoaging, wrinkle, and pigmentation. It increased the dermal
collagen content and promoted neovascularization through repeti-
tive skin puncture. Additionally, its combination with other
therapeutic agents, such as chemicals (e.g., chemical drugs, photo-
sensitizers, and polymers), biopharmaceutics (e.g., adipose colla-
gen fragment, exosome, and peptide), and fractioned
radiofrequency, was more effective in reshaping skin appearance.
For long-term therapy, photo-crosslinked MNs were developed
with slow degradability to sustain the release of the therapeutic
agents. Overall, microneedling is a promising technique in aes-
thetic dermatology.

5. Conclusion and prospects

Many researchers have investigated MNs for the topical man-
agement of skin disorders and defects, as it has several advantages:
① MNs can be used as a functional delivery system that facilitates
mechanotherapy or collagen induction therapy for diseases like
wound healing, alopecia, scars, and wrinkles with minimum inva-
sion. ② By piercing the stratum corneum to directly deliver thera-
peutic agents to skin lesions, MNs show a higher efficacy of
delivery than conventional transdermal preparations with only a
few systemic adverse effects. ③ MNs can be self-administrated
without pain and eliminate the need for disposing of the needle,
thus improving patient compliance and decreasing environmental
burden. ④ MNs can be used in many treatment plans as they can
be used to deliver therapeutic agents ranging from small-to-large
molecules, and particles ranging from nanometers to micrometers.

Although MNs have several advantages, they have some limita-
tions that prevent their extensive application in the clinic. The
safety of MNs is a primary concern as it determines the approval
of MN products for clinical use to a large extent. The microchannels
created by MN via skin puncture might be used by microorganisms



Table 3
The application of microneedling in the aesthetic dermatology.

Skin defects Therapeutic agents Types of MNs Main results Reference

Acne vulgaris ICG-loaded ZIF-8 Soluble HA MNs ZIF-8 could be selectively degraded under acidic environment to release Zn2+ and
collaborated with PDT to treat acne vulgaris

[181]

Zinc porphyrin-based MOF and
ZnO composite NPs

Soluble HA MNs The ultrasound-triggered MNs could rapidly killed Propionibacterium acnes to
decrease the levels of acne-related factors, while the released Zn2+ could promote
the proliferation of fibroblasts and further skin repair

[182]

Poly(ionic liquid) and salicylic
acid

Photo-crosslinked
MNs

The MNs exerted both anti-bacterial and anti-inflammation activity for potential
treatment of acne vulgaris

[183]

None Fractionated MN
radiofrequency (FMR)

FMR treatment could remarkably relieve the pain of patients but maintained
considerable effectiveness to fractionated radiofrequency (FR)

[184]

Photoaged
skin

Extracellular vesicles from
adipose derived stem cells
(ADSCs-EVs)

Unknown The ADSCs-EVs laden MNs could better restore the epidermal structure and
function of photoaged skin than blank MNs

[185]

Adipose collagen fragment (ACF) Soluble gelatin MNs The MNs could restore photoaged skin by enhancing dermal thickness,
preventing ROS accumulation, and inducing neovascularization

[186]

Collagen mRNA (COL1A1) loaded
extracellular vesicles (EVs)

Soluble HA MNs The MN-mediated intradermal delivery of COL1A1 mRNA provided an effective
protein-replacement therapy for photoaged skin

[187]

Actinic
keratosis

ALA Unknown In a clinical trial, the MN pretreatment was demonstrated to shorten the
incubation time of ALA and increase the therapeutic efficiency

[188]

Wrinkle Acetyl hexapeptide-3 (AHP-3) 3D printed MNs The optimized MNs could penetrate human cadaver dermatomed skin and
alleviate the wrinkles with minimal cytotoxicity

[189]

None Soluble HA MNs The integration of MNs with wrinkle cream could better improve the Merz scale
for crow’s feet and nasolabial folds than the single treatment

[190]

AHP-8/epidermal growth factor
(EGF)

Crosslinked HA MNs Treatment with AHP/EGF-loaded MNs showed significant improvements in
wrinkle comparing to drug-free MNs

[191]

Pigmentation Anti-melanogenic compounds Soluble HA MNs The patients treated with MNs showed about 51.4% of the hyperpigmented skin
remarkably improved

[192]

Arbutin (Arb) and vitamin C (Vc) Soluble HA MNs The Arb and Vc co-loaded MNs synergistically suppressed the ultraviolet light-
induced hyperpigmentation in guinea pig skin

[193]

4-n-butylresorcinol Soluble HA MNs The drug-loaded MNs with melanocytes targeting ability could better reduce the
skin depigmentation of patients than blank MNs

[194]
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to invade and cause skin infections, but such cases occur more fre-
quently for hypodermic needles and can be avoided by disinfecting
the puncture site with 70% isopropanol in advance [195]. The
breakage or dissolution of MNs in the skin may leave partial needle
matrix materials behind, resulting in granulation, erythema, and
even accumulation in the body [196]. However, the long-term
effects of these residues are not fully understood. The other side
effects associated with MN products include edema, dermatitis,
scarring, hyperpigmentation, etc. Most reported adverse effects
are minimal, transient, and self-recoverable within a few hours
to days [197].

The regulations related to MNs have not been fully established
yet, such as the quality standards, good manufacturing practice,
preclinical and clinical trials, etc., and thus, MNs have only been
commercialized for cosmetic products [198,199]. Regarding the
safety of MNs used as alternatives to subcutaneous injections,
the sterilization of MNs might be a major concern of regulatory
agencies, and the hierarchical disposal of MNs should be per-
formed according to the size, skin puncture depth, and application
of MNs. The traditional sterilization procedures like steam sterili-
zation, dry heat, and microwave might not be suitable for poly-
meric MNs, as they may cause MNs to dissolve or deform, and even
lead to the inactivation of biologics. Although gamma radiation and
an aseptic manufacturing process can be used for sterilizing MNs,
they are expensive and complicated. Additionally, the scale-up
and manufacturing of MNs are a great challenge. Also, stringent
regulatory requirements need to be established for manufacturing
MNs to be used as medical products. The infrastructure required
for the mass production of MNs for commercial purposes is still
underdeveloped, and automating the process is difficult due to
the lack of connection among multiple production chains [200].
Therefore, specialized equipment suitable for MN production
needs to be improved. Another problem is that the structure and
texture of the skin might differ with age, gender, and the state of
the skin, resulting in exposure to inconsistent drug levels and
variation in bioavailability among patients. Thus, personalized
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and mechanically strong MN patches that meet the requirements
of different populations and sites of administration need to be
developed.

With the development of biosensing, diagnostics, and artificial
intelligence, the next generation of MNs can be customized for per-
sonalized therapy by using these technologies to regularly monitor
the pathological status and drug metabolism for optimizing the
frequency, dose, and site of administration. For example, the
electrode-incorporated wearable MN devices allow the continuous
monitoring of disease-related biomarkers in the skin interstitial
fluid to assess the disease status [201,202]. Additionally, chromatic
MNs that respond to the changes in biochemical factors (e.g., pH,
H2O2, glucose, and temperature) can provide direct information
on disease progression, which can allow on-demand treatment
[203,204]. Photosensitizer-incorporated theranostic MNs can be
used along with photoacoustic, fluorescence, and multimode imag-
ing techniques to monitor the fluctuations in drug concentration
and the pathological microenvironment for traceable therapy
[75]. Recently, the successful application of an unmanned aerial
vehicle in MNs indicated that MNs are suitable for the unattended
administration of life-saving medicines as first aid [205].

Overall, preclinical and clinical trials have shown that micro-
needling technology is promising in the field of dermatology. With
the continuous and intensive efforts dedicated to the development
and clinical translation of MNs, we might achieve medical and
cosmetic MN products, which might be customizable and clinically
available for improving the physical and mental health,
appearance, and quality of life of humans.
Acknowledgments

This work was financially supported by the National Natural
Science Foundation of China (82104071), Natural Science Founda-
tion of Guangdong Province (2022B1515020085), and Leading
Entrepreneurship Team Project of Zengcheng District (202001004).



T. Peng, Y. Chen, W. Hu et al. Engineering 30 (2023) 170–189
Compliance with ethics guidelines

Tingting Peng, Yangyan Chen, Wanshan Hu, Yao Huang, Minmin
Zhang, Chao Lu, Xin Pan, and Chuanbin Wu have no conflicts of
interest to declare.
References

[1] Harris-Tryon TA, Grice EA. Microbiota and maintenance of skin barrier
function. Science 2022;376(6596):940–5.

[2] Chen Y, Feng X, Meng S. Site-specific drug delivery in the skin for the localized
treatment of skin diseases. Expert Opin Drug Deliv 2019;16(8):847–67.

[3] Yang D, Chen M, Sun Y, Jin Y, Lu C, Pan X, et al. Microneedle-mediated
transdermal drug delivery for treating diverse skin diseases. Acta Biomater
2021;121:119–33.

[4] Chowdhury MR, Moshikur RM, Wakabayashi R, Moniruzzaman M, Goto M.
Biocompatible ionic liquids assisted transdermal co-delivery of antigenic
protein and adjuvant for cancer immunotherapy. Int J Pharm
2021;601:120582.

[5] Li D, Hu D, Xu H, Patra HK, Liu X, Zhou Z, et al. Progress and perspective of
microneedle system for anti-cancer drug delivery. Biomaterials
2021;264:120410.

[6] Sun L, Liu Z, Wang L, Cun D, Tong HHY, Yan R, et al. Enhanced topical
penetration, system exposure and anti-psoriasis activity of two particle-sized,
curcumin-loaded PLGA nanoparticles in hydrogel. J Control Release
2017;254:44–54.

[7] Li Y, Hu X, Dong Z, Chen Y, Zhao W, Wang Y, et al. Dissolving microneedle
arrays with optimized needle geometry for transcutaneous immunization.
Eur J Pharm Sci 2020;151:105361.

[8] Liu A, Wang Q, Zhao Z, Wu R, Wang M, Li J, et al. Nitric oxide nanomotor
driving exosomes-loaded microneedles for achilles tendinopathy healing. ACS
Nano 2021;15(8):13339–50.

[9] Chen SX, Ma M, Xue F, Shen S, Chen Q, Kuang Y, et al. Construction of
microneedle-assisted co-delivery platform and its combining photodynamic/
immunotherapy. J Control Release 2020;324:218–27.

[10] Guo M, Wang Y, Gao B, He B. Shark tooth-inspired microneedle dressing for
intelligent wound management. ACS Nano 2021;15(9):15316–27.

[11] Deng Y, Yang C, Zhu Y, Liu W, Li H, Wang L, et al. Lamprey-teeth-inspired
oriented antibacterial sericin microneedles for infected wound healing
improvement. Nano Lett 2022;22(7):2702–11.

[12] Kim YS, Jeong KH, Kim JE, Woo YJ, Kim BJ, Kang H. Repeated microneedle
stimulation induces enhanced hair growth in a murine model. Ann Dermatol
2016;28(5):586–92.

[13] Zhang Q, Shi L, He H, Liu X, Huang Y, Xu D, et al. Down-regulating scar
formation by microneedles directly via a mechanical communication
pathway. ACS Nano 2022;16(7):10163–78.

[14] Jang D, Shim J, Shin DM, Noh H, Oh SJ, Park JH, et al. Magnesium microneedle
patches for under-eye wrinkles. Dermatol Ther 2022;35(9):e15732.

[15] Iapichino M, Maibach H, Stoeber B. Quantification methods comparing in vitro
and in vivo percutaneous permeation by microneedles and passive diffusion.
Int J Pharm 2023;638:122885.

[16] Sabri AH, Ogilvie J, Abdulhamid K, Shpadaruk V, McKenna J, Segal J, et al.
Expanding the applications of microneedles in dermatology. Eur J Pharm
Biopharm 2019;140:121–40.

[17] Henry S, McAllister DV, Allen MG, Prausnitz MR. Microfabricated
microneedles: a novel approach to transdermal drug delivery. J Pharm Sci
1999;88(9):948.

[18] Howells O, Blayney GJ, Gualeni B, Birchall JC, Eng PF, Ashraf H, et al. Design,
fabrication, and characterisation of a silicon microneedle array for
transdermal therapeutic delivery using a single step wet etch process. Eur J
Pharm Biopharm 2022;171:19–28.

[19] Kaur M, Ita KB, Popova IE, Parikh SJ, Bair DA. Microneedle-assisted delivery of
verapamil hydrochloride and amlodipine besylate. Eur J Pharm Biopharm
2014;86(2):284–91.

[20] Khandan O, Famili A, Kahook MY, Rao MP. Titanium-based, fenestrated,
in-plane microneedles for passive ocular drug delivery. Annu Int Conf IEEE
Eng Med Biol Soc 2012;2012:6572–5.

[21] Anbazhagan G, Suseela SB, Sankararajan R. Design, analysis and fabrication of
solid polymer microneedle patch using CO2 laser and polymer molding. Drug
Deliv Transl Res 2023;13(6):1813–27.

[22] Es� I, Kafadenk A, Gormus MB, Inci F. Xenon difluoride dry etching for the
microfabrication of solid microneedles as a potential strategy in transdermal
drug delivery. Small. In press.

[23] Roh H, Yoon YJ, Park JS, Kang DH, Kwak SM, Lee BC, et al. Fabrication of high-
density out-of-plane microneedle arrays with various heights and diverse
cross-sectional shapes. Nano-Micro Lett 2021;14(1):24.

[24] Gill HS, Prausnitz MR. Coating formulations for microneedles. Pharm Res
2007;24(7):1369–80.

[25] Choi SO, Kim YC, Park JH, Hutcheson J, Gill HS, Yoon YK, et al. An electrically
active microneedle array for electroporation. Biomed Microdevices 2010;12
(2):263–73.
186
[26] Tan JY, Li Y, Chamani F, Tharzeen A, Prakash P, Natarajan B, et al.
Experimental validation of diffraction lithography for fabrication of solid
microneedles. Materials 2022;15(24):8934.

[27] Kim YC, Park JH, Prausnitz MR. Microneedles for drug and vaccine delivery.
Adv Drug Deliv Rev 2012;64(14):1547–68.

[28] Cárcamo-Martínez Á, Mallon B, Domínguez-Robles J, Vora LK, Anjani QK,
Donnelly RF. Hollow microneedles: a perspective in biomedical applications.
Int J Pharm 2021;599:120455.

[29] Bolton CJW, Howells O, Blayney GJ, Eng PF, Birchall JC, Gualeni B, et al. Hollow
silicon microneedle fabrication using advanced plasma etch technologies for
applications in transdermal drug delivery. Lab Chip 2020;20(15):2788–95.

[30] O’Mahony C, Sebastian R, Tjulkins F, Whelan D, Bocchino A, Hu Y, et al.
Hollow silicon microneedles, fabricated using combined wet and dry etching
techniques, for transdermal delivery and diagnostics. Int J Pharm
2023;637:122888.

[31] Lee K, Jung H. Drawing lithography for microneedles: a review of
fundamentals and biomedical applications. Biomaterials 2012;33
(30):7309–26.

[32] Yadav V, Sharma PK, Murty US, Mohan NH, Thomas R, Dwivedy SK, et al. 3D
printed hollow microneedles array using stereolithography for efficient
transdermal delivery of rifampicin. Int J Pharm 2021;605:120815.

[33] Caudill CL, Perry JL, Tian S, Luft JC, DeSimone JM. Spatially controlled coating
of continuous liquid interface production microneedles for transdermal
protein delivery. J Control Release 2018;284:122–32.

[34] Boehm RD, Jaipan P, Skoog SA, Stafslien S, VanderWal L, Narayan RJ. Inkjet
deposition of itraconazole onto poly(glycolic acid) microneedle arrays.
Biointerphases 2016;11(1):011008.

[35] Uddin MJ, Scoutaris N, Klepetsanis P, Chowdhry B, Prausnitz MR, Douroumis
D. Inkjet printing of transdermal microneedles for the delivery of anticancer
agents. Int J Pharm 2015;494(2):593–602.

[36] McGrath MG, Vrdoljak A, O’Mahony C, Oliveira JC, Moore AC, Crean AM.
Determination of parameters for successful spray coating of silicon
microneedle arrays. Int J Pharm 2011;415(1–2):140–9.

[37] Chen BZ, He MC, Zhang XP, Fei WM, Cui Y, Guo XD. A novel method for
fabrication of coated microneedles with homogeneous and controllable drug
dosage for transdermal drug delivery. Drug Deliv Transl Res 2022;12
(11):2730–9.

[38] Courtenay AJ, McAlister E, McCrudden MTC, Vora L, Steiner L, Levin G, et al.
Hydrogel-forming microneedle arrays as a therapeutic option for transdermal
esketamine delivery. J Control Release 2020;322:177–86.

[39] Ranjan Yadav P, Iqbal Nasiri M, Vora LK, Larrañeta E, Donnelly RF, Pattanayek
SK, et al. Super-swelling hydrogel-forming microneedle based transdermal
drug delivery: mathematical modelling, simulation and experimental
validation. Int J Pharm 2022;622:121835.

[40] Barnum L, Quint J, Derakhshandeh H, Samandari M, Aghabaglou F, Farzin A,
et al. 3D-printed hydrogel-filled microneedle arrays. Adv Healthc Mater
2021;10(13):e2001922.

[41] Turner JG, White LR, Estrela P, Leese HS. Hydrogel-forming microneedles:
current advancements and future trends. Macromol Biosci 2021;21(2):
e2000307.

[42] Xu G, Mao Y, Jiang T, Gao B, He B. Structural design strategies of microneedle-
based vaccines for transdermal immunity augmentation. J Control Release
2022;351:907–22.

[43] Wang Z, Yang Z, Jiang J, Shi Z, Mao Y, Qin N, et al. Silk microneedle patch
capable of on-demand multidrug delivery to the brain for glioblastoma
treatment. Adv Mater 2022;34(1):e2106606.

[44] Rabiei M, Kashanian S, Bahrami G, Derakhshankhah H, Barzegari E,
Samavati SS, et al. Dissolving microneedle-assisted long-acting Liraglutide
delivery to control type 2 diabetes and obesity. Eur J Pharm Sci
2021;167:106040.

[45] Chen H, Wu B, Zhang M, Yang P, Yang B, Qin W, et al. A novel scalable
fabrication process for the production of dissolving microneedle arrays. Drug
Deliv Transl Res 2019;9(1):240–8.

[46] Kim JD, Kim M, Yang H, Lee K, Jung H. Droplet-born air blowing: novel
dissolving microneedle fabrication. J Control Release 2013;170(3):430–6.

[47] Balmert SC, Carey CD, Falo GD, Sethi SK, Erdos G, Korkmaz E, et al. Dissolving
undercut microneedle arrays for multicomponent cutaneous vaccination. J
Control Release 2020;317:336–46.

[48] Kathuria H, Kang K, Cai J, Kang L. Rapid microneedle fabrication by heating
and photolithography. Int J Pharm 2020;575:118992.

[49] Wu M, Xia T, Li Y, Wang T, Yang S, Yu J, et al. Design and fabrication of
r-hirudin loaded dissolving microneedle patch for minimally invasive and
long-term treatment of thromboembolic disease. Asian J Pharm Sci 2022;17
(2):284–97.

[50] Chang H, Chew SWT, Zheng M, Lio DCS, Wiraja C, Mei Y, et al.
Cryomicroneedles for transdermal cell delivery. Nat Biomed Eng 2021;5
(9):1008–18.

[51] Cui M, Zheng M, Wiraja C, Chew SWT, Mishra A, Mayandi V, et al. Ocular
delivery of predatory bacteria with cryomicroneedles against eye infection.
Adv Sci 2021;8(21):e2102327.

[52] Avcil M, Çelik A. Microneedles in drug delivery: progress and challenges.
Micromachines 2021;12(11):1321.

[53] Nguyen TT, Nguyen TTD, Tran NM, Vo GV. Advances of microneedles in
hormone delivery. Biomed Pharmacother 2022;145:112393.

[54] Han X, Li H, Zhou D, Chen Z, Gu Z. Local and targeted delivery of immune
checkpoint blockade therapeutics. Acc Chem Res 2020;53(11):2521–33.

http://refhub.elsevier.com/S2095-8099(23)00210-2/h0005
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0005
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0010
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0010
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0015
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0015
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0015
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0020
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0020
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0020
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0020
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0025
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0025
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0025
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0030
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0030
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0030
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0030
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0035
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0035
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0035
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0040
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0040
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0040
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0045
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0045
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0045
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0050
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0050
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0055
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0055
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0055
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0060
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0060
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0060
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0065
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0065
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0065
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0070
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0070
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0075
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0075
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0075
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0080
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0080
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0080
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0085
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0085
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0085
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0090
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0090
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0090
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0090
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0095
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0095
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0095
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0100
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0100
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0100
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0105
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0105
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0105
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0105
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0110
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0110
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0110
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0110
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0115
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0115
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0115
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0120
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0120
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0125
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0125
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0125
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0130
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0130
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0130
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0135
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0135
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0140
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0140
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0140
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0145
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0145
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0145
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0150
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0150
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0150
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0150
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0155
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0155
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0155
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0160
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0160
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0160
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0165
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0165
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0165
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0170
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0170
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0170
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0175
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0175
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0175
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0180
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0180
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0180
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0185
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0185
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0185
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0185
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0190
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0190
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0190
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0195
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0195
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0195
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0195
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0200
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0200
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0200
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0205
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0205
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0205
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0210
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0210
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0210
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0215
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0215
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0215
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0220
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0220
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0220
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0220
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0225
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0225
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0225
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0230
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0230
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0235
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0235
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0235
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0240
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0240
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0245
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0245
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0245
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0245
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0250
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0250
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0250
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0255
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0255
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0255
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0260
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0260
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0265
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0265
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0270
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0270


T. Peng, Y. Chen, W. Hu et al. Engineering 30 (2023) 170–189
[55] Dul M, Stefanidou M, Porta P, Serve J, O’Mahony C, Malissen B, et al.
Hydrodynamic gene delivery in human skin using a hollow microneedle
device. J Control Release 2017;265:120–31.

[56] Niu L, Chu LY, Burton SA, Hansen KJ, Panyam J. Intradermal delivery of
vaccine nanoparticles using hollow microneedle array generates enhanced
and balanced immune response. J Control Release 2019;294:268–78.

[57] Waghule T, Singhvi G, Dubey SK, Pandey MM, Gupta G, Singh M, et al.
Microneedles: a smart approach and increasing potential for transdermal
drug delivery system. Biomed Pharmacother 2019;109:1249–58.

[58] Li X, Zhao Z, Zhang M, Ling G, Zhang P. Research progress of microneedles in
the treatment of melanoma. J Control Release 2022;348:631–47.

[59] Migdadi EM, Courtenay AJ, Tekko IA, McCrudden MTC, Kearney MC, McAlister
E, et al. Hydrogel-forming microneedles enhance transdermal delivery of
metformin hydrochloride. J Control Release 2018;285:142–51.

[60] Lin S, Quan G, Hou A, Yang P, Peng T, Gu Y, et al. Strategy for hypertrophic scar
therapy: improved delivery of triamcinolone acetonide using mechanically
robust tip-concentrated dissolving microneedle array. J Control Release
2019;306:69–82.

[61] Hou A, Quan G, Yang B, Lu C, Chen M, Yang D, et al. Rational design of rapidly
separating dissolving microneedles for precise drug delivery by balancing the
mechanical performance and disintegration rate. Adv Healthc Mater 2019;8
(21):e1900898.

[62] Hu W, Peng T, Huang Y, Ren T, Chen H, Chen Y, et al. Hyaluronidase-powered
microneedles for significantly enhanced transdermal delivery efficiency. J
Control Release 2023;353:380–90.

[63] Lee KJ, Jeong SS, Roh DH, Kim DY, Choi HK, Lee EH. A practical guide to the
development of microneedle systems—in clinical trials or on the market. Int J
Pharm 2020;573:118778.

[64] Tkachenko E, Singer S, Mostaghimi A, Hartman RI. Association of poor mental
health and skin cancer development: a cross-sectional study of adults in the
United States. Eur J Cancer Prev 2020;29(6):520–2.

[65] Lan X, She J, Lin DA, Xu Y, Li X, Yang WF, et al. Microneedle-mediated delivery
of lipid-coated cisplatin nanoparticles for efficient and safe cancer therapy.
ACS Appl Mater Interfaces 2018;10(39):33060–9.

[66] Bhatnagar S, Bankar NG, Kulkarni MV, Venuganti VVK. Dissolvable
microneedle patch containing doxorubicin and docetaxel is effective in 4T1
xenografted breast cancer mouse model. Int J Pharm 2019;556:263–75.

[67] Chen Z, Li H, Bian Y, Wang Z, Chen G, Zhang X, et al. Bioorthogonal catalytic
patch. Nat Nanotechnol 2021;16(8):933–41.

[68] Usuda J, Kato H, Okunaka T, Furukawa K, Tsutsui H, Yamada K, et al.
Photodynamic therapy (PDT) for lung cancers. J Thorac Oncol 2006;1
(5):489–93.

[69] Donnelly RF, Morrow DIJ, McCarron PA, Woolfson AD, Morrissey A, Juzenas P,
et al. Microneedle-mediated intradermal delivery of 5-aminolevulinic acid:
potential for enhanced topical photodynamic therapy. J Control Release
2008;129(3):154–62.

[70] Zhao X, Li X, Zhang P, Du J, Wang Y. Tip-loaded fast-dissolving microneedle
patches for photodynamic therapy of subcutaneous tumor. J Control Release
2018;286:201–9.

[71] Abd-El-Azim H, Tekko IA, Ali A, Ramadan A, Nafee N, Khalafallah N, et al.
Hollow microneedle assisted intradermal delivery of hypericin lipid
nanocapsules with light enabled photodynamic therapy against skin cancer.
J Control Release 2022;348:849–69.

[72] Tham HP, Xu K, Lim WQ, Chen H, Zheng M, Thng TGS, et al. Microneedle-
assisted topical delivery of photodynamically active mesoporous formulation
for combination therapy of deep-seated melanoma. ACS Nano 2018;12
(12):11936–48.

[73] Liu P, Fu Y, Wei F, Ma T, Ren J, Xie Z, et al. Microneedle patches with O2

propellant for deeply and fast delivering photosensitizers: towards improved
photodynamic therapy. Adv Sci 2022;9(25):e2202591.

[74] Li Y, He G, Fu LH, Younis MR, He T, Chen Y, et al. A microneedle patch with
self-oxygenation and glutathione depletion for repeatable photodynamic
therapy. ACS Nano 2022;16(10):17298–312.

[75] He G, Li Y, Younis MR, Fu LH, He T, Lei S, et al. Synthetic biology-instructed
transdermal microneedle patch for traceable photodynamic therapy. Nat
Commun 2022;13(1):6238.

[76] QinW,QuanG, SunY, ChenM,YangP, FengD, et al. Dissolvingmicroneedleswith
spatiotemporally controlled pulsatile release nanosystem for synergistic chemo-
photothermal therapy of melanoma. Theranostics 2020;10(18):8179–96.

[77] Peng T, Huang Y, Feng X, Zhu C, Yin S, Wang X, et al. TPGS/hyaluronic acid
dual-functionalized PLGA nanoparticles delivered through dissolving
microneedles for markedly improved chemo-photothermal combined
therapy of superficial tumor. Acta Pharm Sin B 2021;11(10):3297–309.

[78] Wei S, Quan G, Lu C, Pan X, Wu C. Dissolving microneedles integrated with
pH-responsive micelles containing AIEgen with ultra-photostability for
enhancing melanoma photothermal therapy. Biomater Sci 2020;8
(20):5739–50.

[79] Lin S, Lin H, Yang M, Ge M, Chen Y, Zhu Y. A two-dimensional MXene
potentiates a therapeutic microneedle patch for photonic implantable
medicine in the second NIR biowindow. Nanoscale 2020;12(18):10265–76.

[80] Pei P, Yang F, Liu J, Hu H, Du X, Hanagata N, et al. Composite-dissolving
microneedle patches for chemotherapy and photothermal therapy in
superficial tumor treatment. Biomater Sci 2018;6(6):1414–23.

[81] Chen MC, Lin ZW, Ling MH. Near-infrared light-activatable microneedle
system for treating superficial tumors by combination of chemotherapy and
photothermal therapy. ACS Nano 2016;10(1):93–101.
187
[82] Dong L, Li Y, Li Z, Xu N, Liu P, Du H, et al. Au nanocage-strengthened
dissolving microneedles for chemo-photothermal combined therapy of
superficial skin tumors. ACS Appl Mater Interfaces 2018;10(11):9247–56.

[83] Zhao Y, Zhou Y, Yang D, Gao X, Wen T, Fu J, et al. Intelligent and
spatiotemporal drug release based on multifunctional nanoparticle-
integrated dissolving microneedle system for synergetic chemo-
photothermal therapy to eradicate melanoma. Acta Biomater
2021;135:164–78.

[84] Tang Z, Liu Y, He M, Bu W. Chemodynamic therapy: tumour
microenvironment-mediated fenton and fenton-like reactions. Angew Chem
Int Ed Engl 2019;58(4):946–56.

[85] Ruan L, Song G, Zhang X, Liu T, Sun Y, Zhu J, et al. Transdermal delivery of
multifunctional CaO2@Mn-PDA nanoformulations by microneedles for NIR-
induced synergistic therapy against skin melanoma. Biomater Sci 2021;9
(20):6830–41.

[86] Liao K, Niu B, Dong H, He L, Zhou Y, Sun Y, et al. A spark to the powder keg:
microneedle-based antitumor nanomedicine targeting reactive oxygen
species accumulation for chemodynamic/photothermal/chemotherapy. J
Colloid Interface 2022;628(Pt B):189–203.

[87] Zhou Y, Niu B, Zhao Y, Fu J, Wen T, Liao K, et al. Multifunctional nanoreactors-
integrated microneedles for cascade reaction-enhanced cancer therapy. J
Control Release 2021;339:335–49.

[88] Zeng Y, Zhou H, Ding J, Zhou W. Cell membrane inspired nano-shell enabling
long-acting glucose oxidase for melanoma starvation therapy via
microneedles-based percutaneous delivery. Theranostics 2021;11
(17):8270–82.

[89] McCaffrey J, Donnelly RF, McCarthy HO. Microneedles: an innovative
platform for gene delivery. Drug Deliv Transl Res 2015;5(4):424–37.

[90] Pan J, Ruan W, Qin M, Long Y, Wan T, Yu K, et al. Intradermal delivery of
STAT3 siRNA to treat melanoma via dissolving microneedles. Sci Rep 2018;8
(1):1117.

[91] Li X, Xu Q, Zhang P, Zhao X, Wang Y. Cutaneous microenvironment responsive
microneedle patch for rapid gene release to treat subdermal tumor. J Control
Release 2019;314:72–80.

[92] Ruan W, Zhai Y, Yu K, Wu C, Xu Y. Coated microneedles mediated intradermal
delivery of octaarginine/BRAF siRNA nanocomplexes for anti-melanoma
treatment. Int J Pharm 2018;553(1–2):298–309.

[93] Xu Q, Li X, Zhang P, Wang Y. Rapidly dissolving microneedle patch for
synergistic gene and photothermal therapy of subcutaneous tumor. J Mater
Chem B Mater Biol Med 2020;8(19):4331–9.

[94] Wang C, Ye Y, Hochu GM, Sadeghifar H, Gu Z. Enhanced cancer
immunotherapy by microneedle patch-assisted delivery of anti-PD1
antibody. Nano Lett 2016;16(4):2334–40.

[95] Saxena M, Bhardwaj N. Re-emergence of dendritic cell vaccines for cancer
treatment. Trends Cancer 2018;4(2):119–37.

[96] Duong HTT, Yin Y, Thambi T, Nguyen TL, Giang Phan VH, Lee MS, et al. Smart
vaccine delivery based on microneedle arrays decorated with ultra-pH-
responsive copolymers for cancer immunotherapy. Biomaterials
2018;185:13–24.

[97] Ye Y, Wang C, Zhang X, Hu Q, Zhang Y, Liu Q, et al. A melanin-mediated cancer
immunotherapy patch. Sci Immunol 2017;2(17):eaan5692.

[98] Chen M, Quan G, Wen T, Yang P, Qin W, Mai H, et al. Cold to hot: binary
cooperative microneedle array-amplified photoimmunotherapy for eliciting
antitumor immunity and the abscopal effect. ACS Appl Mater Interfaces
2020;12(29):32259–69.

[99] Chen M, Yang D, Sun Y, Liu T, Wang W, Fu J, et al. In situ self-assembly
nanomicelle microneedles for enhanced photoimmunotherapy via autophagy
regulation strategy. ACS Nano 2021;15(2):3387–401.

[100] Singer AJ, Clark RA. Cutaneous wound healing. N Engl J Med 1999;341
(10):738–46.

[101] Bowler PG, Duerden BI, Armstrong DG. Wound microbiology and associated
approaches to wound management. Clin Microbiol Rev 2001;14(2):244–69.

[102] Wang C, Jiang X, Kim HJ, Zhang S, Zhou X, Chen Y, et al. Flexible patch with
printable and antibacterial conductive hydrogel electrodes for accelerated
wound healing. Biomaterials 2022;285:121479.

[103] Zhang Y, Xu Y, Kong H, Zhang J, Chan HF, Wang J, et al. Microneedle system
for tissue engineering and regenerative medicine. Exploration 2023;3
(1):20210170.

[104] Chi J, Zhang X, Chen C, Shao C, Zhao Y, Wang Y. Antibacterial and angiogenic
chitosan microneedle array patch for promoting wound healing. Bioact Mater
2020;5(2):253–9.

[105] Yin M, Wu J, Deng M, Wang P, Ji G, Wang M, et al. Multifunctional magnesium
organic framework-based microneedle patch for accelerating diabetic wound
healing. ACS Nano 2021;15(11):17842–53.

[106] Sun L, Fan L, Bian F, Chen G, Wang Y, Zhao Y. MXene-integrated microneedle
patches with innate molecule encapsulation for wound healing. Research
2021;2021:9838490.

[107] Zhang X, Chen G, Liu Y, Sun L, Sun L, Zhao Y. Black phosphorus-loaded
separable microneedles as responsive oxygen delivery carriers for wound
healing. ACS Nano 2020;14(5):5901–8.

[108] Yao S, Wang Y, Chi J, Yu Y, Zhao Y, Luo Y, et al. Porous MOF microneedle array
patch with photothermal responsive nitric oxide delivery for wound healing.
Adv Sci 2022;9(3):e2103449.

[109] Lee K, Xue Y, Lee J, Kim HJ, Liu Y, Tebon P, et al. A patch of detachable hybrid
microneedle depot for localized delivery of mesenchymal stem cells in
regeneration therapy. Adv Funct Mater 2020;30(23):2000086.

http://refhub.elsevier.com/S2095-8099(23)00210-2/h0275
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0275
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0275
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0280
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0280
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0280
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0285
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0285
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0285
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0290
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0290
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0295
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0295
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0295
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0300
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0300
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0300
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0300
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0305
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0305
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0305
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0305
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0310
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0310
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0310
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0315
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0315
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0315
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0320
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0320
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0320
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0325
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0325
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0325
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0330
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0330
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0330
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0335
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0335
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0340
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0340
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0340
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0345
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0345
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0345
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0345
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0350
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0350
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0350
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0355
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0355
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0355
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0355
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0360
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0360
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0360
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0360
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0365
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0365
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0365
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0370
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0370
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0370
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0375
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0375
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0375
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0380
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0380
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0380
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0385
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0385
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0385
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0385
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0390
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0390
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0390
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0390
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0395
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0395
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0395
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0400
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0400
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0400
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0405
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0405
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0405
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0410
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0410
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0410
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0415
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0415
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0415
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0415
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0415
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0420
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0420
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0420
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0425
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0425
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0425
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0425
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0425
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0430
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0430
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0430
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0430
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0435
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0435
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0435
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0440
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0440
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0440
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0440
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0445
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0445
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0450
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0450
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0450
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0455
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0455
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0455
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0460
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0460
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0460
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0465
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0465
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0465
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0470
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0470
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0470
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0475
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0475
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0480
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0480
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0480
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0480
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0485
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0485
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0490
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0490
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0490
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0490
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0495
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0495
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0495
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0500
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0500
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0505
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0505
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0510
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0510
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0510
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0515
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0515
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0515
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0520
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0520
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0520
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0525
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0525
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0525
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0530
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0530
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0530
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0535
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0535
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0535
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0540
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0540
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0540
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0545
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0545
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0545


T. Peng, Y. Chen, W. Hu et al. Engineering 30 (2023) 170–189
[110] Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes. Science 2020;367(6478):eaau6977.

[111] Yuan M, Liu K, Jiang T, Li S, Chen J, Wu Z, et al. GelMA/PEGDA microneedles
patch loaded with HUVECs-derived exosomes and Tazarotene promote
diabetic wound healing. J Nanobiotechnology 2022;20(1):147.

[112] Ma W, Zhang X, Liu Y, Fan L, Gan J, Liu W, et al. Polydopamine decorated
microneedles with Fe-MSC-derived nanovesicles encapsulation for wound
healing. Adv Sci 2022;9(13):e2103317.

[113] Zheng Y, Yan Y, Lin L, He Q, Hu H, Luo R, et al. Titanium carbide MXene-based
hybrid hydrogel for chemo-photothermal combinational treatment of
localized bacterial infection. Acta Biomater 2022;142:113–23.

[114] Shi Y, Feng X, Lin L, Wang J, Chi J, Wu B, et al. Virus-inspired surface-
nanoengineered antimicrobial liposome: a potential system to
simultaneously achieve high activity and selectivity. Bioact Mater 2021;6
(10):3207–17.

[115] Peng K, Vora LK, Tekko IA, Permana AD, Domínguez-Robles J, Ramadon D,
et al. Dissolving microneedle patches loaded with amphotericin B
microparticles for localised and sustained intradermal delivery: potential
for enhanced treatment of cutaneous fungal infections. J Control Release
2021;339:361–80.

[116] Pamornpathomkul B, Ngawhirunpat T, Tekko IA, Vora L, McCarthy HO,
Donnelly RF. Dissolving polymeric microneedle arrays for enhanced site-
specific acyclovir delivery. Eur J Pharm Sci 2018;121:200–9.

[117] Ziesmer J, Tajpara P, Hempel NJ, Ehrström M, Melican K, Eidsmo L, et al.
Vancomycin-loaded microneedle arrays against methicillin-resistant
Staphylococcus aureus skin infections. Adv Mater Technol 2021;6(7):2001307.

[118] Jamaledin R, Yiu CKY, Zare EN, Niu LN, Vecchione R, Chen G, et al. Advances in
antimicrobial microneedle patches for combating infections. Adv Mater
2020;32(33):e2002129.

[119] Zhao M, Zhou M, Gao P, Zheng X, Yu W, Wang Z, et al. AgNPs/nGOx/Apra
nanocomposites for synergistic antimicrobial therapy and scarless skin
recovery. J Mater Chem B Mater Biol Med 2022;10(9):1393–402.

[120] Omolu A, Bailly M, Day RM. Assessment of solid microneedle rollers to
enhance transmembrane delivery of doxycycline and inhibition of MMP
activity. Drug Deliv 2017;24(1):942–51.

[121] Xu J, Danehy R, Cai H, Ao Z, Pu M, Nusawardhana A, et al. Microneedle patch-
mediated treatment of bacterial biofilms. ACS Appl Mater Interfaces 2019;11
(16):14640–6.

[122] Caffarel-Salvador E, Kearney MC, Mairs R, Gallo L, Stewart SA, Brady AJ, et al.
Methylene blue-loaded dissolving microneedles: potential use in
photodynamic antimicrobial chemotherapy of infected wounds.
Pharmaceutics 2015;7(4):397–412.

[123] Gong JH, Chen LJ, Zhao X, Yan XP. Persistent production of reactive oxygen
species with Zn2GeO4: Cu nanorod-loaded microneedles for methicillin-
resistant Staphylococcus aureus infectious wound healing. ACS Appl Mater
Interfaces 2022;14(15):17142–52.

[124] Gao Y, Zhang W, Cheng YF, Cao Y, Xu Z, Xu LQ, et al. Intradermal
administration of green synthesized nanosilver (NS) through film-coated
PEGDA microneedles for potential antibacterial applications. Biomater Sci
2021;9(6):2244–54.

[125] Yao S, Chi J, Wang Y, Zhao Y, Luo Y, Wang Y. Zn-MOF encapsulated
antibacterial and degradable microneedles array for promoting wound
healing. Adv Healthc Mater 2021;10(12):e2100056.

[126] Wang F, Zhang X, Chen G, Zhao Y. Living bacterial microneedles for fungal
infection treatment. Research 2020;2020:2760594.

[127] Su Y, McCarthy A, Wong SL, Hollins RR, Wang G, Xie J. Simultaneous delivery
of multiple antimicrobial agents by biphasic scaffolds for effective treatment
of wound biofilms. Adv Healthc Mater 2021;10(12):e2100135.

[128] Feng X, Xian D, Fu J, Luo R, Wang W, Zheng Y, et al. Four-armed host-defense
peptidomimetics-augmented vanadium carbide MXene-based microneedle
array for efficient photo-excited bacteria-killing. Chem Eng J
2023;456:141121.

[129] Sala M, Elaissari A, Fessi H. Advances in psoriasis physiopathology and
treatments: up to date of mechanistic insights and perspectives of novel
therapies based on innovative skin drug delivery systems (ISDDS). J Control
Release 2016;239:182–202.

[130] Xie J, Huang S, Huang H, Deng X, Yue P, Lin J, et al. Advances in the application
of natural products and the novel drug delivery systems for psoriasis. Front
Pharmacol 2021;12:644952.

[131] Du H, Liu P, Zhu J, Lan J, Li Y, Zhang L, et al. Hyaluronic acid-based dissolving
microneedle patch loaded with methotrexate for improved treatment of
psoriasis. ACS Appl Mater Interfaces 2019;11(46):43588–98.

[132] Tekko IA, Permana AD, Vora L, Hatahet T, McCarthy HO, Donnelly RF.
Localised and sustained intradermal delivery of methotrexate using
nanocrystal-loaded microneedle arrays: potential for enhanced treatment
of psoriasis. Eur J Pharm Sci 2020;152:105469.

[133] Jing Q, Ruan H, Li J, Wang Z, Pei L, Hu H, et al. Keratinocyte membrane-
mediated nanodelivery system with dissolving microneedles for targeted
therapy of skin diseases. Biomaterials 2021;278:121142.

[134] Oh CJ, Das KM, Gottlieb AB. Treatment with anti-tumor necrosis factor a
(TNF-a) monoclonal antibody dramatically decreases the clinical activity of
psoriasis lesions. J Am Acad Dermatol 2000;42(5 Pt 1):829–30.

[135] Korkmaz E, Friedrich EE, Ramadan MH, Erdos G, Mathers AR, Burak
Ozdoganlar O, et al. Therapeutic intradermal delivery of tumor necrosis
factor-alpha antibodies using tip-loaded dissolvable microneedle arrays. Acta
Biomater 2015;24:96–105.
188
[136] Wu D, Shou X, Yu Y, Wang X, Chen G, Zhao Y, et al. Biologics-loaded
photothermally dissolvable hyaluronic acid microneedle patch for psoriasis
treatment. Adv Funct Mater 2022;32(47):2205847.

[137] Sroka-Tomaszewska J, Trzeciak M. Molecular mechanisms of atopic
dermatitis pathogenesis. Int J Mol Sci 2021;22(8):4130.

[138] Arrais M, Lulua O, Quifica F, Rosado-Pinto J, Gama JMR, Taborda-Barata L.
Prevalence of asthma, allergic rhinitis and eczema in 6–7-year-old
schoolchildren from Luanda. Angola Allergol Immunopathol 2019;47
(6):523–34.

[139] Weidinger S, Novak N. Atopic dermatitis. Lancet 2016;387(10023):1109–22.
[140] Kabashima K. New concept of the pathogenesis of atopic dermatitis:

interplay among the barrier, allergy, and pruritus as a trinity. J Dermatol
Sci 2013;70(1):3–11.

[141] Vakharia PP, Silverberg JI. New therapies for atopic dermatitis: additional
treatment classes. J Am Acad Dermatol 2018;78(3 Suppl 1):S76–83.

[142] Jang M, Kang BM, Yang H, Ohn J, Kwon O, Jung H. High-dose steroid dissolving
microneedle for relieving atopic dermatitis. Adv Healthc Mater 2021;10(7):
e2001691.

[143] Wan T, Pan Q, Ping Y. Microneedle-assisted genome editing: a transdermal
strategy of targeting NLRP3 by CRISPR-Cas9 for synergistic therapy of
inflammatory skin disorders. Sci Adv 2021;11(7):eabe2888.

[144] Kim JH, Shin JU, Kim SH, Noh JY, Kim HR, Lee J, et al. Successful transdermal
allergen delivery and allergen-specific immunotherapy using biodegradable
microneedle patches. Biomaterials 2018;150:38–48.

[145] Chen MC, Chen CS, Wu YW, Yang YY. Poly-c-glutamate microneedles as
transdermal immunomodulators for ameliorating atopic dermatitis-like skin
lesions in Nc/Nga mice. Acta Biomater 2020;114:183–92.

[146] Chiu YH, Wu YW, Hung JI, Chen MC. Epigallocatechin gallate/L-ascorbic acid-
loaded poly-c-glutamate microneedles with antioxidant, anti-inflammatory,
and immunomodulatory effects for the treatment of atopic dermatitis. Acta
Biomater 2021;130:223–33.

[147] Yang G, Chen G, Gu Z. Transdermal drug delivery for hair regrowth. Mol
Pharm 2021;18(2):483–90.

[148] Anzai A, Wang EHC, Lee EY, Aoki V, Christiano AM. Pathomechanisms of
immune-mediated alopecia. Int Immunol 2019;31(7):439–47.

[149] Gupta AK, Quinlan EM, Venkataraman M, Bamimore MA. Microneedling for
hair loss. J Cosmet Dermatol 2021;21(1):108–17.

[150] Liu YS, Jee SH, Chan JL. Hair transplantation for the treatment of lichen
planopilaris and frontal fibrosing alopecia: a report of two cases. Australas J
Dermatol 2018;59(2):e118–22.

[151] Lolli F, Pallotti F, Rossi A, Fortuna MC, Caro G, Lenzi A, et al. Androgenetic
alopecia: a review. Endocrine 2017;57(1):9–17.

[152] Iriarte C, Awosika O, Rengifo-Pardo M, Ehrlich A. Review of applications of
microneedling in dermatology. Clin Cosmet Investig Dermatol
2017;10:289–98.

[153] Yuan A, Xia F, Bian Q, Wu H, Gu Y, Wang T, et al. Ceria nanozyme-integrated
microneedles reshape the perifollicular microenvironment for androgenetic
alopecia treatment. ACS Nano 2021;15(8):13759–69.

[154] Flores A, Schell J, Krall AS, Jelinek D, Miranda M, Grigorian M, et al. Lactate
dehydrogenase activity drives hair follicle stem cell activation. Nat Cell Biol
2017;19(9):1017–26.

[155] Shi Y, Zhao J, Li H, Yu M, ZhangW, Qin D, et al. A drug-free, hair follicle cycling
regulatable, separable, antibacterial microneedle patch for hair regeneration
therapy. Adv Healthc Mater 2022;11(19):e2200908.

[156] Yang G, Chen Q, Wen D, Chen Z, Wang J, Chen G, et al. A therapeutic
microneedle patch made from hair-derived keratin for promoting hair
regrowth. ACS Nano 2019;13(4):4354–60.

[157] Kim S, Eum J, Yang H, Jung H. Transdermal finasteride delivery via powder-
carrying microneedles with a diffusion enhancer to treat androgenetic
alopecia. J Control Release 2019;316:1–11.

[158] Cao S, Wang Y, Wang M, Yang X, Tang Y, Pang M, et al. Microneedles
mediated bioinspired lipid nanocarriers for targeted treatment of alopecia. J
Control Release 2021;329:1–15.

[159] Strazzulla LC, Wang EHC, Avila L, Lo Sicco K, Brinster N, Christiano AM, et al.
Alopecia areata: disease characteristics, clinical evaluation, and new
perspectives on pathogenesis. J Am Acad Dermatol 2018;78(1):1–12.

[160] Giorgio CM, Babino G, Caccavale S, Russo T, De Rosa AB, Alfano R, et al.
Combination of photodynamic therapy with 5-aminolaevulinic acid and
microneedling in the treatment of alopecia areata resistant to conventional
therapies: our experience with 41 patients. Clin Exp Dermatol 2020;45
(3):323–6.

[161] Sterkens A, Lambert J, Bervoets A. Alopecia areata: a review on diagnosis,
immunological etiopathogenesis and treatment options. Clin Exp Med
2021;21(2):215–30.

[162] Zhou C, Li X, Wang C, Zhang J. Alopecia areata: an update on
etiopathogenesis, diagnosis, and management. Clin Rev Allergy Immunol
2021;61(3):403–23.

[163] Strazzulla LC, Wang EHC, Avila L, Lo Sicco K, Brinster N, Christiano AM, et al.
Alopecia areata: an appraisal of new treatment approaches and overview of
current therapies. J Am Acad Dermatol 2018;78(1):15–24.

[164] He J, Fang B, Shan S, Xie Y, Wang C, Zhang Y, et al. Mechanical stretch
promotes hypertrophic scar formation through mechanically activated cation
channel Piezo1. Cell Death Dis 2021;12(3):226.

[165] Kaplani K, Koutsi S, Armenis V, Skondra FG, Karantzelis N, Champeris Tsaniras
S, et al. Wound healing related agents: ongoing research and perspectives.
Adv Drug Deliv Rev 2018;129:242–53.

http://refhub.elsevier.com/S2095-8099(23)00210-2/h0550
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0550
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0555
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0555
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0555
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0560
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0560
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0560
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0565
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0565
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0565
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0570
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0570
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0570
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0570
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0575
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0575
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0575
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0575
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0575
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0580
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0580
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0580
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0585
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0585
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0585
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0590
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0590
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0590
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0595
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0595
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0595
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0600
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0600
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0600
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0605
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0605
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0605
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0610
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0610
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0610
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0610
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0615
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0615
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0615
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0615
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0615
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0615
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0620
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0620
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0620
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0620
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0625
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0625
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0625
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0630
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0630
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0635
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0635
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0635
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0640
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0640
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0640
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0640
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0645
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0645
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0645
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0645
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0650
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0650
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0650
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0655
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0655
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0655
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0660
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0660
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0660
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0660
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0665
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0665
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0665
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0670
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0670
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0670
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0675
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0675
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0675
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0675
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0680
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0680
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0680
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0685
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0685
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0690
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0690
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0690
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0690
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0695
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0700
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0700
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0700
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0705
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0705
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0710
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0710
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0710
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0715
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0715
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0715
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0720
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0720
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0720
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0725
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0725
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0725
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0730
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0730
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0730
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0730
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0735
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0735
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0740
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0740
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0745
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0745
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0750
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0750
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0750
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0755
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0755
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0760
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0760
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0760
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0765
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0765
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0765
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0770
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0770
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0770
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0775
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0775
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0775
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0780
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0780
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0780
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0785
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0785
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0785
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0790
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0790
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0790
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0795
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0795
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0795
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0800
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0800
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0800
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0800
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0800
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0805
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0805
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0805
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0810
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0810
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0810
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0815
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0815
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0815
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0820
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0820
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0820
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0825
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0825
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0825


T. Peng, Y. Chen, W. Hu et al. Engineering 30 (2023) 170–189
[166] Karppinen SM, Heljasvaara R, Gullberg D, Tasanen K, Pihlajaniemi T. Toward
understanding scarless skin wound healing and pathological scarring. F1000
Res 2019;8:8.

[167] Lawrence JW, Mason ST, Schomer K, Klein MB. Epidemiology and impact of
scarring after burn injury: a systematic review of the literature. J Burn Care
Res 2012;33(1):136–46.

[168] Hietanen KE, Järvinen TA, Huhtala H, Tolonen TT, Kuokkanen HO, Kaartinen
IS. Treatment of keloid scars with intralesional triamcinolone and 5-
fluorouracil injections—a randomized controlled trial. J Plast Reconstr
Aesthet Surg 2019;72(1):4–11.

[169] Yeo DC, Balmayor ER, Schantz JT, Xu C. Microneedle physical contact as a
therapeutic for abnormal scars. Eur J Med Res 2017;22(1):28.

[170] Huang Y, Peng T, Hu W, Gao X, Chen Y, Zhang Q, et al. Fully armed
photodynamic therapy with spear and shear for topical deep hypertrophic
scar treatment. J Control Release 2022;343:408–19.

[171] Yang B, Dong Y, Shen Y, Hou A, Quan G, Pan X, et al. Bilayer dissolving
microneedle array containing 5-fluorouracil and triamcinolone with biphasic
release profile for hypertrophic scar therapy. Bioact Mater 2021;6(8):2400–11.

[172] Wu T, Hou X, Li J, Ruan H, Pei L, Guo T, et al. Microneedle-mediated
biomimetic cyclodextrin metal organic frameworks for active targeting and
treatment of hypertrophic scars. ACS Nano 2021;15(12):20087–104.

[173] Wang M, Han Y, Yu X, Liang L, Chang H, Yeo DC, et al. Upconversion
nanoparticle powered microneedle patches for transdermal delivery of
siRNA. Adv Healthc Mater 2020;9(2):e1900635.

[174] Tan CWX, Tan WD, Srivastava R, Yow AP, Wong DWK, Tey HL. Dissolving
triamcinolone-embedded microneedles for the treatment of keloids: a single-
blinded intra-individual controlled clinical trial. Dermatol Ther 2019;9
(3):601–11.

[175] Park J, Kim YC. Topical delivery of 5-fluorouracil-loaded carboxymethyl
chitosan nanoparticles using microneedles for keloid treatment. Drug Deliv
Transl Res 2021;11(1):205–13.

[176] Sitohang IBS, Sirait SAP, Suryanegara J. Microneedling in the treatment of
atrophic scars: a systematic review of randomised controlled trials. Int
Wound J 2021;18(5):577–85.

[177] Layton AM, Henderson CA, Cunliffe WJ. A clinical evaluation of acne scarring
and its incidence. Clin Exp Dermatol 1994;19(4):303–8.

[178] Gupta M, Barman KD, Sarkar R. A comparative study of microneedling alone
versus along with platelet-rich plasma in acne scars. J Cutan Aesthet Surg
2021;14(1):64–71.

[179] Yan D, Zhao H, Li C, Xia A, Zhang J, Zhang S, et al. A clinical study of carbon
dioxide lattice laser-assisted or microneedle-assisted 5-aminolevulinic acid-
based photodynamic therapy for the treatment of hypertrophic acne scars.
Photodermatol Photoimmunol Photomed 2022;38(1):53–9.

[180] Sharad J. Combination of microneedling and glycolic acid peels for the
treatment of acne scars in dark skin. J Cosmet Dermatol 2011;10(4):317–23.

[181] Wen T, Lin Z, Zhao Y, Zhou Y, Niu B, Shi C, et al. Bioresponsive
nanoarchitectonics-integrated microneedles for amplified chemo-
photodynamic therapy against acne vulgaris. ACS Appl Mater Interfaces
2021;13(41):48433–48.

[182] Xiang Y, Lu J, Mao C, Zhu Y, Wang C, Wu J, et al. Ultrasound-triggered
interfacial engineering-based microneedle for bacterial infection acne
treatment. Sci Adv 2023;9(10):eadf0854.

[183] Zhang T, Sun B, Guo J, Wang M, Cui H, Mao H, et al. Active pharmaceutical
ingredient poly(ionic liquid)-based microneedles for the treatment of skin
acne infection. Acta Biomater 2020;115:136–47.

[184] Zeng R, Liu Y, Zhao W, Yang Y, Wu Q, Li M, et al. A split-face comparison of a
fractional microneedle radiofrequency device and fractional radiofrequency
therapy for moderate-to-severe acne vulgaris. J Cosmet Dermatol 2020;19
(10):2566–71.

[185] Cao Z, Jin S, Wang P, He Q, Yang Y, Gao Z, et al. Microneedle based adipose
derived stem cells-derived extracellular vesicles therapy ameliorates UV-
induced photoaging in SKH-1 mice. J Biomed Mater Res A 2021;109
(10):1849–57.
189
[186] Jin X, Zhang X, Li Y, Xu M, Yao Y, Wu Z, et al. Long-acting microneedle patch
loaded with adipose collagen fragment for preventing the skin photoaging in
mice. Biomater Adv 2022;135:212744.

[187] You Y, Tian Y, Yang Z, Shi J, Kwak KJ, Tong Y, et al. Intradermally delivered
mRNA-encapsulating extracellular vesicles for collagen-replacement
therapy. Nat Biomed Eng 2023.

[188] Petukhova TA, Hassoun LA, Foolad N, Barath M, Sivamani RK. Effect of
expedited microneedle-assisted photodynamic therapy for field treatment of
actinic keratoses: a randomized clinical trial. JAMA Dermatol 2017;153
(7):637–43.

[189] Lim SH, Kathuria H, Amir MHB, Zhang X, Duong HTT, Ho PC, et al. High
resolution photopolymer for 3D printing of personalised microneedle for
transdermal delivery of anti-wrinkle small peptide. J Control Release
2021;329:907–18.

[190] Hong JY, Ko EJ, Choi SY, Li K, Kim AR, Park JO, et al. Efficacy and safety of a
novel, soluble microneedle patch for the improvement of facial wrinkle. J
Cosmet Dermatol 2018;17(2):235–41.

[191] An JH, Lee HJ, Yoon MS, Kim DH. Anti-wrinkle efficacy of cross-linked
hyaluronic acid-based microneedle patch with acetyl hexapeptide-8 and
epidermal growth factor on korean skin. Ann Dermatol 2019;31(3):263–71.

[192] Avcil M, Akman G, Klokkers J, Jeong D, Çelik A. Clinical efficacy of dissolvable
microneedles armed with anti-melanogenic compounds to counter
hyperpigmentation. J Cosmet Dermatol 2021;20(2):605–14.

[193] Wang YS, Yang WH, Gao W, Zhang L, Wei F, Liu H, et al. Combination and
efficiency: preparation of dissolving microneedles array loaded with two
active ingredients and its anti-pigmentation effects on guinea pigs. Eur J
Pharm Sci 2021;160:105749.

[194] Kim S, Yang H, Kim M, Baek JH, Kim SJ, An SM, et al. 4-n-butylresorcinol
dissolving microneedle patch for skin depigmentation: a randomized,
double-blind, placebo-controlled trial. J Cosmet Dermatol 2016;15(1):16–23.

[195] Donnelly RF, Singh TR, Tunney MM, Morrow DI, McCarron PA, O’Mahony C,
et al. Microneedle arrays allow lower microbial penetration than hypodermic
needles in vitro. Pharm Res 2009;26(11):2513–22.

[196] Cary JH, Li BS, Maibach HI. Dermatotoxicology of microneedles (MNs) in man.
Biomed Microdevices 2019;21(3):66.

[197] Chu S, Foulad DP, Atanaskova MN. Safety profile for microneedling: a
systematic review. Dermatol Surg 2021;47(9):1249–54.

[198] Creelman B, Frivold C, Jessup S, Saxon G, Jarrahian C. Manufacturing
readiness assessment for evaluation of the microneedle array patch
industry: an exploration of barriers to full-scale manufacturing. Drug Deliv
Transl Res 2022;12(2):368–75.

[199] Lutton RE, Moore J, Larrañeta E, Ligett S, Woolfson AD, Donnelly RF.
Microneedle characterisation: the need for universal acceptance criteria
and GMP specifications when moving towards commercialisation. Drug Deliv
Transl Res 2015;5(4):313–31.

[200] Zhao J, Xu G, Yao X, Zhou H, Lyu B, Pei S, et al. Microneedle-based insulin
transdermal delivery system: current status and translation challenges. Drug
Deliv Transl Res 2022;12(10):2403–27.

[201] Tehrani F, Teymourian H, Wuerstle B, Kavner J, Patel R, Furmidge A, et al. An
integrated wearable microneedle array for the continuous monitoring of
multiple biomarkers in interstitial fluid. Nat Biomed Eng 2022;6
(11):1214–24.

[202] Dervisevic M, Dervisevic E, Esser L, Easton CD, Cadarso VJ, Voelcker NH.
Wearable microneedle array-based sensor for transdermal monitoring of pH
levels in interstitial fluid. Biosens Bioelectron 2023;222:114955.

[203] He R, Liu H, Fang T, Niu Y, Zhang H, Han F, et al. A colorimetric dermal tattoo
biosensor fabricated by microneedle patch for multiplexed detection of
health-related biomarkers. Adv Sci 2021;8(24):e2103030.

[204] Shan J, Zhang X, Kong B, Zhu Y, Gu Z, Ren L, et al. Coordination polymer
nanozymes-integrated colorimetric microneedle patches for intelligent
wound infection management. Chem Eng J 2022;444:136640.

[205] Sheng T, Jin R, Yang C, Qiu K, Wang M, Shi J, et al. Unmanned aerial vehicle
mediated drug delivery for first aid. Adv Mater 2023;35(10):e2208648.

http://refhub.elsevier.com/S2095-8099(23)00210-2/h0830
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0830
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0830
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0835
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0835
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0835
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0840
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0840
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0840
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0840
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0845
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0845
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0850
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0850
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0850
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0855
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0855
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0855
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0860
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0860
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0860
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0865
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0865
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0865
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0870
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0870
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0870
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0870
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0875
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0875
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0875
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0880
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0880
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0880
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0885
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0885
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0890
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0890
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0890
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0895
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0895
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0895
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0895
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0900
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0900
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0905
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0905
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0905
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0905
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0910
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0910
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0910
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0915
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0915
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0915
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0920
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0920
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0920
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0920
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0925
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0925
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0925
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0925
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0930
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0930
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0930
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0935
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0935
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0935
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0940
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0940
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0940
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0940
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0945
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0945
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0945
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0945
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0950
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0950
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0950
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0955
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0955
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0955
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0960
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0960
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0960
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0965
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0965
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0965
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0965
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0970
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0970
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0970
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0975
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0975
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0975
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0980
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0980
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0985
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0985
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0990
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0990
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0990
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0990
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0995
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0995
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0995
http://refhub.elsevier.com/S2095-8099(23)00210-2/h0995
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1000
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1000
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1000
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1005
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1005
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1005
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1005
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1010
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1010
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1010
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1015
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1015
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1015
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1020
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1020
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1020
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1025
http://refhub.elsevier.com/S2095-8099(23)00210-2/h1025

	Microneedles for Enhanced Topical Treatment of Skin Disorders: Applications, Challenges, and Prospects
	1 Introduction
	2 Type, preparation, and characterization of MNs
	2.1 Three-step administration MNs
	2.1.1 Solid MNs
	2.1.2 Hollow MNs

	2.2 Two-step administration MNs
	2.2.1 Coated MNs
	2.2.2 Hydrogel-forming MNs

	2.3 One-step administration MNs
	2.3.1 Dissolving MNs
	2.3.2 CryoMNs

	2.4 Characterization of MNs

	3 MN-mediated treatment of dermatological diseases
	3.1 The use of MNs for treating superficial skin tumors
	3.1.1 Chemotherapy
	3.1.2 Photodynamic therapy (PDT)
	3.1.3 Photothermal therapy (PTT)
	3.1.4 Chemodynamic therapy
	3.1.5 Starvation therapy
	3.1.6 Gene therapy
	3.1.7 Immunotherapy and photoimmunotherapy (PIT)

	3.2 The use of MNs for promoting wound healing
	3.3 MNs for combating skin infections
	3.4 The use of MNs for treating inflammatory skin diseases
	3.4.1 Psoriasis
	3.4.2 Atopic dermatitis (AD)


	4 Application of MNs for improving skin appearance
	4.1 The use of MNs for alopecia therapy
	4.2 The use of MNs for pathological and acne scars
	4.2.1 Pathological scars
	4.2.2 Treatment of HSs
	4.2.3 Treatment of keloids
	4.2.4 Acne scars

	4.3 Others

	5 Conclusion and prospects
	ack37
	Acknowledgments
	Compliance with ethics guidelines
	References


