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Wound management is a serious concern worldwide, inflicting a huge social and economic burden on
patients and healthcare systems, and research into efficient wound-management measures is crucial.
Although advances have been made in traditional wound dressings for wound management to date, the
complicated environment near the wound leads to inadequate drug absorption for achieving the intended
therapeutic impact. Microneedles, a novel transdermal drug delivery method, can improve wound-healing
efficacy by breaking down the barriers at the wound site and enhancing drug delivery efficiency. In recent
years, there have been many advanced types of research on the application of microneedles to wound
management to address the difficulties encountered in the wound-healing process. This article summar-
izes and analyzes these research efforts, classifying them according to their distinct efficacy, and
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addresses them in five areas: hemostasis, antibacterial effects, proliferation, anti-scar, and wound moni-
toring. The article concludes with a review of the current state and limitations of microneedle patches
and an outlook on the future direction of microneedles in wound management as a way to inspire more
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1. Introduction

As the body’s biggest organ, the skin is in direct contact with
the external world and serves as the first line of defense
against external stimuli.' Various types of skin damage can
result in the formation of skin wounds. Even though these
wounds can normally slowly heal, the healing process results
in the production of scars and the loss of skin appendages
such as sweat glands and hair.>® In addition, some acute
wounds resulting from physical injury require rapid hemosta-
sis and immobilization to prevent microbial infection during
the healing period.”® If the patient has diabetes, cancer, or
other diseases, this will delay the wound-healing cycle and
create a chronic wound, resulting in long-term harm to the
patient’s body and psyche.®™®
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efficient and smarter wound-management strategies.

To avoid potential injury from anomalies in the wound-
healing process, billions of dollars are invested in research
each year worldwide to develop more effective wound-treat-
ment procedures.”’® To better comprehend the current
wound-management measures, we need to first understand
the process and mechanism of wound healing. As shown in
Fig. 1, the normal wound-healing process includes four
phases: hemostasis, inflammation, proliferation, and
remodeling.""'* After the skin is damaged, blood pours out of
the wound to flush away pathogens, and vasoconstriction
begins the hemostatic process. During this process, platelets
are triggered to bind with fibrin to produce a fibrin clot, which
acts as a hemostatic agent while providing a temporary infiltra-
tion site for the subsequently recruited inflammatory
cells.”>™ As neutrophils and monocytes are drawn to the
wound site, the wound heals into the inflammatory phase to
clear dead cells, damaged tissue, and infecting bacteria.
During the initial phase of inflammation, neutrophils release
chemokines (CC and CXC subfamilies) and pro-inflammatory
cytokines (tumor necrosis factor-o (TNF-a), interleukin-1 (IL-1)
and interleukin-6 (IL-6)) to amplify the immune response and
induce monocytes to differentiate to macrophages to continue
clearing debris."®™*® During the inflammatory phase, macro-
phages are pro-inflammatory cells of the M1 phenotype, but as
the cleanup is completed and the inflammatory signal
diminishes, macrophages gradually differentiate into the anti-
inflammatory M2 phenotype and secrete growth factors to
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Fig. 1 The mechanisms and procedures involved in wound healing. (i) Hemostasis: platelets combine with fibrin to form a fibrin clot to achieve
rapid hemostasis; (i) inflammation: secretion of pro-inflammatory factors, recruitment of verified cells at the wound, and clearance of cellular debris
and foreign bacteria; (iii) proliferation: transformation of immune cells from pro-inflammatory to anti-inflammatory type, secretion of growth
factors, promotion of angiogenesis, granulation tissue formation, and re-epithelialization; (iv) remodeling: gradual degradation of type Ill collagen to

form a more neat type | collagen.

attract various cells to the wound for repair, which in turn
leads to wound healing into the proliferative phase.'> There
are three key signature events throughout the proliferative
phase: angiogenesis, granulation tissue formation, and re-
epithelialization.’® During this phase, to ensure cellular
activity during proliferation, angiogenic factors (VEGF, PDGF,
and PGF) induce the construction of blood vessels at the
wound site to ensure the delivery of oxygen and nutrients.>*
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At the same time, encouraged by cytokines, fibroblasts, kerati-
nocytes, and endothelial cells multiply and differentiate to
generate light pink granulation tissue to provide a framework
for extracellular matrix (ECM), blood vessels, and inflamma-
tory cells.”*** At the same time, basal cells from the faulty
tissue migrate to the wound surface to multiply in huge
numbers to eventually form epithelial cells in re-epithelializa-
tion.”* Subsequently, the remodeling phase of wound healing
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starts. During this phase, the type III collagen deposited
during the previous healing process is gradually degraded and
transformed into a more neatly ordered type I collagen.>* At
this time, the skin slowly regains its elasticity and some func-
tionality, such as the transformation of capillaries into more
stable arteries or veins and the regeneration of hair, sweat, and
sebaceous glands.

However, in most wounds, the healing process is con-
fronted by numerous impediments that lead to slow or even
problematic wound recovery. During the hemostasis stage, to
protect the wound site from the external environment, airtight
treatment of the wound is essential to avoid infection of the
wound in the complex environment.>®'*> However, traditional
therapies, such as sutures and staples, might lead to excessive
local mechanical stress eventually producing scars.*>*® Some
individuals with coagulation abnormalities or in the presence
of deep wounds also require human intervention to rapidly
stop bleeding to avoid the detrimental consequences of exces-
sive blood loss. Although the body’s immune system clears
microorganisms to prevent infection during the inflammatory
phase, the complicated environment will undoubtedly lead to
unanticipated scenarios. Wounds are commonly accompanied
by biofilms tens or even hundreds of microns thick, providing
a suitable breeding ground for microbial invasion. On the one
hand, bacterial biofilms can restrict the penetration impact of
medications, and on the other hand, a complex microbial
environment can lead to microbial antibiotic resistance, which
in turn leads to prolonged infection and poor wound
healing.>”"*° In some diabetic and cancer patients, high levels
of reactive oxygen species (ROS) and persistent inflammation
can lead to low expression of growth factors associated with
the proliferative phase, which in turn leads to impaired angio-
genesis and difficulties in transporting nutrients and oxygen
to the wound site, resulting in long-term difficulties in wound
repair and, in severe cases, skin ulceration.*®*! In addition,
inappropriate behavior during the wound-healing process,
especially during the inflammatory and proliferative stages,
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can lead to excessive fibroblast proliferation and an imbalance
in collagen synthesis and degradation, resulting in ineffective
wound healing and ultimately scar formation.*?

To cope with the diverse conditions encountered in the
wound-healing process, a great number of different types of
wound dressings have been developed in recent years for the
treatment of wounds at different stages. These wound dres-
sings can be categorized into four main types according to
their functionality: (1) hemostatic wound dressings that
improve adhesion and activate platelet coagulation;***® (2)
antimicrobial wound dressings that are loaded with antibiotics
and other antimicrobial drugs, sterilized by photothermal or
photodynamic conversion, or cationic polymeric materials
with antimicrobial properties;***® (3) wound dressings that
deliver small molecules such as oxygen, nitric oxide, anti-
inflammatory drugs, reparative cell signaling factors, and even
exosomes and stem cells used to reduce the inflammatory
response, induce the healing phase into the proliferative
phase, and enhance the generation of blood vessels;>**” (4)
wound dressings for determining wound-healing status by
detecting pH, glucose, temperature, and hydrogen
peroxide.*>***° However, during the wound-healing process,
the wound site secretes fibrin, thrombin, and other secretions
to form a fibrin clot to protect the wound from the external
environment, but at the same time, this slows the penetration
rate of the therapeutic compounds in the dressings and drasti-
cally reduces the utilization of the drug.*** In the case of
severe bacterial infections, the thicker bacterial biofilm can
hinder the therapeutic effect of the antibiotic dressings,
leading to long-term infection or even ulceration of the
wound.

Microneedle (MN) patches are a novel form of transdermal
drug delivery in which therapeutic drugs are efficiently deli-
vered transdermally by penetrating these protective layers in a
minimally invasive way with a needle body of hundreds of
micrometers in height.***” To date, various matrix materials
have been employed to fabricate MNs,**>* including polylactic
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acid (PLA), silicon, stainless steel, and light-curing resin for
generating MNs. Polyvinyl alcohol (PVA), hyaluronic acid (HA),
silk protein, and gelatin have been utilized to form soluble
MNs, while gelatin methacryloyl (GelMA), hyaluronic acid
methacryloyl (HAMA), and sodium alginate have been
employed to form hydrogel MNs. The fabrication techniques,
including laser engraving, 3D printing, and template-based
preparation, can be utilized to create MNs from the above
diverse materials. MN technology has gained widespread use
over the last 15 years in a variety of applications, including der-
matological treatment,>? delivery,>*®>  insulin
administration,*>***” and stem cell transplantation.’® Unlike
traditional transdermal drug delivery methods, MNs can
permeate the skin in a non-invasive and pain-free manner,
thereby enhancing drug absorption and utilization. The custo-
mizable structure and composition of MNs allow for smart
3960 controlled drug release,®®** multi-drug
therapy,®* > and targeted delivery to specific sites, such as the
gut,’® heart,%” blood vessels,’® and brain.®> MNs are also
widely used in biomonitoring. Compared with traditional
detection dressings, the needle body of MNs can directly
contact with the skin interstitial fluid at the wound to detect
glucose, cholesterol, uric acid, sodium ions, pH, etc.,”’*”* and
the detection is more sensitive and the results are more
accurate.

In recent years, MNs have made tremendous progress in
the field of wound-healing applications. In this article, these
works are organized and divided according to the different
roles played by MNs in the wound-healing process, and their
advantages and disadvantages are analyzed and discussed. At
the conclusion of the article, the key points of the review are
summarized, along with some current limitations and future
directions for the field.

vaccine

response,

2. Microneedles for wound
management

In wound management, wound crusting can hinder drug
absorption and impair therapeutic efficacy. MNs have been
shown to overcome this challenge by enhancing drug absorp-
tion and patch adhesion through hundreds of micron-sized
needles. In addition to improving the efficiency of drug utiliz-
ation to improve the therapeutic effect, the matrix material
and needle structure of MN patches can be adjusted to
improve their adhesion and hemostatic ability in the early
wound.”*”7® A large number of studies have found that the
matrix material of MNs has a protective effect on protein-
based drugs, SRNA, exosomes, and even stem cells loaded in
MNs, which can maintain their activity over time.’® In
addition, by designing the MN structure, the rapid separation
of the needle body from the backing layer can be achieved,
enabling the rapid implantation of the drug-delivery portion in
the wound and avoiding the combination of new tissue with
the dressing at the later stage of treatment, which can bring
secondary damage during removal. Additionally, the ability of

This journal is © The Royal Society of Chemistry 2023
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MNs to facilitate direct detection of the wound microenvi-
ronment via interstitial fluid provides insight into the wound-
healing process. There has been growing interest in MNs for
wound management in recent years, with research exploring
various functionalities, including hemostasis, antibacterial,
proliferation, anti-scar, and wound monitoring. This review
provides a comprehensive overview of previous studies and
aims to stimulate the development of advanced and intelligent
wound-management strategies using MNs.

2.1 Microneedles for hemostasis

The human body often experiences bleeding after some physi-
cal and chemical shocks, bringing great losses to the economy
and society, and it is necessary to achieve rapid and efficient
hemostasis.”” The first stage in the wound-healing process is
the hemostasis period. Following a vascular injury, vascular
contraction occurs to reduce blood loss, and platelets adhere
to the injured tissue endothelium, activating to form platelet
plugs for rapid hemostasis.”® The coagulation cascade is then
initiated and amplified to produce thrombin, which stimulates
the conversion of fibrinogen to fibrin and interacts with plate-
lets to form a fibrin clot.”>**® For uncontrollable bleeding, the
current means of hemostasis is mainly to close the wound by
human intervention, activate platelets through hemostatic
material recruitment and stimulate the cascade reaction to
promote coagulation. The moist environment resulting from
blood can present challenges for the adhesion of hemostatic
materials, making it a focus of ongoing hemostasis research to
enhance both adhesion and hemostasis.

In the initial stage of hemostasis, rapid wound closure is
required, and conventional sutures and staples cause tissue
damage, inflammation, and other side effects.®""¥> To solve
this problem, Jeon et al. developed swellable hydrogel-forming
double-layered adhesive MNs inspired by endoparasites.”” As
shown in Fig. 2a(i), the MNs have an inner core of filamentous
protein and an outer shell of mussel adhesion protein with
swelling properties. The internal filamentous protein ensures
the mechanical properties of the MNs, and the external
mussel adhesive protein rapidly absorbs water and swells after
puncture into the skin to achieve mechanical interlocking. In
a sealability test, the MNs can withstand a pressure of 139.7 +
14.1 mm Hg, far exceeding normal human arterial blood
pressure. In the wound-healing test, the MN treatment group
showed a higher healing effect after 21 days, and the ultimate
fracture strength in the wound fracture test was three times
higher than that of the sutured group (Fig. 2a(ii)). Besides, this
MN bilayer has better biocompatibility and biodegradability.
In order to further improve the fixation ability of MNs, the
structure of the needle body can be designed. As shown in
Fig. 2b, Han et al. designed an MN with barbs inspired by
organisms in nature.”* The authors used a digital light-proces-
sing 3D printing technique to prepare the MNs. During the
preparation process, the resin material is cured under the
action of UV radiation, but the upper layer of resin reduces the
radiation energy to create a crosslink density gradient within
the resin, with a high crosslink density at the top and a low
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Fig. 2 MNs for wound immobilization and hemostasis. (a) Bio-inspired swellable hydrogel-forming double-layered adhesive MN protein patch for
hemostasis: (i) schematic illustration for the proposed working mechanisms of a hydrogel-forming adhesive MN patch; (ii) wound closure and thera-
peutic effect.”® Reprinted from the Elsevier, Copyright 2019. (b) Bioinspired MN array with backward-facing barbs: (i) principles for the preparation of
MN arrays with backward barbs; (i) SEM of MN array with backward-facing barbs.”* Reprinted from the John Wiley and Sons, Copyright 2020. (c)
Schematic of GelMA-SN MNs fabrication steps and graphical representation of facile application of GelMA-SN MNs onto a bleeding model to stop
hemorrhage.®* Reprinted from the Elsevier, Copyright 2023. (d) Design and hemostatic function of the bioinspired pagoda-like MN patches.®®

Reprinted from the Elsevier, Copyright 2021.

crosslink density at the bottom with some uncrosslinked
monomers. After printing is completed, the MN array is
immersed in an organic solvent to extract the uncrosslinked
monomers. When the MNs dry the bottom of the barb con-
tracts, causing the barb to bend downward. In the adhesion
force test, the tissue adhesion force of MNs with reverse barbs
was 18 times higher than that of MNs without barbs.

To improve coagulation at the wound site, fibrinogen and
thrombin are considered to be the most effective hemostatic
drugs, but they are expensive and have a short shelf life, and
are not suitable for mass-production applications.®® Lee et al.
used tranexamic acid as an alternative drug to be loaded with
soluble hyaluronic acid (HA) MNs at the tip of the needle.”®
Tranexamic acid can specifically bind to tissue fibrinogen acti-
vator and inhibit fibrinogen and its fibrin from being

4434 | Biomater. Sci, 2023, 11, 4430-445]

degraded, thereby improving the stability of fibrin clots at the
wound and improving hemostasis. In the heparin-treated
model, the bleeding time and bleeding volume were much
lower in the drug-laden MN treatment group than in the non-
drug-laden group. The hydrogel material not only helps
manage bleeding but also maintains a certain degree of
wetness at the wound site, in addition to having better
adhesive properties due to the reactive groups in the hydrogel
that can react with the proteins in the tissue. Gelatin is widely
used for wound hemostasis due to its high biocompatibility,
low price, and easy modification. Haghniaz et al. used meth-
acrylate-based gelatin as a matrix material to prepare bioadhe-
sive MN patches doped with silicate nanosheets (SNs)
(Fig. 2¢).®* SNs have a negative surface charge and a positive
edge charge, and attract platelet aggregation through charge

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3bm00262d

Published on 03 2023. Downloaded on 14.02.26 15:22:32.

Biomaterials Science

interaction and activation of coagulation factors. In the liver
injury model, bleeding was reduced by 92% in the GelMA-SN
MNs treatment group, and the MNs could be degraded in vivo
within 4 weeks. To further improve the fixation ability of MNs,
Zhang et al. designed pagoda-type MNs inspired by the honey-
bee tail stinger (Fig. 2d).*® The three-layer pagoda confor-
mation further improved the physical interlocking binding
force of MNs, and the average detachment force of MNs was
above 3 N cm™? in the tissue adhesion force test. In addition,
the authors modified the surface of MNs with a dodecyl-modi-
fied chitosan coating, whose molecular chain tails could inter-
act with blood cell membranes and cause blood cells to aggre-
gate and coagulate, thus improving the hemostatic ability.
When pagoda-shaped MNs were applied to hemorrhage treat-
ment at the liver, kidney, and spleen sites, hemostasis was
achieved within seconds after the MNs were pierced. All of the
above studies demonstrated that MNs can be successfully
applied for wound hemostasis, and demonstrated the selection
of materials for the preparation of MNs, in which different
drugs can be loaded to enrich coagulation factors, in addition
to the designability of the MN structure, which can improve
the wound-closure effect and adhesion of the MN patch by
physical interlocking.

2.2 Microneedles for antibacterial effects

Bacterial infection is a major factor that hinders wound
healing. During the wound-healing process, a biopolymer layer
forms at the wound site that is extremely suitable for the
growth of external microorganisms, and forms a bacterial
biofilm with the infected microorganisms.®® Bacterial biofilm
secretions induce persistent inflammation of the wound,
meaning that the delivery of therapeutic agents to the site of
action is impeded, prolonging the healing time and posing a
significant challenge to wound treatment. The composition
and structure of the biofilm create a mechanical barrier that
prevents molecules from spreading through the structure to
act on the bacterial biofilm and thus inhibit bacterial prolifer-
ation. The most effective means of removing the biofilm is
through debridement, but it is often difficult to remove and
there are recurrent infections and great discomfort to the
patient.®” To break through the biofilm barrier, there are two
main directions: one is to break the biofilm structure by physi-
cal means such as electric current, plasma, magnetic field,
etc.,*® and the other is to prepare a highly permeable delivery
system.®’® However, these two means are on the one hand
costly to develop, and on the other hand poor in practicality.
MNs can deliver antimicrobial drugs to the site of action by
disrupting this biofilm with a needle. Arshad et al. prepared
soluble MNs by using HA/PVP for the delivery of azithromy-
cin.®® In an in vitro drugrelease study, azithromycin was
rapidly released to 60% within 30 min, allowing the rapid
onset of action at the site of infection. In a subsequent rat
model of Staphylococcus aureus (S. aureus) infection, biofilm
was largely cleared by treatment with MNs after five days. In
addition, some drugs from nature that have inhibitory effects
on bacterial infections in wounds, such as catechins from
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green tea,”’ methylglyoxal from Manuka honey,”” and kang-
fuxin from Periplaneta americana,’® have also been applied to
bacterial infections in wounds using MNs and have made
good progress.

However, multiple pathogenic colonies have been reported
in organisms, which interact with each other and exchange
genes, leading to the development of antibiotic resistance.’*®>
To solve this problem, Su et al. designed a novel antimicrobial
peptide W379 with only eight amino acids (sequence:
RRRWWWWYV) based on the cathelicidin gene that encodes
LL-37 antimicrobial peptide.’® W379, which vertically forms an
amphiphilic structure with a basic charged amino acid at the
top and a hydrophobic structural domain at the bottom, can
target the cell membranes of Gram-positive and Gram-negative
bacteria and cause bacterial death (Fig. 3a). In their experi-
ments, dissolvable MNs were combined with nanofiber dres-
sings to prepare a Janus-type antimicrobial peptide delivery
system. The needle body portion of the MNs was prepared by
mixing soluble PVP with W379, and the backing layer portion
was prepared by the electrostatic spinning technique of
F127/PCL core-shell fibers, and the antimicrobial peptide was
loaded onto the fiber membrane by electrospray deposition. In
an in vitro human skin infection model, the MNs system suc-
cessfully removed a bacteriophage biofilm composed of
Pseudomonas aeruginosa (P. aeruginosa) and methicillin-resist-
ant Staphylococcus aureus (MRSA). In another study by Su
et al., the formulation of antimicrobial agents was optimized
to achieve the antimicrobial effect by using different anti-
microbial agents synergistically.”” The investigators added
AgNO;, Ga(NO3);, and vancomycin as substitutes for W379 in
the Janus-type delivery system described above (Fig. 3b). In
addition to inhibiting bacterial division by binding to the bac-
terial membrane proteins responsible for transport as well as
DNA, Ag also interferes with bacterial cellular respiration and
disrupts energy production, initiating the bacterial cell death
pathway. Ga®* will replace Fe®" to disrupt its residual metabolic
processes. Vancomycin is a glycopeptide antibiotic that kills
bacteria by interfering with peptidoglycan in the bacterial cell
wall structure to interfere with cell wall synthesis and thus
inhibit bacterial growth and reproduction. This work provides
a good idea for removing the mixed biofilm of multi-drug
resistant bacteria and pathogens.

Zn**, as a metal cationic antimicrobial agent, is effective for
avoiding bacterial biofilm resistance. Zn>" can directly contact
the cell wall, leading to the disruption of bacterial cell integ-
rity, in addition to catalyzing the production of ROS, which
leads to bacterial death.’® Yao et al. designed an array of Zn-
MOF encapsulated MNs, as shown in Fig. 3¢, where ZIF-8 was
encapsulated in a light-cured hydrogel needle body prepared
from MeHA, and the antibacterial effect was achieved by
releasing ZIF-8 as the hydrogel swelled and degraded after
micro-needle piercing into the subcutis.”® The design of Zn
into the MOF structure can increase the specific surface area
of the nanomaterial and improve its therapeutic effect when in
contact with bacteria. In an in vitro antibacterial test, ZIF-8 sig-
nificantly reduced the survival rate of E. coli and S. aureus, and
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Fig. 3 MNs for wound antibacterial effects. (a) Schematic illustrating Janus-type antimicrobial dressings consisting of molecularly engineered
peptide-loaded electrospun nanofiber membranes and microneedle arrays for the treatment of biofilms in chronic wounds.®® Reprinted from the
American Chemical Society, Copyright 2020. (b) Schematic illustrating the fabrication of biphasic scaffolds.%” Reprinted from John Wiley and Sons,
Copyright 2021. (c) Zn-MOF encapsulated antibacterial and degradable microneedles array for promoting wound healing:®° (i) schematic illustration
of the fabrication and application of the MeHA/ZIF-8 MNs; (ii) schematic diagram of ZIF-8 synthesis process and SEM images of ZIF-8 nanoparticles;
(iii) schematic of the antibacterial effect of ZIF-8 nanoparticles. Reprinted from John Wiley and Sons, Copyright 2021. (d) Design and fabrication of
bioinspired oriented antibacterial sericin MNs for infected wound healing.100 The microneedles consist of silk glue and zinc oxide nanoparticles
(ZNPs) that degrade and release ZNPs into the wound to kill bacteria, and the marginal needles provide dragging force to stimulate wound contrac-
tion. Reprinted from the American Chemical Society, Copyright 2022. (e) NIR laser-triggered microneedle-based liquid band-aid for wound care:1°*
schematic illustrating the (i) mechanism and (ii) fabrication of NIR laser-triggered MNs; (iii) real-time infrared thermal images of MNs and
PMCS@MN:Ss. (iv) The infrared thermal images of mice with various treatments. Reprinted from John Wiley and Sons, Copyright 2021. (f) Wound pH-
dependent release system schematic illustration.'°? Reprinted from Elsevier, Copyright 2021.

the catalytic effect of the ZIF-8 suspension on ROS was verified.
Deng et al. designed a variety of targeted antimicrobial
filamentous MNs with targeted traction, debridement, and
wound-repair enhancement inspired by the teeth of the seven-
gill eel.'®® As shown in Fig. 3d, the needles on the circular part
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of the MNs have been tucked in at an angle of 30° to the
center, which provides traction for wound closure at the
wound site. In addition, the body of the MNs was loaded with
active zinc oxide nanoparticles to ensure antibacterial activity.
In antimicrobial testing in the mouse model, the CFU count of

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3bm00262d

Published on 03 2023. Downloaded on 14.02.26 15:22:32.

Biomaterials Science

S. aureus was reduced from 10.4 x 10° to 0.04 x 10°. In order to
improve the controllability of the treatment process, Sun et al.
introduced photoinitiated technology into the MNs system.
PVA was used as a substrate for solubilizing MNs and loaded
with MOF-derived multifunctional porphyrin-like metal-cen-
tered nanoparticles for photothermal conversion and nano
enzyme activity.'"”" As shown in Fig. 3e, the porphyrin-like
metal-centered nanoparticles can convert light energy into
heat energy to accelerate the dissolution of PVA and enhance
drug penetration under NIR excitation, and can catalyze hydro-
gen peroxide to generate ROS to disrupt the membrane struc-
ture of bacteria to achieve controlled bactericidal activity.

Although the above treatments are highly sterilizing, they
are equally toxic to the normal tissues at the wound site. To
precisely and selectively deliver antimicrobial drugs to the site
of action and avoid the undesirable side effects of high doses,
intelligent drug release can be achieved using dynamic
changes in the microenvironment of the upper bacterial
biofilm, including pH, specific bacterial enzymes, higher
temperature, etc. Ullah et al. took advantage of the alkaline
environment at the wound site by capping the surface of
porous MNs with a film of Eudragit S100, a pH-sensitive
material that dissolves in the alkaline pH environment of the
wound and releases the drug loaded in the porous MNs into
the biofilm to achieve responsive therapy.'®® In addition,
enzymes in bacterial biofilms can also be used for the smart
administration of drugs. Mir et al. prepared bacterial lipase-
sensitive poly(e-caprolactone) polymers in nanoparticles
loaded with carvacrol to achieve a specific release of drugs
using bacterial lipase.'® Lei et al. coupled the antimicrobial
photothermal peptide AMP-Cypate to gelatin nanoparticles to
achieve responsive release based on gelatinase secreted by
S. aureus and Kkill pathogens by near-infrared-excited photo-
thermal conversion (Table 1)."%*

2.3 Microneedles for proliferation

The proliferative phase of wound healing is a complex and
critical stage that involves a multitude of signaling molecules
and immune cells. It is characterized by angiogenesis, granula-
tion tissue formation, and re-epithelialization, which are
essential processes for successful wound healing.'”” In par-
ticular, the formation of blood vessels is crucial as it provides
oxygen, nutrients, and immunomodulatory signal messengers
for cell proliferation in the wound site. To promote vascular
regeneration, pro-vascular regeneration therapy involves the
delivery of vascular endothelial growth factor (VEGF), nitric
oxide (NO), and other signaling molecules. However, in the
proliferative phase, a shift from the inflammatory phase to the
anti-inflammatory phase occurs, and interference from factors
such as bacterial infection and diabetes can prolong the
inflammatory state, hindering the effects of pro-wound
healing signaling factors.*®'*®'%° Therefore, human interven-
tion is necessary to regulate the immune and promote the
transformation of immune cells from a pro-inflammatory to
an anti-inflammatory repair type and reduce the high ROS
environment in the inflammatory phase. The current pro-

This journal is © The Royal Society of Chemistry 2023
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motion of value-added wound repair is mainly oriented to two
aspects; one is to regulate inflammation and the other is to
promote proliferative repair.

Oxygen is a fundamental element necessary for life and
critical for successful wound healing, as it promotes cell pro-
liferation and tissue remodeling. To address this, Zhang et al.
developed an MN system loaded with oxygen-rich hemoglobin
doped with black phosphorus (BP) for photothermal conver-
sion (Fig. 4a)."'® The BP was shown to increase the tempera-
ture of the wound site upon exposure to near-infrared light,
leading to the release of oxygen from hemoglobin. In vitro
testing demonstrated effective control of oxygen release, and
programmed oxygen release was achieved via indirect exposure
to NIR. In animal experiments, wounds healed almost comple-
tely within just 9 days. To promote the migration and prolifer-
ation of endothelial fibroblasts at the wound site, Zhang et al.
applied electrical stimulation by MNs at the wound site to simu-
late endogenous wound-healing mechanisms to guide cell
migration and enhance cell metabolism, proliferation, and
differentiation to promote wound healing.’*! They introduced
liquid metal into the MN system as a conductive layer and
improved the adhesion of MNs by mimicking the structure of
an eagle’s claw. In in vitro experiments, NIH 3T3 cells were
stimulated by electric fields with greatly increased proliferation
capacity accompanied by electrical signal movement without
causing cell damage (Fig. 4b). To repair the skin damage caused
by the tumor photothermal treatment process, Shan et al. used
sodium alginate/gelatin/hyaluronic acid as a support layer for
MNs.""? The sodium alginate/gelatin/hyaluronic acid support
layer covering the wound promoted the proliferation of endo-
thelial cells and fibroblasts, which in turn enhanced skin regen-
eration (Fig. 4c). In animal skin-repair experiments, rats in the
MNs administration group had complete regeneration of skin
tissue with skin appendages and increased cell density, indicat-
ing an accelerated rate of skin repair.

In diabetic patients, high glucose conditions inhibit angio-
genesis and restrict the transport and delivery of nutrients and
oxygen in diabetic wounds. To stimulate vascular regeneration
at the wound site, Guan et al. delivered VEGF via MNs to the
wound site. As shown in Fig. 4d, VEGF and Prussian blue nano
enzymes were encapsulated in SilMA to prepare MN bodies
that were slowly released after puncture into the subcutis."*?
Prussian blue nano enzymes exert their therapeutic effects by
scavenging reactive oxygen species and inhibiting inflam-
mation. VEGF is a multifunctional cytokine that plays a major
role in stimulating angiogenesis by binding to endothelial cell
receptors. In an in vitro test, the MNs group exhibited HUVEC
tube-forming ability. After diabetic wound treatment, angio-
genesis in animals was assessed by anti-CD31 and anti-a-SMA
immunofluorescent stains, with higher vascular density in the
MN-treated group. NO gas acts as an important pro-angiogenic
cell signaling agent for endothelial cells. Yao et al. designed a
novel porous metal-organic framework MN array patch to
achieve controlled release of NO.''* The authors prepared
HKUST-1 by a multi-step hydrothermal high-pressure method
and covered its surface with a monolayer of GO, which was
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Table 1 Summary of MN-based systems for wound antibacterial
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MNs materials Drugs Mechanism Models Ref.
HA Green Tea Catechins disrupt cell membranes and break down In vitro: Luria-Bertani 91
essential metabolites medium
In vivo: Sprague-Dawley rats’
wounds
Strains: E. coli;
S. typhimurium; P. putida;
B. subtilis; S. aureus
Gantrez AN-139 Methylene Blue Destruction of bacteria by the photoinitiated In vitro: Mueller-Hinton Broth; 105
generation of highly reactive free radicals Sabouraud Dextrose Broth
Strains: E. coli; S. aureus;
C. albicans
Manuka honey Methylglyoxal Anti-biofilm activity In vitro: blood agar culture 92
dish
Strains: MRSA
PVA/PVP Carvacrol-PCL Bacterial lipase responds to the degradation of PCL to  In vitro: Mueller-Hinton 103
nanoparticles release Carvacrol Broth; Luria-Bertani Broth
In vitro: ex vivo pig skin
Strains: S. aureus;
P. geruginosa
F127/PCL PVP AMP-W379 PVP releases the drug rapidly by dissolution and the In vitro: Tryptic Soy Broth 96
fibrous scaffold releases the antimicrobial peptide In vitro: ex vivo human skin
slowly tissue
In vivo: mouse wounds
In vivo: human wounds
Strains: MRSA; K. pneumoniae;
A. baumannii; P. aeruginosa
HA/PVP Azithromycin Inhibits bacterial protein synthesis to produce In vitro: Agar medium 90
bacterial inhibition In vivo: male albino rats’
wounds
Strains: E. coli; S. enterica;
S. aureus
F127/PCL PVP AgNO;, Ga(NOs);, and  PVP releases the drug rapidly by dissolution and the In vitro: ex vivo human skin 97
vancomycin fibrous scaffold releases the drugs slowly tissue
In vivo: human wounds
Strains: MRSA; P. aeruginosa
PVA Porphyrin-like metal Under near-infrared excitation, it converts light energy  In vitro: beef extract peptone 101
centers nanoparticles  into heat energy, accelerates the dissolution of PVA, medium
enhances drug penetration, and catalyzes the In vivo: BALB/c male mice
production of ROS from hydrogen peroxide wounds
Strains: S. aureus
PLGA/Eudragit S100 By pH response, Eudragit S100 dissolves and releases 102
the drug in a high pH environment
MeHA ZIF-8 Zn** can cell wall direct contact, leading to disruption  In vitro: PBS 99
of bacterial cell integrity, in addition to catalyzing the  In vivo: Sprague-Dawley rats’
production of ROS wounds
Strains: S. aureus; E. coli
Sericin Zinc oxide Zn** can directly contact cell wall, leading to disrup- In vitro: Luria-Bertani 100
nanoparticles tion of bacterial cell integrity, in addition to catalyzing ~ medium
the production of ROS In vivo: mice wounds
Strains: S. aureus; E. coli
Recombinant Human AMP-Cypate/gelatin Responsive release based on gelatinase secreted by In vitro: Luria-Bertani 104
Collagen III/PVP nanoparticles S. aureus and killing of pathogens by near-infrared- medium
excited photothermal conversion In vivo: Diabetic rats’ wounds
Strains: S. aureus
CS/TA Ag nanoparticles Inhibiting bacterial division by binding to the bacterial In vitro: Luria-Bertani 106
membrane proteins responsible for transport as well as  medium
DNA
Interferes with bacterial cellular respiration and In vitro: anti-biofilm in vitro
disrupts energy production model
In vivo: Sprague-Dawley rats’
wounds
Strains: S. aureus; E. coli;
MRSA
Chitosan/Fucoidan Kangfuxin In vitro: Luria-Bertani and 93
Tryptic Soy Broth
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Fig. 4 MNs for wound proliferation. (a) Schematic illustrations of wound healing using NIR-responsive separable MNs which encapsulate BP QDs
and oxygen-carrying Hb.''° Reprinted from the American Chemical Society, Copyright 2020. (b) Schematic illustration of the claw-inspired micro-
needle patch with liquid metal encapsulation and its wound-healing application.*!* The structure, composition and application of the microneedle
patch, which could tighten the wound area and prevent dehiscence by connection to the external power source. Reprinted from Elsevier, Copyright
2021. (c) Schematic illustration of Cur NDs/IR820/HA MN for tumor chemo-photothermal therapy and skin tissue regeneration.!*? Reprinted from
Springer Nature, Copyright 2022. (d) Schematic presentation of the fabrication and application of MN-PBNs-VEGF patches for promoting diabetic
wound healing.!*® Reprinted from John Wiley and Sons, Copyright 2022. (e) Schematic diagram of the preparation and application of the porous
MOF MN array, which was fabricated by PEGDA and encapsulated with NHGs via a template infusion method.** Reprinted from John Wiley and
Sons, Copyright 2022.

subsequently modified on its surface by 4-MAP through the erative phase of wound repair. The main therapeutic idea for
formation of N-diazadioate moieties for NO adsorption. this is to modulate the immune system to reduce inflam-
Controlled release of NO was achieved under NIR by the photo- mation and lower ROS levels. There have been some MN
thermal conversion of GO to generate heat. In animal experi- studies to reduce the inflammatory response at the wound site

ments, it was evident that under the stimulation of NO, there
was significant vascular regeneration at the wound site, and
this promoted wound healing (Fig. 4e).

In diabetic wounds, persistent inflammation and high ROS
are important factors that hinder the transition to the prolif-

This journal is © The Royal Society of Chemistry 2023

by delivering anti-inflammatory drugs, immune signaling
molecules, etc., and to reduce ROS levels using biomaterials
such as gallnut and PDA.'*>'*>"'*® And there has been note-
worthy research in recent years based on MN technology to
deliver cells and exosomes to achieve cell therapy. MSC-derived
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exosomes are nanoscale extracellular vesicles with complex
components such as proteins, lipids, and nucleic acids that
enable complex immunotherapies and exhibit superior capa-
bilities in tissue repair and regeneration, with high stability,
easy storage, and low immunogenicity. As shown in Fig. 5a,
Gan et al. loaded MSC-exos into porous GelMA hydrogels to
continuously deliver anti-inflammatory and pro-angiogenic
MSC-exos to wounds to improve cellular function, remodel
blood vessels and restore the immune system to accelerate
healing.""® In in vitro cellular assays, MSC-exos promoted
HUVEC migration, angiogenesis and induced macrophage
transition from M1 to M2 phenotype. However, high levels of
ROS at the wound site were detrimental to achieving func-
tional expression of exosomes. To overcome the detrimental
effects of ROS-derived oxidative stress, Ma et al. proposed a
novel core-shell hyaluronic acid MNs patch.’** PDA nano-
particles were encapsulated in a shell with HAMA, and with
the lysis and degradation of HAMA, PDA nanoparticles were
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slowly released to reduce ROS levels to suppress inflammation.
Ferrum-mesenchymal stem cell-derived artificial nanovesicles
were mixed with HA solution to prepare nuclei for MNs; after
the degradation of the HAMA shell to reduce ROS levels, nano-
vesicles were released to regulate immunity, promote
M2 macrophage polarization, further inhibit wound inflam-
mation, and accelerate angiogenesis, cell migration, and pro-
liferation (Fig. 5b). Stem cells can produce various bioactive
substances to repair the function of tissues and organs.
Besides secreting growth factors to promote angiogenesis and
extracellular matrix reconstruction, they can also produce cyto-
kines to exert immunomodulatory effects. Xu et al. loaded
human adipose stem cells into MNs prepared using HAMA
and doped them with platelet-derived growth factor D
(PDGF-D).*® PDGF-D is believed to play an important role in
ADSC proliferation, differentiation, and migration, which can
enhance the cellular function of ADSC and further promote
wound healing (Fig. 5c). In the cell viability test, cell viability
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Fig. 5 MNs for delivery of exosomes and stem cells. (a) Illustration of the MSC-exos-loaded MN patch for promoting wound healing:**° (i) after
insertion, the supporting base adhered to the skin wound site to kill bacteria, and the MN tips were implanted into a deeper layer of the wound,
allowing for sustained release of the MSC-exos; (ii) the healing mechanisms of the MN system: AgNPs incorporated into MN patches were capable
of inhibiting microbial pathogen growth at the wound surface; MSC-exos were transported into the dermis through the needle tips, which can
inhibit chronic wound-associated inflammation by macrophages polarization, and induce the growth of blood vessels via VEGFA. Reprinted from
Elsevier, Copyright 2022. (b) Schematic illustrations of Fe-MSC-NVs/PDA MN patch for diabetic wound healing.?® Reprinted from John Wiley and
Sons, Copyright 2022. (c) Schematic illustrations of the MN system loaded with ADSCs and PDGF-D for diabetic wound treatment.*® Reprinted from
John Wiley and Sons, Copyright 2022. (d) Schematic illustrations of detachable hybrid MN depot (d-HMND) for localized delivery of mesenchymal
stem cells:'°® (i) an assembled d-HMND consisting of an array of MNs with PLGA shells, filled with a GelMA-MSC mixture, and fixed to a flexible sub-
strate; (ii) the working mechanism of the MNs delivered by the d-HMND after application to target tissue; (iii) sequential fabrication of a d-HMND.
Reprinted from John Wiley and Sons, Copyright 2020.
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Table 2 Summary of MN-based systems for proliferation
Materials Specification (um) Drug carriers Drugs Mechanism Ref.
Biomass 20 x 20, height 600, N-Isopropyl VEGF Drug release in response to changes in wound 121
Chitosan base diameter 300 acrylamide temperature
PVP/GelMA Black phosphorus/ In the NIR, BP QDs can rapidly convert light 110
oxygen-carrying energy into heat, thus increasing the local
hemoglobin temperature and thus reducing the oxygen binding
capacity of Hb, leading to controlled oxygen
transport
PLGA/GelMA 8 x 8, height 700, base MSCs PLGA shell degradation and MSCs secrete anti- 108
diameter 450, spacing inflammatory repair markers in GelMA gels to
1850 promote healing
PP Claw, height 750-800, Electrical stimulation can direct cell migration to 111
base diameter 400 enhance cell metabolism, proliferation, and
differentiation
3-(Acrylamide) Mxene/Adenosine Under NIR irradiation, MXene rapidly converts 122
PBA-doped light into heat, which accelerates the release of
PEGDA loaded adenosine and activates G protein-coupled
adenosine receptors to regulate cellular behavior
to maintain activation signals around the site of
injury
PEGDA 15 x 15, height 600, Little Leaf Cypress/ Promotes the expression of relevant growth factor 115
base diameter 300 Centella Asiatica genes in fibroblasts, as well as antioxidant and
anti-inflammatory
SF Height 1000, base N-Isopropyl VEGF/Mupirocin Drug release in response to changes in wound 123
diameter 270, spacing  acrylamide temperature with an inverse opal photonic crystal
600 structure to improve drug loading
PEGDA 15x 15 GO-wrapped NO Light responds to photothermal conversion to 114
MOF release NO, which stimulates vasodilation and
angiogenesis, signaling and integration,
elimination of infection, and immune regulation
y-PGA 10 x 10, height 500, Mg-MOF Gallic acid The released Mg>" induces cell migration and 109
base diameter 200 tubulogenesis, while gallic acid is a reactive oxygen
scavenger that promotes antioxidation
HA 10 x 10, height 600, PLGA Naproxen/rhCol III rhCol III increases cell adhesion, PLGA releases 124
base diameter 300, nanoparticles naproxen anti-inflammatory
spacing 600
AlgMA 20 x 20, height 600, Trichostatin A/ TSA demonstrated the ability to inhibit NLRP3 118
base diameter 250, HDAC, inflammatory vesicle activation, reduce the risk of
spacing 550 NLRP3-mediated macrophage focal death, and
promote macrophage phenotypic polarization.
HDAC, is involved in inflammatory regulation
reducing IL-1p secretion and IL-10 expression pro-
moting M2
CS/PVP Panax notoginseng Regulates macrophage phenotype, inhibits 117
saponin/Mg membranous granulocyte inflammation and
promotes the transition from the inflammatory
phase to the tissue repair and tissue remodeling
phase in chronic wounds
MeHA 10 x 10, height 600, CINP@SiO, $i0?", inhibits oxidative stress and inflammatory 116
base diameter 300 responses in macrophages promoting endothelial
cell proliferation and angiogenesis and accelerates
recovery of all dermal defects and infected wounds
HAMA/HA 20 x 20, height 860, PDA NPs/Fe- PDA NPs were consistently released at the lesion to 120
base diameter 360, MSC-NVs suppress ROS-induced inflammatory responses,
spacing 700 whereas Fe-MSC-NVs significantly increased
HUVEC migration, proliferation, and tube
formation. The combination of PDA NPs and Fe-
MSC-NVs further promoted M2 macrophage
polarization
GelMA/PEGEDA 16 x 16, height 600, $-CD-AOI, Tazarotene/exosomes Tazarotene is a retinoid that effectively promotes 125
base diameter 300 angiogenesis, hair follicle, and collagen
regeneration in wound repair. Externally,
exosomes transfer the bioactive cargo contained
(including miRNA, mRNA, and proteins) to
regulate communication between cells
SA/Ge/HA 20 x 20, height 540, SA/Ge/HA SA/Ge/HA backing layer stimulates the 112

spacing 700

This journal is © The Royal Society of Chemistry 2023

regeneration of skin tissue and promotes the
proliferation of endothelial cells and fibroblasts
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Materials Specification (um) Drug carriers Drugs Mechanism Ref.
PCL/gelatin Height 800, base PDA/Ca0,/ Provides O, lowers reactive oxygen levels, lowers 126
diameter 350, spacing metformin blood glucose levels at the wound site, and thus
650 improves vascular regeneration
HAMA 15 x 15, height 800, PDGF-D/ADSCs ADSC not only secrete growth factors to promote 46
base diameter 500 angiogenesis and extracellular matrix
reconstruction but also produce cytokines to exert
immunomodulatory effects. PDGF-D is thought to
play an important role in ADSC proliferation,
differentiation, and migration, enhancing the
cellular function of ADSC
SFMA Height 700, spacing Prussian blue nano Scavenging reactive oxygen species and inhibiting 113
700 enzyme/VEGF inflammation to exert its therapeutic effects, VEGF
is a multifunctional cytokine that plays a major
role in stimulating angiogenesis by binding to
endothelial cell receptors
GelMA/SiIIMA Height 600, base MSC-exos Accelerates healing by improving cellular function, 119
diameter 450, spacing remodeling blood vessels, and restoring the
650 immune system
Polylysine/gelatin NO The specific transamination reaction of glutamine = 127
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Fig. 6 MNs for anti-scar. (a) An illustration of an MN patch preparation and its application for co-delivery of triamcinolone acetonide and verapa-
mil.1*° Reprinted from Elsevier, Copyright 2022. (b) Schematic illustration of HS model in rabbit ear, the design of the BMN with 5-Fu in the tip layer
and TA in the tail layer of the needle.®*! Reprinted from Elsevier, Copyright 2021. (c) Schematic illustration of fabrication and administration of
BSP-MNs-QUE@HSF/CDF.**2 Reprinted from the American Chemical Society, Copyright 2021. (d) Schematic illustration of MNs with combination

treatment of 5-aminolevulinic acid-mediated photodynamic therapy. hyaluronidase, and metformin.**® Reprinted from Elsevier, Copyright 2022.
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could be maintained at 90% within 24 hours and stable VEGF
secretion could be detected. However, in MNs prepared from
hydrogels it is difficult to reconcile the relationship between
mechanical properties and cellular activity. To ensure cell via-
bility, the degree of cross-linking of hydrogel MNs is limited
and the drying process cannot be performed, and the mechan-
ical properties are often difficult to achieve. As shown in
Fig. 5d, to solve this problem, Lee et al. designed MNs with a
core-shell structure for local delivery of MSCs in regenerative
therapy.'®® MSCs were mixed with GelMA solution to form the
core of the MNs and PLGA to form the shell of the MNs to
ensure the penetration ability of the MNs. This core-shell
structure greatly improves the mechanical properties of the
MNs while ensuring cell viability. In the MN system, MSCs did
not lose their cellular functions and could stably secrete VEGF,
showing a higher wound-closure rate, improved re-epitheliali-
zation, and a richer vascular system in wound-recovery assays
(Table 2).
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2.4 Anti-scarring microneedles

Scar, a pathological tissue characterized by the excessive depo-
sition of collagen by fibroblasts, is a result of severe infections
and abnormal inflammatory responses during the wound-
healing process."® There is no clear evidence that scars pose a
potentially significant risk to the human body, but the main
effects are pruritus, skin stiffness, and the potential for
psychological trauma and social problems due to aesthetic dis-
comfort. Currently, the main treatment options for scars
include surgery, laser therapy, radiation therapy, and medi-
cation.”” Among these, pharmacological treatment is the
most convenient, as it reduces fibroblast activity and down-
regulates collagen expression. However, the efficacy of drug
therapy is limited by poor drug delivery and potential side
effects. To address this challenge, MNs offer a promising solu-
tion by facilitating efficient drug delivery through the creation
of micro-channels within the skin with minimal discomfort
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Fig. 7 Down-regulating scar formation by MNs directly via a mechanical communication pathway:134 (i) illustration of SF MN interrupting the
mechanical communication between fibroblasts and the ECM to prevent fibroblast activation and promoting ECM remodeling with reduced
secretions of collagen | and fibronectin via the integrin-FAK signaling pathway; (ii) appearances of post-treated scar tissues; (iii) representative H&E,
Masson, and Sirius red staining images of scar tissue and normal skin sections. Reprinted from the American Chemical Society, Copyright 2022.
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and high drug efficacy with low dosages, reducing the likeli-
hood of side effects.

Three main categories of drugs have been utilized for the
treatment of scars, including glucocorticoids such as dexa-
methasone and triamcinolone acetonide, anticancer drugs
such as 5-fluorouracil, and calcium channel inhibitors such as
verapamil. Previous studies have demonstrated the successful
loading of these drugs into MNs, resulting in improved thera-
peutic outcomes. In a study by Zhang et al, triamcinolone
acetonide and verapamil were co-loaded into MN sites to
achieve a synergistic treatment effect (Fig. 6a).**°
Hydroxypropyl p-cyclodextrin was utilized to encapsulate treti-
noin, increasing the loading of the non-water-soluble drug and
improving its efficacy. Treatment with this method resulted in
reduced thickness of scars, decreased expression of hydroxy-
proline and TGF-f1 in scars, improved collagen fiber align-
ment, and reduced dermal congestion and hyperplasia. Yang
et al. developed an MN with dual solubilization properties,
with the tip site composed of chitosan and dextran for the
slow release of 5-fluorouracil, and the second half of the
needle body prepared from HA and treated with hydroxypro-
pyl-p cyclodextrin wrapped with insoluble tretinoin for rapid
release of triamcinolone acetonide (Fig. 6b)."** Administration
of this MN treatment led to decreased expression of both Col I
and TGF-f1-related mRNA and protein.

Table 3 Summary of MNs-based systems for anti-scar
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Hydrophobic drugs such as quercetin have been shown to
be effective in downregulating fibroblasts and collagen.
However, its non-water solubility makes it difficult to load into
microneedles, and it becomes a challenge to improve the sub-
cutaneous accumulation and bioavailability of the drug. To
address this challenge, Wu et al. developed a diphenyl carbon-
ate cross-linked cyclodextrin metal-organic backbone that
could effectively load quercetin to increase subcutaneous
accumulation (Fig. 6¢)."**> Cell membrane-mediated active tar-
geting delivery systems have been demonstrated as a promis-
ing approach for improving clinical efficacy. In this study, the
researchers utilized scar fibroblast cell membranes to wrap the
diphenyl carbonate cross-linked cyclodextrin metal-organic
backbone, allowing for targeted delivery to homologous cells
to improve bioavailability of drug. An in vitro analysis showed
that coumarin 6-labeled metal-organic skeletons wrapped in
cell membranes displayed higher fluorescence response in
human embryonic skin fibroblasts compared with metal-
organic skeletons without cell membrane wrapping. Huang
et al. loaded hyaluronidase, metformin, and 5-aminolevulinic
acid onto MNs to achieve a “three birds with one stone” effect
(Fig. 6d)."** Hyaluronidase, a specific degradation enzyme of
HA, was employed to enhance drug diffusion, as HA is the
main component of the extracellular matrix that binds tightly
to collagen fibers and hinders drug diffusion. Metformin was

Materials  Specification (um) Drug carriers Drugs Mechanism Ref.
HA 125 needles, height Hydroxypropyl- Triamcinolone Inhibits fibroblast proliferation and collagen 135
1200, base diameter B-cyclodextrin acetonide synthesis, increases collagenase production
300, spacing 900 and reduces collagenase inhibitors
HA 10 x 10, height 1000, Shikonin Inhibits cell viability, cell proliferation, and 136
base diameter 300 collagen production in scar-derived
fibroblasts
Stainless Length 700, width 160, Carboxymethyl chitosan 5-Fluorouracil Inhibition of thymidine synthase, which is 137
steel thickness 75 nanoparticles associated with the conversion of uridine to
thymidine, which inhibits the synthesis of
deoxyribonucleic acid
PVP/BSP 10 x 10, height 380, Diphenyl carbonate cross-  Quercetin 132
base diameter 230, linked cyclodextrin metal-
spacing 480 organic skeleton
CS/DEX/ 12 x 12, height 1200, Hydroxypropyl- Triamcinolone 131
HA base diameter 300, B-cyclodextrin acetonide,
spacing 800 5-fluorouracil
SF 5x5,10 % 10, 15 x 15, Induced mechanical communication 134
height 1000, base between fibroblasts and ECM is blocked and
diameter 300 mechanical stress generated by fibroblasts is
reduced
PEG/PVP/ Pluronic F127 Trinostat Inhibits the release of inflammatory 138
PVA nanomicelles cytokines from monocytes and macrophages
and has an anti-fibrotic effect by inhibiting
the formation and accumulation of collagen
HA Height 600, base Tyramine-modified gelatin ~ siSPARC Down-regulation of SPARC and Collal genes 139
diameter 300, spacing reduces collagen deposition
500
PVP 5-Aminolevulinic acid, Under laser irradiation, ALA is converted to 133
hyaluronidase, PpIX and produces ROS to kill fibroblasts;
metformin Met interferes with the cellular autophagy
process to cause cell death
CMCH/ Height 800 Hydroxypropyl- Triamcinolone Verapamy: calcium channel inhibitors 130
BSP/EC f-cyclodextrin acetonide, verapamy
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also utilized, as it has been shown to interfere with cellular
autophagy and participate in photodynamic therapy.
According to the mechanism of 5-aminolevulinic acid-
mediated photodynamic therapy, the conversion of 5-amino-
levulinic acid to PpIX under laser irradiation generates large
amounts of ROS to produce cytotoxicity to kill fibroblasts. The
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combination treatment of 5-aminolevulinic acid-mediated
photodynamic therapy, hyaluronidase, and metformin was
found to have excellent therapeutic effects, with the lowest
scar elevation index, downregulation of collagen I and TGF-f1
expression, and reduction of LC3 II/I ratio observed in pharma-
codynamic studies.
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Fig. 8 MNs for wound monitoring. (a) Schematic illustration of 3D-printed bionic near-infrared light-responsive MXene and spidroin-based micro-
needle scaffolds for skin wound healing.**° Reprinted from the American Chemical Society, Copyright 2022. (b) Intelligent silk fibroin-based micro-
needle dressing:'*° (i) schematic diagram of intelligent, biocompatible, stretchable, and highly integrated i-SMD for biochemical sensing, motion
monitoring, and wound healing; (i) i-SMD attached on finger, wrist, and elbow for motion sensing. Reprinted from John Wiley and Sons, Copyright
2021. (c) Shark tooth-inspired microneedle dressing for intelligent wound management:*>* (i) schematic diagram of shark tooth-inspired micronee-
dle dressing for intelligent wound management including motion sensing, biochemical analysis, and healing; (i) multifunctional microneedle dres-
sing integrated with microfluidic channels and flexible electrodes and fabrication process of the origami multifunctional chip; (iii) motion sensing on
the microneedle dressing. Reprinted from the American Chemical Society, Copyright 2021.
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In a study by Zhang et al., as shown in Fig. 7, the use of
MNs for scar treatment was found to be effective through
mechanical force modulation.'** The study involved the prepa-
ration of MN arrays with varying densities, with 5 x 5, 10 x 10,
and 15 x 15 arrays utilized for scar treatment. Results showed
the thickness of scars decreased with the MN intervention,
and the effect was more pronounced as the array density
increased. Through cellular experiments and histological ana-
lysis, the investigators found that MNs reduced the contraction
and mechanical stress produced by fibroblasts, resulting in a
decrease in the expression of the mechanosensitive gene
ANKRD;. Specifically, SF MNs attenuated integrin-FAK signal-
ing, thereby downregulating the expression of TGF-f1, a-SMA,
collagen I, and fibronectin to create a low-stress microenvi-
ronment that significantly reduced scar formation (Table 3).

2.5 Microneedles for wound monitoring

The assessment of wound healing is a critical component in
ensuring optimal therapeutic outcomes."*° Currently, wound
evaluation is primarily based on visual inspection of size,
color, and exudate, leading to suboptimal utilization of clinical
resources and potential harm to the patient through
misdiagnosis.'*""**> The wound-healing process is a dynamic
and intricate multistage phenomenon, accompanied by
changes in various physiological signals, such as pH, tempera-
ture, metabolites produced by microorganisms, and signaling
factors secreted by the immune system.'**™'*® The state of
wound healing can be more accurately assessed by monitoring
changes in these physiological markers in real time. Several
studies have explored incorporating sensors into excipients for
this purpose, with MNs emerging as a promising approach
due to their ability to bypass interference from biofilms and
crusts at the wound site and enhance detection sensitivity
through direct contact with interstitial fluid."” A novel colori-
metric MN patch incorporating a ligated polymeric nano
enzyme has been developed by Shan et al'*® The nano
enzyme, formed through ligating Fe ions with gallic acid, dis-
plays pH-dependent catalytic activity. The color of the MN
patch changes upon alteration in pH and elevation of H,O,
concentration, thereby allowing for real-time monitoring of
wound status. Furthermore, the liganded polymeric nano
enzyme catalyzes the formation of ROS from H,0,, thus inacti-
vating bacterial pathogens.

Some strenuous movements at the wound site can interfere
with wound recovery, but the patient is often unaware of this.
When such strenuous stretching occurs frequently, the wound
may face long-term difficulties in healing. Shao et al. have
designed a near-infrared light-responsive MNs scaffold utiliz-
ing 3D printing technology (Fig. 8a)."*® The scaffold consists
of a hydrogel precursor, comprising polyurethane, aloe vera
gel, and recombinant spidroin, doped with the conductive and
photothermal material MXene. The MN body features an
inverse opal photonic crystal structure, while the backing layer
exhibits a mesh structure, both of which enhance the drug-car-
rying capacity. To enable infrared light-responsive drug
release, mupirocin (an antibiotic) and hEGF are encapsulated
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in temperature-responsive NIPAM, and release is triggered
through photothermal conversion of MXene upon exposure to
infrared light. The conductive properties of MXene, which is
composed of a two-dimensional multilayer nanosheet struc-
ture, enable efficient ion motion and high electrical conduc-
tivity. The MNs are fixed on the finger and wrist joints to
monitor the electrical resistance response signal during move-
ment. The hydrogel-wrapped MXene is applied to the wound
and the electrical resistance is monitored in response to
stretching, allowing for the detection of different degrees of
bending with good reproducibility.

Gao et al. expanded upon Shao’s work by introducing a bio-
marker detection device into the MN patch (Fig. 8b).">° The
conductive medium was replaced with graphene to create a
microelectronic circuit capable of detecting the movement of
the wound area. The MN array was equipped with four detec-
tion areas, which were able to detect the biomarkers IL-6 and
CRP in tissue fluid through the use of a double antibody sand-
wich method and a photonic crystal structure to amplify the
signal. As shown in Fig. 8c, to detect the movement of the
wound site more stably, Guo et al. designed the MN body
structure inspired by shark teeth to tilt to the middle at a
certain angle, which in turn provides stronger adhesion for the
MN detection device to avoid dislodging during repeated
movements that may affect the sensitivity of the detection.™"
In addition, since the integration of multiple detection devices
into a single patch usually results in a large patch area, which
may lead to discomfort in wearing, the researchers employed
origami technology to reduce the patch area and increase its
versatility. The MN dressing was tested on volunteers and the
results showed a high correlation between the regularity of re-
sistance changes and the behavioral state of the volunteers,
demonstrating the highly sensitive motion-sensing capability
of the MN dressing.

3. Conclusion and future perspective

Wound recovery is a significant public health challenge, and
existing treatment modalities are diverse due to the complex
nature of wound healing. MN technology has shown promise
in improving drug delivery efficiency in wound treatment, as
well as enhancing wound-detection sensitivity and accuracy.
Furthermore, the unique structure of MNs allows for multi-
functionality and programmed drug release, potentially
improving drug stability. This paper describes the application
of MNs in wound healing in recent years, classified according
to the different functions they achieve in wound healing.
These studies have all yielded optimistic results in wound
healing, demonstrating the advantages and great promise of
MNs for wound healing.

Despite these advances, challenges remain in utilizing MNs
as a primary tool for wound treatment. One persistent issue is
the limited drug dose delivered. Additionally, MNs’ pene-
tration is typically vertical, making it difficult to achieve com-
plete penetration in uneven wound sites. Although some
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studies have explored flexible materials to enable drug delivery
in curved locations, penetration efficiency is often limited in
complex wounds. To date, research on MNs for wound treat-
ment has been mainly at the animal experimental stage, and
MNs could easily cover wounds in rats completely; one
problem that must be faced to achieve clinical conversion is
the large area of wounds, where it is difficult to achieve high
efficacy with a smaller MN area.

In addition, wound healing is a complex process, especially
the conversion of the inflammatory phase to the proliferative
phase, which involves the conversion of immune cells from a
pro-inflammatory to an anti-inflammatory type. Therefore, the
treatment of wounds cannot be simply targeted at a certain
stage and cannot simply deliver multiple drugs at the same
time. The correct treatment modality should be achieved by
giving targeted treatment regimens at different stages.
However, in the process of wound-healing self-management, it
is difficult for people to distinguish the current state of the
wound except during the hemostasis period, and it is difficult
to make timely and accurate judgments for treatment.
Therefore, there is a more intelligent and multi-functional
requirement for wound treatment with MNs. One idea is to
achieve real-time monitoring of wound status, with more
than one signal molecule measurement, involving the
measurement of multiple signal factors throughout the
wound-healing process, giving patients timely information
and feedback for accurate treatment. In such a system, an
intelligent drug-delivery system could be equipped to realize
the unification of collecting signals and giving feedback.
Another idea will be to realize intelligent drug delivery by
MNs, i.e. responsive drug delivery, integrating multiple drug-
delivery systems on one MN to realize responsive drug deliv-
ery under different physiological signal stimulations.
Whether it is wound-signal monitoring or wound-intelligent
responsive drug delivery, there has been a lot of related
research, but the difficulty lies in how to diversify and inte-
grate the detection signals and drug delivery systems into the
small area of an MN. In addition, cell therapy has been a
promising therapy for many diseases, and delivering cells is
not just about achieving a single aspect of treatment. Cells
are dynamic in their involvement in the treatment process,
and can dynamically adapt the treatment to the environment;
how to use this feature for complex therapeutic processes in
wounds is also a research direction for MNs for cell delivery.
In this research, MNs have to be coordinated between main-
taining cell viability and mechanical properties, which
involves the adjustment of MN materials and the design of
structures, which is also a difficult problem. Solving these
problems could greatly expand the application of MNs in
wound healing and accelerate clinical conversion. Overall,
MN is a very promising management modality for wound
healing. This article reviews recent work on MNs for wound
management and presents difficulties and perspectives on
the future of MNs for wound management, hoping to inspire
more relevant research and provide more intelligent and
effective solutions for wound management.

This journal is © The Royal Society of Chemistry 2023
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