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ARTICLE INFO ABSTRACT

Keywords: Chronic wounds occur for several reasons, such as trauma, accidents, and diseases. Diabetes has been one of the

Microneedles primary causes of non-healing wounds, and the number of people with diabetes is increasing in most countries.

rk;““ds Wounds in diabetic people have a complex and prolonged treatment process, with high treatment costs to both
olymers

healthcare providers and patients. They often have severe consequences, such as pain, wound infection, tissue
necrosis, and even limb amputation. Various methods have been used to treat chronic wounds, but clinical
success has been limited due to inefficient delivery to the wound bed. Microneedles (MNs), as new platforms, can
offer an effective treatment, easy to use and non-invasive with less tissue damage, capable of delivering a wide
range of drugs to accelerate the wound healing process. Different methods and materials can be used for this
technique, and there are different geometric parameters such as needle length, tip angle, shape and radius,
together with needle array density to optimize for the most effective treatment. This review paper will inves-
tigate the role of MNs in healing chronic wounds and discuss the most recent development in MN-based devices
in the field and their effectiveness. The manuscript will also discuss the various types of MNs and their potential
applications for delivering therapeutic agents. Finally, the challenges associated with using MNs to heal chronic
wounds and future directions in this field are discussed.

Transdermal drug delivery

1. Introduction cause of non-traumatic limb amputation (Barnum et al.,, 2020) in a

world where diabetes is increasing. An increase of 16 % is expected due

Wound healing is a biological process with three essential over-
lapping stages: inflammatory response, cell migration and tissue
regrowth (Canedo-Dorantes and Canedo-Ayala, 2019). But in the case of
particularly severe skin injuries or the presence of diseases such as
diabetes, the wound-healing process can be disrupted. Approximately 2
million cases of chronic wounds currently exist in Europe and 6 million
in the USA (Harding, 2002; Lindholm and Searle, 2016). Such wounds
present major healthcare challenges worldwide, imposing devastating
human and financial burdens (Barnum et al., 2020; Yao et al., 2021b). It
has been reported that approximately $50 billion are consumed per
annum on the care management of chronic wounds (Dian et al., 2020).
Their consequences include pain, depression, impaired sleep, reduced
mobility, tissue necrosis, infection, invasive surgical debridement, and,
in the most severe cases, amputation of all or part of a limb may be
necessary. Chronic wounds, specifically diabetic ulcers, are the leading
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to population ageing alone, and it is estimated that the greatest increase
from 2021 to 2045 will occur in middle-income countries (IDF Diabetes
Atlas, 2021). Clearly, developing therapeutics and treatment options
that enhance healing and close wounds quickly is essential. Different
methods like cell transplantation, pharmacologic intervention, and
artificial substitutes could be applied to treat wounds. Pharmacologic
intervention includes drug delivery using biomaterials in different
forms, such as nanoparticles (NPs), microfibers, carbon-based nano-
structures, and MNs. These methods reduce drug toxicity and gradually
release the dosage over time (Bagheri et al., 2022; Gittard et al., 2011;
Sun et al., 2021a).

Patches containing arrays of MNs have received significant interest
in recent years for their considerable potential for a range of healthcare
applications, including the treatment of wounds and wound manage-
ment (Guo et al., 2022). They have a high loading capacity, bypass skin
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barriers (Ebrahiminejad et al., 2022a; Khan et al., 2014), and may be
used in most tissues and organs such as oral cavities, the gastrointestinal
tract, nails, and eyes (Jeon et al., 2019; Rzhevskiy et al., 2017). MNs are
miniature projections with a length of ~500 um. By creating micropores
on the stratum corneum layer of the epidermis, MNs could deliver
pharmacologic agents such as antigens, cells, anti-inflammatories and
other drugs, vaccines, and pro-regenerative molecules into the deeper
layers of the skin to accelerate wound healing. There are many advan-
tages of using MNs for drug delivery, including ease of use, rapid
administration, and low tissue damage due to their small size (Faraji Rad
et al., 2021a; Frydman et al., 2020; Jeon et al., 2019). Researchers have
also shown that MNs can induce cell proliferation to heal wounds when
used to create tiny electrical signal currents in the skin (Liebl and Kloth,
2013). One study showed that wound-healing capabilities are increased
by enhanced collagen content delivered using MNs, leading to raised
tissue growth factors from fibroblasts and blood platelets (Sun et al.,
2015).

Many researchers have studied different MN designs and materials,
but few have examined the role of MN devices in wound healing and
other clinical settings (Yao et al., 2022), and the complexities of the
wound-healing process demand much more research (Hu et al., 2023).
However, it is already clear that MNs might play an important role in
wound healing. This paper explicitly focuses on the role of the MNs in
drug delivery for this clinical application and discusses the critical me-
chanical properties for efficient penetration through the skin. In addi-
tion, the latest developments in the field of MNs for wound healing are
critically discussed. Notwithstanding the many advantages of MNs,
some generic problems exist, such as inadequate penetration or the
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chemical auxiliary methods, such as an inserter to replace manual force,
improves drug delivery and speed of application of MNs for wound
healing (G. Nava-Arzaluz et al., 2011; Nayak et al., 2016). The current
study discusses emerging novel therapeutic methods to overcome the
limitations of MN devices.

2. Materials and manufacturing methods of MNs

Selecting suitable material and geometry is crucial for efficient MN
penetration and drug delivery into the skin. Consideration must be given
to the mechanical and geometrical properties of the MNs to facilitate
non-invasive penetration into the skin without bending or breaking
during insertion (Choi et al., 2012; Nagarkar et al., 2020). A wide range
of materials can be used to create MNs: silicon (Ahmad et al., 2021),
metal (Zhang et al., 2018), polymers (Lima and Reis, 2021), and natural
materials such as traditional Chinese herbs (Chi et al., 2021b) and silk
fibroin-based MN dressing (Gao et al., 2020) have also been used.

MN patches are generally classified according to their drug, delivery
mechanism, and structure. Common MN types are solid, coated,
dissolvable, separable, hollow (Kang et al., 2021), hydrogel-forming,
swellable (Al-japairai et al., 2020), and porous structures (Abe et al.,
2021). Other less common designs are merged-tip MNs (Lim et al., 2018)
or microblade structures (Ebrahiminejad and Faraji Rad, 2022; Faraji
Rad et al., 2020). Fig. 1 shows the most common designs of MNs and
their drug delivery mechanisms. Table 1 summarizes the benefits and
drawbacks of each different type of MN.

MN arrays could be fabricated in several ways based on their ge-
ometry, penetration depth requirement, and material. For example,

fouling of needle holes with skin tissue. However, using physical and solvent casting is suitable for polymeric MNs, whereas
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Fig. 1. Different types of MNs: (a) solid, coated, hollow, dissoluble, swellable, and porous MNs. Reprinted with permission from (Bao et al., 2022). Reproduced under
the terms of the CC-BY 4.0 license. Copyright 2021, Springer Nature. (b) Merged-tip MNs compared with a conventional steel hypodermic needle. Adapted with
permission from (Lim et al., 2018). Reproduced under the terms of the CC-BY 4.0 license. Copyright 2018, Springer Nature.
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Table 1

Different types of typical MN arrays with their advantages and disadvantages

(Faraji Rad, 2023; Meng et al., 2020).

Type of Properties Advantageous Disadvantageous
MNs
Solid Contain no Increased Requires two-step
drugs; used to permeability of procedures for delivery;
create drugs so small broken MNs can result in
micropores doses can be skin irritation; non-
before administered; biodegradable properties;
application of more drugs need to be
drugs, straightforward reformulated for delivery
sometimes in fabrication
cream form process than other
designs; better
mechanical
properties
Coated Drugs can be Higher stiffness; Complicated drug coating
coated on MN simple fabrication procedure; low control on
surface process; flexibility ~ dose delivery
in the choice of
material
Hollow Incorporates a Potential Require a precise and
microchannel combination with expensive manufacturing
to transfer the microfluidics process; risk of leakage or
drugs and network in lab-on-  uncontrolled drug release;
therapeutics a-chip devices; risk of blockage in the
precise dose narrow channels; reduced
delivery MN strength
Hydrogel/ Integral drug Safety; no sharp Low mechanical strength
dissoluble storage; waste; controlled and penetration; not
reactive drug release. suitable for very wet
through Biocompatible wounds; limited to small
swelling with materials — drug doses; drug
interstitial polysaccharides, reformulation may be
fluid etc. needed
Porous A large variety ~ High drug loading  Low strength; pore
of pore sizes capability; blockage may occur;
can be functionalization limited materials can be
achieved for with different used (e.g., porous Si)
drug loading; moieties;
porosity and relatively simple
pore size can fabrication
be controlled methods
during
fabrication

microelectromechanical methods are more appropriate for silicon and
metal MNs (Nagarkar et al., 2020). Other fabrication methods are silicon
micromachining (Gardeniers et al., 2003), metal electroplating (Miller
et al.,, 2020), polymer patterning and molding (Meng et al., 2020),
microelectromechanical systems (Mohammed et al., 2021), photoli-
thography, drilling holes (Kang et al., 2021), spatially discrete thermal
drawing (Choi et al., 2012), CNC machining (Malek-Khatabi et al.,
2023), 3D printing (Faraji Rad et al., 2021b; Quisling et al., 2021), and
microinjection compression molding (Chen et al., 2020). Fig. 2 shows
MNs of different materials made using a variety of manufacturing
procedures.

Most MNs were initially made from metal and silicon. The idea of
making polymer MNs was only developed in the early 2000s. Polymers
offer good biocompatibility, are cheap, and some are biodegradable in
the body. Polymer MNs do not cause any immune response, and their
composition can be adjusted to exhibit different strengths and functions
(Liu et al., 2023). They also offer routes to mass production (Faraji Rad
et al., 2017).

Different polymers have been used to fabricate MNs, such as
hydrogel/swellable, dissolving, and biodegradable (Al-japairai et al.,
2020; Azmana et al., 2020; Meng et al., 2020; Saifullah and Faraji Rad,
2023). Azmana et al. classified polymeric MNs, based on formulation,
applications, forms, and performance, into six categories: solid polymer
MNs, biodegradable polymer MNs, dissolvable polymer MNs, hollow
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polymer MNs, coated polymer MNs, and bioresponsive polymer MNs
(Azmana et al., 2020). Each of the categories is selected based on the
type of polymer. For instance, hydrophilic polymers that dissolve
quickly in the skin (e.g., polyvinyl alcohol and hyaluronic acid) are
classified as dissolving MNs (Kang et al., 2021). Table 2 compares the
drug loading capacity, sustained delivery, and molecular range among
different types of polymer MNs, showing that dissolvable polymer MNs
are perhaps the ideal candidate for drug delivery. Polymer MNs can be
manufactured with a variety of techniques, including micromolding,
atomized spraying to fill molds, droplet-born air blowing,
electromagnetic/micro-system/laser technology, laser cutting, laser
ablation, deep x-ray lithography, two-photon polymerization (Faraji
Rad et al., 2022), and micro-stereolithography (Nagarkar et al., 2020).
Table 3 summarizes the recent findings using MNs in wound healing
with different materials, techniques, and drugs.

3. Geometry of MNs

The geometry of MNs directly affects their mechanical strength and
skin penetration (Kang et al., 2021). The design should minimize
bending and prevent fracture during insertion (Chevala et al., 2021).
The significant factors that should be considered during the design
process are MN length, tip radius, base diameter, shape and angle of the
tip, and density which determines the overall insertion and fracture
forces of the MNs (Olatunji et al., 2013). In general, the geometry of the
MNs is determined by factors such as the required penetration depth
(Ro, 2014), the dose of the drug, the place of use, skin thickness (Chevala
et al., 2021; Al-gallaf and Das, 2009a), molecular sizes of drugs, the
weight of drugs (Al-qallaf and Bhusan, 2009a), the elasticity of human
skin (Chen et al., 2020), and age of the patient (Chevala et al., 2021;
Kelchen et al., 2016). Considering all these parameters, it may be best to
design a MN device according to the individual patient’s condition and
requirements. The following sections discuss the general indicators of
optimal MN geometry (Loizidou et al., 2016).

3.1. Length of MNs

One of the most important design considerations of MNs is the length
which defines the skin penetration depth and affects permeability. Re-
searchers have shown that the length of MNs directly affects the pain
experienced by patients; when the length is increased three times, the
pain is increased seven times (Gill et al., 2008). Most MN heights vary
between 150 and 1500 pm, but more studies need to be performed to
determine the optimal length of MN patches for each application. A
recent study showed that when 400 MNs, 150 pm long, were inserted
into the human body, it was deemed painless compared to a 2-mm deep
insertion of a 26-gauge hypodermic needle (Nagarkar et al., 2020).
Romgens et al. (Romgens et al., 2016) showed that by increasing MN
length, the number of activated antigen-presenting cells decreased in the
epidermis, and more cells were activated in the dermis. Yan et al. (Yan
et al., 2010) found that the optimum MN length for increased penetra-
tion efficiency of the anti-viral drug acyclovir was 600 um. Further in-
crease of MNs length above 600 pm did not enhance the penetration
efficiency of the loaded drug.

3.2. Spacing and number of MNs

Spacing between the MNs is an important design aspect of MN ge-
ometry, an increase in average penetration depths as a fraction of MN
length has been observed with an increase in needle spacing (Kochhar
etal., 2013). Al-Qallaf and Bhusan Das extensively evaluated the pattern
and distribution of MNs in the patch and their influence on skin
permeability and transdermal drug delivery (TDD). The study demon-
strated that the skin permeability of the drug increase by reducing the
aspect ratio of MNs and spacing (Al-qallaf and Das, 2009a). In addition,
studies have shown TDD by low-density MN arrays is more effective than
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10 pm

Fig. 2. Different materials and methods used to manufacture MNs in biomedical applications. (a) Short solid wet-etched Si MNs for delivering galantamine (GAL)
(Galantamine (GAL) is used to treat cognitive decline due to Alzheimer’s Disease (Wei-Ze et al., 2010).) using silicon wet etching technology. Reprinted with
permission from (Wei-Ze et al., 2010). Copyright 2010, Elsevier. (b) Hollow SU-8 resin MNs. Reprinted with permission from (Jiang and Lillehoj, 2020). Reproduced
under the terms of the CC-BY 4.0 license. Copyright 2020, Springer Nature. (c) An alumina-based slurry for ceramic nanoporous MN arrays. Reprinted with
permission from (Boks et al., 2015). Copyright 2015, Elsevier. (d) Chinese herb MNs made from a silicone mold. Reprinted with permission from (Chi et al., 2021b).
Reproduced under the terms of the CC-BY 4.0 license. Copyright 2021, Elsevier. (e) Shark tooth-inspired MN fabricated by laser engraving and elevated out-of-plane
using origami design. Adapted with permission from (Guo et al., 2021). Adapted under the terms of the CC-BY 4.0 license. Copyright 2021, American Chemical
Society. (f) Polyethylene terephthalate (PET) cone-shaped MNs fabricated by magnetorheological drawing lithography. Reprinted with permission from (Chen et al.,
2019). Reproduced under the terms of the CC-BY 4.0 license. Copyright 2019, American Chemical Society. (g) Polymeric MN using the electro-drawn approach.
Reprinted with permission from (Onesto et al., 2020). Reproduced under the terms of the CC-BY 4.0 license. Copyright 2020, Springer Nature. (h) 3D printed based-
stereolithography (SLA) MNs. Reprinted with permission from (Pere et al., 2018). (i) 4D printing of bioinspired MNs. Reprinted with permission from (Han
et al., 2020).

Table 2
Different types of polymeric MNs and associated properties (Chevala et al., 2021).
Ability Hollow Polymer MN Solid Polymer MN Surface-coated Polymer MN Dissolvable Polymer MN Hydrogel forming Polymer MN
Drug loading high low high high high
Sustained delivery moderate low high high high
Drug molecular weight range high moderate moderate high moderate
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Table 3
Different materials, methods, and drugs used in MNs for wound healing
applications.
Material Fabrication method Drug Ref.
Chitosan” Silicone mold Vascular (Chi
endothelial etal.,
growth factor 2020)
Poly (vinyl Solvent — casting Chloramphenicol- (Xu et al.,
pyrrolidone) (PVP) method bearing and 2019)
Water soluble gelatinase-
sensitive gelatin
NPs
PVP Polydimethylsiloxane  antimicrobial (Suet al.,
e.g., 0N nanospun (PDMS) peptide 2020)
fibre backing micromold e.g., for treating
MRSA
Poly (ethylene glycol) Top-down Liquid metal- (Zhang
diacrylate (PEGDA) photolithography coated MNs for etal.,
and 2-hydroxy-2- method and a accelerating 2021)
methylpropiophe- negative mold incisional wound
none (HMPP) healing by electric
currents
PEGDA Silicone mold Premna (Chi
microphylla and etal.,
Centella asiatica 2021a)
(herbal extracts)
3(acrylamido) Silicone mold Adenosine- (Sun
phenylboronic acid- MXene etal.,
(PBA-) integrated 2021a)
PEGDA
Polyvinyl alcohol Laser and molding Porphyrin-like (Sun
(PVA) techniques metal centers NPs et al.,
2021b)
PVP and PVA Casting Carvacrol -poly (Mir
(caprolactone) et al.,
NPs 2020)
Methacrylated Molding Zn-MOF (Yao
hyaluronic acid etal.,
2021a)
Sodium hyaluronate Casting Gentamicin (
and poly (GEN) Gonzélez-
(vinylpyrrolidone) vazquez
et al.,
2017)
PVA Casting Parathyroid (Yao
hormone (PTH) et al.,
2021b)
Manuka honey Molding Table honey and (Frydman
Manuka honey et al.,
2020)
PVA backing layer and  Casting Black (Zhang
gelatin methacryloyl phosphorus- etal.,
(GelMA) hydrogel quantum dots and ~ 2020)

tips

hemoglobin (Hb)

* Chitosan is a polysaccharide naturally occurring in the shells of crustaceans
such as lobsters and crabs.

by high-density arrays (Chen et al., 2020). High-density arrays can cause
the ‘bed of nails’ effect, whereby the skin will fold around the MNs
during the insertion, affecting penetration efficiency (Ebrahiminejad
et al., 2022b). Thus, simply increasing the number of MNs in the patch
does not improve skin permeability (Al-qallaf and Bhusan, 2009;
Nagarkar et al., 2020). The number of MNs has also been shown to affect
the level of pain on insertion: a 10-fold increase in the number of MNs
increased pain by over 2-fold, whereas MN tip angle, thickness, and
width did not significantly affect pain level (Gill et al., 2008).

3.3. Radius and tip angle of MNs

Multiple studies have found that more efficient insertion is achieved
when the tip radius of MNs is reduced (Al-Qallaf and Das, 2009bj;
Davidson et al., 2008). For example, a study showed if the tip radius is
reduced from 80 to 30 um: the force required to pierce the stratum
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corneum is reduced from 3.04 to 0.08 N per needle. This is related to a
smaller contact area between the MN and the skin, generating a higher
pressure at the tip for improved penetration (Sabri et al., 2019).

Another crucial parameter that affects skin penetration is the tip
angle. Bao et al. suggest an optimal tip angle of 30 to pierce the skin
easily (Bao et al., 2022). Sabri et al. found that biodegradable MNs
possessing low tip angles (15—30°) and thin needle shafts of 120 ym
effectively enhanced MN insertion without causing tensile failure (Sabri
et al., 2019).

3.4. Shape of MNs

Designing a MN that satisfies all the requirements of mechanical
strength and small insertion force is difficult (Ma et al., 2015), but still
provides major benefits of better functionality and easier penetration.
Loizidou et al. found that by increasing the number of vertices in poly-
gon MNs, the mechanical properties were enhanced, but their ability to
penetrate the skin was decreased (Loizidou et al., 2016). Hexagonal MNs
could tolerate a higher level of critical buckling loads and compressive
stress than square and triangular MNs, though, due to their sharper
edges, the latter could penetrate the stratum corneum better than hex-
agonal MNs. In experiments, pyramidal MNs with triangular and square
bases exhibited higher penetration depths - up to one-third of their shaft
length - than those with hexagonal bases. The square shape is not rec-
ommended for shorter MNs because the maximum buckling force is low.
However, for MNs longer than 1200 pm, the maximum buckling force is
the same for square and circular geometries. In short, buckling force
increases from triangular to square and hexagonal. Square pyramidal
MNs would combine long penetration depth with mechanical strength
(Loizidou et al., 2016).

In addition to simple geometric shapes such as pyramids, cones,
cylinders, rounded, triangular, and hexagonal, a wide range of other MN
shapes have been studied, including rocket-like, mosquito-fascicle bio-
mimetics, arrow-like, ultra-sharp tip, obelisk, octagonal cone, bullet-
shaped (Faraji Rad et al., 2021c; Kang et al., 2021; Nagarkar et al.,
2020), tapered-cone, pyramid, and bevelled-tip (Shen, 2021), some of
which are shown in Fig. 3. Bediz et al. showed that solid MNs with an
obelisk design are more productive in enabling deeper and more
reproducible insertion than pyramidal-shaped MNs (Bediz et al., 2014).
Sabri et al. found that tapered/pyramidal hollow MNs gave better
penetration than obelisk/straight hollow MNs (Sabri et al., 2019).

3.5. The pattern and angle of MN patches

The pattern of MNs in a patch and the angle can influence their
penetration and functionality, as studied experimentally by Al-Qallaf
et al. and mentioned above. The results show that among square,
triangular, diamond, and rectangular distributions of MN, the rectan-
gular pattern for both solid and hollow MNs brings the highest value of
skin permeability (Al-qallaf and Das, 2009a). Choi et al. created
biodegradable polymer MNs on a curved surface to ensure conformal
contact with the exterior of blood vessels to deliver drugs to the tunica
media (Fig. 4). The ex vivo and in vivo studies showed that the cuff-
shaped MN patches could deliver a drug to vascular tissue (Choi et al.,
2012).

3.6. Bio-inspired shape for MNs — bio-mimetic

Recently, MNs have been developed based on animal and insect-
inspired models, including mosquito-fascicle-inspired MNs. The mos-
quito can penetrate human skin with a force of just 18 uN, whereas for a
single MN, a minimum force of 0.058 N is needed (Park et al., 2005).
This difference in force is partly attributable to the low-frequency vi-
bration sawing action of the serrated penetrating fascicle employed by
the mosquito (Fig. 5a). Honeybees pierce the skin without vibration but
with excellent penetration abilities (Chen et al., 2018). Micro-structured
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Fig. 3. Different geometries of MN tip (cylindrical, rectangular, pyramidal, conical, octagonal and quadrangular). Reprinted with permission from (Nagarkar et al.,

2020). Copyright 2020, Elsevier.

polymer

Slow degrading
b biodegradable

«— biodegradable

Smooth
muscle cells
Fast degrading

polymer
+ Drug

Fig. 4. (a) MNs with cuff shape to cover vascular tissues. (b) Schematic diagram of a MN cuff for targeted delivery to the tunica media, used in covering a blood
vessel before and after installation. Reprinted with permission from (Choi et al., 2012). Copyright 2012, Wiley-VCH.

barbs on a MN can confer unique properties, like piercing the skin easily
due to reducing the friction during insertion and increasing the pull-out
force during retraction because of interlocking between the barb and
skin tissue. A study showed that the tissue adhesion of backwards-facing
barbed MNs was 18 times stronger than the barbless type (Fig. 5b) (Chen
et al., 2018). Ma et al. studied bio-MN caterpillar spines (Fig. 5c) that
can penetrate mouse skin by application of a force of just 173 pN with
suitable mechanical properties (high hardness and elastic modulus near
the tip end, therefore not fragile) (Ma et al., 2015). Zhang et al. built a
MN patch with a claw-like clamping structure according to Fig. 5d-g (See
also Table 3). The benefits of this geometry are fixing and tightening the
wounded area to avoid secondary wound dehiscence. Furthermore, the
incorporation of a gallium liquid metal alloy connected the tips of each
MN part to an external power source, producing an electric field
distributed around the wound. Such an electric field can directly affect
cell migration, enhance cell proliferation, and thus accelerate active

wound healing (Zhang et al., 2021).

The geometric shape of MNs is an important factor for effective
wound healing. The amount of MNs penetration in the skin and,
consequently, the release of the target drug generally depends on the
overall geometry and the penetration depth in the skin. Designing an
optimized geometry of MNs that meets all requirements for mechanical
properties and full insertion is challenging, but the shape of the MNs is
becoming more complex, sometimes inspired by animal and insect
models, thus facilitating better penetration with lower applied force.
Studies have shown increasing the length of MNs will result in improved
penetration, though this might be at the expense of greater pain expe-
rienced by patients. A low-density MN patch avoids the ‘bed of nails’
effect and causes less pain, potentially eliminating it. Another strategy to
enhance penetration would be to decrease the tip radius and tip angle of
MNs; however, this will add to the manufacturing cost (Ebrahiminejad
et al., 2022b).
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Fig. 5. (a) 3D images of mosquito-inspired MNs. Reprinted with permission from (Suzuki et al., 2015). Reproduced under the terms of the CC-BY 4.0 license.
Copyright 2015, Fuji Technology Press. (b) SEM image of honeybee-inspired MNs with barbs. Reprinted with permission from (Chen et al., 2018). Copyright 2018,
American Chemical Society. (c) SEM images of a Parasa Consocia caterpillar spine. Reprinted with permission from (Ma et al., 2015). Copyright 2011, American
Society of Mechanical Engineers. (d) Schematic illustration of the eagle’s claw-inspired MN. (e) The composition, structure, and wound healing application of MNs.
(f) The MN patches can tighten the wounded area and lead to the closing of the wound. (g) The mechanism of wound healing is by applying the MN patch. (d-g)

Adapted with permission from (Zhang et al., 2021). Copyright 2021, Elsevier.
4. Role of MNs in drug delivery

TDD has drawn considerable attention owing to the accessibility to
the skin, as the largest organ of the human body, with an area of
approximately 1.8 m? (Kahraman et al., 2019). After oral administration
and injection drug delivery methods, TDD is the third-largest drug de-
livery system (Carthew, 2021). The TDD method could overcome many
issues associated with oral drug delivery, such as eliminating the first-
pass metabolism, thus avoiding harmful metabolites, increasing
bioavailability and patient satisfaction (Carthew, 2021), and decreasing
gastric irritation. In addition, a stable blood concentration will be pro-
vided by selecting a transdermal route for drug delivery (Van Der
Maaden et al., 2012). The critical challenge in this method is the first
protective layer of the skin, the stratum corneum, which acts as a barrier
and has a 15-20 pm thickness. Overcoming the stratum corneum is the
first step to increasing the effectiveness of drug release (Carthew, 2021;
Van Der Maaden et al., 2012).

As shown in Fig. 6, three generations of TDD exist. The first gener-
ation is transdermal patches without MNs; the method is limited in the

type of drug that can be delivered, relying entirely on skin permeability.
The second generation uses skin permeability enhancement strategies
such as chemical additives, iontophoresis, and noncavitational ultra-
sound to deliver the drug of interest. These techniques aim to preserve
deeper tissues from physiological threats and improve the distribution of
drug molecules via the skin barrier. The third generation uses chemical
enhancers, electroporation, cavitational ultrasound, thermal ablation,
and microdermabrasion as methods of TDD. These techniques have been
shown to increase the efficacy of TDD in human clinical trials by
providing better penetration into dermal layers. Some of these methods,
particularly those employing radiofrequency and heat, could damage
the skin and have other undesirable side effects.

The presence of high exudate and necrotic tissue in the wound bed
can be a barrier to drug delivery. As a result, a considerable amount of
drugs may get deactivated without penetrating the desired tissue to play
their role in healing (Barnum et al., 2020; Saghazadeh et al., 2018).
These challenges could be solved by applying MNs for non-invasive
TDD. MNs have been shown to release drugs efficiently without stimu-
lating nerves and using a lower drug dose (Al-japairai et al., 2020). MNs
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Fig. 6. Three generations of TDD systems (Al-japairai et al., 2020).

do not penetrate the dermis layer and cannot reach nerves, so it is a
painless drug delivery method (Bariya et al., 2012). In particular, they
have demonstrated outstanding results in drug delivery for wound
healing; they can enhance local accessibility of the therapeutics in the
wound and bypass the physiochemical barriers in a chronic wound
environment, enabling drug delivery to be more targeted, thus pro-
ducing faster healing (Barnum et al., 2020). Loading a wide range of
therapeutic agents in MNs, ranging from low to high molecular weight,
is another advantage (McAlister et al., 2021). Since MNs can be made
from a wide variety of materials and are capable of releasing drugs in a
controlled manner, they are very promising for the future of wound
healing (Jung and Jin, 2021).

Jamaledin et al. demonstrated that among different drug delivery
systems, including hand-applied topical cream, conventional topical

Topical cream

Stratum corneum ——

Therapeutics

Infectious microbial
biofilm

Topical patch

patch with no physical skin penetration, MN patch, and hypodermic
needle (Fig. 7), a patch with MNs of 100 — 1000 um length demonstrated
better skin penetration by the drug and significantly less interaction
with the nerve endings in the dermis (Jamaledin et al., 2020). Waghule
et al. showed that the ideal factors for effective MN application in TDD
are a needle length of 150-1500 pm, tip diameter of 1-25 pm, and
needle width of 50-250 pm (Waghule et al., 2019).

5. Role of MNs in wound healing and bacterial biofilms

More than 80 % of wounds form bacterial biofilms, a barrier to
wound healing due to widening planktonic bacteria, biofilm fragments,
and microcolonies of mature biofilms that lead to invasive infections.
Debridement of infected wounds (the process of removing damaged

Microneedle patch
Hypodermic needle

Epidermis

I —— Dermis

>3 |.— Hypodermis

Fig. 7. A comparison of the skin penetration depths of different drug delivery systems. Reprinted with permission from (Jamaledin et al., 2020). Copyright 2020,

Wiley-VCH.
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tissue or foreign objects from a wound) can remove biofilms formed in
the wound, but the biofilms reform a few days after removal. To over-
come this issue, long-term antibiotic use has been considered. However,
limitations like toxicity, the low availability of appropriate antibiotics,
and the polymicrobial nature of biofilms, which possess 1000-fold
resistance to antimicrobial agents compared to planktonic bacteria cells,
constrain this method. Besides, the adhered biofilm in the wound is
surrounded by extracellular polymeric substances (EPS), which act as a
mechanical obstacle to the penetration and action of antimicrobial
agents (Kaiser et al., 2021; Xu et al., 2019).

A MN patch could effectively eliminate bacterial biofilms by
permeating them and delivering antibiotics to areas of active growth
(Dian et al., 2021; Xu et al., 2019). Fig. 8 shows the life cycle of a biofilm
and how MNs could control it. Dian et al. fabricated doxycycline (DOX)
dissolving MNs loaded with NPs prepared from poly (lactic-co-glycolic
acid) and poly (€-caprolactone) coupled with chitosan. The NPs signif-
icantly enhanced the dermatokinetic profiles of DOX, and the release of
DOX was improved in the bacteria-producing biofilm up to 7-fold.
Notably, the antibiofilm activity in the ex vivo biofilm model indicated
that, after 48 hr, the bacteria decreased by up to 99.99% (Dian et al.,
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2020).
6. Combined treatments for wound healing

Factors limiting the use of MNs include local swelling due to the high
concentration of subcutaneous drugs. In addition, the thickness of the
outer layer of the skin differs in different people requiring different
penetration depths, while hollow MNs are prone to blocking with skin
tissues. For all types of MN, there is a risk of breaking its tip during
insertion. Different strategies have been adopted to increase the pene-
tration of drugs in the skin and obtain a synergetic effect on MNs (Nava-
Arzaluz et al., 2011) with the potential to improve wound healing.
Recent research studies resulting in combined synergetic treatments of
this kind are discussed below.

6.1. MNs with nano- and microstructures

Nanosuspension - colloidal dispersions of nanosized drug particles
stabilized by surfactants - enhances the solubility of drugs (Agrawal and
Patel, 2011). It is a good method to enhance MN skin penetration and

Fig. 8. (a) The cycle of biofilm life. 1)
Sticking the planktonic (free-floating) bac-
teria into the surface of the skin leads to
exuding extracellular polymeric substances
(EPS), which dwell on the surface. 2) The
generated EPS creates a three-dimensional
structure and Dbiofilm community that
mature within hours. 3) Biofilms disperse by
separating different sizes of clump cells or by
releasing “seeding dispersal” from individual
cells. (b) Polymicrobial biofilm preserves the
bacteria in breached skin wound and pre-
vents the access of systemic and topical an-
[ ) tibiotics. (c) Inserting antimicrobial MNs in
‘ the skin pierces the microbial biofilm and
releases antimicrobial cargoes. Finally, the
microbial biofilm is disrupted. Reprinted
with permission from (Jamaledin et al.,

2020). Copyright 2020, Wiley-VCH.

Biofilm disruption

C. albicans
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reduce skin inflammation by forming nanocrystal depots within skin
pores (Pireddu et al., 2020). Abdelghany et al. used PVA-based MNs
loaded with curcumin nanosuspension (Abdelghany et al., 2019). The
extraordinary properties of curcumin in wound healing have been
proven in many studies (Abdelghany et al., 2019; Akbik et al., 2014), but
its use in MNs is limited because lipophilic compounds do not dissolve in
aqueous media. Hence, nanosuspension is used to ensure uniform drug
distribution. This increases the particles’ specific surface area and sol-
ubility rate. Combining nanosuspension and MNs increases the release
of curcumin into the interstitial fluid, producing more effective wound
healing. In vitro dissolution studies have shown that, by applying a
nanosuspension of curcumin rather than its powder form, solubility in
the skin increases from 16 % to 34 % after 48 hr, as shown in Fig. 9
(Abdelghany et al., 2019).

In addition to nanosuspensions, microemulsions have been
employed to load various drugs onto MNs, including lipophilic com-
pounds on a MN roller, to facilitate wound healing and repair skin
barriers (Bakht et al., 2014; Mojeiko et al., 2019). Microparticles and
NPs have drawn much attention due to their high specific surface area,
fine particle size, and biopharmaceutical properties. NPs are more
penetrating than creams and can easily pass through the skin’s stratum
corneum without disturbing its function. Combining these particles with
MNs could produce transient transdermal aqueous channels for NP drug
delivery, for example, to provide new methods to overcome antibiotic
resistance, an important factor in wound healing (Mir et al., 2019). Mir
et al. formulated Carvacrol (CAR), which is an effective drug against
multidrug-resistant pathogens, as a NP by using poly (caprolactone)
(PCL) (Mir et al., 2019). The CAR NPs were loaded into dissolving MNs.
A sustained antimicrobial effect was observed in an infected wound,
overcoming the necrotic tissue barrier hindering drug penetration into
the wound bed. Encapsulation of CAR in PCL NPs resulted in a 2-4-fold
increase in antimicrobial activity due to a significantly higher release of
CAR in the presence of bacteria. Dermatokinetic studies revealed that
CAR-PCL NPs-MNs were able to enhance skin retention of CAR after 24
hr (83.8 + 5.15 %) compared to free CAR-MNs without NPs (7.3 + 2.04
%). The MN-NP combination has overcome the problem of bacterial
biofilm, which is the leading cause of the non-healing of wounds and is
superior to conventional solutions.

Among other methods to improve the delivery of drugs for healing
wounds using MNs, lipid-based nanovectors may overcome the difficulty
that macromolecules have in crossing the stratum corneum to promote
the intercellular delivery of drugs (Bellefroid et al., 2019). Among
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microstructures, combining micropumps with MNs could control fluid
withdrawal for medical analysis and deliver a controlled drug in
response to metabolite levels.

6.2. MNs and stem cells

Stem cells have roles in tissue regeneration and wound healing.
Many stem cell therapies for healing wounds are currently under
development using animal models and human studies. A lack of
migration capacity limits local hypodermic injection of mesenchymal
stem cells (MSCs). Lee et al. (Lee et al., 2020) report a detachable hybrid
MN patch (d-HMND) for this application. A mixture of gelatin meth-
acryloyl (GelMA) and MSCs was loaded in a poly(lactic-co-glycolic) acid
shell. Next, the double-sided scotch tape was used to create d-HMND.
After application to the target tissue and delivery of the stem cell, these
d-HMNDs were separated. This study showed that a minimal dose of
cells (107 cells/mL) was achieved through facilitating localized MSC
delivery, producing elevated wound closure rates, improved re-
epithelialization, and increased CD31-positive microvasculature
compared to controls (as shown in Fig. 10).

Growth factors are anti-aging, biologically active molecules that
could enhance wound healing. A 2012 study revealed that a conditioned
medium (CM) (i.e., with added growth factors to promote cell survival/
proliferation) of secretory factors of endothelial precursor cells (EPC)
derived from human embryonic stem cells (hESC) accelerates wound
healing and enhances the tensile strength of wounds after topical
treatment and subcutaneous injection (Seo et al.,, 2012). Lee et al.
combined MNs with hESC-EPC CM to enhance skin penetration (Lee
et al., 2014). Applying these two techniques shows visually improved
scars and wrinkles and stimulates collagenation (tissue replacement by
collagen). El-Domyati et al. (El-Domyati et al., 2019) also combined
amniotic fluid-derived mesenchymal stem cell-conditioned media (AF-
MSC-CM) with microneedling to heal post-acne scars. The study applied
MN and AF-MSC-CM on the right side of the face and MN alone on the
left side. Improved collagen and elastic fiber density were noted, pref-
erentially on the right side, as seen in Fig. 11, showing more effective
healing of atrophic post-acne scars.

6.3. MNs and vesicles

Several studies have reported on using lipid vesicles for TDD.
Extracellular vesicles (EVs) derived from MSCs contain many molecules,
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Fig. 9. Comparison of in vitro dissolution/release of curcumin powder and curcumin nanosuspension at 37 °C. Reprinted with permission from (Abdelghany et al.,
2019). Reproduced under the terms of the CC-BY 4.0 license. Copyright 2019, MDPL
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Fig. 10. (A) The procedure of wound healing in different groups: untreated (control), injection of MSC, d-HMND patch without MSCs, and d-HMND with MSCs (scale
bars = 10 mm). (B) Wound area of each group after 7 days. (C) Histologic images of wound beds cured by mentioned methods after 7 and 14 days (scale bars = 1
mm). (D) Re-epithelialization after 14 days. (E) Migrating epidermal tongue (MET) length after 14 days. (F) immunofluorescence images of the wound edge cured by
mentioned methods daily (scale bars = 200 pm). (G) Quantitative analysis of CD 31 positive area. Reprinted with permission from (Lee et al., 2020). Copyright 2020,

Wiley-VCH.

such as cytokines, IncRNAs, and microRNAs, that play a role in collagen
synthesis and regeneration - vital steps in wound healing (Albaugh et al.,
2017). EVs cannot be absorbed directly through the skin and, if injected
intravenously or subcutaneously, cause pain and uneven drug distribu-
tion. Using a MN roller with topically applied EVs provides an alterna-
tive therapy, initiating the wound-healing process and balancing the
absorption of EVs. Cao et al. investigated the effect of MNs combined
with adipose-derived stem cell-derived EVs (ADSCs-EVs) on skin photo-
aging. MN + EVs showed the highest post-treatment collagen density
(62.0 % + 9.8 %), which was higher than that of the control (54.8 % +
12.2 %) and treatment by the MN roller alone (53.4 % + 11.4 %).
Inflammation was also lower in the MN + EV group. CD11b + cells are
the earliest responsive inflammatory cells in acute inflammation and the
early phase of wound healing. The CD11b + cell infiltration level was
lower in the MN + EVs group than in the MN group three days after the
treatment. These results indicate that MN treatment alone did not
improve the epidermal structure and function of photo-aged skin, but a
combination of MNs with ADSCs-EVs accelerates skin restoration after
inflammation caused by the MNs and improves collagen content for
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better wound healing (Cao et al., 2021). Another method of transferring
lipid vesicles from the stratum corneum into the skin is by utilizing
vesicular systems with chemical penetration enhancers, such as nio-
somes (vesicles composed of nonionic surfactants), transferosomes (a
type of liposomes consisting of phosphatidylcholine), ethosomes (vesi-
cles made mainly of phospholipids, relatively high concentration of
ethanol, and water), and invasomes (vesicles formed by phospholipids,
ethanol, and terpenes). Combining MNs with vesicular systems can
enhance TDD when applied to different skin parts (Nayak et al., 2016).

6.4. MNs and chemical peeling

Chemical peeling can efficiently cure scars, producing a controlled
partial thickness exfoliation of the epidermis and dermis and acceler-
ating skin restoration. Atrophic acne scarring is an indented scar that
forms when the skin cannot regenerate tissue. It is a permanent
complication of acne vulgaris and can significantly influence the quality
of life. It mainly affects people between the ages of 11 and 30 years and
is commonly caused by the destruction of collagen after inflammatory
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Fig. 11. (a) Before treatment, biopsies demonstrated irregular collagen clusters consisting of increased interfibrillary spaces on both sides. After treatment, biopsies
showed more dense fine collagen fibers that have organized distribution with a darker stain and reduced interfibrillary spaces, more pronounced on the right side of
the face. (b) Elastic fibers in biopsies before treatment showed unusually dense elastic tissue near the epidermis on both sides of the face. After treatment, biopsies
showed newly built fine and well-distributed elastic tissue in the dermis, especially on the right side of the face. Reprinted with permission from (El-Domyati et al.,

2019). Copyright 2019, Wiley-VCH.

acne, chickenpox, and staphylococcus infection (Gozali et al., 2015). Ali
et al. combined the technique of MN and Jessner’s solution for peeling
(using a mixture of 14 % resorcinol, 14 % salicylic acid, 14 % lactic acid,
and ethanol) for curing atrophic acne scars, and the results showed
better clinical improvement compared with conventional topical treat-
ments (Ali et al., 2019). Another study found that by combining 35 %
glycolic acid peel and microneedling (Dermaroller MF8) the scars were
improved compared to microneedling or chemical peel alone with a
reduction of superficial acne scars and post-inflammatory pigmentation.
The mean improvement in scars increased from 31.33 to 62 % using
glycolic acid peel (Sharad, 2011).

6.5. MNs and platelet-rich plasma

Autologous platelet-rich plasma (PRP) has a higher-than-normal
concentration of platelets, which can enhance wound healing.
Applying autologous platelet-rich plasma to surgical wounds has
accelerated tissue repair and reduced postoperative pain. A combination
of MN with PRP improves the atrophic scars of different etiologies.
Combining skin microneedling and platelet-rich plasma is more effica-
cious and safer, with fewer sessions, in all types of atrophic scars
(Mohamed and Mahmoud, 2017). Asif et al. investigated the effect of
combining microneedling with PRP on the right half of the face with
atrophic acne scars, while the left half of the face was treated with in-
tradermal administration of distilled water (Asif et al., 2016). The right
and left halves showed 62.20 % and 45.84 % progress, respectively,
showing the benefits of combining microneedling with PRP to manage
atrophic acne scars. Other benefits of these combined methods are
excellent improvement of the skin lesions striae distensae (stretch
marks), formation of denser collagen and elastic fibers, improvement in
proliferative activity in the epidermis, and reduced expression of
caspase-3 protein, which is involved in the apoptosis of various cell
types in the epidermis (Abdel-motaleb et al., 2020; Akasaka et al., 2000).

6.6. MNs and photodynamic therapy

Photodynamic therapy (PDT) is highly effective in treating superfi-
cial lesions such as thin actinic keratoses (AKs), Bowen’s disease, and
superficial basal cell carcinomas. In treating chronic wounds, the de-
livery of photosensitizing agents often has limitations and low efficacy
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due to the thick hyperkeratotic/necrotic tissue layer and the poly-
microbial nature of infected wounds. MNs could penetrate the outer
layers of the skin and overcome the layers of dead cells. Delivering
photosensitizing drugs using this platform has advantages compared to
conventional photodynamic therapy, such as improved delivery effi-
ciency and reduced erythema and pain. Microneedling-assisted PDT is a
safe and effective method and can achieve better cosmetic results than
traditional methods for improving photodamaged skin, eradicating
biofilm forms of the common wound pathogens tested and decreasing
healing time (Torezan et al., 2013).

6.7. MNs and sonophoresis

Sonophoresis involves the application of ultrasound, which causes
disarray of a lipid bilayer, induces a change in the lipid arrangement of
the stratum corneum, forms cavitation, and thus enhances the transport
of drugs through the skin. Drug permeation can be controlled by con-
trolling the frequency of the ultrasound. Increasing the frequency from
20 kHz to 1 MHz causes a 1000-fold increase in skin disturbance. By
combining sonophoresis with MNs, a synergetic effect on the permeation
of molecules through the skin can be achieved (Nayak et al., 2016). Yoon
et al. found that combining microneedling and sonophoresis gave an
approximately 2.3-fold higher glycerol transdermal diffusion rate than
the microneedling method alone (Yoon et al., 2010). Petchsangsai et al.
showed that by combining electroporation, sonophoresis, and MNs, the
transdermal permeation of fluorescein isothiocyanate-dextran (FD-4)
dye through in vitro porcine skin increased significantly compared with
the individual methods, without any significant skin damage. The per-
meation amount for FD-4 across porcine skin in MNs, MNs + sonopho-
resis, MNs + electroporation, and MNs + electroporation +
sonophoresis was around 50, 100, 175, and 325 ug/cm?, respectively
(Petchsangsai et al., 2014).

Combined MN and sonophoresis tackle disfiguring pathological
human keloid scars by enhanced drug penetration. Traditional treat-
ments, such as bolus injection of drugs or surgery, are invasive and
require an in-person visit to the clinic. Combining sonophoresis with
MNs considerably improves drug permeation in scar tissues compared to
that achieved without sonophoresis (Yang et al., 2021b).
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6.8. MNs and iontophoresis

The transdermal iontophoresis technique generally involves
applying a physiologically reasonable low electric current density (<0.5
mA/cm?) to the skin (Pandey et al., 2019). It works based on “like repels
like” to advance charged transfer and polar substances through the
skin’s stratum corneum. The obstacle disruption thus caused by
employing iontophoresis in combination with MNs increases the possi-
bility of several drugs, such as macromolecules, that can be adminis-
tered transdermally and effectively regulated by applying different
current intensities for the treatment of wounds (Yang et al., 2021a).
Among the few studies reported on the iontophoresis/MN combination,
Vemulapalli et al. determined the technique for in vivo delivery of
salmon calcitonin (SCT). They found that the serum concentration of
SCT was higher using MN and iontophoresis combined compared to MNs
alone (Vemulapalli et al., 2012). Another study confirmed these results
and reported approximately 99 % skin penetration rate, minor cyto-
toxicity, and good biocompatibility without skin irritation and hyper-
sensitivity (Li et al., 2020).

Ronnander et al. combined iontophoresis and dissolving polymeric
MN arrays of sumatriptan (used to treat migraines), poly-
vinylpyrrolidone, glycerine, and polysorbate (Ronnander et al., 2019).
Iontophoresis improved the performance of dissolving MNs and
increased the permeation rate of the drug molecules across the skin
using a small electrical current ranging from 100 to 500 pA/cm? during a
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6-hr period. An optical examination of skin samples treated with a pH
indicator dye (nitrazine yellow, 0.01 % w/w) demonstrated that the
needles penetrated and entirely dissolved in the skin, as shown by a
distinct blue pattern, which was darker and more pronounced in samples
treated with iontophoresis, especially at the higher current density (500
pA/cm?). Tontophoresis studies with MNs conducted with Gottingen
minipig skins (Fig. 12) demonstrated a notable flux increase relative to
passive diffusion.

6.9. MNs and electroporation

Electroporation is a new and highly efficient method with low cost,
versatility, and biochemical and biological non-toxicity to deliver mol-
ecules into cells or tissues for clinical applications like wound healing.
Electroporation by applying short electrical pulses (generally 50-1000
V/cm) of milliseconds duration leads to the rearrangement of lipid
bilayer structures resulting in the formation of aqueous pathways for
molecules across the stratum corneum. This process helps deliver large
hydrophilic drug species like molecules, proteins, peptides, and oligo-
nucleotides, including biopharmaceuticals with molecular weights up to
several kDa. Electroporation assisted by the MN roller showed signifi-
cant advantages, providing an electrical driving force to enhance drug
delivery through the lipid bilayer pathways (Huang et al., 2018).

Hooper et al. used a MN array with electroporation to administer a
DNA vaccine (Hooper et al., 2007). The plasmid DNA was dried onto the

Fig. 12. Images of minipig tissue samples stained with nitrazine yellow indicator (blue dye) after diffusion experiments in four groups. (a) A blank minipig tissue
sample (no dye). (b) Minipig skin using MN array control sample (inverted). (c) Minipig skin treated with MN array; (d) Minipig skin treated with MN array and
iontophoresis. Reprinted with permission from (Ronnander et al., 2019). Copyright 2019, Elsevier. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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tips of MNs, and then inserted in vivo into the skin of mouse models. The
DNA dissolved and was transferred into the cells by applying electro-
poration. The mice produced higher levels of IgG1 than those vaccinated
by scarification, with similar levels of IgG1 and IgG2. These findings
indicate that vaccination using dry DNA, which is a preferred stable
state, is possible by combining MNs with electroporation. The amount of
DNA required per vaccine is lower than conventional injected DNA
vaccines, with less pain. Huang et al. found that the electroporation
method combined with MNs created a spatially uniform electric field
both on the surface and inside the skin using a low voltage (50 V), and
successful gene (RFP) expression and siRNA transfection were achieved
compared to results without MNs for treatment of skin diseases or
vaccination (Huang et al., 2018).

6.10. MNs and ultrasound

Large molecules such as vaccines, proteins, and microparticles have
low transfer efficiency through the skin. To overcome this drawback,
combined MNs and ultrasound have shown great potential. Han et al.
improved the rate of penetration of bovine serum albumin in porcine ear
skin to 1 pm/s with the combination of a MN patch and ultrasound -
about ten times higher penetration than the permeability obtained in
passive diffusion (Han and Das, 2013).

6.11. MNs and electrospinning

Electrospinning is another technique for improving the functionality
of MNs. Su et al. fabricated Janus-type antimicrobial wound dressings
for human skin, including diabetic wounds, as shown in Fig. 13a (Su
et al., 2020). The dressing consists of F127/W379-PCL core-shell elec-
trospun nanofiber coupled with dissolvable polydimethylsiloxane
(PDMS) with PVP and W379 antimicrobial peptide MN arrays, which
delivered database-designed antimicrobial peptide effectively to both
inside and outside of biofilms. MN and electrospinning created a wound
dressing with a two-sided/biphasic structure. Each side achieves
different tasks: the immobilized MN arrays affected the penetration of
the biofilms delivering peptides to disrupt them from the inside, while,
simultaneously, the nanofiber membranes provided sustained release of
peptides to attack their outside. The coupled actions of an antibiofilm
Janus-type dressing may contribute to the removal of biofilms and
finally inhibit the resurgence of bacteria. In addition, electrospun
nanofiber membranes could serve as a physical barrier between the
wound bed and the surrounding environment. The nanofiber mem-
branes could also serve as a scaffold for promoting wound healing after
the eradication of the biofilms (Juster et al., 2019). Another benefit of
electrospinning fibers is the easy separation of MN into the skin. Yang
et al. built dissolving MNs on an electrospun pillar array. By tensile
breakage of an electrospun fibrous backing sheet, the dissolving MNs
were separated from the pillar array, leaving them inserted in the skin.
(Fig. 13b, ¢) (Yang et al., 2015). Su et al. combined nanofiber mats and
MN arrays to effectively deliver multiple antimicrobial agents for
treating bacterial biofilms in wounds. Multiple antimicrobial agents,
including AgNO3, Ga (NO3)3, and vancomycin, were incorporated into
nanofiber mats by coaxial electrospinning, which enables sustained
delivery of these drugs to biofilms when incorporated in dissolvable MN
arrays. The results showed that combining these strategies can eradicate
methicillin-resistant staphylococcus aureus (MRSA) and MRSA/pseu-
domonas aeruginosa blend biofilms in an ex vivo human skin wound
infection model without necessitating surgical debridement (Su et al.,
2021).

Many other enhancing technologies could be combined with MNs to
improve wound healing, including retinoid therapy' (Hiraishi et al.,

! Retinoids, derived from vitamin A, are inter alia used to regulate the growth
of epithelial cells.
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2013), light-emitting diodes (LEDs), dermaportation® (Namjoshi et al.,
2008), vitamins, vibratory actuation (Nayak et al., 2016), and proteins
(Yao et al., 2021b). Many might be combined in triple combinations
(Nava-Arzaluz et al., 2011). Few studies have been performed employ-
ing such strategies, and more work is required to explore their consid-
erable potential for the demanding applications of wound healing.

7. Conclusion and future perspectives

Chronic wounds are a growing concern in healthcare worldwide;
they can be painful, impose financial burdens, and significantly decrease
patients’ quality of life. They include different types of damage, like
diabetic foot ulcers, venous ulcers, pressure ulcers, and burn injuries.
Urgent treatments are needed to tackle this significant health challenge.
There are different ways to deliver therapeutic drugs to the wound bed,
such as parenteral, inhalation, oral, and transdermal (Aldawood et al.,
2021). The delivery of therapeutic drugs through the skin can tackle
many problems associated with using other conventional methods, such
as gastric irritation, first-pass metabolism, pain, and dose efficacy
challenges. Among these methods, TDD using MNs would be a promising
alternative (Carthew, 2021).

This review has discussed recent advances in using MNs in wound
healing, including various physical and chemical processes and their
functions. MNs have good drug loading capacity with the ability to
deliver drugs to most tissues and organs, the capacity for loading a wide
range of pharmacologic cargoes, extending to growth factors from fi-
broblasts, proteins, blood platelets, genes, vaccines, drug molecules, and
antibodies with minimum pain (Ganeson et al., 2023), plus the capacity
for collagen synthesis and the ability to disrupt biofilm; all with low
tissue damage. Besides, the ability to use different materials and ge-
ometries increases the efficiency of MNs. Moreover, this technology can
be personalized according to each patient’s skin features and the drug
used. It can be a self-administered method where no expertise is needed.
The tiny MNs are clearly a potentially valuable future medical tool.

Despite the rapidly emerging and clear benefits of MNs, there are
inevitably some limitations, such as the complexity of device design,
varying penetration due to different types of human skin, fouling or
blocking of hollow MN types, local swelling because of the high con-
centration of the subcutaneous drugs, skin sensitivity and risk of MN tip
breakage during insertion. Nevertheless, using physical and chemical
auxiliary methods with MNs could provide new medical technologies
with a significant widespread impact on wound healing and scar
reduction.

The potential market size of MN drug delivery systems is so large that
economies of scale will significantly lower the cost of MNs, provided
there is industrialization of processes for producing them. Since the MN
field is relatively young, more study is needed to realize optimized
properties and therapeutic methods. MNs cannot cure all types of
wounds because of the complexity of the wound microenvironment (Mo
et al., 2023), the need for skin grafting, and the presence of necrotic
tissue or severe infection in the bone. MNs may not have enough drug
capacity to overcome the worst infections, but they can be an inexpen-
sive tool in routine wound management, considerably accelerating the
healing process. In conclusion, there are clear indications that MNs have
the potential to play a vital role in the future of wound healing.
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Fig. 13. (a) Schematic image of Janus-type wound dressing to treat biofilm in chronic wounds by loading peptide in nanofiber electrospinning membrane and MN
patch. Reprinted with permission from (Su et al., 2020). Copyright 2020, American Chemical Society. (b) Schematic image of dissolving MNs on a fibrous sheet
electrospun pillar array. (c) Implantation of a dissolving MN on an electrospun pillar array in the skin has three stages; insertion on the skin, separation of the fibrous
sheet due to the tensile force, and implantation, where dissolving MNs are released into the skin. Reprinted with permission from (Yang et al., 2015). Copyright

2015, Elsevier.
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