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Abstract

Hypertrophic scars (HS) represent a significant clinical challenge due to their complex pathophysiology and resistance to con-
ventional therapies, often resulting in persistent symptoms such as itching, pain, and impaired joint mobility that compromise
patients’ quality of life. Current treatment modalities, including compression therapy, pharmacological agents, radiation,
silicone gel, and laser therapies, have faced limitations primarily due to inadequate drug penetration into the dense fibrotic
scar tissue. In this context, microneedle-mediated controlled delivery systems have emerged as a promising pharmaceutical
platform to enhance localized and sustained delivery of therapeutic agents, including small-molecule drugs, biologic proteins,
small interfering RNA, and living cells, directly into HS. This article critically reviews the biological and formulation-related
challenges associated with transdermal delivery in scar tissue and highlights recent innovations in microneedle design,
material selection, and drug-loading techniques tailored for controlled release applications. Furthermore, it discusses the
integration of proteins and cell-based therapies within microneedle platforms and their potential to modulate scar remodeling
and inflammation. By addressing current limitations and exploring cutting-edge technologies, this review article aims to
guide the development of effective microneedle-mediated strategies for pharmaceutical intervention in hypertrophic scar
management.
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Background

A scar is defined as the visual, structural, and histopathological
alteration of skin tissue following trauma, burns, surgical inci-
sions, vaccinations, infections, or eveninsect bites. Scar formation
represents a physiological, self-protective response by the human
body [1] and can be classified into two types: hypertrophic scars
(HS) and keloids (Figure 1) [2]. HS are characterized by exces-
sive tissue proliferation confined to the boundaries of the origi-
nal wound, without extending beyond it [3]. In contrast, keloids
exhibit uncontrolled, persistent growth that extends beyond the
original wound margins in all directions, often driven by sustained
inflammation and genetic predisposition [4]. Such pathological
distinction between hypertrophic scar and keloids suggests that
HS, characterized by a localized fibrotic process, are particularly
amenable to targeted local interventions, whereas keloids may
require more systemic or combinatorial therapeutic approaches.
Importantly, HS represent a highly prevalent clinical condition,
with ~20 million new cases of HS occurring worldwide each year.
Reported incidence rates ranging from 40%to >70%, and reaching

up to 91% following burn injuries [5, 6]. HS can cause various
undesirable symptoms, including itching, pain, and joint dysfunc-
tion, significantly reducing patients’ quality of life and often lead-
ing to psychological distress [7].

In treating HS, common clinical interventions include compres-
sion therapy, which inhibits scar maturation by promoting the
reversion of myofibroblast to normal fibroblasts during the early
stage of scar formation [8-10]. Pharmacological approaches, such
as steroids [11], botulinum toxin type A[12], antitumor agents [13],
calcium channel blockers [14], and immunosuppressants [15], are
also widely used to modulate cellular proliferation and apoptosis,
thereby reducing fibrosis [16-18]. Radiation therapy is employed
as an adjunct to induce scar atrophy by disrupting the dense
capillary networks characteristic of early scars [19]. Additionally,
laser therapies, including pulsed dye laser and Nd:YAG laser,
selectively ablate scar vasculature, reducing erythema and pain
through targeted vascular destruction, thereby inhibiting scar
progression [20-23]. Despite therapeutic advances, hypertrophic
scar management remains challenging. Pressure garments and
elastic bandages often cause discomfort and poor compliance,
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Figure 1 Schematic illustration and digital photos of skin wound, hypertrophic scars, and keloid scars (pictures were obtained from the Department of
Plastic Surgery of Jiangsu Province Hospital of Chinese Medicine with the consent of the patients)

while repeated injections carry risks of uneven drug distribution
and local adverse effects [24, 25]. Many of these limitations
arise from a fundamental mismatch between existing treatment
modalities and the unique pathological microenvironment of HS.
These challenges highlight the need for novel, advanced delivery
systems that are effective, targeted, intelligent, and well tolerated.

At the tissue level, the hypertrophic scar microenvironment
itself poses substantial barriers to effective drug delivery,
including (1) adense, crosslinked extracellular matrix (ECM) richin
collagen and fibronectin that acts as a formidable physical barrier
[26]; (2) aberrant mechanical stress signaling that perpetuates
fibroblast activation and excessive ECM deposition [27]; and (3)
a hypercellular and metabolically active tissue that may rapidly
clear therapeutic agents [28]. Microneedle-based delivery systems
are uniquely positioned to address these pathological features
through rational structural and functional design. Specifically,
microneedles with sufficient length, density, and mechanical
strength can physically penetrate the stratum corneum and
dense dermal ECM, enabling direct intralesional drug delivery.
Moreover, tunable needle geometry and material composition
allow modulation of local mechanical cues within the scar tissue
and support sustained, localized drug release to counter rapid
drug clearance. This targeted and minimally invasive approach
offers distinct advantages over conventional topical formulations
or intralesional injections for HS management, highlighting the

unique suitability of microneedle platforms for addressing scar-
specific pathophysiology.

Since 1976, microneedle patches have emerged as a promising
transdermal delivery platform, creating microscale conduits in
the skin that enable direct access to the dermis, thereby enhanc-
ing drug absorption and bypassing hepatic first-pass metabolism
[24, 25]. Their customizable size, geometry, and material com-
position allow minimally invasive and largely painless adminis-
tration [29] (Figure 2). Beyond serving as drug delivery vehicles,
microneedle insertion itself can induce micro-injury, which has
been shown to promote scar remodeling and tissue regeneration
while reducing fibrosis [30]. Despite these advantages and their
successful clinical translation in indications such as migraine, type
1 diabetes, and uveitis, no Food and Drug Administration (FDA) -
approved microneedle-based products are currently available for
hypertrophic scar therapy.

Review

Microneedle regulates mechanical stress
in scar tissue

Mechanical stress plays a key role in scar formation. Fetal wounds
typically heal without scarring due to minimal tension in fetal
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Figure 2 Advanced design of microneedle patches in treating hypertrophic scar. PDT photodynamic therapy

skin, while adult scars are aggravated by high skin tension and
increased fibroblast activity [31]. Moreover, mechanical stress is
not merely a physical driver but also a potent modulator of the
local immune and inflammatory response in scar pathogenesis
[32]. Excessive tension promotes the sustained infiltration and
activation of immune cells, particularly driving macrophages
toward a profibrotic M2 phenotype, and stimulates resident
fibroblasts and keratinocytes to release inflammatory cytokines
(e.g. Interleukin-18 (IL-18), IL-6) and profibrotic mediators like
transforming growth factor-beta 1 (TGF-B1). This creates a
vicious cycle where inflammation enhances fibroblast activation
and ECM deposition, which in turn increases tissue stiffness
and further amplifies mechanical stress signaling. Additionally,
various skin cells, including keratinocytes, fibroblasts, and
immune cells, respond to mechanical stress by converting it into
biochemical signals, activating molecular pathways that promote
scar formation, including TGF-81/Smad, MAPK, and ILK-PI3K/AKT,
which regulate scar formation and cell proliferation [33-35].

Reducing tension at wound edges is known to minimize
scarring. Microneedle interventions are reported to disrupt
mechanical signal transmission between cells and the ECM,
reducing collagen and fibronectin deposition while creating a
low-stressed tissue environment [36]. A nontoxic microneedle
patch using silk fibroin and polyvinyl alcohol has shown efficacy
in inhibiting hypertrophic scar formation by blocking fibroblast
communication with the ECM, downregulating TGF-81, ¢-smooth
muscle actin («-SMA), collagen I, and fibronectin, thus reducing
fibrosis [36]. Additionally, mechanical stress activates YAP, which
promotes TGF-8/Smad signaling and fibrosis. Studies have
shown that chemical inhibitors of YAP, such as verteporfin (VP),
can mitigate these effects. When loaded into microneedles
made of methacrylated silk fibroin protein, these inhibitors
have been shown to effectively reduce mechanical tension by
blocking YAP-mediated mechanical signal transduction, thereby
preventing excessive scar formation [37, 38]. By targeting both the
biochemical and mechanical pathways involved in scar formation,
these innovative microneedles may have the potential to improve
clinical outcomes in the general practice.

The length, array density, and mechanical hardness of
microneedles are key design parameters that regulate mechanical

stress within scar tissue and the associated mechanotransduction
pathways [39]. Studies have shown that microneedles with
a length of 500 um exhibit limited therapeutic efficacy due
to insufficient penetration into scar tissue, whereas 1500-
um microneedles, although capable of deep penetration, are
prone to causing bleeding and inflammatory responses. In
contrast, 1000-um microneedles demonstrate the optimal
therapeutic outcome in the rabbit ear hypertrophic scar model,
as they effectively penetrate the dermal layer while minimizing
tissue damage [36]. The array density of microneedles also
influences the distribution of mechanical stress and modulation
of the cellular microenvironment. High-density arrays (e.g.
15 x 15, ~225 needles cm™2) can significantly increase surface
hydrophobicity, restrict cell migration and proliferation, and
thereby more effectively disperse mechanical stress and inhibit
fibroblast contraction. However, excessively high densities may
lead to localized stress concentration at the needle tips, which
can impede tissue remodeling. Therefore, an optimal balance
between array density and stress uniformity must be achieved
in practical microneedle design [36]. With respect to hardness,
the mechanical strength of microneedles directly determines
their puncture capability and efficiency of stress transmission.
For single-polymer microneedles, mechanical strength can be
enhanced through physical or chemical crosslinking, modulation
of polymer crystallinity, and increasing polymer molecular
weight. In addition, incorporating reinforcing agents or nano-
/microparticles into microneedle matrices is an effective strategy
forimproving the mechanical strength of microneedles fabricated
from brittle polymers [40].

Microneedle-based therapy for hypertrophic scar targets both
the biochemical and biomechanical pathways involved in scar
formation. While microneedling alone has demonstrated thera-
peutic benefits in hypertrophic scar management, conventional
microneedles lack drug-delivery capability and therefore exert
predominantly mechanical effects. This limitation prolonged and
repeated treatments, which may compromise patient compliance.
Microneedle delivery systems have shown efficacy in both
immature and mature hypertrophic scar. In the early stage of scar
formation, therapeutic strategies primarily aim to suppress aber-
rant cellular proliferation and inflammatory responses, whereas
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Figure 3 Microneedle-mediated controlled delivery of drugs, proteins and cells for treating HS. siRNA small interfering RNA, MMP matrix
metalloproteinase, «-SMA a-smooth muscle actin, TGF-82 transforming growth factor-beta 2

treatment of mature scars focuses on collagen remodeling and
ECM reorganization. Accordingly, microneedle systems should
be rationally designed to match the pathological stage and
underlying biological characteristics of HS. Although early clinical
intervention is generally associated with improved outcomes,
microneedle-based delivery systems, particularly when combined
with adjunctive therapies, have also demonstrated potential in
improving mature scars. Despite these advances, current studies
lack systematic clinicalinvestigations to define the optimal timing
of microneedle-based interventions across different stages of HS
development. Moreover, no microneedle delivery systems have
yet been reported that can dynamically modulate drug release
throughout the entire progression of scar formation, representing
a critical gap and an important direction for future research.

Advanced microneedle delivery systems in
the treatment of HS

Strategies for using microneedles to treat HS include directly
applying microneedles to regulate mechanical stress in the scar
tissue [36]. Research focuses more on using microneedles as
delivery systems to deliver small molecular drugs, including
various natural compounds, and chemical drugs [41-43].
Macromolecular drugs, such as cytokines [44], enzymes [45],
and proteoglycans [46], and nucleic acid drugs represented
by small interfering RNAs (siRNAs) [47], as well as cells and
exosomes [48-51], can also be encapsulated and released via
microneedle delivery system (Figure 3). To accommodate the

unique physicochemical properties and mechanisms of action
of therapeutic agents for HS treatment, researchers have tailored
microneedle structural designs through the selection of specific
materials, functional modifications, and optimization for scar
applications. Microneedle design must be cargo specific. For
small-molecule drugs, key considerations include improving
solubility and precisely controlling release kinetics. For biologics
such as proteins and nucleic acids, preserving stability and
biological activity during fabrication and storage is paramount.
For live cells and exosomes, maintaining post-delivery viability
and biological functionality represents the primary challenge.
Precise delivery to the dermis is the major advantage of micronee-
dle, while it can also be used to increase skin permeability,
improve bioavailability, trigger nonspecific immune responses,
and modulate local mechanical stress with reduced pain and
undesirable variability. These innovations aim to meet the
therapeutic needs of HS across different clinical scenarios
(Tables 1-4) [52-64].

Beyond cargo-specific considerations, the pathological evolu-
tion of HS further necessitates stage-specific microneedle design.
The pathological features and therapeutic objectives of HS change
dynamically overtime. During the early inflammatory and prolifer-
ative phases, the primary goals are to suppress excessive inflam-
mation and inhibit fibroblast hyperproliferation; thus, micronee-
dles at this stage should enable rapid release of anti-inflammatory
and antiproliferative agents [30, 65]. In contrast, mature scars are
characterized by dense and highly remodeled ECM, where treat-
ment strategies focus on degrading excessive collagen deposition
and promoting its orderly reorganization [3].

9202 1990}20 Z| U0 1sanB Aq G2G/2G8/SG20BEN)/ASUING/E60 L 0 L/10p/3|2IHE/BWNESUING/WO00"dNO"OIWapEedE WOJj papeojumoq



Burns & Trauma, 2026, Vol. 14, tkag025

Downloaded from academic.oup.com/burnstrauma/article/doi/10.1093/burnst/tkag025/8527525 by guest on 12 October 2026

(joyooie jAuin) Kjod vad ‘(p1oe 21)102A)3-03-01308)) Ajod 9 7d ‘(102413 aus)Ay3a)
Kjod 934 ‘(puopijonkdiAuin) Ajod gad “1se|qoaquy Jeds diydosadAy 4SH ‘@rejhioeyiaw uiie)asd yujeo ‘©sojn|ad 1AY1e D7 ‘|e1nuassa ouedalo IO ‘pioe dluoiniedy yH ‘@pAyapie 21nya1e20304d v ‘©pluolade suojoudwel v/

Adetayy Jase] y3im pauiquio)

saseyd 3unapowal pue ‘saiesayioad
‘f1ojyewiweljul jo uone|ngal pawweldold
KJaAI)ap paueisns

[09] Y ¥ 8uunp uonepeidaq d)paautad N LT £1aA1jap 1820] 2184NDY VAd uueday pue uiiodauapn 0T
d|pasuosdiw
9U1 Jo Y13ua3s |edlueydaW dY) 9Sea.du|
uonesyduad 3nip
BdN T< saoueyua Adesayy oiweulpoloyd pauiquo)
[65] - snnpow s8uno, K13A119p 1820] 33RIN2DY U2.e3s pue unejsn auinboJojyd ‘TOT-TIN®XOND 6
uonesduad 3nup adueyua sa)qqng 20D
[85] S 0CT Ulyum aseajal Snug 9|paau/N 89°0 KJan)ap |220] 2184N20Y v91d Pue ‘93d ‘dAd €0DHEN pue p1de duy) 8
apueydeskjod
yre sisejqo.quy Sunadie] eleLs e)jiis)g pue ‘yiomawel)
UIYIM 9%08°0 F ZE'8L~ KJan1jap pauleisng 51uedIo |eIdW ULIIXPO]IAD PayU1ISSOLD
[26] saseajas Snup aAneInwInD N GC~ KI9A119p 18D0] 9384NDY dAd pue yH 9]eu0gJed ‘dueiquiaw 4SH ‘unedIBNY /
Ayinisuodsas Hd Juali)eiul
YT UlyUm o6z €L~ Kian119p pauleisns 8-10MdWely 91e|0ZepIWI
[95] aseajaJ Snup annenwind - £1an1jap 1820] 184Ny VIN]9D  D1})09Z pue ‘Duljjauod i} ‘s19IsnjdoueU JaA)IS 9
[ss] - 91pa3u/N 850°0 K19A119P 1220] 318INDDY YH uIuoyIysS S
ulw 08
SeM UDYS jewou Jo jeys
pue ‘uiw 06 Sem UD{s Jeds d|pdauoioiw 9)geyoelap siJake) 3uppdeg J9Ae) Supypoeq se
[ev] Joswn uonnjossip ayL 19d N 66°0 K1A119p 220] B18INDDY uomnnjos joueyld 13 ‘uPn 030 ¥
d|paauosoiw
9U1 Jo Y13ua3s |edIuBYIDW BY) 9SE.IDU|
KJaAI)ap pauelsns
[¥S]  ulw QT ulyHm aseajas 3niq d)paauJad N #'T K1aA1)9p B20] 3184N20Y une|as pue yH vd €
u8isap paziwolsnd a)qeusd siayund ge
KJanI)ap paueisns
[€G]  ulw QT ulyuMm aseajas 3nug dpaauJad N 0£°0 KJ9A1)3p |8I0] 93RINDDY yoJels pue une|en uepeso’ z
uonesduad Japag suiwiausjAyrsAjod
[za] - - KIaA1)9p B20] 3184N20Y pue uenxaq Vi 1
3.0}
o djes ased)ay 1estueydapy saSejuenpy sjeuale s8nap anny ON

sSnup Jejndajow jjews SULIBAISP Ul 9]Pa3UOIDIW JO SIUSWSDUBAPE JUSd3Y T d)qeL



Burns & Trauma, 2026, Vol. 14, tkag025

Table 2 Recent advancements of microneedle in delivering macromolecular drugs

No Active Materials Advantages Mechanical Release rate Ref
macromolecules force
1 Interferon alpha 1b CMC (8000 cp) as + Accurate local delivery 5.85N Cumulative release [44]
microneedle and CMC + Sustained delivery 88.7% within 30 min
(36 cp) as backing layer « Backing layer is detachable
2 HAase, 5-aminoevulinc ~ CMC-Na and PVP K30 + Accurate local delivery >14.4N Drug release within [45]
acid, and metformin + Better penetration 20 min
3 rhPRG4 GelMA as microneedle and « Accurate local delivery - >7 days [46]
gelatin as backing layer + Sustained delivery
+ Regulate inflammatory
response

CMC carboxymethyl cellulose, HAase hyaluronidase, PVP poly (vinylpyrrolidone), rhPRG4 recombinant human proteoglycan 4, GelMA gelatin methacrylate

Table 3 Recent advancements of microneedle in delivering siRNA

No siRNA and Materials Advantages Mechanical Release rate Ref
therapeutic agents force
1 siRNA, gelatin, tyramine HA « Accurate local delivery Release of 84.9 4+ 13.8% [47]
« Sustained delivery at 60 min
2 SPARC siRNA HA « Low pain and pruritus - - [61]
+ siRNA microneedle patches on
2-week-old surgical scars for
1-2 months can reduce scar tissue
formation
3 siRNA HA, mSiOy, + Enhance targeted delivery 0.08 N per needle Release of 80% in [62]
upconversion + Inhibit mitophagy, promote apoptosis, 3days

nanoparticles

and modulate inflammation

+ Regulate macrophage polarization

siRNA small interfering RNA, HA hyaluronic acid, SPARC secreted protein acidic and cysteine rich

Microneedle delivery of small molecular drugs

The small molecule drugs used for anti-scar formation therapy are
summarizedin Table 1 [52-60]. Their primary mechanismsinclude
inhibiting fibroblast proliferation [30, 52, 53], preventing the
transformation of fibroblasts into myofibroblasts [48], promoting
fibroblast apoptosis [54, 56], modulating immune responses [60],
and suppressing ECM production [66]. Commonly used drugs
include glucocorticoids, such as the triamcinolone acetonide
(TA) [41, 52], antitumor agents like 5-fluorouracil (5-FU) [13, 43]
and bleomycin [13], angiotensin-converting enzyme inhibitors
and angiotensin receptor blockers such as losartan [53], and
natural active compounds and extracts from Traditional Chinese
Medicine, including oregano essential oil [42] and shikonin [55].
However, when these drugs are directly applied to HS, low drug
solubility that leads to poor formulation properties, short half-
life, significant local irritation, and high toxicity and uncontrolled
release within scar tissue are considered as the limitations.
Microneedle drug delivery systems are therefore further
modified to increase the drug solubility of small molecules.
TA is the most widely used drug for treating HS, exerting its
anti-inflammatory effects by inhibiting fibroblast mitosis and
suppressing macrophage polarization. However, due to its poor

water solubility, TA is typically administered as a suspension
in clinical settings, which is unsuitable for the formulation
of microneedle fabrication. To address this, hydroxypropyl-8-
cyclodextrin (HP-B-CD) encapsulation is utilized to improve
the solubility of TA (Figure 4a). This approach was proved to
significantly increase the drug-loading capacity of microneedles
by ~4 times and their mechanical strength by ~2-fold. Animal
studies have demonstrated that HA microneedles loaded with
cyclodextrin-encapsulated TA significantly reduced the scar
elevation index to normal levels, with decreased mRNA and
protein expression of collagen | and TGF-B1 [41]. Similarly,
nanotechnology-based approaches, such as nanoparticles in
combination with microneedle delivery systems, are also proved
to improve drug solubility by ~30 times, ensuring higher drug
concentrations at the target site (Figure 4b) [57].

Microneedle delivery systems offer additional benefits by
concentrating the drug within the scar tissue, minimizing its
impact on surrounding healthy tissue. The antitumor drug 5-
FU inhibits DNA synthesis in scar tissue cells, reducing collagen
production, suppressing fibroblast proliferation, and limiting local
vascular neogenesis [30]. However, due to rapid elimination by
endogenous dihydropyrimidine dehydrogenase, 5-FU has a short
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Table 4 Recent advancements of microneedle in delivering cells and extracellular vesicles

No Cells and active Materials Advantages Mechanical Release Ref
molecules force rate
1 MSCs PLGA as shell and Accurate local delivery ~05N - [63]
GelMA as core Sustained delivery
2 MSC-derived exosomes  GelMA as shell, Accurate local delivery 0.25N 48h [50]
and mangiferin PGLADMA as core Sustained delivery
Regulate inflammatory response
Shell layer swells rapidly to enhance
tissue-interlocking adhesion
3 HSF-derived exosomes  Decellularized Enhance targeted delivery >0.1N - [64]
and curcumin extracellular Inhibit mitophagy, promote apoptosis,
matrix from and modulate inflammation
umbilical Regulate macrophage polarization
cord-derived
mesenchymal
stem cells
4 ADSCC-CM and TA Keratin and HA Accurate local delivery >0.1N >5days [51]
Sustained delivery
Regulate inflammatory response
5 ADSC exosomes HA and HP-B-CD Accurate local delivery 257N Fast [48]
encapsulate as microneedle Sustained delivery release
miR-141-3p PVP K90 as Increase the mechanical strength of the within
backing layer microneedle 20 min
6 CAR-TREM2- PLGA, PEGDA, and Accurate local delivery - 48h [49]
macrophages CaCO3 Sustained delivery

+ Regulate inflammatory response
« Microporous structures enhance
cell-loading efficiency

MSCs mesenchymal stem cells, PLGA poly (lactic-co-glycolic acid), GelMA gelatin methacrylate, PGLADMA poly (lactide-co-propylene glycol-co-lactide) dimethacry-
late, HSF hypertrophic scar fibroblast, ADSCC-CM adipose-derived stem cell concentrated conditioned medium, TA triamcinolone acetonide, HA hyaluronic acid,
HP-B-CD hydroxypropyl-B-cyclodextrin, PVP poly (vinylpyrrolidone), PEGDA poly (ethylene glycol) diacrylate

half-life, requiring higher doses and frequent administrations,
which can lead to adverse effects such as depigmentation,
skin atrophy, and capillary dilation. A two-layer microneedle
array containing 5-FU and TA was therefore designed (Figure 4c)
[43]. The needle body, made of chitosan and dextran, provides
sustained release of 5-FU (50% of the drug remains in the tissue
24 h post-application compared to no detectable drug residue
in the group treated with the drug solution), while the needle
tail, composed of HA and HP-B-CD, facilitates rapid TA release.
This dual-release design was proven to enhance efficacy, prolong
drug retention at the lesion site, and improve patient safety.
Additionally, such combinations utilizing both rapid and sustained
release profiles have been employed with other drugs in treating
HS. For example, dexamethasone combined with colchicine has
shown greater effectiveness compared to either drug alone [67].
This strategy not only improves drug utilization but also reduces
toxicity and side effects.

The low molecular weight of small-molecule drugs can cause
rapid burst release from microneedles, making it difficult to
achieve sustained therapeutic effects. Therefore, controlling the
release rate remains as a significant challenge. Polymeric mate-
rials such as poly (lactic-co-glycolic acid) (PLGA) (Figure 5a) [50]
and polycaprolactone (PCL) (Figure 5b) [68] are commonly used,

aiming for sustained drug release. By adjusting the polymer ratios
or crosslinking degrees, researchers are capable of enhancing the
mechanical properties of microneedles while optimizing the drug
release rate [60]. Moreover, polysaccharides, like HA, maltose, and
chitosan, or low crosslinking polymers are found to be ideal for
manufacturing rapid-dissolving microneedles. Small quantities
of agents such as NaHCO3, anhydrous citric acid (Figure 5c) [58],
or magnesium particles (Figure 5d) [69] are also incorporated
into the microneedle tips to generate gaseous microbubbles,
promoting immediate drug release.

There are many types of small-molecule drugs and multiple
therapeutic targets for treating HS. To enhance efficacy, various
drugs can be further dual loaded to achieve synergistic effects
across different targets. However, the complexity of dual-
drug loading systems also presents a major challenge. Drug
formulations have been integrated into different regions of
the microneedles using a range of matrix materials, enabling
controlled dual-drug release profiles. In addition, microneedles
feature diverse structural designs, such as coated, encapsulated,
and multilayered structures, which allow for controlled drug
release, an essential feature in treating HS. One promising
approach involves the “core-shell” microneedle patch, engi-
neered based on the wound microenvironment (Figure 5e) [60].

9202 1990}20 Z| U0 1sanB Aq G2G/2G8/SG20BEN)/ASUING/E60 L 0 L/10p/3|2IHE/BWNESUING/WO00"dNO"OIWapEedE WOJj papeojumoq



Burns & Trauma, 2026, Vol. 14, tkag025

a
[l Drug loading
100 - — Needle drug proportion -100
Inclusion complex i I/{__{/‘_\T {s0 o
5 H
o P
2 60- £
£ &
T a
S 404 o
g ]
a 2
201 3
z
-y 2 3 13 5
N N N NP WA
b RTSOIPTC LI L RIe e
> w w
/ S 4 200
‘ ol <—* S+
> L
}
oS / QUE@HSF/CDF HSF membrane QUE@CDF 100~
'\ E\ , : s E 8o i |
BSP-MNs-QUE@HSF/CDF b4 *
. S 601 x
Active targeting & t N [ B =
/ \ [ 1
[ \ >
| & 404 — QUE
................... \ o 2o | ’. | &
{ Collegen I NN B —— QUE@CDF
| Collégen I o o 3 —— QUE@y-CD
R IR —— QUE@HSF/CDF
0 T r T r T T T i T v 1
* 0 4 8 12 16 20 24
R (HSF) Time (h)
(o3

]

3
o
=
5

-~ 5-Fu-Injection

©® 5-Fu : nje
)| HamPpco 4 -= TA-Injection
Y csibex : BMN@5-Fu

-
=~ Tail layer@5-Fu BMN
-y

BMN@TA

=23
=3

FY
o

Hypertrophic scar retention (%)
N
o

0 12 24 36 48 60 72

3 S50 :
Skin insertion Rapid release TA Sustained release 5-Fu Time(h)

Figure 4 Microneedle enhances the solubility of small molecular drugs. (a) Combine HP-8-CD encapsulation with microneedle delivery systems to
improve the solubility of TA [41]. Copyright 2019, Elsevier. (b) Combine nanoparticles with microneedle delivery systems to enhance the solubility of
quercetin [57]. Copyright 2021, American Chemical Society. (c) A two-layer microneedle array offers a combination of rapid release and sustained release
properties while prolonging drug retention at the lesion site. Reproduced from [43] under an open access license. QUE quercetin, HSF hypertrophic scar
fibroblast, CDF cyclodextrin metal organic framework, BSP Bletilla striata polysaccharide, TA triamcinolone acetonide, 5-FU 5-fluorouracil, HA hyaluronic
acid, HP-B-CD hydroxypropyl-B-cyclodextrin, BMN bilayer dissolving microneedle, CS chitosan, DEX dextran

This design features a ROS-degradable polyvinyl alcohol shell
loaded with VP, a fibroblast inhibitor, and a heparin-containing
core. Heparin modulates the immune microenvironment by
neutralizing inflammatory factors and shifting macrophages
from an M1 (pro-inflammatory) phenotype to an M2 (anti-
inflammatory) phenotype. This core-shell system has demon-
strated potential in promoting macrophage polarization, facilitat-
ing the transition from inflammation to tissue proliferation. It also

promotes angiogenesis and ECM deposition, ultimately leading to
scar-free tissue regeneration [60]. Microneedles with drug coatings
combine high penetration efficiency with rapid delivery, making
them as dual therapeutic tools (Figure 5f) [70]. The programmable
nature of these microneedle systems allows for multiphase drug
release in a single application, maintaining a balance between the
inflammatory, cell proliferation, and tissue remodeling phases of
wound healing. This innovative strategy holds great potential for
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advancing the intelligent regulation of cutaneous wound-healing
process, enabling multidrug co-loading and multitarget efficacy
in scar management.

In addition to enhancing drug solubility and achieving con-
trolled release, improving the local skin targeting of microneedle-
based drug delivery systems represents an important strategy

for HS treatment. One effective approach involves chemical
modification of drug molecules or carriers to enhance targeting
of specific cell types or subcellular organelles. For example,
mannose-modified epigallocatechin gallate and metformin
nanoparticles have been incorporated into separable core-shell
microneedle patches fabricated from quaternized chitosan and
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ROS-degradable polymers. Mannose ligands bind to mannose
receptors on the surface of macrophages, thereby promoting
nanoparticle endocytosis, regulating mitochondrial function, and
suppressing diabetic wound scar formation through downregula-
tion of the IL-17/PI3K/Akt signaling pathway. This design enables
microneedle systems to integrate multiple functions, including
skin penetration, controlled drug release, cellular targeting,
and immunomodulation, thereby advancing microneedles
into multifunctional and integrated material platforms [71].
Moreover, local bioactive enzyme activity within the skin plays
a crucial role in modulating drug efficacy. Accordingly, the
development of enzyme-targeted microneedle drug delivery
systems provides a promising new direction for HS therapy.
For instance, prednisone-loaded silk fibroin microneedles have
been shown to upregulate the expression of 118-hydroxysteroid
dehydrogenase type 1 (118-HSD1) in local tissues, an enzyme
responsible for converting inactive glucocorticoids into their
active forms. These microneedles enable sustained prednisone
release for up to 7 days. Following release at the target site,
prednisone is locally activated in situ, thereby accelerating scar
tissue remodeling, reducing scar area, and inhibiting fibrosis.
This enzyme-targeted delivery strategy not only optimizes local
glucocorticoid metabolism and enhances tissue penetration but
also markedly reduces the systemic side effects associated with
active glucocorticoids [72].

As the physiological barriers of the hard-textured stratum
corneum and the dense ECM of scar tissue significantly hinder
transdermal penetration and intracellular drug delivery [45],
exogenous adjuvant therapies, such as light-sensitive [59] or
electrical stimulation [73] approaches, are often combined with
microneedle drug delivery systems [74]. Photodynamic therapy
(PDT) has demonstrated clinical efficacy in reducing HS and
improving scar pliability. When combined with microneedles,
this approach provides great advantages of being minimally
invasive and highly controllable. Researchers also designed
microneedle arrays that incorporate a photosensitizer, enabling
the microneedles to penetrate both porcine skin and rabbit ear
scar tissue [59]. The microneedle patches possess sufficient
mechanical strength to deliver the photosensitizer deep into the
scar tissue and enhance the sustained release of the active drug,
achieving deeper anti-scar effects through PDT [59].

Taken together, while small molecular drugs target key
pathways in hypertrophic scar formation, their clinical translation
is hampered by inherent physicochemical limitations such
as poor solubility and poor targeting. Microneedle delivery
systems emerge as a potent strategy to overcome these barriers.
They enhance drug solubility and loading capacity through
cyclodextrin encapsulation or nanotechnology, enable controlled
release and co-delivery of two drugs via sophisticated material
designs (e.g. core-shell structures), and facilitate combination
therapies for synergistic multitarget effects and enhance the
targeting of local cells, organelles, and bioactive enzymes. While
microneedle systems match the efficacy of some conventional
treatments and improve drug delivery efficiency, their small size
limits drug loading, requiring more potent drugs and advanced
formulations to increase capacity in future development. On the
other hand, high drug loading may lead to insufficient hardness of
microneedles, such as the risk of fracture, and a balance between
drug loading and mechanical strength is also needed.

Microneedle delivery of macromolecular drugs

Unlike small-molecule drugs, macromolecular drugs, especially
protein, offer target specificity, high efficacy, and minimal side
effects [75]. However, their larger molecular weight, hydrophilic-
ity, and susceptibility to denaturation and inactivation result
in slower transdermal diffusion in hypertrophic scar tissues
[75, 76]. Additionally, they are more sensitive to environmental
conditions during preparation, storage, transportation, and
application [77]. Current research on protein-based drugs for
hypertrophic scar therapy includes cytokines [44], enzymes
[45], and proteoglycans [46]. However, there has been limited
investigations of microneedle delivery systems for these protein-
based therapies despite their potential as a promising treatment
strategy. Soluble microneedles may be suitable for administering
protein-based drugs. Typically composed of dissolvable materials
that incorporate the drug into the microneedle body, these
devices allow for efficient drug delivery into the skin through
the dissolution of the microneedle matrix. Importantly, soluble
microneedles leave no harmful residues after penetration into
skin. Furthermore, the microneedle preparation is mild, avoiding
high temperatures, extreme pH, or organic solvents, which can
maintain the stability of protein-based drugs.

Interferons are a class of cytokines known for their antiviral and
antiproliferative effects [78]. They induce apoptosis, inhibit fibrob-
last proliferation, enhance collagenase activity, and downregu-
late collagen production [78, 79]. The application of interferon-
loaded, detachable bilayer soluble carboxymethylcellulose poly-
mer microneedle patches has demonstrated significant efficacy
in treating HS (Figure 6a). In these patches, the second layer dis-
solves rapidly upon insertion, allowing the microneedle tip, which
contains interferon, to remain in the skin and provide sustained
release of the drug. This approach effectively inhibits fibroblast
proliferation and reduces collagen deposition, leading to notable
reductions in scar color and thickness [44]. Additionally, the rel-
ative expression of collagen I, collagen Ill, TGF-8, and o-SMA was
significantly downregulated in the scar tissue.

Hyaluronic acid (HA) is a key component of the ECM, where
it is tightly bound to collagen fibers and acts as a barrier to
the diffusion or penetration of anti-scarring drugs. To address
this challenge, hyaluronidase has been used to overcome the
dual barrier posed by the stratum corneum and the ECM [80].
Hyaluronidase is an enzyme that specifically degrades HA. It
breaks down the HA content in the tissue, leading to a softer
and more permeable matrix, which facilitates the diffusion of
injected drugs and exudates from the localized lesion area [81].
The application of hyaluronidase has been shown to enhance the
diffusion of FDA-approved 5-aminolevulinic acid (ALA), offering an
alternative strategy to inhibit ECM barriers [82]. A novel delivery
system was developed by combining ALA with HAase-loaded
microneedles, forming a soluble microneedle co-delivery system
(Figure 6b). This system leverages the permeation-enhancing
effect of hyaluronidase, acting as a “spear” to promote ALA
penetration, induce fibroblast apoptosis, activate relevant sig-
naling pathways, and ultimately enhance the anti-scarring effect
[45].

Recombinant human proteoglycan 4 (rhPRG4) can modulate
macrophage polarization and prevent fibrosis and scar formation
during wound healing. However, its large molecular weight
limits skin penetration and diffusion. Biodegradable gelatin
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methacryloyl (GelMA) hydrogel microneedles have been devel-
oped to deliver rhPRG4 directly into the lesion (Figure 6c). In this
microneedle system, rhPRG4 is loaded into a dissolvable backing
layer and slowly degradable GelMA microneedles. Upon insertion
into the tissue, the backing layer dissolves, releasing rhPRG4 into
the wound, while the GelMA microneedles gradually release the
drug, maintaining its local concentration and bioavailability [46].

In contrast to small molecules, macromolecular drugs offer high
target specificity and efficacy but face challenges in transdermal
delivery dueto their large size, hydrophilicity, and instability. Solu-
ble microneedles provide a promising strategy for delivering these
biologics. These MNs are typically fabricated from biocompatible
and dissolvable polymers such as GelMA, enabling mild processing

conditions (avoiding high temperature, organic solvents, or
extreme pH), thus preserving the stability and bioactivity of
macromolecules and enabling efficient intradermal release.
Examples include interferon-loaded microneedles for sustained
antiproliferative and antifibrotic effects, hyaluronidase-based
systems for enhanced penetration through ECM degradation,
and proteoglycan-loaded biodegradable microneedles for pro-
longed bioavailability and immunomodulation. Although soluble
microneedles show great promise for delivering macromolecular
drugs, several challenges remain. These include maintaining the
mechanical strength of the needles after drying to prevent bend-
ing or breaking during penetration of scar tissue. Additionally,
for microneedles delivering bioactive macromolecular drugs,
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especially protein-based drugs, it is important to ensure that the
concentration of the matrix material does not compromise the
protein’s activity and to avoid vibrations during the preparation
process that could lead to protein denaturation.

Microneedle delivery of nucleic-acid drug (siRNA)

In microneedle-mediated treatment of HS, nucleic acid therapeu-
tics such as siRNA have attracted considerable attention due to
their ability to target pathogenic genes and precisely regulate
gene expression. As short double-stranded RNA molecules, siR-
NAs specifically silence target mRNA through the RNA interfer-
ence mechanism, thereby intervening in disease progression at
the genetic level. Previous studies have demonstrated that siRNA-
mediated silencing of key profibrotic factors, such as connective
tissue growth factor [83] or transforming growth factor-8 [62], can
effectively inhibit fibrotic processes. However, siRNA is inherently
susceptible to enzymatic degradation, and its in vivo delivery effi-
ciency remains low. Moreover, conventional delivery carriers, such
as exosomes [84], are often associated with complex preparation
procedures and limited stability, which together severely restrict
the clinical translation of siRNA-based therapies.

Microneedle technology provides an effective and minimally
invasive platform for the transdermal delivery of siRNA. By
penetrating the stratum corneum, microneedles enable direct
deposition of siRNA into the dermis, where it can be internalized
by target cells to exert gene-silencing effects. A randomized
controlled study conducted at a dermatology center demon-
strated that postoperative wounds treated with siRNA-loaded
microneedle patches exhibited a significant reduction in scar
volume after 60 days, confirming both the efficacy and safety of
this approach for inhibiting scar formation [61]. To improve siRNA
stability during delivery, a range of protective strategies have been
developed. Forinstance, siRNA can be assembled with gelatin and
tyramine to form nanocomposites and subsequently incorporated
into sodium hyaluronate-based microneedles, thereby enhancing
resistance to enzymatic degradation and prolonging therapeutic
activity [47]. Animal studies have shown that this system delays
wound contraction and reduces collagen deposition, ultimately
suppressing scar formation. Similarly, encapsulating siRNA within
mesoporous silica nanoparticles prior to microneedle loading
not only protects siRNA from degradation but also promotes
tissue diffusion and intracellular uptake, further enhancing gene-
silencing efficiency and offering a promising strategy for localized
siRNA therapy [62].

Despite these advances, siRNA-loaded microneedle systems
still face few challenges, including limited stability at room
temperature, potential immunogenicity, and difficulties in large-
scale manufacturing. Future strategies may involve the use of
immunomodulatory polymers, such as poly[di (carboxyphenoxy)
phosphazene], as microneedle matrices [85], or the development
of frozen microneedle platforms to better preserve siRNA
bioactivity. In parallel, further improvements in siRNA stability
may be achieved through integration with nanocomposites,
mesoporous coatings, and related technologies. Nevertheless, the
source availability and high synthesis cost of siRNA remain major
bottlenecks for its clinical translation and large-scale application.

Microneedle delivery of cells and exosomes

Therapeutic cells, such as stem cells and macrophages, along with
their derived extracellular vesicles (such as exosomes), can be

directly delivered to pathological sites using microneedle-based
systems [49, 63]. Compared to the commonly used intravenous
infusion method, microneedle transdermal delivery enhances
tissue targeting and reduces the risk of off-target effects in
systemic circulation [86] and also prolongs local retention time
and expands the potential applications of cell therapy in tissue
regeneration and repair [64, 87]. An overview of microneedle-
based delivery designs for various cell types in the treatment of
HS is provided in Figure 7 and Table 4.

Stem cells are renowned for their immunomodulatory, anti-
inflammatory, and antifibrotic properties, showing promise
in preventing and treating excessive scar formation [88].
Mesenchymal stem cells (MSCs), adipose-derived stem cells
(ADSCs), and human amniotic epithelial cells are widely studied
[89], and induced pluripotent stem cells [90] are currently at the
forefront of scar treatment research [91-93]. Moreover, stem cell-
derived exosomes and nano-sized vesicles (30-200 nm) were
proved to inhibit collagen expression and reduce myofibroblast
proliferation, thereby facilitating ECM remodeling [94]. Beyond
their role in intercellular communication, exosomes contribute
to ameliorating fibrotic tissue conditions and promoting scar-
free healing. Their lipid bilayer structure enables efficient drug
loading, while surface-specific proteins and glycans inherited from
parent cells confer a natural “homing effect,” allowing targeted
uptake by recipient cells (Figure 7c) [64]. Microneedle systems
provide an innovative strategy for enhancing the cutaneous
delivery of stem cells and their exosomes, significantly improving
therapeutic outcomes in hypertrophic scar treatment. Studies
indicate that MSCs and MSC-derived exosomes alleviate scar
formation by modulating macrophage activity, suppressing M1
polarization, and regulating ECM deposition [95]. A study employ-
ing GelMA combined with MSCs demonstrated that GelMA + MSC
microneedles encapsulated in a PLGA shell effectively delivered
cells to the wound bed (Figure 7a). The MSCs retained over
24% viability for up to 90 h. This microneedle patch exhibited
superior therapeutic efficacy compared to direct MSC injections
or microneedles without MSCs. Notably, it significantly reduced
fibrotic tissue thickness on the wound surface, indicating the
potential of microneedle delivery of live cells for minimizing
proliferative scarring [63].

ADSCs have demonstrated significant potential in mitigating
fibrosis through promoting angiogenesis, stimulating mitosis in
resident tissue cells, remodeling the ECM [96], and modulating
inflammatory cell activity [97]. Their therapeutic potential in
the treatment of hypertrophic scarring is well documented [98].
In 2024, a study reported that ADSC-concentrated conditioned
medium (ADSCC-CM) can promote keratin hydrogel crosslinking,
which facilitates the formation of a novel keratin microneedle
patch incorporating TA as a dual-drug delivery system (Figure 7b)
[51]. After 4 weeks of administration in a rabbit ear scar model,
the treatment effectively inhibited myofibroblast overactivation
by reducing inflammation and reshaping the ECM, thereby
minimizing scar formation. Beyond the regenerative properties of
ADSCs, exosomes derived from ADSCs have been shown to inhibit
scar proliferation by preventing fibroblast-to-myofibroblast
differentiation and upregulating MMP-3 expression in dermal
fibroblasts, which aids in collagen remodeling [99].

Recent advancements in cell delivery via microneedle technol-
ogy have focused on genetically engineering cells to enhance their
therapeutic efficacy. One promising development involves the
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incorporation of miRNA-modified exosomes derived from ADSCs
in HA-based microneedles (Figure 7d). This approach enables tar-
geted delivery of therapeutic agents to scar tissue. The application
of HA microneedles demonstrated significantly enhanced efficacy
in suppressing fibroblast proliferation, migration, and myofibrob-
last differentiation in vitro, contributing to improved scar tissue
architecture and appearance [48]. In another recent study, genetic
editing techniques were employed to enhance the targeting
capability and induction efficiency of cell delivery (Figure 7e).
Specifically, macrophages were engineered to express a chimeric
antigen receptor (CAR) targeting dipeptidyl peptidase-4 (DPP4),

inducing a TREM2™ macrophage phenotype (CAR-TREM2-M).
These cells were effectively loaded and delivered using hydrogel-
based porous microneedles. The microneedle system modulated
fibrosis-related gene expression by suppressing leucine-rich
a-2-glycoprotein 1, a key profibrotic gene. Furthermore, it
significantly ameliorated the scar immune microenvironment
through phagocytosis of DPP4* fibroblasts and inhibition
of TGF-B secretion, offering a novel strategic approach for
scar treatment [49]. In the future, advanced bioengineering
strategies are expected to enable the development of cell-specific
microneedle delivery systems. For instance, microneedles could
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be integrated with highly efficient reprogramming protocols using
small-molecule cocktails to induce transdifferentiation of fibrob-
lasts into functional cell types such as adipocytes or hair follicle
cells [100], thereby promoting functional tissue regeneration in
scar areas rather than merely suppressing fibrosis.

In the preparation of microneedles, centrifugation or vacuum
loading is commonly used to load the cargo, often combined
with heating and drying to enhance needle mechanical stiffness.
However, these processes can compromise the viability of cells
and exosomes. To improve cell survival rates, several advanced
strategies have been proposed (Figure 8). First, photo-crosslinked
hydrogels such as GelMA and hyaluronic acid methacryloyl
(HAMA) are polymerized via UV irradiation (Figure 8a) that
can avoid desiccation-induced damage [101]. This method
is rapid, mild, and minimally impacts cellular viability [102,
103]. Second, incorporating nutrients such as growth factors
(Figure 8b) [104] or ECM components [63] to provide cell-
adhesive motifs enhances post-loading cell survival. Inspired
by the stem cell niche (Figure 8c) [105], researchers have co-
loaded ADSCs with biomimetic ECM microenvironments into
microneedles to enhance their bioactivity and tissue regenerative
capacity (Figure 8d) [106]. Third, using three-dimensional (3D)
cell spheroids instead of single cells improves environmental
resistance and cell communication (Figure 8e), better replicating
in vivo tissue characteristics [107]. However, conventional
methods such as suspension culture or low-attachment plates
often yield spheroids with heterogeneous sizes [108]. Oversized
aggregates suffer from central hypoxia, impairing their viability
and functionality [109]. Microfluidic technology (Figure 8f)
enables precise fluid control to produce 3D cell spheroids with
uniform size and controlled cellular distribution [101], allowing
high-throughput and automated fabrication via multichannel
architectures [110]. Beyond serving as a cell culture platform,
microfluidic chips can be functionalized to act as versatile “micro-
reactors” (Figure 8g), achieving highly integrated systems for
cell manipulation, such as enhanced tissue adhesion [111, 112]
and targeting capability Furthermore, 3D bioprinting technology
facilitates the co-culture of fibroblasts, keratinocytes, stem cells,
and endothelial cells (Figure 8h), holding great potential for future
precision therapy in HS [113].

Although microneedle delivery systems offer a promising
approach to address challenges in cell viability and functional
maintenance in cell-based therapies, several limitations remain.
Material innovations (dissolving and hydrogel-based micronee-
dles) and structural designs (hollow, porous, and ice micronee-
dles) have been developed to enhance delivery efficiency into
deeper skin layers (Figure 2) [114]. Dissolving microneedles typ-
ically incorporate cells into water-soluble polymers (e.g. gelatin,
sodium alginate, HA) followed by solidification, making them
suitable for rapid cell release applications such as vaccination
or acute treatments [115]. In contrast, hydrogel microneedles
allow precise control over pore size, mechanical strength, and
degradation kinetics through tunable crosslinking, ideal for
sustained release scenarios requiring long-term cell survival [116].
Hollow microneedles facilitate the delivery of large cell volumes
and protect cells before administration, yet their application is
constrained by limited biocompatibility, mechanical robustness,
and structural complexity [117]. Porous microneedles provide
higher specific surface area than solid microneedles, significantly
improving cell-loading efficiency, though they often suffer
from reduced mechanical strength and complicated fabrication

processes [49]. Ice microneedles represent a novel strategy for
enhancing cell preservation and immune-compatibility [114,
118], enabling precise control over delivered cell numbers [119].
Despite these advantages, issues such as susceptibility to melting,
demanding preparation conditions, and the requirement for ultra-
cold chain logistics remain unresolved. Conventional microneedle
manufacturing primarily relies on molding techniques, which
restrict design flexibility. 3D bioprinting technology enables
the fabrication of patient-specific microneedle patches tailored
to scar morphology (Figure 8h) [113, 120], overcoming drug
distribution heterogeneity in irregular scars. This approach allows
integration of multiple cargo types (drugs, matrix materials, and
cells) within a single array, offering precise spatial control over
composition and enhancing differentiation efficiency. However,
the technology demands stringent requirements regarding bioink
rheology, biocompatibility, and printing precision. Additionally,
personalized fabrication introduces elevated costs and develop-
mental challenges, currently limiting its application to laboratory-
scale research.

In summary, the optimal strategy for microneedle-based
treatment of HS via cell delivery involves an integrated platform
approach: employing photo-crosslinked hydrogel microneedles
that mimic a favorable cellular microenvironment as the delivery
vehicle, loaded with multicellular spheroids capable of multitar-
get therapy. This may be further combined with genetic editing
techniques for precise regulation of cell behavior and tissue
regeneration processes, alongside advanced manufacturing
technologies such as microfluidics to achieve standardized, high-
throughput, and personalized production.

Conclusions

This review highlights the potential of microneedle patches as
a novel therapeutic and drug delivery strategy for HS, while
also addressing the limitations of current clinical treatments.
Advances in microneedle design now enable the incorporation
of diverse agents, including small molecules, biologics, cells, and
exosomes, broadening their applicability for scar management.
However, several challenges remain, including the drug loading
to mechanical strength trade-off, where high drug concentrations
can compromise needle integrity and necessitate innovative
composites or nanostructure. Additionally, the preservation
of delivered substances as well as the stability of proteins,
nucleic acids, and particularly the viability of cells during
fabrication, storage, and post-administration remains a critical
hurdle. Moreover, personalized manufacturing requires adapting
microneedle geometry and drug combinations to highly variable
individual scar morphology and stage, posing technological
and economic challenges. Finally, there is a lack of long-term
efficacy and safety data, emphasizing the need for robust clinical
trials to establish optimal treatment protocols and comparative
effectiveness against standard care. Future development is
expected to advance along several interconnected, forward-
looking directions, each with distinct technical bottlenecks.
Biomimetic designs, inspired by natural structures, aim to
enhance penetration and tissue interaction, yet reproducible and
scalable fabrication of such complex micro-/nanoarchitectures
with consistent mechanical performance remains challenging.
Intelligent systems incorporating stimuli-responsive materials
offer on-demand drug release, but ensuring specificity, sufficient
sensitivity, and avoidance of off-target activation is nontrivial.
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Personalized medicine approaches seek to integrate Al and
medical imaging to tailor treatments, yet achieving this requires
seamless integration of rapid, accurate scar assessment with
cost-effective, on-demand manufacturing workflows. Beyond
scar suppression, the goal is to actively promote regeneration
of skin appendages and restoration of normal tissue architecture,
demanding unprecedented spatiotemporal control of multiple
regenerative cues, including cells, growth factors, and scaffolds,
to orchestrate complex morphogenesis. Additionally, integrating
inorganic or polymeric nanoparticles into microneedles for
enhanced targeting, imaging, or photothermal therapy presents
a promising avenue, though their long-term biodistribution
and safety in skin must be carefully evaluated. Taken together,
these innovations hold great potential to transform microneedle
patches from experimental tools into clinically effective therapies
for HS, ultimately improving patient outcomes and quality
of life.
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