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Abstract

Tissue-engineered skin represents a transformative approach for treating chronic wounds and extensive burns; however, challenges such
as low cell survival rates and insufficient microenvironmental support remain. This review highlights the synergistic potential of mi-
croneedle (MN)-mediated cell implantation and decellularized extracellular matrix (dECM) scaffolds in addressing these limitations.
MNs enable minimally invasive, targeted delivery of therapeutic cells (e.g., mesenchymal stem cells, keratinocytes) into the skin layers,
while dECM scaffolds provide a biomimetic microenvironment rich in collagen and growth factors that enhance cell adhesion, prolifer-
ation, and differentiation. We critically analyze (1) MN designs (e.g., hollow, soluble) optimized for skin-compatible cell delivery; (2)
advanced dECM fabrication techniques that preserve extracellular matrix (ECM) bioactivity; and (3) emerging combinatorial strategies
in which MN-delivered cells integrate with dECM to accelerate wound closure and functional skin regeneration. By bridging precise de-
livery with microenvironmental engineering, this integrated platform offers a scalable solution for clinical translation, with applications
extending to chronic wound repair, appendage-bearing skin models, and immunotherapy.
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Introduction To overcome these challenges, microneedle (MN)-
mediated cell implantation and decellularized extracellu-
lar matrix (dECM) scaffolds have emerged as promis-
ing strategies. MNs enable minimally invasive, high-
precision delivery of therapeutic cells (e.g., mesenchymal

stem cells (MSCs), keratinocytes) into the deeper layers

Chronic wounds—such as diabetic foot ulcers, ve-
nous leg ulcers, and pressure injuries—pose a significant
and growing healthcare challenge worldwide. Epidemio-
logical data indicate a global prevalence of 1.67 cases per

1000 population [1], with substantial associated economic
costs. In USA alone, chronic wounds affect approximately
5.7 million people (2 % of the population), with annual
treatment costs reaching $20 billion. Similarly, in the UK,
chronic wound management accounts for 3 %—5.5 % of to-
tal healthcare expenditure [2]. Moreover, thermal burns ac-
count for approximately 265,000 deaths globally each year,
with millions more experiencing long-term disability and
scarring [3]. Traditional skin grafting faces critical limita-
tions, including donor skin shortages and the risk of im-
mune rejection [4]. Even commercially available tissue-
engineered skin substitutes (e.g., Integra®, Apligraf®) ex-
hibit low cell survival rates and fail to fully regenerate skin
appendages such as sweat glands and hair follicles, result-
ing in non-functional skin [5].
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of the skin, achieving >80 % cell viability in preclini-
cal models [6]. Concurrently, dECM scaffolds provide a
biomimetic microenvironment rich in collagen, elastin, and
growth factors, significantly enhancing angiogenesis and
re-epithelialization in chronic wounds [7]. By bridging
precise cell delivery with microenvironmental engineering,
this platform offers a scalable and clinically translatable so-
lution, with potential applications in chronic wound repair,
appendage regeneration, and immunotherapy.

This article highlights the synergistic potential of MN-
mediated cell implantation combined with dECM scaffolds
for skin regeneration. It critically analyzes MN designs op-
timized for skin-compatible cell delivery, advanced dECM
fabrication techniques that preserve extracellular matrix
(ECM) bioactivity, and emerging combinatorial strategies
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Fig. 1. Scale and categories of microneedles (By Figdraw ID: PPWI0O565c1). Solid MNs induce microtrauma to activate fibroblasts;

Hollow MNs deliver drugs via microchannels; Surface-coated MNs release coated drugs upon insertion; Soluble MNss dissolve completely

in skin. MN, microneedle.

that accelerate wound closure and promote functional skin
regeneration.

Microneedles

MNs are minimally invasive, needle-like devices de-
signed to create microscopic channels in the skin with-
out causing significant damage. Typically, MNs range in
length from 50 to 1500 pm and in width from 50 to 500
pm. These devices enable the precise delivery of drugs or
cells to specific skin sites [8]. Their minimally invasive na-
ture and associated painlessness make them highly patient-
compliant, which is particularly beneficial for applications
such as treating diabetic ulcers and delivering therapeutics
to solid tumors on the body surface. Furthermore, the con-
trolled trauma induced by MNs stimulates the body’s natu-
ral repair mechanisms, promoting collagen production [6]
and contributing to their popularity in the field of cosmetol-

ogy.

Classification of Microneedles

According to their mechanism of cargo release, MNs
are generally classified into four types: solid, hollow,
surface-coated, and soluble MNs (Fig. 1).

Solid MNs have a simple structure and are typi-
cally fabricated from materials such as silicon, metal, or
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polymers, offering high mechanical strength to effectively
pierce the stratum corneum of the skin. They are widely
applied in transdermal drug delivery, particularly in regen-
erative medicine. For instance, in the treatment of keloids,
solid MNss are used to deliver 5-fluorouracil (5-FU)-loaded
nanoparticles into the scar tissue [9]. This approach not
only increases local drug concentration and reduces sys-
temic side effects but also shows significant potential in
keloid therapy by inhibiting the proliferation of keloid fi-
broblasts. Furthermore, solid MNs are widely used in cos-
metic dermatology, as MN puncture can stimulate the skin’s
self-repair mechanisms, promoting collagen production and
ultimately improving skin texture and reducing wrinkles
[10].

Hollow MNs feature a unique “poke-and-flow” de-
livery mechanism, enabling direct drug administration into
skin tissue with greater dosing precision compared to other
MN types [11]. By penetrating the stratum corneum and
targeting the dermis at a depth of 0.5-3 mm, hollow MNs
enhance localized drug delivery. This is exemplified by the
use of finasteride for treating androgenetic alopecia, where
hollow MNs are combined with ultrasound-induced cavi-
tation (109 kHz, 2.99 W/cm?) to improve tissue diffusion
and therapeutic efficacy [12]. The ability of hollow MNs
to achieve precise, high-dose intradermal delivery positions
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them as a transformative tool in skin regenerative medicine,
particularly for conditions requiring deep tissue drug depo-
sition and improved bioavailability.

Surface-coated MNs are fabricated by depositing
drugs or bioactive compounds onto MN surfaces using
techniques such as dip-coating, spray-coating, and spin-
coating [13—-16]. After skin penetration, these MNs en-
able rapid drug release at the target site, achieving high
local drug concentrations. The coating encapsulation pro-
tects the therapeutic payload from environmental degrada-
tion, significantly reducing the risk of drug inactivation.
Surface-coated MNs functionalized with young fibroblast-
derived exosomes (Y-EXOs) have demonstrated remark-
able potential in skin rejuvenation. Prepared via spraying
and freeze-drying cycles—a low-cost, scalable method that
preserves bioactivity by avoiding high temperatures—these
MNs achieve uniform Y-EXO coating while maintaining
exosomal integrity. Upon application, Y-EXOs are rapidly
released into the dermal layer, where they precisely stim-
ulate senescent fibroblasts and immune cells to enhance
proliferation, migration, and collagen deposition, thereby
restoring the regenerative capacity of aged skin [17]. This
clinically viable system enables precise exosome delivery
for effective skin regeneration.

Soluble MNs are typically fabricated from biodegrad-
able polymers such as hyaluronic acid (HA) or poly(lactic-
co-glycolic acid) (PLGA) [18,19]. Upon skin pene-
tration, these MNs gradually dissolve in the intersti-
tial fluid, releasing encapsulated drugs or bioactive com-
pounds. Unlike traditional non-dissolving MNs, the dis-
solved polymer materials are naturally metabolized and
cleared by the body, eliminating the risk of residual
foreign-body reactions in the skin. In the treatment
of skin diseases and cosmetic applications, the delivery
of adipose-derived stem cell-derived extracellular vesicles
(ADSC-EVs) via soluble MNs has demonstrated superior
efficacy compared to intradermal injection or topical ap-
plication. Specifically, ADSC-EVs loaded into MNs sig-
nificantly enhance dermal thickness, upregulate collagen I
and elastin expression, and promote fibroblast proliferation
while modulating fibroblast phenotype. This optimized de-
livery system enables deeper and more sustained EV pene-
tration into the dermis, thereby maximizing their reparative
and regenerative effects on skin tissue [20].

Materials for Microneedle Production

Taking into account factors such as mechanical
strength and production cost, researchers use materials such
as silicon, metal, ceramics, and polymers to manufacture
MNS.

Silicon’s compatibility with precision microfabrica-
tion techniques enables the production of MNs with cus-
tomized geometries, including solid, hollow, and surface-
coated variants [21-23]. This versatility has made silicon
a widely adopted material in MN manufacturing since the
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late 1990s. While silicon offers exceptional versatility, on-
going innovations have further refined its functionality. For
instance, Pradeep Narayanan and Raghavan [24] enhanced
the mechanical robustness of silicon MNs by applying a
gold coating via metal sputtering, effectively addressing
earlier concerns regarding structural integrity. Such ad-
vancements underscore the iterative progress in MN ma-
terials science, ensuring mechanical reliability while pre-
serving silicon’s inherent biocompatibility for biomedical
applications.

Metals, including stainless steel, titanium and nickel,
are widely used for MN fabrication due to their excep-
tional mechanical strength and ability to penetrate the skin
without fracture [9,25,26]. However, their clinical applica-
tion in skin regeneration faces several challenges, includ-
ing poor biocompatibility, non-degradability, and the risk
of allergic reactions. For example, nickel-containing MNs
have been reported to trigger localized adverse effects, such
as erythematous papular lesions and pustules in sensitive
patients [27]. To address these limitations, recent inno-
vations have focused on integrating biocompatible mate-
rials to enhance both safety and functionality. In particu-
lar, biodegradable hybrids that combine metals with porous
metal-organic frameworks (MOFs) have been developed to
improve drug-loading efficiency and enable controlled re-
lease kinetics [28].

Ceramic materials, such as alumina, exhibit excellent
mechanical strength and high-temperature stability due to
the strong covalent bonds formed during the sintering pro-
cess. Bystrova and Luttge [29] demonstrated the scala-
bility of alumina ceramic MN arrays for skin applications
using micromolding and sintering techniques. While ce-
ramic MNs are valued for their durability, their limited ten-
sile strength restricts their application in longer needle de-
signs. Advances in composite materials and hybrid fabri-
cation methods could further improve their suitability for
transdermal delivery in skin regeneration. Beyond mechan-
ical performance, ceramic materials also exhibit excellent
biocompatibility with skin tissue. Their chemical stability
and low immunogenicity minimize adverse reactions, while
their tunable surface properties support cell adhesion and
proliferation [30,31].

Polymer materials are widely used for MN array fab-
rication owing to their excellent moldability, rapid pro-
cessing cycles, and cost-effectiveness, making them ideal
for large-scale production. Commonly employed poly-
mers include polyethylene glycol (PEG), poly(vinyl alco-
hol) (PVA), polyacrylic acid (PAA), and poly(lactic-co-
glycolic acid) (PLGA) [19,32-34]. A key advantage of
polymer-based MNss is the tunability of their material prop-
erties to meet specific application requirements. For ex-
ample, Zhang et al. [35] developed an innovative MN
system for diabetic ulcer treatment by leveraging the ion-
responsive behavior of PVA. In their design, PVA serves
as the MN matrix, where sulfate ions enhance its mechan-
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ical strength to enable effective skin penetration, while
subsequent exposure to nitrate ions softens the material,
promoting tissue compatibility and enabling controlled re-
lease of mesenchymal stem cell-derived exosomes (MSC-
EVs). This dynamic adaptability highlights the versatility
of polymer-based MN systems for therapeutic applications.

Microneedle-Mediated Cell Implantation

MN technology has demonstrated transformative po-
tential in regenerative medicine and wound therapy due
to its minimally invasive nature, high delivery efficiency,
and precise targeting capabilities. In recent years, MN
systems have enabled applications ranging from antibacte-
rial immunomodulation to stem cell delivery and stimuli-
responsive controlled release. These platforms offer preci-
sion, personalization, and intelligent therapeutic potential.

The minimally invasive nature of MNs enables nearly
painless penetration of the stratum corneum, bypassing
nerve endings in deeper skin layers while creating tran-
sient microchannels for the targeted delivery of drugs or
cell-based products. This localized approach allows for
the precise modulation of therapeutic agent concentra-
tions at the wound site, minimizing systemic exposure
and off-target effects. For example, in a study by Jiang
et al. [36], MN patches composed of photocrosslinked
gelatin methacryloyl (GelMA) hydrogel loaded with mul-
tifunctional nanoparticles synergistically combined the
antibacterial properties of fucoidan and zinc ions with
the immunomodulatory effects of HA, achieving potent
methicillin-resistant Staphylococcus aureus (MRSA) erad-
ication and accelerated wound healing. The sustained re-
lease of bioactive components from degradable MNs fur-
ther ensures prolonged antimicrobial and anti-inflammatory
activity, addressing key challenges in infected wound man-
agement.

MNs have demonstrated significant potential in en-
hancing cell viability and therapeutic efficacy. A Recent
study has shown that hydrogel-based MNs composed of
decellularized adipose matrix (DAM) and hyaluronic acid
methacrylic acid (HAMA) can effectively encapsulate and
protect adipose-derived stem cells (ADSCs) and their se-
creted mitochondria-enriched extracellular vesicles (Met-
EVs). This system not only preserves the biological ac-
tivity of therapeutic components but also enables their sus-
tained release into wound tissues. In a radiation-induced
chronic wound model, this treatment significantly acceler-
ated wound closure (achieving near-complete healing by
postoperative day 12), enhanced re-epithelialization (ep-
ithelial thickness restored to 92.14 m), and promoted col-
lagen deposition (48.15 % volume fraction), outperforming
control groups [37].

A recent study has shown that MNs integrated with
stimuli-responsive materials can enable controlled cell or
drug release triggered by external stimuli such as light or
temperature. For example, Zhang et al. [38] developed
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a core-shell-structured MN system incorporating light-
responsive components for programmable drug release and
enhanced wound healing. The MN shell was fabricated
using PVA and a reactive oxygen species (ROS)-sensitive
crosslinker to encapsulate the photodynamic therapy drug
verteporfin (VP). Upon laser irradiation, VP-generated
ROS triggered the degradation of the ROS-responsive shell,
allowing for sequential release of VP to address bacterial in-
fection, modulate inflammation, and suppress scar forma-
tion. This dynamic, material-responsive design leverages
the photoresponsive properties of the MN matrix to achieve
spatiotemporal control over therapeutic delivery, demon-
strating the potential of stimuli-responsive MNs in adaptive
wound therapy.

In summary, MN technology addresses the limitations
of conventional therapies through its unique structural de-
sign and integration with functional materials, offering a
versatile platform for multimodal wound healing. While
MNss enable precise cell delivery, their regenerative poten-
tial can be further amplified when combined with dECM
scaffolds. These biomimetic scaffolds provide essential mi-
croenvironmental cues that enhance cell survival, prolifer-
ation, and differentiation—complementing MN-mediated
delivery to form a synergistic system for tissue regenera-
tion.

Dermal Decellularized Extracellular Matrix
Scaffolds

Dermal dECM scaffolds are bioactive materials de-
rived from decellularized skin tissue, retaining key ECM
components such as collagen, elastin, fibronectin, and gly-
cosaminoglycans. Their three-dimensional porous struc-
ture mimics the architecture of native ECM, providing both
mechanical support and essential biological cues to promote
cell adhesion, proliferation, and differentiation [39].

Fabrication of Dermal Decellularized Extracellular
Matrix Scaffolds

Decellularization is the process of removing cel-
lular components from tissues using physical, chemi-
cal, or biological methods while preserving the extra-
cellular matrix (ECM), thereby producing dECM scaf-
folds (Fig. 2a). Cellular structures—including nuclei,
membranes, organelles, and extracellular vesicles (EVs)—
contain immunogenic substances such as major histo-
compatibility complexes (MHCs), minor histocompatibil-
ity antigens (mHAs), cytokines, and damage-associated
molecular patterns (DAMPs) [40—45]. Additionally, cer-
tain ECM-associated antigens, such as a-galactose and N-
glycolylneuraminic acid (Neu5Gc), contribute to immuno-
genicity [46,47]. These antigens are key drivers of immune
rejection in xenotransplantation. By employing targeted de-
cellularization techniques, these immunogenic components
can be removed, thereby reducing the immunogenicity of
the resulting biomaterials [42,48].
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to obtain dECM scaffolds. dECM, decellularized extracellular matrix; ADSC, adipose-derived stem cell; DMEM, Dulbecco’s modified

Eagle’s medium.

Physical Methods

Perfusion-based decellularization relies on a tissue’s
intrinsic vascular network to uniformly distribute decellu-
larizing agents through circulatory perfusion. This method
is effective for highly vascularized organs such as the heart
(via the coronary arteries) and liver (via the portal vein)
[49-52]. However, it is not suitable for avascular tissues
such as the skin and cornea.

For skin decellularization, oscillatory immersion is
commonly employed. In this method, skin tissues are sub-
merged in decellularizing solutions and subjected to contin-
uous mechanical agitation, which promotes cell lysis and
detachment while preserving ECM integrity [53,54]. Al-
ternatively, the freeze-thaw cycling method involves rapid
freezing (e.g., with liquid nitrogen) to induce intracellular
ice crystal formation, followed by thawing in a buffer solu-
tion. The repeated expansion and contraction of'ice disrupts
cell membranes, thereby facilitating decellularization [7].
However, this method may compromise ECM ultrastruc-
ture and often requires supplemental chemical treatments
to eliminate residual cellular debris [55]. Both oscillatory
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immersion and freeze-thaw cycling are gentler than harsh
chemical or enzymatic treatments, making them preferable
for skin tissue decellularization while maintaining ECM
functionality.

Chemical Methods

Acidic reagents such as hydrochloric acid, acetic acid,
and peroxyacetic acid donate protons (H™) to form co-
valent bonds with biomolecules, enabling them to disrupt
cell membranes, lyse organelles, and induce cell lysis [56—
58]. In comparison, alkaline substances such as ammonia,
sodium hydroxide, and sodium sulfide release hydroxide
ions (OH"), which denature chromosomal DNA and facil-
itate cell lysis and decellularization [59,60]. Cell lysis and
decellularization can also be achieved using hypertonic-
hypotonic washing procedures [61-63]. Hypertonic solu-
tions cause intracellular water loss and the outward diffu-
sion of cellular contents, leading to cellular shrinkage and
death. Conversely, hypotonic solutions increase intracel-
lular pressure, ultimately causing membrane rupture and
cell death. Tonic detergents, such as sodium dodecyl sulfate
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Fig. 3. Application of dECM scaffolds combined with MN technology (By Figdraw ID: UURAUlelel). Microneedle cell implan-
tation after decellularization of whole layers of skin obtained from humans and animals can result in deimmunogenic skin substitutes,

which can then be used in wound coverage. ESC, embryonic stem cell; HFSC, hair follicle stem cell; VEC, vascular endothelial cell.

(SDS), sodium deoxycholate (SDC), and sodium lauryl sul-
fate (SLS), efficiently remove cellular components by dis-
rupting lipid-lipid, lipid-protein, DNA-protein, and protein-
protein interactions [64—66]. However, residual cytotoxic-
ity remains a concern. Recent protocols that combine SDS
with nuclease treatment or replace it with nonionic deter-
gents (e.g., Triton X-100) have demonstrated improved bio-
compatibility [65,67].

Biological Methods

Nuclease treatment plays a critical role in decellular-
ization by selectively hydrolyzing nucleic acids while pre-
serving structural ECM proteins. When combined with
detergent pretreatment—which increases tissue porosity—
nuclease treatment can achieve over 95 % DNA-removal
efficiency, significantly reducing immunogenicity and im-
proving recellularization outcomes [67,68]. However, en-
zymatic methods, such as trypsin—which cleaves peptide
bonds at arginine and lysine residues—carry the risk of
damaging ECM proteins that are essential for cell adhesion
and growth factor retention.

www.ecmjournal.org

A breakthrough by Zhang et al. [69] (Fig. 2b)
demonstrated the potential of cell-derived dECM for skin
regeneration, in which decellularization of cultured AD-
SCs yields scaffolds that remove xenogenic immunogens
while preserving critical ECM components such as col-
lagen, elastin, laminin, and endogenous growth factors.
This ADSC-dECM platform synergizes with microneedle-
based cell delivery by providing a bioactive microenviron-
ment that: enhances cell viability through improved adhe-
sion of MN-delivered keratinocytes and MSCs, promotes
paracrine signaling via retained growth factors (e.g., hep-
atocyte growth factor (HGF), vascular endothelial growth
factor (VEGF)) to support angiogenesis and epithelializa-
tion, and ensures immunocompatibility by removing MHC
antigens that could trigger rejection post-implantation. A
preclinical evaluation demonstrated that the ADSC-derived
dECM scaffolds significantly enhanced wound healing out-
comes, as evidenced by accelerated epithelial closure and
improved tissue regeneration, supporting their potential for
integration with MN-mediated cell delivery approaches in
regenerative medicine applications [70].
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Advances in the Applications of Dermal Decellularized
Extracellular Matrix Scaffolds

The dECM scaffolds produced by these methods re-
tain a natural three-dimensional structure and abundant
bioactive components, creating an optimal microenviron-
ment that supports cell growth, adhesion, and differentia-
tion. When recellularized with appropriate cell types, these
scaffolds can be engineered into functional skin substitutes
capable of promoting wound healing and tissue regenera-
tion.

The cell types currently used for dECM scaffold
recellularization—embryonic stem cells (ESCs), induced
pluripotent stem cells (iPSCs), and mesenchymal stem
cells (MSCs) [71,72]—present unique advantages and chal-
lenges. While ESCs offer high differentiation potential,
their use remains ethically controversial due to the destruc-
tion of embryos. In contrast, iPSCs, derived from repro-
grammed adult cells, avoid such ethical concerns but raise
questions regarding genetic stability and long-term safety
[73,74]. MSCs, sourced from bone marrow, adipose tissue,
or umbilical cord blood, are less ethically contentious and
possess immunomodulatory properties that enhance trans-
plant compatibility [75—77]. However, the clinical transla-
tion of these cell-based therapies faces regulatory hurdles,
including stringent safety and efficacy evaluations by agen-
cies such as the U.S. Food and Drug Administration (FDA)
and the European Medicines Agency (EMA), as well as eth-
ical considerations around donor consent and standardized
manufacturing. Addressing these challenges will be critical
for advancing dECM-based regenerative medicine.

The recellularization of dECM scaffolds employs sev-
eral methods, including direct seeding, cell layering, and
bioprinting, each with distinct advantages and limitations.
Direct seeding, the simplest approach, involves inoculating
cell suspensions into the scaffold’s surface pores using tools
such as pipettes or sprays; however, this method may re-
sult in uneven cell distribution [7,78]. In contrast, the cell
layering method is more complex, requiring the alternat-
ing stacking of pre-formed dECM layers and cell layers,
followed by fixation to create a composite scaffold [79].
Under suitable culture conditions, the cells grow, differen-
tiate, and mature within the dECM framework. Alterna-
tively, bioprinting combines dECM with stem cells to create
a bioink [80], enabling the precise three-dimensional print-
ing of tissue constructs with specific architectures, which is
ideal for engineering complex structures. However, despite
its precision, the high cost and technical challenges of bio-
printing currently hinder its widespread clinical adoption.

Moreover, dECM scaffolds can be functionalized by
combining them with other materials to enhance their me-
chanical, biological, or therapeutic properties. For instance,
Chandika et al. [81] developed a composite nanofibrous
scaffold by integrating dECM with polycaprolactone and
uronic acid, which demonstrated inherent antimicrobial ac-
tivity against multiple pathogens, biofilm inhibition, and
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enhanced full-thickness wound healing in vivo. This scaf-
fold not only inhibited the growth of various bacteria and
fungi but also accelerated chronic wound healing. Simi-
larly, Bhar ef al. [82] demonstrated that silk fibroin, known
for its excellent biocompatibility, enhances cell adhesion,
proliferation, and differentiation. By combining dECM
with silk fibroin, they improved the mechanical strength
of the scaffold while preserving its bioactivity, further sup-
porting wound regeneration.

Microneedle-Mediated Cell Implantation
Combined with Artificial Dermal Scaffolds

In the field of tissue-engineered skin, researchers have
explored strategies to develop in vitro skin models incorpo-
rating specific cell types or skin appendages (Fig. 3). For
example, one study successfully differentiated iPSCs into
skin models containing hair follicles by precisely regulat-
ing transforming growth factor-beta (TGF-$3) and fibrob-
last growth factor (FGF) signaling pathways [83]. How-
ever, this approach faces several challenges, including tech-
nical complexity, poor reproducibility, and lengthy proto-
cols that limit its clinical applicability. The integration of
MNs with artificial dermal scaffolds offers a promising so-
lution by simplifying and accelerating the construction of
skin models. For instance, Sumathy and Velayudhan [84]
developed a double-layer nanofiber scaffold mimicking the
epidermis and dermis, combined with PVA-based MNs to
precisely implant hair follicle stem cells (isolated from rab-
bit whiskers), keratinocytes, and dermal fibroblasts into the
respective scaffold layers. This approach resulted in a full-
thickness skin model in which cells maintained viability and
stem cell properties [84]. Compared to traditional hair folli-
cle culturing, this method significantly reduces preparation
time and demonstrates strong clinical potential. Beyond
hair follicle stem cells, previous studies have also incorpo-
rated melanocytes and Langerhans cells into skin simulants
[85,86], although without using MNs as delivery vehicles.
Leveraging the precision of MN technology for targeted cell
implantation may facilitate the future development of engi-
neered skin tissues with more complex structures and en-
hanced functional completeness.

Chronic wounds—characterized by complex etiology,
prolonged healing time, and high recurrence rates—pose
significant clinical challenges, prompting researchers to
explore innovative tissue engineering strategies. For in-
stance, Yao et al. [37] demonstrated promising thera-
peutic outcomes by delivering ADSCs and their EVs via
MNs in a mouse model of radiation-induced ulcers, high-
lighting the potential of this approach for wound repair.
Chen et al. [87] developed a human decellularized adi-
pose matrix (hDAM)-hydrogel composite as a bioactive
scaffold for subcutaneous ADSC delivery, which effec-
tively accelerated angiogenesis and wound healing in dia-
betic mice with chronic wounds. Their study demonstrated
that the hDAM-hydrogel composite supported ADSC adhe-
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sion, survival, and proliferation while enhancing paracrine
activity (e.g., HGF secretion), thereby promoting neovas-
cularization. Although the original study utilized direct
injection, the hydrogel’s thermoresponsive sol-gel transi-
tion properties suggest compatibility with MN-mediated
delivery. Future adaptation of this system with MN ar-
rays could enable minimally invasive, spatially controlled
ADSC administration—particularly advantageous for large
or anatomically complex wounds. These findings collec-
tively highlight the dual potential of ADSC-laden hDAM
hydrogels: as an injectable therapy and as a versatile plat-
form for advanced delivery technologies like MNs.

The combination of MN-mediated cell implantation
and dECM scaffolds holds significant promise in the field
of immunotherapy. Dendritic cell vaccines (DCVs)—
prepared by loading tumor antigens onto dendritic cells
to activate T-cell-mediated antitumor immune responses—
have demonstrated promise in the treatment of melanoma.
For example, Chang et al. [88] showed that frozen MNs
loaded with DCVs effectively penetrated a melanoma skin
model and delivered the vaccine into the tissue, resulting in
targeted tumor cell killing. However, the clinical efficacy
and stability of MN-delivered cell vaccines remain limited
due to an incomplete understanding of the interactions be-
tween biological components in human skin and the vac-
cine’s mechanism of action. To address these limitations,
future studies could explore the implantation of different
cell combinations into dECM scaffolds via MNs, allow-
ing comparative analyses of vaccine efficacy across distinct
microenvironments. Additionally, recent advances in arti-
ficial intelligence (Al) are being integrated into biomedi-
cal research. For instance, Suriyaamporn et al. [89] de-
veloped an Al-optimized hydrogel MN system incorpo-
rating 5-FU-loaded flexible liposomes. While traditional
DCVs continue to face challenges related to clinical stabil-
ity and incomplete mechanistic understanding, Al-driven
platforms represent a new paradigm in cell-based therapy
by enabling precise computational modeling of drug de-
livery parameters. The success of such intelligent systems
suggests promising applications in future research that com-
bines dECM scaffolds with MN-delivered cell combina-
tions. In particular, Al-based optimization could support
microenvironment-specific vaccine development while en-
abling real-time performance monitoring, thereby improv-
ing therapeutic outcomes and enhancing clinical translation
potential.

Summary and Prospects

The integration of MN-mediated cell implantation
with dECM scaffolds represents a significant advancement
in skin tissue engineering, offering innovative solutions for
wound healing and skin regeneration. This combined strat-
egy synergizes the precise delivery capabilities of MN tech-
nology with the biomimetic properties of dECM scaffolds
to generate functional tissue-engineered skin with enhanced
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therapeutic potential. Recent advances have demonstrated
this system’s capacity to construct complex skin models
that closely replicate native tissue architecture and physi-
ology, while also showing considerable promise in treat-
ing chronic wounds and supporting emerging applications
in immunotherapy [37,84,88,89].

Clinical Translation Challenges and Standardization
Needs

Despite promising advancements, several critical
challenges must be addressed to fully realize the clinical
potential of MN-mediated cell implantation combined with
dECM scaffolds. A key priority is the establishment of
standardized clinical trials to rigorously evaluate long-term
efficacy and safety. These trials should incorporate com-
prehensive evaluation metrics, including (1) quantitative
wound healing parameters (e.g., re-epithelialization rate,
scar formation index); (2) immune response monitoring
(e.g., macrophage polarization profiles, cytokine dynam-
ics); and (3) scaffold biocompatibility assessments over ex-
tended periods (6—12 months) to track degradation kinetics
and foreign body responses.

Scalability and Cost-Effectiveness Considerations

While MN-dECM systems show promising preclini-
cal results, their clinical translation depends on overcom-
ing key challenges related to scalability and cost. For mi-
croneedles, material selection critically impacts manufac-
turability. Although silicon MNs enable high-precision fab-
rication [22], their production typically requires cleanroom-
based photolithography or etching processes, which sig-
nificantly increase manufacturing costs compared to al-
ternative methods [90]. In contrast, polymer-based sol-
uble MNs—such as those made from PVA or PLGA—
can be mass-produced via micromolding at <$5 per array
[91], though they offer reduced mechanical precision. Hy-
brid approaches, such as ceramic-polymer composites [92],
may balance cost and performance. For dECM scaffolds,
batch-to-batch variability remains a key challenge due to
donor tissue heterogeneity [42]. Automated decellulariza-
tion systems [49] and xenogeneic sources (e.g., porcine
skin) could reduce processing costs by 40 %—60 % ver-
sus human-derived ECM. Emerging bioprinting technolo-
gies [93,94] further enable standardized dECM bioink pro-
duction at $0.2/mL, though post-printing crosslinking adds
complexity.

Conclusions

This review highlights the transformative potential
of MN-dECM scaffold composites in skin regeneration,
demonstrating how their combined use bridges critical gaps
in minimally invasive cell delivery and bioactive microen-
vironment engineering. The technology’s ability to pre-
cisely deliver therapeutic agents while preserving optimal
cellular viability and function addresses longstanding limi-
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tations in traditional wound care approaches. Notably, the
path to widespread clinical implementation requires over-
coming substantial technical and regulatory hurdles, partic-
ularly in manufacturing standardization and safety valida-
tion. Future progress will depend on coordinated efforts
to optimize material properties, establish reliable quality
control measures, and demonstrate clinical efficacy through
rigorous trials. As the field advances, these integrated
systems are poised to revolutionize not only dermatolog-
ical treatments but also broader applications in regenera-
tive medicine, provided that current challenges in scalabil-
ity and regulatory compliance are successfully addressed.
The coming years will be crucial in determining whether
this promising technology can transition from laboratory
success to mainstream clinical practice, potentially estab-
lishing a new gold standard in skin regeneration therapies.
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