Li et al. Journal of Nanobiotechnology ~ (2025) 23:350 Journal of Nanobiotechno|ogy
https://doi.org/10.1186/512951-025-03432-9

Advances in microneedle-based drug delivery 2
system for metabolic diseases: structural
considerations, design strategies, and future
perspectives
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Abstract

As the prevalence of metabolic diseases such as diabetes and obesity continue to rise, the search for more
effective and convenient treatments has become a crucial issue in medical research. Microneedles (MNs), as an
innovative drug delivery system, have shown advantages in the treatment of metabolic diseases in recent years.
MNs-based drug delivery system, which use MNs to deliver drugs directly to the subcutaneous tissue, improve
drug bioavailability and reduce systemic side effects. This review aims to summarize the latest concepts, designs,
and types of MNs, and to investigate the materials and manufacturing methods used in their construction.
Subsequently, the mechanisms of drug delivery and graded release of MNs and recent research progress are
further summarized. This article focuses on the application of MNs in the treatment of common metabolic diseases,
with a special emphasis on the progress and optimization of diabetic and anti-obesity MNs. The main challenges
and future perspectives in the production and evaluation of MNs, as well as in enhancing treatment efficacy and
improving safety, are elucidated.
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Introduction

The incidence of metabolic diseases has increased glob-
ally over the past two decades, resulting in a significant
economic burden and premature deaths [1, 2]. Meta-
bolic diseases, including obesity, hypertension, high tri-
glycerides, type 2 diabetes mellitus, non-alcoholic fatty
liver disease, and Polycystic ovary syndrome, are the
main culprits [3-5]. According to statistics from the
World Health Organization (WHO), the prevalence of
diabetes and obesity continues to rise, especially in the
context of accelerated urbanization, unhealthy dietary
patterns, and irregular lifestyles, making this trend even
more pronounced. As patients require lifelong man-
agement and treatment, this often leads to long-term
health issues and severely reduces their quality of life.
The financial and emotional burden placed on individu-
als, families, and society is significant even in middle and
high-income countries [6]. While current treatments
may provide relief for certain symptoms, they encounter
challenges including suboptimal patient adherence and
restricted efficacy. This underscores the pressing neces-
sity for the development of more innovative therapeutic
interventions.

With the advent of modern medical technology, the
treatment of chronic diseases has become increas-
ingly diverse. This is most striking in the treatment of
metabolic disorders, where emerging transdermal drug
delivery technologies are transforming traditional thera-
pies such as injections and oral administration [7]. The
transdermal drug delivery system (TDDS) represents
a technique for the gradual and continuous administra-
tion of pharmaceuticals through the dermal layer into
the systemic circulation. This approach facilitates the
maintenance of stable drug concentrations within the
bloodstream, minimizes fluctuations in drug levels, and
circumvents the gastrointestinal and hepatic metabolic
processes. Furthermore, the absorption of the drug
is not influenced by variables such as gastrointestinal
pH, dietary intake, or transit time, thereby enhancing
bioavailability.

Microneedles (MNs) are the next generation of trans-
dermal drug delivery system [8—10] that provide a physi-
cal shortcut for drugs to bypass the epidermal barrier
[11, 12]. Since their development in the 1990s, MNs have
been applied in various fields [13, 14], including biosen-
sor [15], immunizations [16], treatment of chronic dis-
eases such as diabetes [17], and the skincare and beauty
industry [18, 19]. MNs represent a micro-scale drug
delivery system that enables effective and painless drug
administration in the body and are used to deliver a wide
range of drugs, including vaccines [20], insulin [21], and
pain medications et al. [22]. MNs typically range from
tens to hundreds of microns in depth, allowing them to
penetrate the stratum corneum without reaching deeper
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skin areas where nerve endings are located [23]. MNs-
based transdermal drug delivery technology is known
for its minimally invasive, high availability, rapid onset,
good patient compliance, ease of self-administration,
and potential for controlled release [24]. Recently, MNs
delivery systems are expected to provide more effective
and safer methods of drug administration, improving the
therapeutic experience for patients, ongoing research and
an increase in clinical trials support this anticipation [25]
(see Table 1). Currently, the MNs delivery technology is
poised to target the $32 billion transdermal drug deliv-
ery market and $25 billion global vaccine market [26].
Furthermore, it is also anticipated that this technology
will enter the biologics market, which is valued at over
$120 billion [27]. While numerous reviews have been
conducted on the use of MNs in transdermal drug deliv-
ery for diabetes management and vaccination [24, 28,
29], however, there are very few reviews that address the
treatment of metabolic diseases in broader areas other
than diabetes.

In this review, we focus on advanced concepts, designs
and materials related to the fabrication of MNs. It also
discusses in detail the contributions of various types of
MN:s, nano-engineering and electronic teams to improve
the drug delivery capability of MNs. The release modes
of MNss are highlighted based on the materials used for
their preparation and the delivery mechanisms. In partic-
ular, some research advances in combining nanotechnol-
ogy to intelligently control the drug release rate according
to specific environmental variables. This review aims to
summarize the latest developments in MNs therapy for
the treatment of metabolic diseases, expanding beyond
previous work includes not only diabetes mellitus, obe-
sity and hyperlipidemia, but also other metabolic disor-
ders such as fatty liver, polycystic ovary syndrome, and
hyperuricemia, etc. The summarized sites of delivery are
not only limited to dermal transdermal delivery, but also
in vivo transdermal drug delivery systems that act in the
gastrointestinal tract. Finally, we address the challenges,
prospects, and innovative strategies for employing MNs
in the treatment of metabolic diseases, with the intention
of providing insights into the design of more effective
transdermal systems for future applications in the daily
management and treatment of metabolic diseases.

Overview of MNs patch technology

Materials and types

Over the years, scientists have tried to improve MNs
design by using different materials, adjusting proper-
ties, changing shape and size [30]. To date, a wide range
materials have been used to fabricate the MNs, includ-
ing silicon [31], metals (such as stainless steel and tita-
nium) [32, 33], polymers [34], glass [35], ceramics [36],
sugars [37], and others [38]. Degradable or soluble MNs
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are mainly made of polymethyl methacrylate (PMMA),
hyaluronic acid (HA), polyvinyl alcohol (PVA), sodium
carboxymethyl cellulose (CMC), polyvinylpyrrolidone
(PVP), polylactic acid (PLA), and chitosan [24, 39, 40].
Currently, researchers have developed various types of
MNs to enhance drug delivery, which can be broadly
categorized into six main types: solid MNs, hollow
MNs, porous MNs, coated MNs, dissolvable MNs, and
swellable MNs. MNs can perform various biomedical
functions, for example, solid MNs can enhance skin per-
meability through skin puncture, while dissolvable and
swellable MNs can control drug release and extract skin
interstitial fluid (ISF) [8, 41]. The functions of MNs in
biomedicine are influenced by the properties of the mate-
rials used (refer to Table 2) and their structural design
(refer to Fig. 1).

Solid MNs

Solid MNs, usually fabricated of hard materials like sili-
con, metals, or certain hard polymers, possess a robust
structure that is ideal for skin puncture [54, 55]. The
main purpose of solid MNs is to create microchannels
in the skin, thereby enhances the permeability of oint-
ment drugs or vaccines. Guo et al. [34] employed thermal
micromolding technology to fabricate solid MNs arrays
from PLA with varying numbers, densities, heights, and
evaluated their effect on drug delivery. The study revealed
that MNs with a height of 800 pm and a density of 256
MNs/cm? are optimal for enhancing drug penetration.
Longer MNs provide better mechanical strength and
create deeper microchannels for improved drug delivery
through the skin. Furthermore, Hu et al. [56] introduced
a method for fabricating metal MNs arrays using thermo-
plastic drawing technology. They were able to fabricate
both solid and hollow MNs with adjustable lengths and
tip sharpness by manipulating the rheological properties
and fracture behavior of metallic glass (MG). However,
solid MNs present risks such as tip bending and needle
tip retention in the skin.

Hollow MNs

Hollow MNs are created by drilling solid MNs, result-
ing in an internal cavity [57]. This unique structure
allows for the direct delivery of drugs or other therapeu-
tic agents into the subcutaneous layers of the skin. The
use of syringes or micro-pumps enables precise control
over drug dosage and delivery rate, making it particularly
beneficial for treatments that require accurate dose man-
agement, such as insulin injections [58, 59]. In a study
by Detamornrat et al. [60], iontophoresis was integrated
with hollow MNss for the delivery of various small or large
molecules. The results demonstrated a notable enhance-
ment in skin permeability for the model drug over a six-
hour period when a 1 mA cm™? electrical current was
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applied. It is important to note that manufacturing hol-
low MNs is a complex process that requires a meticulous
methodology for the fabrication of hollow structures.
Moreover, users are advised to accept the diminished
mechanical strength inherent to hollow MNs, resulting
from the absence of an internal support framework due
to the high aspect ratio of these structures. Furthermore,
the presence of drug residues or skin fragments may
obstruct the hollow channels, thereby hindering or com-
promising the effective delivery of the drug [61].

Porous MNs

The introduction of porous MNs with a finely turned
pore structure is expected to address the previously men-
tioned limitations of hollow MNs. This porous struc-
ture facilitated the storage and delivery of drugs across
the entire surface or within the internal structure of the
MNs [62]. It is evident that the porous structure signifi-
cantly enhances the drug loading capacity and allows for
the simultaneous carriage of different drugs on the same
MNs. Porous MNs are typically constructed from bio-
compatible and biodegradable materials, allowing them
to safely degrade within the body after drug release with-
out the need for removal. This type of MNs is particu-
larly well-suited for long-term or sustained drug delivery
applications, such as those related to the management of
chronic diseases and the vaccine administration. Li et al.
[33] utilized metal injection molding (MIM) technology
to create a titanium porous MNs array (TPMA), with a
porosity of approximately 30.1% and an average pore size
of about 1.3 pm. Experiments demonstrated successful
penetration through rabbit skin, where the cumulative
permeation flux of calcein loaded on the TPMA was 27
times higher than that through intact skin, significantly
enhancing drug delivery efficiency. Nazia et al. [63] fab-
ricated porous silicon MNs with adjustable porosity and
high loading capacity through a combination of dry and
wet etching. The thickness of the porous layer can be
adjusted from 1.5 um to 4.0 pm. The Sonkusale group
has reported the development of a novel polymer porous
MNs with both small and large area porous structures,
accompanied by a flexible backing, for the management
of pain [64]. The solid formulation employs to enhance
the drug loading capacity of the novel porous MNs,
enabling the loading and subsequent release of anesthetic
and non-steroidal anti-inflammatory drug (NSAID) solid
formulations, including lidocaine and ibuprofen in the
same MNs. The porous MNs can be delivered at high
strengths, which represents a significant advantage over
conventional MNs. The porous MNs offers a novel ave-
nue for combination drug therapy [65, 66].
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Fig. 1 Schematic diagram of the structure of different types of MNs. (A) Solid MNs. (B) Hollow MNs. (C) Porous MNs. (D) Coated MNSs. (E) Dissolvable MNs.

(F) Swellable MNs. Created with BioRender.com

prolonged patch application, which can lead to infection
or erythema.

Swellable MNs

Swellable MNs function differently from other types of
MN:s. Swellable MNs are manufactured using a hydro-
gel three-dimensional network structure in an aqueous
medium [74]. This cross-linked network enhances the
utility of hydrogel MNs, allowing them to retain sig-
nificant amounts of water, are soft and elastic. Swellable
MNs function differently from other types of MNs [51].
As first reported in 2012, hydrogel MNs undergo a swell-
ing phenomenon upon contact with the moist envi-
ronment of the skin, this process is attributed to the
absorption of water by the polymer network within the
hydrogel. The drug release mechanism involves hydrogel
swelling, gradual release, drug diffusion, and complete
degradation [75]. Peng et al. [76] explored an implantable
MNs with poly(lactic-co-glycolic acid) (PLGA) tips and a
hydrogel base, which can embed drugs into the skin with
up to 80% within one minute. Notably, the hydrogel base
can be completely removed after delivery, thereby elimi-
nating sharp biohazardous residues. Moreover, the appli-
cation of swellable MNs is not limited to drug delivery, as
they can also extract ISF for subsequent analysis [53].

Design and manufacturing technology

Recently, advancements of micro-nano fabrication tech-
nology, researchers to design and manufacture MNs
with varying sizes, morphologies, materials, and costs
to satisfy the functional requirements of MNs applica-
tions. Precision numerical control techniques, such as
photolithography [77], laser cutting [78], and mechani-
cal milling [50], enable the creation of complex and pre-
cise MNs designs. Furthermore, micro-molding [45] and
droplet-jetting [49] methods offer flexible solutions for

fabricating polymer MNs, particularly suitable for rapid
production of MNs templates. Electrochemical etching,
dry, and wet etching techniques are mainly used to man-
ufacture of silicon and metal MNs [31, 42]. Advanced
additive manufacturing techniques, such as 3D printing
technologies [52, 58], including stereolithography (SLA)
[79], digital light processing (DLP) [80], selective laser
sintering (SLS) [81], continuous liquid interface produc-
tion (CLIP) [82], fused deposition modeling (FDM) [83],
and two-photon polymerization (TPP) [44], can rapidly
produce high-precision, customized three-dimensional
MN:s prototypes. These technological advancements have
optimized these methods, enhancing manufacturing pre-
cision, efficiency, and customization.

Graded release for drug delivery

Understanding drug release patterns is crucial for design-
ing and optimizing drug delivery systems to achieve more
effective therapeutic outcomes. The functionality of con-
trollable drug release MNs systems is currently governed
mainly by the physicochemical properties of the matrix
materials, the design of the MNs, drug interactions, and
in vivo environment [9]. Drug release from MN:ss is typi-
cally controlled by diffusion, swelling, and degradation
mechanisms in the absence of external stimuli [84]. Many
researchers have also explored the interaction between
stimulus-responsive materials and MNs systems, intro-
ducing a concept of intelligent and automated drug
delivery that can respond to specific biological signals or
target locations [85, 86]. Inspired by the successful cases
of transdermal controlled drug delivery achieved through
MN:s, various innovative designs have emerged, reveal-
ing the immense potential for precise targeting of specific
cells and local tissues. These innovative strategies are
expected to significantly enhance therapeutic outcomes
while greatly reducing systemic side effects [87].
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Direct release via matrix swelling/degradation

In general, matrix swelling controlled release systems can
absorb surrounding biological fluids after implantation
into the human body, promoting the therapeutic agents
into the microcirculation [9, 75]. In degradable MNs sys-
tems, the drugs are loaded into biodegradable materials
and encapsulated within the MNSs, creating a long-lasting
dermal reservoir for precise and controlled drug release
within the skin [88]. These delivery systems are simple,
effective and controllable, making them suitable for
applications such as vaccination and drug therapy.
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Recently, Zhao et al. [89] used 3D printing technol-
ogy to develop therapeutic exosome-encapsulated bionic
adaptive MNs for diabetic wound healing. These MNs
consist of an adjustable PVA hydrogel tip that encap-
sulates mesenchymal stem cell (MSC) exosomes and
a detachable 3 M medical tape base. PVA hydrogel is
ion-responsive due to the Hofmeister effect [90]. Sulfate
ions contribute to the formation of a harder surface on
the MNs tips, thus enhancing their ability to penetrate
the skin more efficiently. Conversely, nitrate ions soften
the MN:ss tips, facilitating the release of exosomes upon
detachment from the base (Fig. 2A). The study revealed

No3

saltlng in

strengthened softened

0 ¢ O salting in

— —
& softening - \ / \? g 1 o Pa)
=) 00 A o - =

exosome 2 o e

healed
S22 collagen

'ﬂb neovascular

<1 min —_— >Weeks

,"\\ﬁ-‘ . ."7'., |iii ;
Si NNs Initial burst release Long-term sustained

from the lens release from the Si NNs

30s e 60 s

Dissolving Dissolved

Rabbit eye

Fig.2 MNs released directly via matrix swelling/degradation. (A) Exosome-encapsulated MNs for diabetic wound healing: (i) The strength of the PVA hy-
drogel array is modulated by various ions; (i) Exosome-loaded MNs promote wound healing mechanism. Reprinted with permission from Ref [89]. 2023,
Wiley. (B) Silicon nanoneedles and tear-soluble contact lenses for ocular drug delivery: (i) Preparation diagram of soluble contact lenses; (ii) Time-lapse of
drug delivery and photos of a rabbit eye with a dissolving contact lens. Reprinted with permission from Ref [91]. 2022, The American Association for the

Advancement of Science



Li et al. Journal of Nanobiotechnology (2025) 23:350

that MSC-derived exosomes effectively promote the
generation of new tissues and accelerate wound healing
in diabetic rats. As illustrated in Fig. 2B, Lee et al. [91]
combined PMMA and PVA-coated silicon nanoneedles
with tear-soluble contact lens to propose a unique ocular
drug delivery platform. These contact lenses are soluble
in tears and can fit corneas of different sizes. MNs dis-
solve quickly in tear fluid, releasing anti-inflammatory
medication within one minute. The silicon nanoneedles,
designed for minimally invasive penetration into the
cornea, degrade gradually over several months, enabling
biphasic drug release.

Environmental stimulus-responsive release
Stimulus-responsive MNs are the intelligent drug deliv-
ery platform that can sensitively respond to specific
external or internal stimuli [92]. These MNs are capable
of autonomously regulating drug release upon detection
of particular physiological conditions or stimuli, making
them suitable for therapeutic scenarios requiring fine-
tuned control over the timing and dosage of drug release,
thereby achieving precise and controlled drug delivery.

External physical stimulation regulation

Exogenous trigger MNs systems facilitate drug release
by sensing specific external signals, such as temperature,
light, ultrasound, and electrical fields [92, 93]. This pro-
vides an unprecedented opportunity for patients to tai-
lor the timing and dosage to their specific needs. Among
other external conditions, the use of light (such as ultra-
violet, visible, or near-infrared light) as a stimulus to con-
trol drug release enables precise drug delivery to specific
sites in the body by adjusting the light’s intensity, dura-
tion, and wavelength [94, 95], which represents a gentler
and more flexible method of drug delivery.

Pioneering work on a light-responsive hydrogel MNs
was reported by John et al. [96]. As shown in Fig. 3A,
the array is composed of 2-hydroxyethyl methacrylate
(HEMA) and ethylene glycol dimethacrylate (EGDMA),
is light-responsive, and can load up to 5% ibuprofen.
Raman spectroscopy analysis confirmed the delivery of
up to three doses of 50 mg ibuprofen over a period of
160 h. This demonstrates significant potential for pro-
longed and controlled drug release. In addition, Yu et al.
[97] embedded photothermal converter Prussian blue
nanoparticles and metformin into polycaprolactone
(PCL) to fabricate near-infrared (NIR) light-triggered
MNs. These MNs tips are capped on a soluble PVA/PVP
base. As the substrate dissolves and absorbs tissue fluid,
the detachable tips penetrate to the skin. The photother-
mal effect of PBNPs is activated by exposing the embed-
ded MNs tips to NIR radiation. This causes the MNs
tips to melt, releasing the encapsulated metformin. This
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mechanism enables patients to control the timing and
dosage of drug release based on their individual needs.

In recognition of the limitations of single-stimulus
responses in achieving desired results and to enhance
patient self-management, Luo et al. [98] developed a
magnetothermal responsive dual-layer MNs system
(Fig. 3B), composed of HA, ferro-ferric oxide (Fe;O,),
and selenium nanoparticles encapsulated in micelles. A
disk-shaped electromagnetic field device (Disk-ZVS) that
generates an electromagnetic field with minimal attenu-
ation in living tissues. By utilizing magnetic penetra-
tion, the magnetothermal conversion therein achieves
deep sterilization effects through the tough epidermis.
When applied to diabetic wounds, excess hyaluronidase
gradually degrades HA, releasing SeNPs. This process
reduces reactive oxygen species (ROS) production and
helps regulate the wound’s redox balance. Furthermore,
SeNPs promote angiogenesis, accelerating wound heal-
ing. Consequently, this MNs system integrates multiple
functions including magnetothermal sterilization, deep
tissue penetration, anti-inflammatory action, and promo-
tion of angiogenesis, demonstrating significant poten-
tial as an adjunct therapy for diabetic wound infections.
Simultaneously, sonodynamic therapy (SDT) has gained
attention in recent years due to its non-invasive treat-
ment approach and high penetration capabilities [99].
In their investigation into the sonocatalytic properties of
TiO, nanoparticles across varying crystal phases, Wu et
al. [100] discovered that anatase-brookite TiO, exhibited
exceptional antibacterial activity against Staphylococcus
aureus following a 15-minutes ultrasound (US) treat-
ment, attributing this effect to enhanced O, adsorption
and reduced O, activation energy, leading to an increased
production of ROS and a disinfection rate of 99.94%.
Based on this discovery, the authors proposed an inno-
vative AB-based dissolvable MNs approach. As shown in
Fig. 3C, these MNs, designed to rapidly dissolve the cavi-
tation effect of US, efficiently delivering anatase-brookite
TiO, into biofilms, offering a potent solution for deep
biofilm infections. Ultrasound-assisted MNs therapy
represents a novel approach for treating wound biofilm
infections.

Internal physiological molecular regulation

Endogenous physiological stimulus-responsive MNs are
created by integrating functional materials that respond
to endogenous stimuli such as pH changes, fluctuations
in glucose concentration, and increased enzyme activity
[94, 101, 102]. In recent years, researchers have explored
the potential application of these smart MNs patches,
including innovations in materials, optimization of drug
loading, and customization of drug release profiles in a
spatiotemporally controllable manner [103].
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Fig. 3 The MNs system responds to external environmental stimuli. (A) Release mechanism of light-responsive hydrogel MNs loaded with a model drug
(ibuprofen). Reprinted with permission from Ref [96]. 2016, American Chemical Society. (B) A magnetothermal-responsive dual-layer MNs for diabetic
wound treatment assistance: (i) MNs relies on the electromagnetic field generated by Disk-ZVS for magnetocaloric conversion to achieve deep steriliza-
tion, while releasing SeNPs to reduce ROS and promote angiogenesis; (i) Schematic diagram of the disk-shaped coil and MNs position simulation; (iii)
The total magnetic field distribution of the vortex coil and MNs, along with the overall view and side view. Reprinted with permission from Ref [98]. 2023,
Wiley. (C) Working mode of AB-MN+ US for wound biofilm treatment. Reprinted with permission from Ref [100]. 2022, Wiley

The solubility, stability, and absorption rate of drugs are
deeply affected by pH values, and some modern wound
dressings and therapeutic strategies consider pH modu-
lation as a mechanism to promote wound healing. Ullah
et al. [104] designed and manufactured a porous polymer
coating on MNs that automatically releases therapeutic
drugs in response to wound pH conditions (Fig. 4A). To
ensure that there is no drug leakage, the porous layer was
effectively covered the porous layer with a film coating of
Eudragit S100. Under the healthy skin pH conditions (pH
4.5), drug the release of the medication from the MNs in
the test medium was found to be negligible. However,
when the MNs were exposed to chronic wound pH con-
ditions (pH 7-9), a significant increase in drug release
was observed.

Glucose is another important internally responsive
physiological molecule [105, 106]. As shown in Fig. 4B,
Gu et al. [107] designed a glucose-responsive insulin
patch that releases insulin and GOx-loaded vesicles based
on blood glucose levels. These vesicles are composed of
hypoxia-sensitive hyaluronic acid (HS-HA) combined
with hydrophobic 2-nitroimidazole (NI). GOx catalyzes
the breakdown of glucose in the presence of oxygen,
which reduces HS-HA and accelerates insulin release.
This mechanism has been shown to effectively regulate
blood glucose levels in a mouse model of type 1 diabetes.
Glucose is a vital substance in cell metabolism that sup-
ports cell survival, growth, and the construction of the
tumor microenvironment. Singh et al. [108] fabricated
a dissolvable polymer MNs containing GOx and copper
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Fig. 4 The MNs system responds to internal environmental stimuli. (A) Wound pH-dependent release system schematic illustration. Reprinted with
permission from Ref [104]. 2021, Elsevier. (B) Glucose-responsive insulin MNs: (i) A schematic of the MNs, containing vesicles that trigger insulin delivery
in vivo in response to hyperglycemic conditions; (i) SEM images of the MNs array and fluorescence images of MNs labeled with FITC-insulin. Reprinted
with permission from Ref [107]. 2015, PNAS. (C) GOx and CuS nanozyme composite dissolvable MNs: (i) Schematic representation of melanoma treatment
using GOx-CuS in MNss; (i) Final tumor weight and changes in tumor volume during treatment in each group. Reprinted with permission from Ref [108].

2024, Elsevier

sulfide (CuS) nanozymes with NIR chloroperoxidase-like
activity (Fig. 4C). The GOx enzyme initiates starvation
therapy and activates the CuS nanozyme to generate ROS
using endogenous glucose and Cl". The combination
of CuS-based chemodynamic therapy (CDT) and pho-
tothermal therapy (PTT) is further enhanced by near-
infrared radiation. The GOx-CuS nanosystems exhibited
promising therapeutic efficacy in a mouse melanoma
model.

Targeted release in localized areas
MNs systems could be used to achieve localized thera-
peutic effects by targeting molecular modifications,

modulating the local physiological environment and
employing specific delivery strategies. These advanced
systems aim to release drugs precisely to specific local
tissues or lesions, optimizing drug uptake and maximiz-
ing therapeutic effects while circumventing the obstacles
associated with systemic administration [9]. Localized
targeting of MNs has shown promise in the treatment of
diseases such as diabetes, obesity, and cancer [23, 109],
and their application has subsequently expanded to
include ocular, oral, cardiac, gastrointestinal delivery, and
other areas [110-112].



Li et al. Journal of Nanobiotechnology (2025) 23:350

Nanomaterial encapsulation targeted regulation

Nanomaterials can facilitate the targeted delivery of MNs
through the conjugation of targeting ligands or antibod-
ies [113]. Moreover, the incorporation of nanomaterials
into MNs allows for the enhancement of drug delivery
characteristics, including an increase in the drug load-
ing capacity and the implementation of prolonged,
controlled drug release [114, 115]. Figure 5 shows the
innovative nanomedicine developed by Bao et al. [116],
they partially hydrolyzed a-lactalbumin (a-lac) nano-
micelles with Bacillus licheniformis protease (BLP) and
encapsulated the known anti-obesity agent capsaicin
(Cap) within them, the fabricated nanomedicine was
then directly delivery to adipose tissue via MNs. Further-
more, Maryam et al. [117] aimed to enhance the solubil-
ity of the third-generation antidiabetic drug glimepiride
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(GM) by incorporated GM-encapsulated nanomicelles
into MNs. The nanomicelles were uniformly distributed
within PVP and PVA polymer matrices, with each array
achieving a drug load of 80.3 pg. The solubility was sig-
nificantly increased by 250 times, demonstrating higher
availability and lower dosages compared to oral admin-
istration. As a result, the use of nano-micelle dissolvable
MNs provides a more effective and regulated drug release
methodology, which may facilitate the enhancement of
transdermal delivery and drug absorption.

Microelectronic programmable control regulation

In recent years, Micro electromechanical systems
(MEMS) have emerged as a powerful suite of new tech-
nologies designed to achieve precise localization and pro-
grammable control over drug release via microelectronic

ll) M (Cy5) in MP

MP melting at body
Temperature

300 pum

Fig. 5 Targeted release of MNs via local area. MNs for localized targeting of adipose tissue: (i) Schematic illustration of a multifunctional MNs loaded
with capsaicin-loaded micelles; (ii) SEM images of the MNs and CLSM images before and after loading M (Cy5) on the depilated skin of the left inguinal
adipose tissue; (iii) TEM images of a-lac nanomicelles and Cap-loaded nanomicelles; (iv) In vivo fluorescence imaging display. Reprinted with permission

from Ref [116]. 2021, Wiley
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techniques [118, 119]. Rao et al. [120] proposed a design
for an integrated MNs piezoelectric micro pump. This
micro pump utilizes a rectangular piezoelectric actuator,
with four main components: electrodes, a piezoelectric
plate, a polydimethylsiloxane (PDMS) membrane, and
inlet and outlet channels arranged from bottom to top.
The flow rate of the micro pump at an input voltage of
10 V and frequency of 300 Hz is 4.1 mL/min, while the
flow rate integrated with MNs is 4.67 mL/min. In terms
of safety, the high pumping rate at low applied voltages
is crucial for transdermal controlled drug delivery appli-
cations. Zhang et al. [121] investigated an alternating
current electrothermal (ACET) micro pump with high
working pressure and rapid flow rate, utilizing a MNs
array for liquid transport. This micro pump is capable of
achieving rapid pumping rates (10-10% nl/s) and high
working pressures (1-12 kPa), which are important for
the continuous fluid delivery applications of biomedical
devices such as MNs arrays.
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Combination drug therapy

MNs combined with drug therapies are the most effective
approach for synergistic target disease treatment [122,
123]. This method allows for the simultaneous delivery of
multiple drugs within a single MNs, and it is particularly
applicable to diseases that require multi-step treatment
processes, such as combination chemotherapy in cancer
treatment and antibacterial and anti-inflammatory in
wound healing [124]. Li et al. [123] developed individu-
ally coated MNs for loading and co-delivery of various
drugs, with each MNs is independently coated with dif-
ferent drugs. Research has demonstrated that coated
MN:ss are capable of delivering various drugs or particles,
providing a method for simultaneous delivery of multiple
drug formulations to the skin.

Subsequently, as shown in Fig. 6A, Wang et al. [125]
designed a trilayer MNss for the controlled release of three
different molecules. The first layer was made of CMC, the
second layer of ethyl cellulose (EC), and the third layer
was made of PVP. Experimental results showed that the
MNs exhibited multiphasic release curves for each mol-
ecule: the outermost layer of CMC released fluorescein
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Fig. 6 Multidrug combination therapy MNs. (A) Triple-layered MNs for controlled release of three different molecules: (i) Stepwise fabrication method
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Wiley. (B) MNs scheme for combined chemotherapy treatment of PC: (i) Design and application of the Christmas tree-shaped MNs; (i) Optical microscopy
image of a Christmas tree-shaped MNs; (iii) Digital images of pancreatic tumor samples. Reprinted with permission from Ref [126]. 2022, The American
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immediately, while the middle layer, containing methy-
lene blue, exhibited controlled release over several days.
Additionally, the middle layer delayed the release of tet-
ramethylrhodamine (TRITC)-labeled antibodies in the
innermost layer, achieving a sustained release effect over
the course of a week. Additionally, by varying the man-
ufacturing parameters, it was possible to regulate the
thickness of the layers, thereby controlling the timing of
drug release. The proposed technique is promising as it
enables multimodal therapy to be provided within a sin-
gle treatment session. As depicted in Fig. 6B, Huang et al.
[126] developed a novel Christmas tree-shaped adhesive
MN s that concurrently loads fluorouracil, folinic acid, iri-
notecan, and oxaliplatin, with the aim to implementing a
spatiotemporal FOLFIRINOX regimen for the orthotopic
treatment of pancreatic cancer (PC). This MNs was made
using a layer-by-layer molding method. Oxaliplatin and
folinic acid were placed in the top MNs, while irinotecan
and fluorouracil were set in the bottom MNs. The mul-
tilayer structure enhances the adhesion capabilities of
the MNs and provides spatiotemporal control over drug
release, thereby facilitating the release of the drugs and
offering an effective strategy for combined chemotherapy
in the treatment of PC.

Application of MNs in the treatment of metabolic
diseases

MNs is a highly anticipated therapeutic approach for the
treatment of metabolic diseases. This method enables the
targeted delivery and controlled release of medications,
provides a promising avenue for the management of met-
abolic diseases [127]. For the treatment of diabetes, MNs
can facilitate the rapid and precise delivery of insulin or
other medications, thereby maintaining stable blood glu-
cose levels [128]. MNs can also be utilized to treat obe-
sity, hypertension, and other diseases related to metabolic
disorders by regulating hormone levels or through other
therapeutic pathways to improve the metabolic state of
patients [129, 130]. An overview of the latest research on
MN:s for the treatment of metabolic diseases is presented
in Table 3.

Diabetes

Diabetes, a globally prevalent metabolic disease, is com-
monly associated with elevated blood glucose levels
(BGL) [127]. There are two main types of diabetes: type
1 and type 2. Type 1 diabetes is also called juvenile or
childhood-onset diabetes. It is caused by the body attack-
ing the pancreas, which leads to a lack of insulin. Type 2
diabetes is usually caused by the body not using insulin
properly. It can be managed through medication, lifestyle
changes, and diet [137, 138]. For patients with type 1 and
advanced type 2 diabetes, traditional care requires con-
tinuous monitoring of blood glucose levels and insulin
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injections or pumps to maintain normal glucose levels.
However, injecting insulin is painful, inconvenient, and
sometimes not enough to control blood sugar. Oral insu-
lin appears to be an alternative to subcutaneous injec-
tions, however, the efficacy of this approach has been
limited by the degradation of the insulin prior to absorp-
tion, resulting in low utilization efficiency and poor
membrane permeability [139].

Over the past two decades, numerous studies have
demonstrated the efficacy of MNs in delivering insulin
for glycemic control [28, 140]. Insulin-containing MNs,
which bypass the gastrointestinal tract and increase effi-
ciency while reducing pain, have become a highly sought-
after method of drug delivery. In the initial design stages
the insulin, O, and H,0, were frequently selected as the
response molecules for insulin release [106, 107]. Nev-
ertheless, the presence of H,O, in this system has led
to concerns regarding its long-term biocompatibility. In
2018, Gu et al. [141] proposed a glucose-responsive smart
insulin delivery system. As can be seen from Fig. 7A,
GOx encapsulated in the core is used to generate H,O,
and then release insulin. Importantly, the outer shell con-
tains catalase, which filters and scavenges excess H,O,,
thereby reducing the risk of H,O,-induced inflammation.
Liu et al. reported a glucose and H,O, -responsive poly-
meric vesicles MNs for insulin sensitive transcutaneous
delivery [142]. In Fig. 7B, GOx catalyzes the production
of gluconic acid and H,O, from glucose, the generated
H,0, can then stimulate the hydrolysis of phenylbo-
ronic acid pinacol ester (PBEM) to achieve dual-response
release of insulin. Yu et al. [132] proposed a detachable
transdermal patch equipped with MNs loaded with insu-
lin and a glucose-responsive polymer matrix, capable of
regulating glucose levels for over 20 h. Under hypergly-
cemic conditions, phenylboronic acid within the polymer
matrix reversibly forms glucose-borate complexes, uti-
lizing its increased negative charge to cause the polymer
matrix to swell and weaken the bonds between the neg-
ative insulin and the polymer, so the insulin is released
more quickly. Despite the ability to regulate insulin
release in response to fluctuations in blood glucose, in
practice, human blood glucose fluctuates in a complex
manner and may be influenced by numerous factors,
including diet, exercise, and emotional states. Therefore,
the patch’s ability to respond accurately to these com-
plexities requires further optimization to achieve more
precise blood glucose control.

Although transdermal techniques have achieved rapid
release of the insulin-MN:s, it is still difficult to main-
tain therapeutic levels of insulin for the patients remains
challenging. Recent studies have focused on releasing
insulin-MNs in the oral cavity and even to deliver assem-
bled insulin-MNs into the gastrointestinal tract, utiliz-
ing gastrointestinal peristalsis to facilitate MNs puncture
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Types Medications Application  Materials Morphology Dose Results Refs.
Dissolv-  Caffeine Obesity HA 7x7 array, height is 15% w/w Weight loss, decreased leptin, and  [130]
ing MN 500+ 50 um, tip diameter is increased adiponectin levels
3042 pm
Dissolv-  BTX-A Obesity PVP, PVA,HA  10x 10 conical needles, 6.7 1U Slow down gastric emptying [131]
ing MN aspect ratio of 2, heights of speed, improve fatty liver degen-
300, 600, and 1000 um eration, and improve glucose
tolerance.
Glucose Insulin Diabetes N-vinylpyr- A 20x 20 array, with abase 7 mg Quickly regulates glucose levelsin - [132]
respon- rolidone width of 400 um and a the blood
sive MN (NVP), height of 900 um
DMAEA,
3APBA,
EGDMA
Ther- Insulin Diabetes Sodium 10x 10 array with base 5mg Real-time blood glucose sensing  [17]
anostic alginate, width 400 um, height and self-regulated insulin release
MN chondroitin -~ 600 um and tip diameter
sulfate 35um
Dissolv-  SNP, ST Hypertension  Sodium car-  9x9 array with 250 um SNP: 150 mg/mL  Reduces high blood pressure and ~ [129]
ing MN boxymeth-  base and 600 um height ST: 500 mg/mL is used in hypertensive emergency
ylcellulose management
(SCMC, Mw:
90 000, 8%
w/V)
Target-  Capsaicin Obesity HA, PVA 10X 10 array with 700 um 115.26 mg/g per  Promotes the browning of white  [116]
ed MN pitch, 300 um base length  a-lac protein fat, inhibits PPAR-y, CEBPa levels,
on each side, 600 um and increases TRPV1, UCP-1, CytC
height levels
pH Rosi Obesity HA, dextran 11 x11 array with 600 um 10 mg/ kg Upregulates brown adipocyte [133]
respon- center-to-center spacing, markers Elovi3 and Cidea, and
sive MN 300 um base diameter, and represses white adipocyte genes
800 um height Resistin and Adipsin
Hydro-  PFD Liver fibrosis  Gelatin, 15%15 array, 800 um in 10 mg/mL Downregulate TGF-31, inhibit the  [134]
gel MN methacrylic  height, 300 um in diameter, expression of Col1a and a-SMA,
anhydride  and 600 pum in pitch and enhance the anti-apoptotic
(MA) effect
Dissolv- DYD PCOS TCS, PVA 15X 15 array with base 5mg Treatment of gynecological dis- [135]
ing MN dimensions of 200 um di- eases and enhanced drug delivery
ameter and 575 um height efficiency
Dissolv- AP Hyperuricemia CMC, PVP 20% 20 array with base 2 mg/mL Reduce serum uric acid levelsand  [136]
ing MN width 200 um and height inhibit ADA and XOD activities

800 um

and absorption. Compared to the skin, the buccal cavity
offers an effective route for drug delivery due to its ease
and speed. Caffarel-Salvador et al. [110] have demon-
strated that MNs can be used to deliver macromolecules,
including human insulin and human growth hormone
(hGH), and delivered 1-mg payload of swine within 30s.
One hundred human volunteers described the potential
discomfort of MNs punctures in different parts of the
oral cavity.

MNss robots represent an innovative approach to oral
drug delivery system. A thicker stomach wall (4—6 nm)
provides enhanced protection and space for insulin.
Inspired by the self-orienting leopard tortoise, Lang-
ger and Traverso et al. [143] developed an ingestible
self-orienting millimeter-scale applicator (SOMA). The

SOMA is constructed from low-density PCL and high-
density 316 L stainless steel, which makes it easy to self-
orient. The exterior of the insulin capsule is composed of
a material that can be safely degraded, while the interior
contains a needle compressed from freeze-dried insulin.
Upon reaching the stomach, the gradual degradation of
the outer shell allows allow the spring inside to insert
the tip of the insulin needleinto the stomach wall, result-
ing in a gradual release of insulin. In this study, 0.3 mg
of insulin was successfully delivered into a swine model,
and 10 to 70 pM of the active pharmaceutical ingredi-
ents was observed within 3.5 h. Although the current
rate of drug release from the tip of the MNs robot exhib-
its a discernible pattern, it has not yet reached the level
of precise control. In view of the individual differences
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Fig. 7 Application of MNs in the treatment of diabetes. (A) Schematic diagram of the H,0,-glucose responsive MNs insulin delivery system. Reprinted
with permission from Ref [141]. 2018, American Chemical Society. (B) Schematic diagram of MNs used for transdermal drug delivery in diabetic rats.
Reprinted with permission from Ref [142]. 2018, American Chemical Society. (C) Oral magnetically responsive MNs robot for insulin delivery: (i) The MNs
robot penetrates the wall of the small intestine under the guidance of a magnetic field, separates the tip from the matrix and releases the drug; (ii) Scheme
and digital images of MNs robotic penetration of small intestinal tissue. Reprinted with permission from Ref [144]. 2021, Wiley

among patients and the dynamic changes in disease
states, achieving precise control of drug release to opti-
mize therapeutic effects remains a challenge that must be
addressed in the next stage of this technology. Further-
more, the potential risks associated with long-term use
have not been fully elucidated.

In addition, the intestinal wall can be considered as a
potential site for drug delivery via MNs. Abramson et al.
[72] reported a luminal unfolding MNs injector (LUMI)
for insulin delivery. The LUMI is encased in a capsule
with a diameter of 9 mm and a length of 30 mm, and the
capsule is coated with poly(methacrylic acid-co-ethyl
acrylate). When the pH exceeds 5.5, the capsule dis-
solves and the propelled the LUMI out of the capsule.
The study revealed a 10% increase in systemic absorption
over a 4-hour period compared to subcutaneous injec-
tions. To overcome the technical challenge of whether
drugs and drug carriers can efficiently diffuse through
viscous digestive fluids to the targeting site. From Fig. 7C,

Zhao et al. developed novel magnetically responsive MNs
robots [144], that consists of three parts: a magnetic sub-
strate, separable connection and needle tips. By encap-
sulating these MNs robots in a commercially available
enteric capsule, they can be stabilized in gastric fluid
and released at the small intestine. A magnetic belt is
wrapped around the abdomen for at least 4 h to guide the
release of the MNs into the small intestine wall. Recently,
Xu et al. [145] proposed an intestinal MN robot that uses
rhythmic peristaltic contractions to penetrate the mucosa
and rapidly expands after absorbing intestinal fluid. In
vivo experiments confirmed that the intestinal peristaltic
microrobot has an insulin delivery effect comparable to
subcutaneous injection. For patients with diabetes, oral
drug delivery is a highly acceptable, convenient, and eco-
nomically feasible approach [146]. The integration of a
physical device consisting of insulin MNs with mechani-
cal force has demonstrated the ability to overcome physi-
ological barriers and facilitate the delivery of insulin
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to the gastrointestinal tract. This innovative approach
eliminates the need for daily puncture injections and
is expected to facilitate the rapid clinical introduction
of oral insulin. However, in practical applications, the
intricate physiological structure and environment of the
human body may disrupt the distribution of the magnetic
field, thereby impacting the precise manipulation of the
MN s robot. Furthermore, the effective operational range
of the magnetic field is constrained and may not cover
the entirety of the gastrointestinal tract, leading to sub-
optimal drug delivery in specific areas.

Obesity

Obesity is a chronic metabolic disease characterized pri-
marily by an excessive accumulation of body fat, leading
to a body weight that exceeds the normal range [147].
According to the World Health Organization (WHO)
standards, an adult with a Body Mass Index (BMI) of
30 kg/m? or higher is diagnosed as obese [148]. Common
treatments for obesity include diet, exercise, drugs, and
surgery, but these are often associated with weight regain
or complications [131]. MNs-based treatments for obe-
sity have been shown to improve efficacy and reduce side
effects [149, 150]. Gu et al. [133] first proposed a trans-
dermal browning agent patch to locally induce adipose
tissue transformation for the treatment of obesity. This
MN-based patch delivers browning agents consistently
and efficiently to subcutaneous adipocytes and initi-
ates WAT “browning” in the target area. As depicted in
Fig. 8A, the MNs is made from a crosslinked HA matrix,
loaded with pH-responsive dextran nanoparticles encap-
sulating the browning agent rosiglitazone (Rosi), GOx
and catalase (CAT). GOx converts glucose into gluconic
acid, thereby lowering the local pH, while CAT consumes
the H,0, produced in the reaction. In vivo experiments
showed that the tip of the MNs effectively penetrated
the skin in the inguinal region of mice, resulting in an
approximately 15% reduction in the body weight of obese
mice by the end of a 4-week treatment period.

Improving the therapeutic efficacy of poorly water-sol-
uble drugs with low oral availability remains a significant
clinical challenge. The integration of MNs technology
with nanomaterials offers a novel approach to address
these issues. Li et al. [151] utilized the flavonol glyco-
side plant chemical rutin, loaded into liposomes self-
assembled from lecithin and cholesterol. Rutin-loaded
liposomes were added to a patch made of PVP and
PVA (Fig. 8B). The results demonstrated that liposomes
increased both the water solubility and cellular uptake of
rutin in adipocytes. In the pH 6.5 adipose tissue micro-
environment, the MNs released more rutin, and achieved
localized delivery to adipocytes. It showed significant
anti-obesity effects by downregulating proteins involved
in lipid synthesis (PPARy and C/EBPa) in adipocytes
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and promoting the expression of proteins involved in
beige fat formation (UCP-1 and Cyt C) in a high-fat diet
(HFD)-induced obese mouse model. Liposomes as drug
carriers present certain advantages, including low immu-
nogenicity and a low of risk associated with viral gene
integration, in contrast to viral carriers. This paper exam-
ines rutin liposomes; while they did not demonstrate
significant toxicity in cellular experiments, the potential
toxicity and side effects that may result from prolonged
circulation and accumulation within the body remain
inadequately understood.

To reduce the effects of oxidative stress and chronic
inflammation on fat browning, Zan et al. [152] made a
dense core-shell dry powder nanoparticle with a loading
capacity 200 times higher than traditional nanoparticles
(8 pg/MN). The shell is composed of manganese dioxide
nanoparticles (MnO,-NPs), which possess nanocatalytic
activity (superoxide dismutase and catalase) and directly
react with H,O, to produce O, (Fig. 8C). The MNs core
is a combination of resveratrol and MnO,-NPs. Local
treatment showed that subcutaneous WAT (sWAT) sig-
nificantly reduced its mass and also improved systemic
metabolism, with significant reductions in liver fat,
hyperlipidemia, and systemic inflammation. However,
Inflammation-related signaling pathways are complex,
and the body may utilize adaptive regulatory mechanisms
that facilitate the development of resistance or compen-
satory responses during prolonged interventions, poten-
tially resulting in the re-exacerbation of inflammation.
Furthermore, the long-term accumulation of manganese
may disrupt normal physiological functions, thereby
inducing complications within the nervous and endo-
crine systems.

MNs have also been used to construct gene deliv-
ery systems. In Fig. 8D, Choi et al. [153] designed a
dissolvable HA-based self-locking MNs (LMN) that
encapsulates and delivers plasmid DNA to adipocytes by
incorporating self-assembling oligopeptoplex (SA-OP)
encoding shRNA. The geometric shape of the MNs grad-
ually expands from a 2 pm tip to a 340 pum mid-section,
then tapers down to a 250 um base, providing precise
skin penetration and adhesion characteristics. Treatment
over six weeks resulted in a 21.92% + 2.51%reduction in
body weight, improved insulin sensitivity, and decreased
inflammation and liver fat. This study advances the sta-
bility and efficacy of targeted anti-obesity gene therapy,
and holds potential for the treatment of obesity and
related metabolic diseases. Although the article mentions
the use of lyophilization and other methods to increase
the concentration, the specific large-scale production
process and quality control methods need to be further
optimized, which is crucial for the translation of this
technology into practical clinical applications.
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Direct drug delivery to internal organs can also be
achieved with MNs, Wang et al. [131] employed dissolv-
able MNs to implement a specific layered drug deliv-
ery strategy to study the site of action and therapeutic
effects of Botulinum toxin A (BTX-A, a muscle contrac-
tion inhibitor) in gastric intramural. The tips of Layered

Gastric Paresis MNs (LGP-MN) loaded with the drug
could rapidly release BTX-A, achieving uniform distri-
bution within designated gastric wall layers. As shown in
Fig. 8E, MNs of 300 um, 600 pm, and 1000 um were fab-
ricated corresponding to the thickness of different gastric
wall layers and were able to dissolve completely within
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120 s, with all drug-loaded tips dissolving within 30 s.
In an obese rat model, LGP-MNs showed safer charac-
teristics and demonstrated more significant therapeutic
effects in drug delivery to the muscular layer compared to
traditional injection methods. Specifically, the weight loss
rate in the LGP-MNs treatment group reached 16.23%,
which was 3.06 times higher than that of the traditional
injection method. Additionally, the gastric emptying rate
was reduced by 55.20%, liver steatosis was improved,
lipid levels were lowered, and the intestinal microbiota
shifted towards a healthier composition. The preparation
and application techniques associated with this method
are innovative, however, the implementation of invasive
surgical procedures remains necessary in actual clinical
practice.

Hypertension

Hypertension is a common, long-lasting disease by sus-
tained elevation of arterial blood pressure beyond the
normal range. Normal blood pressure for adults (ages 20
and older) is less than 120/80 mmHg [154]. Long-term
hypertension increases the risk of cardiovascular dis-
eases, cerebrovascular accidents, kidney diseases, and
other complications. MNs show potential in treating
hypertension, especially since oral medications are often
ineffective and sublingual doses are limited.

Permana et al. [155] developed a thermosensitive
hydrogel combined with solid MNs for the continuous
transdermal delivery of valsartan. The combination with
the highest permeability was produced by a 1.55 mm
MNs, with a drug penetration of 2.27+0.01 mg. Com-
pared to oral administration, this combined method
enhanced the availability of valsartan. Li et al. [129]
developed an antihypertensive MNs (aH-MN) for the
transdermal delivery of sodium nitroprusside (SNP)
combined with sodium thiosulfate (ST) as a cyanide anti-
dote (Fig. 9A). SNP binds with oxyhemoglobin, releas-
ing cyanide and nitric oxide, which relaxes blood vessels
and lowers blood pressure. After skin penetration of the
skin by aH-MNs, SNPs are immediately released into the
systemic circulation via subcutaneous capillaries. Co-
administration with ST effectively inhibited skin irrita-
tion and target organ damage caused by continuous SNP
intake. Rapid and effective blood pressure reduction was
achieved in a spontaneously hypertensive rat model,
meeting the requirements clinical blood pressure control
in hypertensive emergencies. In this paper, the stability
of SNPs in MNs was investigated over a 7-day period,
and the stability over longer periods of time needs to
be explored in order to advance the process of clinical
application.

To provide a user-friendly system for reducing blood
pressure quickly in emergencies, Chen et al. [156]
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developed a self-powered MNs drug delivery system.
As depicted in Fig. 9B, it mainly consists of two parts: a
piezoelectric film self-powered module made of polyvi-
nylidene fluoride (PVDF) and carbon nanotubes (CNT),
and a drug delivery module composed of PLA-gold MNs
and PLA-gold-polypyrrole MNs. Different voltages are
generated by applying different pressures on the self-
powered module to control the drug release efficiency
of the MNs. It demonstrates a higher drug release rate
and greater effectiveness compared to traditional active
devices. In this work indicates that the doping of CNT
has positively influenced the piezoelectric properties of
PVDE, it is anticipated that further optimization of other
nanomaterial combination will enhance the performance
of the system.

Moreover, combination antihypertensive therapy is
crucial for minimizing the need for high-dose mono-
therapy and reducing associated side effects, such as pre-
tibial edema and gastrointestinal bleeding. Shende et al.
[157] combined nifedipine (a cardiac inhibitor) and dil-
tiazem (a vasodilator), to prepare a bioresponsive MNs.
pH-responsive diltiazem PLGA nanospheres prepared by
a double emulsion method were added to a nifedipine-
PVP mixture to develop MNs. The skin’s acidity causes
CO, bubbles to form, which increase the internal pres-
sure and lead to the formation and rupture of pores in
the PLGA shell, thereby releasing the drug. The release
of nifedipine was nearly 96.93 +2.31% within 24 h. Com-
pared to the disease control group (109.9 +1.825 mmHg),
the average blood pressure after MNs treatment dropped
to 84.11+2.98 mmHg, demonstrating significant antihy-
pertensive effects.

Other metabolic diseases

In addition to obesity, diabetes, and hypertension, there
are a number of other common metabolic diseases, such
as polycystic ovary syndrome, non-alcoholic fatty liver
disease, and hyperuricemia. Currently, these diseases
have seen limited integration with MNs transdermal
delivery systems, and represent potential areas of focus
for future research by investigators.

Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is a hepatic
manifestation of metabolic syndrome, characterized
by the accumulation of fat in the liver in the absence of
alcohol consumption [158]. It is marked by hypertriglyc-
eridemia, reduced high-density lipoprotein, increased
waist circumference, hypertension, and fasting hypergly-
cemia [114]. Due to the lack of treatment and the increas-
ing prevalence of diabetes and obesity worldwide, the
prevalence of NAFLD is likely to increase and represent
a serious health crisis in the coming decades. Currently,
there are no specific treatments for NAFLD patients; the
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European and American Association for the Study of the
Liver only recommends vitamin E and the PPARy ligand
pioglitazone for certain patients [159].

In addition, MNs has been applied in the treatment
liver fibrosis. Gu et al. [134] developed a hydrogel MNs
based on gelatin and MA materials for the sustained
release of pirfenidone (PFD). Studies have demonstrated
that PFD can slow down liver fibrosis by inhibiting the
activation of hepatic stellate cells (HSCs), thereby reduc-
ing the accumulation of extracellular matrix (ECM) pro-
duced by HSCs around liver cells. However, it has not yet
been approved for actual clinical use [160]. Experiments
have demonstrated that Gel-PFD outperforms oral PFD
by reducing dosing frequency and improving anti-fibrosis
efficacy.

Polycystic ovary syndrome

Polycystic Ovary Syndrome (PCOS) is an endocrine dis-
order, a common condition affecting the physical and
emotional health of many women worldwide. It arises
from a combination of reproductive and metabolic dys-
functions, with symptoms including infertility, insulin
resistance, obesity, depression, an increased risk of Type
2 diabetes, hypertriglyceridemia, gestational diabe-
tes, and metabolic syndrome [161]. Hirsutism is often a
prominent sign of PCOS, meaning that women may have
experience excessive body hair on the face, chest, back,
or other areas, which is associated with abnormal andro-
gen levels. Eflornithine, approved by the United States
Food and Drug Administration (FDA) in 2000, is used to
reduce facial hair growth for the treatment of hirsutism
[162]. Cui et al. [163] proposed a method to enhance the
local efficacy of eflornithine. Ornithine decarboxylase is
an enzyme that catalyzes the conversion of ornithine to
putrescine, which is crucial for the growth and prolifera-
tion of hair follicles. Thus, the mechanism of action of
eflornithine primarily involves inhibiting the production
of putrescine to affect hair follicle growth. Pre-treating
the skin with MNs prior to applying ethiofluvium cream
may improve its effectiveness in inhibiting hair regrowth.
Furthermore, Ahmad et al. [135] made a patch with thio-
lated chitosan (TCS) and PVA to deliver dydrogester-
one (DYD) throughout the body. Dydrogesterone can
be used for various conditions caused by progesterone
deficiency, such as those associated with PCOS. Experi-
mental results showed that the MNs-loaded DYD contin-
uously released 81.45+2.768% over 48 h, promising way
to deliver DYD. This work still needs to take into account
the effects of drug-polymer interactions, skin microen-
vironment, and other relevant factors on drug release in
order to provide theoretical support for the optimization
of formulation and design.
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Hyperuricemia

Hyperuricemia and gout are pathological conditions
resulting from an imbalance in uric acid metabolism,
caused by either excessive production or inadequate
excretion of uric acid, a byproduct of purine breakdown
that is normally eliminated through urine [164]. Pro-
longed hyperuricemia (serum uric acid concentration
saturation point of 7 mg/dL) leads to the deposition of
monosodium urate (MSU) crystals, becoming the most
severe risk factor for gout [165, 166]. Oral colchicine
(Col) is widely used as a first-line option for both the
treatment and prevention of gout. Since the therapeutic
index of Col is narrow and the dosage needs to be strictly
controlled, the effectiveness of oral Col is limited. Here,
Yang et al. [165] reported a sustained-release MNs sys-
tem containing chitosan and a dual-loaded formulation
of collagen (Col) and uricase (UAO) liposomes was fabri-
cated. Under the action of uricase decomposing uric acid,
MSU crystals are reduced, supplemented by the powerful
anti-inflammatory effect of colchicine, which has a strong
effect on long-term urate-lowering therapy.

Over the past decades, allopurinol (AP) has been used
as the most effective anti-hyperuricemic medication to
control hyperuricemia and gout, reducing gout complica-
tions [167]. Here, Jiang et al. [136] developed a core-shell
MNs featuring programmable drug release, specifically
designed to regulate serum uric acid (SUA) levels. AP
is encapsulated within a CMC layer. Its core contains
polyvinylpyrrolidone loaded with urate oxidase-calcium
peroxide nanoparticles (UOx-CaO, NPs). Upon inser-
tion into the skin, the loaded AP is immediately released,
effectively inhibiting the production of SUA due to the
solubility of CMC. Subsequently, the sustained release of
UOx aids in the metabolism and breakdown of SUA and
CaO, NPs. Notably, CaO, exhibits strong oxidative prop-
erties that can effectively reduce uric acid levels. In vivo
experiments demonstrated that MNs were able to lower
SUA levels to normal within 3 h and maintain normouri-
cemia for up to 12 h. Additionally, serum creatinine (Cr)
and blood urea nitrogen (BUN) levels remain within the
normal range, with effective inhibition of liver adenosine
deaminase (ADA) and xanthine oxidase (XOD) activity to
achieve long-term hyperuricemia management.

Limitations and future perspective

Despite much of the research has moved into clinical tri-
als (refer to Table 1), there remains a considerable gap in
moving MNs from laboratory settings to mass produc-
tion in factory environment. (i) Current manufacturing
techniques, such as microinjection molding, photoli-
thography, and 3D printing, have limitations in precision
and are affected by variations in equipment and environ-
mental factors. These issues can lead to MNs with sub-
optimal dimensions, which could adversely affect their
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clinical efficacy [168]. In addition, standardization of
material selection, biosafety, quality control and steriliza-
tion are key factors in obtaining medical device approval
and are challenges that must be addressed for clini-
cal applications [58]. (ii) The clinical evaluation of MNs
drug delivery necessitates comprehensive assessments of
pharmacokinetics, pharmacodynamics, and safety, with
the complexity and variety of these factors complicating
standardization difficult. (iii) Another challenge is how
to reduce the biological risk associated with the fabrica-
tion of MNs materials (such as metals, silicon, glass, and
polymeric materials) [32, 169]. Repetitive skin injury or
immunologic site involvement from frequent use of MNs
may cause an immunologic response. Regulatory author-
ities may require certain immunologic safety assurances
during regulatory submissions. (iv) How to improve
the drug-carrying capacity is the key technical issue of
whether to promote the industrialization of such prod-
ucts. The size and structure of MNs can limit the ability
to load and release drugs, resulting in suboptimal thera-
peutic efficacy [68, 170]. For example, uniform coating of
the tip with the drug formulation is a common technical
problem for hollow MNs, solid MNs, and solid-coated
MN:s. In addition, hollow MNs may have a risk of leak-
age at the “weakest bridge” [171]. (v) For MNs delivery
systems, the diffusion of hydrophilic drugs from the tip
to the substrate site is also another factor that affects the
effectiveness of drug delivery [172]. (vi) While MNs pre-
pared with crosslinked hydrophilic polymers are superior
in drug delivery, the chemical reaction process under
high temperature or ultraviolet irradiation may affect the
output of heat-sensitive drugs [76, 173]. This is another
technical issue that must be considered when developing
a method for encapsulating drugs into MNs.

While transdermal MNs delivery has shown advan-
tages for use in the treatment of metabolic diseases, it has
also been noted that the dermis of the skin is rich in anti-
gen-reactive cells that may trigger an immune response
when a foreign MNs enters the skin. As an alternative
strategy, gastrointestinal drug delivery will become a fur-
ther and more prominent focus for the release site. Oral
drug delivery is analogous to dermal drug delivery in that
it is a simple matter of identifying suitable release sites
that are acceptable to the patient. Conversely, drug deliv-
ery to the gastric and small intestinal mucosa requires
the use of more complex physical devices. However, this
technology is not infallible, and its limitations include
the following: (i) The materials used to encapsulate MNs
and injectors must have properties that remain stable
in gastric fluids to avoid drug leakage and denaturation
[143, 174]. (ii) Potentially biohazardous materials used to
manufacture the physical devices (ejection, angle control,
magnetic guidance) may pose a risk of human injury and
metabolic burden [72]. (iii) The intelligent MNs release
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system must be able to withstand and utilize sufficient
peristaltic force to penetrate the mucosa, while the length
of the MNs must be precisely controlled to avoid punc-
turing the mucosa [144]. These integrated systems are
expected to become multifunctional and efficient medi-
cal tools, offering new opportunities for the diagnosis
and treatment of metabolic diseases.

Future research should focus more on the following
areas, (i) Novel fully biodegradable biosafety materials
for MNs array should be elucidated for drug loading. In
chronic disease management, even small polymer depos-
its can interfere with drug absorption and accumulate in
body tissues such as the liver. (ii) More innovations or
approaches should be carried out on controlled release
rates of the MNs drug delivery system. Including, in the
treatment of obesity and other chronic metabolic dis-
eases, it is necessary to design slow-release MNs that
can remain in the skin for a longer period of time and
ensure patient compliance. (iii) The safe delivery of gene
drugs represents the most promising research direction
of MNs technology for the treatment of metabolic dis-
eases. Nevertheless, various environmental factors (e.g.,
temperature, humidity, pH) and interactions with MNs
materials may adversely affect the stability of gene ther-
apies. Consequently, it is imperative to develop suitable
encapsulation materials (such as liposomes, polymers,
nanomaterials, and cell membranes) and techniques to
enhance the stability of gene drugs within MNs. Addi-
tionally, the interactions among MNs fabrication materi-
als, gene therapies, and their carriers significantly affect
their release kinetics, highlighting the necessity for the
development of specific enzymes or environmentally
responsive conditions to facilitate the release process.
(iv) To enhance the use of MNs for drug delivery in the
gastrointestinal tract, it is essential to design MNs with
specific sizes and shapes that align with the physiological
features of various gastrointestinal regions. Additionally,
the materials used for MNs fabrication must be resistant
to degradation from gastric acid and enzymes, which
may involve modifying the surface of polymer MNs with
hydrophobic alkyl groups. Another challenge is effec-
tively targeting MNs within the gastrointestinal tract,
which can be improved through biorecognition mecha-
nisms like ligand-receptor targeting and utilizing intesti-
nal microflora to facilitate the targeted release of drugs.
Furthermore, employing external magnetic fields and
ultrasound guidance can significantly enhance the preci-
sion of MNs delivery.

Conclusions

The advanced design with unique properties of MNs
drug delivery system for the treatment of metabolic dis-
eases is summarized. Novel and significant studies on
preparation materials, structure, controlled drug release
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mechanisms and treatment of various types of metabolic
diseases have been reviewed. This review pays special
attention on the unique attributes of MNs when inte-
grated with other physical devices, highlighting their
applications that range from the epidermis of the skin to
the gastrointestinal tract for the management of meta-
bolic diseases. Finally, the paper discusses the future
prospects for the clinical application of MNs, such as the
expansion of drug libraries, biosafety considerations, and
the establishment of standards for scaling up produc-
tion. We envisage that painless, inexpensive and patient-
friendly MNs will become ideal medical devices for
managing metabolic diseases in the future.
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