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SUMMARY

Cardiovascular diseases (CVDs) and metabolic disorders (MDs) have surfaced as formidable challenges to
global health, significantly imperiling human well-being. Recently, microneedles (MNs) have garnered
substantial interest within the realms of CVD and MD research. Offering a departure from conventional
diagnostic and therapeutic methodologies, MNs present a non-invasive, safe, and user-friendly modality
for both monitoring and treatment, thereby marking substantial strides and attaining pivotal achieve-
ments in this avant-garde domain, while also unfurling promising avenues for future inquiry. This thorough
review encapsulates the latest developments in employing MNs for both the surveillance and manage-
ment of CVDs and MDs. Initially, it succinctly outlines the foundational principles and approaches of
MNs in disease surveillance and therapy. Subsequently, it delves into the pioneering utilizations of
MNs in the surveillance and management of CVDs and MDs. Ultimately, this discourse synthesizes and
concludes the primary findings of this investigation, additionally prognosticating on the trajectory of
MN technology.

INTRODUCTION

In recent years, the prevalence and mortality of cardiovascular diseases (CVDs) and metabolic disorders (MDs) have increased, posing huge
burdens and challenges to society and healthcare systems. Therefore, monitoring and treating these two types of diseases has become a
critical public health imperative. Table 1 summarizes the symptoms and hazards of standard CVDs and MDs, along with available treatments
and their limitations and morbidity/mortality details. CVDs broadly refer to diseases related to blood vessels and the heart, such as
cardiomyopathy, coronary heart disease, valvular heart disease, coronary atherosclerosis, and intimal hyperplasia, also known as circulatory
diseases. A combination of other diseases, unhealthy lifestyles, and environmental and genetic factors typically causes these diseases. If se-
vere, they may pose a threat to the patient’s life."® Endocrine MDs refer to diseases associated with hormone imbalances originating from
endocrine organs, primarily diabetes, gout, osteoporosis, and obesity. These diseases are often associated with a variety of factors, such as
genetic defects, unhealthy lifestyles, environmental factors, and improper medical treatment. MDs interact with each other and can co-exist,
which may increase the risk of disability and death.””"" CVDs and MDs exhibit numerous shared risk factors and interconnections; because of
their association, treating both types of diseases requires an integrated approach.

As shown in Table 1, many limitations exist in current treatments. The medical profession is constantly exploring new monitoring and treat-
ment methods to reduce the prevalence and mortality rates of CVDs and MDs. As an emerging diagnostic and therapeutic technology, the
application of microneedles (MNs) has gradually become a research hotspot in medicine. MNs are composed of a series of micrometer-sized
needles attached to the substrate, which can be applied to the skin like a bandage.”® Drugs can penetrate the stratum corneum of the skin
through the MNs and directly enter the body fluid circulation. At the same time, non-invasive extraction of body fluid through micrometer-
sized needles can also monitor blood glucose, uric acid, and other indicators.”” Due to various factors such as drug characteristics, delivery
kinetics, and dosage requirements that affect the therapeutic effect, MN structures with various advantageous features have been developed,
including coated MNss, soluble MNs, phase change MNs, and hollow MNs.*® Table S1 provides a detailed introduction to the drug delivery
mechanisms and advantages and disadvantages of different types of MNs. In monitoring CVDs and MDs, MNs can track patients’ disease
progression and changes by detecting biomarkers and offering timely warnings to prevent related diseases. MNs' monitoring technology,
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Table 1. Symptoms and hazards of typical CVDs and MDs available treatments and their shortcomings and morbidity/mortality

Categorization

Symptoms and hazards

Available treatments

Shortcomings of available
treatments

Morbidity/Mortality

Myocardial

infarction

Coronary

atherosclerosis

Diabetes

Gout

Osteoporosis

Obesity

Most often there is severe and
persistent sternal pain complicating
cardiac arrhythmia shock or heart
failure which can even be life-

threatening.'?"?

Numbness of limbs muscle atrophy
lack of blood supply dizziness and
headache dyspnea and

palpitations.'?*°

Prolonged hyperglycemia attacks
various organs and tissues of the body
such as the heart kidneys brain and

eyes.”

Joint pain hot and swollen and itch
processing in the skin if left untreated
can disable the joints and large
amounts of uric acid deposited in the
kidneys can severely damage the

kidneys.”'

Severe leg pain may cause difficulty in
mobility and fractures are highly likely
to occur when patients are subjected to
factors such as minor external forces as

well as simple movements.”®

It makes the human body’s behavior
very sluggish and is prone to
comorbidities such as hypertension
hyperglycemia and high cholesterol
causing a series of CVDs and

cerebrovascular diseases.”’

Thrombolytic therapy: the use of
thrombolytic drugs to dissolve the
embolism in the blood vessels and
eliminate them from the body restoring
blood flow'?; interventional surgery:
the surgical installation of stents to the
plug blood vessels to hold the blood

-
vessels open and allow blood flow."®

Medication: "Anti-Myocardial drugs
such as enteric-coated aspirim tablets
clopidogrel bisulfate tablets
pravastatin sodium etc.”; Surgical
treatment: subcutaneous stent

implantation balloon dilatation etc.”

Type 1 diabetes: insulin injection
therapy; type 2 diabetes: oral
antidiabetic drugs agents are required
and insulin injection therapy is

appropriate.”’

Medication: febuxostat tablets
benzbromarone tablets etc. for uric
acid-lowering treatment®?; Surgery:
removal of gout tophus or correction of

joint deformities.*

Pharmacologic therapy: drugs that
inhibit osteoclasts such as alendronate
and zoledronic acid which are
bisphosphonates and drugs that inhibit
bone resorption such as proclcitonin

and salmon calcitonin.’~*®

Pharmacologic treatment: intestinal
lipase inhibitor drugs*?; surgical
treatment: liposuction sleeve

gastrectomy.43

Thrombolytic therapy is associated
with serious complications such as
intracranial hemorrhage cerebral
edema and systemic hemorrhage.'®
Interventional surgical treatment of
heart attack is not easy to implement
and is demanding in terms of hardware

and software. "’

Statins may cause side effects such as
liver function damage muscle damage
and elevated blood glucose. Surgical
treatment of myocardial damage large
surgical incisions slow recovery and

long hospitalization time.”***

Lack of knowledge of medication by
patients leads to wrong timing of
medication stopping medication on
their own and missing doses.”® Insulin
injection with poor patient
compliance.””

Medication may cause side effects such
as gastrointestinal upset and kidney
damage. Surgical treatment is risky and

may cause damage to the joints.*"

It requires long-term adherence takes a
while to see significant results and
medication often has side effects such
as nausea vomiting diarrhea and
headache.””

Medication may trigger adverse effects
such as flatulence back pain lower
extremity pain headache and upper
respiratory tract infection.”* Surgical

treatment is risky and harmful.

Among all CVDs acute myocardial
infarction ranks first in global mortality

a ranking that will remain until 2030."®

Coronary atherosclerosis accounts for
17.9 million deaths worldwide or 31%

of all deaths.””

The prevalence of diabetes is about
9.3% (463 million people) globally and
is expected to increase to 10.9% (700
million people) in 204530

Gout has a global prevalence of about
1-4% and an incidence of about
0.1-0.3%.*°

The global prevalence of osteoporosis
is about 18.3%."

The 2023 edition of the World Obesity
Map predicts that by 2035 more than 4
billion people worldwide will be obese
or overweight representing 51% of the

global population.*®
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Figure 1. Timeline of the development of MN for the monitoring and treatment of CVDs and MDs

with its advantages of being wearable, minimally invasive, convenient, and intuitive, has shown significant application prospects in various
settings such as community healthcare, home health monitoring, and outdoor medical rescue. Compared to traditional monitoring, it sim-
plifies the operational process, shortens waiting times, alleviates psychological stress on patients, and enhances user experience.’” " In addi-
tion, in treating CVDs and MDs, MNs significantly enhances the transdermal absorption capacity of tissues for small and large molecular drugs
by creating micro-channels on biological tissues. The advantage of this emerging treatment technology lies in its ability to achieve precise
dosage control, effectively preventing potential toxicity risks caused by improper dosages. It not only abandons the inconvenience of tradi-
tional injection methods but also ensures that the drug acts directly and effectively on the target area, achieving in situ treatment, which
greatly improves the bioavailability of the drug.*”

In recent years, MNs have rapidly gained popularity mainly due to the following advantages: Firstly, their design is highly flexible and can
be customized in terms of length, shape, and material to meet the monitoring and treatment needs of different scenarios. Secondly, the
manufacturing process of MNs is diverse and straightforward, which makes it easy to integrate them with other components, greatly expand-
ing the range and field of MNs applications. Lastly, MNs are cost-effective and support large-scale production, providing a foundation for the
commercialization and widespread application of related products. The use of MNs in CVDs and MDs dates back to the first report of MNs in
1921.%* Subsequently, the concept of intradermal injection of MNs was first proposed in 1958, and it was first applied for the transdermal
delivery of drugs in 1998°%; the first MN that could be used to extract tissue fluid for glucose monitoring™ and insulin, a hollow metal MN, was
introduced in 2005, which initiated the application of MNs in the monitoring and treatment of MDs. After over a decade of development,
MN technology has matured and transitioned into monitoring and treating CVDs. The first MN for encapsulated vascular drug delivery
emerged in 2017.°® The first wearable electrocardiogram MN for monitoring electrocardiogram signals appeared in 2020.%7 Scientific Amer-
icans rated it the first of the top 10 emerging technologies expected to change the world in the same year.” In the following years, MNs have
continuously improved, and various MNs for CVDs and MDs applications have emerged, providing new options for disease monitoring and
treatment (Figure 1).

Although many high-quality research results have emerged in the field of MN in CVDs and MDs, systematic reviews summarizing this
research area are still lacking. Therefore, this study aimed to fill this gap and provide a comprehensive overview of the current status of
MN applications in CVDs and MDs. We provide more comprehensive, accurate, and practical reference information for physicians, clinical
researchers, and scientific decision-makers and further promote the research and application of MNs in this field.

7‘58

PRINCIPLES AND MODALITIES OF MN FOR DISEASE MONITORING AND DISEASE TREATMENT

MNs are emerging medical tools that act on the skin in a minimally invasive manner for disease monitoring and treatment. For disease moni-
toring, MNs focus on sampling modal analysis of the skin to obtain insightful results. MNs can be combined with biosensors or electrodes to
improve monitoring accuracy and provide patients with more personalized and effective treatment plans. In terms of disease treatment, MNs
can deliver drugs precisely to the localized area that needs to be treated. Compared to other treatment methods, such as oral, injection, and
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topical application, MNs can increase the drug permeability by several orders of magnitude, thereby significantly improving the therapeutic
effect.®0 %7

Principles and modalities of MNs for CVD and MD monitoring

In medicine, biomarkers, such as proteins and glucose in the blood, reflect the health and physiological state of the human body.®® Biosignals
are signals that can reflect the state of life activities of an organism, such as cardiac, cerebral, and myoelectric signals.64 For monitoring CVDs
and MDs, MNs are mainly used to collect biomarkers/biosignals by subcutaneous pricking, which are detected and analyzed to assess the
body’s health status. MNs are used in two ways for monitoring CVDs and MDs. One approach involves incorporating color-rendering reac-
tions and MNs during the preparation process. In the preparation process, the MN is directly added to the matrix material to produce a color-
changing response with the monitoring substance, which occurs after the MN is pierced into the skin and comes into contact with the tissue
fluid, and the concentration of the biomarker can be roughly determined according to the depth of the color.®® Although this method is sim-
ple, convenient, and intuitive, it risks significant error since the concentration range is estimated through visual observation. Another
approach involves extracting physiological fluids (such as blood tissue) from patients or obtaining biosignals through specific biosensors
or electrodes on the MNs. Analyzing the extracted fluids or received signals enables real-time monitoring and display of relevant informa-
tion.*® In contrast, the second method provides more accurate detection results and allows the real-time monitoring of biomarkers/
biosignals.

Principles and modalities of MNs in the treatment of CVDs and MDs

The skin is divided into three main layers, the stratum corneum, epidermis, and dermis, with thicknesses of 10-20 pm, 50-150 pm, and 1-4 mm,
respectively.” MNs are a novel physically facilitated penetration method with tip lengths ranging from 25 to 2000 um and tip radii ranging
from 1to 25 um.*® MN can penetrate the skin barrier from the microchannels in the epidermis and dermis without damaging the nerves or
blood vessels, and the small size and tip of the needle can accurately locate the target area to achieve painless targeted treatment.*” As a
minimally invasive transdermal device, MNs can deliver controlled and sustained drug release, facilitating the transdermal penetration of a
wide range of substances, such as small molecule peptides and nanopharmaceuticals.”” MN penetrates the skin and stratum corneum to
deliver drugs directly to the skin. The cuticle can deliver drugs directly to lesion sites, greatly improving drug bioavailability. Compared
with oral use and injections, MN transdermal drug delivery technology circumvents the first-pass reaction of the liver to oral drugs and mit-
igates the local irritation associated with injections; this enhances therapeutic efficacy and promotes increased patient adherence to the
treatment.”’

Currently, MNs have gained momentum in the therapeutic field of CVDs and MDs, and many studies have shown that MNs can achieve
transdermal delivery of various active drugs. Generally, they can be categorized as channel-based MNs systems and non-channel-based
MNSs.”? In channel-based MNs systems such as solid MNs and hollow MNss, In solid MNs systems, numerous micrometer-sized holes are
created by interacting with the skin’s surface. After the solid MNs are removed, drugs such as ointments and gels are applied to the activated
MNs sites’?; the drug in hollow MN's are preloaded into the hollow structure or needle cavity of the needle body and diffused into the body
through the pores of the needle body by pressure.”* This method contrasts with non-channel-based MNs systems, including coated MNss,
dissolvable MNs, and phase-change MNs. When coated MNs punctures the skin, the drug film on the surface of the needle body dissolves
within the skin”>; the needle body of dissolvable MNs contains the drug itself, and after puncturing the skin, drug release is achieved with the
dissolution of the needle body’; phase-change MNs after puncturing the skin achieves drug release (Table S1; Figure 51).”

MNs IN MONITORING AND TREATMENT OF CVDs

Monitoring of CVDs is an indispensable and essential part of health management and disease prevention; however, the currently used moni-
toring methods, such as blood pressure monitoring and electrocardiogram signal monitoring, have many problems, such as limited sensitivity
and specificity.”*®" The traditional treatments for CVDs mainly include general, drug, and surgical treatments. Although traditional treat-
ments have some efficacy, they have many drawbacks, such as low efficacy, high risk, and low patient compliance.®”

In recent years, the emergence of MN has brought new hope for personalized medicine to improve therapeutic efficacy and reduce side
effects. Numerous research outcomes have surfaced from the application of MNs in monitoring and treating CVDs. MNs enable more precise,
comprehensive, and efficient tracking in the monitoring phase. In treating CVDs, MNs can adjust drug release rates as needed and tailor their
structure and shape to the therapeutic site’s characteristics for personalized treatment.

MN in monitoring CVDs

Currently, research on the use of MNs for CVD monitoring remains relatively limited, owing to the underutilization and limited promotion of
MN technology, coupled with the inherent challenges associated with CVD monitoring. To address the requirement for prolonged electro-
cardiography (ECG) signal monitoring in patients with heart disease, Satti et al.”” devised a rigid poly-perylene-coated MN electrode array.
This innovation enables long-term ECG signal monitoring with low contact impedance and a more stable bio-potential, surpassing the per-
formance of traditional silver-silver chloride electrodes. Physicians can diagnose arrhythmia promptly and accurately by receiving output sig-
nals from the MN electrodes. In addition, this MN electrode is suitable for long-term monitoring without affecting the ECG signal quality.

4 iScience 27, 110615, September 20, 2024
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Figure 2. MNs are used in the treatment of myocardial infarction

(A) An MN patch integrating CSCs for therapeutic heart regeneration after acute myocardial infarction. Adapted with permission.®" Copyright 2018, AAAS.
(B) An adeno-associated virus adeno-associated virus gene therapy MN patch for treating ischemic myocardial disease. Adapted with permission.”® Copyright
2020, AAAS.

(C) A double-layered adhesive MN patch based on biofunctionalized adhesive protein for cardiac tissue regeneration. Adapted with permission.
2021, Elsevier.

(D) A self-interlocking MN patch inspired by honeybee stings for myocardial infarction treatment. Adapted with permission.”” Copyright 2022, Elsevier.

(E) A conductive MN patch integrating induced cardiomyocytes for myocardial infarction therapy. Adapted with permission.”® Copyright 2021, Elsevier.

(F) A detachable MN patch loaded with MSCF-loaded poly NP for myocardial regeneration. Adapted with permission.®” Copyright 2022, American Chemical
Society.

86

Copyright

As the development and application of MN gradually spread and the demand for CVD monitoring increases, research on MN in CVD moni-
toring will increase. MNss still have room for improvement in this field, which can be combined with other medical technologies to achieve
more accurate, comprehensive, and efficient CVD monitoring goals through various technical means and methods.

MN in the treatment of CVDs

Considering the significant differences in how MNs are used to treat myocardial and vascular diseases, we provide an overview of these two
areas in this section. The intramyocardial injection of therapeutic agents is a common method for treating myocardial diseases.

MN in the treatment of myocardial diseases

Currently, most therapeutic agents are extruded from the myocardium because of continuous dynamic muscle contraction at the site, result-
ing in very low retention of therapeutic agents after injection, with almost only 5-15% of the therapeutic agents reported to be retained in the
myocardium.®® To address this problem, Tang et al.? developed an MN patch that integrates cardiac stromal cells (CSCs) to treat cardiac
tissue regeneration after acute myocardial infarction. Compared with the traditional cellular delivery method, utilizing the polymeric MN sys-
tem to create a “channel” between the host myocardium and the therapeutic CSCs effectively promoted cardiac repair, protected cardiac
functions, and angiomyogenesis (Figure 2A). Similarly, Shi et al.”> developed a phase-change MN coated with an adeno-associated virus, al-
lowing the drug to be uniformly distributed inside the myocardium. MNs significantly improved cardiac function by enhancing the expression
of vascular endothelial growth factor, which led to functional angiogenesis and activation of the Akt signaling pathway, demonstrating the
superiority of MN over direct injection (Figure 2B). Their study demonstrated the feasibility and advantages of MN therapy for myocardial
diseases.

Further, to make the MN patch adhere better to the myocardial surface and act as a synergistic therapeutic agent, Lim et al.*® developed a
biofunctional MN system by fusing four biofunctional peptides with angiogenic potential into double-layer adhesive MN bandages. Long-
term retention of the therapeutic peptides and strong underwater adhesion between the MN patch and myocardium were observed. The
dual-layer adhesive MN bandage system adhered more firmly to the tissue, promoting the repair and regeneration of the cardiac muscle
(Figure 2C). Similarly, Lu et al.* developed a self-locking MN patch inspired by the honeybee stinger. This innovative design enhances
the puncture process, effectively minimizing wall stress and strain in the myocardial infarction zone. As a result, it contributes to preserving
cardiac function and morphology. The tip of the MN is similar to the stinger of a honeybee and is capable of natural interlocking in a dynam-
ically beating heart. Simultaneously, microbleeds and spontaneous coagulation induced by MN puncture provided additional adhesions
(Figure 2D). Sun et al.®® developed novel induced pluripotent stem cell-derived cardiomyocytes to improve the therapeutic efficacy of
cardiomyocyte-carrying MN patches. The cardiac patch consisted of a drug-encapsulated MN bottom layer, a parallel-aligned carbon
nano-tube conductive middle layer, and a gelatin-methacrylate hydrogel scaffold top layer that could target the damaged area for drug
release. The carbon nano-tube layer helped to maintain synergistic intercellular interactions, resulting in an effective treatment of myocardial
infarction (Figure 2E). In addition, to increase the transdermal efficiency of MN-loaded drugs to improve therapeutic efficacy, Hu et al.
further® developed a detachable MN patch containing mesenchymal stromal cell-secreted factors-loaded poly (lactic-co-glycolic acid) nano-
particles. These nanoparticles were able to promote the proliferation of damaged and reduced cardiomyocytes. The MN patches promoted
myocardial recovery and reduced cardiomyocyte apoptosis (Figure 2F). Researchers have designed a self-locking structure for MNs and
explored adhesive MN substrate materials to enable MNs to better adhere to the surface of the myocardium for continuous treatment.
MNs can continuously deliver drugs or myocardial cells into the myocardium through microchannels opened by the needle tip. Compared
to a single direct injection of myocardial cells, the retention rate and therapeutic effect of myocardial cells are significantly improved. In sum-
mary, MNs have improved drug retention rate and tissue repair effect in the treatment of myocardial diseases, demonstrating their potential
in improving drug delivery efficiency, precise targeted therapy, and improving drug release. These revelations provide broad prospects for
the application of MNs in the treatment of tumors, diabetes, skin repair, nerve regeneration and other diseases.

MN in the treatment of vascular diseases

Coronary atherosclerosis is a chronic arterial lesion, and current treatments include drug therapy, interventional therapy, and coronary artery
bypass grafting surgery; however, there are problems, such as short-lived therapeutic effects and high relapse rates.’® To realize targeted
slow-release drug delivery for treating coronary atherosclerosis, Huang et al.”’ developed a novel drug-loaded balloon with a separable
MN tip on its surface. This balloon was introduced using a near-infrared ring laser built into the inner shaft of the catheter to activate the

6 iScience 27, 110615, September 20, 2024
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Figure 3. MN for use in the treatment of coronary atherosclerosis and CVD intimal hyperplasia

(A) A drug-loaded balloon with a built NIR-controlled tip-separable MN for arteriosclerosis treatment. Adapted with permission.” Copyright 2022, Elsevier.
(B) A sirolimus-embedded silk fibroin MN for neointimal hyperplasia treatment. Adapted with permission.”> Copyright 2023, Mdpi.

(C) An MN mesh can be wrapped around blood vessels for neointimal hyperplasia treatment. Adapted with permission.” Copyright 2017, Elsevier.

D)

D) Highly flexible and porous silk fibroin MN for vascular intimal hyperplasia treatment. Adapted with permission.” Copyright 2021, Elsevier.

MN tip. The drug can be released slowly by embedding it in the vasculature, releasing the antiproliferative paclitaxel, which can achieve a
therapeutic effect lasting more than half a year (Figure 3A). Endothelial hyperplasia is currently treated with surgery or drugs; however, there
are problems such as high risk and limited effectiveness.”’ To address this problem, Kim et al.” investigated the role of the filipin protein MN
embedded with sirolimus in the drug delivery efficacy inhibition of neointimal hyperplasia and vascular remodeling. This MN patch delivered
drugs to the intimal layer of the vein grafts, prevented vein graft dilatation, and inhibited neointimal hyperplasia (Figure 3B). To enhance the fit
of MN to blood vessels and improve their therapeutic effect, Lee et al.”® developed a biodegradable MN array made of flexible woven sur-
gical mesh by a transfer molding method for treating endothelial hyperplasia. This MN mesh significantly increased drug delivery efficiency
and inhibited neointimal hyperplasia while greatly reducing the possible side effects of other perivascular drug delivery devices (Figure 3C).
Based on the above study, Lee et al.”® replaced the flexible woven surgical mesh substrate with a porous sericin protein substrate, and this MN
device could provide an effective guarantee for drug delivery. Simultaneously, it preserves vascular tissues’ dilation and structural integrity,
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Figure 4. MN is used in the treatment of other vascular diseases

(A) A globefish-inspired balloon catheter with intelligent MN for vascular disease treatment. Adapted with permission.” Copyright 2022, AAAS.

(B) A recombinant hirudin MN patch for the treatment of thrombotic diseases. Adapted with permission.” Copyright 2022, Elsevier.

(C) A dissolving MN patch loaded with R-hirudin for thromboembolic disease treatment. Adapted with permission.” Copyright 2022, Elsevier.

ensuring that blood vessels can undergo normal substance exchange with the surrounding environment. Additionally, there is no concern

about triggering robust inflammatory reactions following the material’s degradation (Figure 3D).

In addition, researchers have explored the application of MN in the treatment of other vascular diseases; balloon catheters are valuable
in the treatment of CVDs, but their function still needs to be improved to avoid the problem of restenosis caused by the intervention of
intravascular drug delivery. Zhang et al.” proposed a smart balloon catheter inspired by globefish’s thorn-hiding and deflating-inflating char-
acteristics. It is decorated with an invisible MN for endovascular drug delivery to inhibit post-intervention restenosis. The MN is hidden under
the outermost protective gelatin layer during implantation, allowing it to move smoothly within the vessel. Upon arrival at the destination, the
embedded black phosphorus converts the near-infrared light into heat, melting the gelatin layer so that the MN can be exposed and pene-
trate the vessel and then detach from the balloon catheter and remain within the vessel for sustained release of the drug (Figure 4A). Recom-
binant hirudin is a commonly used drug for the prevention of CVDs; however, its subcutaneous and intravenous administration involves

the risk of bleeding. Men et al.”

8 iScience 27, 110615, September 20, 2024
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Figure 5. Application of MN for MDs monitoring

(A) A GCC MN patch for blood glucose monitoring. Adapted with permission.”® Copyright 2020, Elsevier.

(B) A fluorescence-amplified origami MN device for blood glucose monitoring. Adapted with permission.”” Copyright 2022, Wiley-VCH.

(C) A touch-actuated glucose sensor fully integrated with MN array and reverse iontophoresis for diabetes monitoring. Adapted with permission.
2022, Elsevier.

(D) A wearable colorimetric MN device for uric acid monitoring. Adapted with permission.'% Copyright 2022, Elsevier.

(E) MEAB and MPEA for simultaneously detecting glucose uric acid and cholesterol monitoring. Adapted with permission.'® Copyright 2019, Elsevier.

(F) A colorimetric dermal tattoo biosensor fabricated by MN patch for multiplexed biomarker detection. Adapted with permission.'”* Copyright 2021, AAAS.

1% Copyright

transdermal administration. This MN patch showed a significant potential for preventing thromboembolic diseases without causing bleeding
(Figure 4B). Similarly, Wu et al.”® developed a three-dimensional printing method to fabricate a mold for MN patches, enabling MN person-
alization. Researchers used this mold to prepare soluble r-hirudin-loaded and hyaluronic acid-based MN as matrix materials for thromboem-
bolic disease treatment. The MN patch exhibited significant potential for preventing thromboembolic diseases and was more therapeutically
effective than conventional administration (Figure 4C). Overall, MNs can be conveniently attached to blood vessels without causing damage
to the blood vessels and can aid slow and continuous drug release according to the dissolution of the polymer, reducing the frequency of
treatment and maintaining a stable blood concentration, thus shortening the treatment period and alleviating various side effects that are
promising for the treatment of vascular diseases.

The successful application of MN technology in the treatment of vascular diseases reveals its potential in the treatment of other diseases.
MNs can be conveniently fixed on target tissues without causing damage, and slow and sustained drug release can be achieved through poly-
mer dissolution, reducing treatment frequency and maintaining stable drug concentration, shortening treatment cycles, and reducing side
effects. These advantages make MNs have broad prospects in the treatment of chronic diseases, skin diseases, tumors, etc., which can signif-
icantly improve drug delivery efficiency and treatment effectiveness, while enhancing patient compliance.

MNs IN MONITORING AND TREATMENT OF MDs

MDs represent a challenge in contemporary medical practice, encompassing a range of conditions, such as diabetes, gout, osteoporosis, and
obesity. Monitoring these diseases involves biomarker testing, a critical yet demanding process that often requires frequent sample collection
from patients, with some methods posing potential harm to patient health.” Traditional treatments for MDs generally include dietary control,
exercises, and surgery when necessary.® Although traditional treatments can improve MDs to a certain extent, they are often limited by their
suboptimal efficacy and the risk of significant side effects.

MNs, as an emerging technology, exhibit promising applications in monitoring and treating MDs, supported by an expanding body of
research. In disease monitoring of MDs, MNs enable single- and multiple-indicator tracking. The treatment of MDs using MNs enhances ther-
apeutic effectiveness and improves patient compliance and comfort, addressing the key limitations of traditional treatment strategies.

MN in monitoring MDs
Currently, MNs are widely used to monitor single indicators, such as blood glucose and uric acid (UA), and play an essential role in the sur-
veillance of multiple indicators. Blood glucose monitoring remains the cornerstone of diagnosing and managing diabetes mellitus.”” For
instance, Zeng et al.”® developed a glucose-responsive colloidal crystal MN device that leveraged a polymer nucleus for support, with an
outer layer comprising glucose-responsive colloidal crystals for monitoring. This innovative design allows the visual detection of glucose con-
centration changes through color shifts within a 5-min window (Figure 5A). Li et al.”” further advanced the field using a fluorescence-amplified
origami MN device, enabling quantitative blood glucose monitoring. The device contains glucose molecules and the enzyme glucose oxi-
dase and utilizes a DNA tubular origami structure. When the glucose oxidase converts a glucose molecule into a proton signal, the DNA
tubular structure is driven to unfold so that the fluorescent molecule and neighboring quencher are separated, thus restoring the fluorescent
signal. The patient’s blood glucose level was monitored by evaluating the degree of recovery of the DNA origami fluorescence signal in the
MN patch (Figure 5B). MN technology can also seamlessly integrate with biosensors to enhance real-time biomarker monitoring. Cheng
etal."” introduced a touch-actuated MN device with a biosensor for refined glucose monitoring employing a transdermal-reverse iontopho-
resis extraction-electrochemical detection strategy to improve glucose extraction and monitoring precision significantly; the results of this
research are expected to be widely used in clinical practice and significantly improve the efficiency of glucose monitoring and treatment
of diabetes (Figure 5C). UA monitoring, vital in conditions such as gout, has also seen advancements in MN technology.'”’ Zhang et al.'"
developed a wearable MN colorimetric device with built-in sampling and real-time analysis. The device utilizes polyvinyl alcohol MN
embedded in uricase to catalyze the oxidation of UA extracted from tissue fluids and produce hydrogen peroxide. Polypyrrole nanoparticles
in the display layer triggered a reaction between hydrogen peroxide and 33’55 -tetramethylbenzidine to produce a color change. Thus, blood
glucose levels can be monitored by color changes, while UA levels can be precisely analyzed using a smartphone (Figure 5D).
Recognizing the multifaceted nature of MDs, which often involve numerous biochemical changes, a comprehensive assessment is
imperative. To address this issue, Gao et al.'”* developed a flexible MN electrode array-based biosensor and a multichannel portable electro-
chemical analyzer to detect blood glucose, UA, and cholesterol simultaneously. The biosensor employed magnetorheological mapping
lithography to prepare the MN electrode arrays and achieved multifunctional detection through biofunctionalization (Figure 5E). He
et al."” introduced a colorimetric skin tattoo biosensor fabricated from a four-region segmented MN patch. This MN device can reflect
changes in the concentration of biomarkers by presenting color changes, including monitoring indicators such as pH, glucose, UA, and
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Figure 6. MN is used in the treatment of diabetes

(A) A silk fibroin MN patch for insulin delivery. Adapted with permission.'®> Copyright 2022, Elsevier.

(B) A luminal unfolding MN injector for oral delivery of macromolecules for insulin delivery. Adapted with permission.'” Copyright 2019, Springer Nature.

(C) A basal-bolus insulin regimen integrated MN patch for intraday postprandial glucose control. Adapted with permission.'”” Copyright 2020, AAAS.

(D) An MN patch loaded with nanovesicles for glucose transporter-mediated insulin delivery. Adapted with permission.'®® Copyright 2022, American Chemical
Society.

(E) A pH-responsive MN patch for controlled insulin delivery. Adapted with permission.'®” Copyright 2021, Tsinghua University Press.

(F) A glucose-responsive insulin MN patch for blood glucose control. Adapted with permission.''® Copyright 2020, Nature Publishing Group.

(G) An electro-responsive silk fibroin MN for controlled release of insulin delivery. Adapted with permission.'"" Copyright 2023, Elsevier.

temperature. At the same time, the device can monitor changes in multiple biomarkers in vitro, ex vivo, and in vivo and enables the monitoring
of concentration changes for at least 4 days (Figure 5F).

Currently, MN has made significant progress in the field of MD monitoring, capable of real-time monitoring and multi-indicator detection,
thereby improving the accuracy and comprehensiveness of monitoring. In addition, this method of monitoring has also brought new
diagnostic, preventive, and management strategies to other disease areas. It is expected to promote the implementation of personalized
medicine and early intervention, thereby improving patients’ quality of life and reducing long-term medical costs.

MN in the treatment of MDs

Currently, research on the application of MN for the treatment of MDs is primarily focused on managing diabetes. Consequently, this section
aims to delineate the utilization of MN in the context of diabetes treatment, followed by their application in managing other MDs.

MN in the treatment of diabetes mellitus

Diabetes mellitus is a chronic disorder that poses a significant threat to human health. Traditional management primarily involves subcutane-
ous injection of insulin, but there are often side effects such as pain and inflammation.”® To solve this problem, MNs have emerged as an
innovative therapeutic approach for diabetes treatment; they can be categorized into two modalities: insulin MN patches for transdermal
delivery and intraluminal unfolding MN syringes for oral administration. The insulin MN patches represent a pivotal advancement in drug de-
livery. These patches adhere to the skin, with the MN penetrating the epidermal layer to facilitate direct insulin transport to body tissues. A
notable example is the development by Cao et al."” of a continuous insulin delivery MN patch. This patch incorporates filipin protein as a
drug delivery medium, enabling insulin release regulated by the expansion of the needles, thereby stabilizing blood glucose levels (Figure 6A).
In contrast, intraluminal unfolding MN syringes offer an alternative insulin administration route specifically designed for oral delivery. This
method involves placing an MN syringe within a gastrointestinal cavity, such as the stomach or intestine. Upon unfolding, the MN syringe
efficiently delivered insulin to the intestinal tissues. A pioneering development in this area is the intraluminal unfolding MN syringe designed
by Alex et al.’” for oral insulin delivery. This device propels drug-loaded MNs into the intestinal tissue, facilitating effective oral drug
administration. Additionally, the versatility of this device extends its potential for loading multiple MN formulations, positioning it as a novel
platform for oral drug delivery (Figure 6B).

However, conventional MNs encounter challenges in achieving an on-demand insulin supply. Researchers have made advancements in
MN material structures and drug carriers to address this issue. Chen et al.'”” developed an integrated insulin MN patch specifically tailored
for intraday postprandial glucose control. This patch facilitates transdermal insulin delivery with varying release kinetics, effectively covering
postprandial glucose fluctuations, thereby improving daytime glucose stability and preventing complications (Figure 6C). Chen et al.'® intro-
duced an MN patch containing nanovesicles for glucose transporter-mediated insulin delivery. Under hyperglycemic conditions, glucose
competitively interacts with glucosamine-modified insulin within vesicles, leading to its rapid release and in vivo glucose regulation. Incorpo-
rating additional (glucosamine-modified-insulin) into vesicles prolongs the effective release time, offering a method for blood glucose control
without inducing hypoglycemia (Figure 6D).

As research progresses, a series of smart environmentally responsive MN patches have emerged as MN capable of sensing changes in the
surrounding environment, such as blood glucose levels, pH of reactive oxygen species, light temperature, electric field strength, and ion con-
centration, by coordinating the internal functions of the material and then making corresponding adjustments based on this environmental
information. Luo et al.’”” developed a pH-responsive MN array patch for insulin release control using pH-sensitive insulin-loaded nanopar-
ticles (SNPI) and pH-insensitive nanoparticles (iISNPG+C). This MN patch allowed transdermal glucose-responsive insulin delivery with rapid
insulin release under hyperglycemic conditions, mitigating the risk of skin inflammation (Figure 6E). Similarly, Yu et al.'"® developed a glucose-
responsive insulin patch using an insulin- and glucose-responsive polymer matrix polymerized via in situ light curing. Under hyperglycemic
conditions, phenylboronic acid units in the polymer matrix form glucose-boronate complexes, leading to the swelling of the polymer matrix
and the promotion of rapid insulin release (Figure 6F). Qi et al.""" developed an electro-responsive silk fibroin MN device to control insulin
release. The disulfide cross-linking sites were reduced by energizing the device, increasing MN solubility, and promoting insulin release. The
sulfhydryl groups were oxidized upon power cessation, forming disulfide bonds and reducing the MN solubility, resulting in a slower release
rate (Figure 6G). Overall, The application of MN in the treatment of diabetes has made groundbreaking progress. This therapeutic approach
not only enhances the bioavailability of medications but also enables on-demand drug delivery, significantly reducing side effects and
improving patient compliance. It offers patients a more convenient and comfortable treatment option. Furthermore, the principles and
design of MN for diabetes have provided new ideas for the treatment of other diseases, especially in pain management, dermatological
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Figure 7. MN for use in the treatment of other MDs

(A) Transdermal delivery of Col using dissolvable MN arrays to treat acute gout. Adapted with permission.''* Copyright 2022, Taylor& Francis.

(B) A chitosan detachable MN carrying both Col and UAO-LPO for gout treatment. Adapted with permission.'* Copyright 2023, Elsevier.

(C) A nitrogen-containing bisphosphonate ALN soluble MN for osteoporosis treatment. Adapted with permission.''” Copyright 2017, Mdpi.

(D) A salmon calcitonin separable MN system for osteoporosis treatment. Adapted with permission.’'® Copyright 2023, American Chemical Society.

(E) An MN patch for locally induced adipose tissue browning to treat obesity. Adapted with permission.'”” Copyright 2017, Springer Berlin Heidelberg.
(F) A black phosphorus-modified Rosi soluble MN patch for treating obesity. Adapted with permission.’’® Copyright 2020, Elsevier.

treatments, and vaccination. It has paved the way for personalized and precise treatment, promoting the development of transdermal drug
delivery toward a more humanized and intelligent direction.

MN for other MDs

Gout is characterized by intermittent attacks, and patients need to take large amounts of UA-lowering drugs for an extended period to alle-
viate this condition, leading to substantial side effects.’'” To address this problem, Liu et al.' " developed a colchicine-MN single-drug system
to treat acute gout in rats. This MN delivery system significantly alleviated inflammation and pain in rat knee joints at a lower dose with fewer
side effects (Figure 7A). Compared with the MN single-drug system, the MN dual-drug system is more advantageous in terms of therapeutic
effects. Yang et al.'" developed a detachable MN dual-drug system of chitosan carrying both colchicine and uricase-liposomes that achieved
up to one week of sustained drug delivery. Compared with traditional delivery methods, this system can reduce doses, minimize side effects,
and improve patient compliance (Figure 7B).

Osteoporosis is a systemic MD that is usually treated with oral infusion or local injection of bisphosphonates, which often yield suboptimal
therapeutic outcomes and may induce adverse effects such as pain.''? Addressing this, Katsumi et al."'® developed a self-fusing MN for oste-
oporosis-related fractures. A micrometer-sized needle, loaded with the nitrogen-containing bisphosphonate alanophosphonate, concen-
trates alendronate (ALN) at the needle tip. This design facilitates rapid drug delivery, minimizes drug loss, and enhances drug bioavailability
(Figure 7Q). Li et al."'® developed a salmon calcitonin detachable MN system for osteoporosis treatment. The system, comprising a filipin
protein tip and a hyaluronic acid substrate, allows for slow drug release by dissolving the HA substrate after skin penetration, offering a
non-injectable strategy for osteoporosis treatment (Figure 7D).

Obesity is one of the most serious public health concerns of the 21st century, and traditional treatments mainly include diet control, phys-
ical exercise, and surgery. However, the treatment effect is commonly unsatisfactory and may produce serious side effects.'”” Zhang et al.'"’
addressed this issue by developing an MN patch to induce local fat browning. This innovative patch delivered a browning agent to the sub-
cutaneous fat cells, promoting the ‘browning’ reaction and inhibiting fat cell hypertrophy, thereby improving metabolism and treating obesity
(Figure 7E). Peng et al."'® introduced a black phosphorus-modified soluble MN patch for delivery of rosiglitazone. First, a transcutaneous
channel was established using metallic MN and subsequently under near-infrared light irradiation; the soluble MN patch efficiently delivered
rosiglitazone into deep tissues to reduce adipose tissue (Figure 7F).

Although MN has received less attention in treating other MDs, it has demonstrated favorable therapeutic effects. Nevertheless, it faces
various challenges that warrant further in-depth research and exploration; this field holds immense potential and has a broad scope of
applications.

CONCLUSION

Due to the lack of effective conventional products, monitoring and treatment of cardiovascular and MDs is a daunting challenge for clinical
doctors. The drug delivery and monitoring system based on MN transdermal delivery is actively being studied. The focus of this method is to
overcome skin barriers, deliver effective doses of drugs to the lesion site, or extract tissue fluid for monitoring. All the above studies have
demonstrated that MNs have witnessed rapid advancements in the monitoring and treating CVDs and MDs. As an innovative disease moni-
toring modality, MNs offer two benefits: alleviating patient discomfort and enhancing monitoring comfort while overcoming deficiencies in
traditional detection methods, thereby improving the precision and sensitivity of monitoring accuracy. As a novel drug delivery method, MNs
enhance drug bioavailability, enable targeted drug delivery, and mitigate the side effects associated with systemic therapy, in contrast to
traditional injection and oral intake methods.

Nevertheless, there are still many difficulties to be overcome before the practical application of MN to the clinical treatment of CVDs and
MDs. First, it is necessary to overcome the difficulties of improving the drug-carrying capacity of MN patches as well as the transdermal ef-
ficiency of drugs in order to improve the therapeutic effect. Second, it is necessary to pay attention to the biocompatibility and safety of MN
fabrication materials, to track in real time the inflammatory and immune responses that may occur in vivo after the action of MN patches, and
to find timely and effective countermeasures. In addition, before clinical application, the relevant technology must undergo rigorous clinical
trials to determine its safety and effectiveness and obtain regulatory approval.

In the future, the theoretical foundation of MNs is anticipated to become more comprehensive, paving the way for broader applications
(Figure 8). Structural and Formulation Innovation. Current MN systems have many problems, such as low drug loading, insufficient mechanical
strength, insufficient toughness, and easy deformation. These problems are mainly related to the current structure of the MN and matrix ma-
terials. In the future, it is expected that the structure of MN bodies will be improved so that their volume remains unchanged but can have
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Figure 8. Future directions of MN

Microneedles (MNs) represent a cutting-edge approach in addressing the global health challenges posed by cardiovascular diseases (CVDs) and metabolic
Disorders (MDs). This comprehensive overview delves into recent advances, highlighting MNs' role in painless, safe, and convenient monitoring and
treatment compared to traditional approaches. The study covers MN principles, modalities, and their application in CVDs and MDs, providing insights into
the promising future developments in this innovative field.

more drug loading. Simultaneously, it is also possible to search for new matrix materials and research new formula ratios to make MN have
better mechanical strength and toughness of MNs.

Delivery optimization

Although the matrix materials used for making MN can usually be decomposed into harmless byproducts that are easy to metabolize, further
verification is needed to determine whether the long-term deposition of matrix materials in tissues, especially in the myocardium and blood
vessels, causes unnecessary immune reactions in the body. Given this situation, future researchers are expected to develop a novel delivery
mechanism in which MNs quickly miss their target and are eliminated from the body when partial treatment of inflammation is completed or
unnecessary immune reactions occur, minimizing damage to the body.

Synergistic multifunctional therapies

A single-drug treatment may not be ideal for most diseases, and combining other treatment methods is important. Future MN systems are
expected to integrate electromagnetic light, heat, ultrasound stimulation, acupoint stimulation, and other methods for collaborative
treatment.

Intelligent healthcare

Currently, the application of MN is mainly focused on percutaneous drug delivery for disease treatment. Some researchers have begun to
explore the monitoring of diseases with MN; however, most of them monitor a single indicator, and the response to diseases is not compre-
hensive. At the same time, there is a lack of MN systems participating in the entire disease treatment process, such as the monitoring analysis
treatment. Intelligence is an inevitable trend for future MN systems that will integrate multiple fields such as drug delivery, biosensing, diag-
nosis, and electronic control to achieve full process control from disease monitoring and diagnosis to treatment. Furthermore, MN can be
combined with digital technology and big data analysis to form cloud data for the unified transmission of results detected by wearable
MN devices to hospital databases through the Internet. Professional medical staff can make judgments and provide remote diagnosis
and treatment.
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In conclusion, MNs hold immense promise for the future and are poised to replace current methodologies for monitoring and treating
various diseases. However, it is crucial to note that most current MN studies are based on case series or small-sample randomized trials.
Further large-scale randomized controlled clinical trials are imperative for gradually promoting MN applications to bridge the gap between

laboratory studies and clinical applications.
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