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Glucose-sensitive microneedle systems (GSMSs) as an intelligent strategy for treating diabetes can well solve
the problems of puncture pain, hypoglycemia, skin damage, and complications caused by the subcutaneous
injection of insulin. According to the various functions of each component, herein, therapeutic GSMSs are
reviewed based on three parts (glucose-sensitive models, diabetes medications, and microneedle body).
Moreover, the characteristics, benefits, and drawbacks of three types of typical glucose-sensitive models
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(phenylboronic acid based polymer, glucose oxidase, and concanavalin A) and their drug delivery models
are reviewed. In particular, phenylboronic acid-based GSMSs can provide a long-acting drug dose and con-
trolled release rate for the treatment of diabetes. Moreover, their painless, minimally invasive puncture also
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1. Introduction

Presently, diabetes is one of the most prevalent and wide-
spread diseases, affecting a large portion of the global popu-
lation." Simultaneously, diabetes is also accompanied by
numerous cardiovascular and cerebrovascular complications,>
such as hypertension® and hyperlipidemia,* which pose a sig-
nificant threat to human health. Therefore, research on the
treatment of diabetes is ongoing, ranging from the develop-
ment of various hypoglycemic drugs to the evolution of
various treatment methods, aiming to improve the two major
causes of the disease, impaired insulin secretion and insulin
resistance, to develop therapeutic systems that can replace the
damaged pancreas in diabetic patients to the greatest extent
and improve the internal environment of patients.
Accordingly, huge financial expenditures and scientific
research efforts have been invested to achieve these goals.””
The traditional treatments for type 1 diabetes and type 2
diabetes are insulin injections and oral hypoglycemic drugs.®®
However, these two treatment methods are associated with
certain problems such as low drug utilization rate and
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greatly improves patient compliance, treatment safety, and potential application prospects.

uncontrollable drug effect.'®'" When the drug cannot work

adequately, it may lead to an insufficient reduction in the
blood glucose, and thus a better therapeutic effect cannot be
achieved. Conversely, when the drug works too quickly or in
excess, it will lead to hypoglycemia,’* with dangerous side
effects. Frequent insulin injection therapy is associated with
obvious physical pain to patients and causes them to have
strong psychological resistance.” In addition, it is not suitable
for the long-term stable treatment of diabetes,'* and thus an
extremely mild pain and drug release controllable therapeutic
system is a better choice.

Therapeutic glucose-sensitive microneedle systems (GSMSs)
are usually composed of three parts, including a polymer-
based microneedle body, glucose-sensitive model, and hypo-
glycemic drug. The micron-scale microneedle body can pierce
the skin, deliver the glucose-sensitive model and hypoglycemic
drug to the dermis,'® and then use the glucose-sensitive model
to identify the free distributed glucose in the tissue fluid and
release the hypoglycemic drug in the corresponding concen-
tration according to the difference in glucose concentration.
As a new type of treatment, GSMSs can significantly reduce the
pain and skin wounds of injection treatment,'® and greatly
improve the controllability of drug utilization and drug
release.’” They provide diabetic patients with a portable trans-
dermal drug delivery method that can adapt to differences in
blood glucose concentrations of individuals'®'® and improves
patient compliance with more efficient and safe treatment.

Herein, we discuss the establishment and differences
between three types of glucose-sensitive models in therapeutic
GSMSs, as well as their glucose-sensitive mechanism and drug
release. In particular, the preparation and classification of
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glucose response models are innovatively summarized. This
provides a very instructive view on the drug delivery require-
ments in different application scenarios. The way the drugs
are loaded and their interactions with the drugs in the glucose
response model are also described in detail. This presents
good suggestions for the existing inexplicable phenomena and
laws of drug loading and controlled release. Furthermore, the
advantages and existing problems associated with the use of
phenylboronic acid groups as glucose-sensitive models are
summarized. In the case of GSMSs based on phenylboronic
acid, a more efficient design idea and preparation process
screening are demonstrated. Regarding the practical appli-
cation background of GSMS, this review proposes more realis-
tic requirements. Finally, the mechanical properties and thera-
peutic effects of GSMS are analyzed and evaluated. Through
the targeted analysis of the selection of each component
material and the interaction between the components in thera-
peutic GSMSs, an optimized scheme is proposed, which is
helpful to establish GSMSs with practical application value
and convenient large-scale production. Meanwhile, this review
also presents the first summary of GSMS systems in terms of
the blood glucose control effect and the standards that need to
be achieved before clinical application. From the preparation
of GSMSs to their therapeutic application and safety assess-
ment, a comprehensive evaluation system and strong guide-
lines are provided.

2. Construction and advantages of
GSMS

According to the latest statistics in the 10th edition of the
International Diabetes Federation (IDF) Diabetes Research
Atlas. The global total population reached 7.9 billion in 2021,
and the proportion of diabetic patients was as high as
536.6 million, with 6.7 million patients dying of diabetes and
its complications." However, there are still numerous issues
associated with monitoring blood glucose in pre-diabetic
patients and the control of blood glucose during this disease.
The goal of diabetes therapeutic systems is to create more
intelligent diabetes monitoring and treatment techniques.
Meanwhile, the aim is also to reduce patient suffering and
enhance the effectiveness of diabetes treatments.”®*!
Consequently, because of their advantages of being painless,
minimally invasive, and glucose sensitive, and GSMSs have
gradually shown potential to replace injection therapy.

2.1. Composition of GSMSs: microneedle body, diabetes
medication, and glucose-sensitive model

Therapeutic GSMSs reduce the injection injury and improve
the controllability of drug release. They can be roughly divided
into three parts, as depicted in Fig. 1. The microneedle body
and base patch make up the outer support structure shell,
which is loaded with the drug and punctures the skin to com-
plete percutaneous drug delivery. The core component, a
glucose-sensitive model, recognizes glucose-containing sub-

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Composition of glucose-sensitive microneedle system (GSMS).

stances and allows for the controlled release of medication by
monitoring and reacting to the real-time blood glucose levels.
The third component includes auxiliary drugs and medi-
cations that are loaded in the microneedle to lower the blood
glucose levels. It can replace the damaged pancreas of patients
and regulate blood glucose in a specific way.

The coordination of the different components of the micro-
needle system improves the efficiency of drug delivery. Each
component is indispensable and plays a prominent role. Here,
the glucose-sensitive model is the intelligent brain of the
system. It detects the level of glucose in the environment and
regulates the drug release rate and dosage according to the
blood glucose level. To some extent, the components of the
glucose-sensitive model can mimic how the human pancreas
works. Through treatment with GSMSs, the irrelevant con-
sumption and waste of drugs in the body can be reduced,*
the action time of drugs can be prolonged,” and the utiliz-
ation rate of drugs can be improved.**

2.2. Determination of diabetes: blood glucose standard as an
example

Diabetes is a chronic condition that permanently distorts the
blood glucose levels.”® Patients with type 1 diabetes and
advanced type 2 diabetes cannot complete blood glucose regu-
lation in time and effectively due to impaired pancreatic func-
tion, resulting in a significant increase in blood glucose levels.
Therefore, the glucose concentration in the blood is the most
direct criterion for judging diabetes. Meanwhile, diabetes can
also be diagnosed by the indicator of glycosylated hemoglobin
(HbA,.), and the diagnostic cut-off point is HbA;. > 6.5%.>%*’
As seen in Fig. 2, it can typically be determined that patients
have a high probability of diabetes risk when their fasting
blood glucose level is and exceeds 7.0 mmol L™ (126 mg dL™)
for a prolonged period or when their blood glucose level two
hours after eating exceeds 11.1 mmol L™ (200 mg dL ™).

2.3. Advantages of GSMSs compared with subcutaneous
injection

Generally, the most effective way to treat type 1 and advanced
type 2 diabetes is insulin injections.?® Insulin is a hormone,

Biomater. Sci, 2023, 11, 5410-5438 | 5411
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Fig. 2 (a) Modified diagnostic criteria for diabetes.! (b) Range of normal blood glucose, diabetic blood glucose and potential diabetes blood
glucose. (The general lower limit of fasting blood glucose is 3.9 mmol L™, and 15.0 mmol L™ is far beyond the range of normal blood glucose.).

and thus is not suitable for oral therapy.”® In diabetic patients,
insulin is delivered to the subcutaneous tissue through sub-
cutaneous injection, and then through the internal circulation
of the body, delivering insulin to all parts of the body. Finally,
it exerts its effects on the liver, skeletal muscle, and adipose
tissue.'™*® Although the existing insulin injection therapy can
achieve short-term control of the blood glucose levels, this
therapy also has some drawbacks. Obviously, the injected
metal needle is painful to diabetic patients.*’ In addition, the
long-term injection will make the wound caused by the injec-
tion have potential lesions and the risk of infection.**> When
injecting insulin, the injection volume of the drug is poorly
controllable, producing the potential risk of hypoglycemia,
which can be life threatening.

Therefore, it is urgent to develop more effective and safer
treatment systems. In this case, GSMSs have a micron injection
needle body and a millimeter back patch, which is much
smaller than the size of the syringe needle and insulin pen
needle (Fig. 3).>* The microneedle used in transdermal drug
delivery only penetrates the epidermis to the dermis layer and

5412 | Biomater. Sci, 2023, 11, 5410-5438

does not come into contact with any nerve tissues or blood
vessels.>* Accordingly, GSMSs greatly reduce the pain of punc-
ture and skin damage. The glucose-sensitive model detects the
glucose in the human tissue fluid, and then the drug is
released in accordance with the glucose concentration.
Therefore, GSMSs largely prevent the abrupt release of insulin
and hypoglycemia caused by overdosing.*”

3. Preparation and evaluation of
glucose-sensitive models

Glucose-responsive substances can interact or specifically bind
with glucose. Therefore, they are very sensitive to glucose
environments with different concentrations and can be used
as a glucose-sensitive model.*® As shown in Fig. 4, the three
typical glucose-sensitive models are phenylboronic-based
polymer (P-PBA),*” glucose oxidase (GOx),*® and concanavalin
A (Con A).*° Among them, P-PBA can bind specifically with the
glycols on glucose to form reversible phenylborate ester bonds.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Three typical glucose responsive substances. (a) Phenylboronic acid-based polymer. (b) Glucose oxidase dimer. Image from “Molecule of the
Month: Glucose Oxidase” of RCSB Protein Data Bank, Goodsell D (May 2006). doi:10.2210/rcsb_pdb/mom_2006_5.4® (c) Concanalin tetramer.
Image from “Structure of concanavalin A at 2.4-A resolution” of Biochemistry, Hardman KD, Ainsworth CF (December 1972). doi:10.1021/

bi00776a006 ** (O is the glucose-binding site).

This bond can be used as a dynamic binding point to recog-
nize changes in glucose concentration. GOx can specifically
catalyze B-p-glucose under aerobic conditions, generating glu-
conic acid and hydrogen peroxide. Con A is a tetramer globu-
lin, where each of its subunits contains a sugar binding site,
which can specifically bind with a-mannose and a-glucose.

However, the three different types of substances have
diverse physical and chemical characteristics, such as mole-
cular weight, solubility, stability, biological activity, biocompat-
ibility, and biological toxicity.**** These features significantly
influence the structural design and manufacturing of glucose-
sensitive models, further affecting their reactivity with glucose
molecules. The three substance binding mechanisms for
glucose and the glucose response and drug release character-
istics of the three substance-based glucose sensitive models
are analyzed in the subsequent sections.

3.1. Preparation of glucose-sensitive models based on
phenylboronic acid (P-PBA) and their response characteristics

The dynamic hydrolysis equilibrium of the phenylboronic acid
group in aqueous solution is depicted in Scheme 1.*> Boron
atoms will combine with hydroxyl ions to form a tetrahedral
structure,*® making the phenylboronic acid group change from

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Schematic diagram of the binding of phenylboronic acid
groups to glucose in solution.

uncharged to negatively charged.?” Subsequently, the phenyl-
boronic acid group in the hydrolytic state is more likely to
specifically bind with glucose molecules to form dynamic
borate ester bonds.*® Given that the phenylborate group com-
bines with glucose to form a borate ester bond, the polyhy-
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droxy structure in glucose also significantly increases the water
solubility of the phenylborate group.*® Based on the change in
charge property, hydrophilicity and hydrophobicity, and the
specific combination between the phenylboronic group and
hydroxyl groups (on the carbon in positions 1 and 2, and
carbon in positions 4 and 5 on glucose), glucose-sensitive
materials based on phenylboronic polymers can be designed.
It is worth noting that while the phenylboronic group and
glucose molecules form a relatively strong dynamic borate
ester bond,**">* intermolecular hydrogen bonding and other
bonding effects may exist, which make the phenylboronic
group and glucose molecules form a more stable planar or
three-dimensional multicomponent ring structure. Thus far,
research has not confirmed this point, and accordingly this
interaction needs further experimental exploration and
verification.

Through the transformation of the charged properties of
phenylboronic acid-based polymers, effective drug loading and
release can be realized. Zhen Gu et al>® designed phenyl-
boronic acid-based polymer segments to exhibit positive elec-
trical characteristics in the physiological environment, which
could be combined with negatively charged insulin, creating
electrostatic interactions that contribute to insulin loading
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(Fig. 5(a) and (b)). When the phenylboronic acid group in the
polymer segment was combined with glucose, the charge of
the segment changed, and the negatively charged insulin
molecules were gradually repelled, released into the tissue
fluid, and exhibited the effect of lowering blood glucose.

Effective drug loading and release can be achieved through
the hydrophilic-hydrophobic transition of phenylboronic acid-
based polymers. As shown in Fig. 5(c) and (d), Yeu-Chun Kim
et al.>* prepared an amphiphilic polymer segment containing
a hydrophobic phenylboronic acid group and a hydrophilic
amino group. It could be self-assembly into polymeric vesicles
in solution. Insulin was encapsulated in the vesicles. When
glucose entered the vesicles and combined with the phenyl-
boronic acid groups, the hydrophobic environment in the
vesicle changed, causing the vesicles to expand or dissociate,
leading to the release of insulin. Similarly, the particle models
of the same glucose-sensitive mechanism can be roughly
divided into micelles, vesicles, and liposomes.

The strategy of using glucose as a dynamic exchange sub-
stance to replace the binding points formed by polymers
based on phenyl borate and other diol structures can also be
used to establish glucose-responsive drug delivery models

based on dynamic gel networks. Xiang Chen et al.>® grafted
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Fig. 5 Glucose-sensitive model of phenylboronic acid-based polymers. (a) and (b) After the phenylboronic acid group binds to glucose, the charge
of the polymer segment changes. (Adapted with permission from ref. 53. Copyright © 2019, The Authors, some rights reserved, exclusive licensee
American Association for the Advancement of Science.) (c) and (d) Glucose is combined with phenylboronic acid groups to improve their hydrophili-
city. (Adapted with permission from ref. 54. Copyright © 2019, The Authors, some rights reserved, exclusive licensee American Association for the
Advancement of Science.) (e) and (f) Glucose-substituted diol structure binds to phenylboronic acid, resulting in the disruption of the polymer
cross-linked network. (Adapted with permission from ref. 55. Copyright © 2021 Wiley-VCH GmbH.).
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phenylboronic acid groups on polyallylamine segments and
mixed them with polyvinyl alcohol to prepare gels (Fig. 5(e)
and (f)). The phenylboronic acid group combined with the
diol structure on the polyvinyl alcohol to form a relatively
stable gel network as a cross-linking point. When the gel was
placed in a high-concentration glucose solution, the glucose
molecule replaced the original borate ester bond and gener-
ated a new structure with the phenylboronic acid group.
Consequently, the gel network was disrupted to swell or dis-
sociate, and then insulin was released. A small molecule con-
taining a phenylboronic acid group could also be used as a
cross-linking agent to prepare a polymer network structure,
which could be loaded with insulin, and under the specific
substitution of glucose, glucose-sensitive release could be
accomplished. Generally, based on this response mechanism,
various types of gel networks can be designed.

The pK, of phenylboronic acid is 8.8-8.9, which is higher
than physiological pH,’® making it easy to aggregate in vivo,
and thus limiting the binding ability of the phenylboronic acid
group to glucose molecules to a certain extent.”” However, the
structure of phenylboronic acid-based polymers can be modi-
fied to improve their glucose-sensitive properties.’® In
addition, there are issues with drug inactivation and
inadequate drug loading during the preparation of phenyl-
boronic acid-based GSMSs and the loading process. The risk
of drug inactivation can be reduced by choosing a relatively
mild preparation and storage environment. In drug delivery
based on common mixing, the loading capacity of the drug
can be improved by means of electrostatic interaction.

The function of glucose-responsive substances in GSMSs is
to recognize changes in the blood glucose concentration and
regulate the efficiency of insulin release in real time. At the
beginning of treatment, if the microneedles do not contain
glucose-sensitive substances, it may lead to the sudden release
of insulin. GSMSs, which contain glucose-sensitive substances,
may protect against the risk of hypoglycemia to some extent.
Meanwhile, when the blood glucose returns to the normal
range, glucose-sensitive substances are needed to recognize
the decrease in blood glucose, and thus reduce the drug
release. Moreover, GSMSs are required to recognize and
control the drug release rate when the blood glucose changes
again due to eating. In conclusion, GSMSs need to have a good
glucose response function and maintain a relatively persistent
and repeated glucose gradient-response characteristic.

3.2. Preparation of glucose-sensitive models based on
glucose oxidase (GOx) and their response characteristics

The proportion of p-o-glucose, a-b-glucose and linear glucose
in the blood is about 63%, 33%, and 1%, respectively, and
there is a dynamic transformation balance among the
different types of glucose. Scheme 2 illustrates that glucose
oxidase can change glucose into hydrogen peroxide and gluco-
nic acid.”® GOx can quickly identify glucose molecules and
consume oxygen to convert them into gluconic acid, which can
create a local acidic environment and generate hydrogen per-
oxide molecules with strong oxidative properties (Fig. 6(a)).

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Schematic diagram of glucose oxidase catalyzing glucose.

During this process, the changes in the microenvironment
before and after transformation can be used to design glucose-
sensitive models.

The catalytic action of GOx can convert glucose into gluco-
nic acid and hydrogen peroxide.®® The response model is
designed through the acidic environment generated by cataly-
sis, such as electrostatic interaction, host-guest interaction,
and hydrophilic-hydrophobic transition. As shown in Fig. 6(b),
Omar Azzaroni et al®" prepared a cross-linked polymer
network with positively charged amino groups, and simul-
taneously loaded insulin and glucose oxidase. The local acidic
microenvironment caused amino protonation in the polymer
segment, which destroyed the previously tight cross-linking
network, thus realizing the glucose-sensitive release of insulin.

After glucose is oxidized by the enzyme, the produced
hydrogen peroxide can also be used to design a glucose-sensi-
tive model through the redox mechanism. Katsuhiko Sato
et al.®® prepared polymersomes containing glucose oxidase
and phenylboronic acid groups (Fig. 6(c)). The generated
hydrogen peroxide could oxidize the borate ester bond,
causing the shell structure of the vesicle to cleave and release
the drug. The strong oxidizing properties of hydrogen peroxide
could realize a variety of response phenomena. However, due
to the potential damage risk of GOx to human cells and tissues,
the accuracy of GOx dosage and the by-products from the cata-
Iytic process need to be specially considered when designing the
glucose-sensitive model based on glucose oxidase. As shown in
Fig. 6(d), Yanqi Ye et al."” designed and fabricated a glucose-
sensitive model of GSA containing multiple enzymes. In the
hypoxic environment, GSA would rapidly dissociate and lead to
insulin release. Glucose diffuses through microneedles and
interacts with cells encapsulated in alginate micro gel to
promote insulin secretion. GSA is a self-assembled polymer
nanovesicle containing three enzymes, ie., glucose oxidase,
a-amylase and glucoamylase. Once affected by elevated blood
glucose, GSA (composed of anoxic-sensitive substances) rapidly
dissociates and releases encapsulated enzymes in response to
glucose oxidation and oxygen consumption.

The biggest challenge associated with GSMSs based on
glucose oxidase is the enzymatic inactivation caused by the
decrease in local oxygen concentration, pH changes and
internal microenvironment during the reaction. Meanwhile,

Biomater. Sci, 2023, 11, 5410-5438 | 5415
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Fig. 6 Glucose-sensitive model of GOx with polymers. (a) and (b) Glucose oxidase converts glucose into gluconic acid and hydrogen peroxide and
causes electrostatic repulsion of polymer segments through protonation. (Adapted with permission from ref. 61. Copyright © 2019, Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.) (c) Acidic environment brought by gluconic acid can be used in acid—base reactions or host—guest inter-
actions. (Adapted with permission from ref. 62. Copyright © 2018, Multidisciplinary Digital Publishing Institute.) (d) Increased concentration of hydro-
gen peroxide, which utilizes its oxidative properties to disintegrate polymer gels or particles. (Adapted with permission from ref. 17. Copyright ©

2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.).

tissue inflammation, which may be caused by hydrogen per-
oxide, is also another important issue in these systems,®*
and the addition of catalase (CAT) is the most commonly used
strategy.®®®” However, the oxidation of glucose oxidase will
consume oxygen, which may potentially affect the activity state
of the surrounding cells and tissue,*®’° and the gluconic acid

5416 | Biomater. Sci, 2023, 11, 5410-5438

produced after the reaction makes the local environment
acidic,”"””* also causing a disturbance in the body due to a
short time of homeostasis. Therefore, using glucose oxidase as
a glucose-responsive substance has obvious disadvantages.
The security risks generated in the response also limit their
application scope.

This journal is © The Royal Society of Chemistry 2023
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3.3. Preparation of glucose-sensitive models based on
concanavalin A (Con A) and their response characteristics

In the state of the active tetramer, concanavalin A has four
specific binding with glucose
(Scheme 3).”*7® The combination of concanavalin A and
glucose satisfies the fast and specific characteristics, and thus
is also used to design a type of glucose-sensitive material.

As shown in Fig. 7(b), Weitai Wu et al.”” combined concana-
valin A with polymer segments and formed a cross-linked
agglomerate structure, and the specific binding of glucose to
Con A resulted in the expansion of the cross-linked network
and promoted drug release. The design of the crosslink
density could achieve rapid response to different concen-
trations of glucose. Jun Nie et al’® designed a polymer
network with Con A as a cross-linking agent, which could sim-
ultaneously respond to pH and glucose (Fig. 7(d)). When the
gel was placed in a high-glucose concentration environment,
the glucose combined with Con A, destroying the original gel
network and dissociating it to complete the drug release.

Concanavalin A-based glucose-sensitive systems currently
have some limitations, including toxicity, poor water solubi-
lity’> and stability,®® and longer glucose-sensitive response
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time.®" Although it can be improved by modification with
hydrophilic polymers, the immunogenicity of Con A still needs
to be addressed. In addition, the environmental differences
and the changes in the substance itself brought about by Con
A before and after combining with glucose still need to be
further explored and studied.

4. Regulation of blood glucose with
GSMSs based on glucose-sensitive
models with phenylboronic acid

The advantages of phenylboronic acid-based GSMSs include
low cost, absence of immunogenicity, high versatility, and
good in vivo stability.”®”> Compared with GOx and Con A,
phenylboronic acid-based polymers are a better choice for the
design of glucose-sensitive models.

Phenylboronic acid-based polymer GSMSs are made up of a
microneedle body, glucose-regulating medication, and
glucose-sensitive model. Designing the structure and colloca-
tion of polymers based on phenylboronic acid allows for the
establishment of glucose-sensitive models. The glucose-sensi-
tive models based on phenylboronic acid can be subdivided
into three categories, i.e., the gel model, particle model, and
composite structure model. We compared and examined the
features of each model and the corresponding controlled drug-
release mechanism. Meanwhile, the characteristics and operat-
ing principles of three classes of glucose-controlling medi-
cations were examined, and the benefits and drawbacks of
various loading strategies for the drugs were investigated.
Finally, the preparation of microneedles and microneedle
materials, as well as the performance characterization and
analysis of the microneedles were discussed. The interaction
and equilibrium relationship among the three components, as
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well as the application prospect and improvement scheme of
phenylboronic acid-based GSMS were explored.

4.1. Microneedle body in GSMSs

The primary function of the microneedle body is loading and
delivering medications and glucose-sensitive = models.
Therefore, the body of the microneedle needs to be capable of
storing drugs and have sufficient quality, adequate mechanical
strength and weather resistance. The safety of microneedle
therapy, the drug release effect, and the controllability of the
release are all impacted by the composition and structure of
the microneedle body.

4.1.1. Selection of materials and classification of micronee-
dle system. The main body material of the microneedle needs
to provide sufficient ability to penetrate the skin epidermis
and deliver the drug to the dermis during the treatment of dia-
betes. As the outermost protective carrier and transmission
medium of drugs, the mechanical strength of the needle
material and structure required for treatment are the primary
conditions.®” Secondly, according to the properties of the
drug, such as the active environment and time, it is very
important to select the needle material and structure suitable
for long-term drug storage and drug release.®*®** In addition,
given that the drugs are released in the dermis layer of the
skin, they will come into contact with cells and peripheral
tissues. In addition, because the microneedle releases drugs in
the dermis, the safety of the materials used for cells and sur-
rounding tissues is also particularly important.®®

The morphological changes before and after the micronee-
dle delivers the drug can be used to categorize the microneedle
bodies into two groups. One type of microneedle is insoluble,

Insoluble MN Hollow type

Soluble MN Swelling type
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while the other type is soluble (Fig. 8). The term “insoluble
microneedle” refers to a needle body that maintains its orig-
inal state following transdermal drug delivery, i.e., the primary
function of the microneedle is to create a drug delivery
channel on the skin. This type of microneedle is frequently
made from both metallic and inorganic non-metallic materials
to achieve its primary effective skin piercing performance.
However, due to the resistance and friction of the surface layer
of the skin, needle material loss and chipping can occur
during piercing. Consequently, localized inflammation will
occur due to the body’s immune response if these tiny
material fragments are not removed from the skin and tissues
in a timely manner.**%”

The soluble microneedle refers to the dissociation of the
microneedle b