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Abstract

Antidiabetic therapeutics, including insulin as well as glucagon-like peptide | (GLP-1) and its analogs, are essential for
people with diabetes to regulate their blood glucose levels. Nevertheless, conventional treatments based on hypodermic
administration is commonly associated with poor blood glucose control, a lack of patient compliance, and a high risk of
hypoglycemia. Closed-loop drug delivery strategies, also known as self-regulated administration, which can intelligently
govern the drug release kinetics in response to the fluctuation in blood glucose levels, show tremendous promise in diabetes
therapy. In the meantime, the advances in the development and use of microneedle (MN)-array patches for transdermal
drug delivery offer an alternative method to conventional hypodermic administration. Hence, glucose-responsive MN-array
patches for the treatment of diabetes have attracted increasing attentions in recent years. This review summarizes recent
advances in glucose-responsive MN-array patch systems. Their opportunities and challenges for clinical translation are also

discussed.
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Diabetes mellitus, characterized by high blood glucose levels
(BGLs) caused by the body’s inability to produce and/or use
insulin,'” is identified as one of the major medical challenges.*”
According to the latest report, diabetes afflicts over 425 million
people globally with an expected rise to 629 million by 2045.°
Approximately 4.0 million adults died from diabetes in 2017,
which accounts for 10.7% of all-cause mortality and corre-
sponds to one death every eight seconds.®

The loss of homeostasis-regulation mechanisms can lead
to chronically increased BGLs.” Symptoms of hyperglyce-
mia contain polyuria, weight loss, polydipsia, tiredness,
blurred vision, and so on.*’ Diabetes is also accompanied by
a high risk of cardiovascular, peripheral vascular, and cere-
brovascular diseases.'*'? Tight glycemic control is important
for people with diabetes. The current standard management
of people with type 1 diabetes is frequent measurements of
BGLs through finger pricks and subcutaneous insulin injec-
tions to maintain normoglycemia.'>'* Individuals with type 2
diabetes can benefit from exercise, regulation of meals, or
oral medicines;"> however, for those with advanced type 2
diabetes, insulin or other antidiabetic therapeutics such as
glucagon-like peptide 1 (GLP-1) and its analogs, are also
needed to regulate BGLs.'®'” Nonetheless, traditional open-
loop strategies such as daily subcutaneous administration
often lead to inadequate BGL control and a high risk of over-
dosing that can result in hypoglycemia.'®*" Therefore, the
development of a closed-loop system that can intelligently

regulate the release of antidiabetes payloads in response to
glucose concentration changes is urgently needed. Among all
strategies, glucose-responsive drug devices are most promis-
ing in the diabetes treatment with minimal patient effort and
improved quality of life.*'™!

Hypodermic insulin injection is a widely used technique
for patients with diabetes; however, frequent injections can
lead to patient noncompliance and needle phobia.**** A prom-
ising alternative approach is using microneedle (MN)-array
patches.”*?” Since their needles are micron-sized, MN-array
patches cause minimal pain and can be easily self-adminis-
tered. Various types of payloads have been delivered using
MN-array patches for different applications, such as vaccina-
tions, gene therapy, cancer therapy, and obesity treatment.****
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Figure |. (A) Schematic of the formation and release mechanism of

GRVs and GRV-loaded MN:s for in vivo insulin delivery. (B) Pulsatile

release profile of GRVs presents the rate of insulin release as a function of glucose concentration (100 mg/dL and 400 mg/dL). (C) The

indicated mouse skin was applied with an MN-array patch. The MN-a

rray patch penetrated the dorsum skin of the mouse effectively,

as evidenced by the trypan blue staining (top right) and H&E staining (bottom). Scale bar: top right 500 pum; bottom 100 um. (D) BGLs
of the diabetic mice treated with blank MNs made from HA, MNs loaded with insulin, MNs loaded with GRVs containing insulin and
enzyme (GRV(E +1)), MNs loaded with GRVs containing insulin and half dose of enzyme (GRV(1/2E +1)), and MNs loaded with GRVs

containing only insulin (GRV(I)). Reproduced with permission from Yu et a

Compared to traditional silicon or metal-based MNs, the
polymeric MNs exhibit superiority in terms of biocompatibil-
ity and functionality. A recent and comprehensive review on
polymeric MN-array patches can be found elsewhere.*®
Recently, several glucose-responsive MN-array patches were
developed to treat diabetes. These closed-loop MN-array
patches are able to sense the BGLs and secrete desirable
amount of antidiabetic therapeutics to tightly control the
BGLs within a normal range. Herein, we survey recent
advances in glucose-responsive MN-array patch systems and
discuss their advantages, limitations, and future opportunities
for clinical translation.

Glucose-Responsive MN-Array Patch
Systems for Diabetes Treatment

Traditional MN-array patches for insulin delivery have been
reported previously.**® However, similar to typical subcuta-
neous administration, these open-loop MN-array patch sys-
tems, although easy to manage and painless, lack a sensing
ability of glucose concentrations and thus require frequently
monitoring BGLs and timely applying MN-array patches to

56
l.

maintain the euglycemic conditions. Hence, glucose-respon-
sive closed-loop MN-array patches are more desirable.
Glucose oxidase (GOx) has been frequently applied as a sen-
sor for glucose and can catalyze the oxidation of glucose to
induce hypoxic, acidic, and H,0O,-rich local environments,
which can serve as bio-stimuli to trigger the release of thera-
peutic payloads.*”*

glucose+0,+H,0 GOx gulconicacid+H, O,

Based on this, Gu and coworkers conceived the concept of
“smart insulin patch” and demonstrated, for the first time, a pro-
totype patch using hypoxia as the bio-stimulus to regulate insu-
lin release (Figure 1A).°® Specifically, insulin and GOx were
coencapsulated into the synthetic glucose-responsive nanovesi-
cles (GRVs), which were then loaded into the hyaluronic acid
(HA)-based MNs. These GRVs were formed by the self-assem-
bly of HA modified with hypoxia-sensitive hydrophobic groups
(2-nitroimidazole) that can be reduced to the hydrophilic ones
(2-aminoimidazole) under hypoxic conditions. As BGLs rose,
oxygen was consumed due to the enzymatic conversion of
glucose to gluconic acid by GOx, creating a local hypoxic envi-
ronment and enabling a hydrophobic-to-hydrophilic transition.
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Figure 2. Schematic of the glucose responsive system (GRS) based on a microneedle-array patch integrated with pancreatic -cells
and glucose signal amplifiers (GSA). (A) Without GSA, there is insignificant insulin release from the MN patch, neither in normoglycemia
nor hyperglycemia state. The MN patch is composed of cross-linked hyaluronic acid (gray). (B) With GSA, there is significant promoted
insulin release triggered by a hyperglycemia state. The MN patch is composed of cross-linked hyaluronic acid embedding assembled
layers of a-amylose and GSA (from top to bottom). Reproduced with permission from Ye et al.>’

This effectively triggered the disassembly of vesicles, thus
releasing the insulin. In vitro results indicated that the GRVs
exhibited a rapid reversible release of insulin between a normo-
glycemic and hyperglycemic condition (Figure 1B). Moreover,
a single MN-array patch could effectively insert into the dorsum
skin of the mouse (Figure 1C) and regulate BGLs to the normal
range within 30 min and maintain a normoglycemic state for up
to 4 h in the diabetic mice (Figure 1D). Importantly, once nor-
mal BGLs were reached, the patch inhibited insulin release, effi-
ciently minimizing the potential risk of complications arising
from hypoglycemia.

Furthermore, using a similar strategy, Ye et al developed
an innovative MN-array patch containing pancreatic B-cells
and synthetic glucose-signal amplifiers (GSAs) for glucose-
responsive insulin secreting (Figure 2).”” The GSAs were
featured with the aforementioned self-assembled glucose-
responsive nanovesicles encapsulating three enzymes: GOx,
a-amylase, and glucoamylase. As glucose concentration

rose, the rapid oxygen consumption led to the disassembly of
the vesicles, releasing the o-amylase and glucoamylase into
a-amylose-loaded MNs. a-Amylose was hydrolyzed into
disaccharides and trisaccharides by AM, which were further
converted to glucose by glucoamylase. This amplified glu-
cose signal was then sensed by externally positioned pancre-
atic B-cells, prompting insulin “secretion.” In vivo results
showed the potency of the cell-based MN patches in tight
glucose control for a prolonged period (up to 10 h), while the
system without a glucose amplifying mechanism did not
work as expected.

As aforementioned, H,O, is generated by GOx under a
hyperglycemic condition, which can be also utilized to acti-
vate drug release. The consumption of produced H,O, can
also eliminate the potential toxicity concerns associated with
H,0,, thus enhancing biocompatibility. Hu et al reported a
glucose-responsive MN-array patch that integrated H,O,-
responsive polymeric vesicles to achieve a rapid response,
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good biocompatibility, and painless administration.”® The
polymeric vesicles with a hollow spherical structure were
formed by the self-assembly of amphiphilic block copoly-
mers, namely polyethylene glycol and phenylboronic ester-
conjugated polyserine. GOx and insulin were both
encapsulated in the interior of the polymeric vesicles. The
hydrophobic PBE pendent can undergo H,0,-mediated deg-
radation to the hydrophilic one, thus leading to the dissocia-
tion of polymeric vesicles and a rapid release of insulin. In
vitro results indicated that insulin release responded quickly
to the elevated glucose concentration and its kinetics were
readily modulated by adjusting the amount of GOx into
MN:s. In vivo tests indicated that a single patch can effec-
tively regulate BGLs with reduced risk of hypoglycemia in a
diabetic mouse model.

To further enhance the sensitiveness of the MN-array
patches, Gu lab engineered another innovative insulin-loaded
MN-array patch integrating both H,O, and hypoxia respon-
siveness.” The dual responsive diblock copolymer, consist-
ing of poly(ethylene glycol) and polyserine modified with
2-nitroimidazole via a thioether moiety, formed a stable
polymersome for the encapsulation of GOx and insulin.
During GOx-mediated glucose oxidation, the resulting local
hypoxic environment can promote the bioreduction of
2-nitroimidazole groups into hydrophilic 2-aminoimidazole,
while the thioether serves as an H,O,-sensitive moiety that
can turn the polymer more hydrophilic once it is converted
into a sulfone by H,O,. These changes in chemical structure
of the polymers promote the dissociation of the polymer-
somes and subsequent release of the encapsulated insulin
under high BGLs. Importantly, the elimination of H,0, can
also maintain the activity of GOx and circumvent the dam-
age to the skin tissue. The in vivo studies demonstrated that
this MN-array patch was highly effective in the tight regula-
tion of BGLs in diabetic mice and showed minimal side
effects regarding H,O,-mediated inflammation, which fur-
ther promotes the translation of this device.

Another strategy to scavenge excess H,O, in the GOx-
based glucose-responsive systems is to incorporate catalase
(CAT), which is a common enzyme found in nearly all living
organisms exposed to oxygen and can catalyze the decompo-
sition of H,O, to water and oxygen, thereby protecting the
cells from oxidative damage.®”®* In a more recent report,
Wang et al designed a crosslinked yet biodegradable core-
shell MN-array patch for insulin delivery with improved bio-
compatibility (Figure 3A).* Insulin was modified with a
phenylboronic acid (PBA) group via an H,0O,-sensitive bond,
which was subsequently anchored to the polyvinyl alcohol
(PVA) matrix, the main component of MNs. Insulin was
released from the polymeric matrix in response to H,O,
produced by GOx under a hyperglycemic condition. To fur-
ther facilitate insulin transport and increase responsiveness,
the PVA matrix was also crosslinked by an H,O,-labile
small linker (N'-(4-boronobenzyl)-N’-(4-boronobenzyl)-
N N' N N -tetramethylpropane-1,3-diaminium); TSPBA).

Notably, to reduce the potential toxicity of GOx as well as
maintain its enzymatic activity, GOx was encapsulated into
the acrylated nanogel, which was then immobilized cova-
lently in the PVA matrix. The shell of the MNs integrated
CAT nanogels, which was designed to eliminate the excess
amount of H,0, generated from the system. In vivo experi-
ments demonstrated that the smart core-shell MN-array
patches successfully inserted into the skin (Figure 3B) and
effectively regulated BGLs while avoiding the risk of hypo-
glycemia (Figure 3C), mimicking the function of pancreatic
B-cells. More importantly, the protective CAT-containing
shell effectively eliminated H,O,, thus enhancing the reactivity
of GOx and offering improved biocompatibility (Figure 3D).

Following a similar strategy to reduce the side effects of
H,0, produced in the GOx-based systems, Zhang et al®
reported a H,0, and pH cascade-responsive MN-array patch,
where the matrix core was loaded with GOx-encapsulated
nondegradable micelles (GOx-NCs) and insulin-encapsu-
lated degradable micelles (Ins-NCs). The MNs were further
coated with a thin sheath embedding CAT to scavenge H,0,
generated in the core part. The GOx in a nondegradable
micelle form can exhibit a prolonged enzymatic activity. The
micelles were formed by the self-assembly of H,O,-labile
and positively charged amphiphilic block copolymers. Under
elevated glucose concentrations, the generated H,O, and glu-
conic acid by GOx effectively led to the disruption of the
micelles as well as reduced electrostatic interactions between
cationic polymers and insulin (isoelectric point ~ 5.3), thus
releasing insulin rapidly. They demonstrated neither oxida-
tive nor acidic condition alone could cause the insulin
release, while their combination was able to trigger release
insulin. In addition, insulin was released in a pulsatile man-
ner when the system was alternatively exposed to the normo-
glycemic and hyperglycemic conditions. The in vivo results
also confirmed the self-regulated insulin release capability in
the diabetic mice. More importantly, utilization of the CAT
embedding sheath successfully migrated the skin inflamma-
tion caused by H,O,.

Besides delivery of insulin, Chen and coworkers® have
engineered a GOx-based glucose-responsive MN for type
2 diabetes therapy utilizing the pH decreases resulting
from the GOx enzymatic oxidation. Exendin-4 (Ex4), an
FDA approved, GLP-1 receptor agonist for clinical type 2
diabetes treatment, was incorporated into the MN. To pro-
vide an on-demand Ex4 administration, Ex4 was encapsu-
lated in the calcium phosphate particles (mineralized Ex4,
m-Ex4), which were pH-sensitive and can spontaneously
dissolve under acidic conditions. Meanwhile, to avoid
quick leakage from MNs, GOx was immobilized in a sta-
ble hybrid nanoflower formed by copper phosphate miner-
alized particles (mineralized GOx, m-GOx) to maximize
and prolong the enzymatic activity of GOx. Both m-GOx
and m-Ex4 were integrated into an alginate-based
MN-array patch. Under hyperglycemic conditions, m-GOx
in the MNs converted glucose signals into H' signals,
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Figure 3. (A) Schematic representation of the glucose-responsive core-shell MN-array patch for insulin delivery using an H,O,-
responsive PYA-TSPBA matrix. (B) Representative images of core-shell MNs inserted into skins: the shell embedding rhodamine B
labeled CAT (red), the core labeled by insulin-FITC (green), and their overlap. Scale bar: 100 pm. (C) BGLs of type | diabetic mice
treated with different kinds of MN-array patches: (1) CAT-NG shelled MN array patch of GOx-NG and insulin-NBC-loaded gels
(MN-CAT); (2) subcutaneous injection of human recombinant insulin; (3) MN-array patch of GOx-NG and insulin-NBC-loaded gels
(MN-Gel(G+l)) without a shell; (4) MN-array patch only loaded with blank gel (MN-Gel); (5) MN-array patch of insulin-NBC-loaded gels
(MN-Gel(l)); and (6) MN-array patch of GOx-NG, insulin-NBC, and CAT-NG-loaded gels (MN-Gel(G+C+l)). (D) Representative images
of skins at the treated site of mice and their corresponding H&E staining results. Reproduced with permission from Wang et al.®?

triggering the dissociation of m-Ex4 particles and thus
releasing Ex4. The dual mineralized particle-containing
MN-array patches showed prolonged BGL regulation,
owing to the extended glucose responsiveness of m-GOx
and rapid dissociation of m-Ex4.

Conclusion and Outlook

Although considerable progress to the B-cell replacement or
regeneration, there is currently no cure for diabetes. Hence,
approaches to easily and safely managing its symptoms are
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highly desirable. Particularly, closed-loop drug delivery sys-
tems hold tremendous promise for diabetes treatment.
Among all, glucose-responsive MN-array patches poten-
tially offer a simple, painless, and costless approach. This
review summarizes recent advances in glucose-responsive
MN-array patches. These systems are generally based on
GOx as the glucose sensing moiety. Natural GOX, as a glyco-
protein, can cause immunogenicity, while the recombinant
GOx is less immunogenic, but further optimization of stabil-
ity is essential. Meanwhile, other glucose-sensing elements,
including phenylboronic acid (PBA) and glucose-binding
proteins (GBPs), can also be integrated into the MN-array
patch systems for glucose-responsive drug delivery. Despite
achievements so far regarding the glucose-responsive
MN-array patches, they still mainly remain in preclinical
examinations, mostly in rodent animal models. To facilitate
the translation of the bench work to the clinical use, detailed
investigation of these systems on large animal models is crit-
ically required. Their effectiveness in large animals or
humans could be limited by the loading capacities and
responsiveness rates. A thorough study with incorporation of
continuous glucose monitoring systems (CGMSs) is essen-
tial for further detailed evaluation. Moreover, the human skin
has thicker epidermal and dermal layers and more loosely
packed hair follicles compared to the mouse skin, which
requires further optimization of the MN-array patches for the
human use, in terms of size, morphology, and mechanical
properties. In the meantime, biocompatibility and safety
issues need to be thoroughly examined. For instance, elimi-
nation of H,0, as well as pH changes in the local administra-
tion area should be carefully monitored. The local infections
and immunity responses in large animal models using MNs
may differ from small rodent animal models. Therefore,
more efforts are needed to achieve eventual clinical applica-
tions of smart patches for diabetes treatment.
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