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Abstract

Glucose-responsive insulin delivery systems that mimic pancreatic endocrine function could
enhance health and improve quality of life for people with type 1 and type 2 diabetes with reduced
B-cell function. However, insulin delivery systems with rapid in vivo glucose-responsive behaviour
typically have limited insulin-loading capacities and cannot be manufactured easily. Here, we
show that a single removable transdermal patch, bearing microneedles loaded with insulin and a
non-degradable glucose-responsive polymeric matrix, and fabricated via in situ
photopolymerization, regulated blood glucose in insulin-deficient diabetic mice and minipigs (for
minipigs >25kg, glucose regulation lasted >20h with patches of ~5 cm?2). Under hyperglycaemic
conditions, phenylboronic acid units within the polymeric matrix reversibly form glucose-boronate
complexes that—owing to their increased negative charge—induce the swelling of the polymeric
matrix and weaken the electrostatic interactions between the negatively charged insulin and
polymers, promoting the rapid release of insulin. This proof-of-concept demonstration may aid the
development of other translational stimuli-responsive microneedle patches for drug delivery.

Diabetes—a chronic disease that often leads to severe secondary complications—affects over
425 million people around the world!2. Insulin therapy is required for life in the setting of
type 1 diabetes and is often used in type 2 diabetes with reduced islet p-cell function. It
generally involves frequent monitoring of blood glucose levels and multiple subcutaneous
injections daily or infusion to allow dose adjustment for safety and efficacy’:3. However,
such treatment strategies are burdensome and often complicated by inadequate control and
life-threatening hypoglycaemia resulting from miscalculated dose.

An effective glucose-responsive system, in which blood glucose monitoring information and
insulin delivery are linked and occur without the patient’s involvement, would release
insulin in response to elevated glucose concentrations and regulate glucose levels within a
normal range, with a reduced risk of hypoglycaemia®~’. To this end, artificial pancreas-like
closed-loop insulin delivery systems are being developed to intelligently mimic the
pancreatic endocrine functions for self-regulated insulin delivery*-6. Among them, glucose
oxidase®13, glucose-binding proteinl#-17and phenylboronic acid (PBA)18-23 are widely
utilized as glucose-sensing elements to display glucose-dependent insulin release.
Nonetheless, challenges remain to demonstrate a formulation or device for glucose-
responsive insulin delivery that would combine desired features including: (1) rapid in vivo
glucose-responsive behaviour with similar pharmacokinetics to pancreatic p-cells; (2)
sufficient insulin-loading capacity for daily usage; (3) small size and/or simple design for
ease of administration; (4) feasibility for large-scale manufacturing; and (5) high
biocompatibility without acute and long-term toxicity1:8:24, Here, we present a strategy to
easily create a coin-sized transdermal smart insulin patch (Fig. 1) that achieves a clinically
relevant dose and fast glucose-dependent insulin release, as demonstrated in a minipig model
(>25 kg) with insulin-deficient diabetes.

In this glucose-responsive microneedle (GR-MN) patch, the entire polymeric matrix of
needles associated with PBA serves as the glucose-responsive component. Importantly, to
obtain sufficient insulin-loading capacity for clinical use, this polymeric matrix of poly(A\-
vinylpyrrolidone-co-2-(dimethylamino)ethyl acrylate-co-3-(acrylamido)PBA) is formed
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through a convenient in situ photopolymerization method with a mixture of insulin,
monomers and crosslinker (ethylene glycol dimethacrylate (EGDMA)) (Fig. 1a). PBA can
reversibly interact with glucose to generate cyclic boronate esters, which shifts the
equilibrium to the negatively charged groups?>=28. When exposed to hyperglycaemic
conditions, the reversible formation of a glucose-boronate complex in the 3-
(acrylamido)PBA (3APBA) units results in an increase of negative charges within the
polymeric matrix and leads to enhanced swelling of the microneedle, triggering rapid
diffusion of the preloaded insulin into the skin tissue (Fig. 1b). At the same time, the
increased density of negative charges also weakens the electrostatic interaction between the
positively charged (dimethylamino)ethyl acrylate (DMAEA) units and the negatively
charged insulin molecules, further promoting the release of insulin. Under normoglycaemic
conditions, the inhibited volume variation and the restore of electrostatic interaction slow the
insulin release rates, reducing the risk of hypoglycaemia. We demonstrate that GR-MN
patches with a size of ~5 cm? were able to effectively regulate plasma glucose levels (PGLs)
with rapid responsiveness in streptozotocin (STZ)-induced diabetic minipigs for over 20 h.

Preparation and characterization of the GR-MN patch

The needles of the GR-MN patch are comprised of insulin-loaded glucose-responsive
polymeric matrix, which is fabricated from an insulin-preloaded monomer mixture of N-
vinylpyrrolidone (NVP), DMAEA, 3APBA and EGDMA by in situ photopolymerization at
4 °C (Fig. 1a). The NVP was chosen as the major monomer since it is liquid under ambient
conditions29-30 and can therefore act as a solvent to dissolve other monomers. A sample of
the microneedle patch in Fig. 1c was arranged in a 20 x 20 array; each needle had a
pyramidal shape, with a width of 400 um at the base and a height of 900 pm. Afterwards, the
base of the patch was further prepared using a flexible commercial ultraviolet-curable
material. The sizes of patches used in the following animal studies were adjusted to tune the
dosages of insulin. To reduce the residual monomers, the resulting patches were immersed in
phosphate buffered saline (PBS)/ethanol mixtures (80:20; v/v) for 2 h. The amounts of
leachable unreacted monomers from the purified microneedles were measured by high-
performance liquid chromatography (HPLC) (Supplementary Table 1). The total weight of
residual monomers was <0.5% of the entire patch and did not exceed the safety limits
defined in the current toxicity database (https://pubchem.ncbi.nlm.nih.gov/). The
fluorescence image of the GR-MN patch revealed that rhodamine B-labelled insulin was
uniformly distributed in the entire polymeric matrix of each needle (Fig. 1c). In addition, the
in situ photopolymerization method led to an encapsulation efficiency of insulin of 100%
with a high loading capability of 20 wt% for microneedles. Although 9.9 + 1.1% of insulin
was released from the patch during the purification process, the resulting formulation was
able to meet the target for potential clinical usage. We further determined the fracture force
of the microneedle to be 0.90 + 0.35 N per needle using a tensile compression machine (Fig.
2a), which is sufficient for skin penetration without breaking831.

During the fabrication of microneedle patches, avoidance of extra organic solvent and
elevated temperature was required to maintain the stability of insulin. The insulin extracted
from the resulting patches exhibited a similar hypoglycaemic effect as freshly dissolved
human recombinant insulin in diabetic mice (Fig. 2b). Mass spectrum analysis of the native
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insulin and the insulin extracted from the patch further confirmed that the insulin molecule
was intact after the polymerization process (Supplementary Fig. 1). In addition, the
polymeric microneedle could prevent denaturation of the loaded insulin at room
temperature. By comparing the extracted insulin from the patches stored at room
temperature with the freshly dissolved human recombinant insulin solution, we estimated
that the stability of insulin within the patch could be maintained at room temperature for at
least 8 weeks (Fig. 2¢).

in vitro glucose-responsive insulin release

The PBA group has been used previously for the detection of glucose. An essential
parameter for its selective binding to glucose is the pK of the PbA group®27:32, To
decrease the pK; of 3APBA to enhance its glucose recognition capability at physiological
pH, the Lewis base DMAEA was introduced to stabilize the borate ester by establishing
electrostatic attraction (B™—N+) through proton-ated dimethylamino groups26:28.:33.34 The
glucose-binding capability of the resulting polymeric matrix with a 1:4 ratio of DMAEA to
3APBA was measured by incubation in PBS with varying glucose concentrations. The
quantity of glucose bound by the polymeric matrix in a typical hyperglycaemic state (400
mg dI~1) was 5.7-fold greater than that bound in a normoglycaemic state (100 mg dI~1) (Fig.
2d).

The enhanced glucose binding under hyperglycaemic conditions led to an increased density
of negative charges within the polymeric matrix, causing the volume variation and
weakening the electrostatic interaction between insulin and the matrix. As shown in
Supplementary Fig. 2, the solid GR-MNs displayed obvious swelling once exposed to a
hyperglycaemic level for 1 h. In contrast, the GR-MNs demonstrated minimal change when
incubated in saline or solution with a normal glucose concentration. The release rates of
insulin were studied across samples with different ratios of the positively charged unit
(DMAEA) to the negatively charged unit (3APBA). In the polymeric matrix with a 1:4 ratio
of DMAEA to 3 APB A, quick release of insulin was observed at the 400 mg dI~1 glucose
level while a relatively slow release occurred at the 0 and 100 mg dI~1 glucose levels (Fig.
2e). In contrast, the release rates of insulin across all glucose concentrations were slow in the
samples with a 1:1 ratio of DMAEA to 3APBA and the release rates were fast in the samples
with a 1:20 ratio of DMAEA to 3APBA, which can be attributed to the excess positive or
negative charges within the matrix (Supplementary Fig. 3). The rapid release of insulin from
the polymeric matrix, due to the charge switch of insulin from negative to positive under
acidic conditions or increased negative charges of 3APBA under basic conditions, further
confirmed that electrostatic interaction plays an important role in the regulation of insulin
release (Supplementary Fig. 4). The glucose-responsive release rates can be further tuned to
satisfy the clinical needs of different populations by slightly adjusting the ratio of DMAEA
to 3APBA. In the polymeric matrix with a 1:3 or 1:5 ratio of DMAEA to 3APBA, the
release rates of insulin from the polymeric matrix at the hyperglycaemic state and the
normoglycaemic state displayed different profiles compared with the sample with a 1:4 ratio
(Supplementary Fig. 5). In addition, at the 1:4 ratio of DMAEA to 3ABPA, the rate of
insulin release increased as glucose concentrations were gradually increased from
normoglycaemic to hyperglycaemic conditions (Supplementary Fig. 6). A pulsatile release
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profile of insulin was also achieved for several cycles by incubating the polymeric matrix in
the normal and hyperglycaemic solutions alternately (Fig. 2f). Taken together, the results
substantiated that the release rate of insulin from the polymeric matrix was regulated in a
glucose-dependent manner.

in vivo studies in an STZ-induced diabetic mouse model

We assessed the in vivo performance of the GR-MN with a 1:4 ratio of DMAEA to 3ABPA
in an STZ-induced insulin-deficient diabetic mouse model. Diabetic mice were randomly
grouped and transcutaneously exposed to either GR-MN patches or non-responsive
crosslinked microneedle (CR-MN) patches as a control (insulin dose: 0.5 mg) (Fig. 3a). The
PGLs of treated mice were monitored over time. As expected, the PGLs in mice treated with
CR-MN and GR-MN patches all decreased to below 200 mg dI~1 (Fig. 3b). However, the
normoglycaemic state could not be maintained in the groups treated with CR-MNSs, and the
glucose levels returned to a hyperglycaemic state after 4 h. In contrast, the GR-MN patch
was shown to regulate glucose levels within the target range (<200 mg dI~1) for more than
10 h. Plasma insulin measurement by an enzyme-linked immunosorbent assay (ELISA)
displayed a continuous insulin release in the GR-MN group, consistent with sustained
euglycaemic levels (Fig. 3c). The relative bioavailability (RBA) of the GR-MN patch was
determined to be 11.6 + 1.9% compared with subcutaneous injection of insulin
(Supplementary Table 2).

Next, an intraperitoneal glucose tolerance test (IPGTT) was performed with a glucose dose
of 1.5 g kg1 at 4 h post-administration to assess blood glucose regulation capacity. As
shown in Fig. 3d,e, the PGLs in healthy mice and diabetic mice treated with the GR-MN
patch returned to normoglycaemia after a blood glucose peak, while the mice treated with
the CR-MN patch showed a gradual increase in glucose levels over 120 min. The glucose
responsiveness of GR-MN to glucose challenge can also be tuned by adjusting the ratio of
DMAEA to 3APBA (Supplementary Fig. 7). It was also possible to adjust the insulin dose
using patches of different sizes, to change the response capability to glucose challenge
(Supplementary Fig. 8), indicating that this device holds the potential to be personalized
during further clinical trials to fit the needs of each person depending on their weight and
sensitivity to insulin.

To confirm the blood glucose-promoted insulin release in vivo, a glucose challenge with a
higher dose (3 g kg™1) was conducted in diabetic mice at 4 h post-administration of the GR-
MN patch. An obvious spike in plasma insulin levels was observed following the increased
glucose levels, indicating that the GR-MN patch has rapid glucose responsiveness (Fig. 3f).
The haematoxylin and eosin staining results showed insignificant neutrophil infiltration at
the GR-MN-treated site 1 week after administration (Supplementary Fig. 9).

in vivo studies in an STZ-induced diabetic minipig model

The porcine skin is considered a good model for human skin in terms of its general structure,
thickness, hair sparseness, and collagen and lipid composition3°. We therefore further
evaluated the in vivo performance of the GR-MN with a 1:4 ratio of DMAEA to 3ABPA in
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an STZ-induced insulin-deficient Gottingen minipig model. Diabetic minipigs were
transcutaneously treated with CR-MN or GR-MN (with an insulin dose of 7 mg) under
anaesthesia. As shown in Fig. 4a, the microneedle patch could effectively penetrate the skin
of the minipig. To achieve a real-time and sustained record of the minipig glucose levels, a
continuous glucose monitoring system (CGMS; Dexcom) was integrated into the minipig
experiments. PGLs in both CR-MN- and GR-MN-treated pigs decreased to normoglycaemia
after 2 h (Fig. 4b,c). After the afternoon meal, levels in the CR-MN-treated pig immediately
increased to a hyperglycaemic state. However, the glucose levels in pigs treated with GR-
MN showed a small increase and quickly returned to the normal glycaemic state after the
mealtime. The glucose levels could be maintained at a reduced state overnight until the next
meal on the second day. During the entire treatment, the pigs were monitored carefully by
taking blood samples (Supplementary Table 3). The normal blood glucose range of healthy
Géttingen minipigs is 40-80 mg dI~1 (Supplementary Fig. 10)36-40. Although the glucose
levels decreased to <40 mg dI~1 (the lower limit of detection of the CGMS) during
administration, no symptoms of hypoglycaemia were observed. Furthermore, a study of
long-term consecutive administration of GR-MN indicated that blood glucose levels can be
well controlled within the normal range for 48 h in both diabetic mice and pigs
(Supplementary Fig. 11).

We further performed an oral glucose tolerance test 4 h post-treatment with the CR-MN and
GR-MN patches. Similar to the results in the mouse model, glucose levels quickly increased
to a hyperglycaemic state after the glucose challenge in the minipig treated with the CR-MN
patches (Fig. 4d,e). In contrast, the administered GR-MN patch was able to inhibit the
increase of glucose levels after the glucose challenge and to re-establish normoglycaemia
after 100 min. An intravenous glucose tolerance test (IVGTT) was conducted to confirm the
in vivo glucose-dependent insulin release. As shown in Fig. 4f, the infused dextrose solution
led to an immediate increase in glucose levels within the first 20 min, which promoted
insulin release into the blood, as verified by the ELISA results. During the IVGTT,
concurrent measurements of porcine C-peptide levels showed that endogenous pig insulin
was negligible during the experiment (Supplementary Fig. 12). In addition, a second IVGTT
was performed when the glucose levels returned to normoglycaemia, and the results also
showed an increase in serum insulin levels with the increase of glucose levels
(Supplementary Fig. 13), indicating that the GR-MN patch could achieve continuous
glucose responsiveness. After treatment, the GR-MN patch was removed completely from
the skin, as confirmed by scanning electron microscopy, with only insignificant fragments
found in the skin tissue (Supplementary Fig. 14). Histological images using haematoxylin
and eosin staining indicated that limited inflammation occurred after microneedle
administration (Supplementary Fig. 15).

Discussion

Integration of glucose-responsive formulations together with microneedle-based transdermal
insulin technology#1~43 holds great promise for improved regulation of glucose levels*44.
Nonetheless, only few glucose-responsive insulin-delivery formulations have been reported
using large animal models of diabetes*®. For transdermal delivery strategies, one bottleneck
for the translation of such an insulin patch involves the limited loading capacity of insulin
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for clinical usage®®. To this end, we developed this glucose-responsive insulin patch with an
entire polymeric matrix consisting of PBA groups as the glucose-responsive moiety, instead
of embedding glucose-responsive formulations such as nanoparticles inside. This
microneedle fabrication process based on an in situ photopolymerization strategy is facile
and efficient while avoiding the use of extra organic solvents and elevated temperatures to
maintain the bioactivity of insulin. In addition, a high encapsulation efficiency of insulin
with a high loading capability allows this system to achieve the clinical target dose, unlike
previous insulin-loaded microneedle formulations®°. In vivo studies confirmed that the
bioactivity of insulin loaded within the patches could be maintained at room temperature for
over 8 weeks.

The ratio of the positively charged unit (DMAEA) to the negatively charged unit (3APBA)
was adjusted to give an optimized product that possesses a remarkable glucose-dependent
insulin release profile. In vivo experiments in STZ-induced diabetic mice showed that GR-
MN patches offer glucose-responsive regulation of glucose levels for a prolonged period of
time, with a reduced risk of hypoglycaemia. The IPGTT results indicated that a glucose
challenge could trigger the fast release of insulin by the GR-MN patch. The patch can also
be personalized by adjusting the ratio of DMAEA to 3APBA, or the size, to fit the needs of
individuals with different weights and sensitivities to insulin. Based on the encouraging
results in the diabetic mouse model, a series of studies were further conducted on diabetic
minipigs. This showed that the GR-MN patch was able to maintain minipig glucose levels in
a nearly normal range for over 20 h under normal feeding conditions. Oral administration of
dextrose solution as a simulation of feeding indicated that the GR-MN patch could achieve
enhanced regulation of glucose levels back to the normal range compared with the CR-MN
patch. Increased glucose levels caused by intravenous infusion of dextrose solution
promoted significant insulin release from the GR-MN patch. Furthermore, the repeated
IVGTTSs showed that the GR-MN patch had the capability to rapidly respond to the changes
in glucose levels for multiple rounds of glucose challenges.

Since the crosslinked polymeric matrix of the GR-MN patch is non-degradable, it can be
completely removed from the skin after treatment. Unlike the dissolvable microneedle,
which may raise safety concerns associated with the foreign body response to deposited
needle tip materials, the well-designed GR-MN patch revealed good biocompatibility with
skin tissues. Furthermore, the avoidance of glucose oxidase as the glucose-responsive
moiety in this system can prevent generation of the toxic by-product hydrogen peroxide,
improving its safety with long-term use*’. The GR-MN patch developed in this study also
provides a technology for the development of stimuli-responsive transdermal delivery
systems for other drugs, including insulin analogues!®48, glucagon-like peptide-1 receptor
agonist#° and glucagon®°.

All of the chemicals were purchased from Sigma-Aldrich unless otherwise specified and
were used as received. Norland Optical Adhesive was purchased from Norland Products.
3APBA was purchased from Boron Molecular. Human recombinant insulin was purchased
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from Thermo Fisher Scientific (catalogue number A113821J). The deionized water was
prepared using a Millipore NANOPure purification system (resistivity > 18.2 MQ cm™).

GR-MN and non-responsive CR-MN preparation.

The GR-MN patch was prepared by in situ polymerization under ultraviolet irradiation.
Monomers with photoinitiator were first prepared by dissolving DMAEA and 3APBA at a
certain ratio in NVP containing EGDMA (0.5 mol%) as the crosslinker and Irgacure 2959 (1
mol%) as the photoinitiator. After this, insulin was dispersed in the prepared monomer
solution (20 wt%) and the solution was directly deposited by pipette onto the microneedle
mould surface. Moulds were then placed under vacuum for 10 min to allow the liquid to fill
the microneedle mould. After removing the excess solution, the mould was placed under an
ultraviolet lamp (100 W; 365 nm; Blak-Ray) for 20 min at 4 °C. Afterwards, the ultraviolet-
curable base material (Norland Optical Adhesive) was added onto the mould and further
cured under ultraviolet light for 10 min to form the base of the patch. The resulting patches
were carefully separated from the mould and immersed in PBS/ethanol mixtures (80:20; v/v)
for 2 h to remove the unreacted monomers. The patch was dried in a vacuum desiccator after
purification and stored in a sealed six-well container at room temperature for further study.
The CR-MN patch was prepared in a similar way, but without adding DMAEA and 3APBA.

Mechanical strength test.

The mechanical strength of the microneedles was measured by pressing them against a
stainless-steel plate. The initial gauge was set to 2.00 mm between the microneedle tips and
the stainless-steel plate, with 10.00 N as the load cell capacity. The speed of the top
stainless-steel plate movement towards the microneedles was 0.1 mm min~L. The failure
force of the microneedles was recorded when the needles began to buckle.

Analysis of leachable monomers.

To measure the amounts of leachable monomers for the purified microneedles, the purified
patch was incubated in 2 ml PBS (137 mM NaCl, 2.7 mM KCI, 10 mM Nay,HPO4 and 2 mM
KH,PO,4 (pH 7.4)) at 37 °C for 24 h. Analysis of the released monomers was carried out by
HPLC with a Photodiode Array Detectors detector (200-600 nm) using a Varian Pursuit 3
PFP 50 mm x 2.0 mm column (for the analysis of NVP, 3APBA and EGDMA\) and a Waters
C18 reverse 250 mm x 4.6 mm column (for the analysis of DMAEA). Gradient HPLC
methods (represented in Supplementary Tables 4 and 5) were developed and used for the
analysis of each monomer. All of the measurements were performed three times for each of
the extracts. Standard solutions of NVP, 3APBA, DMAEA and EGDMA were prepared by
dissolving each monomer in varied concentrations.

Mass spectrum analysis.

Insulin was extracted from the prepared GR-MN patches in 0.01 M HCI at 4 °C for 24 h.
The spectra of the extracted insulin and native insulin were detected using a Waters
ACQUITY LC-MS system using a Varian Pursuit 3 PFP 50 mm x 2.0 mm column and
analysed by MassLynx.
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In vitro glucose binding study.

The samples were incubated in 1 ml PBS with various glucose concentrations (50, 100 and
400 mg dI~1) at 37 °C for 4 h. After removal of the samples, the remaining glucose in the
solution was measured using a Clarity GL2PLUS glucose meter (Clarity Diagnostics). The
concentration was calibrated using a glucose standard curve.

In vitro release studies.

To evaluate the glucose responsiveness of the glucose-responsive matrix, the samples were
incubated in 1 ml PBS with various glucose concentrations (0, 100 and 400 mg dI~1) at 37
°C. At predetermined time points, 50 jul of the medium was removed and the released
amount of insulin was examined using a Coomassie Plus protein assay. The absorbance was
detected at 595 nm on the Infinite 200 PRO multimode plate reader (Tecan Group), and the
insulin content was calibrated with an insulin standard curve. To test the ability to adapt to
cyclical changes in glucose levels, the sample was first incubated in PBS with 100 mg dI~1
glucose for 30 min. At that point, the sample was removed and subsequently incubated in
PBS with 400 mg dI~1 glucose for another 30 min. This cycle was repeated several times.
The released insulin was measured using the same method as described above.

In vivo studies using STZ-induced diabetic mice.

The in vivo efficacy of glucose-responsive insulin patches for diabetes treatment was
evaluated on STZ-induced adult diabetic mice (male C57BL/6J mice; 6-8 weeks of age; The
Jackson Laboratory). The animal study protocol was approved by the Institutional Animal
Care and Use Committee at North Carolina State University, the University of North
Carolina at Chapel Hill and the University of California, Los Angeles. The plasma-
equivalent glucose was measured from tail vein blood samples (~3 pl) of mice using the
Clarity GL2PLUS glucose meter. The patches used for the mice had an 11 x 11 array of
microneedles of pyramidal shape, with a width of 300 um at the base and a height of 700
um. Five mice from each group were selected for transcutaneous treatment with CR-MN or
GR-MN patches loaded with human recombinant insulin (insulin dose: 0.5 mg). To measure
the RBA of the patch, five mice were treated with subcutaneous injection of human
recombinant insulin (insulin dose: 0.05 mg) The glucose levels of each mouse were
monitored over time. To measure the plasma insulin concentration in vivo, 25 ul blood was
drawn from the tail vein of mice at the indicated time points. The plasma was isolated and
stored at —20 °C until it was assayed. The plasma insulin concentration was measured using
a Human Insulin ELISA kit according to the manufacturer’s protocol (Invitrogen). The RBA
was calculated using the equation:

RBA(%) = (AUCVN X doseg)/(AUCg X dosepN) X 100

where AUC) is the area under the curve after applying the GR-MN or CR-MN patches,
and AUCgc indicates the area under the curve after subcutaneous injection of insulin.

To assess the efficacy of long-term consecutive administration of the GR-MN patches, five
diabetic mice were transcutaneously treated with the GR-MN patches loaded with human
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recombinant insulin (insulin dose: 0.5 mg). The patches were replaced every 12 h within the
same skin area. Glucose levels of each mouse were monitored over time.

An intraperitoneal glucose tolerance test was conducted to confirm the in vivo glucose
responsiveness of microneedles 4 h after the administration of the CR-MN or GR-MN
patches. Briefly, mice were administrated with the CR-MN or GR-MN patches, then a
glucose solution in PBS was injected intraperitoneally into all mice at a dose of 1.5 g kg™L.
The glucose levels were monitored over time after injection. The glucose tolerance test on
healthy mice was used as a control. To verify that the in vivo IPGTT promoted insulin
release, a high glucose dose (3 g kg~1) was given 4 h after administration of the GR-MN
patches. Glucose levels were monitored and 25 pl of blood was drawn from the tail vein of
mice at the indicated time points. Plasma was isolated and stored at =20 °C until it was
assayed. The plasma insulin concentration was measured using a Human Insulin ELISA kit
(Mercodia).

In vivo studies using STZ-induced diabetic minipigs.

animal study protocol was approved by the Institutional Animal Care and Use Committee at
North Carolina State University, the University of North Carolina at Chapel Hill and the
University of California, Los Angeles. Three male Gottingen minipigs (Marshall
BioResources) aged 6 months at arrival were used. Diabetes was induced in the minipigs by
means of STZ infusion (150 mg kg™1). STZ was dissolved in freshly prepared disodium
citrate buffer (pH 4.5) at a concentration of 75 mg mI~1 and administered intravenously
within 10 min. After 7 d of recovery, successful establishment of the insulin-deficient
diabetes model was confirmed by monitoring the glucose levels using the CGMS (Dexcom
G4 Platinum Continuous Glucose Monitor; Dexcom). The diabetic minipigs were treated
with insulin glargine (0.3-0.8 U kg™1; Lantus; Sanofi-Aventis) once daily for glucose
control, and the daily treatment was stopped 36 h before the experiment to minimize the
impact of remaining insulin glargine. All minipigs (weight: ~25-30 kg) were fasted
overnight before administration. The minipigs were treated transcutaneously with the CR-
MN or GR-MN patches at the leg sites at an insulin dose of 7 mg for each pig at 10:00. The
patches used for minipigs had a 20 x 20 array of microneedles of pyramidal shape, with a
width of 400 um at the base and a height of 900 um. To fix the patch on the skin surface, 3
M Tegaderm transparent film dressing was used to cover the patch. PGLs were continuously
monitored using CGMS, and two daily meals were provided during the experiment. The
CGMS was calibrated according to the manufacturer’s manual during the experiment by
measuring the plasma glucose using a Clarity GL2PLUS glucose meter.

To assess the efficacy of long-term consecutive administration of the GR-MN patches, three
diabetic minipigs were treated transcutaneously with GR-MN patches loaded with human
recombinant insulin (insulin dose: 7 mg). The patches were replaced every 24 h within the
same skin area. The glucose levels were continuously monitored with the CGMS, and two
daily meals were provided during the experiment.

An oral glucose tolerance test was conducted on diabetic minipigs to assess the glucose
responsiveness of the microneedle patches. All minipigs were fasted overnight before
administration. The minipigs were transcutaneously treated with the CR-MN or CR-MN
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patches at the leg site at an insulin dose of 7 mg per pig at 10:00. A glucose solution was
administered orally to the minipigs 4 h post-treatment at a dose of 1 g kg™1. The PGLs were
continuously monitored using the CGMS.

An IVGTT was further performed to confirm the blood glucose-promoted insulin release
from the microneedles. Three diabetic pigs were treated transcutaneously at 10:00 with the
GR-MN patches after overnight fasting. Dextrose solution (5 wt%) was intravenously
infused into pigs at a rate of 1 1 h™1 at 4 h post-treatment at a dose of 0.7 g kg™2. Blood was
collected from the jugular vein at the indicated time points for measurement of plasma
glucose using a Clarity GL2PLUS glucose meter, and the serum was then separated using
Serum Separator Tubes (BD Vacutainer). Serum insulin levels were determined using a
Human Insulin ELISA kit, and porcine C-peptide levels were measured using a Porcine C-
peptide ELISA Kit, according to the manufacturer’s protocol (Mercodia).

All of the results are presented as means + s.d. Statistical analysis was performed using a
two-tailed Student’s #test. The differences between experimental groups and control groups
were considered statistically significant at £ <0.05.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Data availability

The authors declare that all of the data supporting the findings of this study are available
within the paper and the Supplementary Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Schematic of the glucose-responsive insulin delivery system using microneedle-array
patches with glucose-responsive matrix.

a, Schematic of the fabrication process of a glucose-responsive insulin patch from a silicone
mould using an in situ photopolymerization strategy. b, Mechanism of glucose-triggered
insulin release from GR-MNs. Upon exposure to a hyperglycaemic state, the increased
negative charges resulting from the formation of the glucose-boronate complexes can
weaken the electrostatic interaction between negatively charged insulin and polymers and
induce the volume variation of polymeric matrix, promoting the quick release of insulin
from the microneedles. Glucose levels of diabetic pigs can be effectively regulated by the
administration of a glucose-responsive insulin patch. ¢, Characterization of the GR-MN. (i)
Photograph of the GR-MN patch. (ii) Scanning electron microscopy image of the
microneedle array. Scale bar, 500 um. (iii) Microscopy (top) and fluorescence microscopy
(bottom) images of the rhodamine B-labelled insulin (red)-loaded microneedle patch. Scale
bar, 500um.
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Fig. 2 |. Characterization of the GR-MN.

a, Mechanical behaviour of the GR-MNs. b, Glucose-lowering activity of the insulin
extracted from the freshly prepared patch in diabetic mice (7= 5). Initial glucose levels were
compared with glucose levels at 60 min post-injection of insulin solution. ¢, Glucose-
lowering activity of the insulin extracted from the patches stored at room temperature in
diabetic mice (7= 15). d, Glucose concentration-dependent glucose-binding capability of the
glucose-responsive polymeric matrix (7= 3). e, In vitro accumulated insulin release of the
glucose-responsive polymeric matrix (/7= 3) in several glucose concentrations at 37°C. f,
Pulsatile release profile showing the rate of insulin release from the glucose-responsive
polymeric matrix (/7= 3) as a function of the glucose concentration (blue: 100 mgdI~1; red:
400 mgdI1). Inb-f, data are presented as mean * s.d.
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Fig. 3|. In vivo evaluation of the GR-MN patch in an STZ-induced diabetic mouse model.
a, Mouse dorsum skin (the area within the blue dashed line) transcutaneously treated with a

microneedle patch. b,c, PGLs (b) and plasma human insulin concentrations (c) in STZ-
induced diabetic mice (77 = 5) after treatment with PBS, subcutaneous insulin solution
(insulin dose: 0.05 mg), the CR-MN patch (insulin dose: 0.5 mg) or the GR-MN patch
(insulin dose: 0.5 mg). SC, subcutaneous. Statistical significance for comparison of the GR-
MN and CR-MN groups was determined by two-tailed Student’s f-test (from left to right in
b: ***P=2.94x1074 at 4h; ***P=1.29x107° at 6 h; ***P=1.16x107° at 8 h; ***P=
1.09x107° at 10 h; *P = 0.0478 at 12 h; from left to right in ¢: **P = 6.42x1073 at 4h; ***p
=1.21x107% at 6h; ***P= 9.45x107 at 8h; **P= 2.14x1073 at 12h). d, In vivo
intraperitoneal glucose tolerance test in diabetic mice (7= 5) at 4h post-administration of
GR-MN or CR-MN compared with healthy control mice. Glucose dose: 1.5gkg™1. Statistical
significance for comparison of the GR-MN and CR-MN groups was determined by two-
tailed Student’s f-test (**P= 2.13 x1073 at 20 min; ***P =576 x 107> at 30 min; ***pP=
8.89x1076 at 40 min; ***P=1.64x107% at 50 min; ***P=1.18 x 1076 at 60 min; ***P=
5.06 x 1078 at 80 min; ***P=1.96 x 1078 at 100 min; ***P=1.02 x 10~7 at 120min).e,
Responsiveness in diabetic mice (7= 5) was calculated based on the area under the curve
(AUC) from 0-120min, with the baseline set at the 0-min plasma glucose reading. Statistical
significance was determined by two-tailed Student’s f-test (***P = 6.26 x1079). f, In vivo
glucose-responsive insulin release promoted by intraperitoneal glucose challenge at 4h post-
administration of GR-MN in diabetic mice (7= 5). Glucose dose: 3gkg~2. In b,c, the blue
arrows indicate the time points of microneedle administration. In d,f, the red arrows indicate
the time points of glucose administration. In b-f, data are presented as mean * s.d.
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Fig. 4 |. in vivo evaluation of GR-MN in an STZ-induced diabetic minipig model.
a, Top: schematic of a minipig treated with GR-MN at the leg site and monitored with a

CGMS. Bottom left: photograph of a GR-MN patch applied on a minipig’s leg. Bottom
right: haematoxylin and eosin-stained section of minipig skin penetrated by one
microneedle. Scale bar, 200 pm. b,c, PGLs in STZ-induced diabetic minipigs (n = 3) after
treatment with GR-MN (b) and CR-MN (c). Insulin dose: 7 mg. d, In vivo oral glucose
tolerance test in diabetic minipigs (n= 3) at 4h post-administration of GR-MN or CR-MN.
Glucose dose: 1 gkg~2. e, Responsiveness in diabetic minipigs (n= 3) was calculated based
on the AUC from 0-150 min, with the baseline set at the 0-min plasma glucose reading.
Statistical significance was determined by two-tailed Student’s f-test (**P= 1.27 x1073).
OGTT, oral glucose tolerance test. f, In vivo glucose-responsive insulin release promoted by
intravenous glucose challenge at 4h post-administration of the GR-MN patches in diabetic
minipigs (7= 3). Glucose dose: 0.7g kg™. The detection range of CGMS was 40-400 mgdl
=1 In b,c, the blue arrows indicate the time points of microneedle administration and the
pink arrows indicate the time points of feeding. In d,f, the red arrows indicate the time points
of glucose administration. In d-f, data are presented as mean * s.d.
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