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ABSTRACT

Glucose-responsive insulin delivery systems show great promise to improve therapeutic outcomes and quality of life for people
with diabetes. Herein, a new microneedle-array patch containing pH-sensitive insulin-loaded nanoparticles (NPs) (SNP(l)) together
with glucose oxidase (GOx)- and catalase (CAT)-loaded pH-insensitive NPs (iISNP(G+C)) is constructed for transcutaneous
glucose-responsive insulin delivery. SNP(l) are prepared via double emulsion from a pH-sensitive amphiphilic block copolymer,
and undergo rapid dissociation to promote insulin release at a mild acidic environment induced by GOx in iISNP(G+C) under
hyperglycemic conditions. CAT in iSNP(G+C) can further consume excess H,O» generated during GOx oxidation, and thus reduce
the risk of inflammation toward the normal skin. The in vivo study on type 1 diabetic mice demonstrates that the platform can

effectively regulate blood glucose levels within normal ranges for a prolonged period.
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1 Introduction

Diabetes mellitus is one of the most common chronic diseases
in the world, characterized by elevated blood glucose levels
(BGLs) [1, 2]. According to the statistics from the International
Diabetes Federation (IDF), there are about 463 million people
worldwide suffering from diabetes in 2019, and the number is
expected to increase to 700 million by 2045 [3]. Insulin therapy
is essential for treating type 1 diabetes and advanced type 2
diabetes, and is typically administrated through subcutaneous
injection [4]. However, such conventional therapy requires
frequent monitoring of blood glucose via finger-prick and
repeated injections, which is painful and may lead to injection
phobia [5-7]. It is also challenging to accurately monitor
BGLs and give precise insulin doses, which may cause severe
complications, including hypoglycemia, limb amputation,
blindness, and kidney failure [8, 9].

To reduce the risks described above, closed-loop insulin
delivery systems have been developed as an alternative approach,

aiming to intelligently mimic pancreatic functions [10-15].
Closed-loop systems can monitor BGLs automatically and
“secrete” insulin in response to elevated BGLs; once BGL falls
to the normal range, basal insulin release occurs. Currently,
the commercial available closed-loop devices consist of a
blood glucose monitor and an external insulin infusion pump
[16, 17]. However, these electronic closed-loop devices with
a computer-aided glucose-monitoring sensor still face many
challenges including algorithm accuracy and formation of
fibrosis [18, 19]. Alternatively, chemically controlled glucose-
responsive closed-loop systems have been widely investigated
over the last few decades [20-25]. These systems typically employ
glucose-responsive elements, including glucose oxidase (GOx)
[26-28], phenylboronic acid (PBA) [29-33], glucose binding
proteins [34-36], and glucose transporter [37, 38], which
could program the insulin release rate in response to different
glucose concentrations. GOx is a glucose-specific enzyme that
can convert the glucose into gluconic acid in the presence of
oxygen [39]:
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Given the high specificity of GOx to the glucose molecule, a
series of GOx-based insulin delivery systems have been reported
[40, 41]. Recently, we have developed a variety of smart insulin
microneedle (MN)-array patches based on the H,O,-responsive
[42-44], hypoxia-responsive [45], or dual-responsive [46]
materials. In the meantime, due to the generation of gluconic
acid by GOx-mediated oxidation, a local pH decrease occurs,
which provides an opportunity to develop pH-sensitive insulin
delivery systems [47-49]. However, due to the strong buffering
characteristics of the physiological environment, pH changes
are subtle and instant. Therefore, developing materials that are
capable of rapidly responding to a lightly acidic environment
is advantageous for constructing GOx-based pH-responsive
insulin delivery systems. Previous studies have validated that
poly(2-(hexamethyleneimino) ethyl methacrylate) (PHMEMA)
has ultra-pH-responsiveness and fast temporal response (< 5 ms)
[50]. Therefore, it has great potential to construct pH-responsive
insulin delivery systems utilizing PHMEMA.

In this study, we designed a new ultra pH-responsive MN-
array patch for glucose-responsive insulin delivery. Insulin
was encapsulated into the pH-sensitive nanoparticles (SNPs)
(SNP(I)) made of poly(ethylene glycol)-b-PHMEMA (mPEG-
b-PHMEMA). GOx was formulated in pH-insensitive NPs
(iSNPs), which could minimize the leakage of enzymes. iSNPs
were formed by poly(ethylene glycol)-b-poly(2-cyclohexylethyl
methacrylate) (mPEG-b-PCHMA). To mitigate the toxicity
concerns associated with HO. generated during glucose
oxidation, catalase (CAT) was co-encapsulated in iSNPs
(iSNP(G+C)). To achieve convenient and painless admini-
stration, both SNP(I) and iSNP(G+C) were loaded into the
MNs. Under a hyperglycemic condition, GOx in iSNP(G+C)
catalyzed the oxidation of glucose to gluconic acid, creating a
local acidic environment, which triggered rapid protonation
of the tertiary amino groups of the PHMEMA segments. This
hydrophobic to hydrophilic transition triggered the structural
disintegration of SNP(I) and led to a rapid release of insulin.
Meanwhile, CAT-loaded in iSNP(G+C) can consume excess
H:0O:, and thus can reduce the risk of inflammation to the
normal skin (Fig. 1).
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2 Results and discussion

The amphiphilic block copolymers were prepared through
reversible addition—fragmentation chain transfer (RAFT)
polymerization (Fig. S1 in the Electronic Supplementary
Material (ESM)). HMEMA was synthesized using mPEGi13-4-
(benzenecarbonothioylsulfanyl)-4-cyanopentanoic acid (CPDB)
as the chain transfer agent to obtain pH-sensitive amphiphilic
block copolymer mPEG-b- PHMEMA. The pH-insensitive
block copolymer mPEG-b-PCHMA was synthesized using
CHMA as the monomer instead. Their chemical structures
were characterized by "H nuclear magnetic resonance (NMR)
(Fig. S2 in the ESM). The repeat unit of both PHMEMA and
PCHMA was calculated to be 40 (Fig. S3 in the ESM).
Insulin-loaded SNP(I) and GOx/CAT-loaded iSNP(G+C)
were prepared via double emulsion-solvent evaporation. As
measured by dynamic light scattering (DLS), the average size
of SNP(I) was around 120 nm, which was slightly smaller than
iSNP(G+C) (~ 136 nm) (Figs. 2(a) and 2(c)), probably due to
the variable molecular sizes and loading levels of the payloads.
Transmission electron microscopy (TEM) images showed that
both SNP(I) and iSNP(G+C) had a spherical shape (Figs. 2(b)
and 2(d)). The load level of insulin in SNP(I) was 5 wt%. The
weight ratio of GOx and CAT in iSNP(G+C) was set at 4:1 [27].
To demonstrate pH responsiveness, SNP(I) was incubated
in phosphate buffered saline (PBS) solutions of different pH
values. As shown in Fig. 3(a), the size of SNP(I) decreased
sharply around pH 6.5, indicating dissociation of SNP(I) due
to the hydrophobic to hydrophilic transition of PHMEMA
segments at pH 6.5. In contrast, the size of iSNP(G+C) remained
constant regardless of pH changes (Fig. 3(b)). To confirm pH
decrease upon GOx under different glucose concentrations, we
measured pH changes of the solutions with a glucose concen-
tration of 100 or 400 mg/dL in the presence of GOx (0.2 mg/mL).
As shown in Fig. $4 in the ESM, the pH of the solution with
a glucose concentration of 400 mg/dL dropped sharply
within 2 h, while the pH did not change significantly under
normoglycemic levels (100 mg/dL). It suggests that the gluconic
acid is generated in a glucose concentration-dependent manner.
We then investigated the size changes of SNP(I) under various
glucose concentrations. As shown in Fig. 3(c), the hydrodynamic

MN-array patch

Glucose

................

Normoglycemia

Hyperglycemia

Figure 1 Scheme of MN-array patch integrated with pH-sensitive insulin nanoformulations for glucose-responsive insulin delivery. (a) The chemical
structure and formation of SNP(I) and iSNP(G+C). (b) Schematic illustration of the MN-array patch loaded with SNP(I) and iSNP(G+C) for in vivo

insulin delivery triggered by a hyperglycemic state to release more insulin.
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Figure 2 (a) Hydrodynamic size and (b) TEM image of SNP(I).
(c) Hydrodynamic size and (d) representative TEM image of iSNP(G+C).
Scale bar: 200 nm.
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Figure 3 DLS measurement of size changes of SNP(I) (a) and iSNP(G+C)
(b) in PBS bulffers of various pH values. Data points are means + standard
deviation (SD) (n = 3). Hydrodynamic size of SNP(I) incubated in various
glucose concentrations without (c) or with GOx (0.2 mg/mL) (d) over
time.
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size of SNP(I) incubated in different glucose concentrations (100
or 400 mg/dL) without GOx remained unchanged over time.
However, when GOx (0.2 mg/mL) was added, the size of SNP(I)
incubated in higher glucose concentration (400 mg/dL) decreased
obviously over time, indicating that SNP(I) could be dissociated
in response to pH changes induced by GOx upon hyperglycemia
(Fig. 3(d)).

We further evaluated the glucose-responsive insulin release
capability of SNP(I). SNP(I) were incubated in PBS with various
glucose concentrations, including a control level (0 mg/dL), a
normoglycemic level (100 mg/dL), and a hyperglycemic level
(400 mg/dL). Consistent with the size changes of SNP(I), at a
hyperglycemic level, more than 90% of insulin was released within
4 h, whereas only about 30% was released at normoglycemic
level (Fig. 4(a)). Furthermore, the release rates significantly
increased when the glucose concentration increased from
100 to 400 mg/dL, indicating that the amount of insulin released
was glucose concentration-dependent (Fig. 4(b)). Furthermore,
a pulsatile release profile of insulin was observed when SNP(I)
were alternatively incubated in hyperglycemic (400 mg/dL)
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and normoglycemic (100 mg/dL) levels (Fig. 4(c)). Additionally,
the circular dichroism (CD) spectrum showed that the insulin
released from SNP(I) maintained a secondary conformational
structure (Fig. 4(d)). GOx and CAT were encapsulated in
the pH-insensitive NPs to minimize the leakage of these two
enzymes. To evaluate the release kinetics of GOx and CAT from
iSNP(G+C) under different pH conditions, we labeled the
GOx with rhodamine B (RhB) and the CAT with fluorescein
isothiocyanate (FITC), and constructed the standard curves
(Fig. S5 in the ESM). As expected, the minimal amounts of
GOx and CAT were released, which were also independent of
pH values (Figs. 4(e) and 4(f)). Although a small portion of
enzymes is released, they are expected to enter the bloodstream
and quickly be metabolized [39, 51].

Next, we loaded SNP(I) and iSNP(G+C) into a MN-array
patch for painless and convenient administration. The MN
array patch was prepared via micromolding [45, 52]. Briefly,
SNP(I) and iSNP(G+C) were first loaded in microcavities of
a silicone mold under vacuum, followed by the addition of a
polyvinylpyrrolidone (PVP) solution. After complete drying,
the MN-array patch was peeled off from the mold. An array
of 15 x 15 pyramid-shaped MNs, with each MN with 700 pm
height and 600 pm center to center space, was used for all tests.
Scanning electron microscopy (SEM) images confirmed the
formation of MN arrays (Fig. 5(a)). PVP was chosen as the
main MN matrix because it is highly biocompatible and exhibits
a suitable mechanical property [52]. Measurement of mechanical
strength suggested a failure force for the MNs to be 0.62 N/needle,
demonstrating sufficient strength for skin insertion, which was
also validated by trypan-blue-staining test on the mouse skin
(Fig. 5(b)). The fluorescence image of MNs that contained
RhB-insulin-loaded SNP(I) indicated that SNP(I) were mostly
distributed inside the needle tips (Figs. 5(c) and 5(d)).

We evaluate the in vivo performance of MN-array patches
in the streptozotocin (STZ)-induced type 1 diabetic mice
(Fig. S6 in the ESM). The mice were divided into five groups
treated with (1) blank MN-array patches as control; (2) MN-array
patches loaded with SNP(I) (MN-(SNP(I)); (3) MN-array patches
loaded with insulin-loaded pH-insensitive NPs (iSNP(I)) and
GOx-loaded pH-insensitive NPs (iSNP(G)) (MN-(iSNP(I) +
iSNP(G)); (4) MN-array patches loaded with SNP(I) and iSNP(G)
(MN-(SNP(I) + iSNP(G)); (5) and MN-array patches loaded
with SNP(I) and iSNP(G+C) (MN-(SNP(I) + iSNP(G+C)).
The BGLs of each group were monitored over time after
administration. As shown in Fig. 6(a), the BGLs of mice treated
with MN-(SNP(I) + iSNP(G) and MN-(SNP(I) + iSNP(G+C))
decreased to normoglycemic level and maintained below
200 mg/dL for 8 h (Fig. 6(b)). In contrast, the BGLs of mice
treated with MN-(SNP(I)) that do not contain the GOx decreased
at the beginning but returned to the hyperglycemic level
quickly, which was mainly ascribed to the basal insulin release
from MN-(SNP(I)). The mice treated with MNs loaded with
iSNP(I) and iSNP(G) showed no obvious BGLs reduction. In
sum, these observations confirmed that the glucose-responsive
insulin release was based on the oxidation of glucose catalyzed
by GOx resulting in the decrease of local pH to trigger the
dissociation of SNP(I). To further investigate the glucose-
responsiveness of MN-(SNP(I) + iSNP(G+C)), an intraperitoneal
glucose tolerance test (IPGTT) was carried out 3 h post-
administration of MNs. As shown in Fig. 6(c), insulin showed
an obvious increase followed by the increase of BLGs due to
glucose challenge, indicating a fast glucose-responsive property
of MN-(SNP(I) + iSNP(G+Q)).

We then accessed the biocompatibility of the MN patch. As
shown in Fig. S7 in the ESM, no obvious body weight changes
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Figure 4 (a) In vitro glucose-dependent insulin release from SNP(I) with various glucose concentrations at 37 °C in the presence of GOx (0.2 mg/mL).
(b) Cumulative insulin release profile of SNP(I). The NPs were incubated in each solution for 30 min. (c) Pulsatile release profile of SNP(I) at different
glucose concentration (100 and 400 mg/dL). (d) CD spectra of native insulin and insulin released from SNP(I). (e) and (f) In vitro GOx (e) and CAT (f)
release from iSNP(G+C) under different pH conditions over time. Data points are means + SD (n = 3).
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Figure 5 (a) A representative scanning electron microscopy (SEM) image
of the MN-array patch. (b) Mechanical behaviors of the MNs. Inset is a
representative image of trypan blue staining of mouse skin transcutaneously
treated with a MN-array patch. (c) and (d) Representative fluorescence
microscopy images of the MN-array patch loaded with RhB-labeled insulin
NPs, side-view (c), and bottom view (d). Scale bar: 200 pm.

were observed during or after MN-(SNP(I) + iSNP(G+C))
treatment. Furthermore, the hematoxylin and eosin (H&E)
staining analyses were performed on the skin after application
with the MN patch. Compared with the skin treated with
blank MN, the skin samples treated with MN-(SNP(I) +
iSNP(G)) showed apparent neutrophil infiltration, suggesting
a pathophysiological response and tissue inflammation induced
by H,O:. Nevertheless, reduced neutrophil infiltration was found
in skin samples that were treated with MN-(SNP(I) + iSNP(G+C))
(Fig. 6(d)). These results indicated that CAT could effectively
mitigate the H.O»-associated toxicity in the GOx-based systems.

3 Conclusions

In summary, we have developed a new glucose-responsive
insulin MN patch system integrating pH-responsive insulin
nanoformulations. A local acid environment can be generated
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Figure 6 (a) Blood glucose levels of type 1 diabetic mice after treatment
with blank MNs as control, MNs loaded with SNP(I), MNs loaded with
iSNP(I) and iSNP(G), MNs loaded with SNP(I) and iSNP(G), MNs loaded
with SNP(I) and iSNP(G+C). Data points are means + SD (n = 12).
(b) Normoglycemic time of mice treated with various MN-array patches.
Data points are means + SD (n = 12). Statistical significance was calculated
by comparison with group treated with MN-SNP(I). (c) In vivo glucose-
responsive insulin release triggered by intraperitoneal glucose injection
at 3 h after treatment with MN-(SNP(I) + iSNP(G+C)). Data points are
means + SD (n = 4). Statistical significance was calculated by comparison
with values at 0 min. (d) H&E staining of skins of treated with blank MN
patch, MNs-(SNP(I) + iSNP(G)) and MNs-(SNP(I) + iSNP(G+C)). Scale
bar, 50 pm. All the statistical analyses were performed by one-way analysis
of variance (ANOVA). *p < 0.05, **p < 0.01, and ***p < 0.001.

due to the production of gluconic acid during the oxidation
process of glucose under hyperglycemic levels, which facilitates
a rapid protonation of the tertiary amine in the SNPs, resulting
in the dissociation of NPs and insulin release. Furthermore,
encapsulation of GOx and CAT in the pH-insensitive NPs can
prevent the leakage of enzymes and inhibit the toxicity issues
associated with the byproduct H:O.. In vivo experiments indicated
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that MN loaded with SNP(I) and iSNP(G+C) exhibited excellent
regulation of BGLs with fast responsiveness. This MN-array
patch with ultra pH-sensitive formulation promises a potential
strategy for designing a closed-loop insulin delivery system
to treat type 1 and advanced type 2 diabetes. Future efforts,
including the optimization in large animal models, scale up
and manufacturing, should be taken into consideration for
potential translation of this formulation. Furthermore, the
concept of this glucose-responsive MN array patch can also
extended to applications associated with glucose/pH-responsive
drug delivery for treating different diseases.

4 Experimental

4.1 Materials

Poly(ethylene glycol) methyl ether (mPEGii;-OH, M. =
5,000 Da), PVP (Mw = 360 kDa), GOx and CAT were
purchased from Sigma-Aldrich. Methacryloyl chloride, N-(2-
hydroxyethyl)hexamethyleneimine, hydroquinone, and CPDB
were purchased from Sun Chemical Technology Co., Ltd.
(Shanghai, China). 2-cyclohexylethanol was purchased from
Xian-Dinn Biotech Co., Ltd. (Shanghai, China). 2,2-azobis(2-
methylpropionitrile) (AIBN), RhB, FITC, 4-dimethylaminopyridine
(DMAP), and N,N’-dicyclohexylcarbodiimide (DCC) were
purchased from Shanghai Aladdin Bio-Chem Technology Co.,
Ltd (Shanghai, China). Other chemicals were purchased from
Sinopharm Chemical Reagent Co., Ltd and used as received
unless otherwise specified.

4.2 Characterizations

"H NMR spectra were recorded on a Bruker AV400 NMR
spectrometer (Bruker Corporation, Switzerland) using CDCl;
as a solvent. Particle size measurements were conducted using
Anton Paar Litesizer 500 Particle Analyzer (Anton Paar
Corporation, Austria). Morphology of NPs was displayed by
Thermo Scientific Talos L120C transmission electron microscopy
(Thermo Scientific, USA). pH of solutions were recorded using
a FE-28 pH meter (Mettler Toledo, China). The concentration
of insulin, GOx and CAT labeled with fluorescent molecules
were recorded using Shimadzu RF-6000 spectrophotometer
(Shimadzu, Japan).

4.3 Synthesis of poly(ethylene glycol) dithiobenzoate
(mPEG11:-CPDB) chain transfer agent

mPEG1;-OH was azeotropic with toluene to remove water
before use. mPEGi13-OH (4.739 g), CPDB (0.519 g) and DMAP
(0.029 g) were dissolved in anhydrous dichloromethane (30 mL)
in a three-neck round flask under nitrogen. A solution of DCC
(0.548 g) in anhydrous dichloromethane (10 mL) was then
added dropwise under stirring, cooled with an ice-water bath.
The mixture was then gradually warmed to room temperature
and stirred for 12 h. Then, the solution was poured into excess
diethyl ether to obtain pink precipitate. The precipitation
process was repeated for an additional two times. The product
was obtained as pink solid. Yield: 92%.

4.4 Synthesis of HMEMA

N-(2-hydroxyethyl)hexamethyleneimine (7.152 g), triethylamine
(5.566 g), and inhibitor hydroquinone (0.055 g) were dissolved
in anhydrous tetrahydrofuran (THF). Then, methacryloyl
chloride (5.487 g) in anhydrous THF was added and stirred
overnight. The reaction solution was filtered and concentrated
using a rotary evaporator. The product was obtained as a
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colorless liquid through distillation under vacuum. Yield: 78%.

4.5 Synthesis of CHMA

CHMA was synthesized following the same method as HMEMA
by replacing N-(2-hydroxyethyl)hexamethyleneimine with
2-cyclohexylethanol. The product was obtained as a colorless
liquid through distillation under vacuum. Yield: 80%.

4.6 Synthesis of mPEG-b-PHMEMA by RAFT

Briefly, mPEG1;-CPDB (230.4 mg), HMEMA (554.4 mg), and
AIBN (2.4 mg) were added to a polymerization tube. Anhydrous
dioxane (1.3 mL) was then added to dissolve the monomer and
initiator. After three cycles of freeze-pump-thaw to remove
oxygen, the polymerization was carried out at 75 °C for 10 h.
The mixture was then precipitated into cold hexane. The
precipitate was dried overnight in vacuum, the product
was obtained as a yellow solid in 90% yield. The degree of
polymerization of PHMEMA block was 40 according to 'H
NMR spectrum.

4.7 Synthesis of mPEG-b-PCHMA by RAFT

Block copolymer mPEG-b-PCHMA was synthesized by RAFT
polymerization following the same method as mPEG-b-
PHMEMA by replacing HMEMA with CHMA. The product
was obtained as a pink solid in 85% yield. The degree of
polymerization of PCHMA block was 40 according to "H NMR
spectrum.

4.8 Synthesis of FITC-insulin, RhB-GOx, and FITC-CAT

Briefly, 40 mg of insulin (GOx or CAT) was dissolved in Na,COs
buffer (2 mL, 20 mM, pH 8.5). Then, 0.5 mg of fluorescence
isothiocyanate dyes (FITC or RhB) in dimethyl sulfoxide
(DMSO) was added dropwise. The mixture was stirred at room
temperature overnight. The unreacted dyes were removed by
ultrafiltration.

4.9 Preparation of SNP(I) or iSNP(G+C)

SNP(I) were prepared by double emulsion-solvent evaporation.
Typically, an aqueous solution of insulin (1 mg) in 20 pL of
distilled water was emulsified by sonication for 1 min over
an ice bath in 0.2 mL of chloroform containing 10 mg of
mPEG-b-PHMEMA. The primary emulsion was then emulsified
in 5 mL of distilled water by sonication (80 W for 2 min) over
an ice bath to form a W/O/W emulsion. After removal of
the organic solvents, the nanoparticles were collected by
centrifugation (20,000x g, 20 min) and were washed twice to
remove free insulin. iSNP(G+C) were prepared following the
same method with SNP(I). Briefly, the mixed solution of GOx
and CAT (1 mg of protein in 10 pL distilled water, w:w=4:1)
was emulsified in 0.1 mL of chloroform containing 5 mg of
mPEG-b-CHMA. Then, 5 mL of distilled water was added and
further emulsified for 2 min. The nanoparticles were collected
by centrifugation (20,000x g, 20 min) and were washed twice
to remove free enzymes.

410 In vitro FITC-insulin release from the SNP(I)

SNP(I) were suspended in 10 mM PBS at pH 7.4 and allocated
to centrifuge tubes. Various amounts of glucose (0, 100, or
400 mg/dL final concentration) and GOx (0.2 mg/mL) were
added to the solutions. At predetermined time intervals, the
solution was centrifuged to collect supernatant (100 pL each
tube) for fluorescence quantification. To assess the self-regulated
insulin release profile, the SNP(I) and iSNP(G+C) (GOx:
0.2 mg/mL) were first incubated in 1 mL of 400 mg/dL glucose
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solution for 30 min at 37 °C. The sample was then centrifuged
at 20,000x g for 10 min, and all of the supernatant was recovered.
Next, the sample was incubated in 1 mL of 100 mg/dL glucose
solution for another 30 min. After centrifugation, all of
the supernatant was recovered. This cycle was repeated for
three cycles. The release insulin was determined using a
spectrophotometer.

411 In vitro RhB-GOx or FITC-CAT release from the
iSNP(G+C)

To assess the GOx (CAT) release profile from pH-insensitive
nanoparticles, iSNP(G+C) were incubated in PBS solution
under different pH values (7.4 and 4.0). At the determined
time interval, solution was centrifuged to collect supernatant
(100 pL each tube) and replaced with 100 pL fresh PBS solution.
The concentration of GOx (CAT) was determined using the
spectrophotometer.

412 Fabrication of SNP(I)- and iSNP(G+C)-loaded
MNs

Silicone micromolds were purchased from Blueacre Technology
Ltd. The MNs were arranged in a 15 x 15 array with 600 pm
center-to-center spacing with a MN height of 700 um. SNP(I)
(4 mg) and iSNP(G+C) (0.8 mg) in 200 pL of DI water was
deposited onto the MN mold surface. Molds were then placed
under vacuum for 30 min. Thereafter, 1 mL of PVP solution
(10 wt%) was deposited on the molds and dried at room
temperature overnight. After completely desiccation, the
MN-array patch was separated from the silicone mold. The
resulting MN-array patches were stored under vacuum for
later study.

413 Mechanical strength test

The mechanical strength of MNs was tested on an Instron
tensile testing machine. The initial gauge was set as about
2 mm between MNs and the stainless-steel plate. The speed
of the plate movement toward MNs was set at 0.1 mm/min.

414 In vivo studies on STZ-induced diabetic mice

STZ-induced diabetic mice were purchased from the Jackson
Laboratory, USA. The animal protocol was approved by the
Institutional Animal Care and Use Committee at UCLA. The
blood glucose levels of mice were measured via tail vein blood
samplings using a Clarity GL2Plus glucose meter. The mice
were divided into five groups and applied with (1) blank
MN-array patches as control; (2) MN-array patches with
SNP(I) (MN-(SNP(I)); (3) MN-array patches with insulin-loaded
pH-insensitive NPs (iSNP(I)) and GOx-loaded pH-insensitive
NPs (iSNP(G)) (MN-(iSNP(I) + iSNP(G)); (4) MN-array
patches with SNP(I) and iSNP(G) (MN-(SNP(I) + iSNP(G));
(5) and MN-array patches loaded SNP(I) and iSNP(G+C)
(MN-(SNP(I) + iSNP(G+C)). The insulin dose was 10 mg/kg.
The blood glucose levels were monitored over time.

An IPGTT was performed to study the glucose responsiveness
of the MN patches in vivo 3 h post application. Briefly, mice
were applied with MN-(SNP(I) + iSNP(G+C) with insulin dose
of 10 mg/kg for each mouse for 3 h. Thereafter, a glucose
solution in PBS with a dose of 1.5 g/kg was intraperitoneally
injected into the mice. The blood glucose levels were monitored
over time. To measure the plasma insulin levels in vivo, 25 pL
of blood sample was collected at indicated time points. The
plasma insulin levels were measured via a Human Insulin
ELISA kit (Calbiotech, USA).
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4.15 Biocompatibility analysis

The biocompatibility of MN-array patches was assessed 2 days
post administration. The MN-patch-applied skin tissues of mice
were excised. The skin were fixed in 10% formalin and cut
into 50-um sections, which were further stained using H&E for
histological analysis.

4.16 Statistical analysis

Statistical analyses were performed via either the Student’s
t-test or an ANOVA test as indicated in the figure captions.
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