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g r a p h i c a l a b s t r a c t
A dissolving microneedle patch (SGRM p
atch) containing mesoporous silica nanoparticles (G-MSN@Insulin@ZnO-PBA-2) was developed for transdermal
delivery of insulin. A glucose-dependent release manner was achieved due to the sensitive Wulff-type glucose responsive linker. The in vivo results sug-
gested that the systems displayed excellent glycemic control and avoided the risks of hypoglycemia, which could result in the development of desirable
smart insulin delivery system with the potential for clinical application.
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Diabetes is a metabolic disease that is affecting an ever-increasing number of people worldwide, resulting
in increased burdens on healthcare systems and societies. Constant monitoring of blood glucose levels is
required to prevent serious or even deadly complications. One major challenge of diabetes management
is the simple and timely administration of insulin to facilitate consistent blood glucose regulation and
reduce the incidence of hypoglycemia. With this research, we construct an insulin delivery system, the
delivery system is comprised of phenylboronic acid based fluorescent probes, which is used as glucose
responsive linkers, mesoporous silica nanoparticles providing an insulin reservoir, and zinc oxide
nanoparticles used as gate keepers. The system with glucose sensitive responsive linker exhibits con-
trolled release of insulin under high glucose concentrations, providing prolonged blood glucose
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Phenylboronic acid
Microneedle patch
regulation and no risks of hypoglycemia. Furthermore, the system is combined with a hyaluronic-acid
based microneedle patch, which exhibit efficient skin penetration for transdermal delivery. With our sys-
tem, the nanoparticles provide outstanding in vivo glucose regulation when administrated by subcuta-
neous injection or via transdermal microneedle patch. We anticipate that our biocompatible smart
glucose responsive microneedle patch (SGRM patch) will facilitate the development of clinically useful
systems.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Diabetes mellitus is a chronic metabolic disorder characterized
by high blood glucose levels (BGLs), and is caused by insufficient
insulin supply or insulin resistance, and currently affects millions
of people worldwide [1,2]. Importantly, the number of diabetic
patients worldwide is expected to soar from 425 million in 2019
to 700 million by 2045 [3]. People with diabetes have a higher risk
of developing life-threatening complications, including cardiovas-
cular disorders, renal diseases, foot infectious, and can even lead
to amputation [4–7]. However, postprandial injection of insulin
using a syringe is painful and inconvenient for patients with type
1 diabetes and advanced type 2 diabetes, which leads to poor treat-
ment compliance. In addition, costly insulin pumps need periodic
replacement, which may increase the risk of infection [8].

In order to address these problems, various synthetic close-
looped insulin delivery systems have been developed to regulate
the BGLs [9], which are based on different glucose-responsive moi-
eties, such as glucose oxidase (GOx) [10,11], glucose-binding pro-
teins (e.g., Concanavalin A) [12,13] and phenylboronic acids
(PBAs) [14,15]. Glucose oxidase is a glucose-specific protein, which
catalyzes the oxidation of glucose to generate gluconic acid and
hydrogen peroxide. The altered microenvironment (such as local
pH [16], H2O2 concentration [17], and O2 level [18]) during this
period triggered the disassembly of the nanoparticles to release
the loaded insulin [19–22]. Concanavalin A is a lectin, capable of
binding to saccharides, which has been grafted to polymer chains
in order to construct nano-systems [23,24].

PBAs are of low toxicity, stable and are easy to modify. Impor-
tantly, PBAs form reversible dynamic covalent bonds with the
cis-1,2-diols and cis-1,3-diols of saccharides [25–27]. Therefore,
some PBAs-based glucose-responsive drug delivery systems have
been reported [28–30]. However previous researches have demon-
strated that PBAs with lower pKa display higher affinity towards
carbohydrates at neutral pH, which makes unmodified PBA (pKa
� 8 ~ 9) unsuitable for clinical use [31]. One way to address this
problem is to introduce electron-withdrawing groups to the ben-
zene ring [32,33]. For example, Yasuhisa et.al have developed a
gel containing fluorine modified PBAs that swells in response to
glucose under physiological conditions [34]. On the other hand,
the combination of PBAs and glycosyl units favors the formation
of stable and soluble phenylboronic ester, thus decreases the pKa
of the PBAs and increases their sensitivity towards glucose under
physiological conditions [35,36]. By introducing glucosamine into
the polymer, Shi et.al have developed nanoparticles that can
release insulin at pH = 7.4 with better glucose sensitivity due to
the lowered pKa of PBAs [37]. In addition the intramolecular inter-
action between B and N atoms in Wulff-type boronic acids can
lower the pKa of PBAs, which stabilizes the formation of boronate
esters at physiological pH [38]. In fact, the detection limit of some
Wulff-type fluorescent probes for D-glucose is at the millimolar
level, which is the same order of magnitude concentration of glu-
cose as that found in human blood, making PBAs based fluorescent
probes promising candidates for responding to changes in biologi-
cally relevant glucose levels [39]. Inspired by these works, we
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believe that some Wulff-type fluorescent probes for glucose could
be used as glucose-responsive moieties to construct the close-
looped insulin delivery systems.

Here, we report on a ‘smart’ insulin delivery system directly uti-
lizing glucose-sensitive fluorescent probe as the responsive moi-
ety. As shown in Scheme 1, we chose mesoporous silica
nanoparticles (MSNs) as the insulin reservoir due to their stability,
significant loading capacity and biocompatibility [40]. The
anthracene-based monoboronic acid 3 [41], a glucose probe, was
firstly used as a sensitive ‘linker’ (PBA-2) to regulate the insulin
release at high BGLs. The PBA-2 grafted zinc oxide dots (ZnO-
PBA-2) were used as the ‘gate keepers’ to block insulin’s escaping
from the MSNs at normal BGLs. However, at high BGLs, the connec-
tion between PBA-2 and gluconamide attached to the MSN was
cleaved to facilitate the release of insulin. In order reduce the pain
of injection and improve patient compliance, a dissolving micro-
needle patch was prepared to load this nano-system, resulting in
a system that was minimally invasive, easy to use and did not
require specialized training to operate [42–45]. The hyaluronic-
acid based microneedle patch displayed significant mechanical
strength and appropriate needle length for puncturing the dermis.
Therefore, we utilized these microneedle patches loaded with
smart glucose responsive PBAs based mesoporous silica nanoparti-
cles to develop a suitable system for the transdermal delivery of
insulin (smart glucose responsive microneedle patch, SGRM patch).
We observed that the system displayed excellent glycemic control,
avoided hypoglycemia, and could result in the development of
desirable smart insulin delivery system with the potential for clin-
ical application.
2. Materials and methods

2.1. Materials

Hexadecyl trimethylammonium bromide (CTAB, 98%) and
lithium bromide (99.995%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Ethyl orthosilicate
(TEOS, AR), n-hexane (AR), aqueous ammonia (25%-28%), potas-
sium hydroxide (AR) and anhydrous ethanol (AR) were purchased
from Shanghai Lingfeng chemical reagent Co., Ltd. (Shanghai,
China). Zinc acetate dihydrate (99%) and monomethylamine solu-
tion (25%-30%) were purchased from Titan Scientific co., Ltd.
(Shanghai, China). 4-aminobenzoic acid (99%), m-toluidine (98%),
anthraquinone (98%), 1-(3-dimethylaminopropyl)-3-ethylcarbodii
mide hydrochloride (EDCI, 99%), N-hydroxysuccinimide (NHS,
98%), N-(3-triethoxysilylpropyl)gluconamide (50% in ethanol),
and D-(+)-glucose (99%) were purchased from J&K Scientific Co.,
Ltd. (Beijing, China). 2-formylbenzeneboronic acid (97%), sodium
borohydride (98%), sodium hydride (60%), trimethylsulfonium
iodine (98%), (3-aminopropyl) triethoxysilane (APTES, 98%), (3-iso
cyanatopropyl)triethoxysilane (95%), fluorescein-5-isothiocyanate
(FITC, 97%) were purchased from Energy Chemical Technology
Co., Ltd. (Shanghai, China). Porcine insulin (98.8%) was purchased
from Xuzhou Wanbang Jinqiao pharmaceutical Co., Ltd. (Jiangsu,
China). Streptozotocin (STZ, 98%) was bought from Sigma-Aldrich



Scheme 1. Schematic illustration of preparation of SGRM patch containing G-MSN@Insulin@ZnO-PBA-2 and its anti-diabetic mechanism after treated on skin. (The top line:
preparation of G-MSN@Insulin@ZnO-PBA-2; The bottom line: anti-diabetes mechanism of SGRM patch.
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(Shanghai, China). The phosphate buffer saline (PBS) was pur-
chased from Tianjin Haoyang Biological Manufacture Co., Ltd.
(Tianjin, China).
2.2. Preparation of G-MSN

First, 1.0 g CTAB was evenly dispersed in 160.0 mL deionized
water, then 5.0 mL aqueous ammonia was added. The mixture
was magnetically stirred at 35.0 �C to form a clear solution. After
that, the mixture of 20.0 mL n-hexane and 5.0 mL tetraethyl
orthosilicate was added dropwise to the solution in 30 min. The
reaction was continued for 12 h. After that, the resulting product
was filtered, washed and dried to obtain MSN.

Then, 1.0 g MSN was evenly dispersed in 100.0 mL ethanol. 1.
0 mL N-(3-triethoxysilylpropyl)gluconamide was added, and the
reaction was stirred for 15 h at room temperature under argon.
The product was filtered, washed and then dried to obtain G-MSN0.

Finally, 200.0 mg G-MSN0 was evenly dispersed in 47.5 mL
ethanol. Then 500.0 mg ammonium nitrate dissolved in 2.5 mL
water was added. The reaction was heated to reflux for 24 h. The
product was filtered, washed, and dried to obtain G-MSN.
2.3. Preparation of FITC-Insulin

FITC labeled insulin was synthesized to conduct the related
experiments such as confocal microscopy of the SGRM patch and
the in vitro release profile of the nanoparticles.

Briefly, 200.0 mg insulin was dissolved in 50.0 mL 0.1 M Na2CO3

buffer (pH = 9.0), then 2.5 mg FITC in 2.5 mL DMSO was added
dropwise to the insulin solution. After stirring for 2 h at room tem-
perature in the dark, the reaction solution was transferred to a dial-
ysis bag (MWCO = 1000 D) and dialyzed for 48 h, and the dialysate
was changed every 6 h. Finally, 188.0 mg yellow solid, FITC-Insulin,
was obtained by lyophilization and refrigerated before further use.
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2.4. Preparation of ZnO-PBA-1 and ZnO-PBA-2

Two PBA linkers PBA-1 and PBA-2 were synthesized according
to the literature methods (Fig. S1, Fig. S2) [41,46].

ZnO and ZnO-NH2 were synthesized according to the literature
with moderate improvement [47]. For ZnO dots, 3.95 g zinc acetate
dihydrate and 100 mL ethanol were added into a 500 mL three-
necked flask and heated to 70 ℃ under mechanical agitation. After
the reaction solution was clear and transparent, 2.10 g KOH was
dissolved in 90 mL ethanol and added to the above system in
30 min. Then the mechanical stirring was continued (600 rpm).
The reaction was maintained at 70 ℃ for 3 h. ZnO dots were
obtained by centrifugation and washed with ethanol several times
and finally freeze-dried to obtain 1.2 g white solid.

For ZnO-NH2 dots, 3.95 g zinc acetate dihydrate and 100 mL
ethanol were added into a 500 mL three-necked flask and heated
to 70 ℃ under mechanical agitation. After the reaction solution
was clear and transparent, 2.10 g KOH was dissolved in 90 mL
ethanol and added to the above system in 30 min. Then the
mechanical stirring was continued (600 rpm). The reaction was
maintained at 70 ℃ for 3 h. After that, 5 mL APTES was added to
the above system, and mechanical stirring was continued for 1 h.
After 1 h, ZnO-NH2 dots were obtained by centrifugation and
washed with ethanol several times and finally freeze-dried to
obtain 1.4 g white solid.

ZnO-PBA-1 was synthesized as follows (Fig. S3). Firstly, a
50.0 mL two-neck round bottom flask was added with 12.3 mg
PBA-1, 7.4 mg EDCI, 4.4 mg NHS, and 30.0 mL of ultrapure water,
then the pH was adjusted to 7.0. The reaction was stirred at room
temperature for 4 h. Then 300.0 mg of ZnO-NH2 was added to the
above system and stirred for 4 h at room temperature. After 4 h,
the reaction was centrifuged, washed, and lyophilized to obtain
280.0 mg of ZnO-PBA-1 as red solid.

ZnO-PBA-2 was synthesized as follows (Fig. S4). Firstly, a
50.0 mL two-neck round bottom flask was added with 12.2 mg
PBA-2, 15.7 mg (3-isocyanatopropyl)triethoxysilane, 0.15 mL tri-
ethylamine and 10.0 mL anhydrous tetrahydrofuran. The reaction
was heated at reflux under argon for 24 h. After 24 h, the solvent
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was evaporated. Then 300.0 mg ZnO and 40.0 mL anhydrous DMF
were added. The mixture was then heated to 120 �C for 30 min.
Finally, the mixture was centrifuged, washed, and lyophilized to
obtain 274.0 mg of ZnO-PBA-2 as yellow solid.

2.5. Preparation of the G-MSN@Insulin@ZnO-PBA-1 and G-
MSN@Insulin@ZnO-PBA-2

G-MSN@Insulin@ZnO-PBA-1 was prepared as follows. 10.0 mg
G-MSN and 5.0 mg insulin were added to 4.0 mL HCl solution
(pH = 2.0). The mixture was then stirred at room temperature for
24 h and centrifuged to remove the supernatant. Then 15.0 mg of
ZnO-PBA-1 in 3.0 mL of PBS buffer (pH = 7.4) was added to the mix-
ture of G-MSN@Insulin and stirred at room temperature for 24 h.
The reaction was then centrifuged, washed and lyophilized to
obtain G-MSN@Insulin@ZnO-PBA-1 as white solid.

G-MSN@Insulin@ZnO-PBA-2, G-MSN@FITC-Insulin@ZnO-PBA-
1, and G-MSN@FITC-Insulin@ZnO-PBA-2 were prepared similarly.

2.6. In vitro glucose response measurements

The in vitro glucose response measurements of G-MSN@FITC-
Insulin@ZnO-PBA-1 and G-MSN@FITC-Insulin@ZnO-PBA-2 were
evaluated by adding these nanoparticles to different concentration
of glucose solutions (0 mg/dL, 180 mg/dL, 450 mg/dL, 900 mg/dL).
Then, at specific times, 0.5 mL samples were taken from the solu-
tion and centrifuged. 0.1 mL of the upper solution was added to a
cuvette and the fluorescent intensity of FITC-Insulin at 488 nm was
measured using a fluorescence spectrophotometer. To access the
responsiveness of G-MSN@FITC-Insulin@ZnO-PBA-2, the nanopar-
ticles were incubated under glucose concentration increasing from
180, 450 to 900 mg/dL every 1 h. And G-MSN@FITC-Insulin@ZnO-
PBA-2 were also incubated under glucose concentration between 0
and 180 mg/dL every 2 h.

2.7. Experimental animals

All rats and mice were purchased from Shanghai SLAC Labora-
tory Animal Co., Ltd. and grouped in clean dry cages at 25 ± 1 �C
under a 12 h light 12 h dark automatic lightening with food and
water ad libitum. All the experiments complied with the National
Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals in Shanghai, China. All the experiments were performed with
the permission of the Ethics Committee on Laboratory Animal Care
of Shanghai Jiao Tong University Affiliated Sixth People’s Hospital.

2.8. In vivo studies on rats

Type 1 diabetic rat models were induced according to the pro-
tocol [48]. STZ was dissolved in sodium citrate buffer (pH = 4.5)
(0.01 g/mL). STZ dosage was set at 75.0 mg/kg for rats. After
3 weeks, any fasted rat that has a BGLs > 16.7 mmol/L was regarded
as the stable type 1 diabetes model. The BGLs were tested by mon-
itoring tail vein blood samples with a glucose meter (Roche, ACCU-
CHEK).

The established type 1 diabetic rats were divided into 3 groups
and subcutaneously injected with different samples, including PBS,
G-MSN@Insulin@ZnO-PBA-2 (20.5 IU/kg) and insulin (20.5 IU/kg).
The fasting BGLs were tested over time until they returned to high
levels.

Intraperitoneal glucose tolerance tests (IPGTTs) were conducted
to evaluate the in vivo therapeutic effects of G-MSN@Insulin@ZnO-
PBA-2. Briefly, diabetic rats were divided into 2 groups and subcu-
taneously injected with G-MSN@Insulin@ZnO-PBA-2 (20.5 IU/kg)
and insulin (20.5 IU/kg) respectively. Healthy rats were used as
control. After 2.5 h, rats were intraperitoneally injected with glu-
585
cose solution (1.5 g/kg). BGLs were measured by tail blood samples
every 15 min for 2 h. The glucose area under the curve (AUC)
between 0 and 120 min was adopted to assess the responsiveness
of the nanoparticles towards blood glucose, in comparison with the
other groups.

Side effects studies were conducted on healthy rats to measure
the hypoglycemia risk of G-MSN@Insulin@ZnO-PBA-2. Briefly,
healthy rats were divided into 2 groups and subcutaneously
injected with G-MSN@Insulin@ZnO-PBA-2 (20.5 IU/kg) and insulin
(20.5 IU/kg), respectively. BGLs were tested every 30 min over 5 h.

To further evaluate whether the G-MSN@Insulin@ZnO-PBA-2
damage major organs, histopathological analysis was conducted
on type 1 diabetic rats. Rats were grouped into 3 groups and sub-
cutaneously injected with PBS, G-MSN@Insulin@ZnO-PBA-2
(20.5 IU/kg) and insulin (20.5 IU/kg) daily for 4 weeks. After
4 weeks, all rats were sacrificed and main organs were harvested
for hematoxylin and eosin (H&E) staining.

2.9. Fabrication of nanoparticle-loaded microneedle patches

Microneedle patches were prepared on PDMS mold using
micro-mold casting method according to the previous literature
[49]. For SGRM patches containing G-MSN@Insulin@ZnO-PBA-2,
the casting materials were first prepared by dispersing G-
MSN@Insulin@ZnO-PBA-2 into hyaluronic-acid solution (0.5 g/
mL). Casting materials (30.0 lL) were added to the surface of the
mold and centrifuged under 4390 � g for 10 min, followed by
the addition of pure hyaluronic-acid solution (1.0 g/mL) and cen-
trifugated to serve as the backing layer. After desiccation, the
SGRM patches were carefully detached from the mold.

For patches containing G-MSN@FITC-Insulin@ZnO-PBA-2, the
casting materials were first prepared by dispersing G-MSN@FITC-
Insulin@ZnO-PBA-2 into hyaluronic-acid solution (0.5 g/mL). Cast-
ing materials (30.0 lL) were added to the surface of the mold and
centrifuged under 4390 � g for 10 min, followed by the addition of
pure hyaluronic-acid solution (1.0 g/mL) and centrifugated to serve
as the backing layer. After desiccation, the microneedle patches
were carefully detached from the mold.

For blank patches, the casting materials were pure hyaluronic-
acid solution (0.5 g/mL). Casting materials (30.0 lL) were added
to the surface of the mold and centrifuged under 4390 � g for
10 min, followed by the addition of pure hyaluronic-acid solution
(1.0 g/mL) and centrifugated to serve as the backing layer. After
desiccation, the blank patches were carefully detached from the
mold.

2.10. Mechanical strength test

The mechanical strength of the microneedle patch was evalu-
ated using a universal static testing system. The force–displace-
ment curves were obtained by putting different microneedle
patch (blank patch and SGRM patch containing G-
MSN@Insulin@ZnO-PBA-2) against a stainless-steel plate. The ini-
tial gauge was set at 1.5 mm between the microneedle patch and
the stainless-steel plate. The speed of the plate movement to the
patch was set at 0.5 mm s�1. The failure force was recorded as
the needles began to buckle[50].

2.11. Skin penetration efficiency test

The prepared microneedle patches (G-MSN@FITC-Insulin@ZnO-
PBA-2) were pressed into porcine skin with a thumb. All the nee-
dles were completely dissolved after 5 min. To visualize the per-
meation depth of the microneedle patch, puncture sites of the
porcine skin were imaged and recorded by optical microscope
and confocal laser scanning microscopy.
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2.12. In vivo studies on mice

Type 1 diabetic mice models were induced by STZ intra-
peritoneal injection. STZ dosage was set at 180.0 mg/kg for mice.
Mice were shaved and grouped, including blank patch group,
SGRM patch containing G-MSN@Insulin@ZnO-PBA-2 (12.0 IU/kg)
group and insulin injection group (12.0 IU/kg). The BGLs were
tested over time until they returned to high levels. At the mean-
time, blood samples were drawn at set times to examine the serum
insulin concentration by ELISA kit (MEXN-M0052, China).

IPGTTs were conducted to evaluate the in vivo glucose response
of the SGRM patches. Briefly, diabetic mice were divided into 2
groups. Two groups were administrated with SGRM patches con-
taining G-MSN@Insulin@ZnO-PBA-2 (12.0 IU/kg) and insulin
(12.0 IU/kg). Healthy mice were used as control. After 3 h, mice
were intraperitoneally injected with glucose solution (1.5 g/kg).
BGLs were tested every 10 min for 2 h. The glucose area under
the curve (AUC) between 0 and 120 min was calculated to assess
the responsiveness of the SGRM patch towards blood glucose, in
comparison with the other groups.

Side effects study was conducted on healthy mice to measure
the hypoglycemia risk of SGRM patch. Briefly, healthy mice were
divided into 2 groups, including SGRM patch containing G-
MSN@Insulin@ZnO-PBA-2 (12.0 IU/kg) and insulin (12.0 IU/kg) as
a positive control. BGLs were tested every 30 min over 5 h.

The pharmacodynamic study was conducted on both diabetic
and healthy mice. Briefly, diabetic mice were divided into 4 groups,
including subcutaneous injection of insulin (12.0 IU/kg), applying
SGRM patches containing G-MSN@Insulin@ZnO-PBA-2 (12.0 IU/
kg), diabetic mice with no administration and healthy mice as
the control group. The daily treatments lasted for 4 weeks and all
mice were weighted and tested for BGLs every 3 days. All mice
were sacrificed for serological parameter analysis and harvesting
of the injection sites for H&E staining and TUNEL staining.
3. Results and discussion

3.1. Preparation and characterization of G-MSN@Insulin@ZnO-PBA-1
and G-MSN@Insulin@ZnO-PBA-2

Mesoporous silica nanoparticle (MSN) and zinc oxide dot (ZnO)
were synthesized according to the previous literature [47]. To fur-
ther functionalize these nanoparticles, gluconamide and PBAs were
grafted respectively to obtain G-MSN and ZnO-PBA. The insulin
delivery system G-MSN@Insulin@ZnO-PBA was constructed by uti-
lizing dynamic covalent bonds formed between the gluconamide
and PBAs. G-MSN was characterized using transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
(Fig. 1A; Fig. S8). G-MSN displayed uniform spherical structure
(100–120 nm) and orderly-arranged channels. The surface func-
tionalization of MSN was confirmed by Fourier Transform-
Infrared Spectroscopy (FT-IR) (Fig. 1D). MSN and G-MSN0 without
template removal showed typical CAH stretching vibrations of
CTAB at 2850 cm�1 and 2920 cm�1, and CAH bending vibrations
at 1475 cm�1. However, the FT-IR of G-MSN showed that these
vibrations almost disappeared, indicating the successful removal
of CTAB. Enhanced peaks around 1585 cm�1 and 1640 cm�1 were
attributed to the C@O stretching vibrations generated by glu-
conamide, indicating the successful surface functionalization.
ZnO was characterized as uniform spheres (5–10 nm) using TEM
(Fig. 1B). The functionalization of ZnO was confirmed by FT-IR,
showing that PBAs were successfully grafted onto ZnO to obtain
ZnO-PBA-1 and ZnO-PBA-2(Fig. 1E). Insulin was loaded in the pores
of G-MSN in PBS solution (pH = 2). After the removal of the super-
natant, grafted ZnO was added to block the nanopores. As seen
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from the TEM images (Fig. 1C), the assembled nanoparticles main-
tained spherical structures, and the surfaces were covered with
small spherical dots, showing that the nano zinc oxides were suc-
cessfully connected to the surface of the mesoporous silica
nanoparticles by a dynamic covalent bond between the glu-
conamide and PBAs in order to block the insulin from premature
release while circulating in vivo. The N2 absorption � desorption
measurements (Fig. 1F) further confirmed successful insulin load-
ing and ZnO capping. There were differences in specific surface
area, pore size and pore volume of G-MSN, G-MSN@Insulin, G-
MSN@Insulin@ZnO-PBA-1 and G-MSN@Insulin@ZnO-PBA-2
(Fig. S9). G-MSN has larger pore size (5.6 nm) and pore volume.
After loading insulin, the pore volume and the surface area were
significantly reduced, showing that the insulin had been efficiently
loaded into the pores. Then, after capping with ZnO-PBA, the speci-
fic surface area was further reduced, indicating the successful plug-
ging of the pores by ZnO-PBA. The loading capacity and loading
efficiency of G-MSN@Insulin@ZnO-PBA-2 were calculated to be
7.19% and 31.25%, respectively (Fig. S11).

3.2. In vitro glucose response of constructed nanoparticles

The detection of D-glucose by PBAs based fluorescent probes has
been investigated intensively over the past three decades [27],
however as far as we are aware no previous research has used
them as part of an insulin delivery system. The detection limits
of some of these molecular probes are at millimolar levels, which
is the same as biological glucose levels, as such we considered that
they could be used to construct an insulin delivery system. Two
promising probes, developed by the James group [51,52], were
used to construct G-MSN@Insulin@ZnO-PBA-1 and G-
MSN@Insulin@ZnO-PBA-2. In order to compare the response pro-
file of the two constructed nanoparticles, insulin release tests were
conducted in PBS (pH = 7.4) solutions with different glucose con-
centrations, 0 mg/dL, 180 mg/dL, 450 mg/dL, 900 mg/dL. The
release profiles of the two nanoparticles all displayed glucose
dependent behavior (Fig. 2A and 2B), and the release of FITC-
insulin from the nanoparticles corelated with the glucose concen-
tration, which was due to the dynamic covalent binding between
PBA and gluconamide being broken by competitive interaction
with glucose. G-MSN@FITC-Insulin@ZnO-PBA-2 (Fig. 2B) displayed
enhanced sensitivity towards glucose than G-MSN@FITC-
Insulin@ZnO-PBA-1, resulting in a 19% release towards 180 mg/
dL glucose, mainly because the linker PBA-2 had a higher glucose
binding constant (log K = 1.8) and a lower pKa (pKa = 2.9), allowing
for competitive binding between glucose and PBA-2 at 180 mg/dL,
resulting in facile removal of the ‘‘gate-keeper”. When the glucose
concentration increased gradually from 180, 450 to 900 mg/dL, as
shown in Fig. 2C, G-MSN@FITC-Insulin@ZnO-PBA-2 represented
sensitive FITC-insulin release property. The pulsatile release profile
(Fig. 2D) showed that after first cycle of glucose concentration
change, G-MSN@FITC-Insulin@ZnO-PBA-2 remained steady insulin
release for the following two rounds. For G-MSN@Insulin@ZnO-
PBA-2, the far-UV circular dichroism (CD) spectra at 208 nm sug-
gested that the released insulin retained a-helical secondary struc-
ture and bioactivity, compared with the native insulin solution
(Fig. S12). Therefore, we utilized G-MSN@Insulin@ZnO-PBA-2 to
conduct the in vivo experiments on diabetic animal models.

3.3. In vivo studies of G-MSN@Insulin@ZnO-PBA-2 on type 1 diabetic
rats

In order to evaluate the diabetic treatment effect of the con-
structed nanoparticles, STZ-induced type 1 diabetic rats were
grouped and subcutaneously injected with PBS, insulin, and G-
MSN@Insulin@ZnO-PBA-2, respectively. As shown in Fig. 3A, the



Fig. 1. Characterization of nanoparticles. (A-C) TEM images of G-MSN (A), ZnO (B), and G-MSN@Insulin@ZnO-PBA (C). (D) Fourier transform infrared (FT-IR) spectroscopy of
MSN, G-MSN0, G-MSN. (E) Fourier transform infrared (FT-IR) spectroscopy of ZnO, ZnO-PBA-1, ZnO-PBA-2. (F) Nitrogen adsorption � desorption isotherms of G-MSN, G-
MSN@Insulin, G-MSN@Insulin@ZnO-PBA-1 and G-MSN@Insulin@ZnO-PBA-2.

Fig. 2. In vitro glucose response of nanoparticles. (A) Accumulated insulin release from G-MSN@FITC-Insulin@ZnO-PBA-1 with different glucose concentrations (n = 3). (B)
Accumulated insulin release from G-MSN@FITC-Insulin@ZnO-PBA-2 with different glucose concentrations (n = 3). (C) The release rate (line slope) of G-MSN@FITC-
Insulin@ZnO-PBA-2 at 180, 450, 900 mg/dL glucose concentrations (n = 3). (D) The pulsatile release profile of G-MSN@FITC-Insulin@ZnO-PBA-2 at 0, 180 mg/dL glucose
concentration (n = 3). All experiments were conducted under PBS (pH = 7.4) at 37 �C. Data points represent mean ± SEM.
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PBS-treated group remained high BGLs throughout the observation
period, indicating the successful establishment of diabetic model.
For diabetic rats injected with G-MSN@Insulin@ZnO-PBA-2
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(20.5 IU/kg), the BGLs of rats decreased to normal range[17,53]
(70–200 mg/dL) in 2 h and remained at a normoglycemic level
for about 8 h without occurring hypoglycemia (Fig. 3A), which



Fig. 3. In vivo studies of G-MSN@Insulin@ZnO-PBA-2 on type 1 diabetic rats. (A) Fasting blood glucose levels of type 1 diabetic rats treated with PBS, insulin (20.5 IU/kg) and
G-MSN@Insulin@ZnO-PBA-2 (20.5 IU/kg); **p < 0.01, *p < 0.05 vs. insulin (20.5 IU/kg), (n = 4). (B) In vivo glucose tolerance test toward diabetic rats 2.5 h post administration
of insulin or G-MSN@Insulin@ZnO-PBA-2 (20.5 IU/kg) in comparison to healthy rats; **p < 0.01, *p < 0.05 vs. healthy rats, (n = 4). (C) Response was calculated according to the
area under the curve (AUC) in 120 min, (n = 4). (D) Blood glucose changes of healthy mice treated with G-MSN@Insulin@ZnO-PBA-2 and insulin, (n = 4). (E) Hypoglycemia
index was calculated according to the difference between the initial and nadir blood glucose readings divided by the time at which nadir was reached, (n = 4). Student’s t test
was used. Data points represent mean ± SEM.
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showed better performance than G-MSN@Insulin@ZnO-PBA-1
(Fig. S13). While, the BGLs of diabetic rats treated with insulin
(20.5 IU/kg) quickly decreased to normal range and could only
remained stable for<4.5 h.

IPGTTs were conducted 2.5 h after subcutaneous injection of G-
MSN@Insulin@ZnO-PBA-2 and insulin (20.5 IU/kg). Healthy rats
were treated as the control group without subcutaneous injection.
All groups showed quick rises of BGLs after intraperitoneal injec-
tion of glucose (1.5 g/kg). The BGLs of diabetic rats treated with
insulin alone quickly increased to 400 mg/dL within 60 min and
maintained at hyperglycemia state in the following time. While
the healthy group and T1D group treated with G-
MSN@Insulin@ZnO-PBA-2 showed a decline of BGLs after reaching
260 mg/dL and 200 mg/dL at 30 min, respectively. Then the BGLs of
these two groups gradually returned to normoglycemia levels and
stayed in the following time (Fig. 3B). To further quantify the glu-
cose responsiveness of G-MSN@Insulin@ZnO-PBA-2, the AUC was
calculated from 0 to 120 min. When considering the AUC data,
the parameter was significantly lower in G-MSN@Insulin@ZnO-
PBA-2 group than insulin alone (Fig. 3C).

In order to verify the risk of hypoglycemia, healthy rats were
grouped and subcutaneously injected with insulin and G-
MSN@Insulin@ZnO-PBA-2, respectively. The BGLs of healthy rats
treated with insulin alone quickly decreased to 60 mg/dL within
1.5 h (Fig. 3D), which indicated the hypoglycemic risk of insulin.
While the G-MSN@Insulin@ZnO-PBA-2 group maintained BGLs at
normal range without obvious hypoglycemia. Moreover, the
administration of insulin alone showed three times risk of hypo-
glycemia, compared with G-MSN@Insulin@ZnO-PBA-2 group
(Fig. 3E).
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Furthermore, main organs of diabetic rats were evaluated by
H&E staining to assess the potential risk of injected G-
MSN@Insulin@ZnO-PBA-2 nanoparticles (Fig. S14). After 4 weeks
of treatment, no visible lesions could be observed in the sections
of liver, spleen, kidney, heart and lung, which demonstrated that
the G-MSN@Insulin@ZnO-PBA-2 nanoparticles didn’t cause any
obvious damage to the main organs of diabetic rats.

3.4. Fabrication and characterization of microneedle patches

According to the in vitro insulin release result and in vivo
response to glucose, we further used G-MSN@Insulin@ZnO-PBA-2
to conduct consecutive experiments. In order to facilitate facile
administration of the nanoparticles, we fabricated hyaluronic-
acid based microneedle patches, in which G-MSN@Insulin@ZnO-
PBA-2 or G-MSN@FITC-Insulin@ZnO-PBA-2 were loaded according
to method described above. As shown in Fig. 4A, the prepared
microneedle patches consist of 15 � 15 pyramidal needles, with
an approximate height of 500 lm, which is sufficiently long to pen-
etrate the dermis in order to achieve efficient insulin delivery.

The distribution of G-MSN@FITC-Insulin@ZnO-PBA-2 in the
microneedle patch was observed by confocal microscope. The
nanoparticles were distributed evenly in the upper region of the
needles (Fig. 4B and Fig. 4C), while almost no green fluorescence
was observed near the base, indicating the successful loading of
the nanoparticles, which was essential for efficient transdermal
delivery of insulin.

The mechanical strength of the microneedle patches was evalu-
ated using a universal static testing system. Different microneedle
patches (blank patch and SGRM patch containing G-



Fig. 4. Characterization of G-MSN@FITC-Insulin@ZnO-PBA-2 loaded microneedle patch. (A1, A2, and A3) SEM image of the microneedle patch. (B1, B2, and B3) Confocal
fluorescence microscopy images of the microneedle patch containing G-MSN@FITC-Insulin@ZnO-PBA-2 (B1: Bright field; B2: FITC green fluorescence image; B3: Merged field).
(C) Fluorescence microscopy image of the microneedle patch containing G-MSN@FITC-Insulin@ZnO-PBA-2.
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MSN@Insulin@ZnO-PBA-2 were evaluated to assess the failure
force (Fig. S15)[43]. The failure force was 27.96 N for the blank
patch and 30.67 N for the SGRM patch when the displacement
reached 0.4 mm, which implied sufficient strength and stiffness
for efficient skin penetration.

The skin insertion test was conducted using porcine skin to
evaluate the transdermal delivery capacity of the microneedle
patch (Fig. S16). As shown in Fig. S16A, the porcine skin was
smooth before patch treatment. After application for 5 min, the
skin displayed ordered tiny holes, which were caused by the patch
needles. Then, the same skin was examined under confocal fluores-
cence microscopy (Fig. S16B). The orderly-arranged cube-like
channels revealed that the FITC-insulin was successfully inserted
into the skin and retained. All these results indicated that the patch
treatment could successfully deliver insulin into the dermis of the
skin.

3.5. In vivo studies of SGRM patches on type 1 diabetic mice

To assess the in vivo effect of SGRM patches, the STZ-induced
type 1 diabetic mice were grouped and treated with different sam-
ples, including blank patches containing only HA, insulin and
SGRM patches containing G-MSN@Insulin@ZnO-PBA-2. The insulin
dosage of each group was set at 12.0 IU/kg.

As shown in Fig. 5A, the BGLs of diabetic mice treated with
SGRM patches gradually returned to normal range within 3 h
and maintained below 200 mg/dL for about 4.5 h without entering
hypoglycemia. While, the BGLs of diabetes mice treated with insu-
lin decreased to about 200 mg/dL in 3 h and maintained for about
1 h, and after that gradually returned to hyperglycemic levels.
Thus, SGRM patches treated mice showed 3.5 h longer time of
blood glucose regulation than insulin treated only. However, neg-
ligible decrease in glucose level was observed in the mice treated
with blank patches (HA). As shown in Fig. 5B, after the administra-
tion, the serum insulin levels in mice treated with SGRM patches
increased to a peak value in 2 h, and then kept a prolonged higher
level than those of treated with insulin alone.

IPGTTs were conducted at 3 h after treatment with SGRM
patches or insulin, and compared with healthy control group. As
shown in Fig. 5C, all groups displayed quick rises in BGLs after
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intraperitoneal injection of glucose (1.5 g/kg), and the BGLs of mice
treated with insulin alone quickly reached 400 mg/dL within
30 min and maintained at the hyperglycemia state in the following
90 min. In contrast, the mice treated with SGRM patches quickly
recovered to normoglycemic levels in 30 min and stayed in the fol-
lowing time which is similar to the healthy mice. When AUC from
0 to 120 min was calculated, there was a significant decrease in
SGRM patch group in comparison with insulin alone (Fig. 5D).

In order to assess the risk of hypoglycemia, healthy mice were
grouped and administrated with insulin alone and SGRM patches,
respectively (Fig. 5E and Fig. 5F). The BGLs of mice treated with
insulin alone quickly showed hypoglycemia in 1.5 h, about
55 mg/dL. While, no significant decrease in BGLs was observed in
SGRM patches treated mice. Moreover, the administration of SGRM
patches alleviated the risk of hypoglycemia, compared with insulin
group (Fig. 5F).

Four weeks therapy was further conducted to verify the efficacy
of the SGRM patches treatment and the biosafety of SGRM patches
towards the skin (Fig. S17). Glycosylated hemoglobin (GHb) was
tested to monitor the long-term BGLs control of diabetic mice.
The results indicated that mice treated with SGRM patches daily
for four weeks exhibited similar GHb concentrations to healthy
mice, which meant that the SGRM patch treatment was more effi-
cient in controlling the BGLs of diabetic mice when compared with
the group treated with insulin only. In addition, total cholesterol
(TC) and triglyceride (TG) in the serum was also attenuated in
the SGRM patches treated group when compared to the insulin
group, which further indicated the efficacy of the SGRM patches
treatment. Furthermore, the biomarker of liver damage, including
alanine aminotransferase (ALT), aspartate transaminase (AST),
serum albumin (Alb), and total protein (TP), as well as the biomar-
ker of renal function, blood urea nitrogen (BUN), were also
improved. These results indicated that the liver and renal function
of diabetic mice treated with the SGRM patches were better pro-
tected, compared with the insulin treated group.

What’s more, SGRM patches treatment also had enhancement
on mice BGLs and body weight (measured every 3 days), compared
with insulin treatment alone (Fig. S18 and Fig. S19). Finally, H&E
staining (Fig. S20) and TUNEL assay (Fig. S21) were conducted to
intuitively analyze the biocompatibility of SGRM patches towards



Fig. 5. In vivo studies of SGRM patches on type 1 diabetic mice. (A) Blood glucose levels of type 1 diabetic mice treated with blank patches, insulin (12.0 IU/kg) and SGRM
patches (12.0 IU/kg); **P < 0.01, *P < 0.05 vs. insulin (12.0 IU/kg), (n = 4). (B) Insulin concentration � time curves of diabetic mice treated with SGRM patches and insulin,
(n = 4). (C) In vivo glucose tolerance test of diabetic mice 3 h post administration of insulin or SGRM patches in comparison to healthy mice; **P < 0.01, *P < 0.05 vs. healthy
mice, (n = 4). (D) Response was calculated according to the area under the curve (AUC) over 120 min, (n = 4). (E) Blood glucose changes of healthy mice treated with SGRM
patches and insulin, (n = 4). (F) Hypoglycemia index was calculated according to the difference between the initial and nadir blood glucose readings divided by the time at
which nadir was reached, (n = 4). Student’s t test was used. Data points represent mean ± SEM.
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skins, which showed that both SGRM patches treated group and
the insulin treated group displayed no significant tissue rupture
and inflammation.
4. Conclusions

We have successfully constructed an insulin delivery system G-
MSN@Insulin@ZnO-PBA-2 for type 1 diabetic treatments. Wulff-
type phenylboronic acid was firstly used as the glucose responsive
linker in an insulin delivery system, achieving both prolonged BGLs
regulation and avoided of hypoglycemia in vivo compared with
other PBAs based insulin delivery systems [30,31,33–37]. The
unique Wulff-type phenylboronic acid PBA-2 on ZnO-PBA-2 could
forms stable boronic ester with diols on G-MSN under physiologi-
cal condition, while the boronic ester was completely broken under
high BGLs, thus the capping agent was detached from G-MSN and
insulin was released from the pores. Furthermore, G-
MSN@Insulin@ZnO-PBA-2 was incorporated into hyaluronic-acid
based dissolving microneedle patch to reduce the pain of injection
and achieve convenient administration, which could result in the
development of desirable smart insulin delivery system with the
potential for clinical application. Further studies would focus on
the long-term biosafety and biodistribution of G-
MSN@Insulin@ZnO-PBA-2.
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