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Abstract

Glucose-responsive insulin delivery systems that mimic insulin secretion activity in the pancreas
show great potential to improve clinical therapeutic outcomes for people with type 1 and
advanced type 2 diabetes. Here, we report a glucose-responsive insulin delivery microneedle
(MN) array patch that is loaded with red blood cell (RBC) vesicles or liposome nanoparticles
containing glucose transporters (GLUTS) bound with glucosamine-modified insulin (Glu-Insulin).
In hyperglycemic conditions, high concentrations of glucose in interstitial fluid can replace
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Glu-Insulin viaa competitive interaction with GLUT, leading to a quick release of Glu-Insulin
and subsequent regulation of blood glucose (BG) levels /n vivo. To prolong the effective
glucose-responsive insulin release from MNs, additional free Glu-Insulin, which serves as “stored
insulin”, is loaded after RBC vesicles or liposome nanoparticles bound with Glu-Insulin. In the
streptozotocin (STZ)-induced type 1 diabetic mouse model, this smart GLUT-based insulin patch
can effectively control BG levels without causing hypoglycemia.
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INTRODUCTION

Diabetes mellitus, one chronic disease characterized by the loss of the ability to regulate
blood glucose (BG) levels within a normal range, has affected 537 million people worldwide
in 2021, and this number is estimated to be 783 million by 2045.1:2 Insulin, which can

help cells translate glucose to energy, is essential for people with type 1 and advanced

type 2 diabetes to achieve normoglycemia and reduce complications.34 However, traditional
administration of insulin usually fails to match the physiological insulin released by g-cells,
which can intelligently secrete suitable amounts of insulin via metabolism to glucose
transport.>® Failure of glucose control usually can lead to subsequent consequences,
including blindness, limb amputation, cardiovascular disease, and kidney failure.” In
addition, an excess level of insulin can increase the risk of hypoglycemia, which can result
in behavioral and cognitive disturbance, coma, brain damage, seizure, or even death.8 Thus,
it is urgent to develop an intelligent glucose-responsive delivery system that can mimic
B-cells to “secrete” desirable amounts of insulin to regulate the BG level and improve the
quality of life for people with diabetes.5:9.10

To achieve this objective, the closed-loop systems that integrate a continued glucose-
monitoring sensor and an insulin injection pump have been developed.1:6:11 However,
these systems still have many challenges, including sensor reliability, algorithm

accuracy, and biofouling.® On the other hand, synthetic material-based glucose-responsive
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systems have attracted wide attentions as an alternative strategy over the past few
decades.1:6:9:10.12-16 These systems typically include one of three different glucose-

sensing moieties: glucose-binding protein (GBP),1718 glucose oxidase (GOx),12:13.19-22

or phenylboronic acid (PBA).23-27 Various formulations, including scaffolds, microgels,
self-assembled, or emulsion-based nanoparticles, have been exploited to respond to high

BG levels and release desirable amounts of insulin by swelling, shrinking degradation,

or dissociation.12:13.19.23,28,29 Degpite these promising results, such systems still remain
challenging due to concerns, including the long-term toxicity, immunological responses, and
stability of these synthetic systems in the physiological environment.

Herein, we report a glucose-responsive insulin delivery system based on the glucose
transporter (GLUT) molecules that play an important role in transporting glucose, including
glucose transporter 1 (GLUTL), the dominant glucose transporter found in human red

blood cells (RBCs), and glucose transporter 4 (GLUT4), the main glucose transporter

on mouse RBCs.39-33 As shown in Figure 1, glucosamine-modified insulin (Glu-Insulin)
can successfully bind to the nanovesicles derived from GLUT-expressed RBC membranes
via a specific GLUT—-glucosamine interaction.34:35 Of note, the interaction between Glu-
Insulin and GLUT is reversible, and bound Glu-Insulin can be released quickly in high
concentrations of glucose, owing to the displaced interaction between free glucose and
GLUT. To achieve ease of administration, RBC vesicles bound with Glu-Insulin (RBC-
Insulin vesicles) were loaded into the tips of a microneedle (MN) array patch made from
cross-linked hyaluronic acid (HA) for glucose-responsive insulin release. Considering the
limited amount of Glu-Insulin bound to RBC vesicles owing to the one-to-one interaction of
glucosamine and GLUT, additional Glu-Insulin, which serves as “stored insulin”, is loaded
above the RBC-Insulin vesicles. Thus, when exposed to interstitial fluid with high glucose
concentrations, Glu-Insulin can be quickly released from RBC-Insulin vesicles in MNs after
transcutaneous administration. Presumably, Glu-Insulin loaded in the upper layer is expected
to further bind to GLUT expressed on RBC vesicles, similar to a “recharge” process for
further glucose-responsive release.

Moreover, this “GLUT-based glucose-responsive insulin release” strategy can be extended
by anchoring GLUTL purified from E. coli Rosetta (DE3) pLysS cells that express GLUT
after transformation with pET28a-rGLUT1 into liposome membranes, forming liposomes
(GLUT1). Similar to RBC vesicles, Glu-Insulin can bind to liposomes (GLUT1) and be
quickly released from liposomes (GLUT1) in high concentrations of glucose. Similarly,
liposome (GLUT1) nanoparticles bound with Glu-Insulin (liposome (GLUT1)-insulin)
loaded into MNs together with additional Glu-Insulin in the upper layer can regulate BG
levels and avoid hypoglycemia in streptozotocin (STZ)-induced type 1 diabetic mice.

RESULTS AND DISCUSSION

RBC cell membrane vesicles from adult mice containing GLUT4 were prepared using a
serial extrusion of vesicles through polycarbonate membrane filters with pore sizes of 0.8
and 0.22 zm (Figure 1).36 Transmission electron microscopy (TEM) imaging revealed the
formation of RBC vesicles, which exhibited a uniform spherical shape with a diameter
about 200 nm (Figure 2a), as further verified by the dynamic light scattering (DLS) (Figure
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2b). Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) together
with Western blot analysis was carried out to verify the presence of GLUTs on RBC
vesicles (Figure 2c). The presence of GLUTs on RBC vesicles was further verified by
confocal imaging after staining with rhodamine B-labeled anti-GLUT4 antibodies (Figure
S1). Glucosamine was conjugated to insulin v/a a bifunctional NHS-maleimide linker

(7.e., sulfosuccinimidyl-4-( A-maleimidomethyl)-cyclohexane-1-carboxylate), forming Glu-
Insulin, which was verified by matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) (Figure S2). Then, Glu-Insulin was bound to RBC vesicles through the
specific GLUT-glucosamine interaction, which was observed through the confocal imaging
(Figure 2d). Importantly, the binding of Glu-Insulin to RBC vesicles could be competitively
replaced by D-glucose. As shown in Figure 2d, nearly no insulin signals could be detected
after RBC-insulin vesicles were incubated in a 400 mg/dL glucose solution for over 2 hours,
indicating the rapid release of Glu-Insulin under hyperglycemic conditions. The insulin
loading content of RBC-Insulin vesicles was measured to be 0.5 wt % by the enzyme-linked
immunosorbent assay (ELISA).

To evaluate the glucose-responsive release of insulin, RBC-Insulin vesicles were dispersed
in the phosphate buffered saline (PBS) solutions with different glucose concentrations,
including a control level (0 mg/dL), a normoglycemic level (100 mg/dL), and a

typical hyperglycemic level (400 mg/dL). The amount of released Glu-Insulin from RBC-
Insulin vesicles was measured by ELISA. Compared to the control or normoglycemic
condition (0 or 100 mg/dL glucose), the release of Glu-Insulin significantly increased

in the hyperglycemic condition with a glucose concentration of 400 mg/dL (Figure 2e).
Furthermore, the release of Glu-Insulin from RBC-Insulin vesicles could be steadily
promoted when the concentration of glucose was gradually increased from 0 to 400 mg/dL
(Figure 2f). Taken together, these results suggest the potential of the glucose-responsive
release of insulin from the RBC-Insulin vesicles /n vivo.

To realize painless and convenient administration, RBC-Insulin vesicles were loaded in the
cross-linked MN-array patch. For the preparation of MNs, a methacrylated HA (m-HA)
polymer solution containing RBC-Insulin vesicles was first loaded in the tips of a mold
through centrifugation. Then, m-HA polymer solution containing free Glu-Insulin, which
served as the “stored insulin”, was loaded above RBC-Insulin vesicles. The prepared MNs
were arranged in a 15 x 15 array, and each needle exhibited a conical shape with a diameter
of 10 ym for the tip and 300 um for the base, together with a height about 600 um (Figure
3a,b). The fluorescence image exhibited a uniform distribution of fluorescein isothiocyanate
(FITC)-labeled Glu-Insulin inside the MNs (Figure 3c). The mechanical strength of the
cross-linked MNs was measured to be 0.55 N per needle, which was higher than the required
minimum strength of 0.1 N to pierce the skin,37 indicating a sufficient strength of the
cross-linked MNs to penetrate into the skin (Figure 3d). The effective penetration of the
obtained MNs into the mouse skin was further demonstrated by the trypan blue spots on the
skin that were related to the insertion sites of MNs (Figure 3e), which was further confirmed
by the hematoxylin and eosin (H&E) staining (Figure 3f). In addition, the wound caused by
MNs could heal rapidly within 24 hours (Figure S5).
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We then investigated the therapeutic efficacy of MNs loaded with RBC-Insulin vesicles for
hyperglycemia treatment in an S7.Z-induced type 1 diabetic mouse model. These diabetic
mice were divided into three groups: application of the blank MN patch (Blank MN);
subcutaneous injection of free human recombinant insulin (Free insulin); application of
the MN patch loaded with RBC-Insulin vesicles and free Glu-Insulin (RBC-insulin-MN)
(insulin dose for MN-based treatment: 10 mg/kg). The BG levels of mice after different
treatments were closely monitored. As exhibited in Figure 3g, the BG levels of mice
treated with RBC-insulin-MN showed a rapid decrease in the first 1 hour and were
maintained around 200 mg/dL for up to 5 hours without obvious hypoglycemia, which

is longer compared to the subcutaneous administration of free recombinant insulin. This was
contributed to the effective glucose-responsive insulin release from the MNS.

To further investigate the /n vivo glucose-responsive insulin release, intraperitoneal glucose
tolerance tests (IPGTTs)22:26 were carried out 1 hour after treatment with RBC-insulin-MN.
As shown in Figure 3h, the BG levels of the healthy mice in the control group showed

a quick increase and recovered to normal levels in 1.5 hours. In diabetic mice, the BG

levels of mice treated with RBC-insulin-MN showed a delayed increase and declined to the
normoglycemic state in 1 hour. In contrast, the BG levels of mice treated with free insulin
exhibited a continuous increase to the hyperglycemia state within 1 hour. Moreover, the
quantitative glucose response further indicated the enhanced responsiveness of RBC-insulin-
MN to IPGTT compared to the free treatment of insulin (Figure 3i). Furthermore, the
concentration of insulin in the plasma was also measured by ELISA after IPGTT (Figure 3j).
Interestingly, the insulin concentration in the serum followed closely with the fluctuation of
BG levels.

To investigate the potential of RBC-insulin-MN to induce hypoglycemia /in vivo, healthy
mice were treated with blank MN, free insulin, or RBC-insulin-MN. Compared to mice
treated with free insulin, the BG levels of mice treated with RBC-insulin-MN showed a
slight reduction, indicating a reduced risk of hypoglycemia with RBC-insulin-MN treatment
(Figure 3k). The corresponding hypoglycemia index calculated by the difference in the
initial and nadir BG levels divided by the time further verified that RBC-insulin-MN showed
a reduced hypoglycemia index (Figure 3l).

In addition to the RBC vesicles, GLUTL1 purified from Escherichia coli Rosetta (DE3)
pLysS cells, which was verified by SDS-PAGE analysis (Figure S3), could be anchored

in the membrane of liposomes for the glucose-responsive insulin release, which exhibited
a higher concentration of GLUT1 in comparison with RBC vesicles. Liposomes anchored
with GLUT1 were fabricated through the freeze—thaw sonication method according to a
previous study38 (Figure 4a). The obtained liposome with GLUT1 nanoparticles exhibited
a consistent spherical shape with a diameter about 100 nm, as shown in the TEM image
and DLS (Figure 4b,c). The presence of GLUT1 on the liposome membrane was verified
by Western blotting and confocal imaging (Figure 4d,e). The loading efficiency of GLUT1
on the liposome was measured to be 80% v/ia GLUT1 ELISA kits. Afterward, Glu-Insulin
was bound to liposome (GLUT1) nanoparticles, forming liposome (GLUT1)-insulin through
the specific interaction between glucosamine and GLUT1, which was further validated

by confocal imaging (Figure S4). The loading capacity of Glu-Insulin on liposomes was
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measured to be 1 wt % viathe insulin ELISA kits. As expected, liposome(GLUT1)-insulin
also exhibited a quick release of insulin in a hyperglycemic solution with a glucose
concentration of 400 mg/dL (Figure S4 and Figure 5a).

Similar to the RBC-Insulin vesicles, liposome (GLUT1)-insulin was loaded in a cross-
linked MN-array patch for hyperglycemia treatment in an STZ-induced type 1 diabetic
mouse model. Compared to free insulin, liposome(GLUT1)-insulin-MN could maintain the
BG levels of mice for a significantly longer time and reduce the risk of hypoglycemia
(Figure 5b—d). The IPGTT was also carried out 1 h postadministration of free insulin or
liposome (GLUT1)-insulin-MN. As shown, the liposome (GLUT1)-insulin-MN-treated mice
exhibited obviously improved glucose responsiveness to the glucose challenge (Figure 5e,f).

These results, as well as prior findings,1439 support the idea of glucose-responsive insulin
delivery from a MN patch. The minimally invasive nature of the MN patch that allows

for simple self-administration is ideally suited for this application. Current closed-loop
systems involving subcutaneous glucose sensors and continuous insulin pumps that are
modulated by a feedback-control processor are complex, costly, and cumbersome to use.40
Their performance is constrained by time lags inherent in the system, which result in
difficulty to adjust insulin delivery rates in response to physiological changes like exercise or
eating without user input. In contrast, pancreas transplants suffer from limited donor tissue
supply and immune rejection issues,** while bioartifical pancreas approaches involving
encapsulated cells have had limited lifetime in vivo.42 Synthetic insulin-releasing systems,
some of which use glucose-responsive chemistry like in this study, require administration
by injection or implantation and, in the event of burst release or other dangerous situations,
cannot be easily removed from the body.*3

Glucose-responsive insulin delivery from a MN patch is able to capture the advantages of an
indwelling delivery system without the complexity of keeping cells alive and functional or
otherwise needing longevity of action. Because the MN patch is inexpensive to manufacture
and simple to self-administer,4 patients can frequently apply a fresh patch (or remove the
patch if needed), thereby reducing risks of biofouling, incorrect dosing, or other failures. In
this way, a MN patch can simplify and potentially improve glucose management compared
to current closed-loop insulin delivery systems and make the convenience and efficacy of
closed-loop therapy more broadly available to patients with type 1 as well as type 2 diabetes.

CONCLUSION

In conclusion, a strategy based on RBC vesicles containing GLUT bound with glucosamine-
modified insulin was developed for effective glucose-responsive insulin delivery. Under
hyperglycemic conditions, Glu-Insulin could be quickly released owing to the competitive
binding between Glu-Insulin and glucose. The RBC-Insulin vesicles together with free
Glu-Insulin that serves as the “stored insulin” could be integrated with a MN-array patch for
convenient and painless delivery, achieving effective regulation of BG levels in mice with
STZ-induced type 1 diabetes. This strategy can be further extended to liposomes anchored
with GLUT for effective glucose-responsive insulin delivery via MN in a noninvasive
manner.
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MATERIALS AND METHODS

Materials.

All chemicals unless otherwise specified were obtained from Sigma—Aldrich. The lipid
dipalmitoyl-sr-glycero-3-phosphocholine (DPPC) was purchased from Avanti Polar Lipids.
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine A-[methoxy(polyethylene glycol)-5000]
(DSPE-PEG) was purchased from Laysan Bio Inc. Human recombinant insulin (Zn salt,
27.5 1U/mg) was obtained from Life Technology.

Preparation of Insulin-Loaded RBC Vesicles.

RBCs were isolated from whole blood that was collected from C57BL/6 mice and washed
with cold PBS (300 mOsm, pH = 8.0) three times to remove glucose. Then, RBCs were
resuspended in water containing 0.2 mM EDTA for 5 min to induce RBC membrane rupture.
The RBC suspension was dispersed in PBS and centrifuged at 148,000 rpm for 5 min at 4
°C to obtain the precipitate. The above procedures were repeated until the supernatant was
colorless. The RBC membrane was resuspended in homogenization medium (HM) buffer
(0.25 M sucrose, 1 mM EDTA, 20 mM HEPES-NaOH, pH 7.4, and protease inhibitor
cocktail) and was sonicated until the solution was transparent. To prepare the RBC vesicles,
the RBC membrane solution was extruded 10 times through 0.8 zm filters and was then
extruded through 0.22 ym filters for an additional 10 times. Subsequently, Glu-Insulin
prepared according to a previous study#® was incubated with RBC vesicles under gentle
stirring overnight at 4 °C to obtain RBC-insulin vesicles. RBC-insulin vesicles were washed
by centrifugation using PBS (cold, pH 8) to remove unloaded Glu-Insulin and were then
stored at 4 °C for further use.

Preparation of Insulin-Bound Liposomes Containing GLUTL1.

Liposomes were prepared by dissolving DSPE-PEG, cholesterol, and DPPC at a molar ratio
of 0.5:4:6 in chloroform. The solution was evaporated by rotary evaporation to yield a lipid
film. Then, 1 mL of PBS was added, and this mixture was sonicated at 60 °C to obtain

a transparent suspension. Afterward, the solution was extruded through a 200 nm filter 20
times. Then, GLUT1 (method of the expression and purification described in the Supporting
Information) was reestablished on the liposome membrane according to a previous study.*6
Briefly, 0.5 mg of GLUT1 was mixed with 5 mg of liposome dispersed in PBS, which

was then frozen in liquid nitrogen and rehydrated in 60 °C bath for five repeated freezing
and thawing cycles. Then, Glu-Insulin was incubated with liposomes (GLUT1) under gentle
stirring overnight at 4 °C to obtain Glu-Insulin-loaded liposomes (GLUT1). Liposome
(GLUT1)-insulin was obtained by centrifugation using PBS (cold, pH 8) to remove unloaded
Glu-Insulin and stored at 4 °C until use.

In Vitro Release Studies.

To study the glucose-responsive insulin release behavior, RBC-insulin vesicles or liposome
(GLUT1)-insulin were dispersed in solutions with different glucose concentrations (0, 100,
or 400 mg/dL). At different time points, the solutions were centrifuged, and the released
insulin was measured by ELISA.
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Fabrication of RBC-Insulin Vesicles or Liposome (GLUT1)-Insulin Loaded MNs.

All of the MNs used in this work were fabricated with uniform silicone molds purchased
from Blueacre Technology Ltd. Each MN had a base with a diameter about 300 zm,
which tapered to a height of 600 gm tip with the diameter about 10 zm. These needles
were arranged in a 15 x 15 array. To fabricate RBC-insulin vesicles or liposome(GLUT1)-
insulin loaded MNs, 150 L of m-HA (2 wt %) solution containing RBC-insulin vesicles
or liposome (GLUT1)-insulin, N, NV-methylenebis(acrylamide) (MBA, w/v = 2%), and a
photoinitiator (Irgacure 2959, w/v = 0.5%) were deposited onto each MN mold, which
was then kept in a reduced vacuum (600 mmHg) for 30 min. Afterward, molds were
centrifuged at 1000 rpm for 20 min using a Hettich Niversal 32R centrifuge to compact
the nanoparticles into the MN cavities. Afterward, 0.4 mL of m-HA (4 wt %) solution
containing Glu-Insulin (0.4 wt %), N,V -methylenebis(acrylamide) (MBA, w/v = 2%), and
a photoinitiator (Irgacure 2959, w/v = 0.5%) were added to each prepared mold in a
vacuum desiccator and dried for 2 hours. Finally, 1 mL of HA (4 wt %) was added to
each prepared mold in a vacuum desiccator and dried in a vacuum desiccator overnight.
After the completion of desiccation, the MNs were carefully peeled off from the molds
and polymerized under UV light irradiation. The fluorescent MNs were prepared with
FITC-labeled insulin. The morphology of the MNs was characterized by an FEI Verios
460 L field emission scanning electron microscope (FESEM). Fluorescence images were
obtained using an Olympus 1X70 multiparameter fluorescence microscope.

In Vivo Studies Using STZ-Induced Type 1 Diabetic Mice.

The in vivo efficiency of MN patches for diabetes therapy was investigated in STZ-induced
male C57BL/6 diabetic mice (6—-10 weeks) purchased from Jackson Laboratory (USA).
The protocol of the animal study was approved by the Institutional Animal Care and Use
Committee at North Carolina State University and the University of North Carolina at
Chapel Hill. The plasma glucose was detected v7a~3 £A_ blood samples obtained from the
tail vein of each mouse using a Clarity GL2Plus glucose meter (Clarity Diagnostics). Mouse
glucose levels were monitored for 2 days before the experiment. Five mice were selected
for each group and were treated with the MN patch or native insulin. The plasma glucose
levels were measured over time. To detect the concentration of insulin in the plasma, blood
samples were collected from each mouse at different time points. The serum was isolated,
and the insulin concentration was measured by the Human Insulin ELISA kit according to
the manufacturer’s protocol.

Statistical Analysis.

All results are presented as the mean * s.e.m. Statistical analysis was performed utilizing
Student’s ttest or one-way analysis of variance (ANOVA). The threshold for statistical
significance was P< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic showing the glucose-responsive insulin delivery system utilizing a microneedle-
array patch encapsulated with red blood cell (RBC) vesicles bound with glucosamine-
modified insulin (Glu-Insulin) together with additional free Glu-Insulin. Glu-Insulin can
be quickly released under hyperglycemic conditions owing to the competitive interaction
between Glu-Insulin and glucose. The additional Glu-Insulin loaded in the upper layer is
expected to further bind to GLUT expressed on RBC vesicles, similar to a “recharge”
process for further glucose-responsive release.
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Figure2.
Characterization of the Glu-Insulin attached RBC vesicles. (a) TEM image showing the

size and morphology of RBC vesicles (scale bar: 200 nm). (b) Size-distribution histogram
of RBC vesicles measured by DLS. (c) SDS-PAGE and Western blot analysis of the
obtained RBC vesicles, indicating the existence of GLUT4 on RBC vesicles. (d) Confocal
microscopy images of the Glu-Insulin attached RBC vesicles untreated or treated with 400
mg/dL glucose solution (scale bar: 10 um). (e) /n vitro accumulated Glu-Insulin release
from the RBC vesicles in solutions with different glucose concentrations. (f) Self-regulated
insulin release profile of the RBC vesicles as a function of glucose concentration. The
error bars represent the standard error of the mean (s.e.m.) (7= 4). Green color indicated
FITC-labeled insulin.
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Figure 3.
In vivo evaluation of RBC vesicle-loaded MN array patches for the treatment of type 1

diabetes. (a) Photos of the MN array. (b) SEM image of the MN array (scale bar is 400
um). (c) Fluorescence microscopy image of MNs containing FITC-labeled insulin-attached
RBC vesicles (scale bar is 400 pm). (d) Mechanical property of the MN. The failure force
for the desired MN was quantitatively measured to be 0.6 N/needle. () Mouse dorsum
skin was transcutaneously treated with one MN patch, and the image of trypan blue-stained
mouse skin showing the penetration of the MN patch into the skin (scale bar is 500 xm).
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(f) H&E-stained section of a cross-sectional mouse skin area penetrated by one MN (blue
arrow indicates the area penetrated by one MN; scale bar: 500 pm). (g) BG levels in STZ-
induced diabetic mice after different treatments. (h) /7 vivo glucose tolerance test in STZ-
induced diabetic mice at 1 h post treatment of MN or subcutaneously injected with insulin.
Nondiabetic mice were also used as the control. (i) Responsiveness was calculated based on
the area under the curve in 120 min. (j) Change in plasma insulin levels and glucose levels
after IPGTT. (k) BG levels of healthy mice treated with MN or subcutaneously injected
with insulin over time. (1) Quantification of the hypoglycemia index, calculated from the
difference between the initial and nadir BG readings divided by the time at which nadir was
reached. The error bars represent the standard error of the mean (s.e.m.) (n=15). Pvalue: *P
< 0.05.
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liposomes anchored with GLUT. Glu-Insulin can bind to liposome-GLUT1 and be released
from liposome-GLUT1 quickly in high concentrations of glucose. (b) Size-distribution

histogram of liposome-GLUT1 measured by DLS. (c) TEM image showing the size and
morphology of liposome-GLUT1 (scale bar: 200 nm). (d) Western blot analysis of liposome-
GLUT1 indicating the presence of GLUTL in the liposomes. (e) Immunofluorescence
imaging of GLUT1 in the liposomes (scale bar: 10 tm).
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Figureb.

Glucose-responsive insulin delivery using liposomes anchored with GLUTL. (a) /n

vitro release of Glu-Insulin from liposome-GLUT1 in solutions with different glucose
concentrations. (b) BG levels in STZ-induced diabetic mice after different treatments. (c)
BG levels of healthy mice treated with MNs loaded with liposome (GLUT1)-insulin or
subcutaneously injected with insulin over time. (d) Quantification of the hypoglycemia
index, calculated from the difference between the initial and nadir BG readings divided

by the time at which nadir was reached. (e) /n7 vivo glucose tolerance test in STZ-induced
diabetic mice at 1 hour post treatment of MN or subcutaneously injected with insulin.
Nondiabetic mice were also used as the control. (f) Responsiveness was calculated based on
the area under the curve in 120 min. The error bars represent the standard error of the mean
(s.e.m.) (n=15). Pvalue: *P< 0.05.
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