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Introduction: Quercetin has an ideal therapeutic effect on islet function improvement in type 2 diabetes mellitus (T2DM). However,
the therapeutic benefit of quercetin is hindered by its poor bioavailability and limited concentration in pancreatic islets. In this study,
superparamagnetic iron oxide nanoparticle (SPION)-modified exosomes were prepared to load quercetin, hoping to endow quercetin
with enhanced water solubility and active targeting capacity with the help of magnetic force (MF).

Methods: Transferrin-modified SPIONs (Tf-SPIONs) were synthesized by exploiting N-hydroxysuccinimidyl (NHS) conjugation
chemistry, and quercetin-loaded exosomes (Qu-exosomes) were acquired by electroporation. Tf~-SPION-modified quercetin-loaded
exosomes (Qu-exosome-SPIONs) were generated by the self-assembly of transferrin (Tf) and the transferrin receptor (TfR). The
solubility of quercetin was determined by high-performance liquid chromatography (HPLC) analysis. The pancreatic islet targeting
capacity and insulin secretagogue and antiapoptotic activities of Qu-exosome-SPIONs/MF were evaluated both in vitro and in vivo.
Results: The Qu-exosome-SPIONs were well constructed and harvested by magnetic separation with a uniform size and shape in
a diameter of approximately 86.2 nm. The water solubility of quercetin increased 1.97-fold when loaded into the SPION-modified
exosomes. The application of SPIONs/MF endowed the Qu-exosomes with favorable targeting capacity. In vitro studies showed that
Qu-exosome-SPIONs/MF more effectively inhibited or attenuated (3 cell apoptosis and promoted insulin secretion in response to
elevated glucose (GLC) compared with quercetin or Qu-exosome-SPIONSs. In vivo studies demonstrated that Qu-exosome-SPIONs
/MF displayed an ideal pancreatic islet targeting capacity, thereby leading to the restoration of islet function.

Conclusion: The Qu-exosome-SPIONs/MF nano-delivery system significantly enhanced the quercetin concentration in pancreatic
islets and thereby improved pancreatic islet protection.
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Introduction

T2DM is a chronic harmful disease and the third leading cause of death after cardiovascular disease and cancer.'
Pancreatic islet dysfunction and peripheral insulin resistance in T2DM may lead to hyperglycemia, which results in many
complications, such as ketoacidosis, hypertension, and atherosclerosis.*> In addition, the high level of oxidative stress
induced by hyperglycemia aggravates the damage to pancreatic B cells, which worsens T2DM.* Thus, maintaining p cell
number and function can effectively restore blood GLC regulation and is thus considered to be the main strategy for the
treatment of T2DM.

International Journal of Nanomedicine 2023:18 5733-5748 5733
Received: 26 June 2023 © 2023 Thuang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By accessing the

Accepted: 23 September 2023
Published: 12 October 2023

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0009-2823-9973
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Zhuang et al Dove

Medicines that are used to promote insulin secretion for the clinical treatment of T2DM mainly include sulfonylureas,
glinides, dipeptidyl peptidase-4 inhibitors and glucagon-like peptide-1 receptor agonists.” However, these medicines
display significant side effects, such as limited efficacy and poor tolerability and exhibit significant mechanism-related
side effects. More significantly, these medicines lack the ability to prevent pancreatic B cell apoptosis, and some even
aggravate it.° In recent decades, a series of clinical studies have confirmed that traditional Chinese medicines play an
essential role in the treatment of T2DM.” Quercetin, a flavonoid antioxidant, is a bioactive component of various Chinese
traditional medicines with ideal medicinal value.® Various studies have demonstrated that quercetin produces a protective
effect on diabetes by preserving pancreatic islet morphology and B-cell numbers or promoting insulin secretion.” '
Moreover, our previous study demonstrated that quercetin extracted from the flowers of the traditional Chinese medicine
Edgeworthia gardneri displays ideal efficacy against pancreatic B-cell apoptosis and promotes insulin secretion both
in vitro and in vivo.'? One study demonstrated that the oral bioavailability of quercetin is less than 17% in rats and 1% in
humans, which has a great impact on its therapeutic effect.'> Moreover, quercetin has poor targeting properties and
cannot accumulate in pathological tissues, which makes guaranteeing its efficacy difficult.

The emergence of nanotechnology has enabled the development of promising traditional T2DM medicine prospects,
including improved bioavailability and controlled and targeted drug delivery and release.'* Materials such as inorganic
nanoparticles, liposomes, micelles and microspheres, have been applied in an attempt to improve the therapeutic effect of
quercetin.'” ™7 Exosomes have been considered to have low immunogenicity and have shown high tolerance when used
as carriers of drugs to certain tissues.'®'® Additionally, the molecular constituents of exosomes are similar to those of the
cells from which they are produced, which endows them with specific functions. A recent study reported that human
mesenchymal stem cell (huMSC)-derived exosomes can alleviate T2DM by improving peripheral insulin resistance and
reducing pancreatic B-cell destruction.”® Additionally, MSC-derived exosomes have been confirmed to be hyperproduc-
tive and hypoimmunogenic; therefore, huMSC-derived exosomes are a desirable vehicle to carry certain medicines for
T2DM treatment.

SPIONSs are ideal tools for targeted drug delivery due to their promising targeting properties, favorable biocompat-
ibility, high stability, and low toxicity.?! SPIONs can be retained at the required area in the help of a sufficient density of
external MF.?* Several studies have shown that exosomes modified by SPIONs display promising targeted drug delivery
capacity under an external MF when treating tumors.>>* Moreover, our previous study demonstrated that exosomes
coupled with SPIONs could target pancreatic islet cells with the help of an external MF.**

Thus, the aim of our study is to construct a synergistic targeted delivery system by conjugating SPIONSs to the surface
of huMSC-derived exosomes loaded with quercetin. Carboxylated chitosan (CS) was applied to generated SPIONs with
the expected size distribution. The COO~ groups of carboxylated CS could react with the NH;" groups of Tf to produce
amido bonds in the presence of carbodiimide (EDC) and NHS sodium salt to produce Tf-SPIONs. Exosomes were
harvested from huMSCs, and quercetin was loaded into the exosomes by electroporation. The membrane protein TR is
found in high abundance in exosomes; therefore, Tf-SPIONs and Qu-exosomes self-assembled to yield Qu-exosome-
SPIONs. As a result, the huMSC-derived exosomes endowed quercetin with better water solubility. Moreover, the
quercetin loaded in the exosomes showed pancreatic tissue targeting with the help of SPIONs/MF.

Materials and Methods

Experimental Reagent

Quercetin (> 95% pure), the reagents used for constructing Qu-exosome-SPIONSs, including FeCl;-6H,0, FeCl,-4H,0,
NH;-H,0, NHS and EDC, and Tween 80 were purchased from Sigma (St Louis, MO, USA). DMEM and fetal bovine
serum were purchased from Gibco (Gaithersburg, MD, USA). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide (MTT) was obtained from Merck (Darmstadt, Germany). Penicillin and streptomycin were
procured from Invitrogen (CA, USA), and B-mercaptoethanol was purchased from Gibco (Gaithersburg, MD, USA).
Streptozocin was obtained from Aladdin (Shanghai, China). The insulin antibody was purchased from Cell Signaling
Technology (MA, USA).
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Synthesis of the Qu-Exosome-SPIONs

CS-SPIONs were synthesized and harvested as described in our previous study with a carboxylated CS concentration of
0.08 mg/mL.>> Two hundred microliters of CS-SPIONs (1 mg/mL) were mixed with EDC and NHS at a molar ratio of
1:2:3 and incubated at 37 °C for 1 h (pH 5.5). To stop the reaction, 5 pL. of 2-mercaptoethanol was added to the mixture.
CS-SPIONs with an activated carboxylic group were harvested through magnetic separation and then resuspended in the
same volume of phosphate buffered saline (PBS, pH 7.4). Thereafter, 10 pg of Tf was incubated with the activated CS-
SPIONSs for 12 h at 4 °C. Next, Tf~SPIONs were harvested through magnetic separation and resuspended in PBS after
washing three times. The harvested Tf-SPIONs were stored at 4 °C.

HuMSC-derived exosomes were collected according to a previous study.”” Briefly, huMSCs (3 x 10° cells/well) were
cultured in a 10 cm dish for 24 h, and then the cell culture supernatant was transferred to a dialysis bag and dialyzed
against PBS for one day. Next, the dialyzed supernatant was centrifuged to remove the cells (200 x g for 5 min). The
collected supernatant was subsequently centrifuged (12,000 x g for 45 min) and filtered through a 0.22 um filter
membrane to further reduce cell debris. The harvested supernatant packed with exosomes was then incubated with
200 pL of 0.5 mg/mL Tf-SPION for 4 h at 4 °C to obtain the exosome-SPIONSs.

Then, 150 uL of a 1 mg/mL exosome solution and 50 puL of a 1 mg/mL quercetin solution were incubated in an
electroporation cuvette. The mixture was electroporated at 350 V for 150 ms in an electroporator (Bio-Rad, USA).?* The
mixture was then incubated at 37 °C for 30 min to guarantee complete pore closure. The resulting solution was
centrifuged (4000 x g for 30 min) in a 100 kDa ultrafiltration tube to remove unloaded quercetin, and then the Qu-
exosomes were harvested.

To obtain Qu-exosome-SPIONs, 2 mL of Qu-exosomes was first dialyzed against PBS overnight and then incubated
with 200 pL of 0.5 mg/mL Tf-SPIONs for 8 h at 4 °C. Magnetic separation was used to remove the uncoupled Qu-
exosomes. The harvested Qu-exosome-SPIONs were then washed with PBS and resuspended in PBS for storage. The
concentration of the SPION solution was determined to be 1.87 pg, and the Tf concentration was 0.08 pg per micrograms
of Qu-exosome-SPIONS.

Characterization of the Qu-Exosome-SPIONs

High-resolution transmission electron microscopy (TEM, JSM-7500F, JEOL Ltd., Japan) was used to characterize the
surface morphology of the Qu-exosome-SPIONs. A Zetasizer Nano (Malvern Instruments, UK) was applied to assess the
size distribution of the Qu-exosome-SPIONs that had been redispersed in distilled water.

Solubility and Stability of Qu-Exosome-SPIONs

The solubility of quercetin loaded into the exosomes was determined by HPLC. Lysis buffer containing Triton X-100 was
applied to lyse the exosomes, and the quercetin concentration in the solution was detected by HPLC according to a previous
study using a Waters Alliance 26952487 HPLC system with an Agilent C18 column (Waters, Milford, MA, USA).*®

HPLC analysis of the quercetin extracted from the flowers of E. gardneri was conducted via gradient elution. The
absorbance of the effluent was measured at 280 nm'2. Briefly, quantification of the quercetin content was performed on
a Waters Alliance 2695-2487 HPLC system equipped with an Agilent C18 column (Waters, USA). Chromatographic
separation was performed with mobile phase A (H,O) and mobile phase B (acetonitrile containing 0.1% trifluoroacetic
acid) with gradient elution at a flow rate of 1 mL/min in. The UV detector was set at a detection wavelength of 280 nm,
and the data were analyzed by Empower.

Qu-exosome-SPIONs were mixed with serum and incubated at 37 °C for one week to evaluate their stability. The Qu-
exosome-SPIONs were harvested from serum by magnetic separation and resuspended for the detection of size distribution at
different time points by using a Zetasizer Nano. Additionally, the quercetin concentration was detected by HPLC.

Cell Culture of MIN-6 Cells
MIN-6 cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Beijing, China). MIN-6 cells were
cultured in DMEM supplemented with 10% fetal bovine serum, 100 units/mL penicillin, 100 pg/mL streptomycin, 1
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mmol/L sodium pyruvate, 2 mmol/L L-glutamine, 10 mmol/L HEPES, and 50 mmol/L 2-mercaptoethanol. Cells were
cultured in an incubator at 37 °C in an atmosphere of 5% CO,.>’

Cellular Uptake of Qu-Exosome-SPIONs/MF

To track the cellular uptake of Qu-exosome-SPIONSs, quercetin was labeled with Cy5.5. Briefly, MIN-6 cells were
cultured in 6-well plates (4 x 10° cells/well) for approximately 24 h until they reached 70% cell confluence, Qu-exosome
-SPIONs or Qu-exosome-SPIONs/MF (density: 1 T) were added to the cell culture medium for 1 h, and the free
quercetin was removed by washing with PBS. Fluorescence microscopy (Carl Zeiss Meditec AG, Jena, Germany) was
used to monitor the fluorescence intensity at 680/710 nm.

Antiapoptotic and Insulin Secretagogue Activities of Qu-Exosome-SPIONs/MF

To evaluate insulin secretion, MIN-6 cells were plated in 24-well plates (3 x 10* cells/well) for 24 h. Increasing
concentrations of quercetin, Qu-exosome-SPIONSs, and Qu-exosome-SPIONs/MF (MF density: 1 T) were incubated with
the MIN-6 cells with 0 or 8.3 mmol/L GLC for 1 h. Subsequently, the culture medium was sampled to measure insulin
levels. A mouse insulin ELISA kit was used to detect insulin levels according to the protocol.

To detect cell viability, MIN-6 cells were plated in 96-well plates (1x 10* cells/well) for approximately 24 h until they
reached 70% confluence. Quercetin, Qu-exosome-SPIONs, and Qu-exosome-SPIONs/MF (MF density: 1 T) were
incubated with the MIN-6 cells in 50 pmol/L H,O, for 24 h and indicated concentrations of H,O, were added at the
beginning of the 1 h incubation period. Thereafter, the cells were washed with PBS twice and incubated with MTT
(0.5 mg/mL) for another 4 h in the dark in a humidified atmosphere (5% CO,, 37 °C). Then, 100 pL of dimethyl
sulfoxide was added to dissolve the precipitate after the cells were with PBS. The absorbance of the resulting product
was measured at 492 nm with a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA, USA). TUNEL
staining was further employed to investigate the anti-apoptosis abilities of Qu-exosome-SPIONs/MF. MIN-6 cells were
plated in 24-well plates (3 x 10* cells/well) for 24 h until they reached 70% confluence. Cells were fixed with 4%
paraformaldehyde for 30 min and permeabilized with PBS containing 0.3% Triton X-100. Then, the cells were incubated
with TUNEL reagent (Beyotime Biotechnology, Shanghai, China) at 37 °C for 1 h. Next, the cells were treated with
DAPI (Beyotime Biotechnology, Shanghai, China) to stain the nuclei. After washing with PBS, images were recorded
using a fluorescence microscope (Olympus-1X711, Japan). The percentage of TUNEL-positive cells was determined by
counting 300 cells from each group.

In vivo Biodistribution of Qu-Exosome-SPIONs/MF

Kunming mice were intravenously administered NHS-CY5.5-labeled quercetin (5 mg/kg), Qu-exosome-SPIONs or Qu-
exosome-SPIONs/MF (MF density: 1 T). In vivo imaging in mice was performed 10 or 30 min after intravenous injection
by using noninvasive near-infrared fluorescence (NIRF). Whole-animal imaging was conducted using the IVIS Spectrum
imaging system (Caliper Life Sciences, Boston, USA).

Acute Therapeutic Effect of Qu-Exosome-SPIONs/MF in T2DM Mice
All protocols of the animal study were conducted following the regulations of the Bioethics Committee of Guangdong
Medical University (Approval NO. GDY2002062), and procedures were performed in accordance with the Chinese
Laboratory animal-guideline for ethical review of animal welfare. High-fat diet/streptozocin (STZ)-induced T2DM
model mice and their controls (C57BL/6J) were constructed and purchased from Guangdong Medical Experimental
Center. Briefly, male C57BL/6J mice were fed a high-fat diet (HFD: 59% fat, 15% protein, and 20% carbohydrates) for
12 weeks; thereafter, the mice were intraperitoneally injected with a low dose of STZ (30 mg/kg) for 7 days to establish
a T2DM mouse model.*® C57BL/6J mice in the normal control group received a standard diet for 12 weeks and were
intraperitoneally injected with citrate—phosphate buffer. T2DM model mice were established with a random blood GLC
level above 16.7 mmol/L.*

For the intraperitoneal GLC tolerance test (IPGTT), mice were fasted overnight and then intraperitoneally injected with
2 g/kg GLC 15 minutes after the administration of saline, quercetin (5 mg/kg), Qu-exosome-SPIONs, or Qu-exosome-SPIONs
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/MEF. Blood GLC levels were monitored from the tip of the tail using a One Touch Ultra Meter (Johnson & Johnson, USA) at 0,
15, 30, 60, 90 and 120 min after GLC administration.>° After the experimental period, the animals were sacrificed by cervical
dislocation. Mouse plasma insulin levels were simultaneously evaluated at corresponding time points using an ELISA kit
(Thermo Fisher Scientific, UK).

Chronic Therapeutic Effect of Qu-Exosome-SPIONs/MF in T2DM Mice

T2DM mice were divided into five groups (n=6 per group). The mice in the normal control (C57BL/6J) group and mice in the
T2DM model control group were administered 0.4 mL of saline intravenously. The T2DM mice in the quercetin group and
Qu-exosome-SPIONs group were administered 5 mg/kg quercetin or Qu-exosome-SPIONs (5 mg of quercetin-equiv/kg)
intravenously. The T2DM mice in the Qu-exosome-SPIONs/MF group were administered Qu-exosome-SPIONs (5 mg of
quercetin/kg) intravenously, and a magnet was pasted on the surface of the pancreatic islets for 1 h after each injection. All the
treatment were administered once daily. Mouse body weight and food intake were recorded throughout the whole experiment
period. At the end of 8 weeks of therapy, homeostasis model assessment insulin resistance (HOMA-IR) value was calculated
to evaluate IR, HOMA-IR = [fasting blood GLC (mmol/L) X fasting insulin (u[U/mL)]/22.5), and HOMA-B was calculated to
evaluate B cell function, HOMA-B = 20 x fasting insulin (W[U/mL)/[(fasting blood GLC (mmol/L) - 3.5]).

Thereafter, the mice were sacrificed by cervical dislocation, and the pancreatic islets and livers were collected for
hematoxylin and eosin (H&E) staining and determination of hepatic glycogen and hepatic triglyceride (TG), respectively.
Blood was sampled by eyeball extirpating and centrifugated (5000 rmp, 10 min) at 4 °C after 45 minutes’ standing, and
serum was harvested by collecting the supernatant. The glycosylated hemoglobin, serum alanine aminotransferase (ALT),
and aspartate aminotransferase (AST) levels in the mice were also evaluated. Glycosylated hemoglobin was measured using
a Mouse CML-AGE ELISA Kit (BMASSAY, Beijing, China). ALT and AST contents were measured using an automated
analyzer (Mindray BS-240Vet, China). Hepatic glycogen and TG levels were detected by a Glycogen Content Assay Kit
(Boxbio, Beijing, China) and a Triglyceride Quantification Assay Kit (Abcam, UK), respectively, following the protocols.

Histological analysis was performed to evaluate pancreatic islet morphology and function. Briefly, pancreatic tissues
were collected and fixed in 4% paraformaldehyde overnight. For H&E staining, pancreatic tissues were embedded in
paraffin and sectioned at a thickness of 5 pm. Microscopy was adopted to observe and photograph the stained sections
(400x). Pancreatic sections were further immunostained for insulin (dilution 1: 200, Cell Signaling Technology, USA).
The islet area was quantified using ImageJ software. An average of 20 islet areas was semi-quantified from each group.*!

Statistical Analysis

The experimental data are expressed as the mean values =+ standard errors of the means (SEMs). Statistical analyses were
performed by one-way analysis of variance, unpaired two-tailed t tests or paired two-tailed t tests. Areas under the curve
(AUCs) were calculated using the trapezoidal rule. A value of p < 0.05 was considered to indicate a statistically
significant difference (*), and p < 0.01 indicated a highly significant difference (**). Experiments were performed in
duplicate, and the number of independent experiments (n) is noted.

Results
Morphology and Characterization of Qu-Exosome-SPIONs

T{-SPIONs and Qu-exosomes were generated previously to construct Qu-exosome-SPIONs. Qu-exosome-SPIONs were
constructed by the self-assembly of Tf and TfR and harvested by magnetic separation. Qu-exosome-SPIONs were redispersed
in solution and observed by TEM to be uniform and monodisperse with a diameter of approximately 85 nm (Figure 1A), which is
in accordance with exosome morphology as reported by a previous study.'” Moreover, the TEM images showed that several
black spots (red arrows in Figure 1A) were distributed on the surface of the exosomes, which indicated that SPIONs had been
successfully conjugated. Figure 1B demonstrates that the size distribution of the Qu-exosome-SPIONs was 86.2 + 6.5 nm, which
was in accordance with the results from the TEM images. Thereafter, the size distribution of Qu-exosome-SPIONSs in serum after
one week was further investigated to determine the in vitro stability. Qu-exosome-SPIONs were collected by magnetic
separation, and their average diameter remained unchanged; moreover, scarce aggregation appeared during the whole
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Figure | Characterization of Qu-exosome-SPIONs. (A) TEM image of Qu-exosome-SPIONs. The red arrows indicate the SPIONs distributed on the surface of the
exosomes. (B) Particle size distribution of Qu-exosome-SPIONs. (C) Change in size of Qu-exosome-SPIONs stored in serum at 37 °C. (D) Change in quercetin
concentration in Qu-exosome-SPIONs stored in serum at 37 °C. (E) Solubility analysis of quercetin by HPLC. n=3, bars with the same letter do not differ significantly

(p >0.05).

observation period (Figure 1C). The desirable stability of the Qu-exosome-SPIONs make it an ideal therapy for the treatment of
T2DM. Additionally, the quercetin concentration was also detected after 7 days. Figure 1D demonstrates that the concentration of
quercetin remained stable for up to 7 days, which was attributed to the protective barrier provided by the lipid bilayer of the
€X0S0mes.

Increasing the solubility of quercetin is essential to improve its therapeutic effect. Therefore, the solubility of
quercetin was determined by the established HPLC method. As depicted in Figure 1E, the aqueous solubility of quercetin
was greatly increased by the addition of ethanol and acetonitrile (10%) or an elevation in temperature (37 °C). Thus, the
solubility of quercetin encapsulated in exosome-SPION was further investigated. The results demonstrate that quercetin
loaded in exosome-SPIONs displayed higher water solubility (1.97-fold) than free quercetin, which may increase the
in vivo efficiency of quercetin to produce a better therapeutic effect.

In vitro Targeting Property of Qu-Exosome-SPIONs/MF

Therapeutic agents with specific targeting properties can increase drug concentrations in the target area, thereby increasing
cellular uptake. To evaluate cellular uptake, quercetin was labeled with Cy5.5. Figure 2 shows that SPION-decorated exosomes
could significantly enhance the cellular uptake of quercetin with the help of an external MF, which may consequently improve its
antiapoptotic and insulin secretagogue activities. This was because the external MF accelerated the gathering of Qu-exosome-
SPIONS on the surface of MIN-6 cells, which in turn facilitated more quercetin entry into these cells.

Antiapoptotic and Insulin Secretagogue Activities of Qu-Exosome-SPIONs/MF in
MIN-6 Cells

Restoring B-cell functionality by promoting insulin secretion and maintaining -cell numbers are two major strategies for
treating T2DM. Therefore, the insulin secretagogue and antiapoptotic activities of quercetin, Qu-exosome-SPIONs, and
Qu-exosome-SPIONs/MF were in 0 and 8.3 mmol/L GLC. Quercetin, Qu-exosome-SPIONs, and Qu-exosome-SPIONs
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Figure 2 Targeting capacity of Qu-exosome-SPIONSs in vitro. Quercetin was labeled with cy5.5 and the cells were washed before fluorescence microscopy observation. n=3.

Quercetin

10 ymol/L
20 min

Qu-exosome-SPION/MF

/MF were unable to provoke insulin secretion in the 0 mmol/L GLC solution, which validated that quercetin relied on the
presence of GLC to induce insulin secretion. Quercetin significantly elevated insulin secretion at concentrations above 5
umol/L and provoked peak insulin secretion at a concentration of approximately 20 umol/L in the presence of 8.3 mmol/
L GLC (Figures 3A and S1). The insulin secretagogue capacity of Qu-exosome-SPIONs was similar to that of quercetin,
while Qu-exosome-SPIONs/MF provoked more insulin secretion in the presence of 8.3 mmol/L GLC, which indicated
that the active targeting property endowed by exosome-SPIONs/MF could notably improve the therapeutic effect of
quercetin.

H,0, was applied to construct a model of apoptosis in MIN-6 cells. The application of H,O, (0, 10, 25, 50, 100 and
1000 umol/L) decreased cell viability and insulin secretion in a concentration-dependent manner in 8.3 mmol/L GLC
(Figure 3B). Incubation with H,O, at a concentration of 50 umol/L for 1 h caused approximately 50% cell apoptosis and
inhibition of insulin secretion. Thus, the effects of quercetin, Qu-exosome-SPIONs, and Qu-exosome-SPIONs/MF on
MIN-6 cell viability and insulin secretion in the presence of 50 pmol/L H,O, were investigated. Figure 3C demonstrates
that quercetin at a concentration of 10 pmol/L could significantly elevate MIN-6 cell viability and insulin secretion in 50
umol/L H,O,. Qu-exosome-SPIONs/MF was found to more effectively prevent apoptosis and promote insulin secretion
than quercetin or Qu-exosome-SPIONs. Additionally, a significant decrease in the proportion of TUNEL-positive cells in
the Qu-exosome-SPIONs/MF treatment group proved that Qu-exosome-SPIONs/MF had the best anti-apoptosis activity
(Figure 3D and E).

In vivo Targeting Property of Qu-Exosome-SPIONs/MF

To investigate the pancreatic islet targeting property of Qu-exosome-SPIONs/MF, whole-animal imaging was recorded
10 and 30 min after the intravenous administration of quercetin, Qu-exosome-SPIONs and Qu-exosome-SPIONs/MF by
using NIRF imaging. As depicted in Figure 4A, weak fluorescence intensity was detected around the pancreatic islet 10
min after intravenous injection, after which the fluorescence intensity decreased and could no longer be detected after 30
min in mice injected with quercetin and Qu-exosome-SPIONs without MF. Higher fluorescence intensity was detected
around the pancreatic islet at 10 min and was greatly enhanced by 30 min after the administration of Qu-exosome-
SPIONSs in the presence of a MF, which validated that Qu-exosome-SPIONs displayed desirable targeting with the help
of an external MF. Moreover, the fluorescence intensity in the pancreatic islets was quantified. Compared with the
quercetin group, the fluorescence intensity around the pancreatic islet was elevated approximately 11.5-fold at 10 min
and 37.5-fold at 30 min in the Qu-exosome-SPIONs/MF group (Figure 4B). No differences in fluorescence intensity were
observed between the quercetin and Qu-exosome-SPIONs without the application of MF groups at either 10 min or
30 min.
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Acute Therapeutic Effect of Qu-Exosome-SPIONs/MF in vivo

The IPGTT was performed and the plasma insulin level was detected to assess the in vivo therapeutic effect of Qu-
exosome-SPIONs/MF. Compared with normal mice, T2DM model mice displayed abnormal GLC tolerance along with
GLC-dependent insulin secretion deficiency (Figure 5A and C). Intravenous administration of quercetin or Qu-exosome-
SPIONs improved the impaired GLC tolerance in T2DM model mice, as validated by faster reduction in blood GLC.
Moreover, Qu-exosome-SPIONs decreased the plasma GLC level more effectively than quercetin, which was attributed
to the better stability and solubility of quercetin encapsulated within the exosomes. Intravenous administration of Qu-
exosome-SPIONs accompanied by MF resulted in a better improvement in GLC tolerance than Qu-exosome-SPIONs
without MF, indicating that the application of a MF clearly improved the pancreatic islet targeting capacity, thus
exhibiting a better effect on blood GLC response. Accordingly, the plasma GLC AUC of Qu-exosome-SPIONs/MF
was significantly smaller than that in the model, quercetin and Qu-exosome-SPIONs groups, which further confirmed that
Qu-exosome-SPIONs/MF had the best hypoglycemic effect (Figure 5B). The observed change in plasma insulin level
was in accord with the improvement in the plasma GLC level. Qu-exosome-SPIONs/MF exhibited the best therapeutic
effect in terms of GLC-stimulated insulin secretion and was accompanied by the largest AUC, with Qu-exosome-SPIONs
coming in second, and quercetin being last (Figure 5C and D).

Chronic Therapeutic Effect of Qu-Exosome-SPIONs/MF in vivo

To investigate the long-term therapeutic effects of Qu-exosome-SPIONs/MF, T2DM model mice were injected with
quercetin, Qu-exosome-SPIONs and Qu-exosome-SPIONs/MF intravenously for 8 weeks. Weight gain is a typical
symptom of T2DM; thus, the body weights of the T2DM mice were measured. The results showed that body weights
of the mice in the quercetin and Qu-exosome-SPIONs treatment groups were significantly reduced compared with that in
the T2DM model group mice. Further body weight reduction was observed in T2DM model mice treated with Qu-
exosome-SPIONs/MF when compared with those treated with quercetin and Qu-exosome-SPIONs (Figure 6A).
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Figure 5 Acute therapeutic effects of Qu-exosome-SPIONs/MF in T2DM model mice. Effects of Qu-exosome-SPIONs/MF (A) on GLC tolerance and (B) the
corresponding AUC. Effects of Qu-exosome-SPIONs/MF (C) on insulin secretion and (D) the corresponding AUC. n=6, significance levels are shown as *p < 0.05 and
*p < 0.01 vs the model group.
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SPIONSs/MF on glycosylated hemoglobin. n=6, **indicates a statistically significant difference at p <0.01 vs model group.

Moreover, treating T2DM mice with Qu-exosome-SPIONSs significantly decreased food intake (control 2.24+0.31 g/d,
model 6.35+0.84 g/d, quercetin 6.12+0.75 g/d, Qu-exosome-SPIONs 5.87+0.68 g/d, and Qu-exosome-SPIONs/MF
5.31 £0.70 g/d) compared with the model group (Figure 6B). These results indicated that the decrease in body weight
in Qu-exosome-SPIONs/MF group may be caused by the diminished food intake.

The liver is highly involved in controlling blood GLC levels, and liver function disorders frequently occur in T2DM.
As shown in Figure 6C and D, Qu-exosome-SPIONs/MF displayed the best therapeutic effects in reducing hepatic
glycogen and hepatic TG in T2DM model mice compared with quercetin and Qu-exosome-SPIONs which indicated that
Qu-exosome-SPIONs/MF displayed a preferable capacity in improving liver function. Moreover, treatment with Qu-
exosome-SPIONs/MF significantly decreased plasma AST and ALT levels compared with the model group, which
verified that Qu-exosome-SPIONs/MF had a protective effect on liver function (Table 1).

HOMA-IR and HOMA-f have been widely used as indices for quantifying insulin resistance and pancreatic -cell function.
As shown in Table 2, the HOMA-IR in the model group exhibited a significant increase compared with the control group,
decreasing to 10.25+ 1.18, 8.24 + 1.12, and 4.23 £ 0.72 after intervention with quercetin, Qu-exosome-SPIONs and Qu-exosome
-SPIONs/MF, respectively. Moreover, the HOMA- results showed that treatment with Qu-exosome-SPIONs/MF greatly

Table | Effect of Qu-Exosome-SPIONs/MF on AST and ALT

Group AST (UIL) ALT (UIL)
Normal 108.35 £ 8.13 24.12 £ 3.85
Model 286.23 + 13.23 248.12 + 12.47
Quercetin 225.18 + 14.26** 173.27 £ 15.31%*
Qu-exosome-SPIONs 187.91 + 13.27%* 86.31 + 9.38%*
Qu-exosome-SPIONs/MF 139.45 + 12.63%* 36.37 £ 5.49*+

Notes: n=6, *¥indicates a statistically significant difference at p <0.01 vs model group.
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Table 2 Effect of Qu-Exosome-SPIONs/MF on HOMA-IR and

HOMA-B
Group HOMA-IR HOMA-§ (%)
Normal 245 + 0.27 112.23 £ 12.24
Model 1257 + 1.23 43.26 + 5.62
Quercetin 10.25 + |.18%* 56.21 + 7.73%*
Qu-exosome-SPIONs 8.24 + |.|2%* 65.47 + 6.45%*
Qu-exosome-SPIONs/MF 4.23 + 0.72%* 86.67 + 7.51%*

Notes: n=6, significance levels are shown as *p < 0.05 and **p < 0.01 vs model group.

improved the HOMA-f index compared with the model group (86.67 & 7.51 vs 43.36 £+ 5.62). Glycosylated hemoglobin is the
gold standard blood GLC evaluation and is commonly used in the clinic. Figure 6E demonstrates that daily administration of
Qu-exosome-SPIONs/MF in T2DM model mice exhibited the best capacity to reduce glycosylated hemoglobin (reduced by
23%) compared with quercetin and Qu-exosome-SPIONs, which further verified that SPIONs/MF in combination with an
exosome-based vehicle could significantly improve the therapeutic effect of quercetin when treating T2DM.

Thereafter, H&E staining was used for morphometric analysis of the islets in T2DM model mice treated with Qu-exosome-
SPIONs/MF. The specimen revealed the pancreatic islet B cells in normal mice exhibited granulated cytoplasm and uniform
nuclei. However, degranulated B cells with obvious vacuolation and dark, scant cytoplasm were observed in T2DM model
mice. T2DM model mice treated with quercetin or Qu-exosome-SPIONs without MF exhibited varying degrees of improve-
ment in terms of the histological structure of the damaged pancreatic islet § cells (Figure 7A). Treatment of Qu-exosome-
SPIONSs and an external MF notably restored the structure of the damaged islets and the extent of vacuolation, which further
verified that the exosome-SPIONs/MF endowed quercetin with a better therapeutic effect to improve impaired pancreatic islet

A Normal Model Quercetin Qu-Exosome-SPION Qu-Exosome-SPION/MF

150

100

50

Islets area (%)

Figure 7 Effect of Qu-exosome-SPIONs/MF on pancreatic islet morphological changes. (A) Histological changes in pancreatic islets and livers. (B) Anti-insulin
immunostaining of the pancreas. The red arrows indicate the insulin positive pancreas islet. (C) Islet areas (%) in pancreatic sections. Data are expressed relative to the
response obtained in the normal group, which was taken as 100%, n=20, **indicates a statistically significant difference at p <0.0l vs the model group.
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B cell function. Additionally, the greatest increases in the amount and area percentage of insulin-positive 3 cells (red arrows in
Figure 7B) in the Qu-exosome-SPIONs/MF treatment group were detected compared with the model group (Figure 7C).

Discussion

Insulin resistance and exhaustion of the pancreas are two main characteristics of T2DM. The exhaustion of the pancreas
is characterized by decreases in 3 cell functionality and mass, which result in the body producing increasingly less insulin
and consequently leads to hyperglycemia.’®> Therefore, restoring pancreatic p cell mass and function are the main
strategies in the treatment of T2DM.

The application of insulin and insulin secretagogues can significantly improve insulin levels and restore impaired GLC
regulation.” However, endogenous insulin displays better kinetics in terms of decreasing gluconeogenesis than subcutaneously
injected insulin. Additionally, insulin and insulin-secreting drugs in the sulfonylurea and glinide classes cannot respond precisely
to increases in blood GLC levels, which may lead to hypoglycemia. Moreover, clinical insulin secretagogues are unable to restore
pancreatic  cell mass, and some even aggravate pancreatic 3 cell loss, thus displaying limited therapeutic efficacy. Quercetin
exhibits ideal antioxidant activity and anti-diabetic activity.*> Increasing evidences have shown that quercetin could elevate
plasma insulin levels in T2DM model animals by maintaining B cell survival and promoting insulin release.”''** Studies have
demonstrated that pancreatic cell protection provided by quercetin involves decreasing the expression of iNOS, reducing the level
of NO, and counteracting NF-Kb activation.>>>® The insulin secretagogue effect of quercetin involves the iPLC/PKC or cAMP/
PKA signaling pathways.*’>* Moreover, our previous study demonstrated that the Ca*"/ERK1/2 signaling pathway was
associated with quercetin-induced insulin secretion and that the mitochondria-associated apoptotic pathway was involved in
the antiapoptotic effect of quercetin.'> However, the desirable therapeutic effect of quercetin is hindered by its poor bioavail-
ability and subeffective concentration in pancreatic islets.>”

In the present study, SPION-modified exosomes were administered to improve the therapeutic effect of quercetin in
the treatment of T2DM. The morphology, size, and stability of the Qu-exosome-SPIONs were investigated in this study.
The results showed that Qu-exosome-SPIONs were successfully constructed and harvested by MF with a uniform size
and shape and a diameter of approximately 85 nm. Moreover, the SPIONs were observed to be clearly distributed on the
surface of the exosomes with desirable stability.

SPIONS, the only clinically approved metal oxide nanoparticles, display immense potential in the targeted delivery of
drugs.*® Their superparamagnetism endows SPION's with the ability to target a specific tissue or organ by the application of an
external MF; moreover, they have been shown to be associated with low toxicity and ideal biocompatibility in the human body.
In vitro targeting experimental data showed that the cellular uptake of quercetin was significantly elevated when loaded into
SPION-decorated exosomes in the presence of a MF. Moreover, the results of NIRF imaging demonstrated that the
fluorescence intensity of the pancreatic islets increased approximately 11.5-fold after 10 min and 37.5-fold after 30 min in
the Qu-exosome-SPION/MF group compared with those in the quercetin group, which verified that SPIONs/MF endowed
quercetin with a desirable in vivo targeting capacity. The advancement of SPIONSs is likely to meet the need for the targeted
delivery of Qu-exosomes to the pancreas for T2DM treatment for clinical translation.

Poor solubility and vulnerability to changes in pH are the main obstacles to the clinical application of quercetin.
Exosomes are ideal drug delivery vehicles compared with existing drug delivery systems. Due to the restrictions of the
lipid bilayer, exosomes can provide a barrier to protect quercetin from degradation and thus overcome its pH instability.
Sun et al demonstrated that curcumin encapsulated in exosomes was more stable and exhibited greater water solubility
than free curcumin.*' The results here demonstrated that when encapsulated in exosomes, the aqueous solubility of
quercetin was greatly increased (1.97-fold), and Qu-exosome-SPIONs showed desirable particle stability. Additionally,
increasing evidence has demonstrated that exosomes are ideal delivery vehicles to overcome biological barriers.** The
blood—pancreas barrier that exists between pancreatic tissue and the blood is the major biological barrier for efficient
drug delivery after systemic drug administration, which often leads to subeffective drug concentrations in the pancreatic
islets and thus results in poor in vivo therapeutic efficacy. The application of SPION-decorated exosomes as vehicles to
deliver quercetin to the pancreas in the presence of a MF was found to overcome the blood—pancreas barrier, thus
achieving an effective therapeutic concentration of quercetin in the pancreatic islets and significantly improving [-cell
functionality.
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The therapeutic effects of Qu-exosome-SPIONs/MF on B cell functionality and mass were verified both in vitro
and in vivo. Qu-exosome-SPIONs/MF displayed more effective in anti-apoptosis and insulin secretagogue activities
than quercetin and Qu-exosome-SPIONs in MIN-6 cells in the presence of 50 umol/L H,O,. Notably, this enhanced
cell viability in turn resulted in a much better improvement in insulin secretion, which was attributed to the dual
therapeutic functions of quercetin (promoting insulin secretion and resisting cell apoptosis) when treating the
pancreas. Both Vessal et al and Coskun et al demonstrated that intraperitoneal injection of 15 mg/kg quercetin in
STZ-induced diabetic rats could significantly elevate B cell numbers and serum insulin.”** Thus, according to the
body surface area-based equivalent and its bioavailability after intraperitoneal injection, intravenous injection of
16 mg/kg quercetin in STZ-induced mice may be effective. The in vivo experimental results showed that intravenous
injection of 5 mg/kg Qu-exosome-SPIONs/MF exhibited a better improvement in the IPGTT and demonstrated
a significant plasma insulin enhancement compared with the quercetin treatment group. Additionally, the results of
the chronic T2DM experiment demonstrated that administration of 5 mg/kg Qu-exosome-SPIONs/MF clearly
improved T2DM symptoms, including body weight, food intake, hepatic TGs and glycogen, HOMA-IR, HOMA-
B, and glycosylated hemoglobin. Thus, it can be concluded that the exosome-SPION delivery system can signifi-
cantly increase the concentration of quercetin at the treatment site and decrease the needed dosage, cost of treatment
and adverse effects on the body. Based on the body surface area-based equivalent, 0.55 mg of Qu-exosome-SPIONs
(0.55 mg of quercetin equiv/kg) may be effective in humans. The results of H&E staining and insulin immunohis-
tochemistry further confirmed that Qu-exosome-SPIONs/MF could significantly resist B cell apoptosis and improve
B-cell numbers, thereby increasing insulin secretion in T2DM mice.
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Conclusion

In this study, quercetin was loaded into SPION-modified exosomes to improve pancreatic islet functionality both in vitro
and in vivo. The lipid bilayer of the exosomes provided quercetin with better stability and higher solubility (1.97-fold), and
the specific targeting property of SPION/MF endowed the Qu-exosomes with ideal targeting capacity as depicted in scheme
1. Poor water solubility and a subeffective concentration in the target area frequently occur and are two major challenges in
pharmaceutical development. Our study provides a favorable strategy to improve the solubility of poorly soluble ther-
apeutics as well as their concentration in the targeted area which is valuable for the application T2DM therapeutics.
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