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ABSTRACT

In this work, the chitosan-based luminescent/magnetic (CLM) nanomaterials were synthesized by direct
gelation of chitosan, CdTe and superparamagnetic iron oxide into the hybrid nanogels. The morphology,
sizes and properties of the nanogels prepared with different chitosan/QD/MNP ratios and under different
processing parameters were researched. Fluorescence microscopy, FTIR spectra and TEM images con-
firmed the success of the preparation of the CLM hybrid nanogels. Spherical CLM hybrid nanogels with
appropriate average sizes (<160 nm) were used for insulin loading. The actual loading amount of insulin
was approximately 40.1 mg/g. Human normal hepatocytes L02 cell line was used to explore the effects
of additives, such as mangiferin (MF), (—)-epigallocatechin gallate (EGCG), and (—)-epicatechin gallate
(ECG)ontheinsulin-receptor-mediated cellular uptake using insulin-loaded CLM (ICLM) hybrid nanogels.
Above 80% of viability of LO2 cells were watched at a nanogels concentration of 500 wg/mL whatever the
additives existed or not. The study discovered that the fluorescent signals of the ICLM hybrid nanogels
in LO2 cells were more intense in the presence of MF, EGCG and ECG in medium than in the absence of
these components, respectively. These results demonstrate that MF, EGCG and ECG are potentially able
to enhance targeting combination of insulin with LO2 cells and improve insulin sensitivity in LO2 cells.
The hybrid nanogels designed as a targeting carrier can potentially offer an approach for integration of

insulin delivery, cell imaging, and antidiabetic investigation of dietary supplements.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Insulin is the top-priority drug of treating Type II diabetes mel-
litus that involves resistance of glucose and lipid metabolism and
inadequate insulin secretion by pancreatic 3-cells (Wei etal., 2010;
Khan and Mukhtar, 2007). Besides insulin administration, the assis-
tances of dietary components are also regarded as one of the
effective approaches to regulate the plasma glucose and choles-
terol levels (Yao et al., 2008). Some active components from fruits,
such as mangiferin (MF), have received much attention due to their
antidiabetic activity (Wilkinson et al., 2008). Several studies have
demonstrated that mangiferin or analog was primarily responsi-
ble for the inhibition of protein tyrosine phosphatase 1B (PTP1B)
(Hu et al., 2007; Klaman et al., 2000) and the regulation of the
transactivation of peroxisome proliferator-activated receptor iso-
forms (PPARs) (Rau et al., 2006) on insulin signaling pathway. In our
previous work (Shen et al., 2011), we suggested that mangiferin
possessed strong affinity with membrane protein and abundant
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binding sites on pancreas islet cell membrane and verified that
mangiferin could regulate the insulin signaling pathway. Regret-
tably, the effects of mangiferin on insulin bioavailability are not
well understood. In addition, teas are reported to have multiple
biochemical and pharmacological activities, such as antioxidant,
anticarcinogenic, antiviral and antidiabetic effects (Anrakua et al.,
2011; Sandra et al., 2010; Lee et al., 2009). Tea contains many nat-
ural polyphenols that are predominately composed of catechins
(Hu et al., 2009). Among them, (—)-epigallocatechin gallate (EGCG)
and (—)-epicatechin gallate (ECG) are the major active components
(Shoji and Nakashima, 2006; Kao et al., 2006) that are confirmed
to possess antiobesity and antidiabetic effects (Yang et al., 2001;
Marta and Arantxa, 2011; Yun, 2010). However, relative less infor-
mation is available about the mechanism of EGCG and ECG on
antidiabetic effect.

Chitosan, the abundant natural polysaccharide only second to
cellulose, has attracted extensive attention because of its versa-
tile properties, such as biological functionality, biocompatibility,
nontoxicity, biodegradability (Calero et al., 2010). These attrac-
tive properties have provoked the development of chitosan-based
particulate systems, especially chitosan nanoparticles which have
been adopted as the carriers for delivery of peptides and proteins,


dx.doi.org/10.1016/j.ijpharm.2012.01.059
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:zhanghx@lzu.edu.cn
dx.doi.org/10.1016/j.ijpharm.2012.01.059

J.-M. Shen et al. / International Journal of Pharmaceutics 427 (2012) 400-409 401

antibiotics, antihypertensive drugs, anticancer drugs (Dash et al.,
2011; Jia et al., 2009; Trapani et al., 2010). Three major advantages
to chitosan particulate systems as drug carriers can be summarized
as: protective property, controllable release and high bioavailabil-
ity. It is crucial for drug carriers to preserve structural integrity
and bioactivity of drugs, especially peptides and proteins such
as insulin. The encapsulated chitosan nanoparticles can protect
insulin from enzymatic degradation and denaturation in the harsh
environment in vivo (Trapani et al., 2010), meanwhile can control
the release of the encapsulated or adsorbed insulin (Sadeghi et al.,
2008). Moreover, chitosan may prolong adhesion time of particles
on cell membranes due to its mucoadhesive properties (Sadeghi
etal., 2008), which may earn more opportunities for affinity binding
between insulin and its receptors on the cell membranes, in turn,
improve the bioavailability of insulin (Sinha et al., 2004). Besides
that, chitosan also has bioactive properties associated with antidi-
abetic activity only on its own capacity. It is reported that high
molecular weight chitosan demonstrated the potential of reduc-
ing hyperglycemia and hypercholesterolemia in streptozotocin-
induced diabetic rats (Yao et al.,2008), and the potential of reducing
significant levels of cholesterol, in turn, inhibiting the subsequent
development of oxidative stress relating to diabetes mellitus in
human (Gomes et al., 1995). Chitosan could also improve insulin
sensitivity in obese patients and demonstrated a decrease in weight
and body mass index (Shukla and Taneja, 2002). Chitosan-based
nanoparticles are simultaneously, in short, the very important
carriers of insulin delivery and the supplement of antidiabetic
drugs. Therefore, it is feasible to develop chitosan nanoparticles
as the carrier for exploring effect mechanism of other antidiabetic
drugs.

The multifunctional chitosan particulate systems prepared
by the incorporation of other function materials, such as mag-
netic and fluorescent materials, may enlarge its application in
biomedicine and biotechnology. Lee et al. developed a chitosan
magnetic nanoprobe by the incorporation of superparamagnetic
iron oxide into the self-assembled nanoparticles for hepatocyte-
targeted magnetic resonance imaging (MRI) (Skrzydlewska et al.,
2002). The trans-membrane transport behaviors of chitosan
nanoparticles in cells could be detected based on emitting flu-
orescence signal from fluorescent marker-labeled chitosan (Jia
et al., 2009). In fact, chitosan-based magnetic nanocomposites
incorporated with fluorescent marker may produce greater poten-
tials compared to chitosan nanoparticles with single property
in application for integration of drug delivery, tissue imaging
and cell tracking. The superparamagnetic iron oxide in multi-
functional nanocomposites can be safely used to label tissues
in vivo for MRI tracking (Juang et al., 2010), while fluorescent
marker labeled in composites could be tracked to obtain imag-
ing of migration and anchoring of drugs in cells (Cho et al,
2010). Therefore, we can know effect of assistant antidiabetic
components through observing comparatively MRI or cell imag-
ing of insulin-loaded multifunctional chitosan particulate systems
in tissues or cells in the presence/or absence of these compo-
nents.

In this paper, to clarify the precise mechanism by which
the combination of MF, EGCG and ECG with insulin produced
antidiabetic effects, respectively, we synthesized chitosan-coated
luminescent/magnetic (CLM) hybrid nanogels by direct gelation
of chitosan, CdTe QDs and superparamagnetic iron oxide into
the hybrid nanogels and accomplished the subsequent loading
of insulin on CLM hybrid nanogels (Scheme 1). After release
profiles and cytotoxicity of insulin-loaded CLM (ICLM) hybrid
nanogels are evaluated, we explore the effects of above three
active components on the insulin-receptor-mediated cellular
uptake by human normal hepatocytes L02 cell using ICLM hybrid
nanogels.
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Scheme 1. Schematic diagram of designing multifunctional CLM hybrid nanogel
and its potential applications in biomedicine.

2. Materials and methods
2.1. Materials

Ferric trichloride hexahydrate, ferrous chloride tetrahydrate,
aqueous ammonia, tellurium powder (purity above 99%), sodium
borohydride, cadmium chloride (99%), thioglycolic acid (TGA, 99%),
chitosan (80 mesh, MW 22.4kDa, deacetylation degree above
95%), insulin were purchased from Sigma. RPMI-1640 medium
was obtained from Gibco (USA). Calf serum was acquired from
Sijiging Biological Engineering Materials Co., Ltd. (Hangzhou,
China). Human normal hepatocytes L02 cell line was obtained from
the cell bank of Shanghai Science Academe (China). All other chem-
icals were of analytical grade. The water used in the study was
prepared using a Milli-Q Water Purification System (Milli-Pore,
Bedford, MA, USA).

2.2. Synthesis of TGA-capped CdTe quantum dots

The TGA-capped CdTe quantum dots were synthesized by the
hydrothermal route combined with previous literature (Guo et al.,
2006). Briefly, sodium borohydride and tellurium powder were
mixed in 4 mL of deionized water by a molar ratio of 3.4:1 and
stirred for 2h under protection of nitrogen to prepare sodium
hydrogen telluride (NaHTe). CdCI, (1.1 mmol) and TGA (2.0 mmol)
were dissolved in 200 mL of water followed by adjustment to pH
8.2. Then, oxygen-free solution containing fresh NaHTe (4 °C) was
added to a Ny-saturated CdCl,-TGA solution in an ice-water bath.
The concentration ratio of CdCl,, TGA and NaHTe was fixed at
1:2:0.5 for all samples. The mixtures (204 mL) were transferred
rapidly into a round bottomed flask with a volume of 500 mL and
were vigorously stirred for 1 h in an ice-water bath until faint yel-
low color. The CdTe precursor solution was maintained at 100°C
in an oil bath and stirred strongly under reflux for 4 h. The flask
was cooled to room temperature (about 20°C). As-prepared prod-
uct was TGA-capped CdTe nanocrystals with red emission color.
According to measurement data of spectrofluorimeter, the PL quan-
tum yield (QY) of the resulting CdTe QDs was determined as
30-40%.

2.3. Synthesis of Fe304 magnetic nanoparticles (MNPs)

The superparamagnetic Fe;O4 nanoparticles were prepared as
described (Xu et al., 2006). Typically, ferric trichloride hexahydrate
and ferrous chloride tetrahydrate were mixed in 20 mL of deionized
water by a molar ratio of 2:1 and stirred and heated to 80 °C until
appearance of a dark orange color under protection of nitrogen.
Then 12.5mL of aqueous ammonia was added to above solution,
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and the mixture was maintained at 80°C for 20 min. After cooled
to room temperature, the black precipitate was separated with
a centrifuge at 6000 rpm for 5min and washed thoroughly with
deionized water and ethanol. Finally, the product was dried in a
vacuum oven at 60 °C.

2.4. Synthesis of CLM hybrid nanogels

Firstly, the prepared CdTe nanocrystal was irradiated for 24 h in
natural light to obtain high photoluminescence (PL) intensity QDs,
and precipitated in excessive anhydrous ethanol, dissolved again
in deionized water, and then adjusted pH to 7.5. If not specifically
mentioned in the text, CdTe nanocrystal concentrated 10 times
was used as the reaction solution. Secondly, the as-prepared Fe304
MNPs were washed three times with 5% aqueous ammonia by mag-
netic separation, followed by prepared into suspension (50 mg/mL)
with PBS buffer (5mM, pH 6.0) containing 0.1 M NaCl. Thirdly, at
room temperature, the required amount of chitosan powder was
added to 2% acetic acid solution and dissolved under sonication
for 30 min. The solution was centrifuged at 1000 rpm for 5 min to
remove any impurities. Then, the amount of Fe304 was kept con-
stant at 4 mmol in all cases, while the amount of QDs was varied
on the basis of the QD:Fe304 ratio (1:1, 2:1, 5:1, 10:1, 20:1), the
mixture was sonicated for 5 min. The suspension was poured into
24 mL of the required concentration chitosan solution with vigor-
ous stirring, and then was further sonicated for 40 min. Finally, the
chitosan-coated QDs/Fe304 nanoparticles were washed with above
PBS to completely remove the excessive unbound precursors in
aqueous solution, and followed by freeze drying to obtain dried
CLM hybrid nanogels.

2.5. Insulin loading and in vitro release

The synthesized CLM hybrid nanogels were dispersed again in
the PBS buffer (5mM, pH 7.0) containing 0.1 M NaCl by ultrasoni-
cation for 30 s to reach a concentration of 10 mg/mL. An estimated
amount of insulin was added to CLM hybrid nanogels suspension
to prepare an insulin concentration of 2 x 10~> mol/L. The mixture
was shaken gently and incubated for 24h at 5°C and then cen-
trifuged at 10,000 rpm for 10 min. The pellets were washed three
times with above PBS to completely remove the unbound insulin in
aqueous solution, followed by freeze drying to obtain dried insulin-
loaded CLM (ICLM) hybrid nanogels. All the supernatants were
collected, and the concentration of the unconjugated insulin was
assayed using the Bradford method (Bradford, 1976). The amount of
loaded insulin on CLM hybrid nanogels was determined according
to the changed concentration in solution before and after reaction.
All the experiments were carried out in triplicate.

The release profile of insulin in vitro was evaluated in PBS
(50mM, pH=7.4 and pH 5.3). First, 30mg of the ICLM hybrid
nanogels was soaked in 30 mL of medium at 37+1°C in a water
bath with gentle shaking. 0.5 mL of sample in the solution was
withdrawn by means of magnetic separation at defined time peri-
ods and analyzed using the Bradford method. An equal volume of
fresh medium was added and the amount of insulin released was
calculated as described (Fisher et al., 2003). Each experiment was
conducted in triplicate and results are presented as mean (standard
deviation).

2.6. In Vitro cytotoxicity study

In Vitro cytotoxicity was studied using a MTT method assay.
L02 cells (1 x 10% cells/well) were incubated in RPMI-1640 medium
containing calf serum (10%) and 1% penicillin-streptomycin in
a 96-well plate, in a fully humidified incubator at 37°C with
5% CO,. When the cells reached 80% confluence with normal

morphology, blank CLM, and ICLM hybrid nanogels with varied
concentration were added to cells, respectively, and then these
cell dishes were put into incubators at 37°C for 12h. In order
to evaluate pharmacological effects of MF, EGCG and ECG, in
another experiment group, a specified concentration of MF, EGCG
and ECG were added to binding medium, while the other con-
ditions were kept constant. The control experiments were also
conducted as LO2 cells alone in the absence of nanogels and any
additive. After incubation for a defined time, the culture medium
was removed and 20 wL of MTT reagent (diluted in culture medium,
0.5mg/mL) was added, followed by incubating for another 2h.
The MTT/medium was removed carefully and DMSO (150 L) was
added to each well for dissolving the formazan crystals. Absorbance
of the colored solution was measured at 570 nm using a microplate
reader (Bio-Rad, iMark™). All experiments were performed in
triplicate.

2.7. Cellular imaging

The cellular images were acquired with a laser confocal scan-
ning microscope (LCSM, ZEISS, LSM 510 Meta, Germany). LO2 cells
(6 x 10* cells/well) were seeded on a 6-well Plate 37°C for 24h.
After that, the blank and insulin-loaded CLM hybrid nanogels with
a concentration of 100 pg/mL were added to the cell dishes, respec-
tively. After a further 1h incubation, these nanogel-loaded cells
were washed with PBS three times to remove the free nanogels
attached on the outer surface of cell membrane and oversize par-
ticles adhered to cells. The cellular uptake was detected on LCSM
for luminescence imaging under excitation wavelength of 488 nm.
The cell imaging of two control experiments were also performed:
LO2 cells alone, and LO2 cells incubated with free additives. All
experiments were performed in triplicate.

2.8. Characterization

Fluorescence spectra were recorded on a RF-5310 PC spec-
trofluorophotometer (Shimadzu, Japan). Transmission electron
microscopy (TEM) images were measured with a TecnaiG2 F30 (FEI,
USA) by placing one drop of the samples on copper grids coated
with carbon. X-ray energy dispersive (EDX) spectra were obtained
on an S-4800 field emission scanning electron microscope with an
EDX spectroscopy (Hitachi, Japan). The Fourier transform infrared
(FTIR) spectra were acquired with an FTIR spectrometer (NEXUS
670 FT-IR, Nicolet, USA). The magnetic properties were recorded
using a vibrating sample magnetometer (VSM) (Lake Shore, USA).
The hydrodynamic diameter of the CFLMNPs was determined by
dynamic light scattering (DLS) (BI-200SM, Brookharen Instruments
Corporation, USA). Others also employed in this work were a high-
speed refrigerated centrifuge (Himac, CR 21G, Hitachi, Japan), a
sonicator operated at 35 kHz (Elma TI-H-5 MF2, Germany) and level
swing bed with temperature controller (Heo Bio-Tech Co., Ltd., Bei-
jing, China).

3. Results and discussion
3.1. Preparation of CLM hybrid nanogels

For the preparation of CLM hybrid nanogels, firstly, the MNPs
were treated with 5% aqueous ammonia to obtain MNPs with
the sufficient hydroxyl groups on the surface, which can facilitate
to bind MNPs to chitosan. And then QDs and MNPs were mixed
together using the chitosan as gelation agent according to cer-
tain ratios of chitosan/QD/MNP. Fig. 1a-c shows TEM images of
the CLM hybrid nanogels prepared by keeping constant the ratio
of QDs:MNPs and by varying either the amount of chitosan added
or vibrating modes. It is clear that under sonicate mode the QDs
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Fig. 1. TEM images (a-c) and corresponding fluorescence microscope images ((d-f) 10x, excitation laser wavelength =488 nm) and VSM magnetization curves (inset in d-f)
of the CLM hybrid nanogels prepared with different ratios of chitosan/QD/MNP ((a) 50/143/57, sonicate binding; (b) 50/143/57, shaking binding; (c) 200/143/57, sonicate
binding) at 298 K, respectively. Other conditions: medium pH =6.0; reaction time =40 min; and NaCl concentration = 100 mmol/L.

and the MNPs were randomly distributed all over the nanogels
(Fig. 1a), and the nanogels tends to small particle sizes, high fluo-
rescence and magnetic properties (Fig. 1d). In the case of vibrating
mode, the QDs and the MNPs were squeezed together and clus-
tered round core of the nanogels (Fig. 1b), in addition, the nanogels
tends to big particle sizes, relatively weak fluorescence and mag-
netic properties because of thick chitosan shell (Fig. 1e). When
chitosan takes up a high content in ternary precursors, the CLM
hybrid nanogels synthesized tends to big sizes and irregular mor-
phology (Fig. 1c), moreover, the nanogels display high fluorescence
and moderate magnetism due to the exposure of QDs and MNPs
to the surface (Fig. 1f). These results reveal the dependence of the
hybrid nanogels properties on feeding ratios of chitosan/QDs/MNPs
and vibrating modes in the course of the preparation. In order to
obtain the desired nanogels, in this study, we selected the nanogels
prepared using ratios of 50/143/57 (chitosan/QD/MNP) and son-
icate mode. A typical size distribution from DLS and TEM image
containing multiple hybrid nanogels prepared using selected con-
ditions were provided as supporting materials 1 and 2. It can be
clearly found that although the suitable feeding ratios of precursors
and synthetic conditions can lead to small sized hybrid nanogels
(e.g., mean diameter ~160 nm), the mean hydrodynamic diame-
ters from the DLS were larger than these values obtained from TEM
image due to dehydration.

The stablity of CdTe QDs and Fe304 MNPs in the interior of hybrid
nanogels was also assessed by examining the fluorescent and mag-
netic properties of the hybrid nanogels under different conditions
(e.g., different pH or temperature). The results showed that the
stability of the hybrid nanogels mainly depend on the ratios of chi-
tosan/QD/MNP and vibrating modes in the course of fabrication.
On the basis of fluorescence intensity and saturation magnetiza-
tion measured at pH 5.0-8.0 and at 20-40°C, CdTe QDs and Fe304
MNPs in the interior of hybrid nanogels should be stable and be not

released. We take into consideration only application in physiology
environmental, so the tests under harsh environmental conditions
were not done.

Fig. 2 shows the PL intensity of the CLM hybrid nanogels pre-
pared by keeping constant the amount of chitosan and by varying
the ratios of QDs:MNPs. The PL intensity from the hybrid bead (at
562 nm) is proportional to the concentration of QDs in the sample.
Typically, high QDs:MNPs ratios, i.e., 10:1, corresponding to more
amounts of CdTe QDs bound onto the particles, leaded to a strong
PL intensity.
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Fig. 2. Dependence of PL on feeding ratios of chitosan/QD/MNP. (a)-(e) Represent
PL intensity of as-prepared hybrid nanogels by different chitosan/QD/MNP ratio: (a)
50/100/100; (b) 50/143/57; (c) 50/167/33; (d) 50/182/18; and (e) 50/190/10.
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and (d) reaction time based on DLS measurement. The other constant conditions except a single or two varied parameter: initial chitosan concentration =2 mg/mL, reaction
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3.2. Effect of processing parameters on the hybrid nanogels sizes

For in vivo delivery, the particle sizes of 10-200 nm are optimal
since they can escape rapid renal clearance (<10 nm) and seques-
tering by the reticuloendothelial system of the spleen and liver
(>200nm) (Win and Feng, 2005). Thus, the size and stability of
drug carriers are important properties that will directly affect the
biodistribution and circulation time of the carriers (Schmalenberg
et al., 2001). Chitosan molecule is a kind of polyelectrolyte with
cation in solution. Chitosan concentration, temperature, pH, salt
concentration and reaction time have great influences on chitosan
nanogel sizes. Fig. 3 shows the effect of processing parameters on
average particle sizes of the hybrid nanogels. As is well seen in
Fig. 3a, the average diameter of the resulting hybrid nanogels was
about 160 nm when initial chitosan concentration was 2 mg/mL,
while the value was more than two times when initial chi-
tosan concentration was 7 mg/mL. At high concentration, each
chitosan macromolecule, like irregular mass, twines into the net-
work structure, which leads to the increase of entangling degree
and friction force between the molecules, in turn, the viscosity
of the solution increases. Thus, the average particle sizes of the
hybrid nanogels synthesized are bigger at higher initial chitosan
concentration.

It is found that when reaction temperature rises, the resulting
hybrid nanogels has a small size (Fig. 3b) because of the increasing
mobility, weakened entangling degree and decreasing friction force
between the chitosan molecules. However, the rigidity of product
synthesized at high temperature is not enough to maintain stable
shape due to weak entangling degree, in addition, the PL intensity of
the resulting hybrid nanogels will clearly decreased due to change
of the surface trap sites of CdTe QDs at high temperature (Biju et al.,
2005). In this study, we synthesized the hybrid nanogels at 25°C to
give consideration to two aspects.

It is clear that pH and NaCl concentration also have great effects
on sizes of the prepared hybrid nanogels (Fig. 3c) because the
pH and ions of the solution can affect the electrical properties
of functional groups of chitosan. On one hand, the particle sizes
were smaller in an acidic medium than neutral that. The small
sizes at pH <6.0 may be due to electrostatic repulsion of chitosan
molecules because of introduction of excessive similar charges in
a relatively acid environment. The evident decline of particle sizes
at pH>7.0is attributed to the poor solubility because of the defor-
mation of chitosan molecules from sphere shape into chain shape.
The electrostatic shielding and deformation of chitosan molecules
may hinder their entanglement and gelation. On the other hand,
the particle sizes were also varied in medium with different NaCl
concentration even if pH keeps constant. This is mainly because
chitosan molecules bring more ions in a dilute salt solution, which
lead to electrostatic repulsion and low viscosity, in turn, aggre-
gation of particles is restrained. The existence of big particles in
reaction medium under high NaCl concentration (500-1000 mM)
indicated possible aggregation. This could be come down to com-
petition of excess salt with chitosan for water molecules, which
resulted in relatively high viscosity and particle aggregation. In this
work, we selected the reaction system of pH 6.0 medium contain-
ing 100 mM Nacl to obtain the hybrid nanogels with desired sizes
(<160 nm). It can be observed in Fig. 3d that the particle sizes of the
hybrid nanogels increased gradually with increasing reaction time.
In order to control effectively particle sizes, 40 min was considered
sufficient to establish equilibrium.

3.3. Characterization of the hybrid nanogels
The success of the preparation of the hybrid nanogels can be

verified by comparing the FTIR spectra of products with spectra of
various precursors. Fig. 4 shows the FTIR spectra of Fe304 MNPs,
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Counts

CdTe QDs, chitosan, CLM and ICLM hybrid nanogels, respectively.
As indicated in Fig. 4b, the characteristic peak resulted from the
amino group of chitosan occurred at 1600 cm~!, and two main char-
acteristic peaks of TGA-capped CdTe at 1550 cm~! and 1400 cm™!
corresponding to the carboxyl antisymmetrical vibration and car-
boxyl symmetric vibration were observed, respectively. We also
find one peak at 590 cm~! (Fig. 4b) related to the Fe—O vibration
which did not exist in pure chitosan. These results confirmed that
the chitosan-based luminescent/magnetic hybrid nanogels have
been achieved.

The nonuniform distribution of QDs and MNPs in a single hybrid
nanogel is supported by TEM images and X-ray energy dispersive
(EDX) spectra, as shown in Fig. 5. It was seen that the bead shell
comprised mainly Fe element (Fig. 5B(a) and C) that contributes
to the bead composition (Cu element comes from copper grids),
while S, Cd and Te elements were dominating elements in the bead
central region (Fig. 5B(b) and D) where the Fe peak, still present,
was much less than in shell.

3.4. Insulin loading and pH-regulated release properties in vitro

In order to evaluate the feasibility of the CLM hybrid nanogels
as an insulin delivery carrier, we carried out insulin loading studies
using CLM hybrid nanogels. Chitosan molecules served as gela-
tion agent possesses a large number of amino groups that some
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Fig. 5. TEM images of (A) Fe304 MNPs and (B) a single CLM hybrid nanogel. In (a) and (b) two sections, highlighted in boxes, one on the edge (a) and the other at the center
(b) of the nanogel, were selected for the ingredient diagram by EDX as shown in (C) and (D), respectively.
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expose to the surface of the hybrid nanogels, which provides the
favorable platforms for insulin conjugating via hydrogen bonds, as
shown in Scheme 1. In addition, under defined loading conditions
(pH 7.0), the insulin molecules carry net negative charges due to
acidic isoelectric points of insulin (pI=5.3). Thus, insulin can be
effectively bound to chitosan shell with positive charges by elec-
trostatic attraction. The actual loading amount of insulin on the CLM
hybrid nanogels was approximately 40.1 mg/g. Based on FTIR spec-
trum of the ICLM hybrid nanogels (Fig. 4c), two characteristic peaks
resulted from the benzene ring of insulin occurred at 1600 cm™!
and 1500 cm~! are observed, confirming the success of the insulin
binding.

The release process was examined in a simulated normal body
fluid (50 mM PBS, pH 7.4) and an acidic environment (50 mM PBS,
pH 5.3) at 37°C. Fig. 6 shows the release profiles of insulin from
the ICLM hybrid nanogels into outer aqueous phase. As shown
in Fig. 6, the cumulative release mainly occurred for the first 4h
under two pH systems, and could reach 65% at pH 7.4 and 50%
at pH 5.3 within 4h, respectively. The cumulative release, how-
ever, only reached 72% at pH 7.4 and 58% at pH 5.3, respectively,
even though the release continued for 8 h. We partly attributed
this incomplete insulin release to the moderate hydrophobicity of
insulin. The research also indicated that the cumulative release pro-
cess at pH 7.4 was faster than that at pH 5.3. A major reason is that
the solubility of insulin at pH 7.4 is more favorable than at pH 5.3,
which leads to optimum release at pH 7.4. By contrast, the release
at pH 5.3 is unfavorable because the isoelectric point of insulin is
at pH 5.3 where it is unfavorable to dissociate insulin from the
ICLM hybrid nanogels. However, we can still observe a consider-
able amount of the cumulative release at pH 5.3. There are two
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Fig. 6. Release profiles of insulin from the ICLM hybrid nanogels in PBS solutions of
pH53and pH7.4at37°C.

possible reasons: firstly, the system contains a certain salt that can
facilitate the solubility and release of insulin. Secondly, the water
content of the chitosan shell was another reason. When at pH 5.3,
chitosan molecules are easily soluble to water, so the water con-
tent of the shell would be high, and accordingly the permeability
of insulin would be higher. When at pH 7.4, the solubility of chi-
tosan molecules are relatively low, so the water content of the shell
would be low, and accordingly the permeability of insulin would be
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Fig. 7. In vitro cytotoxicity of (a) the CLM and ICLM hybrid nanogels at different concentrations against L02 cells after 1 h incubation. (b)-(d) Show cytotoxicity of ICLM
containing MF (4.0 pwmol/L and 8.0 pmol/L (b)), EGCG (4.5 and 9 pmol/L (c)) and ECG (4.5 and 9 pmol/L (d)) in medium, respectively.
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Fig. 8. LCSM images of LO2 cells incubated with different materials at 37 °C for 1 h, respectively. (a) Any one of additive MF, EGCG, and ECG with a concentration of 9.0 wmol/L;
(b) CLM hybrid nanogels (100 pg/mL); (c) ICLM hybrid nanogels (100 p.g/mL). (d)—(i) Show the ICLM hybrid nanogels (100 pg/mL) contain MF ((d) 4.0 wmol/L; (g) 8.0 wmol/L),
EGCG ((e) 4.5 pwmol/L; (h) 9.0 wmol/L), and ECG ((f) 4.5 pmol/L; (i) 9.0 wmol/L), respectively. Excitation laser wavelength =488 nm.

lower. Therefore, the comprehensive effect of above various factors
resulted in specific release profiles of insulin from the ICLM hybrid
nanogels.

In addition, the insulin releasing results clearly demonstrated
an initial burst release of insulin. For example, about 20% of insulin
could be released at the initial 10 min, while only ~55% (pH 5.3)
or ~65% (pH 7.4) of insulin could be released after 8 h. The initial
burst release of the insulin may be related with the loading mode
of insulin. At first, the added insulin was conjugated chemically
to the hybrid nanogel surface to form the first insulin molecule
layer through amido bond. Then the excess insulin was adsorbed
physically on the first layer insulin thus forming a flabby layer. It
is worth noting that although the insulin on the hybrid nanogel
surface was unstable, it was not readily removed by motionless
washing. In fact, abundant washing have also been performed, but
the results after washed more than three times were roughly in
accordance with that after washed three times. Therefore, we think
that the initial burst release of the insulin should be triggered by
shaking in water bath.

3.5. Cytotoxicity studies in vitro

To examine cytotoxicity and cell targeting of the hybrid
nanogels, human normal hepatocytes LO2 cell line was chosen to
incubate with the CLM and ICLM hybrid nanogels in vitro. The con-
trol experiment was also performed in the absence of the CLM and
ICLM hybrid nanogels. The results showed relatively high cell via-
bility in LO2 cell line at different concentration of CLM and ICLM
hybrid nanogels (Fig. 7a). 90% and 88% of viability of LO2 cells were
watched even at a carrier concentration of 500 pwg/mL (blank CLM
and ICLM hybrid nanogels), respectively, which reveals a low cyto-
toxicity and favorable cell compatibility for the hybrid nanogels.

We also investigated the cytotoxicity of the combination of the
ICLM hybrid nanogels with additive MF, EGCG and ECG by assay-
ing cell viabilities, respectively. The results found that above 80%
of cell viabilities were observed at different concentration of the
ICLM hybrid nanogels containing any one of three additives in the
medium, respectively (Fig. 7b-d), which also reveals a low cyto-
toxicity and high cell compatibility in the presence of additives.
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Three additives, however, have still certain influences on the cell
viability.

3.6. Cellular imaging

Fig. 8 shows the typical LCSM images of the LO2 cells after being
incubated with additive alone, and with the CLM, ICLM hybrid
nanogels in the absence/or presence of three additives, respec-
tively. It can be found from the control experiments there was no
significant fluorescence from LO2 cells treated only with additive
MF, EGCG and ECG under similar conditions, respectively (Fig. 8a).
The cellular uptakes of the CLM and ICLM hybrid nanogels with a
concentration of 100 wg/mL by LO2 cells were comparatively ana-
lyzed, as shown in Fig. 8b and c. In the case of the ICLM hybrid
nanogels, more intense red fluorescence was observed in the cyto-
plasm (Fig. 8c), indicating that the cellular uptake of the hybrid
nanogels can be facilitated by conjugating insulin on their sur-
face. However, there was less fluorescence in the cytoplasm of the
cells treated with the blank CLM hybrid nanogels compared to the
cells treated with the ICLM hybrid nanogels (Fig. 8b and c). These
results clearly demonstrate that the ICLM hybrid nanogels were
transported into the LO2 cells by an insulin-receptor-mediated
endocytosis mechanism, while the blank CLM hybrid nanogels
were transported into cells through a non-specific endocytosis pro-
cess. Besides insulin-receptor mediation, the smart hybrid nanogels
should play a critical role in the course of their overcoming cell
membrane obstacles to enter the intracellular region.

Fig. 8d-i shows the effects of MF, EGCG and ECG on insulin-
receptor-mediated cellular uptake of ICLM hybrid nanogels by L02
cells. Generally speaking, there was more intense fluorescence in
the cytoplasm of the cells in the ICLM groups added any one of
three additives than in the ICLM-only group, reflecting that MF,
EGCG and ECG can increase insulin sensibility, enhance recognition
between insulin and its receptor, in turn, improve bioavailability of
insulin. This discovery offers the evidence that MF, EGCG and ECG
are conducive to the absorption of insulin. As far as the ICLM groups
added different additives are concerned, their improving effects
have discrepancies. In cells exposed to ICLM hybrid nanogels in the
presence of EGCG, the nanogels influx into the cells was signifi-
cantly more than that in the presence of MF and ECG, in addition,
the fluorescence in the cytoplasm had obvious dose effect (Fig. 8e
and h), which reveals more remarkable and sensitive improvement
effect from EGCG.

4. Conclusions

We have synthesized chitosan-based luminescent/magnetic
nanomaterials through direct gelation of chitosan, CdTe QDs and
superparamagnetic iron oxide into the hybrid nanogels for inte-
gration of insulin delivery, cellular imaging, and antidiabetic
investigation of dietary supplements. It was found that the mor-
phologies and properties of the hybrid nanogels depend strongly
on feeding ratios of chitosan/QDs/MNPs and vibrating modes. The
sizes of the hybrid nanogels were significantly influenced by tem-
perature, pH, NaCl concentration, and reaction time. The hybrid
nanogels prepared by optimizing conditions displayed not only
sufficient magnetism but also intense fluorescence. The abundant
amino groups exposed on the nanogels surface from chitosan pro-
vided the favorable platforms for insulin conjugating via hydrogen
bonds. The cumulative release of insulin from the ICLM hybrid
nanogels mainly occurred for the first 4 h, and showed optimum
release at pH 7.4. The cytotoxicity study revealed relatively high cell
viability in LO2 cell line and favorable cell compatibility at differ-
ent concentration of CLM and ICLM hybrid nanogels whatever the
additives existed or not. The ICLM hybrid nanogels could overcome

cellmembrane obstacles and were transported successfully into the
LO2 intracellular region by insulin-receptor-mediated endocytosis.
Although the assistant effects of MF, EGCG and ECG had discrepan-
cies, they could enhance sensibility and bioavailability of insulin. It
can draw a conclusion that MF, EGCG and ECG are conducive to the
absorption of insulin. The multifunctional luminescent/magnetic
hybrid nanogels designed as a targeting carrier could potentially
provide a way for insulin delivery, cell imaging, and antidiabetic
investigation of dietary supplements.
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