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Background: The purpose of this study was to investigate the downregulation of mRNA
expression of vascular endothelial growth factor (VEGF) by triamcinolone acetonide acetate
(TAA)-loaded chitosan nanoparticles in human retinal pigment epithelial cells.

Methods: TAA-loaded deoxycholic acid-modified chitosan (TAA/DA-Chit) nanoparticles
were prepared via a self-assembly mechanism, and their morphology and zeta potential were
examined by transmission electron microscopy and zeta potential analysis, respectively. DA-Chit
and TAA/DA-Chit nanoparticle toxicity was evaluated using a Cell Counting Kit-8 assay. The
efficiency of cellular uptake was determined using fluorescein isothiocyanate-labeled DA-Chit
nanoparticles, in place of TAA/DA-Chit nanoparticles, assessed by both inverted fluorescence
microscopy and flow cytometry. Downregulation of VEGF mRNA expression by TAA/DA-
Chit nanoparticles was further investigated by real-time reverse transcription polymerase chain
reaction (RT-PCR) assay of the treated human retinal pigment epithelial cells.

Results: TAA/DA-Chit nanoparticles were prepared with a TAA-loading capacity in the range
of 12%—-82%, which increased the water solubility of TAA from 0.3 mg/mL to 2.1 mg/mL. These
nanoparticles showed oblate shapes 100—550 nm in size in transmission electron microscopic
images and had positive zeta potentials. The Cell Counting Kit-8 assay indicated that the DA-
Chit and TAA/DA-Chit nanoparticles had no toxicity and low toxicity, respectively, to human
retinal pigment epithelial cells. Fluorescein isothiocyanate-labeled DA-Chit nanoparticle uptake
by human retinal pigment epithelial cells was confirmed by inverted fluorescence microscopy
and flow cytometry. Real-time RT-PCR assay showed that the VEGF mRNA level decreased
after incubation of human retinal pigment epithelial cells with TAA/DA-Chit nanoparticles.
Conclusion: TAA/DA-Chit nanoparticles had a downregulating effect on VEGF mRNA
expression in human retinal pigment epithelial cells and low cytotoxicity, which might be
beneficial characteristics for the development of future treatment for diabetic retinopathy.
Keywords: chitosan, nanoparticle, triamcinolone acetonide acetate, human retinal pigment
epithelial cells, vascular endothelial growth factor, mRNA

Introduction

Diabetic retinopathy is a common complication of diabetes that can cause retinal
damage eventually leading to blindness,'” and retinal neovascularization is
regarded as an important cause of this complication.*> Because vascular endothelial
growth factor (VEGF) is a potent angiogenic factor, playing a crucial role in the
development of retinal neovascularization,*® control of VEGF expression has been

submit your manuscript
Dove

http:

International Journal of Nanomedicine 2012:7 46494660
© 2012 Zhou et al, publisher and licensee Dove Medical Press Ltd. This is an Open Access article
which permits unrestricted noncommercial use, provided the original work is properly cited.

4649


mailto:yanglq@mail.sysu.edu.cn
mailto:lyqglp@163.com
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S29690

Zhou et al

Dove

considered key to the treatment of diabetic retinopathy.*
The corticosteroid, triamcinolone acetonide, is an important
antiangiogenic and anti-inflammatory agent, which is known
to block neovascularization, vein occlusion, and macular
edema effectively under clinical and pathophysiologic
conditions.!®!? The inhibitory effect of triamcinolone
acetonide on VEGF upregulation in ocular pathology
has been reported in previous studies.'>!* It has also been
reported that intravitreal triamcinolone acetonide brings
about functional and anatomic improvement in patients
with diabetic retinopathy, and particularly diabetic macular
edema,'®!® but these effects are transient and reinjection is
often necessary due to rapid metabolism and extremely low
solubility in water.'® This process is usually associated with
several undesirable complications, including glaucoma and
endophthalmitis.'®!” Controlled release of this corticosteroid
is thus important in achieving a sustained pharmacologic
effect and overcoming the drawbacks of the procedure.

In recent years, interest has grown in amphiphilic
polysaccharide derivatives, which have been used in the
formulation of micellar nanoparticles used as hydrophobic drug
delivery vehicles.'®!"” Amphiphilic polysaccharide derivative
nanoparticles are self-assemblies composed of hydrophobic
microdomains and amphiphilic shells of polysaccharides in
aqueous media.'** Hydrophobic drugs can be entrapped in
these hydrophobic microdomains via hydrophobic interactions,
while controlled release of the loaded drug can be achieved
through diffusion from the nanoparticles or by biodegradation
of amphiphilic polysaccharide derivatives."

Chitosan, as a cationic polysaccharide, has attracted
much attention in ophthalmology for ocular therapeutics
due to its favorable biological properties, including
good biocompatibility, biodegradability, low toxicity,
mucoadhesiveness, and antibacterial activity.?'?* In the
present study, using triamcinolone acetonide acetate (TAA)
as a corticosteroid drug,”® TAA-loaded chitosan derivative
(TAA/DA-Chit) nanoparticles were prepared through a self-
assembly mechanism. The cytotoxicity of DA-Chit and TAA/
DA-Chit nanoparticles was evaluated using the Cell Counting
Kit-8 (CCK-8) assay in human retinal pigment epithelial
cells. Cellular uptake efficiency was investigated using
fluorescein isothiocyanate labeled DA-Chit (FITC/DA-Chit)
nanoparticles, instead of TAA/DA-Chit nanoparticles, by
both inverted fluorescence microscopy and flow cytometry.
According to the literature,'® proliferative vitreoretinopathy
can be characterized by a proliferation of retinal pigment
epithelial cells. Therefore, downregulation of VEGF mRNA
expression by TAA/DA-Chit nanoparticles was assessed via

real-time reverse transcription polymerase chain reaction
(RT-PCR) in human retinal pigment epithelial cells through
the controlled release of TAA.

Materials and methods

Materials

Chitosan with an average molecular weight of 450 kDa and
90.0% deacetylation was purchased from Shanghai Bo’ao
Biological Technology Co, Ltd (Shanghai, China). Deoxycholic
acid was obtained from Acros Organics Corp (Antwerp,
Belgium). N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC) was purchased from Shanghai Medpep
Co, Ltd (Shanghai, China). FITC was sourced from Sigma-
Aldrich (St Louis, MO). TAA injection solution was purchased
from Shanghai Tongyong Pharmaceutical Co, Ltd (Shanghai,
China). One milliliter of TAA injection solution (40 mg
TAA) was added to 10 mL of distilled water by stirring and
then centrifuged at 3000 rpm for 5 minutes. This precipitation
process was repeated again, and the resulting solid was then
dried at 45°C under vacuum for 24 hours. All other reagents
were analytical grade and used as received.

Synthesis and characterization
of DA-Chit

DA-Chit was synthesized in the manner reported in the
literature.?* Briefly, 0.2 g of chitosan was dissolved in 20 mL
of 1% aqueous acetic acid solution (pH about 3) and diluted
with 20 mL of ethanol. Deoxycholic acid (0.85 g, 2.17 mmol)
and EDC (0.62 g, 3.26 mmol) were added to the chitosan
solution successively with stirring, and the reaction was
allowed to proceed at room temperature for 24 hours. The
reaction mixture was then poured into 60 mL of methanol/
ammonia solution (7/3, v/v) and centrifuged at 3500 rpm for
10 minutes, followed by lyophilization of the precipitate to
yield the DA-Chit product.

Fourier transform infrared (FTIR) analysis was performed
using an FTIR analyzer (Nicolet/Nexus 670, Thermo Nicolet
Corp, Madison, WI) at a resolution of 4 cm™" using the KBr
method. '"H NMR was carried out on an NMR spectrometer
(Mercury-Plus 300, Varian Medical Systems Inc, Palo Alto,
CA) atroom temperature using D,O as the solvent. The signal
at 6 2.22 ppm for acetone in D,0 was used as the external
standard.?

Preparation and properties of TAA/
DA-Chit and DA-Chit nanoparticles
TAA was dissolved in a small amount of tetrahydrofuran
and then added dropwise to the swollen DA-Chit by distilled
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water (prepared as described below). After dropwise addition
of distilled water, as a selective solvent of DA-Chit for
removal of tetrahydrofuran, a solution containing TAA/
DA-Chit nanoparticles was produced. Based on our previous
work,"” the mechanism of preparation of TAA/DA-Chit
nanoparticles is explained as entailing gradual entrapment
of TAA molecules into the hydrophobic microdomains of
DA-Chit micelles via self-assembly in the tetrahydrofuran/
distilled water mixture.

DA-Chit 10 mg was swollen in 3 mL of distilled water by
gently shaking for about 2 hours, and then a solution containing
2,4,6,8, or 10 mg of TAA in 0.3 mL of tetrahydrofuran
was added with stirring. Next, 1 mL of distilled water was
slowly added dropwise and the mixture was stirred for
24 hours. After tetrahydrofuran was evaporated by heating at
40°C, the resulting solution was centrifuged at 5000 rpm for
5 minutes, yielding a supernatant containing TAA/DA-Chit
nanoparticles. The precipitate containing unloaded TAA
was dissolved in 20% ethanol/phosphate-buffered solution
(v/v, pH 6.2) solution, and its concentration was analyzed by
ultraviolet-visible spectrophotometry (UV-3150, Shimadzu
Corp, Kyoto, Japan) at 240 nm. Standard TAA solutions
were prepared at concentrations ranging from 0.73 pg/mL
to 22 wg/mL, and the correlation coefficient value (R?) was
at least 0.999. The loading capacity was calculated using
equation (1).

Loading capacity (%) = [(A-B)/C] x 100 (1)

where A is the total weight of TAA used, B is the weight of
unloaded TAA in the precipitate after centrifugation, and C is
the weight of DA-Chit. DA-Chit nanoparticles were prepared
by dissolving 10 mg of DA-Chit in 4 mL of distilled water
and stirring for 2 hours, and then maintained them at room
temperature for 24 hours.

Measurement of zeta potential

The zeta potentials of the TAA/DA-Chit nanoparticles in
distilled water were measured in triplicate using a ZetaPALS
zeta potential analyzer (Brookhaven Instruments Corp,
Holtsville, NY) at 25°C with a 90° scattering angle.

Transmission electron microscopy observation

The morphology of TAA/DA-Chit nanoparticles was
investigated using transmission electron microscopy.
A sample solution was dropped on a carbon-coated 200 mesh
copper grid, air-dried, and then negative-dyed with a
phosphotungstic acid solution (about 2 wt%) for 30 seconds.
The morphology of the micelles was then observed using a

JEM-1400 high contrast transmission electron microscope
(JEOL Ltd, Tokyo, Japan).

Cell culture

D407 human retinal pigment epithelial cells were provided
by the ophthalmic laboratory at the Zhongshan Ophthalmic
Center of Sun Yat-sen University, and the study was approved
by the ethics committee at Sun Yat-sen Memorial Hospital.
They were grown in a 1/1 (v/v) mixture of Dulbecco’s
modified Eagle’s and Ham’s F12 medium (DMEM-F12,
HyClone Laboratories Inc, Logan, UT) containing 10%
fetal bovine serum (Biological Industries, Kibbutz Beit
Haemek, Israel) and antibiotic mixtures of 100 U/mL
penicillin G and 100 pg/mL streptomycin sulfate (Invitrogen-
Gibco, Rockville, MD). The cultures were maintained in a
humidified 5% CO, environment at 37°C. All cells between
the third to sixth passages were grown to 70% confluence
for treatment.

Third-passage human retinal pigment epithelial cells were
harvested and cultured on glass coverslips, and underwent a
process involving a wash with phosphate-buffered solution
(pH 7.4) and fixation with 4% paraformaldehyde for
10 minutes before subsequent staining in 10% phosphate-
buffered Giemsa stain (pH 7.2) for 10 minutes. For
immunocytochemical staining, endogenous peroxidase was
blocked by preincubating the fixed human retinal pigment
epithelial cells in 3% H,O,/methanol for 30 minutes. Two
antibodies and diaminobenzidine were purchased from Wu
Han Boster Bioengineering Co, Ltd (Wuhan, China). A rat
antimonoclonal antibody cytokeratin cocktail (AE1/AE3)
was used for 24-hour primary antibody staining of human
retinal pigment epithelial cells, following by incubation with
a the second antibody of sheep antimouse antibody IgG for
one hour, washing with phosphate-buffered solution, and
counterstaining with diaminobenzidine. Unstained human
retinal pigment epithelial cells were used as controls, and
all cells were observed on a computer-interfaced Zeiss Axio
Observer Z1 inverted microscope (Carl Zeiss Far East Co,
Ltd, Hong Kong, China).

Cytotoxicity assay

Cytotoxicity of DA-Chit and TAA/DA-Chit nanoparticles
was evaluated using the CCK-8 assay.?® The human retinal
pigment epithelial cells were seeded in 96-well plates at a
density of 3.0 x 10* cells/well in 100 uL of DMEM-F12
containing 10% fetal bovine serum and antibiotic mixtures,
as described above, and were then cultured at 37°C for
24 hours.
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After medium replacement with fresh medium, DA-Chit solu-
tions were added to each well to final concentrations of 0.25,
0.5, or 1.0 mg/mL, with human retinal pigment epithelial
cells lacking DA-Chit used as controls. After an additional
24 hours of incubation, the medium was replaced again and
10 uL of CCK-8 solution (Dojindo Molecular Technologies
Inc, Kumamoto, Japan) was added to each well. Following
a further 3 hours of incubation, optical density (OD) was
measured at 450 nm using a microplate reader (Wellscan
MK3, Labsystem Dragon, Finland). Relative cell viability
(%) related to the control well was calculated using equation
(2), with experiments performed five times.

Cell viability (%) = (OD,.. /OD

450-s 450-¢

)x 100 (2)

where OD

450-s

absence of DA-Chit, respectively.

and OD, , were obtained in the presence and

Cytotoxicity of TAA/DA-Chit nanoparticles

After replacement with fresh medium, solutions of DA-Chit
nanoparticles, TAA, and TAA/DA-Chit nanoparticles with
a TAA-loading capacity of 29% were added to each well to
final TAA and DA-Chit concentrations of 0.1 mg/mL and
0.33 mg/mL, respectively. After the treated human retinal
pigment epithelial cells were additionally incubated for one, 3,
and 5 days, the medium was replaced again, and 10 uL of
CCK-8 solution was added to each well. Following 3 hours of
incubation, the OD,,
and the relative cell viability was calculated as described

was determined by a microplate reader

above. All experiments were performed five times, with
untreated cultured human retinal pigment epithelial cells
used as controls.

Cellular uptake efficiency of FITC-labeled

DA-Chit nanoparticles

FITC/DA-Chit nanoparticles were prepared to study their
uptake efficiency in human retinal pigment epithelial cells.
After dissolving 10 mg of DA-Chit in 3 mL of distilled water
by stirring for 24 hours, 1 mL of FITC solution (2 mg/mL)
was added dropwise into the DA-Chit solution, which was
then stirred for 24 hours and centrifuged at 20,000 rpm
for 30 minutes. The resulting precipitate was diluted with
distilled water to yield solutions containing FITC/DA-Chit
nanoparticles at different concentrations.

Visual assessment of cellular nanoparticle uptake
involved variations in nanoparticle concentration, incuba-
tion time, and post-treatment time. Here, human retinal
pigment epithelial cells were seeded in 24-well plates at

a density of 1.0 x 10° cells/well in 500 uL of DMEM-F12
containing 10% fetal bovine serum and antibiotic mixtures,
and cultured at 37°C for 24 hours. Images of the cells were
observed using an inverted microscope as described above,
after replacement with fresh medium and the following
procedures. A solution of FITC/DA-Chit nanoparticles was
added to each well to produce concentrations at 0.3, 0.5, or
1.0 mg/mL, followed by 24 hours of incubation. A solution
of FITC/DA-Chit nanoparticles (1.0 mg/mL) was then added
to each well, followed by incubation for 3, 6, and 24 hours.
Next, a solution of FITC/DA-Chit nanoparticles (1.0 mg/mL)
was added to each well, followed by 24 hours of incubation,
replacement with fresh DMEM-F12, and further incubation
for one, 3, and 5 days.

For flow cytometric analysis, the human retinal pigment
epithelial cells were seeded in 6-well plates at a density of
4.0 x 10° cells/well in 2.0 mL of DMEM-F12 containing
10% fetal bovine serum and antibiotic mixtures, as described
above, and cultured at 37°C for 24 hours. Following the
first two steps of the incubation procedure described above,
the cells were washed three times with 1 mL of phosphate-
buffered solution (pH 7.4) and harvested by trypsinization.
The cell suspension was then introduced into a FACS Calibur
flow cytometer (Becton Dickinson Biosciences, San Jose,
CA) and the data were collected as the mean fluorescent
signal from 1.0 x 10* cells.

VEGF mRNA expression efficiency

by real-time RT-PCR

To address cellular VEGF mRNA expression efficiency
on exposure to the nanoparticles, human retinal pigment
epithelial cells were seeded in 6-well plates at a density of
4.0 x 10° cells/well in 2 mL of DMEM-F12 containing 10%
fetal bovine serum and antibiotic mixtures, as described
above, and cultured at 37°C for 24 hours. After replacement
with fresh medium, solutions of DA-Chit, TAA, and TAA/
DA-Chit nanoparticles (with a TAA-loading capacity of
29%) were added to each well to final TAA and DA-Chit
concentrations of 0.1 mg/mL and 0.33 mg/mL, respectively;
cells treated with only fresh medium served as controls.
After an additional 24 hours of incubation, the medium was
removed, the cells were collected for RNA extraction, and
an ABI PRISM® 7500 sequence detection system (Applied
Biosystems, Life Technologies Corp, Carlsbad, CA) was
used for real-time RT-PCR and data analysis.

Total RNA was isolated from human retinal pigment
epithelial cells using TRIzol (Takara Bio Inc, Kyoto,
Japan) according to the manufacturer’s manual. cDNA was
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synthesized by reverse transcription from 1.0 pug of total
RNA. In parallel, with standard 18S mRNA as an internal
control for each experiment, human VEGF and 18S mRNA
(Guangzhou Leder Biotechnology Ltd, Co, Guangzhou,
China) were amplified using gene-specific primers.
The VEGF and 185 mRNA primer sequences were: VEGF
5’-AGGAGGAGGGCAGAATCATC-3’ (sense) and
5’- ATGTCCACCAGGGTCTCGAT-3’ (antisense); and 188,
5’-CCTGGATACCGCAGCTAGGA-3’ (sense) and 5"-GCG-
GCGCAATACGAATGCCCC-3’ (antisense). Reactions were
run in an ABI PRISM® 7500 sequence detection system under
the following conditions: PCR run for 40 cycles of 95°C for
15 seconds, 60°C for 15 seconds, and 72°C for 32 seconds
after preincubation at 95°C for 5 minutes. All reactions were
performed in triplicate.

Statistical analysis

Statistical analysis was performed by one-factor analysis
of variance (SPSS software, version 13.0, SPSS Inc,
Chicago, IL). Results were expressed as the mean * standard
deviation, and a value of P < 0.05 was considered to be
statistically significant.

Results and discussion

Structural characterization of DA-Chit

The FTIR spectrum of DA-Chit showed two strong peaks at
1659 cm™ and 1566 cm™ (Figure 1A), which was attributed
to —C=0 vibrations and absorptions of —-NH< and —C—N—
of the second amide group, respectively.?” This indicated
that the deoxycholic acid residues were conjugated with
the main chains of the chitosan through the second amide
bond. The 'H NMR spectrum of DA-Chit showed signals
in the range of 0.6-2.3 and 3.0-5.0 ppm that were assigned
to the protons of deoxycholic acid residues and chitosan
(Figure 1B), respectively.®** Based on the integration ratio
of these protons, it was determined that an average of about
3.0 deoxycholic acid residues were conjugated per 100 glu-
cosamine units of chitosan.

Preparation and properties of TAA/

DA-Chit nanoparticles

TAA/DA-Chit nanoparticles with various TAA-loading
capacities were prepared and it was found that as the TAA
loading capacity increased from 12% to 82%, the solubility
of TAA in water increased from 0.3 mg/mL to 2.1 mg/mL
(Figure 2). Improved solubility in water is important for
TAA in ocular therapy. In addition, the surface charges of
the nanoparticles were assessed using zeta potential analysis.

A 100 —

—_ 80 —

$

p J

2

s 60 —

€ ]

2

©

= 40 — 7 \

1659 1566
20 -
LANE LR DL LR L BRI |
3500 3000 2500 2000 1500 1000
Wavenumber (cm™)
B
OH o A
ANy
HO O o
NH -
OH 0
HO DA-Chit
T I T I T I T I T I T
6 5 4 3 2 1 0
ppm

Figure | Structural characterization of DA-Chit. (A) Fourier transform infrared
spectrum and (B) 'H nuclear magnetic resonance spectrum.
Abbreviation: DA-Chit, deoxycholic acid-modified chitosan.

In self-aggregations of cationic chitosan derivatives, DA-Chit
nanoparticles showed a positive zeta potential at 13.4 mV,
with all TAA/DA-Chit nanoparticles showing positive zeta
potentials.

The morphology of DA-Chit and TAA/DA-Chit nanopar-
ticles was investigated by transmission electron microscopy.
As shown in Figure 3A, DA-Chit nanoparticles were found
to have a spherical shapes approximately 50 nm in size. In
contrast, TAA/DA-Chit nanoparticles appeared as oblate
particles 100-550 nm in size (Figure 3B-D). In addition,
TAA/DA-Chit nanoparticles became larger with increasing
TAA-loading capacity. Previous researchers have reported
that nanoparticles of approximately 100 nm and possessing
a positive charge are suitable for cellular uptake in ophthal-
mic applications.*® Therefore, TAA/DA-Chit nanoparticles
of about 100 nm and with a TAA-loading capacity of 29%
was chosen for assessment of cytotoxicity and VEGF
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—— Water-solubility

Zeta potential (mv)
TAA water-solubility (mg/mL)

TAA loading capacity (%)

Figure 2 Water solubility of TAA and zeta potential of TAA/DA-Chit nanoparticles
at various TAA-loading capacities (n = 3, mean + standard deviation).
Abbreviations: TAA, triamcinolone acetonide acetate; DA-Chit, deoxycholic acid-
modified chitosan.

mRNA expression efficiency in human retinal pigment
epithelial cells.

Cytotoxicity and biocompatibility

of DA-Chit

The cultured cells showed typical morphology of human
retinal pigment epithelial cells, being irregular, polygonal,

100 nm

and containing melanin granules (Figure 4A), and the purple
nucleoli of the cells were observed following Giemsa staining
(Figure 4B). In addition, compared with the controlled
cells, yellowish-brown staining of cultured cells was
observed through the immunohistochemical positive reac-
tion (Figure 4C and D), further confirming the presence of
typical human retinal pigment epithelial cell characteristics.
Cell viability after incubation with DA-Chit at various con-
centrations for 24 hours was more than 94.3% at concentra-
tions below 1.0 mg/mL (Figure 5), indicating extremely low
cytotoxicity and good biocompatibility of DA-Chit. This
feature would be an advantage for the controlled release of
ocular drugs.

Cytotoxicity of TAA/DA-Chit

nanoparticles

Although triamcinolone acetonide analogs have demon-
strated an inhibitory effect on VEGF upregulation in ocular
pathology, their cytotoxicity should be considered.!*!* For
example, triamcinolone acetonide is toxic to human retinal
pigment epithelial cells in concentrations from 0.01 mg/mL
to 1 mg/mL, resulting in apoptosis.’!*? The cytotoxicity of

100 nm

Figure 3 Transmission electron microscopy images of (A) deoxycholic acid-modified chitosan nanoparticles and triamcinolone acetonide acetate/deoxycholic acid-modified
chitosan nanoparticles with different triamcinolone acetonide acetate-loading capacities, ie, (B) 12%, (C) 29%, and (D) 82%.
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Figure 4 Morphology of cultured hRPE cells. (A) primary cultured hRPE cells, (B) Giemsa staining hRPE cells, (C) immunocytochemical staining hRPE cells, and (D) hRPE

cells lacking immunohistochemical staining in control preparation (x100).
Abbreviation: hRPE, human retinal pigment epithelial.

TAA/DA-Chit nanoparticles was thus evaluated using the
CCK-8 assay.*® After human retinal pigment epithelial cells
had been incubated with TAA at 0.1 mg/mL for 1-5 days, cell
viability decreased from 78.3% to 40.4% (Figure 6), suggest-
ing strong cytotoxicity. In contrast, cell viability in the TAA/

120
100 —
S
> ]
5 60
K
S g
T 40 -
o
20 -
0

0.00 0.25 0.50 1.00
Concentration of DA-chit (mg/mL)

Figure 5 Cytotoxicity assay for DA-Chit at various concentrations compared
with control hRPE cells (after a 24-hour incubation period, n = 5, mean =+ standard
deviation, *P < 0.05, statistically significant difference versus controls).
Abbreviations: DA-Chit, deoxycholic acid-modified chitosan; hRPE, human retinal
pigment epithelial.

DA-Chit nanoparticle-treated group was higher than that in
the TAA-treated group. This indicates that TAA cytotoxic-
ity was significantly reduced after encapsulation in TAA/
DA-Chit nanoparticles, which would be of benefit in ocular
therapy. The low cytotoxicity of TAA/DA-Chit nanoparticles

Control
120 DA-Chit
] AA/DA-Chit
100 N TAA
3 J
< 80 o
>
2 J
3 60
© J
2 40 S
3
20
0 T T
0 1 2 4
Time (day)

Figure 6 Cytotoxicity assay for DA-Chit, TAA, and TAA/DA-Chit nanoparticles
compared with controls in human retinal pigment epithelial cells (at different
incubation times and TAA concentrations of 0. mg/mL for TAA and TAA/DA-
Chit nanoparticles, *P < 0.05, statistically significant difference versus controls,
*P < 0.05, statistically significant difference versus the TAA group, n = 5, mean £
standard deviation).

Abbreviations: TAA, triamcinolone acetonide acetate; DA-Chit, deoxycholic acid-
modified chitosan.
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may be related to the extremely low cytotoxicity of DA-Chit
nanoparticles, with cell viability above 95.6% after 5 days
(Figure 6), as well as controlled release of TAA from the
intracellular nanoparticles.

Cellular uptake efficiency of FITC-labeled
DA-Chit nanoparticles

It is known that nanoparticles enter cells via endocytosis and
macropinocytosis, and cellular uptake efficiency is mainly

dependent on nanoparticle concentration and incubation
time.**** Cellular uptake efficiency was investigated using
fluorescently labeled FITC/DA-Chit nanoparticles instead
of TAA/DA-Chit nanoparticles. Fluorescent images of
the human retinal pigment epithelial cells showed that
strong green fluorescent density in the cells increased with
increasing nanoparticle concentration and incubation time
(Figure 71 and IT), implying that FITC/DA-Chit nanoparticles
were continuously taken up by the cells during incubation.

50 pm A2

(I

. A2

(1

B c2'

B2/ [(SS L $c2

¢ X5 )| L0 c2

Figure 7 Typical fluorescence images of (I) hRPE cells incubated with FITC/DA-Chit nanoparticles for 24 hours at concentrations of (A) 0.3 mg/mL, (B) 0.5 mg/mL, and (C)
1.0 mg/mL; (I1) hRPE cells incubated with FITC/DA-Chit nanoparticles at 1.0 mg/mL for (A) 3 hours, (B) 6 hours, and (C) 24 hours. (Ill) hRPE cells further incubated for
different times following removal of FITC/DA-Chit nanoparticles from the culture medium, ie, (A) one day, (B) 3 days, and (C) 5 days, after incubation with 1.0 mg/mL of
FITC/DA-Chit nanoparticles for 24 hours (scale bar 50 um, | fluorescence field images, 2 bright field images).

Abbreviations: hRPE, human retinal pigment epithelial; FITC/DA-Chit, fluorescein isothiocyanate-labeled deoxycholic acid-modified chitosan.
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In addition, fluorescence images of the human retinal pigment
epithelial cells that were further incubated following removal
of the FITC/DA-Chit nanoparticles from the culture medium
showed that the fluorescent region along the cell membrane
on the first day spread into the cells by the third day, so
that most cells were dyed completely green by the fifth day
(Figure 71IIA—C). This progression suggests that green FITC
was released in a controlled manner from the FITC/DA-Chit
nanoparticles and spread throughout the cells. This is perhaps
because DA-Chit was degraded by lysozyme in the cells,**
as well as FITC diffusing from the nanoparticles. According
to the literature, yellow granules that appeared in bright
field images were from colocalization of FITC/DA-Chit
nanoparticles with lysosomes.** After the human retinal

pigment epithelial cells were incubated for a further 5 days,
many yellow granules disappeared (7111C2), indicating that
the nanoparticles became dispersed or disaggregated in the
cytoplasm. This phenomenon has also been observed when
cholanic acid-modified glycol chitosan nanoparticles are
taken up in HeLa cells.”

Analysis of the cellular uptake efficiency of FITC/
DA-Chit nanoparticles by flow cytometry revealed that, after
24 hours of incubation, the number of cells taking up the
nanoparticles increased clearly with an increase in nanoparticle
concentration from 0.3 mg/mL to 1.0 mg/mL (Figure 8A).
The proportion of cells accumulating nanoparticles was
75.4%, 94.6%, and 98.2% with increasing concentration
(Figure 8C), indicating that the nanoparticles were taken up
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Figure 8 Cellular uptake efficiency in response to FITC/DA-Chit nanoparticles by flow cytometry analysis. (A) hRPE cells incubated with FITC/DA-Chit nanoparticles for
24 hours at concentrations of (a) 0.3 mg/mL, (b) 0.5 mg/mL, and (c) 1.0 mg/mL. (B) hRPE cells incubated with FITC/DA-Chit nanoparticles at 1.0 mg/mL for (a) 3 hours,
(b) 6 hours, and (c) 12 hours. (C) Proportions of hRPE cells taking up FITC/DA-Chit versus nanoparticle concentrations. (D) Proportions of hRPE cells taking up FITC/

DA-Chit nanoparticles versus incubation time.

Abbreviations: hRPE, human retinal pigment epithelial; FITC/DA-Chit, fluorescein isothiocyanate-labeled deoxycholic acid-modified chitosan; SSC, side scatter.
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by human retinal pigment epithelial cells throughout 24 hours
of incubation with 1.0 mg/mL nanoparticles. Further, it was
observed that the proportion of cells taking up nanoparticles
at 1 mg/mL was dependent on incubation time (Figure 8B
and Figure 8A—c), showing 31.5%, 69.4%, 78.5%, and
98.2% at 3, 6, 12, and 24 hours, respectively (Figure 8D).
These results are in agreement with the present fluorescent
micrographic results, indicating that FITC was delivered
effectively into cells by the FITC/DA-Chit nanoparticles, an
effect attributed to the favorable cellular affinity of the main
chains of chitosan and deoxycholic acid residues of DA-Chit
macromolecules.

VEGF mRNA expression efficiency

VEGF is an important angiogenic stimulator and a potent
vascular permeability factor in intraocular disease.’”3*
Upregulation of VEGF has been found to correlate with
the presence of diabetic macular edema and proliferative
diabetic retinopathy.’® Previous studies have reported that
triamcinolone acetonide produces functional improvement in
patients with diabetic retinopathy by inhibiting upregulation
of VEGE."*1314 The effects of free TAA and TAA/DA-Chit
nanoparticles were investigated here as another possibly
useful application of corticosteroids.

Because VEGF ; is the major VEGF isoform and the
predominant molecular species produced by a number of
normal and transformed cells,* the inhibitory effect on
VEGF  ; upregulation was evaluated by real-time RT-PCR
assay in human retinal pigment epithelial cells (Figure 9).
Interestingly, compared with controls, the TAA/DA-Chit
nanoparticles decreased VEGF mRNA expression, while
upregulated VEGF mRNA expression was observed in the
TAA-treated group. With the aid of the literature,* it is
known that triamcinolone acetonide regulates VEGF in a
concentration-dependent manner, such that triamcinolone
acetonide exerts a biphasic effect on retinal pigment
epithelial cell proliferation, stimulating cell growth at lower
concentration (lower than 1 pM, ie, 0.44 ng/mL) but inhibiting
cell growth at higher concentration (higher than 100 pM,
ie, 44 pg/mL). Accordingly, upregulation of VEGF mRNA
expression by free TAA is probably a result of very low TAA
uptake by human retinal pigment epithelial cells due to the
extremely low solubility of TAA in water. However, the water
solubility of TAA was effectively improved by encapsulation
into DA-Chit nanoparticles (Figure 2). In addition to effective
delivery of TAA to human retinal pigment epithelial cells
and subsequent controlled release of TAA by TAA/DA-Chit
nanoparticles, the amount of TAA entering the cells increased,
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Figure 9 VEGF ; expression in hRPE cells assessed by real-time reverse transcription

polymerase chain reaction (*P < 0.01, statistically significant difference versus controls;
“P < 0.05, statistically significant difference versus the TAA-treated group).
Abbreviations: hRPE, human retinal pigment epithelial; TAA, triamcinolone
acetonide acetate; DA-Chit, deoxycholic acid-modified chitosan; VEGF, vascular
endothelial growth factor.

and the release process for TAA was more potent and long-
lasting than for free TAA, resulting in downregulation of
VEGF mRNA expression. Similar improvement in drug-
delivery efficiency in response to polymeric nanoparticles
has also been reported by previous researchers.*

The most common injection doses of triamcinolone
acetonide used in ophthalmic practice are 4-20 mg.!°
Because the vitreous volume in humans is about 4 mL,* the
equivalent vitreous concentration of this corticosteroid thus
corresponds to 1-5 mg/mL. Although the experimental TAA
concentration in the present TAA/DA-Chit nanoparticles
(0.1 mg/mL) was much less than the clinical concentration
of triamcinolone acetonide, downregulation of VEGF
mRNA expression was significant. Consequently, potential
therapeutic advantages of these TAA/DA-Chit nanoparticles,
if administered by vitreous injection for diabetic retinopathy,
might be anticipated due to the resulting downregulation of
VEGF mRNA expression with attendant low cytotoxicity, as
observed in these human retinal pigment epithelial cells.

Conclusion

TAA/DA-Chit nanoparticles were prepared through a self-
assembly mechanism. When the TAA-loading capacity
increased from 12% to 82%, the solubility of TAA in water
was found to increase from 0.3 to 2.1 mg/mL. TAA/DA-Chit
nanoparticles showed oblate shapes, ranging from 100 nm
to 550 nm in size and with positive zeta potentials. CCK-8
assay indicated that DA-Chit was nontoxic and TAA/DA-
Chit nanoparticles showed low toxicity to human retinal pig-
ment epithelial cells. Uptake of FITC/DA-Chit nanoparticles
by human retinal pigment epithelial cells was confirmed by
both inverted fluorescence microscopy and flow cytometry.
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These nanoparticles imposed a downregulating effect on
cellular VEGF mRNA expression, as shown by real-time
RT-PCR assessment, suggesting potential and advantageous
utility in future treatment of diabetic retinopathy.
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