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Abstract

e AIM: To evaluate the effect of auraptene (AUR) treatment
in forms of free and encapsulated in niosome nanoparticles
by investigating the mRNA expression level of vascular
endothelium growth factor (VEGF)-A and platelet-derived
growth factors (PDGFs) in human retinal pigment epithelium
(RPE) cell line.

e METHODS: Niosome nanocarriers were produced using
two surfactants Span 60 and Tween 80. RPE cell line was
treated with both free AUR and niosome-encapsulated.
Optimum dosage of treatments was calculated using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Expression of VEGF-A and PDGF-A, PDGF-B,
PDGF-C, PDGF-D genes was measured after total RNA
extraction and cDNA synthesis, using real-time polymerase
chain reaction (RT-PCR).

e RESULTS: The highest entrapment efficiency (EE) was
achieved by Span 60:cholesterol (1:1) with 64.3%. The
half maximal inhibitory concentration (ICg,) of free and
niosome-encapsulated AUR were 38.5 and 27.78 pg/mL,
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respectively. Release study revealed that niosomal AUR had
more gradual delivery to the cells. RT-PCR results showed
reduced expression levels of VEGF-A, PDGF-A, PDGF-B,
PDGF-C, and PDGF-D after treatment with both free and
niosomal AUR.

e CONCLUSION: Niosomal formulation of Span 60:
cholesterol (1:1) is an effective drug delivery approach to
transfer AUR to RPE cells. VEGF-A, PDGF-A, PDGF-B, PDGF-C,
and PDGF-D are four angiogenic factors, inhibiting which
by niosomal AUR may be effective in age-related macular
degeneration.
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INTRODUCTION

ased on the 2019 global burden of disease study, age-
B related macular degeneration (AMD), along with
cataracts, diabetic retinopathy, and glaucoma, are the four
leading causes of vision impairment". AMD is a progressive,
irreversible, multifactorial condition that leads to central
blindness and affecs around 170 million people worldwide'.
Based on Centers for Disease Control and Prevention (CDC)
data, 2 percent of individuals aged 40—44y and more than 46
percent of people over 85y are living with AMD, suggesting
that the risk increases with age. Drusen (a German word
for “node”) is the yellowish accumulation of extracellular
lipids and proteins between the retinal pigment epithelium
(RPE) and the underlying Bruch’s membrane. Along with the
gradual deterioration of photoreceptors, these two are the most
common signs (not cause) of developing AMD™. Clinical
classification of AMD is based on the size of drusen. Medium-
sized (less than 124 pm) and large (more than 125 pm) drusen
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are classified as early and intermediate AMD, respectively.
The largest and pigmented drusen are seen at late AMD (also
named advanced or neovascular). It is associated with fovea’s
geographical atrophy (GA) and significant loss of central
vision™. The advanced AMD is divided into two groups: dry
and wet. Dry AMD is defined by alterations in the Bruch
membrane that promote atrophic cell death in photoreceptors,
choriocapillaris, and RPE. If it leads to more rapid visual loss
and development of macular neovascularization (a process
with exudation and hemorrhage), the condition is called wet
AMD. 1t has all the symptoms of dry AMD, plus the bleeding
is not absorbed, and the invasion of fibrous-vascular tissue
from the choroid and retinal blood vessels can soon result in
loss of central vision'”. Vascular endothelium growth factor
(VEGF) is an essential mediator promoting angiogenesis in
neovascularization in wet AMD!'. Wet AMD is subdivided
into choroidal neovascularization (CNV) and polypoidal
choroidal vasculopathy (PCV). The former is an acute and
destructive form of AMD marked by angiogenesis beneath
the retina. Under normal conditions, endothelial cells in the
blood vessels behind the retina do not proliferate and build
new vessels under normal conditions. But during CNV, new
blood capillaries grow abnormally in the choroid’s capillary
lamina, cross through the Bruch membrane, and penetrate the
macula. They are highly permeable and fragile, so that leaked
blood components accumulate under the macula. Therefore, it
may shift from its original place, resulting in the formation of
subretinal disciform scars. Inhibition of molecular mediators,
including VEGF-A (Located on 6p21.1 with 26 transcipts)
and platelet-derived growth factor (PDGF) genes (including
PDGF-A on 7p22.3, PDGF-B on 22q13.1, PDGF-C on
4q32.1, and PDGF-D on 11q22.3), is a potential therapeutic
strategy for wet AMD patients™’. Nano-based drug delivery,
photodynamic therapy, exosomes, gene and stem cell therapies
are other options"”, as illustrated in Figure 1, studies have
used different approaches against AMD, among which anti-
VEGF and anti-PDGF methods have shown to be quite
promising"""*!. Auraptene (AUR), the best-known member
of umbelliferone coumarins, is biosynthesized by fruits like
lemon and grapefruit. It has well-established pharmacological
and therapeutic effects in human diseases''*'”. By reducing the
mRNA expression of matrix metallopeptidase 2 (MMP2) and
MMP9 genes, AUR has been found to prevent the migration
and invasion of cervical and ovarian cancer cells, as well as
ulcerative colitis. In addition, Toliver et a/™ showed that AUR
could prevent angiogenesis by blocking VEGF expression in
human umbilical vein endothelial cells line. In another study

21 VEGF-induced neovascularization in nude

by Jang et al'
mice reduced after AUR treatment in vivo. In the present study,

we combined two AMD therapeutic strategies, nano-based
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Figure 1 Age-related macular degeneration therapeutic strategies

VEGF: Vascular endothelium growth factor.

drug delivery, and VEGF inhibitors. We aimed to establish a
proper niosomal formulation to encapsulate AUR and deliver
it to RPE cell line. Then, we evaluated the toxicity and mRNA
profile of cells after treatment with free and niosomal AUR.
MATERIALS AND METHODS

Ethical Aproval The study was approved by the Ethics
Committee of Golestan University of Medical Sciences (ethics
code: IR.GOUMS.REC.1399.065).

Cell Culture The present study utilized an RPE cell line
that had undergone prior isolation and culturing procedures

221 The cells were cultured in

in our previous investigation
T-25 flasks containing a complete culture medium containing
10% fetal bovine serum (FBS) and incubated at 37°C and
5% CO, after thawing. Flasks with 90% confluency were
utilized for cell passage or storage in a liquid nitrogen tank
(-192°C). Treatments were carried out in flasks with 90%
confluent cells. Briefly, cells were harvested using trypsin-
ethylenediaminetetraacetic acid (EDTA) and seeded into well-
plates.

Niosome Preparation Thin-film hydration was used to
synthesize the niosomes using two non-ionic surfactants
(Tween 80 and Span 60) and cholesterol. These components
were dissolved in a round bottom balloon in 10 mL of an
organic solution containing ethanol and chloroform in a
1:1 ratio. To generate a thin coating and evaporate organic
solvents, a rotary vacuum pump device was used. The
balloon contents were exposed to 50°C—60°C for 60min after

1029



Niosomal AUR effects of RPE cell line

being hydrated with phosphate-buffered saline (PBS) buffer
(pH=7.4). The solution was maintained at 25°C overnight
to boost the chemical composition of AUR’s absorption into
the lipid membrane of niosomes. The niosome solution was
filtered through a 0.22 nm syringe filter the next day, then
sonicated for 10min before being stored in the refrigerator.
Auraptene Characteristics: EE, Size, Zeta Potential and
Polydispersity Index To calculate the reference wavelength
of AUR, ultraviolet (UV)-visible spectroscopy was used to
examine different concentrations of the AUR. Then, a standard
concentration was curved. At a wavelength of 323 nm, the
light absorption of serially prepared quantities of AUR was
measured. As a result, a standard curve representing the
concentration of AUR was created. Maximum light absorption
was achieved at a concentration of 100 pg/mL. To calculate
entrapment efficiency (EE) of niosomal AUR, 5 mL of the
niosome nanoparticle suspension was centrifuged at 13 000 rpm for
30min. Then, 2 mL of PBS buffer (pH=7.4) was used to wash
the supernatant. The concentration of chemical compound in
the solution was determined by measuring its absorption at 320 nm.
The following formula was used to calculate the amount of
encapsulated AUR:

Amounts of Auraptene in the supernatant 100
X

Niosomal auraptene EE(%)=
Total amounts of Auraptene

Furthermore, the dynamic light scattering (DLS) method
was used to determine vesicle size, zeta potential, and
polydispersity index (PDI) of niosome-encapsulated AUR.

In Vitro Release Study The membrane diffusion method
was used to determine the rate of AUR release from niosome
nanoparticles. The 2 mL of the solution (10 kDa cut-off) was
placed into a dialysis bag with 50 mL of PBS buffer (pH=7.4).
It was shacked at 37°C and 40 rpm. At 0, 1,2,3,4,5,6,7, 8,
12, and 24h intervals, 2 mL of the solution around the dialysis
sack was withdrawn and replaced with a new 2 mL PBS buffer.
The absorbance of the collected solutions was measured at
320 nm. A standard curve was used to calculate the amount of
AUR released at each moment, plotted against time.

Infrared Spectroscopy Centrifugation was used to extract
AUR niosomal carriers from the suspension, and the surplus
solution was evaporated. The samples were compacted into
plates after being combined with potassium bromide (KBr).
In order to explore the niosome functional groups, the fourier-
transform infrared spectroscopy (FT-IR) spectra were scanned
for samples in the wavelength range of 400-4000 cm™'. The FT-IR
spectra of the niosome system containing AUR were compared
to that of the niosome system without AUR and free AUR to
evaluate possible chemical interactions between niosome and
AUR.

Transmission Electron Microscopy The surface morphology
of the generated niosomal AUR was characterized using
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transmission electron microscopy (TEM H-9500). A solution
of niosome-encapsulated AUR at concentration of 10 pg/mL
was used.

IC,, Calculation The half maximal inhibitory concentration
(ICs,) of a substance is defined as a concentration in which
it blocks 50 percent of a biological function™”. We used the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay to assess cell viability. For that purpose, 3.5x10"
RPE cells were seeded into 96-well plates, before treating
with varying dosages of free and niosomal AUR (three
repeats for each dosage), and 24h of incubation. An MTT
assay was performed to analyze cell viability 24, 48, and 72h
after treatment. The formed purple formazan crystals were
dissolved in dimethyl sulfoxide (DMSO). An enzyme linked
immunosorbent assay (ELISA) reader was used to assess
light absorption at 570 nm. The cell viability was calculated
according to the following formula:

Absorption in the experimental wells—Background

Cell viability (%)= 100

Absorption in the control wells

RNA Extraction, cDNA Synthesis, and RT-PCR RNA was
extracted from 2-4x10° RPE cells treated with free niosome,
free AUR, and niosomal AUR, according to the kit instructions
(denazist, Iran). The purity of extracted RNA was measured
using a nanodrop spectrophotometer. Pure extracted RNA was
defined as a ratio of 260/280 and 260/230 optical densities
(OD) between 1.8 and 2. We then used isolated total RNA to
perform cDNA synthesis (Parstoos Inc. Kit). We implemented
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
housekeeping gene to normalize the expression levels.
Also, agarose gel electrophoresis verified the accuracy of
cDNA amplifications. The expression of VEGF-A, PDGF-A,
PDGF-B, PDGF-C, PDGF-D, and GAPDH genes in cells
treated with free niosome, free AUR, and niosomal AUR were
measured using SYBR Green real-time polymerase chain
reaction (RT-PCR, Yekta Tajhiz Azma Inc., Tehran, Iran). Table 1
contains the list of PCR primers™***.

Statistical Analysis The 2™ method was used to calculate the
relative fold changes in gene expressions. GAPDH gene was used
as reference. The graphs were produced using the graphpad Prism
software v9.0.0. Statistical differences in gene expression were
evaluated using Student’s #-test. Significant was defined as a
P-value <0.05 with a 95% confidence interval (CI).

RESULTS

Niosomal Formulation with Cholesterol:Span 60 (1:1)
Reached Highest EE Type of surfactant and the ratio of
surfactant to cholesterol were examined to reach the optimum
EE rate. Furthermore. We observed that the non-ionic
surfactant Span 60 had higher EE than Tween 80. Also, at
cholesterol:Span 60 ratios of 0:1, 0.5:1, 1:1, and 2:1, EE were
18.2%, 25%, 64.3%, and 41%, respectively. We continued the
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Figure 2 Characterization of auraptene-loaded niosomes A: In vitro release of free and niosomal AUR. All values are illustrated as mean (n=3). B:

FT-IR spectrums of AUR-free niosome in blue, free AUR in red, and niosomal in black. AUR: Auraptene; FT-IR: Fourier-transform infrared spectroscopy.

Table 1 List of PCR oligonucleotide primers

Primers Directions Sequence (5’ to 3’) Size of PCR product Reference

GAPDH Forward 5'-ACAGTCAGCCGCATCTTC-3' 317 bp 22
Reverse 5'-CTCCGACCTTCACCTTCC-3'

VEGF-A Forward 5'-GGAGGGCAGAATCATCACGAA-3' 3151 bp 22
Reverse 5'-GGTCTCGATTGGATGGCAGT-3'

PDGF-A Forward 5'-TCGATGAGATGGAGGGTCG-3' 71 bp 24
Reverse 5'-ACCCGGACAGAAATCCAGTCT-3'

PDGF-B Forward 5'-CTCGATCCGCTCCTTTGATGA-3' 239 bp 25
Reverse 5'-CGTTGGTGCGGTCTATGAG-3'

PDGF-C Forward 5'-GACTCAGGCGGAATCCAACC-3' 129 bp 26
Reverse 5'-CTTGGGCTGTGAATACTTCCATT-3'

PDGF-D Forward 5'-CCCAGGAATTACTCGGTCAA-3' 105 bp 27
Reverse 5'-ACAGCCACAATTTCCTCCAC-3'

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; VEGF-A: Vascular endothelial growth factor A; PDGF-A: Platelet-derived growth

factor A; PDGF-B: Platelet-derived growth factor B; PDGF-C: Platelet-derived growth factor C; PDGF-D: Platelet-derived growth factor D.

study using Cholesterol:Span 60 (1:1) formulation. Size, zeta
potential, and scattering index of niosome formulations were
measured using DLS.

Results of Release Study Figure 2A represents the amount
of AUR released in free form and in niosomal formulation of
cholesterol:Span 60 (1:1) in PBS buffer (pH=7.4) at different
points in time. It demonstrates that the release rate was slower
and more gradual in niosomal form compared to free form.
The results also showed that after 4h 63.667%=+3.21% of the
drug was release from the niosomes.

FT-IR Results In the Span 60 structure of AUR-free niosomes, a
peak of 3500 cm™ belongs to a hydroxyl group (-OH), a peak
of 1550 cm™ belongs to carbonyl group (C=0), and a peak of
1020 cm™ belongs to CO ester (C=O groups) were observed
(blue line, Figure 2A). In addition, the structure of AUR (red
line, Figure 2B) showed peaks of 3000 cm™ and 2800 cm™
corresponding to CH, alkanes, peaks of 1700 cm™ belonging to
C=C and C=0 groups, and a peak of 1400 cm™ corresponding
to the esterified CO within the ring. Black line in Figure 2A
shows the encapsulation of AUR by a Span 60-structured
niosome. As a result, peaks related to Span 60 at 3500 cm’'
and 1550 cm™ and peaks related to AUR at 3000 cm™ and
1700 cm™ are recognizable, indicating that AUR encapsulates
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Figure 3 Image recorded using TEM of niosomal AUR TEM:

Transmission electron microscopy; AUR: Auraptene.

in the niosome nanocarriers. Furthermore, the absence of a new
peak and the disappearance of other previuos structural peaks
indicate that the structure of AUR remains unchanged, that no
chemical reaction occurs during the encapsulation process, and
that AUR has retained its structure in the niosomal form.

TEM Image The surface morphology of AUR-containing
niosomes was investigated using TEM microscopy. The
spherical shapes of two lipid layers created by the aggregation
of hydrophobic components are depicted in Figure 3.

IC;, Values To calculate the optimum dosage, MTT assay
was performed on cells treated with free and niosomal AUR at
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Figure 4 RPE cell line viability after treatment with free (A) and niosoma (B) AUR, at after 24, 48 and 72h time points AUR: Auraptene.

eight different concentrations (3, 6, 12.5, 25, 50, 75, 100,
and 200 pg/mL), at 3 separate post-treatment intervals (24,
48, 72h). For free AUR the ICy, values at 24, 48, and 72h post-
treatment were 38.5, 21.56, and 11.05 pg/mL, respectively.
Moreover, for niosomal AUR, the ICy, values at 24, 48,
and 72h post-treatment were 27.78, 18.56 and 10.6 pg/mL,
respectively. The results demonstrated that both treatments had
a dose-dependent but not time-dependent effects on the RPE
cell line (Figure 4).

RT-PCR Results Based on MTT results, we used 38.5 pug/mL
of free AUR and 27.78 pug/mL of niosomal AUR for a 24h
treatment on RPE cell line. Expression level of VEGF-A4,
PDGF-A, PDGF-B, PDGF-C, and PDGF-D were quantified
using RT-PCR. The results showed that niosomal AUR
compared to free AUR, significantly reduced the mRNA
expression level of the five genes (Figure 5).

DISCUSSION

In recent years nanocarriers like liposomes and niosomes have
attracted attention in the field of drug delivery”*”. Niosomes
are non-ionic lipid bilayer surfactant-based vesicles that have
enhanced stability and biodegradability. Because of their small
size, they can pass cellular barriers and successfully aggregate
in the target region. Membrane permeability, increasing drug
bioavailability, and high rate of EE have made them promising
tools in pharmaceutical delivery systems"”*’". Inhibiting
angiogenesis can be an effective option to treat neovascular
AMD"?. Many efforts have been made in recent years. None
has been more noticeable than anti-VEGF drugs. VEGF and
PDGF superfamilies have been recent favorable targets in
AMD therapy"”*". Various chemical compounds and drugs
with anti-angiogenic effects have been explored to treat
neovascular AMD, including pegaptanib, bevacizumab, and
ranibizumab®®. Recent studies showed that AUR efficiently
inhibits endothelial cell migration, invasion, proliferation, and
vascular development””’. Also, AUR anti-angiogenesis activity

d"**” Figure 6 graphically

has already been demonstrate
summarizes the procedure of this study.

Here, we prepared a cholesterol:Span 60 formulation of
niosome and encapsulated AUR in the niosomes. Then, RPE
cells were exposed to free and niosomal AUR. Our work

aimed to investigate their anti-AMD potential by measuring
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the VEGF-A and PDGFs genes’ expression levels. The
addition of non-ionic surfactants in niosome formulations
creates a substrate for trapping the chemical compound and
gradually releasing it, which therefore lowers the dose of the
desired chemical. Niosome formulation with Span 60 exhibited
higher EE than formulation with Tween-80, which might be
attributed to the hydrophilic-to-hydrophobic ratio*”. The Span
60 formulation with the highest EE (64.3%) and surfactant to
cholesterol ratio of 1:1 was used in this study. The hydrophobic
AUR is trapped efficiently by the low hydrophobicity ratio of
Span 60. Also, the 1:1 ratio prevents the formation of thin film
and maintain EE, which seems to be a result of a competition
between cholesterol and the hydrophobic AUR for placement
within the bilayer membrane. These results were consistent
with a previous study that showed nano-encapsulation of
AUR with particles of solid lipid nanoparticles improves
skin absorption and anti-inflammatory characteristics™").
The results demonstrated that VEGF-A, PDGF-A, PDGF-B,
PDGF-C, and PDGF-D expression levels in RPE cells were
considerably lowered in cells treated with either niosome-
encapsulated or free AUR. According to Mouse Genome
Informatics (MGI) database, knocking down VEGF-A gene
in mouse models can impair angiogenesis and blood-island
formation. PDGF-A4 knockdown can result in incomplete
cephalic closure and increased apoptosis of neural crest cells.
PDGF-B knockdown can lead to the absence of microvascular
pericytes and capillary aneurisms. Moreover, PDGF-D plays a
critical role in the expression of vascular-differentiation related
genes in embryonic stem cells. Our findings also reveal that
niosomal AUR had more significant effect on the expression
level of our genes of interest compared to free AUR. However,
the mechanism(s) by which AUR may suppresses these genes
remain unknown. In this regard, previous studies argued that
this molecule is able to inhibit metalloproteinases, G1/S cell

2 Encapsulating

cycle checkpoint, and induce apoptosis
AUR in niosome nanocarriers may be particularly efficient
in preventing angiogenesis by lowering the expression of
VEGF-A and PDGF genes in AMD'™',

There were some limitations in this work that should be
reflected by future studies. First, there are other formulations of

niosome that might have more efficiency than cholesterol:Span
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Figure 5 The mRNA expression levels of VEGF-A, PDGF-A, PDGF-B, PDGF-C, and PDGF-D in RPE cells treated with free and niosomal AUR,
after 24h P<0.05 was assumed as significant quantity. VEGF: Vascular endothelium growth factor; PDGF: Platelet-derived growth factor; RPE:

Retinal pigment epithelium; AUR: Auraptene. *P<0.05; °P<0.01.
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Figure 6 Study workflow and procedure RPE: Retinal pigment epithelium; VEGF: Vascular endothelium growth factor; PDGF: Platelet-derived

growth factor; PCR: Polymerase chain reaction; EE: Entrapment efficiency; PDI: Polydispersity index; TEM: Transmission electron microscopy;

FT-IR: Fourier-transform infrared spectroscopy; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

60. For instance, derivatives of niosome with pH sensitivity,
and polymer modification worth to be included™*"". Moreover,
the anti-AMD potential of AUR should be investigated in
VEGF-A and PDGFs protein levels. Also, our investigation
did not encompass the quantification of protein levels
and the utilization of in vivo experimental models. Future
research endeavors should contemplate these insightful
recommendations, integrating both protein level assays and in
vivo methodologies to yield a more holistic elucidation of the
pharmacological implications of AUR.
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