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This study was to explore the inhibitory effect of bromfenac sodium (BF) / chitosan (CS) nanoparticles
(NPs) on corneal neovascularization (CNV). 45 New Zealand white rabbits provided by The First
Affiliated Hospital of Jinan University were randomly divided into a control group (group A, n = 15),
0.1% BF aqueous solution treatment group (group B, n = 15), and 0.1% BF/CS-NPs suspension
treatment group (group C, n = 15). A rabbit corneal alkali burn model was established. The average
particle size of BF/CS-NPs with different BF concentrations was mainly 341.6 + 12.9 nm - 548.7 + 15.4
nm; and the Zeta potential distribution was 24.3 + 25 mV - 35.7 + 4.3 mV. When the initial
concentration of BF was 1.5 mg/mL, the maximum drug loading was 57.35 + 5.26%. The area of CNV
in group C was significantly lower than that in groups B and A, and the differences were statistically
significant (P < 0.05). At 6, 12, 18, and 24 days after surgery, the mRNA expression levels in
cyclooxygenase-2 (COX-2) and vascular endothelial growth factor (VEGF) gene were compared after
standardized by B-actin; group A had the highest expression level, followed by group B, and group C
had the lowest expression level, showing statistically significant differences (P < 0.05). The BF/CS-NPs
granules prepared in this study had stable physical and chemical properties and had a good sustained-
release effect, and the release duration can be as long as 48 hours. BF/CS-NPs can inhibit the formation
of CNV at different time points after alkali burn, and reduce the expression of VEGF and COX-2 in
corneal tissue after alkali burn.

Copyright: © 2022 by the C.M.B. Association. All rights reserved

Introduction

known as  (2-amino-3-(4-bromobenzoyl)phenyl)

Corneal neovascularization (CNV) can cause severe
visual damage and even blindness, and it is also a
high-risk factor for rejection after allogeneic
keratoplasty. CNV occurs in about 1.4 million patients
in the United States each year, and about 15% of them
have a visual impairment (1, 2). At present, the
treatment of CNV mainly uses local glucocorticoids
and non-steroidal anti-inflammatory drugs and
performs electrocoagulation, laser photocoagulation
and photodynamic therapy on neovascularization.
However, the clinical effects of these treatments did
not meet expectations. In recent years, the research of
drugs targeting molecules involved in the pathological
mechanism of neovascularization, especially vascular
endothelial growth factor (VEGF) drugs, has made
great progress, and the therapeutic effects are also
very satisfactory (3). Bromfenac sodium (BF) is also

sodium acetate. As a new generation of non-steroidal
anti-inflammatory drugs, it has a unique chemical
structure, making it a powerful anti-inflammatory
drug, and also a lipophilic molecule that can penetrate
eye tissues, thereby prolonging the duration of action
(4-6). The strength of BF is 10 times that of other non-
steroidal anti-inflammatory drugs. BF acting on the
eyes can not only be anti-inflammatory and analgesic
but also avoid the side effects of hormonal drugs.
With the in-depth exploration of the pharmacological
mechanism of BF, exciting new discoveries have been
made in anti-angiogenesis, inhibition of retinal glial
cell proliferation, and suppression of immune
response. Especially in the field of optic nerve
protection, BF also plays a very important function
(7).

Studies have pointed out that the inhibitory effect
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of BF on inducible cyclooxygenase-2 (COX-2) is 3.7
times that of diclofenac. Because of the unigueness
and high efficiency of the inhibitory effect of BF on
COX-2, BF has become an ocular agent for reducing
ocular inflammation and neovascularization (8-10). A
large number of studies have pointed out that BF
aqueous solution has a good effect on the treatment of
ocular inflammation and pain relief after cataract
surgery, but there are few studies on the inhibitory
effect of BF on CNV. In addition, BF has many
problems in the treatment of ocular diseases, such as
short drug duration, high dosing frequency, poor
patient compliance, and the inability to obtain
effective drug concentration in deep tissues of the eye
(11, 12).

In recent years, with the rapid progress of
nanotechnology, more and more scholars have begun
to focus on nano-drug delivery systems. Nanoparticles
(NPs) can not only improve the absorption of drugs
and promote the bioavailability of drugs but also
reduce the side effects of drugs and increase the
duration of drug concentration in the eye. Chitosan
(CS), also known as poly-2-amino-2-deoxy-p-D-
glucose, is a biological macromolecule produced by
the deacetylation reaction of chitin. It has many
advantages, such as better biocompatibility,
degradability, low immunogenicity, and non-toxicity,
so it is widely used in various nano-drug delivery
systems (13-15). In addition, the positive charge
attached to the surface of CS can be closely combined
with the negative charge in the ocular surface mucin
layer to increase the force between molecules and
enhance the mucosal adhesion of CS, thereby
prolonging the adhesion time of the drug on the ocular
surface and improving the bioavailability of BF.

Based on the above conditions, 60 New Zealand
white rabbits were selected as experimental animals,
and the prepared bromfenac sodium/chitosan
nanoparticles (BF/CS-NPs) were applied in the rabbit
CNV model to extend the stay and duration of action
of BF on the ocular surface. The objective was to
explore the inhibitory effect of BF/CS-NPs on rabbit
CNV and provide a scientific experimental basis for
the application of BF  nanomedicine in
ophthalmology.

Materials and methods
Testing animal grouping and modeling

45 New Zealand white rabbits were provided by the
First Affiliated Hospital of Jinan University Animal
Center, both male and female, with a weight of 2.0 -
2.5 kg. The animal experiment was approved by the
First Affiliated Hospital of Jinan University Animal
Ethics Committee, and the experimental process
complied with the experimental guidelines of the
Animal Ethics Committee.

A rabbit corneal alkali burn model was established.
It could grasp the degree of rabbit corneal alkali burn
according to the classification standard adopted by the
Cooperative Research Group on Ocular Trauma and
Occupational Eye Diseases (16). Before the
experiment, a slit lamp microscope (Yunnan Yunao
Optoelectronics Co., Ltd., China) was used to check
and exclude corneal diseases, and the right eye was
used as the test eye. After 3% sodium pentobarbital
(Liaoning Dasheng Pharmaceutical Co., Ltd., China)
intravenous anesthesia combined with 0.4% Obucaine
Hydrochloride Eye Drops (Santian Pharmaceutical
Co., Ltd., China) was adopted for anesthesia, a round
filter paper with a diameter of 8 mm soaked with 1
mol/L NaOH solution was attached to the center of
the rabbit's right cornea for 25s, and immediately
washed with 0.9% sodium chloride aqueous solution
repeatedly. After surgery, 0.3% tobramycin eye drops
(Nanjing Pharmaceutical Factory Co., Ltd., China)
were given to prevent infection. 45 rabbits were
randomly divided into a control group (group A, n =
15), 0.1% BF aqueous solution treatment group
(group B, n = 15), and 0.1% BF/CS-NPs suspension
treatment group (group C, n = 15) using the random
sampling method. Eye dropped once a day, 10 pL
each time, for 24 days.

Preparation of BF/CS-NPs suspension

In this experiment, CS-NPs and BF/CS-NPs
suspensions were prepared by the ion cross-linking
method. Firstly, CS powder was added to 2% acetic
acid (CH3COOH) solution to prepare 25 mL of 1.5
mg/mL CS acetic acid solution and stirred thoroughly.
Under magnetic stirring, 10 mL of 1.0 mg/mL sodium
tripolyphosphate (TTP) aqueous solution was placed
dropwise to the CS acetic acid solution and continued
stirring for 30 minutes at room temperature. When the
solution appeared opalescent, it meant blank CS -NPs
suspension was successfully prepared. Then, it could
continue to prepare for the BF/CS-NPs suspension.
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Before TPP was dropped into the chitosan acetic acid
solution, different amounts of BF needed to be added
to the above chitosan acetic acid solution to obtain
concentrations of 0.3 mg/mL, 0.6 mg/mL, 0.9 mg/mL,
1.2 mg/mL, 1.5 mg/mL, 1.8 mg/mL, 2.1 mg/mL, 2.4
mg/mL, 2.7 mg/mL, and 3.0 mg/mL BF solution. The
purpose of preparing the BF solution with no passing
concentration was to study the effect of different
initial concentrations of drugs on the physicochemical
properties of drug-loaded CS-NPs. Finally, the
prepared BF/CS-NPs suspension was centrifuged at
4°C and 15,000 r/min for 40 minutes, the supernatant
was discarded, the precipitate was collected, and
vacuum freeze-dried to obtain BF/CS-NPs freeze-
dried powder.

Characterization analysis, encapsulation efficiency,
and drug loading determination of BF/CS-NPs

After the BF/CS-NPs suspensions were prepared
with different drug concentrations, the particle size
and surface Zeta potential of the nanoparticles were
measured using a laser particle size analyzer (Malvern
Company, UK). After the BF/CS-NPs suspension was
diluted with deionized water, it was dropped on the
sample platform, fixed with conductive glue, and
sprayed with gold. The voltage was increased to 5 kv,
and then it was observed under an S-3400N scanning
electron microscope (Hitachi, Japan). A small amount
of diluted BF/CS-NPs suspension was dropped on a
copper mesh covered with carbon film and placed at
25°C for 10 minutes. After natural drying, it was
stained with 2% (w/v) phosphotungstic acid (Quzhou
Ruierfeng Chemical Co., Ltd., China), and observed
with a Tecnai-10 projection electron microscope
(Philip Company, Netherlands). LC-2010AHT high-
performance liquid chromatography (Shimadzu,
Japan) was used to determine the content of BF in the
supernatant.

The encapsulation efficiency and drug loading of
nanoparticles could be calculated below equations:

Encapsulation rate = (BF total amount — BF content in
supernatant)/BF total amount x100% [1]
Drug loading = (total BF — BF content in the
supernatant)/total mass of drug-loaded nanoparticles
x100% [2]

The concentration of BF in the sample was
determined Dby reversed-phase high-performance

liquid chromatography. The chromatogram was
recorded. The cumulative release rate of the drug at
each time point was calculated, including 4h, 8h, 12h,
16h, 20h, 24h, 28h, 32h, 36h, 40h, 44h, and 48h. The
BF cumulative release rate-time curve was drawn
according to the recorded results.

Observation of CNV

The slit-lamp microscope was used to observe
rabbit CNV growth, congestion, edema and corneal
opacity every day after surgery. The time for the
growth of neovascular sprouts in the left and right
eyes of each rabbit was recorded. CNV area was
measured at 6d, 12d, 18d, and 24d after the surgery.
The measurement mainly observed the longest blood
vessel that had a small continuous curvature and
grows toward the center of the corneal turbidity. The
calculation equation of the CNV growth area was as
follows:

N =—x3.1416 X [R2 - (R— L) X 2] [3]

In equation [3], N represented the area of
neovascularization; C represented the circumferential
hour of the neovascularization involving the cornea; R
= 6 mm, represents the corneal radius; and L referred
to the length of the neovascularization extending from
the limbus into the cornea.

At 6d, 12d, 18d, and 24d after surgery, the rabbits
were anesthetized intravenously with 3% sodium
pentobarbital and sacrificed by air embolism. The
corneal tissue with a diameter of approximately 10
mm was removed from the right eye of each rabbit. A
piece of corneal tissue was randomly selected from
each group, fixed with 10% formaldehyde (Chengdu
Kaida Chemical Trading Co., Ltd., China) solution for
24 hours, and embedded in paraffin. After tissue
sectioning, hematoxylin-eosin (HE) staining was
performed to observe the histopathological changes in
the cornea. The remaining corneal tissue was detected
by real-time fluorescent quantitative PCR (RT-qPCR)
to determine the expression levels of COX-2 and
VEGF genes in the experimental group and the
control group.

RT-gPCR detection
The total ribonucleic acid (RNA) was extracted
from rabbit corneal tissue. The corneal tissue was
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ground with liquid nitrogen, transferred into a 1.5 mL
EP tube, added with 1 mL of TRNzol (Beijing Biolab
Technology Co., Ltd., China) to lyse on ice for 20
minutes. After that, the tissue was added with 0.2 mL
of chloroform (Zibo Zengrui Chemical Co., Ltd.,
China) and mixed well. The tissue was centrifuged for
5 minutes at 4°C and 15,000 r/min to collect the
supernatant. 450 pL. of supernatant was transferred to
EP tube, added with 450 pL of isopropanol and mixed
well. Then, it was centrifuged at 4°C and 15000 r/min
for 20 minutes to discard the supernatant, and the
residual was added with 1 mL of pre-cooled 75%
ethanol. Again, the solution was centrifuged at 15,000
r/min at 4°C for 5 minutes to discard the supernatant
and added with 1 mL of absolute ethanol. After that, it
was again centrifuged at 15,000 r/min at 4°C for 5
minutes to discard the supernatant and air dry for 10
minutes, and then dissolved in 40uL of 1%o
diethylpyrocarbonate (DEPC) water and stored in a
freezer at -70°C.

The purity and concentration of RNA were detected
with ultraviolet (UV)-2600/2700 UV-Vis
spectrophotometer (Shimadzu, Japan). 2 pg RNA
template was extracted, and complementary
deoxyribonucleic acid (cDNA) was synthesized
according to the operating instructions of the reverse
transcription kit. SYBR Green | (TOYOBO, Japan)
fluorescent dye method was used for RT-qPCR
detection.

COX-2 and VEGF gene reaction system included
10 uL of 2 x SYBR Green, 0.5 pL of upstream and
downstream primers, 2.0 uL of cDNA, and 7.0 uL of
ddH20. Three replicate holes were made for each
sample. The reaction conditions were defined as
follows: 95°C for 5 minutes; 93°C for 30s, 56°C for
30s, 72°C for 30s, 50 cycles; and 72°C for 10 minutes.
The 2722¢T method was used to calculate the mMRNA
expression levels of COX-2 and VEGF in the three
groups at different periods.

Statistical methods

In this study, SPSS 22.0 was used as the statistical
analysis software for data processing for statistical
analysis. A single-factor analysis of variance was used
for comparison between multiple groups, and the
measurement data were expressed as X + s. The results
were statistically significant when P < 0.05.

Results and discussion
Characterization results, encapsulation efficiency,
and drug loading of BF/CS-NPs

Since the raw material of bromfenac sodium was
yellow, the prepared BF/CS-NPs suspension was a
light yellow opalescent suspension, and the freeze-
dried powder was yellow granular. Both transmission
electron microscopy (TEM) and scanning electron
microscopy (SEM) observation results showed that
BF/CS-NPs were spherical, with smooth surface,
uniform dispersion, and no adhesion, and the average
particle size was about 548.7 + 15.4 nm (Figure 1).
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Figure 1. Characterization results of BF/CS-NPs. Note:
Figure A showed the particle size distribution; Figure B
showed the picture of BF/CS-NPs freeze-dried powder;
Figure C was an image under TEM, and Figure D showed
an image under SEM.

Figure 2 showed the characterization and
determination results of BF/CS-NPs with different BF
concentrations. The average particle size distribution
range of BF/CS-NPs with different BF concentrations
was relatively concentrated, mainly 341.6 + 12.9nm -
548.7 £ 15.4 nm; and the Zeta potential distribution
was 24.3 +2.5mV - 35.7 £ 4.3 mV. No obvious linear
correlation was found between the initial
concentration of different BFs, the average particle
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size, and the Zeta potential distribution. When the
Zeta potential was positive, it was the BF/CS-NPs that
can tightly combine with the negative charges in the
rabbit corneal mucin layer, increasing the force and
extending the duration of BF on the ocular surface.
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Figure 2. Characterization and determination results of
BF/CS-NPs with different BF concentrations. Figure A and
Figure B showed the average particle size and Zeta
potential, respectively.

Figures 3 and 4 showed the encapsulation
efficiency and drug loading of BF/CS-NPs with
different BF concentrations. When the initial
concentration of BF was 1.5 mg/mL, the drug loading
was the maximum value of the experimental group
57.35 + 5.26%. When the initial concentration of BF
was 1.5 mg/mL, the increase in encapsulation rate
tended to be flat, which was the best value in the
experimental group (61.46 + 2.75%). Figure 2-A and
Figure 4 illustrated that the drug loading of BF/CS-
NPs was positively correlated with the average
particle size, which may be caused by the interaction
between the positive charge on the surface of CS and
the negative charge on the surface of BF. When the
initial concentration of BF exceeded 1.5 mg/mL, the
drug loading of nanomedicine reached a saturated
state. Even if the drug concentration was increased,
the drug loading of BF/CS-NPs would no longer

increase. It was found in Figure 5 that at the initial
release stage, BF/CS-NPs showed a very obvious
burst release, it released 60% of the total BF in the
first 24 hours, the release rate decreased after 32 hours
of release, and the sustained release time could reach
48 hours.

Drug loading (%)

0/3 0/6 0/9 1/2 1/5 1/8 2/1 2/4 2/7 3
Bromfenac sodium concentration(mg/mL)

Figure 3. Encapsulation efficiency of BF/CS-NPs with
different BF concentrations.

Encapsulation rate (%)

0/3 0/6 0/9 1/2 1/5 1/8 2/1 2/4 2/7 3
Bromfenac sodium concentration (mg/mL)

Figure 4. Drug loading of BF/CS-NPs with different BF
concentrations.

Cumulative release of BF
Chitosan Nanoparicles (%)

4 8 12 16 20 24 28 32 36 40 44 48
Time (h)

Figure 5. Cumulative release curve.

Rabbit CNV
examination
After alkali burn, the rabbit cornea appeared
grayish-white, dense and turbid, with clear
boundaries. With time, the number, thickness, and

formation and pathological
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area of the three groups of CNV gradually increased.
At each time point, the CNV areas of group B and
group C were significantly lower than the area of
group A, and the differences were statistically
significant (P < 0.05); the CNV area of group C was
significantly lower than that of group B (P < 0.05), as
shown in Figure 6. It was fully confirmed that the
experimentally prepared BF/CS-NPs had a good
inhibitory effect on rabbit CNV.

The area of corneal
neovascularization (mm2)
N
S

¥
#

;
10 #
0
6d 12d 18d 24d
s GrOUp A 35.67 45.62 65.24 73.76
s Group B 22.56 28.45 41.26 45.68
s Group C 17.35 21.52 30.57 33.76

Figure 6. Areas of the three groups of CNVs. Note: * and #
indicated P < 0.05 compared with group A and group B,
respectively.

The results of corneal histopathology showed that a
large number of inflammatory cell infiltration and
neovascularization were observed in group A, part of
inflammatory cell infiltration was observed in group
B, and a very small amount of inflammatory cells
were observed in group C. Such results further
confirmed that the BF/CS-NPs prepared in this
experiment had anti-inflammatory effects, as shown in
Figure 7.

Figure 7. Histopathological sections of three groups of
cornea 24 days after surgery. Note: image A showed that
group A showed massive infiltration of inflammatory cells
in the interstitium; image B showed group B was treated
with 0.1% BF aqueous solution, and some inflammatory
cell infiltration was seen, and image C showed the results of
group C treated with 0.1% BF/CS-NPs, and there was only
a small amount of inflammatory cell infiltration.

Corneal COX-2 and VEGF gene mRNA level
detection results

The RT-gPCR amplification results of COX-2 and
VEGF genes showed that the primers had good
specificity and can be used for RT-gPCR detection. At
6, 12, 18, and 24 days after surgery, the three groups
of COX-2 and VEGF gene mRNA expression levels
were compared after they were standardized by -
actin. Group A had the highest expression level,
followed by group B, and group C showed the lowest
expression level. The differences at each time point in
each group were statistically significant (P < 0.05), as
illustrated in Figure 8.
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Observation days

Figure 8. Comparison of RT-qPCR results of COX-2
mRNA and VEGF mRNA. Note: Figure A showed the RT-
gPCR result of COX-2 mRNA; Figure B illustrated the RT-
gPCR result of VEGF mRNA. * and # indicated P < 0.05
compared with group A and group B, respectively.

The production process of CNV is a very
complicated pathological phenomenon, which
includes not only the reorganization and dissolution of
the original capillary basement membrane but also the
expansion and metastasis of vascular endothelial cells.
There are many cytokines involved in this production
process, such as growth factors, interleukins, and
angiogenins (17).
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A nanoparticle carrier is a submicron drug carrier
delivery system that belongs to the nanoscale and
microscopic categories. In the past, many studies have
shown that encapsulating drugs in nanoparticles can
improve the biomembrane permeability of the drug,
control the release rate of the drug, adjust the
distribution range of the drug in the body, and
improve the bioavailability of the drug (18-20). In this
study, different initial concentrations of BF were
adopted to screen out the best nanoparticles in all
aspects. Then, the average particle size, Zeta potential,
encapsulation efficiency, and drug loading were
measured. It was found that nanoparticles with an
initial BF concentration of 1.5 mg/mL were the best
choice, and they were applied to the later rabbit CNV
model.  From the results of the drug release
experiment of BF/CS-NPs, it was found that in the
initial release stage, BF/CS-NPs had an obvious burst
release phenomenon, and the drug release rate
gradually slowed down as time passed. The burst
release may be caused by the diffusion of BF adhered
to the surface of nanoparticles (21). Zeta potential
results showed that BF/CS-NPs had a positive charge
on the surface in addition to their slow-release effect.
When BF/CS-NPs were applied to the ocular surface
of a rabbit model, they can be combined with the
negative charge in the ocular surface mucin layer. The
electrostatic interaction can not only increase the
adhesion of BF/CS-NPs on the ocular surface but also
expand the drug and cornea. The contact area of the
surface increases the sustained action time of the drug
on the ocular surface. Such results were similar to the
results of Yang et al. (2020) (22). Therefore, the
BF/CS-NPs prepared in this study can act on the
target site for a long time and improve the
bioavailability of the drug, which was in line with the
initial experiment expectations.

Cyclooxygenase plays a key role in inflammation
and can promote the conversion of arachidonic acid to
prostaglandins. COX-2 is an inducible enzyme, which
not only participates in various inflammatory
reactions but also plays a role in the process of
angiogenesis. Under various stimuli, its expression is
slightly up-regulated (23-25). VEGF is closely related
to the formation of new blood vessels. It can not only
bind to receptors on the vascular endothelium to
promote the division of endothelial cells, but also
increase the permeability of blood vessels to promote

endothelial cell transfer, dissolve the capillary
basement membrane, and form new vascular lumen
(26). The results of this experiment showed that in the
corneal tissue after alkali burn, the number of new
blood vessels increased during the gradual increase in
corneal inflammation, and the mRNA levels of COX-
2 and VEGF genes began to increase, and both
showed a positive correlation. It indicates that COX-2
and VEGF are involved in the formation of corneal
inflammation and CNV, and the up-regulation of
COX-2 and VEGF may be related to the expression of
their receptors.

BF is a highly selective inhibitor of COX-2. In the
rabbit CNV model, its affinity for COX-2 is dozens of
times that of ordinary COX. Therefore, the application
of BF to the treatment of CNV has a good effect. In
addition, the results of this experiment confirm that
BF/CS-NPs have a significant inhibitory effect on the
formation of CNV, which is consistent with the results
of Wu et al. (2017) (27). In addition, the results of this
study revealed that, compared with pure BF aqueous
solution, BF was wrapped in CS-NPs, the biological
effect of BF can be more lasting and more complete,
and it can play a better suppression effect in the
generation of CNV. The reason is that CS wraps BF in
it, which produces a certain degree of protective effect
on the drug, reducing the rate of degradation of BF by
ocular surface lysosomes.

Conclusions

In this study, BF/CS-NPs were prepared and
applied to the alkali burn rabbit CNV model to
observe the characterization results of BF/CS-NPs and
their inhibitory effect on CNV. BF/CS-NPs can be
successfully prepared by the ion cross-linking method,
which had stable physical and chemical properties and
had a good sustained-release effect. The release
duration can be as long as 48 hours. BF/CS-NPs can
inhibit the formation of CNV at different time points
after alkali burn, and reduce the expression of COX-2
and VEGF mRNA in the corneal tissue after alkali
burn. The limitation of this study was that the
properties of nano-level drugs were not very stable
and were easily interfered with by external factors. If
nano-level drugs were to be wused in clinical
applications, the storage method was still a problem to
be solved, and further exploration was needed in the
later stage. In conclusion, this study provided the

Cell Mol Biol

336



Song et al./ Bromfenac Sodium Nanopolymer and Corneal Neovascularization, 2022, 68(3): 330-338

possibility for nanoparticle carriers as targeted drug
carriers and provided a new direction for CNV
molecular-level therapy.
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