
Contents lists available at ScienceDirect

International Journal of Pharmaceutics

journal homepage: www.elsevier.com/locate/ijpharm

Treatment for chemical burning using liquid crystalline nanoparticles as an
ophthalmic delivery system for pirfenidone

Rummenigge Oliveira Silvaa, Bruna Lopes da Costaa, Flavia Rodrigues da Silvaa,b,⁎,
Carolina Nunes da Silvaa, Mayara Brandão de Paivaa, Lays Fernanda Nunes Douradoa,
Ângelo Malachiasc, Adriano Antunes de Souza Araújod, Paula Santos Nunesb,
Armando Silva-Cunhaa

a Faculty of Pharmacy, Universidade Federal de Minas Gerais, Belo Horizonte, MG 31270-901, Brazil
bGraduate Program in Applied Science to Health, Universidade Federal de Sergipe, Lagarto, SE 49400-000, Brazil
c Department of Physics, Exact Sciences Institute, Universidade Federal de Minas Gerais, 31270-901 Belo Horizonte, Minas Gerais, Brazil
dDepartment of Pharmacy, Universidade Federal de Sergipe, SE 49100-000, Brazil

A R T I C L E I N F O

Keywords:
Ocular chemical burns
Pirfenidone
Liquid crystalline nanoparticles
Cornea
Wound healing

A B S T R A C T

Some recent studies have shown that pirfenidone (PFD) has favorable results in the healing process of the cornea.
However, PFD in solution exhibits short half-life after topical application, and in this context, a liquid crystal
nanoparticle system containing PFD (PFD-LCNPs) was developed. The nanoparticles were characterized by
transmission electron microscopy, atomic force microscopy, small angle X-ray diffraction and polarized light
microscopy. The PFD-LCNPs had particle size and zeta potential of 247.3 nm and −33.60mV (stores at 4 °C),
respectively, and 257.5 nm and −46.00mV (stored at 25 °C), respectively. The pH of the formulation was 6.9
and the encapsulation efficiency was 35.9%. The in vitro release profiles indicated that PFD sustained release
from PFD-LCNPs for up to 12 h. In vitro study of ocular irritation (HET-CAM test) concluded that components of
the formulation are well tolerated for ocular administration. Corneal re-epithelialization time after chemical
burning was significantly reduced in rabbits treated with PFD-loaded LCNPs when compared to the group
treated with a vehicle. In addition, the anti-inflammatory action of pirfenidone was observed by reducing
myeloperoxidase activity (MPO) and inflammatory cells in the histology of the tissues of animals treated with
PFD-LCNPs. These findings indicated that the PFD-LCNPs might have the potential for effective ocular drug
delivery.

1. Introduction

The ocular chemical burns are responsible for 11.5% to 22.1% of
ocular injuries in an ophthalmic emergency (Wagoner, 1997). Esti-
mated the world incidence rate for chemical ocular injury represents
over 350,000 new chemical ocular injury cases every year (Shanbhag
et al., 2018). Chemical ocular injury is common and when severe, can
lead to corneal blindness, which it has a significant impact on vision-
related quality of life, and create a substantial expense for local health

care systems (Wagoner, 1997, Le et al., 2011, Haring et al., 2016).
Eventually, loss of visual function due to corneal neovascularization,
scarring, and ulceration may ensue (Jawaheer et al., 2017). Conven-
tional treatment focuses on the reduction of inflammation, foster re-
epithelialization, avoid further epithelial and stromal breakdown, pre-
vent infections and wound healing complications (Khan et al., 2007,
Hamill et al., 2013, Baradaran-Rafii et al., 2017). Biological agents that
are rich sources of growth factors have been used topically in ocular
burns because it has anti-inflammatory and anti-fibrotic properties that
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promote the restoration of a stable ocular surface (Liang et al., 2009,
Semeraro et al., 2014, Sharma et al., 2016).

Pirfenidone (5-methyl-1-phenyl-2-[1H]-pyridone) is therapeutic
agent that exhibited anti-inflammatory, antifibrotic effects and mod-
ulation of cellular oxidation in animal experiments and clinical trials in
idiopathic pulmonary fibrosis, renal fibrosis, and multiple sclerosis
(Oku et al., 2002, Lederer et al., 2015, Yamagami et al., 2015, Khanum
et al., 2017). Pirfenidone regulates a series of cytokines including TNFα
and TNFβ’s pathways (Misra and Rabideau, 2000). Its antifibrotic ac-
tion is primarily attributed to its antagonism of fibroblast proliferation
and migration and the reduction of extracellular matrix deposits (Lee
et al., 1998, Lin et al., 2009). In the eye, pirfenidone has shown the
prevention of corneal scarring, and the inhibition of orbital fibroblasts’
migration (Lin et al., 2009). However, when was investigated the
pharmacokinetics of 0.5% pirfenidone as a topically administered so-
lution in eyes of rabbits, it exhibited a short half-life in cornea tissue
(less than 19min) as expected for ophthalmic formulations (Sun et al.,
2011).

Drug bioavailability is one of the most difficult ways that re-
searchers face because of the unique anatomy, physiology, and bio-
chemistry of the eye (Gaudana et al., 2010). Most drugs administered
on the ocular surface from solutions are rapidly drained by different
mechanisms, such as blinking, tearing and tear dilution. In addition,
different layers of the cornea, conjunctiva and sclera constitute a
compact barrier for ocular penetration of drugs (Nagarwal et al., 2009).
It is reported that 5%, or even less, of the dose administered, reaches
intraocular devices (Hughes et al., 2005). To improve ocular bioavail-
ability, various ophthalmic drug delivery systems, emulsions
(Vandamme, 2002), nanoparticles (Vandamme, 2002) and liposomes
(Agarwal et al., 2016) have been proposed. These systems can po-
tentiate the bioavailability of the drugs facilitating transcorneal/trans-
conjunctival penetration (Tamilvanan and Benita, 2004, Liu et al.,
2016).

Monolein (MO) is a non-toxic, biodegradable and biocompatible
amphiphilic lipid which, upon contact with water, forms spontaneously
well-ordered liquid crystalline phases. In recent years, liquid crystal
systems have received considerable attention because of their excellent
potential as drug vehicles (Verma and Ahuja, 2016). The liquid crystal
of MO has interesting properties for a topical delivery system, since,
they have the ability to incorporate compounds independently of their
solubility, their physical and enzymatic degradation, their controlled
release, their ability to form gel in situ (Borgheti-Cardoso et al., 2015),
and also they are bioadhesive (Lee and Kellaway, 2000, Shah et al.,
2001, Esposito et al., 2005). The potential use for bioadhesive systems
as drug carriers lies in its prolongation of the residence time at the
absorption site, allowing intensified contact with the epithelial barrier
(Hagerstrom et al., 2003). Those characteristics make these drug de-
livery systems interesting as new therapeutic tools in ocular adminis-
tration.

Therefore, liquid crystalline nanoparticles may be a good candidate
for pirfenidone ocular delivery because it could enhance the drug de-
livery topically. The objective of this study was to encapsulate pirfe-
nidone in liquid crystal nanoparticles in order to increase the residence
time of the drug in the corneal tissue, avoiding multiple daily doses.

2. Material and methods

2.1. Materials

Monoolein (MO), pirfenidone, poloxamer 407 (F127) and oleic acid
were purchased from Sigma-Aldrich (St. Louis, MO). Ultrapure water
was produced by a Milli-Q System (Millipore, Massachusets, USA). All
other chemicals and reagents used in the study were of analytical or
pharmaceutical grade.

2.2. Preparation of nanoparticles

The liquid crystalline nanoparticles pirfenidone was prepared
through the top-down method (Guo et al., 2010). MO, oleic acid and
Poloxamer 407 were firstly heated to 60 °C, and then pirfenidone so-
lution at an appropriate concentration (0.5% w/w) was added to the
molten MO (4.4% w/w)/Oleic acid (0.1% w/w)/Poloxamer 407 (0.5%
w/w) and solubilized before adding to the aqueous phase (95% w/w).
The mixture was heated to 60 °C, vortexed during 1min, centrifuged at
1500g and repeated this cycle three times. Afterward, the sample was
kept at room temperature until its homogenous state was achieved.

After equilibration of 24 h, a further reduction in size was achieved
by treating the mixture for 10min by probe sonication (500 Watt
Ultrasonic Processors – VCX Series, Newtown, CT, USA) at 9W energy
input at 25 °C. Glycerol (0.9% v/v) was used to obtain the osmotic
pressure to physiological conditions (295.7–308.3mOsm/L) and the pH
was adjusted to 7.0 with 0.1 M NaOH. Finally, the free drug was re-
moved by centrifugal filter devices. Then the final concentration of
pirfenidone was adjusted to 1mg/mL. The formulation was stored at
two different temperatures (4 °C and 25 °C), and protected from light.
Blank nanoparticles (Blank-LCNPs) were prepared by the same process
without adding the drug at the initial step.

2.3. Characterization of PFD-LCNPs

2.3.1. Particle size distribution, polydispersity index, and zeta potential
The particle size and polydispersity index of PFD-LCNPs were de-

termined by dynamic light scattering (Zetasizer® Nanoseries ZEN3600,
Malvern Instruments, Worcestershire, England) after adequate dilution
(1:100, v/v) of an aliquot (1.5 mL) of the PFD-LCNPs in filtered water
(0.45 mm, Millipore, Bedford, MA). For the analysis, a 1 cm wide
polystyrene cell was used at a fixed angle of 90°.

The zeta potential (Zetasizer® Nanoseries ZEN3600, Malvern
Instruments, Worcestershire, England) measurements were performed
at 25 °C according to the electrophoretic mobility principle after di-
luting (1:100, v/v) of an aliquot (1.5 mL) of the PFD-LCNPs. All data
sets were expressed in terms of the mean (± ) standard error of the
mean (SEM) of at least three different formulations. The determination
of the hydrodynamic diameter, polydispersity index, and the zeta po-
tential of the developed liquid crystalline nanoparticle formulations
were performed 0, 15, and 30 days after the preparation.

2.3.2. Stability studies
The tendency toward the physical instability of the formulations

was studied by multiple light scattering by means of evaluating the
coalescence, creaming or flocculation (Turbiscan Lab®, Formulation,
L’Union, France). Measurements were carried out during 28 days (day
0, day 15 and day 28) at 4 °C and 29 days (day 0, day 13 and day 29) at
25 °C to study the influence of temperature on the stability of the PFD-
LCNPs and to determine the predominant mechanism of destabilization.
The analysis was performed with undiluted samples for 1 h (one scan
every 5min) at 4 °C and 25 °C. The backscattering (BS) variation was
the parameter evaluated since the transmission profile was close to 0%
for all samples. The BS profile at t= 0 was used as the reference line
and was subtracted from the profiles obtained in the subsequent mea-
surements. The data were analyzed using Turbisoft® software to eval-
uate instability phenomena such as migration and particle size variation
in these systems.

2.3.3. Morphology
The surface morphology of the PFD-LCNPs was determined by

atomic force microscopy (AFM) and transmission electron microscopy
(TEM). The samples were diluted in ultrapure water (1:100, v/v) and
placed on a mica sheet, allowed to dry and imaged using a Cypher ES
AFM (Asylum Research, USA) in amplitude and tapping mode. For the
TEM analyzes, the samples were prepared by loading a 5 μL droplet of
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the formulations onto a 300-mesh carbon-coated copper grid, and then
the excess fluid was removed by an absorbent paper. These grids were
kept in desiccators for 24 h before analysis by TEM and samples were
observed using an FEI Tecnai G2-20 FEI SuperTwin 200 kV.
Experiments and analyses involving electron microscopy were per-
formed in the Center of Microscopy at the Universidade Federal de
Minas Gerais, Belo Horizonte, MG, Brazil.

2.3.4. pH measurements
The pH values were determined in the undiluted PFD-LCNPs using a

calibrated potentiometer (mPA-210 – Tecnopon, São Paulo, Brazil).

2.3.5. Polarized light microscopy (PLM)
Investigation of the phase behavior of both Blank-LCNPs and PFD-

LCNPs was performed using a polarizing microscope. Micron-sized li-
quid crystalline particles were fabricated as described earlier but
without the size reduction homogenization step. After that, a drop of
the dispersion was placed onto a slide and imaged under a polarizing
light microscope (Zeiss®, Model Axio Imager M2) at magnification
power of 100x to evaluate the occurrence of birefringence.

2.3.6. Small-angle X-ray scattering (SAXS) measurement
Structural information was obtained through SAXS analysis. The

experiments were performed at the SAXS-1 beamline at the Brazilian
Synchrotron (LNLS, Campinas, Brazil). Liquid crystalline nanoparticles
(Blank-LCNPs and PFD-LCNPs) were deposited on metal rings, which
were sealed by a polyimide film (Kapton®) and impinged with an X-ray
beam energy of 8.3 keV (λ=0.1488 nm). A Pilatus 300 k detector was
positioned 1.0m from the sample, providing a reciprocal space vector
range (Q) spamming from 0.15 nm−1 to 2.6 nm−1. For all SAXS data,
the 2D images obtained were normalized by the incoming beam in-
tensity and sample’s absorption and the background scattering con-
tributions from sample chamber (mica) were subtracted and converted
to intensity profiles I (Q) as a function of the scattering vector Q using
the Fit2D software.

2.3.7. Encapsulation efficiency and drug loading
Encapsulation efficiency (EE %) and drug loading (DL%) were de-

termined by high-performance liquid chromatography with ultraviolet
detection (HPLC–UV). The HPLC system (Model 1260 Infinity Series,
Agilent®, USA) consisted of a pump (model G1311B), the automatic
injector (model G1329B), DAD detector (model G4212B) and Agilent®
software (Model EZChrom Elite, USA). A C18 reverse phase column,
150mm long and 4.6 mm in diameter and with 5 μm particles (Model
LiChrospher® 100 RP-18 endcapped, Merck, Germany) was used.
Sample (20 μL) was injected into the column with the mobile phase
consisted of acetonitrile-water (35:65, v/v) with an isocratic flow rate
of 1mL/min and the UV absorbance detector operated at 311 nm with a
retention time of 1.5min.

The EE% and DL% were determined by ultra-filtration method using
Microcon centrifugal filter devices (Millipore, Billerica, MA, USA).
0.5 mL PFD-LCNPs solution was transferred to the upper chamber of the
centrifuge tube with a molecular weight cut-off of 100 kDa followed by
centrifugation at 5000 rpm for 20min. The ultrafiltration centrifugation
method allows the separation of the non-encapsulated drug, which in
turn was able to pass through the filter during centrifugation The pir-
fenidone concentration of the filtrate and original sample preparation
(before filtration) were determined by HPLC at a wavelength of 311 nm.
The linearity range of the calibration curve was within 1–500 μg/mL
with a correlation coefficient of 0.9998. The drug encapsulation effi-
ciency and drug loading were calculated according to:

=
−

×
Wtotal Wfree

Wtotal
EE% 100%

=
−

− + +
×

Wtotal Wfree
Wtotal Wfree Wemulsifier Wlipid

DL% 100%

where, Wtotal is the total amount of drug in the nanoparticle; Wfree is the
amount of drug in the filtrate, Wlipid the amount of lipid and Wemulsifier

the amount of the emulsifiers. The data reported were expressed as the
mean (± ) standard error of the mean (SEM) of at least three different
formulation measurements.

2.3.8. In vitro release profiles
The in vitro release of PFD-LCNPs was evaluated using the dynamic

dialysis method. 1mL of fresh PFD-LCNPs (1000 μg/mL) was loaded in
a dialysis bag (MWCO 14,000 Da, Sigma, USA). The dialysis bag was
then immersed in 52mL release medium of simulated tear fluid (STF,
NaCl 0.67%, NaHCO3 0.2%, CaCl2·2H2O 0.008%) at 37 ± 1 °C with
stirring at 100 rpm. At predetermined time intervals, a 1mL aliquot was
withdrawn and immediately replaced with an equal volume of STF. PFD
content in the release medium was quantified with an HPLC method
similar to that of encapsulation efficiency determination. The cumula-
tive amount of drug (Qn, mg/mL) was plotted as a function of time (t,
min) and calculated based on the following equation:

∑= +
=

−

CnxV CixViQn o
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n
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where Cn stands for the drug concentration of the dissolution medium
at each sampling time, Ci is the drug concentration of its sample, and V0

and Vi stand for the volumes of the dissolution medium and the sample,
respectively.

2.4. In vitro study of ocular irritation

Ocular tolerability of PFD-LCNPs was evaluated by the Hen’s Egg
Test-Chorioallantoic Membrane test (HET-CAM test) described by Silva
et al. (2019). This study is used as an alternative to the Draize rabbit
eye test to check the ocular tolerance of the developed formulation
using fertilized hen egg. Ten fertilized hen’s eggs for each formulation
were selected and handled to discard the defective ones. The eggs were
incubated on an automatic rotating device (Premium Ecologica, Brazil)
at 37 ± 1 °C and 60 ± 1% relative humidity, for 10 days. On the tenth
day, the eggshell was opened at the side of the air chamber and the
inner egg membrane was carefully removed to avoid any damage to the
fine blood vessels of the chorioallantoic membrane (CAM). Ten days
after fertilization, PFD-LCNPs (1mg/mL, 100 µL), and PFD ophthalmic
solution (1mg/mL, 100 µL) was applied over the CAM surface. To
evaluate the toxicity of the formulation components the same volume of
a blank formulation was applied on the CAM (100 µL of Blank-LCNPs).
As a negative control, the same procedure was performed and 100 µL of
the vehicle (0.5% w/v carboxymethyl cellulose, CMC in 0.9% NaCl w/
v) was applied over the CAM surface. At least, as a positive control,
100 µL of 0.1M NaOH was applied over the CAM surface. After a 5min’
contact, the membrane was rinsed at 37 °C with phosphate buffered
saline solution (PBS). Then, the blood vessels and the capillary system
were examined for the post-application irritant effects of hyperemia,
hemorrhage, and coagulation at different times (0, 0.5, 2 and 5min). A
time-dependent numerical score was then allocated to each formula-
tion, and the sum of the time-dependent numerical scores for all three
responses of hyperemia, hemorrhage, and coagulation was calculated
and the mean sum of individual scores of all the endpoints from ten
replicate assays gave a single numerical value, thus indicating the ir-
ritation potential of the formulation. The intensity of the reactions was
semi-quantitatively assessed on a scale from 0 (no reaction) to 3 (strong
reaction). The ocular irritation index (OII) was then calculated by the
following expression:

=
−

+
−

+
−h x l x c xOII (301 ) 5

300
(301 ) 7

300
(301 ) 9

300
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where h is the time (in seconds) of the beginning of hemorrhage, l of
lysis and c of coagulation, over a period of 300 s (5min). The following
classification was used: OII≤ 0.9: slightly irritating; 0.9 < OII≤ 4.9:
moderately irritating; 4.9 < OII≤ 8.9: irritating; 8.9 < OII≤ 21: se-
verely irritating.

2.5. Evaluation of corneal re-epithelialization

2.5.1. Animals
Female rabbits New Zealand, three weeks of age and weighing

2–3 kg were purchased from the Experimental Farm Professor Hélio
Barbosa (Igarapé, Brazil). The animals remained in cages individuals
throughout the period of adaptation (1 week) before experimentation,
in an environment with an average temperature of 25 °C, constant and
brightness varying according to sunlight. There was no restriction of
water and food during the experiment and the used for evaluation. The
study was approved by the commission on ethics on the use of animals
of the Federal University of Minas Gerais (CEUA, Belo Horizonte, Brazil,
Protocol n° 360/2018).

2.5.2. Corneal chemical burn by ethanol-exposed rabbit eyes
The method previously described by Mencucci et al. (2014) with

some modifications was used. All procedures were performed with
animals under general anesthesia, induced by an intramuscular injec-
tion of 50mg/kg of ketamine hydrochloride (Dopalen®, Brazil) and
15mg/kg of Xylazine hydrochloride (Anasedan®, Brazil).

The animals were divided into three groups of five rabbits each. The
treatments were Blank-LCNPs (100 µL), PFD solution at 1mg/mL
(100 µL) and PFD-LCNPs at 1mg/mL (100 µL), twice a day. Blank-
LCNPs, PFD solution, and PFD-LCNPs were prepared freshly for every
experiment to avoid the use of any preservative.

After ocular surface anesthesia by topical instillation of prox-
ymetacaine (Anestalcon®, Brazil), a 9.0mm Trephine blade (Katena,
Denville, NJ) was placed and fixed firmly on the corneal surface with
gentle pressure, then 100 µL of absolute ethanol was put into the well
and left in place for 30 s and absorbed with a cotton pellet. Next, the eye
was irrigated thoroughly with sterile PBS to remove all chemical re-
sidues. To finish, the epithelium was peeled using a blade along the
boundary. All procedures of epithelial removal were performed on the
right eyes of experimental animals. The treatments started immediately
after surgery and for the following three days every 12 h. Precisely
100 μL of the formulation was placed into the conjunctival sac of the
right eye and the eyes were manually closed for 10 s to allow the so-
lution to be distributed over the cornea.

Fluorescein drops (Fluorescein Sodium 1.0%; Allergan®, USA.) were
instilled into the study eye, and photographs were obtained using slit
lamp (Apramed HS5, Brazil) under illumination with cobalt-blue light
using a digital camera Canon EOS Rebel T5, (Canon, Inc., Tokyo,
Japan). The area of corneal abrasion was measured semi-automatically
with a custom macro written for ImageJ (Version 1.49; National
Institutes of Health; USA). Measurements were corrected separately for
each image using a calibration factor based on the photographs of the
ruler.

2.5.3. Pre-ocular retention study
The pre-ocular retention of the PFD-LCNPs was assessed using a

fluorescence imaging system (Zeiss®, Model Axio Imager Z2-ApoTome
2, Germany). This method makes use a property of pirfenidone which
exhibits fluorescence in a range of excitation at 323–330 nm with an
intense, sharp emission peak at 390–400 nm (Bruss et al., 2004). In
order to evaluate the pre-ocular retention on the cornea, three female
New Zeeland rabbits were used and received 100 µL of each formula-
tion (Blank-LCNPs, PFD solution at 1mg/mL and PFD-LCNPs at 1mg/
mL) using the same protocol as described before. After 1 h, the animals
were euthanized using an overdose of barbiturate (sodium pento-
barbital at a concentration of 81mg/kg) and the corneal samples were

removed and fixed immediately with 4% paraformaldehyde solution for
24 h. The samples were washed with PBS and incubated in sucrose
solution before being included in OCT compound and frozen at −80 °C
until the time of sections. Using cryostat (LeicaCM3050S), sections of
10 µm were made in the samples and then images were acquired from a
fluorescence microscope with a 20× objective.

2.5.4. Histopathology
After 82 h of injury, the animals were euthanized and its eyes were

removed. Corneal samples were obtained and fixed in Dawidson’s so-
lution (two parts of 10% neutral phosphate-buffered formalin, three
parts of 95% ethanol, one part of glacial acetic acid and three parts of
ultrapure water) for 24 h, then the corneal tissue was placed in 70%
ethanol per 12 h, embedded in paraffin, cut at 4 µm and stained with
hematoxylin and eosin. The histological analysis was performed using
an optical microscope (Zeiss®, Model Axio Imager M2).

2.5.5. Myeloperoxidase (MPO) and N-acetylglucosaminidase (NAG)
measurements

Initially, using ice-cold Buffer 1 solution (0.1M NaCl, 0.02M
Na3PO4 and 0.015M Na2EDTA) 20mg of cornea were homogenized
and centrifuged at 4 °C for 10min at 10,000 RPM. The supernatant was
discarded and the pellet was resuspended in 0.2% NaCl solution and
1.6% NaCl plus 5% glucose. Then, the procedure was repeated one
more time. The supernatant was discarded and the pellet resuspended
in Buffer 2 (Na3PO4 and 0.5% Hexadecyltrimethylammonium bromide
w/v, HETAB) solution. For the quantification of Myeloperoxidase
(MPO), the samples were frozen in liquid nitrogen and unfreeze in the
water at room temperature. This procedure was performed three con-
secutive times. The samples were centrifuged for 15min at 10,000 RPM
(5000g) at 4 °C. To perform the enzymatic assay an aliquot of the su-
pernatant was removed for dilution in Buffer 2. The sample was plated
in triplicate in one microplate. 3,3′, 5,5′-Tetramethylbenzidine (TMB
substrate), previously diluted in Dimethyl sulfoxide (DMSO), was
added. During 5min the plate was placed in an oven at 37 °C. Then
H2O2 (0.002%) was added and the samples were again incubated at
37 °C for 5min. After the incubation, the reaction was stopped with the
addition of H2SO4 (1M, 100 µL). The absorbance reading was at
450 nm. The mean of the values obtained in each triplicate was used to
determine the activity of the enzyme.

For indirect quantification of N-acetylglucosaminidase (NAG) ac-
tivity (Assay Kit by Sigma Aldrich) in macrophages, 20 mg of corneal
tissue was homogenized with saline/Triton solution (Saline 0.9% and
Triton x-100, 1%) and then centrifuged at 4 °C for 10min at 3000 RPM
(1500g). The supernatant was collected and diluted in phosphate-citrate
buffer (0.1M citric acid and 0.1M Na2HPO4) to proceed with the NAG
assay. 100 μL of each diluted sample was plated in triplicate. Then was
added the substrate p-nitrophenyl-N-acetyl-β-D-glucosaminidase
(2.2 mM), diluted in a phosphate-citrate buffer. During 5min the plate
was placed in an oven at 37 °C. After the reaction, 0.2 M of glycine
buffer was added to the samples to paralyze the reaction. The absor-
bance reading was performed at 405 nm. The mean of the values ob-
tained in each triplicate was used to determine the activity of the en-
zyme.

2.6. Data analysis

Means ± SEM is shown for the number of independent experiments
indicated in Figure Legends. GraphPad PrismTM software was used to
analyze data for statistical significance performed using a one-way
analysis of variance (ANOVA), followed by Bonferroni post-hoc mul-
tiple comparison testing and considered statistically significant
(p < 0.05).
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3. Results and discussion

3.1. Particle size distribution, polydispersity index, zeta potential and pH
measurements

The size of the particles is a valuable factor in the evaluation of
physicochemical stability, in-vivo absorption, and bioavailability of
delivery systems (Rezvani et al., 2018). During the period evaluated for
formulations stored at 4 °C the measured mean hydrodynamic diameter
and polydispersity index (PDI) were 247,3 ± 0,599 nm and
0,1200 ± 0,006, respectively (Fig. 1A). There were no statistically
significant changes in both parameters, diameter and polydispersity
index of the formulations. When the formulations stored at 25 °C was
evaluated the measured mean hydrodynamic diameter and PDI were
257,5 ± 5,568 nm and 0,1620 ± 0,009, respectively. There were
statistically significant variations in particle size after 15 and 30 days,
which could be attributed to the phenomena of particle aggregation
over 30 days. The value of PDI in all measurements was lower than 0.2,
which suggests unimodal and homogeneous distribution of the particles
(Danaei et al., 2018). The PDI did not undergo major changes over the
30 days, this indicates that although the mean size is varying for the
formulations stored at 25 °C, the homogeneity a remains stable.

The zeta potential values measured after preparation, 15 and
30 days of all formulations were presented in (Fig. 1B). When evaluated
the formations stored at 4 °C the zeta potential was−33,60 ± 1,06mV
and none of the samples presented a statistically significant variation in
the value of this parameter in the period evaluated. However, for the
formulations stored at 25 °C, the zeta potential was−46,00 ± 2,45mV
and there was statistical variation after 15 and 30 days of the pre-
paration with reduction of the zeta potential. All PFD-LCNPs that were
formulated and stored at the two different temperatures showed a

negatively charged zeta potential, which could be expected due to the
presence of exposed carboxylic groups of oleic acid and adsorption of
free hydroxyl groups on the surface of PFD-LCNPs (Abdelaziz et al.,
2019).

Zeta potential is an important physicochemical parameter that in-
fluences the stability of formulations. As a rule of thumb, absolutes zeta
potential values above 30mV provide good stability and in the other
hand values in the range −5mV to +5mV indicate fast aggregation
(Patel and Agrawal, 2011). Large repulsive forces being positive or
negative tend to avoid aggregation due to occasional collisions of ad-
jacent nanoparticles (Bhattacharjee, 2016). Together, these parameters
indicate that the temperature of 4° C retains the nanoparticles of liquid
crystal, which were less aggregated as evidenced in the analyzed
parameters.

The pH is a key factor in determining the permeability of the cornea
to a drug (Pahuja et al., 2012). There is a delicate balance therefore
between aiming for a pH appropriate for corneal penetration and the
physiological pH (7.4), which will result in the least tearing. The pH
comfort zone for topically administered ophthalmic medication is quite
narrow, ranging from 6.5 to 7.8 (Awwad et al., 2017). The pH value of
the liquid crystal nanoparticle formulation at temperatures of 4 °C and
25 °C was 6.910 ± 0.0194 and 6.920 ± 0.0079, respectively. Thus,
the pH was considered adequate for the proposed use because it is close
to the pH of the lacrimal liquid allowing the necessary comfort of a
formulation for topical ocular use. Also, at this pH, the pirfenidone
molecule is neutral (not ionized) with high solubility in aqueous
medium and is able to travel through cell membranes without requiring
a receptor, which favors a greater bioavailability facilitating its per-
meation through the tissue (Shi et al., 2007). There were no statistically
significant changes in pH values over the period-evaluated (Fig. 1C).

Fig. 1. (A) Particle size distribution of nanoparticles stored at 4 °C and 25 °C over 30 days. (B) Zeta potential distribution of nanoparticles stored at 4 °C and 25 °C over
30 days. (C) the pH of nanoparticles stored at 4 °C and 25 °C over 30 days. All determinations were performed in triplicates. Statistical analyses were performed:
*indicates p < 0.05 when compared to day 0.
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3.2. Stability studies

The graphs obtained from the optical characterization analyzes by
multiple light scattering are shown in Fig. 2. This instrument is capable
to detect destabilization by creaming before it is visible by the naked
eye (Trujillo-Cayado et al., 2014). For the formulation stored at 4 °C the
Backscattering (BS) profile indicates that there was a slight increase in
particle concentration at the base (red line) over the course of the
28 days evaluated and a reduction of the particles at the top of the
cuvette. In the middle of the cell, the spectra presented a high overlap,
with a variation lower than 2%, demonstrating that the slope of BS for
PFD-LCNPs over 28 days of incubation (Fig. 2A) was not significantly
modified during analysis, which corroborates with the particles size

analyzes performed during the same time interval (Fig. 1A). None of the
detected variations was greater than 10%, suggesting that there were
no irreversible destabilization processes and that stable formulations
were obtained (Celia et al., 2015). This observation could be attributed
to an appropriate size and zeta potential of the nanostructures pro-
viding strong electrostatic repulsion and physical stability over time.

However, when the formulation stored at 25 °C was evaluated, the
Backscattering (BS) graph showed negative variations of more than
20% at the base of the cell and 15% at the top just after 13 days of
storage (Fig. 2B). This indicates a reduction in the concentration of
particles in the base and increases in the top of the cell (cremation)
(Celia et al., 2009). Moreover, the final backscattering level (blue line)
at a height of 3mm changes from −4% at time 0:00 to −26% after

Fig. 1. (continued)
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29 days (red line), while at 38mm there is a change from −9% to 15%
demonstrating a high creaming rate of the formulation stored at 25 °C
(Wiśniewska et al., 2016). It corroborates with the variation of particle
size performed during the same time interval (Fig. 1A) under the same
storage conditions. The results of multiple light scattering (Turbiscan)
and dynamic light scattering supported each other. Taking into account
these results, the PFD-LCNPs stored in 4 °C presented the best physical
stability on account of the evolution of its mean particle sizes.

3.3. Morphology

Both AFM and TEM (Fig. 3) pictures show spherical PFD-LCNPs
having a smooth surface without any evident irregularities and sepa-
rated from each other, suggesting possible stabilization of the NPs due
to negative surface charges. These findings indicated the successful
formation of PFD-LCNPs. Transmission electron microscopy (TEM) and
atomic force microscope (AFM) are an indispensable tool for use in
many fields of nanotechnology research and development, including
the investigation of drug nanocarriers enabling the detection of al-
terations in nanoparticle morphology (Manaia et al., 2017). It becomes
apparent that a major difference between some of the methods applied
is the question of nanoparticle environment. In some methods, the
samples can be measured while freely moving in solution (DLS), while
for others, they must be dried, or even placed in a high vacuum before
measurement (TEM and AFM) (Eaton et al., 2017).

3.4. Polarized light microscopy (PLM)

Anisotropic systems cause a deviation in the plane of polarized light
(birefringence, similar to real crystals), resulting in typical black and
white images, or colored textures (Manaia et al., 2017). Fig. 4 shows the
micrographs of PFD-LCNPs and Blank-LCNPs under a polarized light
microscope. The appearance of this pattern is similar to the fan-shaped
texture, which is typical for hexagonal liquid crystalline structure
(Rossetti et al., 2011, Rodrigues et al., 2016). The hexagonal structure
presents faster adsorption kinetics and greater free energy gain after the
adsorption of the particle on a surface. This means that the nano-
particles in this phase (hexagonal) spread more easily than the particles
in the cubic phase for example, which leads to greater coverage in the
applied area (Landau and Rosenbusch, 1996).

3.5. Small-angle X-ray scattering (SAXS) measurement

It is important to improve the understanding of how chemical and
structural properties of structured nanoparticles affect interactions and
functionalities in biological systems. Such information directly impacts
the design of drug-delivery vehicles of active pharmaceutical sub-
stances (Vandoolaeghe et al., 2009).

Fig. 5 shows the small angle x-ray scattering profiles for the PFD-
LCNPs sample and the Blank-LCNPs sample. One notices the absence of
a form factor for low q-values, with a monotonic decrease of the mea-
sured intensity. A clear and broad intensity hump is observed near
q=1.6 nm−1, followed by a smooth decay towards background level
counts. The observed hump on each curve is related to the nearest

Fig. 2. Micrographs of PFD-LCNPs taken using atomic force micrograph (A) and transmission electron micrograph (B).
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neighbor (first order peak) of the molecular packing of both systems,
which assumes lower q-values for the PFD-LCNPs sample (peak at
q= 1.626 nm−1), with respect to the Blank-LCNPs system (peak at
q= 1.646 nm−1). The corresponding nearest-neighbor distances in real

space of d=3.817 nm and d= 3.864 nm for the Blank-LCNPs and PFD-
LCNPs, respectively, indicate that the inclusion of pirfenidone leads to
an expansion of 1.2% in the molecular packing in the PFD-LCNPs
system. The presence of pirfenidone may be interfering in the ordering
of monoolein both for the tails and for the headgroups (including hy-
droxyl and carbonyl groups). It is believed that, due to its molecular
structure (with high permeability and high solubility), pirfenidone may
generate an imbalance between the hydrophobic chains and headgroup
(Mishraki et al., 2011). The Addition of the pirfenidone may a sizeable
effect on the axial tilt angle distribution. This indicates the fact that the
drug disrupts the tighter packaging of the lipid layer when compared to
Blank-LCNPs, inducing the observed 1.2% expansion of the molecular
packing.

3.6. Encapsulation efficiency and drug loading

The drug loading could reach 6.0 ± 1.82% along with
35.9 ± 2.09% encapsulation efficiency when adding 0.5% w/w of
PFD. The lower encapsulation efficiency observed may be associated
with a dilution of the drug due to the large proportion of water in the
formulation. Another reason may be associated with the reduction of
drug loading is a high-energy used for the particle size reduction (so-
nication) step leading to the drug exit from the system (Li et al., 2013).
Also, the moderate entrapping efficiency of pirfenidone is related to its
good solubility in water and its LogP (1.9), which makes it difficult for
the drug to remain trapped in the nanoparticle that presents lipophilic
characteristics (Macias-Barragan et al., 2010).

Fig. 3. Photomicrograph of a hexagonal liquid crystal using polarized light microscopy.

Fig. 4. SAXS profiles of the PFD-LCNPs loaded with pirfenidone at 1 mg/mL and Blank-LCNPs.

Fig. 5. In vitro release profiles of pirfenidone released from a PFD solution and
from PFD-LCNPs (n=3).
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3.7. In vitro release profiles

The in vitro release studies of drug delivery systems predict their in-
vivo behavior and reach the goal of controlled release. In the present
work, in vitro release studies were conducted in pH 7.4 to simulate the
tear fluid. As Fig. 6 presents, PFD in solution was almost completely
released within 2 h (94% drug release) while at the same time, PFD-
LCNPs exhibited a 58% release indicating that such formulations
showed greater control in the release of the active. It was found that
50% of PFD in water solution released after 15min and almost 90%
after 1 h, which suggested that PFD could freely diffuse through the
dialysis membrane. The solubility and permeability profiles suggest
that pirfenidone is a Biopharmaceutics Classification System (BCS)
Class 1 (log D of 1.37 ± 0.05) drug with high permeability and high
solubility (Trivedi et al., 2012). Thereby, the PFD is a hydrophilic drug,
adsorbed onto the surface of nanoparticles, would easily diffuse from
the matrix. This characteristic of the pirfenidone could justify the initial
burst of the PFD-LCNPs in which it released 23% of the drug in 15min.
In addition, PFD release occurred primarily through the water channel
of unique hexagonal structure (Hyde et al., 1984), which was indicates
by PLM (Fig. 4).

3.8. In vitro study of ocular irritation

The chorioallantoic membrane of the chick embryo has complete
tissues including arteries, veins, and capillaries, giving a similar result
as conjunctival tissue on inflammation (Warren et al., 1990). The
Blank-LCNPs, PFD solution, PFD-LCNPs, 0.9% NaCl+CMC 0.5% (ne-
gative control) and 0.1 M NaOH (Positive control) were tested for their
irritation potential and then irritation score was measured up to 5min
(Fig. 7). The results showed, on Table 1 below, that Blank-LCNPs, PFD
solution, PFD-LCNPs and 0.9% NaCl+CMC 0.5% (negative control)
were practically non-irritating (score ≤0.9), whereas 0.1M NaOH so-
lution showed coagulation implied that the solution produced irritating
effects (score 19.53). From the study, it was concluded that components
of PFD-LCNPs is non-irritant and well tolerated for ocular administra-
tion.

3.9. Evaluation of corneal re-epithelialization time

It has been shown that the rabbit cornea is similar in size to the
human cornea, which confirms its suitability of the model for transla-
tional research (Imanishi et al., 2000). In addition, the rabbit cornea
responds to a large degree comparable to the human cornea in respect
to wound healing time, the extent of scarring, and myofibroblast for-
mation (Stepp et al., 2014). The photographs of corneas under cobalt-
blue light after fluorescein staining are shown in (Fig. 8A), and the
healing progress is measured in (Fig. 8B). Rabbit eyes (n= 5 per group)
were treated with vehicle alone (Blank-LCNPs), PFD solution at 1mg/
mL, 100 µL and PFD-LCNPs at 1mg/mL, 100 µL. During the first 60 h,

no difference in the healing pattern of the corneal lesions of the animals
was observed. However, after 72 h the animals that receive the vehicle
had a lesion reduction of 52% while the group treated with PFD-LCNPs
at 1mg/mL had an 84% reduction of the wound (*p < 0.05). Later, at
84 h after corneal chemical burn, animals treated with PFD-LCNPs at
1mg/mL and Blank-LCNPs exhibited reductions in corneal lesions of
91% and 54%, respectively (***p < 0.01). This indicated significant
improvement in the healing process in PFD-LCNPs treated eyes.
Meanwhile, no significant differences in healing were observed be-
tween the vehicle and the group treated with PFD solution at 1mg/mL
as well as no statistically significant difference between PFD-LCNPs at
1mg/mL and PFD solution at 1mg/mL (Fig. 8B). It is possible to ob-
serve that after 72 h of PFD-LCNPs administration a possible equili-
brium concentration was reached which led to the desired therapeutic
effect (corneal re-epithelialization). This demonstrates that the PFD-
LCNPs increased the time of contact between the drug and the cornea,
which is not observed in the groups treated with the PFD solution due
to high clearance of the drug as shown in Fig. 9.

Similar results of the good reepithelization process were found ad-
ministering 20 µL an eye drop formulation containing 5mg/mL of pir-
fenidone encapsulated in PLGA 50:50 one per day during 7 days, after
damage to the cornea of a rabbit by alkali burn (Chowdhury et al.,
2013). Corneal re-epithelialization time was significantly reduced in
pirfenidone encapsulated in PLGA nanoparticles treated eyes compared
to the control eyes (group treated with vehicle Blank-PLGA nano-
particles) after 7 days. Similarly, using a cornea alkali-burned model in
rat, it was administrated topically 10 μL of pirfenidone (1mg/mL)
dissolved in phosphate buffered saline (PBS) four times per day for
14 days. Corneas wound of the pirfenidone group were close to healed
on day 7, while cornea wound of the group treated with vehicle (PBS)
was still obvious (Jiang et al., 2018). Pirfenidone counteracted the TGF-
β induced cell cytostatic effect, which might have enhanced the pro-
liferation of corneal epithelial cells, resulting in more rapid re-epithe-
lialization. Furthermore, in an in vitro study using Tenon’s fibroblasts
was demonstrated that pirfenidone downregulated the expression of
TGF-β1, -β2, and -β3 (Lin et al., 2009). Rapid re-epithelialization helps
to re-establish the corneal homeostasis and prevent further damage to
the underlying stroma. Therefore, a reduction in corneal re-epithelia-
lization time is an indicator of enhanced healing. In light of these
findings, we proved that the installation of PFD-LCNPs at 1mg/mL
twice daily improves corneal wound healing and therefore provide a
potential therapy to mediate corneal chemical burns.

3.10. Pre-ocular retention study

The pharmacokinetic profile of pirfenidone after topical adminis-
tration to rabbit eyes (250mg/mL, 50 µL) was observed in corneal tis-
sues exhibiting short terminal half-life of 18min (Sun et al., 2011).
Topical ocular drug administration usually allows only a short contact
time on the ocular surface. As shown in (Fig. 9B), after 1 h, nearly no
fluorescence was observed in the PFD solution, and only a small amount
of fluorescence intensity remained in the epithelium of the cornea.
However, when the eyes were instilled with PFD-LCNPs, strong fluor-
escence intensity was observed in the epithelium during the period of
1 h, as shown in (Fig. 9A), compared to the vehicle (Blank-LCNPs). It is
also possible to observe that the diffusion of the drug was not as rapid in
the pre-corneal region and permeation of the drug into the stroma
layer, proving that the PFD-LCNPs increase the perfusion of the drug.

These results indicate that the application of the PFD-LCNPs re-
sulted in relatively strong fluorescence intensity and slow clearance
from the PFD. The fact that the PFD-LCNPs is a hexagonal phase helps
in the best spreadability, which leads to better coverage of the surface
of the injured cornea. In conclusion, the PFD-LCNPs promoted a long
time of contact of the drug with the corneal epithelium, which in-
creased the ocular residence time of the drug on the corneal surface.

Fig. 6. Backscattering profiles at 25 °C of PFD-LCNPs analyzed by the Turbiscan
Lab® equipment, within a period of up to 29 days after preparation. (A) PFD-
LCNPs stored at 4 °C. (B) PFD-LCNPs stored at 25 °C.
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3.11. Histopathology

Histological evaluation of corneal epithelium done after the 84 h
injury is shown in Fig. 10. Animals treated with PFD solution at 1mg/
mL, 100 µL and PFD-LCNPs at 1mg/mL, 100 µL evidenced stroma with
normal fibrocytes and its surface was epithelialized with six to seven
layers, and more organized collagen bundles aligned parallel in the
stromal layer when compared with animals treated with vehicle alone.
In addition, the group vehicle-treated animals showed small granula-
tion and inflammatory infiltrates when compared with animals treated
with pirfenidone. PFD was originally shown to be an anti-fibrotic agent,

and after being examined in detail for idiopathic pulmonary fibrosis, it
exhibited substantial anti-inflammatory properties (Bayhan et al.,
2016).

3.12. Myeloperoxidase (MPO) and N-acetylglucosaminidase (NAG)
measurements

Myeloperoxidase (MPO) is a heme-containing peroxidase synthe-
sized during myeloid differentiation that constitutes a major component
of neutrophil azurophilic granules, has been extensively used as a
marker for measuring polymorphonuclear leukocytes accumulation in
tissue samples (McCormick et al., 2012). N-acetylglucosaminidase
(NAG), present in lysosomes, has been employed to detect macrophage
accumulation/activation in a variety of animal and human tissues de-
monstrated increases in polymorphonuclear and macrophage infiltra-
tion after inducing corneal alkali burn in mouse (Belo et al., 2004;
Okada et al., 2016).

As illustrated in Fig. 11A, MPO activities were lower in animals
treated with PFD-LCNPs at 1mg/mL compared to the Blank-LCNPs
(p < 0,034). Furthermore, there were statistically significant with
animals treated Blank-LCNPs and healthy animals (p < 0,026). We
found lower MPO activity in animals that had a corneal chemical injury
that was treated with PFD-LCNPs at 1mg/mL, which reflects the re-
duction of neutrophil accumulation in this region after 84 h. PFD exerts
its effects by reducing the levels of inflammatory cytokines, such as

Fig. 7. Sequence of photographs illustrating the effect of 100 µL 0.1M NaOH (Positive control), 0.9% NaCl+CMC 0.5% (negative control), Blank-LCNPs (vehicle),
PFD solution at 1mg/mL and PFD-LCNPs at 1mg/mL on the membrane over a 5-min period.

Table 1
Ocular irritation index (OII) scores for the tested PFD-LCNPs.

Tested solution/dispersion Score ± SEM Irritancy
classification

M NaOH, 100 µL (Positive control) 19.53 ± 0.05 SI**

0.9% NaCl+CMC 0.5%, 100 µL
(Negative control)

≤0.9 ± 0.0 NI*

Blank-LCNPs (vehicle), 100 µL ≤0.9 ± 0.0 NI*

PFD solution – 1mg/mL, 100 µL ≤0.9 ± 0.0 NI*

PFD-LCNPs – 1mg/mL, 100 µL ≤0.9 ± 0.0 NI*

* NI-Non-irritant or slightly irritant.
** SI-Severely irritant. The results are expressed as mean ± SEM. (n=10).
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tumor necrosis factor-α (TNF-α), monocyte chemoattractant protein-1,
interleukin-1β, and interleukin-6, by downregulating the transcription
of growth factor-β (TGF-β), and by reducing lipid peroxidation and
oxidative stress (Misra and Rabideau, 2000, Oku et al., 2002, Oku et al.,
2008). This improvement in the healing pattern of the cornea may thus
be related to a reduction of inflammatory cells evidenced by the lower
activity of MPO and as demonstrated by histology in the group of an-
imals that were treated with PFD-LCNPs at 1mg/mL (Fig. 10C).

Although it was described in some studies the presence of macro-
phages in the inflammatory response in corneal lesions, in this eval-
uated model of chemical burning there was no difference between

groups (Fig. 10B).

4. Conclusion

In summary, the present study demonstrates the potential of a PFD-
LCNPs drug delivery system to improve bioavailability. The formulation
of PFD-LCNPs was found to be nano-sized, uniformly dispersed, sphe-
rical form and exhibited low ocular irritating properties as evaluated by
the HET-CAM. Furthermore, the PFD-LCNPs formulation stored in 4 °C
presented the best physical stability. The in vitro results showed that
PFD-LCNPs were associated with a more sustained release profile than

Fig. 8. Effect of PFD-LCNPs at 1 mg/mL on corneal healing after chemical burn: (A) Representative pictures of Blank-LCNPs (vehicle), PFD solution and PFD-LCNPs
treated corneas after 12, 24, 48, 60, 72 and 84 h of injury. (B) Graph shows the corneal reepithelialization time: Corneal re-epithelialization time was significantly
(*p < 0.05) reduced in PFD-LCNPs at 1mg/mL treated eyes compared to the group treated with vehicle (Blank-LCNPs) after 60 h, but the corneal re-epithelialization
time in PFD solution at 1mg/mL treated eyes was not significantly different from the group treated with vehicle alone (Blank-LCNPs). Data are expressed as
mean ± SEM, n=5.

Fig. 9. Pre-ocular retention study showed that PFD-LCNPs promoted a long time of contact of the drug on the corneal surface. (A) PFD-LCNPs at 1 mg/mL, (B) PFD
solution at 1mg/mL, 100 µL and (C) group were treated with vehicle alone (Blank-LCNPs).

R.O. Silva, et al. International Journal of Pharmaceutics 568 (2019) 118466

11



those achieved using a PFD solution. The in vivo evaluation of corneal
re-epithelialization time study revealed that PFD-LCNPs at 1mg/mL
exhibited reductions in corneal lesions when compared with the group
treated with vehicle (Blank-LCNPs). In addition, histological examina-
tion and MPO activity demonstrated the reduction of inflammatory
cells when rabbits were treated with PFD-LCNPs. These findings in-
dicated that the biodegradable PFD-LCNPs might have the potential for

effective ocular drug delivery.

5. Ethics approval and consent to participate

The study was approved by the commission on ethics on the use of
animals of the Federal University of Minas Gerais (CEUA, Belo
Horizonte, Brazil, Protocol n° 360/2018). All the experiments were

Fig. 10. Histological cross-sections of ex-
cised rabbit cornea showing epithelium (EP)
and stroma (ST), stained with hematoxylin-
eosin after 84 h of injury. (A) group were
treated with vehicle alone (Blank-LCNPs),
(B) PFD solution at 1mg/mL, 100 µL and (C)
PFD-LCNPs at 1 mg/mL, 100 µL, and (D)
Sham. Black arrow indicates inflammatory
cells close to the corneal epithelium. Star
indicates multilayer epithelial cells.

Fig. 11. MPO and NAG measurement. (A) Myeloperoxidase analysis (MPO) of rabbits corneas after 82 h of treatment. (B) N-acetylglucosaminidase activity (NAG) of
rabbits corneas after 84 h of treatment. Statistical analyses were performed: *indicates p < 0.05 when compared to the vehicle (Blank-LCNPs).
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conducted in accordance with the Association for Research in Vision
and Ophthalmology (ARVO).
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