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Purpose: The aim of this study was to develop a nanogel emulsion as a minimally
invasive, safe, and effective treatment alternative for posterior ocular diseases.

Methods: A gel-in-water (G/W) nanoemulsion was developed by ultrasonication using
beeswax as an organogelator. Different physicochemical properties were evaluated
along with particle size analysis by dynamic light scattering. In vitro biocompatibility
of G/W nanoemulsion using rat hepatocytes and human umbilical vein endothelial cells
(HUVECs) and in vivo corneal permeability as eye drops were investigated.

Results: The nanogel emulsion was monodispersed with a polydispersity index and
particle diameter of approximately 0.2 and200nm, respectively. The zetapotential value
of−8.1mV suggested enhanced stability and improved retinal permeability of nanopar-
ticles. The prepared nanoemulsion was found to be biocompatible with hepatocytes
and HUVECs in vitro. Moreover, in vivo study demonstrated high permeability of G/W
nanoemulsion to the retinal layer with no ocular irritation.

Conclusions: G/W nanoemulsions have the potential for topical drug delivery in the
posterior eye segment with maximum therapeutic efficacy.

Translational Relevance: Organogel nanodispersion is a new concept to deliver
hydrophobic drugs to the posterior segment of eyes as a novel drug delivery system.

Introduction

Posterior segment eye diseases (PSEDs), including
glaucoma, age-related macular degeneration (AMD),
and diabetic retinopathy, affect the tissues in the
posterior eye segment.1,2 The number of patients
with PSEDs is increasing rapidly; PSEDs may lead
to various degrees of blindness or even permanent
loss of sight.2,3 Drug delivery to the posterior eye
segment is challenging because of the unique structural
features of the eye and physiological ocular barriers.4
The most popular treatment options for AMD and
diabetic retinopathy are intravitreal injection and laser
photocoagulation that suppresses neovascularization.

Among these, the most direct approach to deliver
drugs to the posterior segment tissues is the intraviteral
injection. Besides this, another widely used treatment
method for PSED is laser treatment.5 However, these
treatment methods are inconvenient for the patient
because of their invasive nature, rapid drug elimination
followed by repeated administration, and increased
post-treatment complications, including retinal
detachment, retinal rupture, macular edema, and
fibrosis.5–7

Nanocarriers are distinct particulate systems in
the nanosize range (10–1000 nm) that have gained
attention in recent years to overcome the limitations
of the currently available treatments for PSEDs.8,9
Among the different nanocarriers, nanoemulsion has
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been explored as a suitable alternative owing to
its enhanced bioavailability, improved stability, high
retention time, and ease of formulation as eye
drops or injection.10,11 Surfactants in nanoemulsions
serve as penetration enhancers, leading to increased
permeability into the deep layers in the ocular
structure.11,12

This study aimed to develop an effective organogel-
based nanocarrier as a non-invasive PSED treatment
alternative administered as eye drops. A stable gel-
in-water (G/W) nanodispersion was developed using
beeswax as an organogelator where the nanosized
particle (<250 nm) will ensure effective drug deliv-
ery to the posterior eye segment.13 The emulsion was
extensively characterized, followed by in vitro and in
vivo evaluations to ensure its potential for ocular drug
delivery. The possible drug delivery mechanism for
the developed nanoemulsion is a noncorneal pathway
(i.e., through the sclera where the high surface area
and easy accessibility of sclera is expected to facili-
tate the drug permeability to the retinal area).7 G/W
nanoemulsion could be a choice of drug carrier to
the posterior eye segment and will improve patient
compliance as a noninvasive treatment. Topical admin-
istration of G/W nanoemulsion as an eye drop will
be a simple and convenient route of administration
for effective treatment of PSED with minimal side
effects compared to the currently available treatment
methods.

Materials and Methods

Preparation of G/W Nanoemulsion

The nanoemulsion was prepared in the same
manner as described by earlier with slight modifica-
tions.14 Beeswax was dissolved in castor oil (Fujifilm
Wako Pure Chemical Corporation, Osaka, Japan) to
form the inner gel phase of the emulsion. Phosphate-
buffered saline solution (PBS; pH 7.4) was used as
the aqueous phase, and it contained polyoxyethy-
lene hydrogenated castor oil -60 (HCO-60) (NIKKOL
HCO-60; Nippon Surfactant Industries Co., Ltd.,
Tokyo, Japan) as the emulsifying agent. In brief,
beeswax and HCO-60 were dissolved in castor oil and
PBS, respectively, at 80°C in a shaking water bath (100
rpm) for five minutes. Subsequently, the oil phase was
added to the aqueous phase and homogenized by ultra-
sonication (70% power amplitude and 1 pulse/s) for 20
minutes at 80°C using an ultrasonic probe (Branson
Sonifier 250; Branson Ultrasonics Co., Danbury, MA,
USA). The emulsion was gradually cooled to form
organogel droplets.

Development of Nanoemulsion Formulation

A screening study was performed by changing the
volume/concentration of the nanoemulsion compo-
nents to obtain the optimum formulation. PBS volume
was increased from 1 to 10 mL, corresponding to the
oil phase volume, to obtain the optimum volume ratio
of the dispersed medium to the continuous medium.
Similarly, HCO-60 and beeswax were used at concen-
trations ranging from 25 to 200 mg/mL of PBS and 1%
to 12% w/w of oil, respectively. Samples were diluted
(600-fold) for particle size analysis by dynamic light
scattering (DLS;Malvern Zetasizer NanoZS, Software
version 7.04; Malvern Panalytical, Tokyo, Japan) at
20°C and scattering angle 173°.

Physicochemical Characterization of G/W
Nanoemulsion

Particle size analysis was performed by DLS in the
same manner as described in previous section. Zeta
potential of the prepared nanoemulsion was measured
after 100-fold dilution using a Malvern Zetasizer
(Malvern Panalytical).

The pH of the prepared nanoemulsion was
measured in triplicate using a calibrated pH meter
(Sartorius Mechatronics, Japan K.K., Tokyo, Japan)
at 25°C, and mean values were calculated.

The viscoelastic behavior of G/W nanoemul-
sion was determined using an oscillatory rheometer
(Modular Compact Rheometer: MCR 302; Anton
Paar Japan K.K., Tokyo, Japan) and compared
with oil-in-water (O/W) nanoemulsion. The dynamic
viscoelasticity G* was measured and represented the
modulus of elasticity and viscosity based on the
Hooke’s and the Newton’s law, respectively. The
nanoemulsion spun in a centrifuge at 13,860 g
for 20 minutes to separate the nanoparticles, followed
by placement of particles between parallel plates
(gap: 100 μm) of the rheometer. Measurement was
performed at 0.1% to 100% strain at a constant
frequency of 1 Hz. Moreover, thermal sensitiv-
ity of the organogel nanoparticles was observed
at 25°C and 37°C at constant strain (0.1%) and
frequency (1 Hz).

Effect of Sterilization on Particle Size and its
Distribution

The G/W nanoemulsion was autoclaved (High-
Pressure Steam Sterilizer LBS 325; Tomy Seiko Co.,
Ltd., Tokyo, Japan) for 15 minutes at 121 °C under
1 atm pressure. The G/W nanoemulsion was also
exposed to ultraviolet (UV) radiation for 20 minutes.
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Changes in the particle size and polydispersity index
(PDI) after each sterilization method were determined
using DLS.

In Vitro Biocompatibility Study

The biocompatibility of G/W nanoemulsions was
tested in vitro using primary rat hepatocytes and
human umbilical vein endothelial cells (HUVECs)
because they are highly susceptible to foreign parti-
cles. Primary rat hepatocytes were isolated from six- to
eight-week-old male Sprague-Dawley rats (Japan SLC
Inc., Hamamatsu, Japan) weighing 160 to 230 g. A
two-step collagenase perfusion method was applied for
hepatocyte isolation, and cell viability was approxi-
mately 90% as measured by the trypan blue dye exclu-
sion assay. Primary rat hepatocytes were cultured in a
serum-free medium (DHDM) of Dulbecco’s modified
Eagles medium (Funakoshi Co., Ltd., Tokyo, Japan),
supplemented with 0.05 mg/L epidermal growth factor
(Funakoshi Co., Ltd.), 10 mg/L bovine pancreas
insulin (Sigma, Tokyo, Japan), 7.5 mg/L hydrocorti-
sone (Sigma), and 60 mg/L L-proline (Sigma). The
protocol was reviewed and approved by the Ethics
Committee onAnimal Experiments of KyushuUniver-
sity, Japan (A29-413-1; 29 Jun 2018; A10-381: Feb 25,
2020).

Freshly isolated primary rat hepatocytes suspended
in DHDM were seeded (2.5 × 104 cells/cm2) in a
collagen I-C-coated 96-well plate. Cells were incubated
at 37°C in a humidified atmosphere with 5% CO2,
and the medium was replaced four hours after cell
inoculation. Similarly, HUVECs (RIKEN Bioresource
Research Center, Tsukuba, Japan) were cultured in
a 96-well plate under standard conditions (37°C, 5%
CO2, 95% air) using endothelial growth medium 2
(EGM-2; Lonza, Walkersville, MD, USA) at a seeding
density of 2.0 × 104 cells/cm2. The cells were incubated
with G/W nanoemulsion at three different concentra-
tions (0.1%, 1%, and 10%) at 24 hours after inocula-
tion. Cell viability of hepatocytes and HUVECs in the
presence of G/Wnanoemulsionwas evaluated 24 hours
after inoculation using a cell counting kit-8 (CCK-
8; Dojindo, Kumamoto, Japan) and cell survival rate
was compared with the corresponding controls (cells
incubated with respective culture medium). CCK-8 is
highly stable and used in WST-8 assay, a colorimetric
assay that determines the viable cell numbers and can
be used for cell proliferation assays, as well as cytotox-
icity assays.15,16

The relative cell viability of HUVECs at
different concentrations of G/W nanoemulsion
was calculated from water-soluble tetrazolium
salt (WST-8) absorbance using the following

equation (Equation 1):17

%Cell viabil ity = Absorbance
(G
W

)

Absorbance (Control )
× 100. (1)

A sample was considered cytotoxic when the cell
viability was<70% compared to the control, which was
considered to have 100% viability.

Ocular Surface Irritation Test In Vivo

Ocular irritation by G/W nanoemulsion was evalu-
ated in six-week-old male, ICR mice (Slc: ICR; Japan
SLC Inc., Shizuoka, Japan). Animals were housed in
standard cages and provided as desired access to a
standard diet and water for 24 hours.

Mice were divided into three groups (n = 3):
(a) control (no treatment group), (b) castor oil
(treated with castor oil), and (c) G/W (treated with
G/W nanoemulsion). In vivo ocular irritation studies
were performed using the Draize technique.18 Saline
solution (15 μL/eye) was introduced into mice eyes at
24-hour intervals for six days in the control group.
Similarly, the castor oil and G/W groups received
the same volume (15 μL/eye) of castor oil and G/W
nanoemulsion, respectively, for six successive days.
After 24 hours of exposure, the eyes were examined
with the mice under general anesthesia during the
experimental period.

The ocular irritation score for each group was calcu-
lated by adding the irritation scores for the cornea and
conjunctiva and dividing the total score of all mice in
a group by the number of mice in the group. Further-
more, the eyes were stained with 2 μL of 0.5% fluores-
cein and examined under a fluorescence microscope
(IX71; Olympus Corporation, Tokyo, Japan) for possi-
ble corneal lesions. Ocular irritation was graded as
follows: practically non-irritating, score 0–3; slightly
irritating, score 4–8; moderately irritating, score 9–
12; and severely irritating (or corrosive), score 13–
16.19 Mice were also observed for ocular edema and
epiphora.

In Vivo Permeability Study

The ocular permeability of the G/W nanoemul-
sion was determined using the hydrophobic fluorescent
dye coumarin-6 (Tokyo Chemical Industry Co., Ltd.,
Tokyo, Japan) as a model drug which was incorporated
into the inner gel phase of the G/W nanoemulsion. The
six-week-oldmale ICRmice (Slc: ICR, Japan SLC Inc.,
Shizuoka, Japan) used in this study were divided into
three groups (n = 3): control, coumarin-6 in castor oil,
and coumarin-6 (0.03%)-loaded G/W nanoemulsion.
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Figure 1. Formulation optimization for a stable G/W nanoemulsion, (A) screening of oil PBS volume ratio, (B) screening of surfactant
concentration, (C) screening of organogelator concentration. Bars represent standard deviation, n = 3.

Five microliters of the respective preparations were
carefully instilled into each eye, and the eyelids were
kept closed for 10 seconds to avoid drainage of the
preparation. The nanoemulsionwas instilled once daily
for five consecutive days. On day 6, the mice were sacri-
ficed, and the eyeballs were collected after disinfect-
ing the area surrounding the eyeball with 70% ethanol,
followed by preservation in 10% neutral formalin
buffer (Fujifilm Wako Pure Chemicals). Eyeballs were
then embedded in an optimal cutting temperature
compound (Sakura Finetek USA, Inc., Torrance, CA,
USA), frozen at −80°C, and sectioned into 20-μm-
thick slices using a microtome (Leica CM 1860 UV;
LeicaMicrosystems K.K, Tokyo, Japan). Eyeball slices
were then placed on a glass slide and observed under
a fluorescence microscope. The fluorescence intensity
in the retinal layer of the eye was calculated using the
ImageJ software.20 The relative fluorescence intensity
of coumarin-6 from the castor oil solution and G/W
nanoemulsion was calculated considering the fluores-
cence intensity of the control as 1.

Statistical Analysis

Statistical analysis of the results was performed
using a two-tailed Student t-test. Statistical significance
was set at p < 0.05. All results are presented as mean ±
standard deviation.

Results

Development of Nanoemulsion Formulation

The particle size and PDI of the G/W nanoemul-
sions at different oil-to-PBS volume ratios and surfac-

tant and organogelator concentrations are shown
in Figure 1. A decrease in particle size and PDI was
observed with an increase in PBS volume (Fig. 1(A)).
Particles had a diameter of >300 nm and wide size
distribution (PDI > 0.4) when the relative volume of
castor oil was between 33% and 50% of PBS. A further
decrease in oil volume led to the formation of monodis-
perse (PDI < 0.3) nanoparticles with diameters
<300 nm. To ensure higher bioavailability and perme-
ability of the drug in the posterior eye segment,
nanoparticles <250 nm with a narrow size distribu-
tion (PDI < 0.2) are desired.21 Hence, the optimum
castor oil-to-PBS volume ratio was chosen as 1:7 for
the G/W nanoemulsion, with a mean particle diameter
of approximately 200 nm and a PDI of 0.15.

Screening results for surfactant concentration
showed that the particle diameter decreased from
360 to 150 nm with an increase in surfactant concen-
tration from 25 to 200 mg (Fig. 1(B)). This might
be due to adsorption of surfactant on the particle
surface that reduced the interfacial tension between
the dispersed and continuous phases. The results also
showed a decrease in PDI value from 0.4 to 0.15, with
the increase in HCO-60 concentration from 25 to
50 mg/mL, while an increase in PDI value (>0.2) was
observed with a further increase in the concentration
of HCO-60 from 75 to 200 mg/mL. Thus the optimum
surfactant concentration was estimated as 50 mg/mL
because nanoparticles with a narrow size distribution
were formed at this concentration.

In contrast, an increase in the gelling agent concen-
tration had no significant effect on the particle size and
distribution. The mean particle diameter was <200 nm
and the PDI value was ≤0.2 for beeswax concentra-
tion ranging from 1% to 12% (Fig. 1(C)). However,
according to previous studies, beeswax can form stable
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Figure 2. Characterization of G/W nanoemulsion, (A) particle size distribution analysis by DLS, (B) zeta potential of G/W nanoparticles,
n = 3.

organogels and sustain its gelling behavior only at a
concentration of 4% w/w of oil or higher; thus 5% w/w
beeswax was selected for further experiments.22 The
optimized formulation for a stable G/W nanoemulsion
consisted of 50mg/mL surfactant and 5%w/w beeswax
with an oil to aqueous volume ratio of 1:7.

Physicochemical Characteristics of G/W
Nanoemulsion

Various physicochemical characteristics of the
preparedG/Wnanoemulsionswere determined and are
presented in Figure 2. Particle size analysis by DLS
showed that the G/W nanoemulsion had nanosized
particles of approximately 200 nm in diameter. The
PDI value of 0.15 to 0.20 indicates homogenous,
uniformly sized, spherical vesicles (Fig. 2(A)). The

Table 1. Physicochemical Properties of G/W
Nanoemulsion

Particle Diameter PDI Zeta Potential pH

182 ± 2.0 nm 0.17 ± 0.02 −8.1 ± 0.4 mV 7.3 ± 0.1

average zeta potential value of the G/W nanoemulsion
was estimated as −8.1 mV (Fig. 2(B)).

The mean values of the above-mentioned physico-
chemical properties and pH of the G/W nanoemulsion
are listed in Table 1. The pHof the prepared nanoemul-
sion was approximately 7.3, which was within the
acceptable range of pH for ophthalmic preparations
(6.07–8.45).

The dynamic viscoelasticity (G*) of the beeswax
nanogel particles was measured (Fig. 3(A)) using
rheological analysis. The G/W nanoemulsion had a

Figure 3. Rheological analysis of G/W nanoparticles, (A) comparative dynamic viscoelasticity of G/W and O/W nanoemulsion, (B) thermal
sensitivity of G/W nanoparticles. Bars represent standard deviation, n = 3, *p < 0.05.
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Table 2. Particle Size Analysis of G/W Nanoemulsion Before and After Sterilization

Moist Heat Sterilization (Autoclaving) UV Irradiation

Sterilization Method Diameter (nm) PDI Diameter (nm) PDI

Before sterilization 226.0 ± 4.0 0.2 ± 0.01 174.0 ± 3.0 0.2 ± 0.01
After sterilization 205.0 ± 5.0 0.4 ± 0.02 200.0 ± 2.0 0.2 ± 0.01

higher G* value than that of the O/W nanoemul-
sion, suggesting a highly cross-linked microstructure
of nanogel particles and implying a high gel stiffness.
Thus, this gel microstructure is expected to enhance the
corneal retention time of eye drops and maintain the
stability of G/W nanoemulsion.

Additionally, the thermal sensitivity of the nanopar-
ticles was verified by rheological analysis at different
temperatures. The storage modulus (G′) of the G/W
nanoparticles decreased significantly with an increase
in temperature from 25 °C to 37 °C (Fig. 3(B)),
suggesting the gel behavior of theG/Wnanoparticles.23
Conversely, no thermal sensitivity was observed for the
O/W nanoparticles (data not shown).

Effect of Sterilization on the Particle Size
Distribution

The effect of sterilization by autoclaving and UV
irradiation on particle size distribution was observed
(Table 2). Although a slight change in the parti-
cle diameter was observed after sterilization by both
methods, the diameter remained within the acceptable
range (<250 nm). In contrast, the PDI value increased
from 0.2 to 0.4 after autoclaving, whereas it remained
unchanged after UV irradiation.

Autoclaving may have a destructive influence on
nanoemulsion materials with melting points lower
than 120°C. The increase in temperature and cooling
during autoclaving may lead to rearrangements of the
nanoparticle structure and hence increases the PDI.24
In contrast, UV irradiation could be an effective steril-
ization technique for G/W nanoemulsions that can
prevent bacterial growth without altering the physico-
chemical properties of the nanogel particles.

In Vitro Biocompatibility Study

Biocompatibility of the G/W nanoemulsion using
primary rat hepatocytes andHUVECs was determined
by WST-8 assay. Cell survival rate, as well as cell
viability of these cells at different concentrations of
the nanoemulsion is shown in Figure 4. There was
no significant change in the viability of primary rat
hepatocytes along with >75% of cell viability at differ-

ent concentrations of G/W nanoemulsion compared to
that in the control after 24 hours (Figs. 4(A), (B)).

Moreover, the G/W nanoemulsion was found to be
biocompatible with HUVECs and led to similar cell
viability to that of the control; relative cell viability
was >90% after 24 hours’ incubation with 0.1% to
10% G/W nanoemulsion (Figs. 4(C), (D)). Addition-
ally, nomorphological changes were observed up to 1%
G/W Nano emulsion (Figs. 4(E), (F)). This indicates
biocompatibility of G/W nanoemulsion.

Ocular Surface Irritation Test In Vivo

An ocular surface irritation test of the G/W
nanoemulsions was performed in vivo based on corneal
lesion scores after G/W nanoemulsion administration.
The eye irritation score for all three groups (control,
castor oil, and G/W) was observed to be in the range
of 0.71 to 0.98, implying an excellent ocular toler-
ance of the G/W nanoemulsion (Fig. 5). Images were
also taken with white light to determine possible irrita-
tion of the anterior eye segment (Supplementary Fig.
S1). Moreover, no damage was found in the cornea or
conjunctiva. Consistently, edema and epiphora were
absent in the control, castor oil and G/W groups
(Supplementary Table S1). Hence, the results of this
study reveal the safety of G/W nanoemulsions for
ophthalmic applications.

In Vivo Permeability Study

Coumarin-6 was used to observe the in vivo perme-
ability of G/W nanoemulsions to the retinal area.
The results showed significantly (*p < 0.05) improved
permeability of the G/W nanoemulsion compared
to that in the control (Fig. 6(A)). The fluorescence
intensity of coumarin-6 was higher for the G/W
nanoemulsion than for the castor oil group. Micro-
scopic observation also confirmed higher permeability
of the coumarin-6-loadedG/W nanoemulsion than the
other preparations (Figs. 6(B), (C), (D)), indicating the
superiority of G/W nanoemulsion as a drug delivery
system to the posterior segment of the eye.
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Figure 4. In vitro biocompatibility of G/W nanoemulsion at different concentrations, (A) live cell activity of primary hepatocytes, (B) cell
viability of hepatocytes in the presence of G/W nanoemulsion, (C) live cell activity of HUVECs, (D) cell viability of HUVECs in the presence of
G/W nanoemulsion, (E) hepatocytes morphology, (F) HUVECs morphology. Bars represent standard deviation, n = 3. Scale bars: 200 μm.

Discussion

The current study successfully developed an emulsi-
fied system based on organogel as an effective and
noninvasive treatment alternative for PSEDs. The

particle size distribution of the G/W nanoemulsions
changed according to the phase volume ratios and
concentrations of the surfactant and organogelator
during formulation development. An increase in PBS
volume resulted in a decrease in particle size and distri-
bution range, whichmight be because of the changes in
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Figure 5. Ocular surface irritation test for G/W nanoemulsion, scale bars: 1 mm.

Figure 6. In vivo permeability of G/W nanoemulsion, (A) relative
fluorescence intensity of coumarin-6 in the retinal layer, (B) perme-
ability for control group, (C) permeability of coumarin-6 in castor
oil, (D) permeability of coumarin-6 loaded G/W nanoemulsion. Bars
represent standard deviation, n = 3, *p < 0.05. Scale bars: 50 μm.

emulsion viscosity during emulsification. An increased
amount of castor oil increases the viscosity and shows
a high resistance to the shear force applied in the form
of ultrasonication.25 Surfactants reduce the particle
size by increasing the concentration and reducing the
surface tension.26,27 However, the PDI of nanoemul-
sions largely depends on the dynamic properties of the
surfactant and is affected by their adsorption kinetics.

Consequently, a greater amount of surfactant leads to
a higher PDI, affecting the stability of the nanoemul-
sion.28 Therefore the particle size of G/W nanoemul-
sions could be controlled by changing the relative
volume of the continuous phase, and the amount of
surfactant and organogelator.

The particle diameter of G/W nanoemulsion
(<250 nm) suggests its easy uptake by the retina
via endocytosis.29 Our previous study confirms the
penetration of G/O and G/W nanoemulsion through
the skin and those having the similar particle size
(<250 nm) like G/W eye drops.14,30 The narrow
distribution and surface charge reduced particle aggre-
gation, leading to increased stability of the nanoemul-
sion. The zeta potential influences the precorneal
residence time of emulsion at the ocular surface and
formulation stability during storage.31 According to
the classical electrical double layer theory, a zeta poten-
tial value >±30 mV demonstrates good stability.32
However, because high-molecular-weight surfactants
stabilize a nanoemulsion by steric hindrance, a zeta
potential value of only ±20 mV or lower can provide
sufficient stability.33 HCO-60, a high-molecular-weight
(939.5 g/mol) surfactant, was used in the formula-
tion of the G/W nanoemulsion, and therefore a zeta
potential value of −8.1 mV was expected to achieve
sufficient stability of the nanoemulsion. Additionally,
the rheological properties, particularly the G* value, of
the G/W nanoparticles suggested a highly cross-linked
structure of the organogel because G* is a quantitative
measurement of material stiffness.34,35
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G/W nanoemulsions were found to be biocompat-
ible with both hepatocytes and HUVECs in vitro,
suggesting their feasibility for use in ophthalmic prepa-
rations. Because of the dormant nature of hepatocytes,
they do not undergo cell division in vitro and lose
their cuboidal morphology and liver-specific functions
within a few days of culture. Therefore maintenance
of cell number is considered an index of biocompat-
ibility with hepatocytes.36,37 For HUVECs, both cell
survival rate and relative cell viability indicate biocom-
patibility. Our results are in line with these findings,
because theWST-8 absorbance for G/W nanoemulsion
was similar to that of the control for both hepatocytes
and HUVECs.

On the other hand, cell morphology of both hepato-
cytes and HUVECs was different from control for
highest concentration (10%) of G/W nanoemulsion
with a number of dead cells. Although cell surveil-
lance decreased with increased concentration of G/W
nanoemulsion, the minimum cell function like cell
adhesion, mitochondrial activity etc. was maintained.
The relative cell viability of hepatocytes and HUVECs
were 80% and 145%, respectively which is above the
acceptable range (>70%). Suchmorphological changes
may result from the higher amount of surfactant
because surfactants may affect the cell viability in
some instances.38,39 However, unhealthy cell morphol-
ogy was observed for unrealistic high concentrations
of G/W nanoemulsion (10%). This may be due to the
accumulation of particles on the upper surface of the
cultured cells. Further experiments will be performed
in the future to validate the biocompatibility of the
G/W nanoemulsion at higher concentrations. There-
fore, from the viewpoint of safety, it is recommended
to apply the G/W nanoemulsion at a concentration of
1% G/W or less. Nevertheless, further study includ-
ing nucleus counting and gene expression will be
performed in the future to validate the biocompatibility
of G/W nanoemulsion at higher concentrations.

G/W nanoparticles may overcome the ocular barri-
ers and have increased permeability to the posterior
eye segment owing to their nanosize, negative surface
charge, and use of surfactants that help the nanopar-
ticles to deliver drug to the retina.40 Besides, as a
topical preparation, penetration of G/W nanoemul-
sion to the posterior eye segment will be facilitated by
means of distinctive characteristics of sclera namely
higher surface are, easy accessibility and high perme-
ability.41 The negative surface charge of G/W nanopar-
ticles may also facilitate drug permeability to the retina
since charged particles affects permeability through
the sclera. Research showed that positively charged
molecules has poor transscleral permeability due to
their binding with negatively charged proteoglycan

matrix.42 Further studies will be performed in the
future to confirm the possible drug deliverymechanism
from G/W nanoemulsion as eye drops.

Conclusion

An organogel nanoemulsion for topical drug deliv-
ery in PSED treatment was successfully developed in
this study. The mean particle diameter was approxi-
mately 200 nm with a narrow size distribution, ensur-
ing effective uptake of nanoparticles by retinal cells.
Rheological studies indicated gel formation owing to
the high G* and thermal sensitivity of the nanopar-
ticles. The G/W nanoemulsion showed biocompati-
bility with primary rat hepatocytes and HUVECs in
vitro and the absence of ocular irritation upon instil-
lation as eye drops in vivo. Furthermore, the higher
fluorescence intensity in the retina for G/W nanoemul-
sions suggests possible drug delivery to the retina with
enhanced permeability of organogel nanodispersion.
Conclusively, G/W nanoemulsions could be a promis-
ing and viable drug delivery system for the noninva-
sive treatment of PSEDswith increased patient compli-
ance.
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