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Abstract
The objective of the present investigation was to formulate and characterize a novel lipid-based carrier-emulsomes loaded with
triamcinolone acetonide (TA)/Nile red (NR) for non-invasive delivery to the posterior segment of the eye upon topical applica-
tion. To optimize and delineate the effect of independent variables on dependent variables, Box-Behnken design (BBD) was
adopted. The optimized batch was characterized for size, zeta potential, surface morphology by transmission electron micros-
copy, drug-excipient interaction by differential scanning calorimetry, osmolarity, pH, ex vivo transcorneal permeation, and
stability studies. A short-term exposure (STE) test was performed on Statens Seruminstitut Rabbit Corneal (SIRC) cell lines to
evaluate the in vitro ocular irritation. Precorneal retention study was performed in rabbit eyes. Confocal microscopy was used for
ocular distribution studies in mice eye by preparing dye (Nile red)-loaded formulations. The surface response and contour plots
along with ANOVA results demonstrated an interaction between the factors. The optimized batch had particle size of 131.17 ±
3.17 nm and entrapment efficiency of 71.56 ± 4.19%. TEM image showed unimodal, nano-sized emulsomes. TA-loaded
emulsomes exhibited higher transcorneal permeation as compared to drug solution. In vitro irritation studies confirmed the safety
of excipients for ophthalmic use. Fluorescence microscopic images obtained after ocular distribution studies showed strong
fluorescence in inner and outer plexiform layers of the retina in comparison to dye solution confirming the delivery of dye to the
posterior segment of mice eye after topical ocular instillation.
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Introduction

After topical instillation, conventional formulations cannot
reach the posterior segment of the eye because of various ana-
tomical and physiological barriers along with the several
precorneal factors which tend to remove the instilled drug.
The longer diffusional distance—that the drug has to cross to
reach the posterior segment of the eye—is an additional hurdle
for the posterior ocular drug delivery [1–3]. Hence, particularly
for the treatment of posterior ocular diseases, invasive methods

(injections and surgical procedures) like direct injections into
the periocular (subconjuctival, subtenon, retrobulbar) or vitreal
region (intravitreal) of the eye are employed. In some cases,
systemic (through oral or parenteral) routes are employed; how-
ever, through the former route, only 1–2% of drug reaches the
ocular tissues while later needs administration by skilled per-
son. Moreover, there are chances of side effects from the ma-
jority of dose remaining in the body [4].

Triamcinolone acetonide (TA), a synthetic glucocorticoid,
possessing anti-inflammatory and anti-angiogenic properties
is used to stop the progression of several inflammatory dis-
eases of the posterior segment of the eye [5]. Generally, TA is
administered by invasive methods such as subtenon,
subconjunctival or intravitreal injections for posterior segment
drug delivery, which leads to severe ocular complications.
Furthermore, it is reported that TA has a short half-life in the
vitreous fluid which in turn requires repeated intravitreal in-
jection, ultimately leading to secondary complications such as
postoperative infections, non-infectious endophthalmitis, and
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secondary ocular hypertension. There is also a hidden risk of
infection, loss of vision, cataractogenesis, retinal bleeding, or
retinal detachment. Moreover, subtenon and subconjunctival
routes of administration also have shortcomings as the mini-
mum therapeutic concentrations are not achieved because the
drug could not penetrate enough into the vitreous fluid
through these routes. This necessitates higher doses or multi-
ple dosings of TA that possibly lead to increased intraocular
pressure which might lead to the chain of other subsequent
adverse effects [6]. Reviewing the complications of invasive
therapy, it is understood that delivery of therapeutics to the
posterior segment of eye demands novel non-invasive ap-
proach which decreases the complications and improves pa-
tient adherence [7].

Drug delivery to the posterior segments of the eye through
topical instillation is of great clinical interest as it provides
various advantages for direct and localized drug delivery to
the target tissue, convenience, and relative painlessness [8].
However, conventional formulations such as eye drops, gels,
and ointments are unable to achieve minimal therapeutic drug
concentration in the retina owing to several anatomical and
physiologic barriers such as tear film, cornea, and conjunctival
barriers which limit the access of any exogenous substance/
drug into the eye.

Strategic approaches that guarantee the long-term thera-
peutic effect with increased patient compliance are required
for posterior drug delivery. Particularly, the use of nano-sized
colloidal carriers can fulfill the need of noninvasive to a less
invasive way of drug administration and can deliver the drug
to the posterior segment of an eye either by corneal or by
conjunctival/scleral route, or both, after topical administration
[9]. Some researchers have previously explored the use of
various colloidal carriers for posterior ocular delivery [10,
11]. Herein, we have proposed the use of novel lipid-based
formulation, emulsomes, for non-invasive drug delivery to the
posterior segment of the eye using the model drug—
triamcinolone acetonide.

We have selected lipid-based nanocarriers as these mate-
rials are safe, non-toxic, non-irritant, and are body’s natural
component. Moreover, lipid carriers (1) can act as bionic tear
film i.e., they mimic three-layered tear film of the eye and (2)
they can enhance the residence in the eye by increasing the
retention on conjunctival or corneal surfaces, or by enhancing
the corneal penetration. Emulsomes are relatively unexplored
new generation lipoidal vesicular system. It has an internal
solid fat core surrounded by phospholipid bilayers. It is com-
posed of a solidified or semi-solid internal core, usually made
of triglycerides, diglycerides or monoglycerides, and one or
more phospholipid layers stabilizing the internal core. It is in
the form of an intermediate stage of liposome and o/w emul-
sion. It has been reported that this feature makes emulsomes
more stable than liposomes. It is suitable for entrapment of
both hydrophilic and hydrophobic drugs [12–14]. A

monoglyceride, glyceryl monostearate (GMS), was selected
as a solid lipid for the core of emulsomes; and the phospho-
lipids, dipalmitoyl phosphatidylcholine (DPPC), and choles-
terol were selected for bilayers of the emulsomes.

Henceforth, considering the problems associated with the
invasive treatment and an issue pertaining to the TAmolecule,
in the present investigation, we formulated a non-invasive
lipoidal nanocarrier that could deliver the drug to the posterior
segment of eye after topical ocular instillation. The prepared
emulsomes were optimized, characterized, and evaluated by
several in vitro and in vivo methods for posterior ocular de-
livery after topical instillation.

Materials

TA was received as gift sample from Ranbaxy laboratories,
Gurgaon, India. Dipalmitoyl phosphatidylcholine (DPPC)
was received as a gift sample from Genzyme (Switzerland).
Glyceryl monostearate (GMS), mannitol, and D (+) trehalose
were purchased from Loba Chemie (Mumbai, India). Nile red
(NR), Ultracel YM-100 filters, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), and cholesterol were
purchased from Sigma Aldrich (Mumbai, India). Chloroform
(HPLC Grade) and methanol (HPLC grade) were purchased
from Merck (Mumbai, India). Potassium dihydrogen phos-
phate, sodium hydroxide, sucrose, glycerol, and all other ana-
lytical reagents were obtained from SD Fine-Chem Limited
(Vadodara, India). All other reagents used were of analytical
grade. Cellulose dialysis tubing (molecular weight cut off
12,000), sterile PVDF membrane filter (pore size 0.22 μm
and 0.45 μm), and 96-well plates were purchased from
Himedia Lab (Mumbai, India). SIRC cell line was purchased
from National Centre for Cell Sciences (NCCS, Pune, India).
TearFlo™ Schirmer filter paper strips (2 mm× 7 mm) were
purchased from Contacare Ophthalmics & Diagnostics
(Gujarat, India). All other reagents were purchased from com-
mercial sources and were of the highest available purity.
Optimal cutting temperature compound (OCT compound)
was purchased from Tissue-Tek® Sakura, USA.

Methods

Preparation and lyophilization of emulsomes

Various batches of TA-loaded emulsomes were prepared by
thin-film hydration technique with slight modification as per
laboratory set up [15]. In brief, TA (1.5 mg), DPPC, GMS (in
different molar ratios), and cholesterol (0.2 mol of total lipids)
were dissolved in 3 mL of chloroform in round-bottom flasks
and were dried in a rotary evaporator under reduced pressure
at 40 °C, to form thin lipid films. The films were dried in a
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vacuum oven for 12 h to ensure complete removal of the
solvent. Subsequently, the lipid films were hydrated by
vortexing at 52 °C with distilled water (5 mL) to obtain TA-
loaded emulsomes. The pH of the formulation was adjusted, if
necessary, using 0.1 N NaOH to pH 6.8. Size of the resulting
particles was then reduced by ultrasonication ((Labsonic® M,
India) for the optimized time at 60% frequency to obtain de-
sired particle size. The size of emulsomes was monitored and
recorded at each stage of sonication by particle size Analyzer
(Zeta sizer Nano series, Malvern Instruments, UK).Moreover,
its effect on entrapment efficiency was also monitored.

The optimized TA-loaded emulsomes formulation was
freeze-dried using lyophilizer (Heto Drywinner, Germany).
Different cryoprotectants (Sucrose, Mannitol, and Trehalose
dehydrate) in different ratios (1:3 w/w and 1:5 w/w) were
screened to select the cryoprotectant which showed a mini-
mum increment in particle size after reconstitution. Two ml of
formulation with a respective concentration of cryoprotectant
was frozen at − 70 °C for 6 h using deep freezer and finally
lyophilized for 36 h under vacuum. Based on the results of the
preliminary investigation, sucrose (1:3w/w) was selected as a
cryoprotectant for lyophilization.

For ocular distribution studies, dye-loaded emulsomes
were prepared by replacing the drug with Nile red (NR) dye.
NR-loaded emulsomes were then separated from the free dye
by centrifugation, and finally, these separated emulsomes
were characterized for particle size and utilized immediately
in experiments.

Estimation of TA

Estimation of TA was carried out as per the reported HPLC
method with slight modifications [16].

HPLC condition Shimadzu LC-20 (Shimadzu, Kyoto, Japan)
with a manual Rheodyne injector, 20-μL fixed loop and SPD-
20A Prominence UV-Visible detector was used for estimation
of TA. The separation was performed on a Vydac C18 column
(particle size 5 μm, size 250*4.6 mm). Mobile phase
contained a filtered and degassed mixture of acetonitrile,
methanol, and water in the ratio of 30:60:10 (% v/v). The
mobile phase was delivered at a flow rate of 1.5 mL/min and
the injection volume was 20 μL. Run time was of 8 min. The
analysis was performed at 254 nm. Chromatographic data
were recorded and processed using Spinchrome
Chromatographic Station CFR Version 2.4.0.193
(Spinchrome Pvt. Ltd., Chennai, India).

Entrapment efficiency (%EE)

The indirect method was adopted for the determination %EE
of TA-loaded emulsomes. Free TA was separated from TA
emulsomes by a filtration/centrifugation method and analyzed

by the described HPLC method. In brief, prediluted samples
with miliQ water were filtered by using centrifugal filter de-
vices Ultracel YM-100 (Amicon® Millipore Corporation,
Bedford, MA). Upon centrifugation at 3000 rpm for 15 min,
the free drug was separated from the emulsomes (Sigma
301Kcentrifuge, Spain) which was quantified by above men-
tioned HPLCmethod. Furthermore, the entrapment efficiency
was calculated by the following formula [17]:

%EE ¼ Total drug−Free drug

Total drug added to emulsome formulation
� 100 ð1Þ

Optimization of emulsomes

Identification and risk assessment of critical quality attributes
(CQA) for TA-loaded emulsomes

For ocular delivery of emulsomes, desired quality target prod-
uct parameters were dosage form, dosage design, dosage
strength, and drug product quality attributes such as particle
size, %EE, assay, drug release, and stability. Risk analysis for
the variables that might have effect on desired quality was
carried out by a retrospective study. Initially, based on the
literature survey, the risk factors having a significant effect
on particle size and %EE (dependent variable) were identified
[18]. Furthermore, risk assessment was carried out to identify
critical parameters—a small change in which can significantly
affect the desired product quality [19]. In this study, the highly
affecting variables identified were DPPC:GMS ratio,
lipid:drug ratio, and sonication time. Hence, their effects on
the quality attributes (size and %EE) were studied using Box-
Behnken design for optimization of the emulsomes.

Box-Behnken design

Emulsomes were optimized by response surface methodology
(RSM). Box-Behnken design (BBD) is a nearly rotatable
three-level incomplete factorial design [20]. It was selected
to optimize the formulation variables at three levels (low, me-
dium, and high, encoded as − 1, 0, and + 1). Effect of inde-
pendent variables, i.e., DPPC:GMS ratio (A), lipid:drug ratio
(B), and sonication time (C) was studied on dependent vari-
ables, i.e., size (Y1) and %EE (Y2). The Design-Expert soft-
ware (version 8.0.4, State-Ease Inc., Minneapolis, USA) was
used to run BBD, and for ANOVA study along with drawing
of 2D contour plots and 3D surface response plots. The opti-
mized batch was selected based on the desirability criteria.
Percent prediction error of the prepared batch was calculated
to evaluate the reliability of the developed mathematical mod-
el. The % prediction error was calculated by the following
formula:
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%Prediction error ¼ Actual value−predicted value

Actual value
� 100 ð2Þ

The levels and codes of variables considered in this study
are shown in Table 1.

Characterization of emulsomes

Particle size (PS) and zeta potential (ζ)

Mean PS and polydispersity index (PDI) of TA-loaded
emulsomes and NR-loaded emulsomes were determined by
using dynamic light scattering (DLS) method (Zetasizer
Nano ZS, Malvern, UK). For DLS principle-based size anal-
ysis, Nano ZS90 equipped with 4.0 mW internal laser was
used. All measurements were performed in triplicate on the
undiluted sample at 25 °C, at a scattering angle of 90°, and the
intensity-weighted mean diameter was obtained for each sam-
ple [21].

The ζ of TA and NR-loaded emulsomes was measured
using a folded capillary cell. The measurement was carried
out at 25 °C in triplicate using multimodal analysis strategy.
Smoluchowski approximation was used for zeta potential val-
ue determination [22].

Transmission electron microscopy (TEM)

TEM analysis was performed for morphology imaging of
emulsomes. A drop of emulsomes dispersion containing
0.01% of phosphotungstic acid was placed on a perforated
carbon film coated on a copper grid. The copper grid was
fixed into a sample holder, placed in the vacuum chamber of
the TEMmachine, and observed under low vacuum. The grid
was examined using transmission electron microscope (model
Tecnai 20, 200 KV, Phillips, Netherland) [18].

Differential scanning calorimetry (DSC)

The thermo-analytical technique, DSC,measures difference in
the amount of heat required to increase the temperature of
sample and reference as a function of temperature [23]. The
instrument (DSC-60) was calibrated with indium under

nitrogen purging to avoid any kind of oxidative degradation.
Thermal behavior of drug, its physical mixture with the excip-
ients and formulation, was studied. For this, around 5 mg
sample of drug, lipid and lyophilized emulsomes, was sealed
in an aluminum pan which was heated from 25 to 300 °C
under inert nitrogen atmosphere at a scanning rate of
10 °C/min.

Osmolarity and pH measurement

A well tolerated formulation is an important requirement in
the treatment of several chronic diseases where frequent top-
ical ocular drug administration is needed. Therefore, pH and
osmolarity measurement of a topical formulation are neces-
sary [16, 24, 25]. The osmolarity of optimized formulation
was measured by freezing point depression measurements
on an osmometer (Advanced Instruments INC). Briefly,
200 μL of TA emulsomes were taken in a disposable tube
and osmometer probe was inserted in it. The instrument im-
mediately displayed the osmolarity value. The pH of the TA
emulsomes was measured by a pHmeter and the final pH was
adjusted similar to the tear pH∼6.8.

In vitro short time exposure test (STE)

As an alternative to Draize test, cell line-based cytotoxicity
methods have been employed for evaluating ocular irritation
because they are cost-effective, sensitive, and easy to perform
and score. For evaluating the ocular irritation (corneal toxici-
ty), Statens Seruminstitut Rabbit Corneal (SIRC) epithelial
cell lines are widely used. A short-term exposure test (STE
test), which is an easy and accurate cell-based cytotoxicity
method that can be used for evaluating the eye irritation po-
tential of raw materials in vitro in rabbit derived corneal cells
(SIRC cells), has been developed by Takahashi et al. [26].

In STE study, SIRC cells (7 × 103/well) in 96-well plates
were exposed to 200 μL of 0.05%, 0.5%, and 5% (w/v) of test
chemical solutions (DPPC, GMS, and TA) prepared by dis-
solving them either in physiological saline or saline with 5%
(w/v) DMSO (according to the solubility of excipients) for
5 min. Each concentration of excipients was screened in trip-
licate. After exposure, the cells were washed with phosphate-
buffered saline, and 200 μL of MTT dye solution (0.5 mg

Table 1 Variables in Box-Behnken design for TA-loaded emulsomes

Independent variables Units Coded values Response
(Y1)

Response
(Y2)

− 1 0 1

DPPC:GMS ratio (A) Weight ratio 0.5:1 1:1 1.5:1 Particle size (nm) % Entrapment efficiency
Lipid:drug ratio (B) Weight ratio 10:1 20:1 30:1

Sonication time (C) Minutes 3 6 9
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MTT/mL of medium) was added. After a 2-h reaction time,
MTT-formazan crystals were solubilized using DMSO for
2 h, and the absorbance of the solution was measured at
570 nm with a plate reader (Biorad, Model 680 XR,
Mumbai, India).

The % ratio of MTT formazan absorbance for each test
substance to that for control represented cell viability [26].
Following formula was used for calculation:

% Cell Viability %CVð Þ ¼ Absorbance of Samples

Absorbance of Control
x 100 ð3Þ

The control group cells were treated with PBS pH 7.4. The
study was carried out in triplicate, and the mean for these
independent tests was used in the final analysis.

For each test concentrations, scores of 0, 1, or 2 were given,
based on the % cell viability of STE test. The scores obtained
on the basis of cell viability of 0.05% and 5% concentration of
test chemicals were then added together to get the rank clas-
sification for eye irritation (Table 2). Finally, on the basis of %
cell viability, the test chemicals used was characterized either
as irritant (%CV< 70) or non-irritant (%CV > 70).

In vitro cell viability assay

The inhibition of cell growth by the TA-loaded emulsomes
was assessed by MTT assay. Similar to STE test, SIRC cells
were seeded in 96-well plate and left for seeding for 24 h prior
to test. After completion of 24 h, the old media was discarded,
and cells were incubated with various concentrations of TA-
loaded emulsomes. The cells were also treated with Triton-
X100 which acted as positive control and PBS pH 7.4 as
negative control.

HET-CAM test

White fertile eggs obtained from hatchery were incubated for
9 days in fan-assisted egg incubator at 37 °C. On the last day,
the eggs were torched from distance to ensure fertility. Non-
viable or defective eggs were not used further. The test com-
pound and controls were prepared such that, the final concen-
tration of TA was 250 μg/mL. After 5 min of application of
test material, any signs of lysis, hemorrhage, and coagulation

were noted and compared with controls: 0.9% saline (negative
control) and 0.1 M sodium hydroxide (positive control).
Photographs were taken, and based on the severity of any
hemorrhage, the test samples were graded on a scale from 0
(no reaction) to 3 (strong reaction). Scoring scale for HET-
CAM is given in Table 3.

Stability studies

Stability studies were performed for the lyophilized TA-
loaded emulsomes. The lyophilized samples were kept in
sealed glass vials and stored at refrigerated conditions (5 ±
3 °C) and room temperature (25 ± 2 °C, 60 ± 5% RH) for 3-
month duration [27]. As per the stability protocol, the samples
were withdrawn and analyzed for physicochemical parame-
ters such as PS and drug content.

Ex vivo transcorneal permeation study

For transcorneal permeation study of TA-loaded emulsomes,
isolated goat cornea model was used [28]. Freshly excised
eyeballs were obtained from a slaughterhouse. The cornea
was excised along with 2–4 mm of scleral tissue and washed
with cold normal saline to remove the adhering tissue and
proteins. Permeability study was performed using a diffusion
cell. The receptor compartment comprised of 11 mL of PBS
pH 7.4 maintained at 37.5 ± 2 °C on the thermostatic magnetic
stirrer. Aliquot of formulation (equivalent to 87.5 μg drug)
was placed over the cornea; samples were withdrawn every
hour and analyzed for drug content by the validated HPLC
method.

Table 2 Table for STE irritation score and STE rank after STE test

STE irritation score STE rank = (0.05% score + 5% score) Rank description

0.05% test concentration Score 5% test concentration Score 1 Minimally irritant

%CV > 70% 1 %CV> 70% 0 2 Moderate irritant

%CV ≤ 70% 2 %CV ≤ 70% 1 3 Severe irritant

% CV cell viability

Table 3 Effect and score of HET-CAM assay

Effect Score Description

No hemorrhage 0 Non-irritant

Just visible membrane decolorization 1 Mild irritant

Structures are covered partially
by hemorrhage

2 Moderate irritant

Structures are covered completely
by hemorrhage

3 Severe irritant
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The apparent permeation coefficient (Papp, cm/s) of TA
was determined by the following formula:

Papp;Q ¼ ΔQ
Δt

X
1

ACD0
X

1

60
X 10; 000; 00 ð4Þ

where, CD0 is the initial concentration of drug in the donor
compartment, and A is the area of the cornea. For the calcula-
tion of the apparent permeation coefficient in the present
study, A was determined as 0.941 ± 0.26 cm2. ΔQ/Δt is the
steady-state rate of drug permeation across the intact cornea
and was obtained from the slope of the straight line relating
corneal permeability vs time.

In vivo studies

The animal study protocols were approved by the Institutional
Animal Ethics Committee (IAEC), Faculty of Pharmacy, The
Maharaja Sayajirao University of Baroda, Vadodara, India in
accordance with the guidelines released by Committee for the
Purpose of Control and Supervision of Experiments on
Animals (CPCSEA), Ministry of Fisheries, Animal
Husbandry and Dairying Department, Government of India,
New Delhi, India.

Precorneal retention time

The drug concentration in the precorneal area was determined
to evaluate the precorneal retention of formulation compared to
TA solution by the reported method of Li et al. [29]. For these,
New Zealand albino rabbits (male, weighing 2.5–3.0 kg) were
used. Six rabbits were randomly divided into 2 groups.

For the precorneal retention time study, 150 μL of opti-
mized TA emulsomes (drug equivalent to 26.25 μg) and TA
solution was instilled in the lower conjunctival sac of both the
eyes of rabbits. At pre-determined time intervals (5 min,
10 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5 h, and 6 h), Schirmer
paper strips (2 × 7 mm) were gently inserted into the lower
eyelids of rabbits, and the eyes were closed to allow contact of
the strip with ocular fluid for 30 s. After removal of the strip,
to extract the drug, the strips were dipped in 1 mL of methanol
and sonicated for 5 min in a bath sonicator (Ultrasonics Selec,
Vetra, Italy) followed by vortexing for 5 min. The extracted
drug solution was filtered using 0.22-μ membrane filter and
analyzed by HPLC method. The pharmacokinetic parameters
were calculated using Kinetica 5.0 pharmacokinetic data anal-
ysis software (Thermo ScientificTM, Thermofisher.com).

Ocular distribution studies

For the ocular distribution, a comparative study was carried out
to identify the delivery efficiency of emulsomes [30]. For the
same, a hydrophobic fluorescence probe Nile red (NR)

incorporated into emulsomes and its molecular form (solution)
were topically instilled inmice (female adult CD1miceweighing
30–35 g). A single dose of 4 μL Nile red-loaded emulsomes or
Nile red solution was instilled to the left eye. By the end of 30,
60, and 120 min after administration of the formulations (n = 3),
both eyes were enucleated and gently irrigated with PBS. The
specimen was fixed using 4% p-formaldehyde to preserve the
morphological characteristics. Then, the specimenwas immersed
in 15% sucrose and 30% sucrose post-fix solution. The eyes
specimen was then put in the embedding media (OCT com-
pound) and rapidly frozen at − 25 °C, and sliced with a cryostat
(Leica CM3050S, India) into 7-μm thick sections. The tissue
sections were then placed onto slides andmounted with glycerol.
The slideswere observed using confocalmicroscopy (Carl Zeiss,
Germany) in the wavelength of 550–700 nm. The “blank” was
recorded fromuntreated tissue. The imageswere processed using
ZEN imaging software [31].

Results and discussion

Topical application is the most desirable route for ocular drug
delivery, even when the target tissues lie in the posterior seg-
ment, as severe side effects are associated with current treat-
ment strategies (intraocular and systemic administration).
Colloidal nano carriers are preferred for delivering drugs to
posterior segment through topical route, as they can improve
the drug bioavailability by multiple mechanisms such as in-
creased surface area owing to their nano size and prolongation
of pre-corneal retention time. The ideal colloidal formulation
should have nano-size (ideally < 200 nm) and narrow size
distribution ensuring low irritation and higher surface area to
ocular tissues along with higher drug entrapment efficiency as
these are the parameters that usually define the overall perfor-
mance of the nano-formulation. Moreover, these parameters
should not change upon long-term storage at a pre-defined
condition, otherwise, the product performance in vivo would
get affected. Hence, a preliminary investigation was done for
critical factors to obtain a suitable working range and each
factor was optimized using Box-Behnken design.

Optimization of emulsomes

Identification and risk assessment of critical quality attributes
(CQA)

Various critical variables were identified after retrospective
literature search which might have a significant effect on de-
sired quality attributes, i.e., PS and %EE of emulsomes. From
the multiple variables, few highly affecting variables were
selected for primary investigation. Among the variables se-
lected for primary investigation, DPPC:GMS ratio (internal
lipid ratio), lipid:drug ratio, and sonication time were found

989Drug Deliv. and Transl. Res.  (2021) 11:984–999



to be highly critical; hence these factors were selected to de-
termine the design space using BBD.

Box-Behnken design

RSM was used to study the quantitative aspects of the effects
and relationships among various formulation variables of
emulsomes. BBD with a total of 17 experimental runs was
selected to optimize the formulation parameters at three levels
(Table 4).

Effect on dependent variables—PS and %EE

Effect of selected factors on PS was visible from the variation
in PS obtained at different ratios of individual factor and com-
bination of factors. The PS varied from 110.74 ± 7.01 to
141.01 ± 2.98 nm (Table 4).

The equation obtained for PS is summarized below:

Y 1 ¼ 134:40þ 5:12Aþ 8:43B−5:51C−0:15AB

þ 1:85 ACþ 4:02 BC−6:25A2−3:65B2

þ 0:15C2……:: ð5Þ

The result of ANOVA for the second-order quadratic equa-
tion for PS is given in Table 5. The goodness of the model can
be checked by the determination of R2. The value of adjusted
R2 (0.9988) suggests that the total variation of 99.88% for PS
is attributed to the independent variables.

The effect of selected variables on PS can be visualized
using 3D surface plots (Fig. 1a–c) and 2D contour plots
(Fig. 1d–f).

From the Fig. 1, it is evident that while moving from − 1 to
0.5 level of factor A (DPPC:GMS ratio), PS increased, and on
further moving from 0.5 to 1 level, it decreased. Factor B
(lipid:drug ratio) had a positive effect on PS which means that
with an increase in the value of B, increase in PS will be
observed. Factor C (sonication time) demonstrated a negative
effect on PS which means an increase in the value of factor C
will lead to decrease in PS.

The effect of selected factors on%EEwas visible at different
ratios of individual factor and a combination of factors. The
%EE varied from 58.11 ± 6.12 to 80.17 ± 3.47% (Table 4).

The equation obtained for %EE is summarized below:

Y 2 ¼ 72:74þ 3:15 Aþ 5:92B−5:97C

þ 1:53AB−0:27 AC−0:13 BC−4:37A2–2:89B2–1:23C2:

ð6Þ

The results of ANOVA of the second-order polynomial
equation are given in Table 6 for %EE. Probability values
(Prob > F) of less than 0.0500 in case of %EE showed that
the model terms were significant. The p values of 0.0504 for
%EE implied that the lack of fit was not significant relative to
the pure error which was considered good. The value of ad-
justed R2 (0.9972) suggests that the total variation of 99.72%
in %EE is attributed to the independent variables, and only
about 0.28% of the total variation cannot be explained by the
model. For%EE, the predicted R2 of 0.9836was in reasonable
agreement with the adjusted R2 of 0.9972 between the exper-
imental and predicted values of %EE [32].

Similar to PS, the effect of selected independent variables
on %EE was also visualized using 3D surface plots and 2D
contour plots (Fig. 2a–f).

Figure 2 indicates that factor A (DPPC:GMS ratio) has
positive effect on %EE while moving from − 1 to 0.5 level,
and thereafter from 0.5 to 1 level, it decreased which could be
due to the formation of unstable vesicles at such a higher
concentration of DPPC:GMS ratio. There was an overall in-
crease in %EE while moving from − 1 to 1 level of factor B
(lipid:drug ratio) while factor C (sonication time) has negative
effect on %EE while moving from − 1 to 1 level.

Establishment of design space

The optimized batch was selected based on overall desir-
ability factor calculated by Design-Expert software. The
optimized formulation was carefully chosen by setting the
criteria of maximum %EE and minimum PS. The calcu-
lated desirability factor was 0.628. The PS and %EE of
the optimized batch can be observed in Table 7.

Table 4 Box-Behnken design matrix of TA-loaded emulsomes

Sr
no.

DPPC:GMS
ratio, A

Lipid:
Drug
ratio, B

Sonication
time (s), C

Particle size
(nm), Y1

%Entrapment
efficiency, Y2

1 0 1 − 1 141.01 ± 2.98 80.17 ± 3.47

2 − 1 1 0 127.66 ± 4.32 67.10 ± 4.66

3 − 1 0 − 1 129.65 ± 4.98 69.52 ± 4.01

4 − 1 0 1 116.05 ± 6.55 57.91 ± 3.98

5 0 − 1 1 112.74 ± 6.34 56.83 ± 5.54

6 0 0 0 134.14 ± 3.98 72.92 ± 5.01

7 1 − 1 0 121.64 ± 5.76 60.81 ± 6.12

8 0 0 0 134.54 ± 3.76 72.82 ± 4.89

9 0 − 1 − 1 131.93 ± 3.65 68.80 ± 2.89

10 0 0 0 134.44 ± 4.12 72.51 ± 4.34

11 1 0 1 129.64 ± 2.47 64.22 ± 3.12

12 0 0 0 134.14 ± 3.12 72.54 ± 3.98

13 1 1 0 137.95 ± 3.54 75.91 ± 5.00

14 0 1 1 136.39 ± 2.19 68.70 ± 5.12

15 0 0 0 134.74 ± 4.43 72.91 ± 4.12

16 1 0 − 1 136.85 ± 3.22 76.92 ± 4.89

17 − 1 − 1 0 110.74 ± 7.01 58.11 ± 6.12
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Characterization of emulsomes

Particle size, zeta potential, and entrapment efficiency

It was evident from the optimization study trials that the se-
lected factors had a significant effect on the PS and %EE.

Average PS of various batches of emulsomes was in the range
of 110.74 ± 7.01 to 141.01 ± 2.98 nm. Optimized batch had
mean PS of 131.17 ± 3.17 nm and polydispersity index (PDI)
of 0.198 ± 0.021 indicating narrow size distribution. For ocu-
lar distribution studies, Nile red-loaded emulsomes were pre-
pared, and their average PS was found to be 125.61 ± 3.19 nm,

Fig. 1 Response surface plots and contour plots for particle size

Table 5 ANOVA for the
response surface quadratic
polynomial model for PS

Response Y1 Particle size (nm)

ANOVA for response surface quadratic model

Analysis of variance table [partial sum of squares–type III]

Sum of Mean F p value

Source Squares Df Square Value Prob > F

Model 1332.63 9 148.0706 1536.62 < 0.0001 Significant

A-DPPC:GMS ratio 209.920 1 209.920 2178.48 < 0.0001

B-Lipid:drug ratio 569.025 1 569.025 5905.15 < 0.0001

C-Sonication time 243.211 1 243.211 2523.97 < 0.0001

AB 0.09302 1 0.09302 0.96538 0.3586

AC 13.6530 1 13.6530 141.686 < 0.0001

BC 64.6416 1 64.6416 670.829 < 0.0001

A^2 164.473 1 164.473 1706.85 < 0.0001

B^2 56.1716 1 56.1716 582.930 < 0.0001

C^2 0.09160 1 0.09160 0.95064 0.3620

Residual 0.67452 7 0.09636

Lack of fit 0.40252 3 0.13417 1.97316 0.2602 Not significant

Pure error 0.272 4 0.068

Cor total 1333.30 16
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which was almost near to TA-loaded emulsomes (131.17 ±
3.17 nm), indicating that the dye-loaded formulations could be
used in place of drug-loaded emulsomes for ocular distribu-
tion studies in mice eye.

The various emulsome formulations showed zeta potential in
the range of − 20 ± 2.85 to − 30 ± 2.13 mV. The observed nega-
tive charge on emulsomes could be attributable to theDPPC lipid.
Optimized batch had zeta potential value of − 24.2 ± 2.12 mV.

%EE of the prepared batches was in the range of 58.11 ± 6.12 to
80.17 ± 3.47%. Optimized batch had %EE of 71.56 ± 4.19%.

Transmission electron microscopy (TEM)

TEM image of TA emulsomes is shown in Fig. 3 which re-
veals discrete, nearly spherical unimodal emulsomes. The
mean diameters of emulsomes were in the range of 100–

Table 6 ANOVA for the
response surface quadratic
polynomial model for %EE

Response Y2 %Entrapment efficiency

ANOVA for response surface quadratic model

Analysis of variance table [Partial sum of squares–type III]

Sum of Mean F p value

Source Squares df Square Value Prob > F

Model 786.9278 9 87.43643 643.9126 < 0.0001 Significant

A-DPPC:GMS ratio 79.50605 1 79.50605 585.5105 < 0.0001

B-Lipid:drug ratio 280.0161 1 280.0161 2062.137 < 0.0001

C-Sonication time 285.0078 1 285.0078 2098.898 < 0.0001

AB 9.333025 1 9.333025 68.73167 < 0.0001

AC 0.297025 1 0.297025 2.187396 0.1827

BC 0.0625 1 0.0625 0.460272 0.5193

A^2 80.408 1 80.408 592.1528 < 0.0001

B^2 35.10592 1 35.10592 258.5323 < 0.0001

C^2 6.344237 1 6.344237 46.72119 0.0002

Residual 0.950525 7 0.135789

Lack of fit 0.789925 3 0.263308 6.558115 0.0504 Not significant

Pure error 0.1606 4 0.04015

Cor total 787.8784 16

Fig. 2 Response surface plots and contour plots for entrapment efficiency
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200 nm, which is in accordance with the results obtained from
PS analysis by dynamic light scattering.

Differential scanning calorimetry (DSC)

DSC was performed on DPPC, GMS, TA, and lyophilized
TA-loaded emulsomes. Since the melting point of TA was
recorded at approximately 293 °C, DSC analysis was carried
out from 25 to 300 °C. Figure 4a shows the DSC thermogram
of (a) DPPC at 42.50 °C corresponding to its glass transition
temperature, (b) GMS at 63.70 °C, and (c) pure TA at
290.09 °C indicating the crystalline anhydrous state of TA.
While thermogram of lyophilized TA-loaded emulsomes
showed only one peak at 41.20 °C indicating minor shifts in
peak positions of DPPC, absence of characteristic melting
endothermic peak of TA in lyophilized emulsomes indicates
that TA is present in amorphous form and is molecularly dis-
persed in lipid matrix of emulsomes.

Osmolarity and pH measurement

For topical eye-drop formulation, osmolarity and pH are the
most important factors. The osmolarity of a topically applied
formulation often interferes with the ocular surface. Given that
tears and eye drops are rapidly cleared in vivo from the eye
surface, it is difficult to predict the actual level at which

osmolarity might cause toxic effects. Ideally, osmolarity
should be 300 mOsm/L. Clinically, a 6 times daily application
of 380 mOsm/L formulation did not result in ocular surface
alteration [33]. An in vitro study indicated that cultured cor-
neal epithelium cells can tolerate upto 350 mOsm/L before
cytotoxic effects occur [34].

Mean osmolarity of TA emulsomes was found to be 341 ±
2.32 mOsmol. Considering non-toxicity of 380 mOsm/L for-
mulations, it can be assumed that osmolarity of 341 ±
2.32 mOsmol of the TA-loaded emulsomes will not develop
any complications when used clinically.

The initial pH of the formulation was found to be 6.35 ±
1.41 which was then further adjusted with 0.05 M sodium
hydroxide solution near to the tear pH∼6.8.

In vitro short-term exposure test

Results showed that the excipients (DPPC and GMS) used in
emulsomes formulation had viability above 70% at both 0.05
and 5% (w/v) concentrations (Fig. 4b). It gave them score 1 for
0.05% (w/v) concentration and score 0 for 5% (w/v) concen-
tration. Now, according to the rank classification for ocular
irritation, these two scores were added (score 1 (0.05%) + score
0 (5%) = rank 1) which gave them rank 1, which corresponds to
chemicals being categorized as aminimal ocular irritant accord-
ing to STE test. This indicated that the excipients chosen for the
preparation of emulsomes, in the concentration range 0.05%,
0.5, and 5% (w/w), were minimal irritant and non-toxic to
SIRC cell line, following 5-min exposure time.

In contrast, when cells were treated with free TA at equiv-
alent concentration, 87.78 ± 2.31% cell viability was observed
at 0.05% concentration which gave it a score 1 (%CV > 70%),
and 69.12 ± 3.18% was observed at 5% (w/v) concentrations
which gave it a score 1 (%CV ≤ 70%). For obtaining the rank
classification, these two scores were added (score 1 (0.05%) +
score 1 (5%) = rank 2) which gave it rank 2, that corresponds
to chemicals being categorized as moderately ocular irritant.
The observed decrease in cell viability at 5% w/v could be
because of the aggregated or crystalline nature of TA at higher
concentration [35, 36].

Earlier experimental and clinical work on TA (Kenacort-
A®) showed that the product was toxic to lens and retina (ret-
inal pigmented epithelial cells) because of the presence of ben-
zyl alcohol, as the vehicle. Moreover, there were concerns
about cytotoxicity caused by the crystalline form of aggregated

Table 7 Observed and predicted
response variables of TA
emulsomes

Variables–value PS (nm) %EE

A: DPPC:GMS ratio–0.75:1

B: Lipid:drug ratio–11.57:15.43

C: Sonication time–6

Predicted–128.338 ± 4.19 Predicted–68.868 ± 3.95

Actual–131.17 ± 3.17 Actual–71.56 ± 4.19

% Predicted error–2.98 % Predicted error–2.45

Fig. 3 TEM image of TA loaded emulsomes
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TA, as well [35, 36]. Whereas, the results of STE indicate that
the excipients used for the formulation development of TA-
loaded emulsomes development would not be toxic.

In vitro cell viability assay

In the cell viability study throughMTT assay, SIRC cells were
incubated with a range of concentrations (0.5 to 500 μg/mL)
of TA-loaded emulsomes for 24 h (Fig. 4c). Up to 70% reduc-
tion in the percent viability was observed for cells incubated
with 100 μg/mL of Triton-X 100 (positive control). The per-
cent cell viability data for SIRC cells was found to be > 80%
for TA-loaded emulsomes, at all the studied concentrations.
The cell viability at minimum incubation concentration of
0.5 μg/mL for TA-loaded emulsomes after 24 h was 96.6 ±
3.2%, showing non-significant decrease from the control val-
ue (p value = 0.3010), whereas at maximum concentration of
500 μg/mL also, 92.6 ± 3.9% cell viability was observed after
24 h (p value = 0.0624, compared with control). These results
indicate that the prepared formulation studied in various con-
centration ranges on SIRC cells for a period of 24 h was non-
toxic and safe.

HET-CAM test

The STE test simulates corneal toxicity; however, vascular
effects such as the ones in the conjunctiva cannot be

understood by STE. Hence, to evaluate acute toxicity of the
prepared emulsomes formulation, Hen’s Egg Test on Chorio
AllantoicMembrane (HET-CAM)was performed. It allows to
study immediate effects of test substance administration on
the membrane of embryonated hen’s egg. For ophthalmic
irritancy, it is an established method and has shown good
correlation to ophthalmic irritation with the in vivo situation.
The membrane separates the embryo from the internal air-
space, and is non-innervated, highly vascularized, and re-
sponds to injury in a similar way to rabbit conjunctiva [37].

The negative control, i.e., 0.9% saline produced no visual
symptoms of irritation like hemorrhage or membrane discol-
oration after 5 min of application on the CAM. On the con-
trary, 0.1 M sodium hydroxide produced a severe hemorrhage
giving it a score of 3, i.e., as a severe irritant. Whereas appli-
cation of TA emulsomes on the CAM showed no signs of
irritation or vascular response towards lysis, hence, it gave a
score of zero, i.e., as non- irritant (Fig. 4d).

Stability studies

The data of stability studies of lyophilized TA emulsomes at 5
± 3 °C and 25 ± 2 °C/60% ± 5% RH are shown in Table 8. It
was observed that at both conditions, the lyophilized TA
emulsomes were stable for up to 3 months. No significant
change in either PS or drug content was observed, suggesting
that the lyophilization of emulsomes in the presence of sucrose

Fig. 4 a DSC thermogram of (a) DPPC, (b) GMS, (c) TA and (d) lyoph-
ilized TA emulsomes. b % cell viability of excipients used in TA
emulsomes preparation at 0.05, 0.5, and 5% (w/v) concentration for
STE study; each value represents the mean ± SD (n = 3). c% cell viability

of TA-loaded emulsomes for MTT study, each value represents the mean
± SD (n = 3). d HET–CAM test. e Ocular tear concentration of TA from
solution and emulsomes after topical administration in rabbit eye, each
value represents the mean ± SD (n = 3)
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maintained the size as well as assay of emulsomes at both
storage conditions (5 ± 3 °C and at 25 ± 2 °C/60% ± 5% RH).

Ex vivo transcorneal permeation study

From the ex vivo corneal permeation of TA, Papp values were
calculated. As compared to TA solution, higher corneal per-
meation was observed for TA emulsomes. The measured
Papp value of TA solution was 2.39 ± 0.60 cm/s, which might
be owing to its higher lipophilic nature. Moreover, the upper
epithelial layers of the cornea are also hydrophobic in nature,
hence TA might have displayed higher corneal permeability.
The increased permeation from the emulsomes as compared to
solution may be because of higher retention of nanoparticles
on the corneal surface due to nano size of the particles.

The Papp of TA emulsomes was found to be 3.84 ±
0.82 cm/s, which is higher than the TA solution and could
be related to the composition of emulsomes. The outer layer
of emulsomes is composed of phospholipids that will come in
intimate contact with the outer ocular barriers, such as cornea
and conjunctiva. These lipidic components of the emulsomes
will interact with the lipidic layer of the tear film, enabling the
carriers to remain in the corneal and conjunctival sac for a long
time and can facilitate corneal permeation thereby increasing
the ocular bioavailability of drugs [38, 39]. This increased
transcorneal permeability of emulsomes can also be correlated
to those of liposomes, as the external structure of both lipoidal
carriers is made up of phospholipids, and it is already reported
that when applied topically, liposomes attach to the hydropho-
bic corneal epithelium, where it continuously releases the
bound drug content, improving pharmacokinetics and de-
creasing toxic side effects [40, 41].

In vivo studies

Precorneal retention time

After in vivo instillation of TA emulsomes and TA solution
into the conjunctival sac, the drug concentration was deter-
mined in rabbit lachrymal fluid. The graph of TA concentra-
tion (μg/mL) vs time is shown in Fig. 4e. For the first time
point, the TA tear film concentration was high for TA solution
and emulsomes both.

After 10 min, a decrease in concentration was observed,
which was due to the mechanical elimination of excess
instilled volume from the cul-de-sac, as lower eyelid cannot
hold more than 50 μL volume, and administration of higher
volume of formulation would ultimately lead to overflow of
the drop from the eyes [42]. After 30 min, the concentration of
TA decreased constantly for the TA solution. Whereas in the
case of TA emulsomes, drug concentration was higher at each
time point as compared to TA solution, which could be be-
cause of the prolonged retention of emulsomes in the
precorneal area. Emulsomes provide an intimate contact be-
tween drug and ocular surface tissues, thus, facilitating the
penetration of the drug into cornea, aqueous humor, and con-
junctiva. Moreover, lipid vesicles also permeate through the
ocular surface by several biological mechanisms such as fu-
sion, adsorption, endocytosis, and lipid exchange [1]. Lipidic
components of the emulsomes interact with the lipid layer of
the tear film, enabling the nanocarrier to remain in the con-
junctival sac for a long time, where they act as a drug depot
and release drug for a longer period. Also, the phospholipids
used in the formulation have been found to interact with the
muco-aqueous layer and lipid layer and could have improved
the “wettability” of tear film, thereby increasing the residence
time of drugs on ocular surfaces [41, 43].

The area under the curve (AUC) for TA emulsomes was
17.3203 μg/mL*h, which was significantly higher than of TA
solution (12.2558 μg/mL*h) (p value = 0.029). Tmax for both
the TA emulsomes and solution was same, i.e., 5 min.
Whereas, Cmax was higher for solution, i.e., 7.7 μg/mL, for
TA emulsomes − 7.3 μg/mL. The difference in Cmax was
owing to emulsomes’ structure which sustained release of
drug from the vesicles. These results indicate that as compared
to the TA solution, TA emulsomes were retained for a longer
time in the precorneal area, facilitating increased drug perme-
ability and ultimately ocular bioavailability.

Ocular distribution studies

Confocal microscopy was used to study the intraocular distri-
bution of NR-loaded emulsomes applied as eye drops in the
mice eye. The inner plexiform layer (IPL) is reported as a
suitable target for evaluating retinal delivery since it is located

Table 8 Stability profile of
lyophilized TA-loaded
emulsomes at 5 ± 3 °C and 25 ±
2 °C/60 ± 5%RH, each value rep-
resents mean ± SD (n = 3)

Sr no. Time (months) Particle size (nm) Drug content (%)

2–8 °C 25–30 °C 2–8 °C 25–30 °C

1 0 143.81 ± 3.19 143.8 ± 3.19 99.16 ± 1.67 99.06 ± 1.67

2 1 144.00 ± 2.23 145.67 ± 3.01 99.03 ± 1.97 98.12 ± 3.18

3 2 147.01 ± 2.55 148.74 ± 2.95 98.65 ± 2.28 97.78 ± 2.95

4 3 150.45 ± 3.57 152.15 ± 3.07 98.15 ± 3.15 97.12 ± 3.14
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very close to the ganglion cell layer (GCL), containing retinal
ganglion cells and amacrine cells.

Figure 5a–e show the flat-mount images of different sec-
tions of an eye after administration. Figure 5a shows that very
little fluorescence was visible in the case of eyes treated with
Nile red solution. Figure 5b shows the corneal image of eyes
after 30 min of topical administration of Nile red-loaded
emulsomes. Corneal epithelium, corneal stroma, and endothe-
lial layer are evident in the figure. Strong fluorescence was
observed on the surface of the cornea and stroma suggesting
that these nanocarriers might have accumulated on the surface
of cornea and eventually followed the corneal route for deliv-
ery of small molecules into the posterior segment of the eye by
virtue of their size and composition

Nano size of the carrier plays a crucial role in retinal drug
delivery through transcorneal route as nano size of particles
represents a greater surface area available for the association
between the cornea and the conjunctiva [44]. Moreover, previ-
ous research on ocular drug delivery after topical instillation of
different sized liposomes showed that size of around 100 nm
provided themost effective delivery of a fluorescent probe to the
mouse retina after topical administration [45]. Due to their small
sizes, nano-drug carriers are likely to have high diffusivity
across membranes such as the corneal epithelium. Similarly,
due to their high surface area to volume ratio, nano-sized carriers
also show improved interaction with the outer membrane of the
corneal surface, thereby, prolonging the retention of the topically
administered drug. Moreover, they effectively deliver the drug

to intraocular tissues such as the retina by noninvasive delivery
[46]. Penetration and distribution of drug-loaded emulsomes
into the posterior tissues of the eye after topical administration
seemed to occur mainly via three routes: the corneal, conjuncti-
val, and systemic. (1) Drug can diffuse into the iris root and
subsequently into the posterior chamber aqueous humor and
into the posterior tissues. (2) Drug can diffuse across the sclera
by lateral diffusion followed by penetration of Bruch’s mem-
brane and the retinal pigment epithelium (RPE). (3) To a lesser
extent, the drug can be absorbed into the systemic circulation
either through the conjunctival vessels or via nasolacrimal duct
and gain systemic access to the retinal vessels [47].

In this study, NR-loaded emulsomes were prepared and the
optimized batch had PS of 131.17 ± 3.17 nm, which suggests
their suitability as an ophthalmic nanocarrier and could be one
of the reasons for longer retention of these carriers on the
surface of the cornea. Particle size is certainly a foremost
parameter for effective retinal delivery. Other factor that plays
an important role in retinal drug delivery is the composition of
the nanocarriers. Lipid-based nanocarriers are particularly
useful in topical ocular delivery as they act as “bionic tear
film” which improves drug bioavailability by enhancing the
residence time on the ocular surface and also by enhancing
corneal penetration [41]. The transcorneal absorption, transfer
of drug into corneal epithelial cell layer, and other mecha-
nisms such as endocytosis or fusion of phospholipid bilayer
membrane might have contributed to increased permeation of
emulsomes as compared to the solution [48].

Fig. 5 Fluorescence microscopic images of aNR solution in retina after 30 min, bNR-loaded emulsomes in cornea after 10 min, c in retina after 30 min,
d in retina after 60 min, and e in retina after 120 min. f Tissue imaged at the same wavelength as used for NR-loaded emulsomes
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Figure 5c–e show the fluorescence microscopic images of
NR loaded emulsomes in retina after 30, 60, and 120 min of
topical application, respectively. Strong fluorescence can be
observed clearly in the inner and outer plexiform layers (IPL
and OPL layers) along with other layers of retina. The highest
fluorescence was observed at around 30 min, which declined
by 60 min and disappeared within 120 min which might be
owing to the clearance of emulsomes or because of the
episcleral or choroidal circulation which plays an important
role in clearing drugs after subconjunctival application. The
strong fluorescence in the IPL layer suggests that these NR-
loaded emulsomes might have reached the posterior segment
of the eye by either corneal or conjunctival pathways or both.

Figure 5f shows tissue imaged at the same wavelength as
used for NR-loaded emulsomes. This was carried out to verify
autofluorescence from various retinal layers. As there was not
any fluorescence observed, it confirms that the fluorescence
observed as in Fig. 5a–e was due to true NR labeling and not
auto-fluorescence.

Although these initial studies of the prepared emulsomal
formulation on mice eyes showed positive result for posterior
ocular delivery after topical administration, several other fac-
tors should also be kept in mind such as the size and ocular
barriers of the eye [49]. Therefore, further experiments in
higher animals are needed to confirm the penetration of NR
to the retina after topical administration.

Conclusions

Triamcinolone acetonide (TA), a glucocorticoid, is currently
administered by intravitreal administration for the long-term
management of various inflammatory ocular diseases. Due to
its invasive administration techniques, it imposes a high risk
of ocular damage. Hence, in the present research work, we
have reported the development and evaluation of the lipid-
based nano-sized carrier, emulsomes, as a novel vehicle for
delivering TA to the posterior segment of eye after topical
ocular instillation. Emulsomes of PS below 200 nm were suc-
cessfully prepared by thin-film hydration method. The opti-
mized batch selected by applying BBD had PS of 131.17 ±
3.17 nm and %EE of 70.56 ± 4.19%. As compared to conven-
tional drug solution, results of both ex vivo corneal perme-
ation study and in vivo precorneal retention study indicated
higher transcorneal permeation and retention of TA from
emulsomes. This could be attributable to the increased inter-
action and retention of lipid-based nanocarriers—emulsomes
with the lipid layer of the tear film and corneal surface, which
ultimately increases the ocular bioavailability of TA.
Fluorescence microscopic images obtained after ocular distri-
bution studies showed strong fluorescence in inner and outer
plexiform layers of the retina in comparison to dye solution
suggesting that the dye-loaded emulsomes reached the

posterior segment of eye after topical ocular instillation.
These initial investigations in animals indicate that the devel-
oped nano-sized emulsomes formulation can be used as an
alternative to currently used invasive treatment strategies for
the treatment of diseases of the posterior segment of the eye.
This initial study in mice suggests that emulsomes can be a
promising carrier for posterior ocular drug delivery after top-
ical administration, and further detailed research on the use of
these novel nanocarriers can open up new avenues for ocular
drug delivery research.
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