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Abstract: Among the currently available commercial eye drops with cyclosporine A (Cs) there is a
lack of long-acting dosage forms and products with a concentration of the drug substance higher
than 0.1%, although Cs is widely used in ophthalmology. The aim of the research was to conduct
the microscopic and biopharmaceutical evaluation of two formulations, an emulsion (EM) and a
self-emulsifying oil (SEO), both with 0.5% of Cs, proposed for use in eye drops, and the comparison
of both. SEO eye drops with Cs or any other drug substance are currently not available as marketed
products, and the highest concentration of Cs in the ocular emulsion is only 0.1%. The microscopic
evaluation of the emulsion and the SEO after emulsification with water was carried out using a
high-resolution digital microscopy. The properties of both preparations were compared using the
high dynamic range function or optical shadow effect mode. Images in the 3D composition mode
were also recorded. The in vivo study of the Cs formulations was performed on male albino rabbits.
The eye tolerance of the preparations was assessed using the ocular irritation test, which is a modified
Draize test. Placebo carriers (without the drug substance) were also subjected to irritation testing.
The concentration of Cs in the tissues (cornea and conjunctiva) and fluids (tear fluid and aqueous
humor) of the rabbit eye was determined after multiple instillations of Cs~EM or Cs-SEQO. The tested
preparations were compared using the digital microscopy technique, which highlights the features
of the formulations and eliminates the risk of unnoticeable properties that are difficult to observe
in classical optical microscopy. Both tested Cs-loaded formulations are classified as practically non-
irritating. There were also no significant differences when testing the placebo carriers. After a topical
administration, Cs was widely distributed in all tissues (e.g., in cornea 1.3 ng/mg and 1.0 ng/mg) and
fluids of the eye (e.g., in tear fluid 11.6 pg/mL and 4.3 pg/mL), after the administration of Cs—=SEO
and Cs—EM, respectively. The obtained results allow us to recognize both tested formulations, the
emulsion and the self-emulsifying oil with 0.5% Cs content, as carriers safe for ophthalmic use and
effective in delivering the drug substance to the structures of the eye.

Keywords: emulsion; self-emulsifying oil (SEO); rabbit; Draize irritation test; cyclosporine;
ophthalmic delivery

1. Introduction

Invariably, for years, most commercial preparations intended for topical application to
the eye have been in the form of aqueous solutions [1-3]. It is a traditional dosage form,
convenient for application via instillation and well tolerated by patients. On the other
hand, this form is characterized by many disadvantages, such as short contact time with
the surface of the eye, rapid leaching from the conjunctival sac, and the limited solubility
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or stability of the drug substance in the aqueous environment. Ultimately, all these aspects
result in limited bioavailability (usually below 5%) [1,2,4].

Therefore, efforts are being made to develop new dosage forms for ophthalmic ad-
ministration using modern carriers [5]. One of such carriers is emulsions already used in
clinical practice [5]. Due to the aqueous dispersing phase, the oil-in-water emulsions are
well tolerated [6,7]. At the same time, the dispersed oily phase makes it possible to dissolve
the sparingly soluble drug substances. Another beneficial effect of using the emulsion is
its stabilizing effect on the lipid layer of the tear film and, consequently, reduced water
evaporation and the restoration of tear fluid integrity [8]. The approval by the registration
agencies (FDA, EMA) of further preparations with drug substances in the form of oil-in-
water emulsions for use in the treatment of eye diseases, as well as the introduction of
“artificial tears” preparations in the form of emulsions, confirm the safety of their use [1,9].

Another innovative drug carrier, not yet available in the form of a commercial prepara-
tion, is self-emulsifying oil (SEO), which is a mixture of oil with a surfactant, sometimes also
a co-surfactant or co-solvent [2,10]. Such composition, also called SEDDS (self-emulsifying
drug delivery system), as a lipid-based formulation, is a promising carrier of substances
that are slightly soluble in water [11,12]. SEO is spontaneously emulsified in contact with
water and creates an emulsion in situ. As a result of such a mechanism, after application
to the eye and due to the formation of an emulsion with tear fluid, SEO can avoid the
disadvantages of the traditional oily solution (vision disorders, discomfort, burning). More-
over, the spontaneous formation of an emulsion upon dilution via tear secretion in the
ocular surface advantageously presents the drug in a dissolved form and the small droplet
size, which provides a large interfacial surface area for drug absorption [13]. SEOs are
considered primarily as carriers that extend the time of contact with the surface of the eye
in order to increase bioavailability [2,4]. An important advantage of SEO as a dosage form
is the presence of the active substance in the solution form, hence avoiding the dissolution
step required, for example after the application of a suspension [4]. Due to good solubility
in SEQ, it becomes possible to administer a preparation with a higher concentration of the
active substance, less frequently instilled (limiting systemic side effects after nasolacrimal
duct absorption) [2]. The increased solubility of active substances, prolonged pre-ocular
retention, and enhanced drug absorption are particularly desirable features of the dosage
form in ophthalmic therapy [4]. Moreover, SEO is considered as a carrier of substances that
are not only insoluble in water but also unstable in water [14].

This study employed Cs as a model drug. This selection was based on the fact that
Cs is widely used in the ophthalmic therapy of various eye diseases, mainly as an anti-
inflammatory treatment. Although Cs is widely used, it remains a challenge to administer it
with conventional topical ophthalmic delivery systems and with satisfactory bioavailability,
because Cs has a large molecular weight and hydrophobicity, resulting in poor aqueous
solubility [15]. Although since 2002 international registration agencies (FDA and EMA)
have approved several Cs preparations for use in the eye, almost all of them are in the
form of emulsion in which the concentration of the active substance does not exceed
1 mg/mL [1]. Meanwhile, the concentration of Cs in eye drops used in medicine is 0.5%,
1%, or even 2%. The only available solution in such a situation is the use of compounded
oily eye drops prepared in retail and hospital pharmacies [16].

In this study, we focused on the microscopic and in vivo evaluation of two formulations,
emulsion and SEO, both containing 0.5% Cs, in the form of eye drops. The in vivo studies,
namely ocular irritation test via modified Draize test and biopharmaceutical evaluation,
were investigated in rabbits as animal models to assess the application potential and the
safety of use of the tested formulations. The developed preparations were applied to the
eye to determine the level of Cs in individual tissues of the eyeball assessed after multiple
ocular administrations. A comparative microscopic evaluation of both formulations was
also carried out using a modern imaging technique. According to our best knowledge, SEO
and emulsion were evaluated for the first time using a high-resolution digital microscope.
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2. Results
2.1. Microscopic Characterization of Emulsion and SEO

Figure 1 shows the structure of the tested o/w emulsion (Cs—EM) with the use of
various high-resolution digital microscope options, described in point 4.4. The exam-
ined emulsion is homogeneous in the microscopic image. No agglomerates or any parti-
cles/precipitate of the active substance dissolved in the oil phase are visible. Due to their
size (generally below 5 pm), emulsion droplets (droplets of oil dispersed in the aqueous
phase) appear as dots or circular rings. The observation of oil droplets with a size of about
1 um is possible in HDR mode, which increases the level of detail seen in the image via
increasing the color gradation, as can be seen in Figure 1a,b. This function captures multiple
frames of the image with different degrees of brightness, adjusting the shutter speed (these
are further composed into a single high-resolution image). Depending on the microscope
settings, images with higher contrast (Figure 1f) or images with 3D structures (Figure 1d,e)
were also obtained. In the case of emulsions, images in which the spatial structure of small
drops was most visible are the images made in the optical shadow mode. Regardless of
the microscope functions used, all the obtained images (Figure 1) confirm the size of the
emulsion droplets measured via laser diffraction (Figure 1c). In Cs—EM, the average droplet
size was 0.73 pm and 90% of the particles were below 1.23 um.
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Figure 1. Digital microscope images of Cs—EM formulation obtained with HDR function: (a,b,f); 3D
mode: (d,e); and optical shadow effect: (g-i). Section: (c) presents the particle size distribution in the
tested emulsion obtained via laser diffraction (point 4.3).

Figure 2 shows Cs-SEO after emulsification with water. Unlike Cs—-EM, the droplets
of the dispersed phase in the obtained o/w emulsion had a fairly large size and were in
a very wide range of sizes (Figure 2a). This fact is confirmed by the results of the particle
size study carried out using laser diffraction (Figure 2c). The mean Cs-SEO particle size
after emulsification was 84.3 um (90% of droplets were below 199.0 um). In the microscopic
image, large oil droplets surrounded by numerous, very small droplets are clearly visible
(Figure 2b). Images made in the optical shadow mode (Figure 2g-i), also in the color version,
capture the size diversity and spatial nature of the droplets very well, which otherwise might
go unnoticed. A similar effect can also be observed in the 3D images. The 3D mode provides
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a powerful observation of the tested, multiparticulate formulation from various directions,
which is difficult to perform in a 2D image. The nature of the obtained emulsion (o/w) was
confirmed with the addition of dyes methylene blue and Sudan I, soluble in the hydrophilic
and lipophilic phases, respectively. The image of the emulsified and stained Cs—SEO with red
oil droplets and blue dispersing water phase is shown in Figure 2f. As in the Cs—-EM studies,
no Cs particles or precipitate were visible. The obtained system, however, was characterized
by significant heterogeneity and dynamics: the drops of emulsion spontaneously changed
their sizes. In addition, after a short time of observation (1-2 min) of the sample without
the coverslip, the coalescence effect was observed, which is the result of the evaporation of
water from the sample. This phenomenon is shown in Figure 3.

Differential Volume
Cs-SEO

110 100 1000
Particle Diameter (um)

hydrophilic phase
blue dye

lipophilic phase

Figure 2. Digital microscope images of Cs—SEO formulation obtained with HDR function: (a,b); 3D
mode: (d,e); after staining the water and oil phases with hydrophilic and lipophilic dyes, respectively:
(f); and optical shadow effect mode: (g-i). Section: (c) presents the particle size distribution in the
tested SEO obtained via laser diffraction (point 4.3).

TIMET 6 st
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Figure 3. Digital microscope images of the Cs—SEO coalescence process. Green arrows indicate
selected places where the oil droplets begin to coalesce and phase separation disappears. Red arrows
indicate the progress of changes occurring during coalescence—the direction of reading is from (a—f).



Pharmaceuticals 2023, 16, 1713

5o0f 14

In the microscopic image, the emulsion drops were observed to merge with each other
during their movement. The drops approached each other and then merged into one larger
drop (the effect of coalescence). This phenomenon concerned primarily larger drops. The
small drops that had previously surrounded the larger drops, after they merged, formed
clusters of droplets in SEO (Figure 3). The entire described process was quite fast, as shown
in Figure 3.

2.2. In Vivo Eye Irritation Test

The summary of the irritation test results is shown in Table 1. None of the tested
formulations administered to the rabbit eye caused any changes in such eye structures as the
cornea or the iris. Slight differences were observed only when evaluating the conjunctiva,
although, also in this case, the scores grading the severity of ocular lesions were almost
zero (Table 1).

Table 1. In vivo conjunctiva irritation results of the placebo and Cs-loaded formulations, according to
the Draize eye irritation test (1 = 8).

Formulation ° Eyes with Symp-
(Concentration Obirv(;ftion NC° of Eye = 8 toms/without Averiggs core
of Cs %) Signs of Irritation
Al 0/0/0/0/2/0/0/0 1/7 0.25 £ 0.7071
A2. 0/0/0/0/0/0/0/0 0/8 0.0
EM A3. 0/0/0/0/0/0/0/0 0/8 0.0
(placebo) B.12h 0/0/0/0/0/0/0/0 0/8 0.0
B.24h 0/0/0/0/0/0/0/0 0/8 0.0
B.48h 0/0/0/0/0/0/0/0 0/8 0.0
1. 0/0/0/0/0/0/0/0 0/8 0.0
2. 0/0/0/0/0/0/0/0 0/8 0.0
3. 0/0/0/0/2/0/0/2 2/6 0.50 0.9
Cs-EM 4. 0/0/0/0/0/0/0/0 0/8 0.0
(0.5% Cs) 5. 0/0/0/0/0/0/0/0 0/8 0.0
6. 0/0/0/0/0/0/2/0 1/7 025+0.7
7. 0/0/0/0/0/0/0/0 0/8 0.0
8. 0/0/0/0/0/0/0/0 0/8 0.0
Al 0/4/0/0/0/0/2/0 2/6 0.75 4 1.4880
A2. 4/2/0/0/0/0/0/0 2/6 0.75 £ 1.4880
SEO A3. 4/0/0/0/0/0/0/0 1/7 0.50 & 1.4142
(placebo) B.12h 0/0/0/0/0/0/0/0 0/8 0.0
B.24h 0/0/0/0/0/0/0/0 0/8 0.0
B.48h 0/0/0/0/0/0/0/0 0/8 0.0
1. 0/0/0/0/0/0/0/0 0/8 0.0
2. 0/0/0/2/0/0/0/0 1/7 0.25 £ 0.7071
3. 0/0/0/0/0/2/0/0 1/7 0.25 4+ 0.7071
Cs-SEO 4. 0/0/0/0/0/0/0/2 1/7 0.25 £ 0.7071
(0.5% Cs) 5. 0/0/0/0/0/0/0/0 0/8 0.0
6. 0/0/0/4/0/0/0/0 1/7 0.50 4 1.4142
7. 0/0/0/2/0/4/0/4 3/5 1.25 4+ 1.8322
8. 0/0/2/2/0/0/0/0 2/6 0.50 4 0.9258
1. 0/0/0/0/0/0/0/0 0/8 0.0
2. 0/0/0/0/0/0/0/0 0/8 0.0
3. 0/0/0/0/0/0/0/0 0/8 0.0
0.9% NaCl 4. 0/0/0/0/0/0/0/0 0/8 0.0
=) 5. 0/0/0/0/0/0/0/0 0/8 0.0
Control 6. 0/0/0/0/0/0/0/0 0/8 0.0
7. 0/0/0/0/0/0/0/0 0/8 0.0
8. 0/0/0/0/0/0/0/0 0/8 0.0
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The changes observed during this study, such as redness or swelling of the conjunctiva,
appeared slightly more often after SEO than after EM application, regardless of whether it
was just a placebo carrier or a Cs-loaded dosage form. The number of rabbits that showed
a positive response to Cs—EM is not more than three out of eight rabbits (Table 1), which
means that was slightly less than after the administration of Cs—SEO (four out of eight
rabbits). Meanwhile, the application of the placebo emulsion caused a reaction in only
one eye in one rabbit. Despite these subtle differences, guided by the ranges presented
in point 4.5.1, EM should be considered as a nonirritating carrier, and all the other tested
formulations, i.e., Cs—=EM, SEO, and Cs-SEQ, as practically nonirritating.

Based on the collected results, it can therefore be concluded that the tested emulsions
and SEO formulations produced a negligible irritation to rabbit eyes. However, also
important is the fact that any observed signs of irritation have resolved before the next
application. Taking into account also the visual observations and assessment of rabbits’
behavior carried out during and immediately after the application of all tested formulations,
it can be concluded that the tested formulations did not produce any significant discomfort
to rabbit eyes.

When the eyes were examined with an ophthalmoscope, after the instillation of sodium
fluorescein, no signs of damage or breaks in the continuity of the epithelium in the cornea
were detected. The corneas were clear and the ocular surface remained intact, which is
visible in Figure 4. No other changes were seen in the tested eyes (Figure 4) or the behavior
of the rabbits accompanying the administration of the placebo and Cs-loaded formulations.

VISIBLE LIGHT COBALT BLUE LIGHT
i

Cs-SEO

Cs-EM

Figure 4. Local ocular reaction observed under the slit lamp after in vivo instillation of SEO with 0.5%
Cs (A,B) or emulsion with 0.5% Cs (C,D) for 5 days. Pictures were taken in visible light (A,C) or in
Cobalt blue light after fluorescein instillation (B,D).

2.3. In Vivo Ocular Distribution of Cs

The in vivo distribution of Cs among ocular tissues in the rabbit eye was examined
after a 7-day administration of Cs—EM and Cs-SEO. As described in Section 4.5.2, both
formulations containing 0.5% of Cs were administered twice a day. With a single admin-
istration of 20 uL of the Cs-loaded preparation, the single dose of Cs was approximately
100 pg. The concentration of Cs in different rabbit eye tissues after the administration of
the emulsion and SEO is shown in Figure 5.
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Figure 5. Biodistribution (n = 8, mean =+ SD, *—statistically significant difference) of Cs in rabbit eyes
after multiple (7 days, 14 instillations) topical administrations of Cs-loaded (0.5%) emulsion and SEO:
(A) cornea, (B) conjunctiva, (C) tear fluid, (D) aqueous humor.

The highest Cs concentration was obtained in the tear fluid (Figure 5C), and it was
approximately 4.3 pg/mL and 11.6 pg/mL after the application of the emulsion and SEQ,
respectively. Also, only in the case of tear fluid, a statistically significant difference in
concentration between the tested preparations was found.

The concentration of Cs in the remaining tissues and aqueous humor showed no sig-
nificant differences between Cs—SEO and Cs-EM (p < 0.05). The determined concentrations
of Cs in the cornea (Figure 5A) were very similar in both tested formulations (1.0 ng/mg
in EM and 1.3 ng/mg in SEO). The lowest concentration of Cs (less than 0.6 ng/mg) was
found in the conjunctiva (Figure 5B), regardless of the drug carrier used. Concentrations

obtained in the aqueous humor (Figure 5D) of the eyeball were at a relatively high level
(approximately 23-26 ng/mL).

3. Discussion

Ophthalmic emulsions are a well-known and already used dosage form, while, thanks
to ongoing research [2,13,14], the self-emulsifying oils have the potential to become an alter-
native drug carrier for use in ophthalmology. The simple composition and uncomplicated
method of preparation, as well as the ingredients already being used in eye medications
(oils, non-ionic surfactants), create a chance to introduce SEO to widespread use. For the
above reasons, good SEO tolerance is expected after application to the eye, also due to the
presence of a surfactant in the composition. Well known, although not widely used, are
oily eye drops. Their limited use is mainly due to the discomfort caused to the patient
after application (burning sensation, irritation, blurred vision [17-21]). The purpose of
using a surface-active substance in SEO is to ensure quick and effective emulsification in
contact with water, and, in the case of application to the eye, easier mixing of SEO drops
with tear fluid, consequently also reducing/eliminating discomfort after the application.
The surfactant can also favorably affect the solubility of the drug substance (both in the
presence and absence of water). Therefore, SEO is a dosage form that could be a good
carrier for substances sparingly soluble in water, which are difficult to administer in the
form of an aqueous carrier.

In the conducted experiments, SEO and o/w emulsion were tested, for the production
of which castor oil was used. The optimal composition of the currently investigated SEO
was selected on the basis of previous research [22]. The proposed self-emulsifying oil with



Pharmaceuticals 2023, 16, 1713

8 of 14

Cs for ophthalmic application is characterized by a transparent appearance compared to
a milky-colored o/w emulsion. In both carriers, the drug substance (Cs) was completely
dissolved in oil at a concentration of 0.5%. Castor oil was selected based on its physic-
ochemical properties and traditional use in eye medications, including eye drops with
Cs compounded in hospital or retail pharmacies [16,18,23]. The concentration (20%) of
the oily phase in the emulsion was selected based on our previous studies as well as the
composition of the extremely stable 10% or 20% parenteral emulsions (marketed products)
commonly used in intravenously-administered parenteral nutrition mixtures.

Tween 80 (polysorbate 80) was used as a surfactant in both tested formulations, due to
being considered non-toxic and non-irritating as a non-ionic surface-active compound. It is
commonly used not only in drug formulations (including eye drops) but also in cosmetics
and food products [24,25]. Our previous studies also confirmed the good tolerance of the
ophthalmic dosage forms (SLM dispersion in the form of eye drops) with polysorbate at
a concentration of 3% by the rabbit eye [26]. The advantage of polysorbate is not only
increasing the solubility of sparingly soluble substances but also the ability to improve
their bioavailability [25].

When considering the bioavailability of a drug substance after administration to the
conjunctival sac, the residence time of the dosage form in contact with the eye surface and
the release of the active substance from the drug carrier should be taken into account. In the
case of SEO, the mechanism of emulsification with the tear fluid should also be considered,
although there is little data in this regard.

Therefore, valuable additional information about the properties like emulsification
and the stability of the system can be gained using the light microscopical inspection of
the size, structure, and behavior of emulsion droplets. Emulsions o/w are quite difficult
to observe in a traditional optical microscope due to the small size of oil droplets (usually
below 1 um). In addition, the high transparency of both the water and oil phases reduces
their contrast against the background. The use of a digital microscope with an optical
system that combines high resolution with a large depth of field allowed for the better
visualization of small emulsion droplets (Figure 1). Moreover, using the HDR function, it
was possible to obtain an image of the emulsion drops with higher color gradation. The
use of different lighting conditions was also helpful in the imaging (also in the 3D model)
of drops in the emulsified SEO (Figure 2).

It is known that the ophthalmic oily solutions used in clinical practice are less tolerated
by patients than the aqueous formulations. On the other hand, the oily solution is removed
from the conjunctival sac more slowly than the aqueous solution. Due to the presence of
the surfactant, SEO can be emulsified and re-emulsified reversibly, mainly due to better
(than in the case of oil) miscibility of SEO with tear fluid. As a result, better tolerance by the
eye with prolonged contact with the eyeball is expected. As observed, the tested SEO very
easily emulsifies with water, either after mixing in an Eppendorf tube for a few seconds on
a vortex mixer or by hand. This gives grounds to assume that a similar process will take
place on the surface of the eyeball after SEO application, as a result of mixing with tear
fluid during blinking.

As observed in non-coverglass microscopy studies, the evaporation of the water and
the decreasing volume of the aqueous phase resulted in the reversal of the emulsification
process, whereby larger oil droplets coalesced to form a continuous oily phase (Figure 3).
Such a phenomenon may occur in the case of SEO eye applications with a small volume of
tear fluid (e.g., patients with dry eye syndrome), in which the SEO sensation may be similar
to oil application, due to the limited amount of water phase for emulsifying the instilled
preparation. This is important from the point of view of the patient who may experience
discomfort after using eye drops and should be taken into account by a physician when
selecting the dosage form appropriate for a particular patient. At the same time, the quick
and easy emulsification of SEO in patients’ eyes without significant disturbances in the
amount of tear fluid may affect the amount of dissolved active substance present in the
tear fluid and, consequently, also its bioavailability. This effect was observed in a study
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on rabbits, in which a significant difference between Cs—-EM and Cs-SEO and the highest
concentrations of the drug substance were observed in the tear fluid (Figure 5).

Tested formulations were very well tolerated in rabbits. During the irritation study,
there were no changes in cornea or iris observed after the administration of placebo and
Cs-loaded formulations. Some slight macroscopic signs of eye irritation were observed
only in conjunctiva, as shown in Table 1. Admittedly, based on the analysis of the data
collected in Table 1, some subtle differences could be found: firstly, between placebo carriers
and Cs preparations; and secondly, between Cs—EM and Cs-SEO. However, there is no
basis for a clear distinction between the tolerance of Cs-loaded emulsion and Cs-SEO after
the administration to the rabbit eye, taking into account a very low degree of conjunctiva
irritation and low average score value (Table 1). Furthermore, the in vivo ophthalmoscopy
examination did not reveal any pathological symptoms in the eye (Figure 4), and the
rabbits, both during and immediately after application, did not show any macroscopic
symptoms or behaviors that could indicate discomfort, regardless of the tested formulation.
As recommended, to avoid being misled by atypical outliers, the ratio of eyes with at least a
threshold reaction to all tested eyes should be recorded in each test group. The recognition
of positive responses in a particular group is justified if symptoms are observed in more
than half of the tested rabbits [27]. In our studies, the number of positive responses was
always observed in less than half of the tested eyes (Table 1), regardless of the stage of
the study (placebo or Cs-loaded carriers) or the tested formulation (both emulsion and
SEO). Moreover, rabbit eyes are generally recognized as being more susceptible to irritating
substances than human eyes [27,28]; therefore, the presented results of irritating study
allow to expect that SEO will be as well accepted by the human eye as by the rabbit eye.
Thus, on the basis of the obtained results and in relation to the adopted classification, the
tested preparations should be classified as practically non-irritating. Summarizing, the
obtained results allow us to recognize SEO and EM with 0.5% of Cs as safe formulations
for ophthalmic use.

The therapeutic level of Cs required to weaken the immune response and inflammation
in eye tissues is 0.05-0.3 ng/mg of tissue [29,30]. In our study, in the tested tissues (cornea
and conjunctiva, Figure 5), the concentration of Cs was even 25 times higher than the
therapeutic level, both after the use of the emulsion and SEO. The Cs concentration in the
aqueous humor was slightly below this range (approximately 0.02 ng/uL). However, there
are reports that after the administration of the commercially available Restasis emulsion,
the concentration of Cs was many times lower (<1 ng/mL) [20]. The highest concentration
of Cs was determined in the tear fluid (Figure 5C), in which a significant difference was also
found between the emulsion and the SEO. In our study, Cs concentration in ocular tissues
and fluids was measured only at one time point (3 h after the last application). After SEO
administration, the Cs concentration was almost three times higher (about 11.6 ug/mL)
than after emulsion instillation (about 4.3 pg/mL) for the same period of time (7 days). A
clear difference (statistically significant) in the concentration of Cs determined in the tear
fluid suggests longer residence time of the SEO than of the emulsion in the conjunctival
sac. Such a difference may be due to the different behavior of the emulsion and the self-
emulsifying oil in the conjunctival sac. Due to the presence of a surfactant, SEO may result
in a higher concentration of Cs on the surface of the eyeball via various mechanisms (the
formation of micelles and the solubilization of sparingly soluble Cs, easier emulsification
with tear fluid). This effect, combined with the longer time when the SEO stays in contact
with the eye surface, should be considered beneficial. Therefore, due to the sustained
release of the drug substance from the SEO dosage form and prolonged contact with the
surface of the eye, better effectiveness can be expected.

To summarize, the justification for conducting the presented research is the significant
frequency of Cs use in the treatment of eye diseases, with a simultaneous low diversity of
available commercial products (both in terms of dosage form and Cs concentration). The
obtained in vivo results confirm the good tolerance of both proposed carriers (emulsion
and SEO) and preparations with the drug substance (Cs-EM, Cs-SEO) by the rabbit eye. It
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was expected based on the composition of the oily solutions used in ophthalmology and
the properties of the emulsion already available in medicine. Not only good tolerance,
but above all, the effectiveness in ensuring therapeutic concentrations of Cs in individual
eye tissues, confirms the advisability of developing a new long-acting, easy to produce
dosage form not previously used in medicine, i.e., the self-emulsifying oil. The use of high-
resolution digital microscopy imaging allowed for not only an innovative presentation
of the properties of the tested formulations, but also for the consideration of processes
that could occur on the surface of the eyeball in contact with the tear fluid and under the
influence of blinking and their implications for the patient. The lack of influence of the
active substance additive on the SEO properties allows us to expect that the proposed
self-emulsifying oil could also be a suitable carrier for drug substances other than Cs. The
usefulness or limitation of its use will certainly be determined by the solubility of the drug
substance in SEO. Finally, the advisability of developing a dosage form of Cs emulsion
already used in medicine was also demonstrated, but in a higher, currently unavailable,
concentration of 0.5%.

4. Materials and Methods
4.1. Materials

Cyclosporine A (Cs) was obtained from LC Laboratories (Boston, MA, USA) and
cyclosporine D (CsD), which was used as an internal standard, was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Tween 80 (polysorbate 80) was purchased from
Sigma-Aldrich (St. Louis, MO, USA) and castor oil from Sigma-Aldrich (Seelze, Germany);
methanol and acetonitrile were purchased from Merck (Darmstadt, Germany). All other
chemicals used were of analytical reagent grade. A high-quality water was obtained from a
Milli-Q system (Millipore, Milford, MA, USA).

4.2. Preparation of Tested Formulations

Composition of the emulsion and SEO with Cs is presented in Table 2. Both formula-
tions contained 0.5% of dissolved Cs as the drug substance. The emulsion with castor oil
(EM) was prepared by employing a hot-stage high-pressure homogenization (High Pressure
Homogenizer APV-2000, APV Gaulin, Lopik, the Netherlands). Cs—EM was obtained by
dissolving the active substance in the ready-made emulsion on a magnetic stirrer. The
emulsions were thermally sterilized in an autoclave.

Table 2. The composition (w/w %) of the investigated ophthalmic formulations.

Formulation Cs Castor Oil Tween 80 Glycerol Water
SEO - 95.0 5.0 - -
Cs-SEO 0.5 94.5 5.0 - -
EM - 20.0 3.0 1.8 75.2
Cs-EM 0.5 20.0 3.0 1.8 74.7

Cs: cyclosporine A, SEO: self-emulsifying oil, EM: o/w emulsion.

SEO was prepared by mixing the surfactant (Tween 80) with castor oil on a magnetic
stirrer. Then Cs was added and stirring was continued, with slight heating, until complete
dissolution of drug substance (Cs—SEO). SEO formulations were sterilized via filtration
(0.2 pm) under aseptic conditions. Placebo preparations without active substance (indicated
in Table 2 as EM and SEO) were prepared for comparative studies.

4.3. Droplet Size Measurement

The droplet size distribution was measured via laser diffraction technique in a device
(Beckman Coulter LS 13 320, Indianapolis, IN, USA) equipped with the PIDS function
(Polarization Intensity Differential Scattering). A Universal Liquid Module (ULM) was
used to measure the emulsion directly and the SEO after prior mixing and emulsification
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with water, in a 1:1 ratio. The tested formulation was added to the measuring cell until the
level of obscuration parameter, recommended by the apparatus, was reached.

4.4. Microscopic Evaluation

Microscopic analysis of the emulsion and SEO was performed using a digital micro-
scope (Keyence VHX 7000, Keyence International, Mechelen, Belgium) equipped with a
high-performance zoom lens, Z20T (the magnification range: 20x-200x).

During the observation, different visualization models were used: HDR function (the
high dynamic range function), optical shadow effect mode (OSEM), live depth composi-
tion, or 3D composition (which can be displayed in monochrome or height/color). The
implemented software tool was used for image analysis.

The tested formulations, Cs—EM and Cs-SEO (emulsified with water 1:1), were com-
pared in terms of the size and uniformity of the oil phase drops, or the precipitation of
the active substance, and changes in Cs-SEO were observed due to the loss of water from
the system. The Cs—SEO formulation was also observed after staining the phases with the
following dyes: lipophilic Sudan III and water-soluble methylene blue.

4.5. In Vivo Studies in Rabbits

This study on rabbits was conducted after obtaining the approval from the Inde-
pendent Bioethics Committee on Scientific Research of the Medical University of Gdansk
(41/2012, LKE50/2013). Blanc de Termonde rabbits (albino males), weighing 2.5-3.5 kg,
were used in the studies. Rabbits were supplied by an accredited supplier (Laboratory
Animals Breeding, Nieborow, Poland). All the animals were healthy and free of clinically
observable abnormalities. Prior to this study, the rabbits were acclimatized under standard
conditions for 7 days. They were individually housed in cages and maintained in night
and day cycles, with free access to standard diet and water.

4.5.1. In Vivo Eye Irritation Test

The in vivo evaluation was conducted following the low-volume eye test procedure,
which is a modification of the Draize test [27,31,32]. At each stage, before the administration
of tested formulations, eyes of the rabbits were inspected to make sure that they were free
of irritation, defects, or damage. This study was conducted in two stages: the first with
placebo carriers and the second (after a break of two weeks) with Cs-loaded emulsion and
SEO. The condition for conducting the second stage was the number of points obtained in
the first step below 40 (Table 3). Each tested formulation was instilled into the 8 eyes in
a volume of 10 puL (placebo carriers) or 20 pL (Cs-loaded emulsion and SEO) as eye drops,
directly onto the corneal surface. Other 8 eyes were treated with the same volume of normal
saline (0.9% NaCl) as the control. The preparations were administered crosswise (to the
right or left eye), and the sodium chloride solution was administered to the other eye.

Table 3. The Draize scale for grading the severity of ocular lesions [27,32].

Eye Tissue Scale Maximum
Cornea opacity (1-4) x area (1-4) x 5 80
Iris grading value (1-2) x 5 10
Conjunctiva [redness (1-3) + chemosis (1-4) + discharge (1-3)] x 2 20
Total score 110

If cornea, iris, or conjunctiva are normal, a score of 0 is assigned to each parameter.

When placebo emulsion and SEO were tested, they were administered three times at
intervals of 8-10 h. The condition of the ocular tissues (conjunctiva, iris and cornea) was
assessed approximately 30 min after each instillation (A.1.-A.3.), as well as 12, 24, and 48 h
after the last instillation (B.12 h-B.48h). Eye examination was performed using a standard
ophthalmoscope (Beta 200 S, Heine Optotechnik, Herrsching, Germany). Preparations with
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Cs were administered for 7 days, two times a day. The condition of ocular tissues was
monitored approximately 30 min after instillation, once a day.

As previously described [26], according to the Draize eye test, the total irritation
score for one eye is represented by the sum of the irritation scores for cornea, iris, and
conjunctiva (as shown in Table 3). The mean values from eight treated eyes, at each
time point, were calculated for each placebo carrier and Cs-loaded formulation. Based
on the results, the applicable scale called the maximum average score (MAS) can reach
110 points (Table 3) [27]. According to the classification by Kay and Calandra [32,33], the
evaluation criteria are as follows: nonirritating (0 < MAS < 0.5), practically nonirritating
(0.5 < MAS < 2.5), minimally irritating (2.5 < MAS < 15), mildly irritating (15 < MAS < 25),
moderately irritating (25 < MAS < 50), severely irritating (50 < MAS < 80), extremely
irritating (80 < MAS < 100), and maximally irritating (100 < MAS < 110).

In both stages, in order to better inspect the rabbit eyes, sodium fluorescein solution
(0.5% w/w) was instilled into the eye on the fifth day (6 h after the morning administration
of Cs-loaded formulations), or after completion of administration of the placebo carriers.
The fluorescein allowed for the selective visualization of the potential corneal damage,
which could be observed using a slit lamp equipped with a blue filter.

4.5.2. In Vivo Ocular Distribution of Cs

In vivo distribution of drug substance in the rabbit eye tissues was studied after
7-day administration (twice a day) of Cs-loaded emulsion or SEO. The distribution study
was conducted in parallel with the second stage of the irritation study (the same drug
administration regimen).

As previously described [26], at 3 h following the last instillation of the formulations,
ocular tear samples were collected using a Schirmer strip (Biotech Vision Care, Khatray,
India). The animals were sacrificed via an overdose of sodium pentobarbital. After that, the
eye tissues and fluid (conjunctiva, cornea and aqueous humor) were immediately isolated
for analysis, as described in previous studies [26].

The concentration of Cs in all the tested tissues and fluids separated from the eyes of
rabbits was determined with UHPLC method [34]. Cyclosporine D was used as an internal
standard. The extraction method and procedures of sample preparation before UHPLC
examination, as well as UHPLC analysis, were the same as those reported in previous
studies [34]. Chromatographic analysis was performed with an Agilent 1290 Infinity system
(Palo Alto, CA, USA), composed of binary high-pressure pump (G4220B), autosampler
(G4226A), diode array detector (G4212A DAD), and a thermostated column compartment
(G1316C). Chromatographic separation was performed on XB-C18 Kinetex column (Phe-
nomenex, Torrance, CA, USA) thermostated at temperature of 60 °C. The chromatography
was performed by applying a step gradient elution mode with the mobile phase flow rate
0.5 mL/min and the injection volume 10 pL. The used method was validated according
to the ICH Guidelines (ICH EMEA, 2006). The developed assay was specific, sensitive
(LOD =6 ng/mL and LOQ = 18 ng/mL), and linear within the analytes concentration
range of 0.018-5 ng/mL, with the correlation coefficient of 0.999. The above and remaining
analysis and validation conditions have been previously described in detail [34].

4.6. Statistical Analysis

The statistical analyses were conducted using Statistica software (StatSoft, Ver. 13.3,
TIBCO Software Inc., Palo Alto, CA, USA). The statistical significance of differences was
tested using a one-way analysis of variance (ANOVA). Differences were considered to be
significant at level of p < 0.05.

5. Conclusions

The comparative microscopic assessment of both tested formulations, SEO and emul-
sion, was performed for the first time using a high-resolution digital microscope. The
microscopic evaluation using advanced imaging techniques allowed not only to compare
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the tested formulations (EM and SEO) on both flat (2D) and three-dimensional (3D) images,
but also to predict the course of phenomena (e.g., emulsification and coalescence) occur-
ring in the eye after SEO instillation. The emulsification of SEO with the tear fluid, also
accelerated with eye blinking, may have consequences after SEO application in humans,
who may not experience as much discomfort as after the administration of an oily solution.

The obtained results of eye irritation test allow us to recognize both tested formulations,
the emulsion and the self-emulsifying oil (SEO) with 0.5% Cs content, as safe formulations
for ophthalmic use. When testing castor oil formulations containing the drug substance
(Cs—EM and Cs-SEQO), very similar results were obtained to those of the same placebo
carriers (EM and SEO).

After the local administration of the tested formulations, o/w emulsion and SEO, to
the rabbit eye, it can be concluded that Cs was widely distributed in the ocular tissues and
fluids, achieving therapeutic concentrations.

The developed Cs-SEO formulation is a promising alternative to conventional eye
drops due to good eye tolerance, similar or better drug distribution in ocular tissues and
fluids via its longer precorneal residence time, easy emulsification with tear fluid, and the
ability of prolonged drug release.
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