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ARTICLE INFO ABSTRACT

Keywords: Itraconazole is a lipophilic drug, which limits its absorption for ocular administration. This study focused on the
Itraconazole incorporation of itraconazole into nanocrystalline carrier system with stabilizer Pluronic® F127 and was further
Nanocrystals

formulated into thermosensitive in situ ocular gel. Itraconazole nanocrystals (ITZ-NCs) were fabricated using
media milling method with ultra-small-scale device. The obtained nanocrystals were observed to have a better in
vitro activity against C. albicans (CA) compared to free itraconazole suspension in water. Furthermore, the
optimization of the thermosensitive ocular gel formula was carried out with a central composite design, using
three types of polymers, namely Pluronic® F127, Pluronic® F68, and hydroxypropyl methylcellulose (HPMC).
After being dispersed into the optimized thermosensitive gel base, ITZ-NCs did not alter in terms of physical
characteristics. Ex vivo ocularkinetic studies on infected porcine eye models showed a better profile of the
optimized formula of thermosensitive in situ ocular gel when compared to standard gel base. Importantly, the ex
vivo antifungal activity of these preparations was also increased, with a 93% decrease in the CA population
observed after 48 h in infected porcine eye model. Altogether, this work has provided evidence of a novel

Thermosensitive in situ ocular gel
Fungal keratitis

Mucoadhesive

Antifungal

approach in developing more advanced treatments for fungal keratitis.

1. Introduction

Fungal keratitis is an ocular inflammation, especially in the cornea,
caused by fungal infection. Fungal keratitis has become one of serious
eye diseases because it can lead to blindness and total loss of vision.
Fungal keratitis may affect both male and female in either developing or
developed countries. In developed country such as the United States, the
use of contact lenses becomes the major cause of this condition.
Conversely, in developing countries, ocular trauma caused by soil-
contaminated-object or plants has been reported as the main factor
inducing this disease (Acharya et al., 2017; Ansari et al., 2013). Most
fungal keratitis is associated with the infection of Fusarium, Candida,
Aspergillus. This condition remains a challenge to clinicians due to delay
in diagnosis and difficulty in treatment which could aggravate the
corneal ulcer (Anutarapongpan and O’Brien, 2014).
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One of antifungal agents that has been widely used for the treatment
of fungal keratitis is itraconazole (ITZ). This drug shows a wide spectrum
antifungal activity and has been used at the dose of 200-400 mg/day
(orally) and 1% (topically) to treat fungal keratitis (Miller and Alfonso,
2014). However, systemic therapy with ITZ is usually linked to some
adverse effects, such as gastrointestinal upset, headache, transient skin
reaction and rare case of hepatitis (Gupta et al., 2002; Lestner and Hope,
2013). Because of that, topical delivery of ITZ directly into the eye is
more preferable. Still, ITZ has very low solubility in water (1 ng/mL) and
in acidic solution (4 pg/mL), which results in poor bioavailability and
limits the number of ITZ topical preparations available in the market
(Permana et al., 2020b; Sahay et al., 2019).

To overcome those problems, nanocrystal (NC) approach can be
utilized. NCs are nanoparticles in the form of nanosized crystalline (200
to 500 nm) and composed of pure drug with stabilizers on the surface.
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Nanoparticle-based drug delivery provides several advantages, such as
improved bioavailability, enhanced safety, higher drug loading, and
most importantly increased solubility of poorly soluble drug, including
ITZ (Sharma et al., 2016; Zhou et al., 2017). Previously, we have
developed NC formulation of ITZ for improved efficacy in the ex vivo
candidiasis skin infection model (Permana et al., 2020b). Bearing this in
mind, formulating the drug into NC may help enhancing the efficacy
following ocular administration.

Nevertheless, the anatomical and physiological structure of the eye
may still hinder drug absorption. Not only that, the eye also has a tear
turnover mechanism which results in rapid elimination of the drug
(Macwan et al., 2016; Sharma et al., 2016). Previous studies had shown
two ways in increasing the bioavailability of drug in the eye; by using
permeation enhancer, such as cyclodextrin, ethylenediamine tetra acetic
acid (EDTA), bile acid and its salts or by increasing the viscosity of the
preparations such as in the form of hydrogel or in situ gel (Kaur and
Smitha, 2002). In situ gel is a liquid preparation that will transform into
gel when exposed to physiological conditions. The sol-gel trans-
formation can be stimulated by body temperature, ionic strength of
biological fluids, and physiological pH. This type of preparation pro-
vides numerous benefits, namely accurate dosing, control of drug
release, and increased patient compliance due to less administration
frequency required (Soliman et al., 2019; Wu et al., 2019).

The most frequently utilized thermosensitive polymers in pharma-
ceutical formulations, Poloxamers (known as Pluronics®), are amphi-
philic synthetic copolymers comprising of polyoxypropylene oxide
(PPO) block as hydrophobic part bounded by polyoxyethylene oxide
(PEO) blocks as hydrophilic (Morsi et al., 2016). Because of their
amphiphilic characteristic, Pluronics® can easily self-assemble to
generate small micellar elements at low temperature. At higher tem-
perature, they generate large micellar cross-linked network (Jiang et al.,
2020). Importantly, in comparison with other thermosensitive poly-
mers, such as polyester-based polymers, Pluronics® are reported to be
more stable from degradation in in vivo environment (Russo and Villa,
2019).

This paper reports a formulation of ITZ-NC in a thermosensitive in
situ ocular gel for increased efficacy in the therapy of fungal keratitis.
First of all, ITZ was made into a nanocrystal system to increase its sol-
ubility. After that, we optimized the thermosensitive in situ gel formu-
lation by taking into account various parameters related to its
physicochemical characteristics. Finally, the optimized in situ gel for-
mula was tested ex vivo to determine its ocularkinetic profile and anti-
fungal activity.

2. Materials and methods
2.1. Materials

Itraconazole (ITZ) of analytical grade was obtained from Tokyo
Chemical Industry (Tokyo, Japan) with the purity of > 98%. Pluronic®
F127 (PF127) and HPMC K100 were obtained from Sigma-Aldrich Pte
Ltd, (Singapore, Singapore). Pluronic® F68 (PF68) was kindly gifted by
BASF SE (Jakarta, Indonesia). All other chemicals used in this study
were of pharmaceutical grade.

2.2. Preparation and characterization of itraconazole nanocrystals

Itraconazole nanocrystals (ITZ-NCs) were prepared by a milling
method using the ultra-small-scale device according to method
described in our previous study (Permana et al., 2020b). An amount of
10 mL of 1% w/v Pluronic® F127 and 0.2 g ITZ were mixed in a 12 mL
glass vial. Afterwards, 8 g of zirconia beads were added into the vial.
Then, the system was stirred with two magnetic bars (12 x 6 mm) on
basic magnetic stirrer (Thermo Scientific, Massachusetts, USA) for 6 h at
1000 rpm. After that, in order to separate the zirconia beads and mag-
netic bars from the formulations, the slurry was filtered (mesh 200
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sieve). Finally, the NCs were washed three times using distilled water at
14,000 rpm for 30 min.

Following preparation, the nanocrystals were characterized for the
particle size and polydispersity index (PdI) by dynamic light scattering
(DLS) using a Zetasizer (Malvern Zeta Sizer, Malvern Instruments,
Malvern, UK). As a comparison, the characterization was also carried
out after the NCs were dispersed in the thermosensitive in situ ocular gel
formulation. All of the measurements were carried out at 25 °C with
equilibration time of 3 min.

To understand the dissolution rate of ITZ from NC formulation, the in
vitro release study was carried out using a dialysis method (Permana
et al., 2019a; Permana et al., 2019b). Free-ITZ (10 mg) and ITZ-NCs
which was equal to 10 mg of free-ITZ were dispersed into the dialysis
membrane 12,000-14,000 MWCO (Spectra-Por®, Spectrum Medical
Industries, Los Angeles, CA, USA). The dissolution study was conducted
for 24 h at 100 rpm at 37C in 100 mL of PBS (pH 7.4). To ensure the sink
condition, the dissolution media was 1% w/v of Tween 80. At pre-
determined time intervals, 1 mL was collected, and 1 mL of fresh
dissolution media was added to release the media collected. The amount
of ITZ released from ITZ was quantified using HPLC.

2.3. Invitro antifungal activity

2.3.1. Culture of Candida albicans (CA)

CA SC5314 (ATCC MYA-2876) purchased from (LGC Standards,
Middlesex, UK) was maintained at 4 °C. The fungal cultivation was
carried out at 37 °C and 100 rpm in Sabouraud Dextrose Broth (SDB) for
24 h. Fungal pellets were collected through centrifugation (3000 rpm for
30 min), then re-dispersed in fresh SDB. The optical density was set to
equivalent to 1.5 x 107 CFU/ml at 550 nm prior to the antifungal study.

2.3.2. Invitro antifungal activity of ITZ-NCs

The antifungal activity study of ITZ-NCs, ITZ in dimethyl sulfoxide
(DMSO0), and ITZ in water against CA was carried out using the agar
diffusion method. For ITZ in DMSO, initially, ITZ were prepared in
DMSO. Afterwards, the work solution was prepared by diluting the ITZ-
DMSO solution in water. The final concentration of DMSO in the work
solution was 1% v/v. First of all, the growth medium of Sabouraud
Dextrose Agar (SDA) was prepared with the addition of chloramphenicol
(50 mg/mL) to prevent bacterial growth. Then, CA inoculum was spread
all over the agar on the petri dish. An amount equal to 2.5 pg/mL of free
ITZ of the test materials was placed on the paper disc. Afterward, the
petri dishes were incubated for 48 h at 32 °C. The inhibitory zone formed
around the paper discs was measured using digital vernier calipers.

2.3.3. Determination of minimum inhibitory concentration and minimum
fungicidal concentration

Minimum inhibitory concentration (MIC) and minimum fungicidal
concentration (MFC) were evaluated using microtiter broth dilution
method. Three different preparations of ITZ were studied, namely ITZ
suspension in water, ITZ solution in DMSO, and TZ-NCs. The experiment
was carried out as directed by the Clinical and Laboratory Standard
Institute’s Protocol. Briefly, fungal suspension in SDB (100 pL) with
concentration of 1.5 x 10”7 GFU/ml was placed in each bottom of the
microplates. Then, 100 pL of ITZ preparations in various concentration
was added, corresponding to 7.5 x 10° CFU/mL of fungal concentration.
After that, the plates were incubated at 37 °C for 24 h. MIC was deter-
mined based on the lowest concentration that inhibited fungal growth
following incubation. Whereas, the MFC was determined by cultivating
20 pL of dilutions from MIC and concentration above the MIC wells into
SDA plates and incubated at 37 °C for another 24 h. The concentration in
which 99.9% of fungal death was observed was determined as the MFC.

2.3.4. Time kill assay
Time kill assay of ITZ and ITZ-NCs was performed three times ac-
cording to previous method (Permana et al., 2021; Permana et al.,
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Table 1
The experimental design of ITZ-NCs thermosensitive in situ ocular gel
formulation.

Factors Level

Low Medium High
Pluronic® F127 concentration (%w/v) 15.00 17.50 20.00
Pluronic® F68 concentration (%w/v) 0 3.75 7.50
HPMC K100 concentration (%w/v) 0.50 1.00 1.50

2020a) with modifications. Dilutions of ITZ and ITC-NCs with concen-
trations equivalent to MIC, 2x MIC, and 4x MIC were mixed with the CA
fungal dispersion to form 7.5 x 10° CFU/ml. Following incubation at
37 °Cfor 24 h, 20 pL of culture media was collected at 0, 2, 4, 6, 8,12, 18
and 24 h. The culture was then cultivated into fresh SDA plates and
further incubated at 37 °C for 24 h. At last, the CFU on the SDA plates
were counted and the log CFU/ml was plotted against time-kill to pro-
duce the curve.

2.4. Optimization of thermosensitive in situ ocular gel

A central composite design (CCD) using Design Expert Software ver.
11 (State-Ease, Minneapolis, MN, USA) was incorporated for the opti-
mization of thermosensitive in situ ocular gel formulations. The variables
chosen in this study were the concentrations of the gel-forming poly-
mers, namely Pluronic® F127 (PF127), Pluronic® F68 (PF68), and
HPMC (Table 1). The concentrations were analyzed at three different
level (low, medium, high). The response was observed as the physico-
chemical characteristics of the resulting ocular gels, including sol-gel
temperature, mucoadhesion strength, pH, drug content, and viscosity at
25 °Cand 35 °C. The optimum formulation was determined as the in situ
gel with sol-gel temperature at 35 °C.

2.5. Preparation of thermosensitive in situ ocular gel

The thermosensitive in situ ocular gel of ITZ-NCs was prepared with
varied polymer concentrations based on the experimental design
showed in Table 1. Firstly, specified amount of HPMC was dissolved in
water and slowly stirred until clear solution was obtained. After that,
Pluronic® F127 and F68 was added, and the mixture was placed in
refrigerator overnight. The mixture was stirred continuously until the
entire components fully dissolved without any visible lump. The amount
of ITZ-NCs incorporated into the in situ gel was equal to 1% w/v of free
ITZ.

2.6. Characterization of thermosensitive in situ ocular gel formulations

2.6.1. Sol-gel transition temperature measurement (Top.ger)

Sol-gel transition temperature was determined according to previous
method (Khattab et al., 2019) by placing a 2 mL of in situ gel in a closed-
tube vial and heated in the water bath at 20 °C. The vials were rotated
90° every 1 °C increment of the temperature until the bath temperature
reached 65 °C. Tyl.gel Was determined as the temperature at which the
gel did not flow while the vial being rotated. The test was performed in
triplicate.

2.6.2. Mucoadhesion strength

Mucoadhesion strength was measured according to previously
described physical balance method (Morsi et al., 2016). Conjunctiva
membrane extracted from porcine eye was used as a model membrane.
The membranes were fixed onto two separated glass vials with the
mucosal side out. One vial was connected upside down to a balance,
while the other was put on a height-adjustable pan. The gel was added
onto the membrane of the first vial, and the height of the other vial was
adjusted so that the two mucosal surfaces came into contact and held for
2 min. After that, weights were placed into the pan until the vials got
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separated. The minimum weight to separate the vials was then calcu-
lated to obtain the mucoadhesion strength using the equation (1) below:
meg

Mucoadhesionstrength (dyne . cmz) = e (€8]

where, m is the weight required for detachment (g), A is the area of
membrane exposed (cm?), g is the gravity acceleration (980 cm/s?).

2.6.3. Viscosity

Rheological properties of in situ ocular gel of ITZ-NCs were observed
using viscometer (Brookfield DV III). Each 0.5 mL of the formula was
used and put on the lower plate of the apparatus, then, the viscometer
was run with shear rate at 20 up to 500 s~ 1. Rheology test was performed
using spindle no. 52 and at various temperatures (4 + 0.1 °C, 25+ 0.1 °C
and 35 £ 0.1 °Q).

2.6.4. pH

pH of in situ ocular gel preparation is an important factor to ensure
patient’s comfort during administration. The pH was measured using
digital pH meter (Horiba Scientific, Kyoto, Japan) and the test was run in
triplicate.

2.6.5. Drug content

The amount of ITZ in the thermosensitive in situ ocular gel was
determined by dissolving a 1 mL of the in situ gel (equal to 10 mg of ITZ)
in a 2 mL of acetone, then the mixture was sonicated for 1 h in a bath
sonicator. The mixture was then centrifuged for 15 min at 14,000 rpm.
Afterwards, the supernatant was collected to be analyzed using High
Performance Liquid Chromatography (HPLC). The percentage of drug
loading was calculated using the following equation:

AmountofencapsulatedITZ

Drugloading(%) = x100% 2)

Totalweight

2.7. Ocularkinetic study and antifungal activity in ex vivo model of
infection on porcine eye

2.7.1. Preparation of ex vivo model of infection on porcine eye

Preparation of infected cornea was started by wounding porcine eye
with a scalpel (3 slashes both horizontally and vertically). Then on the
corneoscleral button, a metal ring was placed to create a watertight seal.
Next, 108 CA was added into the centre of the ring, or the organisms
mentioned above were injected intrastromally (using a 26-gauge needle;
Becton Dickinson, Oxford, UK) with the same number. Cornea that had
been infecting were incubated at 37 °C for 24 h and were then ho-
mogenized and diluted serially until the colony could be enumerated
onto agar plates.

2.7.2. Ex vivo ocularkinetic study

Ex vivo ocularkinetic of thermosensitive in situ ocular gel of ITZ was
examined using a Franz diffusion cells with method described previously
with slight modification (Permana et al., 2020b). First, infected cornea
membrane was connected using cyanoacrylate glue onto the donor
compartment of the cell. The cell was then arranged so that the donor
compartment connected to the acceptor part. Then, 1 mL of the in situ gel
(corresponding to 10 mg of ITZ) was placed on top of the donor
compartment. The cell was put on magnetic stirrer and stirred at 600
rpm while the temperature was maintained at 37 & 1 °C. The cornea was
removed at some predetermined time points (0.5, 1, 2, 3, 4, 5, 6, 8, 12,
24 and 48 h) and rinsed with sterile water three times. A 1.5 mL of
chloroform was added into an Eppendorf tube along with the cornea to
extract the ITZ. The sample was then vortexed for 15 min. Afterwards,
the sample were centrifuged for 30 min at 14,000 rpm and the super-
natant was analyzed using HPLC. The ocularkinetic profiles were eval-
uated using one-compartment open model of PKSolver (China
Parmaceutical University, Nanjing, China) (Zhang et al., 2010). The
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Fig. 1. (a) Invitro dissolution of ITZ-NCs compared to pure ITZ ; (b) Diameter of inhibitory zone formed against CA of three different forms of ITZ (mean + SD, n =
3); (c) The inhibitory zone of (A) ITZ-water, (B) ITZ-DMSO, (C) ITZ-NCs; The inhibitory zone of controls.

maximum drug concentration (Cpay), the time of maximum drug con-
centration (tpyax), the drug concentration time curve from 0 to 72 h
(AUCQ), the mean half-life (t; /) and the mean residence time (MRT) were
all determined. As a comparison, non-infected cornea was also used in
this study and treated with the same procedure.

2.7.3. Antifungal activity in ex vivo model of infection on porcine eye

Antifungal activity was studied using a modified method (Permana
et al., 2020b). Supernatant collected from the ocularkinetic studies (24
and 48 h) was used to evaluate the antimicrobial activity of in situ ocular
gel of ITZ-NCs against CA. A 20 pL of the supernatant was inoculated
into TSA plate then, was incubated for 24 h at 37 °C. As a comparison, a
non-infected eye was also used in this study and was treated same
procedure as infected eye. At the end, the number of viable CFU was
counted.

2.8. HPLC analysis

Samples were analyzed using HPLC at ambient temperature using a
Phenomenex® Luna C18 (ODS1) column with a particle size of 5 pm and
size of 150 mm x 4,6 mm. Samples were injected 50 pL, then analyzed
using mobile phase of acetonitrile and 25 mM ammonium acetate buffer
mixture with 65:35 v/v ratio of pH 5 solution. The mobile phase was run
at a rate of 1 mL/min. Next, the samples were detected at 270 nm using
UV detector. Analytical method was validated according to the Inter-
national Committee on Harmonization (ICH) Guidelines 2005 (Permana
et al., 2020b).

2.9. Statistical analysis

All data were represented as means + standard deviation (SD) of the
mean. SD of all results were calculated using Microsoft® Excel® 2016
(Microsoft Corporation, Redmond, USA). The statistical analysis was
performed using GraphPad Prism® version 6 (GraphPad Software, San
Diego, California, USA). The p value < 0.05 indicated a significant
difference.

3. Results and discussion
3.1. Characterization of ITZ-NCs

The fabrication of ITZ-NCs in this present work was based on the
optimization carried out in previous study by Permana, et al. (Permana
et al., 2020b). To ensure the reproducibility of the utilized method and
formulation, the ITZ-NCs were characterized for their particle size and
Pdl. The characterization results show particle size of the obtained NCs
of 378 + 31 nm with the PdI of 0.35 + 0.03 (n = 3). Statistical analysis
with previous report regarding this nanocrystal formulation shows no
significant difference (p > 0.05), which suggests that the method and
formulation were reproducible.

Fig. 1 shows the in vitro release performance of ITZ from NCs
formulation compared to free ITZ. Based on this result, the dissolution
rate of ITZ was significantly enhanced (p < 0.05) when formulated into
NC form. After 24 h, 94.17 + 16.32% of ITZ was released from NC
formulation. On the other hand, the coarse ITZ dispersion was only
release 28.98 + 5.04% of ITZ after 24 h. The enhancement of the



A.D. Permana et al.

Table 2
MIC and MFC of three different forms of ITZ against CA (n = 3).

MIC (pg/ml) MFC (pg/ml)

ITZ-water 1280 2560
ITZ-DMSO 2.5 5
ITZ-NCs 2.5 5

dissolution rate in NC formulation was caused by the enlargement of
surface area of NC (Permana et al., 2020Db).

3.2. Invitro antifungal activity

3.2.1. Invitro antifungal activity of ITZ-NCs

In this experiment, the antifungal activity of three different forms of
ITZ against CA was studied, namely ITZ suspension in water (ITZ-water),
ITZ solution in DMSO (ITZ-DMSO), and ITZ-NCs. The results of inhibi-
tory zone of the different forms of ITZ are depicted in Fig. 1. The free
suspension of ITZ in water had inhibitory zone diameter of 19.23 + 1.76
mm. Remarkably, formulation of ITZ into NCs was able to enhance the
antifungal activity, increasing the inhibitory zone diameter to 29.87 +
2.65 mm. There were no inhibition zones found in water, 1% DMSO and
stabilizer solution of NC formulation (vehicle control) (Fig. 1). Increased
solubilization of ITZ in NCs form would allow the drug to diffuse to the
medium and to have a more extensive penetration into the fungal cell
membrane (Koks et al., 2002; Niwa et al., 2014). Additionally, the in-
crease of inhibition zone of NC formulation might be also caused by the
higher amount of free ITZ in comparison with the free ITZ of ITZ coarse
dispersion in water. Accordingly, the inhibitory zone diameter of ITZ-
DMSO did not differ significantly from ITZ-NCs (p > 0.05) with the
value of 31.43 + 2.98 mm. This also confirms that it is crucial for the
drug to be present in soluble form in order to exhibit its antifungal
activity.

3.2.2. Determination of minimum inhibitory concentration and minimum
fungicidal concentration

The results for MIC and MFC are presented in Table 2. From the re-
sults, it is evident that the antifungal activity of ITZ-water is much lower
than that of ITZ-DMSO and ITZ-NCs. The cause of this finding might be
related to the hydrophobic nature of ITZ as explained previously. The
antifungal mechanism of ITZ has been reported to be the inhibition of

Log CFU/mL

0 4 8 12 16 20 24
Time (h)
-e- Untreated - 2 xMIC
-= MIC - 4 xMIC

(@)
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CYP450 enzyme on the fungal cell membrane. In order for the drug to
exhibit its antifungal activity, it has to be able to penetrate to the cell
membrane (Koks et al., 2002; Niwa et al., 2014). The penetration cannot
occur if the drug presents as insoluble form, as per the case for ITZ
suspension in water. On the contrary, ITZ-DMSO showed very high
antifungal activity as a result of high solubility of ITZ in DMSO. Inter-
estingly, similar results were observed for the ITZ-NCs. Indeed, this will
uphold the previous hypothesis that the incorporation of ITZ into NCs
will increase the solubilization. Consequently, this will result in
enhanced antifungal activity of the drug. As for the MFC, all the ob-
tained values are higher compared to the respective MIC. However, it is
important to note that in all cases, the ratio between MFC and MIC was
< 4, which suggests that ITZ exhibited fungicidal activity (Tato et al.,
2014). Overall, these findings suggest that solubilization plays an
important role in the antifungal activity of ITZ. Based on the observa-
tions, the antifungal activity of ITZ-NCs was comparable to that of free
soluble ITZ in DMSO. This once again confirms that the formulation of
ITZ into NCs in order to increase the solubility can be advantageous for
any therapeutic means requiring this drug.

3.2.3. Time kill assay

The time kill curves of ITZ-DMSO and ITZ-NCs against CA are pre-
sented in Fig. 2. This experiment was performed to observe the time
required for an antifungal agent to eradicate fungal growth completely.
For the untreated group, the viable colony of CA reached 7.3 log CFU
following 24 h of cultivation. It can also be seen from the result that at
MIC, both ITZ solution in DMSO and ITZ-NCs could not kill CA 99.9%. At
the concentration 2x MIC, no viable CA was observed after 18 hand 24 h
for ITZ-DMSO and ITZ-NCs, respectively. Furthermore, shorter time kill
was required with concentration 4x MIC, 12 h for ITZ-DMSO and 18 h
for ITZ-NCs. From these observations, it can be stated that the fungicidal
activity of ITZ is concentration- and time-dependent. The results also
emphasized the importance of ITZ solubility in the fungal culture media
to act as an antifungal agent.

3.3. Optimization of thermosensitive in situ ocular gel

Characteristics of an excellent thermosensitive in situ ocular gel can
be determined based on several parameters to ensure the efficacy of the
preparation to deliver drug to the eye. One of the most important factors
in the formulation is the gel-forming polymer used. In this study,

Log CFU/mL
b

24

c L] L) L L T i
0 4 8 12 16 20 24
Time (h)
-e- Untreated - 2xMIC
-= MIC -* 4 xMIC

(b)

Fig. 2. Time kill assay of (a) ITZ-DMSO and (b) ITZ-NCs against CA (mean + SD, n = 3).
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Table 3
Variation of polymer concentration for the optimization of thermosensitive in
situ ocular gel of ITZ-NCs.

Formula ITZ-NCs (equal to free ITZ) Polymer Concentration (% w/v)
PF127 PF68 HPMC

F1 1 17.5 3.75 1

F2 1 20 3.75 1

F3 1 17.5 0 1

F4 1 20 0 0.5
F5 1 17.5 7.5 1

F6 1 20 7.5 1.5
F7 1 15 7.5 0.5

F8 1 20 0 1.5
F9 1 15 0 1.5
F10 1 15 0 0.5
F11 1 15 3.75 1

F12 1 17.5 3.75 0.5
F13 1 17.5 3.75 1.5
F14 1 20 7.5 0.5
F15 1 15 7.5 1.5

combination of three polymers, namely Pluronic® F127, Pluronic® F68,
and HPMC were utilized in the formulation of in situ ocular gel. Plur-
onic®, also known as poloxamer, is a triblock copolymer consists of
hydrophilic ethylene oxide (EO) and hydrophobic propylene oxide (PO).
Pluronic-based polymer, especially the type F127, has long been used for
the formulation of thermosensitive gel. However, Pluronic® F127 pos-
sesses a number of drawbacks, such as short residence time once applied

Sol-gel temperature

Sol-gel temperature
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onto the ocular mucosal layer (Soliman et al., 2019). Therefore, other
polymers are often added into the formulation, including Pluronic® F68
and HPMC (Khattab et al., 2019; Kurniawansyah et al., 2020; Morsi
et al., 2016), to improve the gel characteristics. Since each polymer has
distinct chemical properties, it is expected that different concentrations
will affect the gel formation. For the formulation optimization, a central
composite design was used with varying the polymer concentration. The
polymer concentrations were tested on three level each; Pluronic® F127
(15%, 17.5%, 20%), Pluronic® F68 (0%, 3.75%, 7.5%), and HPMC
(0.5%, 1%, 1.5%). The software suggested 15 formulas based on these
compositions (Table 3). The response recorded for the characteristics of
resulting in situ gel, including gelation temperature (Tsol.ge), mucoad-
hesion strength, viscosity, pH, and drug content.

3.3.1. Effect of the polymer concentration on gelation temperature
Gelation temperature (Tsol.gel) is one of important parameters for the
formulation of thermosensitive gel. Formulation of thermosensitive in
situ gel has to ensure that the preparation remains liquid at room tem-
perature to provide accurate dosing (Soliman et al., 2019). The average
temperature of mucosal layer in the eye is ~ 34 °C (Tan et al., 2010),
thus the acceptable range of Ts|.gel for thermosensitive in situ ocular gel
is 30-35 °C (Khattab et al., 2019). Tsol.ge1 values of the 15 formulations in
the optimization range between 22.3 and 46.6 °C. The 3D graph rep-
resenting the effect of polymer concentration on Tsolgel is shown in
Fig. 3. Following the analysis, Pluronic® F127 and F68 both showed
significant effect on the gelation temperature (p < 0.05). On the other
hand, change in concentration of HPMC did not cause any significant

Sol-gel temperature

Fig. 3. Representation response surface plots describing the effect of polymer concentration on the sol-gel temperature of ITZ-NCs thermosensitive in situ ocular gel.
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Mucoadhesion strength

Mucoadhesion strength
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Mucoadhesion strength

Fig. 4. Representation response surface plots describing the effect of polymer concentration on the mucoadhesion strength of ITZ-NCs thermosensitive in situ

ocular gel.

alteration on the Tsol.gel. Interestingly, the effect of both types of Plur-
onic® F127 and F68 on the gelation temperature are the opposite of one
another. Khattab et al. also found that the addition of Pluronic® F68 into
F127 was able to increase the gelation temperature of the formulation
(Khattab et al., 2019). Increase in the concentration of Pluronic® F127
lead to decrease in Tsol.gel Of resulting gel preparations. Conversely, the
gelation temperature increased following the increasing concentration
of Pluronic® F68. This phenomenon is considered to be due to the
hydrophilic-hydrophobic structure difference between Pluronic® F127
and F68. The basic structure of Pluronic® is one PPO block as the center,
flanked by two PEO blocks. The length of the blocks determines the type
and physicochemical properties of the Pluronic® (Kozlov et al., 2000).
The hydrophobic and hydrophilic portion ratios of Pluronic® F127 and
F68 were 3:7 and 2:8, respectively, causing Pluronic® F127 to be more
hydrophobic (Zhang et al., 2017). The gelation process of Pluronic in-
volves dehydration of the hydrophobic PPO block, and hydration of the
hydrophilic PEO block resulting in the polymer to swell at certain con-
centration and temperature. It is generally known that different PPO/
PEO ratios will affect the gelation temperature of the resulting gel.
Hydrophobic PPO block will cause a decrease in the Tsl.gel, Whereas
hydrophilic PEO will cause the opposite (Asasutjarit et al., 2011; Krtalic
et al., 2018; ML.A. Fathalla et al., 2017).

3.3.2. Effect of the polymer concentration on mucoadhesion strength
The contact time between the preparation and the ocular mucosal
membrane also greatly determines the bioavailability of the drug

administered to the eye. Therefore, the characteristic of a good ocular in
situ gel is that it has sufficient mucoadhesion strength (Subrizi et al.,
2019). The effect of the polymer on the mucoadhesion strength of the
thermosensitive in situ ocular gel in this study is depicted on the 3D
graphs in Fig. 4. Of the three polymers that were varied in concentration,
only Pluronic® F127 and HPMC had a significant effect on the
mucoadhesive properties of the gel formulations (p < 0.05). Generally,
polymers with excellent mucoadhesive property are hydrophilic poly-
mers, due to their ability to form hydrogen bond with mucin (Andrews
et al., 2009). Cellulose derivatives, including HPMC, have been widely
reported to have good mucoadhesive properties (Chowhan and Giri,
2020). The optimization results showed a positive relationship between
the increase in the HPMC concentration in the formulation and the
resulting mucoadhesion strength. Statistical analysis also showed a
similar result with the increase of Pluronic® F127 concentration,
although not at the same extent as that of HPMC. Nevertheless, various
reports have shown that the use of Pluronic® F127 alone could not
provide adequate mucoadhesion (Kurniawansyah et al., 2020; Morsi
et al., 2016; Ustiindag Okur et al., 2019). Thus, the addition of other
polymers such as HPMC is crucial for prolonging the residence time of
the dosage form on the ocular surface. Ocular preparations with desir-
able mucoadhesive properties will help to avoid rapid drug elimination
due to lacrimal drainage (Wu et al., 2019). This will consequently lead to
enhanced efficacy of preparations given through ocular route.
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Viscosity at 25°C

Viscosity at 25°C

(b)

Fig. 5. Representation response surface plots describing the effect of polymer
concentration on the viscosity of ITZ-NCs thermosensitive in situ ocular gel at
25 °C (a) and 35 °C (b).

3.3.3. Effect of the polymer concentration on pH and drug content

For ophthalmic preparations, pH is a factor that is closely related to
patient compliance. Ideally, the pH of a preparation that is very well
received by the eye is in the 6.5-8.5 range (Ustiindag Okur et al., 2019).
pH that is too acidic or too alkaline will stimulate tears during appli-
cation, thereby reducing therapeutic efficacy (Irimia et al., 2018). The
results of this study indicate that of the 15 optimized in situ ocular gel
formulations, all the measured pH meets the requirement, with a value
of 7.22-7.51. Statistical analysis showed that out of the three polymers,
only Pluronic® F127 had a significant effect on the pH of the prepara-
tion. The measurement results showed that the pH will increase with the
increase in the concentration of Pluronic® F127. On the other hand, the
type and concentration of the gelling polymer used had no significant
effect on the drug content. The value of the drug content recorded was
98.08-100.21%. Incorporation of ITZ into NCs is believed to increase its
dispersibility, including in aqueous polymeric solutions. The drug
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Table 4
Predicted and actual value of the parameters following characterisation of the
optimised formulation of ITZ-NCs thermosensitive in situ ocular gel.

Parameters Predicted Actual Value Bias
Value (%)
Sol-gel temperature (°C) 35.00 34.97 £ 0.39 —0.086
Mucoadhesion strength (dyne - 43.657 43.91 + 3.12 0.580
cmz)
pH 7.38 7.43 £1.21 0.678
Drug content (%) 99.76 99.87 + 1.02 0.110
Viscosity at 25 °C (cps) 126.161 127.91 +£11.21 1.386
Viscosity at 35 °C (cps) 21584.431 22012.11 + 1.981
1121.09

content measurement data also shows that the in situ ocular gel prepa-
rations produced have uniform drug content, thus ensuring the dosage
accuracy when given to the patients.

3.3.4. Effect of the polymer concentration on gel viscosity

One of the preferred attributes of in situ gel preparations is that they
are in the form of a solution at room temperature, but are able to form
gel following contact with physiological conditions. The solution form of
the preparation during administration will help ensuring the dosage
accuracy. Therefore, it is important to compare the viscosity of the gel in
situ preparation at the storage temperature and the physiological tem-
perature of the ocular membrane. Here, the viscosity of the formulations
was measured at 25° and 35 °C. 3D graphs of the effect of polymer
concentration on the viscosity are presented in Fig. 5. At 25 °C, only the
concentration of Pluronic® F127 has a significant effect on viscosity,
where the increase in polymer concentration also increases the viscosity
of the preparation. In fact, formulations with a high Pluronic® F127
concentration (20% w/v) already formed gel at room temperature.
Meanwhile, observations at 35 °C indicated that the concentration of
Pluronic® F127 and F68, but not HPMC, had significant effect on the
viscosity. Interestingly, the effects caused by the two types of Pluronic
were the opposite of each other. These results are consistent with the
measurement of gelation temperature, where a higher concentration of
Pluronic® F127 caused the gel to form at lower temperatures. The
explanation for this observation can be brought back to the nature of the
Pluronic® F127 with higher hydrophobic chain ratio than that of Plur-
onic® F68. The hydrophobic PPO chain will become dehydrated upon
contact with water. A higher extent of dehydration was found in Plur-
onic® F127 due to the longer PPO chain, making this polymer more
easily entangled, so that a gel structure can form at lower temperatures
(Morsi et al., 2016). Meanwhile, as previously described, Pluronic® F68
having a lower hydrophobic/hydrophilic ratio is able to modify the
gelation temperature of the in situ gel formulation (Mahboobian et al.,
2020; Morsi et al., 2016). Once again, this confirms that the combination
of Pluronic® F127 and F68 is very advantageous for in situ gel formu-
lations to obtain desirable viscosity, both at the time of storage and use
of the preparations.

3.3.5. Characterization of the optimized thermosensitive in situ ocular gel
formulation

Following the optimization and data analysis process using the
software, an optimized formula was obtained. The in situ gel formulation
was designed in such a way as to have gelation temperature at 35 °C,
adequate mucoadhesion strength, suitable pH, high drug content and
desirable viscosity at 25° and 35 °C. The optimum polymer concentra-
tions as suggested by the software were 15.166 (% w/v), 5.629 (% w/v),
and 1.105 (% w/v) for Pluronic® F127, Pluronic® F68, and HPMC,
respectively. As for the predictions and actual results of the character-
ization of this optimal formula are presented in Table 4. Based on the test
results, none of the optimal formula characterizations deviates > 15%
from the predictions. Therefore, this optimal formula was used for
further investigation in this study.
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Fig. 6. Amount of ITZ deposited in (a) CA infected and (b) normal porcine eyes (mean + SD, nn = n3).

Along with that, the ITZ-NCs were characterized following disper-
sion in the optimized thermosensitive ocular gel formulation. Encapsu-
lation of ITZ into a nanocrystalline carrier aims to increase its solubility.
Therefore, it is important to ensure that the characteristics of the NCs do
not change after being dispersed into the polymeric gel base. After being
dispersed to the optimized in situ ocular gel base, the characterization
results obtained were 389 + 37 nm for particle size with PdI 0.37 + 0.03
(n = 3). From statistical analysis, it was found that there was no sig-
nificant difference from the initial fabrication of the nanocrystals (p >
0.05). From these results, it can be concluded that the incorporation of
NCs containing ITZ into an in situ ocular gel base consisting of a mixture
of Pluronic® F127, Pluronic® F68, and HPMC polymers did not alter the
physical characteristics of these NCs.

3.4. Ex vivo ocularkinetic studies

The main objective of ITZ formulation into thermosensitive in situ
ocular gel preparation is to increase the efficacy of therapy following
administration. Hence, it is imperative to assess the ocularkinetic
properties of this preparation. The ex vivo ocularkinetic study of the
thermosensitive in situ ocular gel was carried out on porcine eye model
infected with CA. Experiments were carried out by comparing ITZ in NC
formulation that was dispersed in thermosensitive gel and conventional
eye drop preparation as a negative control. In general, it was observed
that the thermosensitive gel formulation was able to increase ITZ ab-
sorption after ocular administration. The peak concentration (Cpax) of
ITZ measured after administration of the thermosensitive gel and control
was 6.67 mg and 1.30 mg, respectively. The time required to reach the
peak concentration (tyax) was 9.26 h for the thermosensitive gel and
2.26 h for control, with mean residence time (MRT) of 18.62 and 4.53 h,
respectively. These three results prove the ability of the thermosensitive
in situ ocular gel formulation to enhance the ocularkinetic profile of ITZ.
Indeed, this enhancement could be related to the ability of thermo-
sensitive gel to increase residence time on ocular surface. Al-Khateb, et
al. reported that Pluronic® F127-based thermosensitive gel was able to
form in situ gel with even coverage and reside longer on the corneal
surface following application (Al Khateb et al., 2016). The longer con-
tact time consequently increases the amount of drug that was deposited
into the deeper eye tissues (Fig. 6). This was also evidenced by the
significant difference (p < 0.05) of AUC of the drug measured in the
optimized and control, which were 85.94 mg-h and 7.98 mg-h, respec-
tively. Overall measurement of ocularkinetic parameters was also per-
formed in normal eyes where all values were not significantly different
from the infected eye. It has been reported that ITZ solubility was pH
dependent, in which enhanced solubility was found at low pH (Yin et al.,
2015). However, pH of tear fluid in mycotic keratitis was found to be
around 7.15 (Norn, 1988), which is similar to normal tear fluid.
Accordingly, the dissolution ability of ITZ in both cases might be similar,
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Fig. 7. The results of ex vivo antifungal activity studies expressed in log CFU/
ml and (means + SD, n = 3).

resulting in similar penetration profiles into cornea tissues.

3.5. Antifungal activity in ex vivo infection model on porcine eye

Finally, to prove the ability of this preparation as a therapeutic
candidate for fungal keratitis, antifungal activity study was carried out
on CA cultures. The bioburden fungal observations carried out after 48 h
showed that the incorporation of ITZ-NCs into the thermosensitive in situ
ocular gel possessed greater antifungal activity. The fungal burden
observed in untreated cultures increased from 5.8 log CFU to 6.4 log
CFU. Based on the data shown in Fig. 7, administration of a thermo-
sensitive in situ gel base (without ITZ) did not reduce the fungal bio-
burden at all after 48 h of incubation. In the administration of the
control conventional eye drop preparation, a decrease in the number of
fungal populations was observed, but not statistically significant, where
the percentage decline in the population of CA was only 59% after 48 h.
Meanwhile, application of thermosensitive in situ ocular gel containing
ITZ-NCs showed impressive results, where the percentage of the decline
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in the fungal population reached 63% after 24 h. After 48 h, a higher
extent of reduction was observed of 93% (0.4 log CFU).

From these findings, it is apparent that the optimized formulation of
thermosensitive in situ ocular gel of ITZ-NCs could enhance the delivery
of the drug into the eye. The combination of NC carrier and thermo-
sensitive gel system provide better ocularkinetic profile of ITZ which
consequently increase the antifungal activity of the drug. This novel
preparation evidently possesses distinguished characteristic for the
development of fungal keratitis treatment compared to conventional eye
drop. As an important future action, suitable animal model for in vivo
study should be carefully considered.

4. Conclusion

Altogether, the experimental results from this present work indicate
that the formulation of ITZ into NCs administered using a thermo-
sensitive in situ ocular gel system shows superiority when compared to
conventional eye drop. Incorporation of ITZ into the NCs increased the
solubility of the drug, while further formulation into an optimized
thermosensitive in situ ocular gel was found to increase residence time in
the eye. This of course proves that this preparation can be a good
candidate for the treatment of fungal keratitis. Further in vivo studies are
highly recommended to test the effectiveness of this therapy in more
depth as an effort to develop more advanced treatments for fungal
keratitis.
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