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Bacterial keratitis is an eye infectious disease which became a global concern due to its impact to visual
impairment in worldwide. Cefazolin (CFZ) is the first-line drug for the treatment of bacterial keratitis and only
available in the drop dosage form. However, the administration of eye drops results in lack of bioavailability,
which is below 5%. Therefore, an innovation is required in an attempt to overcome these problems. In this study,
the development of a mucoadhesive-thermosensitive gel in situ preparation was carried out. A combination of
Pluronic F127 and F68 was used as a thermosensitive agent. To increase the contact time, a mucoadhesive agent,
namely hyaluronic acid was added to the formulation. Several steps of evaluation were performed to ensure that
the developed formula possessed desired characteristics, including determination of gelation temperature, pH
test, viscosity test, rheology test, mucoadhesive test, drug content test, in vitro drug release test, in vivo irritation
test on experimental animals, ex vivo permeation test, and hemolysis test. The results that the formulations
developed exhibited desired characteristics, with gelation temperatures of around 37 °C. The formulation could
also control the release and improve the localization of CFZ in the ocular tissue compared to control solution.
Furthermore, the incorporation of CFZ into this approach did not change the antimicrobial activity of CZ against
Pseudomonas aeruginosa. Importantly, no toxicity and irritation were observed after the application of this
approach. However, further research is needed to evaluate the pharmacokinetic and pharmacodynamic in the
appropriate animal models.

1. Introduction

Bacterial keratitis is an inflammatory process caused by a bacterial
infection. Approximately 64.6% of keratitis cases are caused by bacterial
infection. The use of contact lenses has been reported to be the main risk
factor of this disease [1]. Previous study has reported that the incidence
of microbial keratitis with stromal infiltration and ulcers due to the use
of contact lenses was 38,7% [2]. Contact lenses block the cornea from
oxygen, tears, and ocular secretions; which can affect the occurrence of
infection or inflammation of the corneal layer, resulting in an impaired
vision. The symptoms and signs of bacterial keratitis are pain, redness,
blurred vision, discharge, corneal infiltrates, ulceration, photophobia,
and inflammation of the anterior chamber of the eye. The treatment of
this disease must be supported by a medical history, physical
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examination and slit-lamp examination [3].

Topical antibiotics remain the first-line treatment for bacterial
keratitis [4]. Cefazoline (CFZ) is a first-generation cephalosporin anti-
bacterial used for the treatment of infections, inhibiting bacterial cell
wall synthesis. CFZ is given in the form of eye drops at a dose of 50
mg/mL [3]. In ocular drug application, the presence of precorneal fac-
tors and anatomic barriers have limited the bioavailability of the eye
preparations. Precorneal factors include solution drainage, loss from
blinking, tear film formation, and increased tear secretion. Considering
all these precorneal factors, the contact time of the ocularly applied
preparations is very low and, therefore, only <5% can penetrate the
intraocular tissues [5]. Eye drops are the type of preparation that are
most often applied topically to the ocular surface to treat external ocular
infections. However, due to the protective mechanism of the eye, it
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results in very poor bioavailability of the drug [6]. Furthermore, it also
causes low drug permeation to the ocular tissue and because the eye
pocket has a limited capacity, the amount of drug absorbed by the ocular
tissue is unknown [7].

The in situ gel delivery system is concerned with the conversion of the
liquid state of the formulation (solution) into gel at the site of applica-
tion under certain physiological conditions. Many factors regulate gel
formation in situ including temperature, pH, solvent exchange, ionic
cross-linking and ultraviolet radiation [8]. Thermosensitive in situ gel is
a vicious liquid that can thermally turn into a gel after entering the
ocular physiological fluid [9]. The heat-sensitive in situ gelling system is
in a liquid state at room temperature (25 °C) and undergoes a transition
to a gel at a temperature value close to physiological body (32 °C-37 °C),
depending on the site of administration [10].The main advantages of in
situ gel are delayed and controlled drug delivery, and reduced or absent
blurred vison in comparison with eye ointments. Another advantage of
the in situ gel system over eye drops and ointments is the increased
bioavailability of the drug due to increased pre-corneal contact. In
addition, the in situ gel system may be more convenient than insoluble or
soluble insertions [11].

The polymer commonly used in thermosensitive in situ gel systems is
Poloxamer (Pluronic®) [12]. Pluronic F127 is the type of Poloxamer
that has been most often used in ophthalmic delivery systems [13]. It
was found that in situ gel formulation using single Poloxamer F127 had
27.2 4+ 0.4 °C of gelation temperature. This temperature was lower than
the physiological temperature of the eye. The gelation temperature of
Pluronic® F127 can be increased by combining Pluronic F127 with
other types of Pluronic [14]. To the best of our knowledge, until now,
there has been no research that examines Pluronic® F68 as a single
polymer or in combination with other Pluronic for in situ gel prepara-
tions for the eye containing CFZ.

To enhance the contact time of the in situ gel with the ocular tissue
for potential increased bioavailability, a mucoadhesive agent is needed
in the preparation [15]. One of the mucoadhesive agents that most
recommended is hyaluronic acid (HA). HA has the advantage when
formulated into ophthalmic preparations, mainly due to its ability to
increase contact time. Importantly, HA has excellent biocompatibility
and biodegradability in the eye. This polymer can even protect the
corneal epithelium from dehydration and reduce the inflammatory
response to dehydration. Also, HA can lubricate the ocular surface to
prevent dehydration [16]. In this study, a thermosensitive mucoadhe-
sive in-situ gel formulation from CFZ was carried out using a combina-
tion of Pluronic® F127 and F68 with HA as mucoadhesive agent.

2. Material and methods
2.1. Materials

Cefazolin sodium salt (CFZ) (purity 89.1-110.1%) was purchased
from Sigma Aldrich Pte Ltd. (Singapore, Singapore). Pluronic® F127 and
F68 used in this study were generous gifted by BASF Indonesia (Jakarta,
Indonesia). Other chemicals used in this study were analytical grade.

2.2. Design of formulation

The formulation of the thermosensitive in situ gel was produced by
dissolving Pluronic® F127 and Pluronic® F68 at a temperature of 4 °C
until fully dissolved [17]. The compositions of the formulation are
depicted in Table 1. The mucoadhesive agent was prepared by carefully
weighing the HA, then dissolved in distilled water and carefully heated
on an electric stove until dissolved. After the hyaluronic was completely
dissolved and placed at room temperature, it was mixed with the ther-
mosensitive gel formulation. CFZ and benzalkonium chloride were
weighed carefully and added to the basic mixture of the mucoadhesive
thermosensitive in situ gel formulation, then homogenized. Further-
more, several evaluations of the mucoadhesive thermosensitive in situ
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Table 1

Design of CFZ mucoadhesive-thermosensitive formulation.
Ingredients %(w/w) F1 F2 F3 F4 F5
CFZ Sodium 0,35 0,35 0,35 0,35 0,35
Pluronic® F127 15 15 15 15 15
Pluronic® F68 5 5 5 5 5
HA 0,25 0,2 0,15 0,1 0
Benzalkonium Chloride 0,01 0,01 0,01 0,01 0,01

Distilled water Ad 100 Ad 100 Ad 100 Ad 100 Ad 100

gel formula were carried out.
2.3. Evaluation

2.3.1. Mucoadhesive-thermosensitive in situ gelation temperature study

Initially, 2 mL of each formula was put into test tube. The test tube
was put into water bath at 20 °C and then the temperature of the bath
was increased slowly until 65 °C. The test tubes containing each formula
were observed visually after a 1 °C increase in temperature. The gelation
temperature was recorded as the temperature at which the gel did not
move when the test tube was inverted to 90° [18].

2.3.2. Mucoadhesive study of CFZ in situ gel formulation

Determination of the mucoadhesive test was carried out using a
modified balance tool, where the left arm of the balance was attached to
two layers of pig eye tissue that were applied with mucoadhesive ther-
mosensitive in situ gel formula. On the other hand, on the right arm of
the balance tool, 1 g of the metal weight was added every 30 s until
ocular tissue was separated from other tissue [19,20].

2.3.3. pH evaluation
The pH value was assessed using a digital pH meter.

2.3.4. Viscosity rheology study of gel in situ formulation

Rheological was determined by using viscometer (Brookfield, USA).
In an attempt to assess the flow properties, we calculated the velocity
against the viscosity. The viscosity was measured on three different
temperatures, namely 25 °C, 37 °C, and 4 °C.

2.4. Drug content determination of CFZ in mucoadhesive-thermosensitive
in situ gel formulation

Each formula was carefully weighed and dissolved in simulated tear
fluid (STF) to achieve a final concentration of 10 pug/mL. All formula-
tions were then centrifuged for 15 min and the supernatant was
measured using UV-vis spectrophotometry at a wavelength of 233.4 nm
[21].

2.5. Invitro drug release study

In this study, the release study of CFZ from mucoadhesive-
thermosensitive in situ gel formulation, a dialysis method was utilized.
The experiment was carried out at 37 °C at 100 rpm. The dialysis
membrane used was soaked with STF prior to the experiments. After-
wards, the amount of each formula was calculated to be equivalent to 10
mg of CFZ, then put into a dialysis membrane and both sides of the
membrane were closed with airtight clamps. The membrane was put
into 100 mL of STF inside the glass bottle. The media (1 mL) was then
sampled at a time range of 0.25, 0.5, 0.75, 1, 2, 3,4, 5, 6, 7, 8, and 24 h
and replaced with 1 ml of fresh STF. The release kinetic profile was
determined using the following equations [22].

Zero Order Kinetics: Ct = CO+kOt

First Order Kinetics: In Ct = In CO + kit
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Higuchi Model: Ct = kH¢

Korsmeyer—Peppas Model: Ct = kKPtn
i % %
Hixson — Crowell Model : C,;> = Cjkyct

where C; is the amount of CFZ released at time t, Cy is the initial con-
centration of CFZ in STF (at t = 0), k¢ is constant of zero-order kinetics,
k; is constant of first-order kinetics, ky is constant of Higuchi model, kgp
is constant of Korsmeyer-Peppas model, and kyc is constant of Hixson-
Crowell model.

2.6. Ex vivo permeation study of CFZ mucoadhesive-thermosensitive in
situ gel formulation

Pig cornea was taken carefully using forceps and cut with about 5-6
mm of scleral tissue around it, then washed with 0.9% NaCl solution.
Then the cornea was placed between the donor compartment and the
Franz diffusion cell receptor. The receptor compartment with a capacity
of 10 ml was filled with STF and stirred at 100 rpm stirring on a mag-
netic stirrer. The temperature was maintained at 37 + 0.5 °C. The
formulation was applied into the donor compartment. At 0.25, 0.5, 0.75,
1,2,3,4,5, 6-, 7-, 8-, and 24-h, samples (1 mL each) were sampled and
replaced with equal volumes of receptor medium. The absorbance was
measured at a wavelength of 233.4 nm. Then, the drug concentration in
the sample was calculated [18]. Afterwards, the fluxes (J, pg/cmz/h)
and the permeability coefficients (Kp, cm/h) were determined as pre-
viously described [23,24].

2.7. Hemolysis study

Fresh blood was collected, anticoagulated, and then stored at room
temperature [25]. The red blood cells were collected and diluted with
PBS pH 7.4 to achieve a final concentration of 10% v/v. Then, the test
formulation was incubated at with the red blood cells. The hemolysis
percentages of the hemoglobin from the blood were measured as re-
ported previously [20,26].

2.8. In vitro antibacterial activity

2.8.1. Culture of Pseudomonas aeruginosa

Pseudomonas aeruginosa (ATCC® 9027) was purchased from LGC
Standards, Middlesex, UK. The bacterial were cultured in tryptic soy
broth (TSB) media at 37 °C overnight. The cultured bacterial were
diluted in fresh TSB to obtain a final bacterial number of 1 x 108 CFU/
mL. The optical density was measured at 550 nm.

2.8.2. Invitro antibacterial activity of CFZ in mucoadhesive-
thermosensitive in situ gel formulation

Agar diffusion method was used to assess the antibacterial activity of
CFZ following the incorporation into mucoadhesive-thermosensitive in
situ gel formulation. The bacterial suspension of Pseudomonas aeruginosa
was cultured in tryptic soy agar (TSA) using spreading method.
Following this, paper discs containing CFZ solution, CFZ thermosensi-
tive formulation, water and free disc were placed on the top of the
bacterial culture. The concentration of CFZ used was equal to 5 pg/mL.
The media was incubated at at 37 °C overnight and the inhibitory zone
was calculated using digital vernier calipers.

2.9. In vivo irritation study on rabbit’s eye

This study was carried out under the permission from Health Ethical
Committee of Hasanuddin University, Indonesia. In this study, the
application of the formulation was performed in the rabbit’s eyes
without the use of anesthesia. Several assessments of signs of irritation
including redness, swelling, cloudiness, edema, bleeding, and discharge
were observed at regular intervals during the 3 days of treatment. Draize
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eye irritation test was used to observe changes in the cornea, conjunc-
tiva, and iris in the rabbit’s eyeball after exposure to test substances. In
this study, 0.1 mL of the formulation was applied on the cornea and
conjunctival sac of one rabbit’s conscious eyeballs. The irritation of the
eye was assessed using Maximum Average Score (MAS) [27].

2.10. Histopathological evaluation

In the end of the experiments, the rabbits were dissected for their
ocular tissue collection and preserved preserved in 10% neutral buffered
formalin. Then, the tissue was placed in paraffin wax. Sections with a
thickness of 4 pm were cut and stained with Hematoxylin and Eosin
(H&E) and then observed using a microscope, as previously described
[28].

2.11. Statistical analysis

All data were reported as mean + standard deviation (SD) and sta-
tistically analyzed using one-way ANOVA and Tukey’s test with
GraphPad Prism version 6.0 (GraphPad Software, CA, USA).

3. Result and discussion
3.1. Mucoadhesive thermosensitive in situ gel formulation of CFZ

The in situ ocular gels were formulated using various concentration
of Pluronic® F127 and Pluronic® F68. Initially, several formulations
were prepared to achieve the formulation which could form a liquid in
the room temperature and change into a gel in the body temperature. It
was found that the different ratio of both polymers resulted in different
gelation temperatures. The various of gelation temperature was mainly
affected by the concentration of Pluronic® F127 and F68 on the gel. The
gelation temperature decreased along with the increase of Pluronic®
F127 and decreased in the amount of Pluronic® F68. This phenomena
could explained as Pluronic® or poloxamer is generally consist of two
monomer, poly-ethylene-oxide (PEO) and poly-propylene-oxide (PPO).
These two monomers play an important role in affecting gelation tem-
perature, especially PPO block [29]. A decrease of PPO block resulted in
an increase of gelation temperature. Pluronic® 127 127 has 30% of PPO
while Pluronic® F68 consist of 20% of PPO. Addition of concentration of
Pluronic® F88 into the formula showed a decrease of cefazolin sol-to-gel
temperature. Following our preliminary studies, the ration of 15:5 of
Pluronic® F127 and Pluronic® F68 could form a gel in the body tem-
perature, while form liquid in the room temperature. Therefore, this
ratio was used in the further studies. Total of 50 g each formula was
obtained, with the appearance of being clear and liquid at cold tem-
peratures and then turning into a gel when heated (Fig. 1A and B).

It was important to determine the gelation temperature in in situ gel
formulations in combination with or without HA as a mucoadhesive
agent used in the formulation. The acceptable gelation temperatures
value close to body temperature were obtained, which were in the range
of 30-37 °C. The five formulations have gelation temperature values in
the range of 31.3 °C-36.7 °C. In addition, the five formulations were
tested for gelation temperature again by dissolving them using STF to
investigate whether the tear fluid could affect the gelation temperature
of the five formulations. The five formulations that have been diluted
with STF possessed gelation temperature values in the range of
30.7 °C-36.3 °C. Based on the evaluations, desired results were obtained
with the five formulations having gelation temperature values which
were in the optimum gelation temperature range of 30-37 °C [10].

3.2. Mucoadhesive study of CFZ in situ gel formulation
In several years, the mucoadhesive concept has very often become a

theory that has attracted a lot of attention, especially on its effectiveness
in increasing the bioavailability of drugs [30]. There are many theories
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Fig. 1. CFZ mucoadhesive thermosensitive in situ gel formulation in room temperature (A) CFZ mucoadhesive thermosensitive in situ gel formulation in body
temperature (B). Mucoadhesive strength (C) and mucoadhesive time (D) of five formulations of mucoadhesive thermosensitive in situ gel of CFZ (mean =+ SD, n = 3).

that discuss this mucoadhesive phenomenon, one of the theories is the
adsorption theory. This theory discusses the mechanism of muchoad-
hesion, including hydrogen bonds, van der Waals, and hydrophobic
agents. Although this type is classified as weak bound, but if many
bounds were formed, it could produce a strong level of adhesion [30].

In this study, there were two important aspects that were discussed
in the mucoadhesive study, namely mucoadhesive strength and
mucoadhesive time. Mucoadhesive strength represents the amount of
weight given until the formula was separated from the tissue to observe
the level of adhesion of the formulation. On the other hand, muchoad-
hesive time is the time required by the formulation for separating be-
tween the tissue when given some weight. The results obtained from the
five formulations are depicted in Fig. 1C and D.

As can be seen in Fig. 1C and D, F1 showed the largest value in both
aspects, strength and time, while F5 showed the lowest value. This was
due to the variation in the concentration of mucoadhesive agents,
namely HA, where F1 possessed the highest HA concentration while F5
was not mixed with HA. The value of F5 has a mucoadhesive strength
value of 13625.36 + 2474.52 mg and a mucoadhesive time of 4.43 +
0.39 h. This value was the highest value between five formulations. This
could potentially result in the increase of drug released in the eye tissue,
leading to the effectiveness of the treatment. From the statistical anal-
ysis, it was also found that the p value was less than 0.05, indicating that
HA concentrations significantly affected the mucoadhesive properties of
the formulations.

3.3. pH evaluation

The five formulations had pH values in the range of 6.69-6.83 and
were therefore acceptable for ophthalmic applications [31].

3.4. Viscosity of formulation at three different temperature and rheology
study of gel in situ formulation

Polymers, however, are non-Newtonian fluids, and most often
exhibit shear-thinning behavior, which is entangled, the long molecules
begin to unravel and are oriented along the flow direction when the

applied deformation is high enough. Shear thinning is a property which
eventually makes many processing methods possible [32]. In this study,
the viscosity of the thermosensitive gels was observed at 4 °C (cold
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temperature), 25 °C (room temperature), and 37 °C (body temperature)
(Fig. 2). Ideally, the formulation should possess the property which
could form a free-flow liquid below body temperature in order to ease
the administration of the formulation while changing into a semisolid
preparation at temperature of the body in order the improve the contact
time. With respect to the characteristic of the rheology, commonly, the
gel preparation shows pseudoplastic flow. Accordingly, the thermo-
sensitive formulation should be able to produce shear-thinning proper-
ties at room and body temperatures. In this type of rheological property,
the viscosity of the formulation would decrease following the
improvement of the sharing stress. This was due to the theory that the
high velocity could influence the three-dimensional structures in the gel
system, thereby reduce the low viscosity [19,29]. As shown in Fig. 2, all
formulations possessed this characteristic. Accordingly, the formula-
tions developed in this study could meet the criteria of the desired
formulation. It was also found that the addition of HA as mucoadhesive
agent did not influence the thermosensitive properties of the
formulations.

3.5. Drug content determination of CFZ in mucoadhesive-thermosensitive
in situ gel formulation

In an attempt to investigate whether the drug content in the formula
was in agreement with the actual content, it was necessary to test the
drug content. In this study, the percent of recovery drug was carried out,
all formulations were determined for the percent recovery by comparing
the levels of the CFZ stock solution of 10 pg/mL. It was found that the
percent recovery values of the five formulations ranged from 98.33 +
2.47% to 101.43 + 2.60%. From these results, it can be concluded that
the CFZ content in the formula was corresponded with the concentration
used in the formula, and the results obtained can be accounted for the
further tests.

3.6. Invitro drug release study

This step aimed to evaluate the amount of released drug form the
thermosensitive formulations. The drug content remaining in the ocular
tissue is very important for the effectiveness in the treatment of bacterial
keratitis. In this study, the amount of released from mucoadhesive-
thermosensitive in situ gel formula was compared to the solution form.
It was found that in in vitro release study (Fig. 3), only after 3 h, the
amount of released drug of control solution was 3.17 + 0.23 mg. On the
other hand, the amount of released drug in 24 h for the formulations F1,
F2, F3, F4, and F5 were 1.22 + 0.19 mg, 1.57 + 0.14 mg, 1.70 £+ 0.18
mg, 1.99 + 0.22 mg, and 2.11 + 0.27 mg, respectively.

From the result obtained in this study, it could be hypothesized that
CFZ formulated into thermosensitive in situ gel was capable of control-
ling the release of CFZ across the dialysis membrane. As this formulation
could control the release of the drug, the longer the drug in the mem-
brane could potentially improve the effectiveness of the treatment for
keratitis. It was also found that the addition of HA could reduce the drug
release profiles.

It was important to investigate the release mechanism of CFZ from
mucoadhesive-thermosensitive in situ gel formulation in in vitro release
study. The release mechanism was performed by fitting the data result to
different mathematical kinetic models with DD solver app [33]. The
release mechanism was determined based on the correlation determi-
nation (R?) value nearly to ®R? = 1.00), which the correlation deter-
mination of in vitro study can be seen on Table 2.

Following the calculation of the mathematic models, all formula
followed Higuchi’s model for the release mechanism with correlation
coefficient of F1, F2, F3, F4 and F4 respectively were 0,7754; 0,8189;
0,7995; 0,7909; 0,7970. The Higuchi’s model indicates that the drug
release in this system was gradually influenced by the swelling the
matrix [34].
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Fig. 3. In vitro permeation study of CFZ thermosensitive muchoadhesive in situ
gel in dialysis membrane (mean + SD, n = 3).

3.7. Ex vivo permeation study of CFZ mucoadhesive-thermosensitive in
situ gel formulation

It is important to consider that the amount of drug concentration in
the ocular tissue is very influential for the effectiveness of treatment for
bacterial keratitis therapy. In this case, the drug was permeated through
the ex vivo cornea tissue and the results are depicted in Fig. 4A. From the
data, it was shown that after 24 h, control solution could produce 3.85
+ 0.37 mg of permeation amount. Furthermore, in the case of thermo-
sensitive in situ gel, the amount of CFZ permeating after 24 h was
significantly lower (p < 0.05) compared to control solution which was in
the range between 1.01 + 0.11 mg to 1.80 £ 0.21 mg. In agreement with
in vitro results, the mathematic model of the ex vivo permeation also
followed Higuchi’s model with determination coefficient was 0,7754;
0,8189; 0,7995; 0,7909; and 0,7970 respectively (Table 3). Moreover,
flux of permeation (Jss) and permeation coefficient (Kp) of CFZ from
mucoadhesive-thermosensitive were calculated and compared to the
control solution (Table 4). It was found that the Jss and Kp values of
control solution was significantly higher (p < 0.05) compared to ther-
mosensitive formulations. Accordingly, considering the values and ki-
netic model results, similar to in vitro drug release study, this study
depicted that the incorporation of CFZ into thermogelling system could
control the release the permeation through the ocular tissue.

For the further analysis, the ex vivo retention was measured. The ex
vivo retention was carried out to observe the amount of drug content
localized in the corneal tissue which could be used to estimate the
effectiveness of this approach [11]. This was performed by calculating
the concentration level retained in the tissue after 1, 8, and 24 h of the
application of each formulation. The retention results were also
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Table 2
In vitro correlation coefficient of CFZ from mucoadhesive-thermosensitive in situ
gel formulation in different mathematic kinetic models.

Mathematic model Correlation Determination (R?)

F1 F2 F3 F4 F5
Zero Order Kinetics 0,5930 0,6514 0,6274  0,6187  0,5935
First Order Kinetics 0,4387  0,5148 0,4903  0,4842  0,4100
Higuchi Models 0,7754  0,8189 0,7995  0,7909  0,7970
Krossmeyer — Peppas 0,2506 -0,5205 0,2146 0,2096 —0,4888
Model
Hixson — Crowell Model 0,4676  0,3980 0,3699  0,3217  0,3891

Table 3
Ex vivo determination coefficient of CFZ from mucoadhesive-thermosensitive.

Mathematic model Correlation Coefficient (R?)

F1 F2 F3 F4 F5
Zero Order Kinetics 0,5930  0,6514 0,6274  0,6187  0,5935
First Order Kinetics 0,4387  0,5148 0,4903 0,4842  0,4100
Higuchi Models 0,7754  0,8189 0,7995 0,7909  0,7970
Krossmeyer — Peppas 0,2506 —0,5205 0,2146 0,2096 —0,4888
Model
Hixson — Crowell Model 0,4676  0,3980 0,3699 0,3217  0,3891

compared to control solution and the results are exhibited in Fig. 4B.
According the bar charts, it was shown that the incorporation CFZ to
the thermosensitive hydrogel could increase the location of CFZ in the
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Table 4
Flux of permeation (Jss) and permeation coefficient (Kp) of CFZ from
mucoadhesive-thermosensitive and control solution (mean + SD, n = 3).

Formulation Jss (ug/(cm>h)) Kp (cm/h)

F1 127.23 + 11.98 0.054 + 0.001
F2 133.93 +10.39 0.065 + 0.001
F3 149.11 +£12.13 0.078 + 0.002
F4 154.17 + 13.09 0.087 + 0.002
F5 176.27 + 16.12 0.093 + 0.001
Control solution 687.23 + 41.23 0.233 £ 0.01

ocular tissue. The amount of CFZ localized in the ocular tissue increased
from 1 h to 24 h after the application of the formulation. After 24 h, the
amount of CFZ detected was in the range of 1287.11 + 143.72 pg/g —
1592.19 + 179.34 pg/g. Interestingly, no CFZ was detected in the case
of control solution after 24 h of application. Therefore, the thermo-
sensitive system could not only control the release of CFZ, but also
improve the concentration of CFZ in the ocular tissue, which could
potentially improve its effectiveness in the treatment of bacterial
keratitis.

3.8. Hemolysis study

It was crucial to investigate the potential toxicity of the new
formulation. In this study, we used hemolysis parameter of the blood red
cells as initial evaluation to investigate the potential toxicity which
could be caused by the formulations. Several studies have used this
evaluation to screen the potential of toxicity of numerous drug delivery
systems [20,26,35,36]. The results of this study are exhibited in Fig. 5A
and B, showing that the hemolysis percentages were below 1.5% in all
concentrations tested. Accordingly, the formulations developed in this
study were considerably safe.

3.9. Invitro antibacterial activity

It was critical to ensure that the incorporation of CFZ into thermo-
sensitive in situ gel did not reduce its antimicrobial activity. In this study,
we evaluated the antimicrobial activity using agar diffusion method
against Pseudomonas aeruginosa. Fig. 5C depicts the representative image
of this study. It was found that the inhibition zones of CFZ solution and
CFZ in thermosensitive in situ gel were 21.98 + 1.98 mm and 20.76 +
1.21 mm. Analyzed statistically, there was no a significant different (p >
0.05) between those values, indicating that the formulation did not
affect the antimicrobial activity of CFZ against Pseudomonas aeruginosa.

3.10. In vivo irritation evaluation

We further assess the irritation of our approach in vivo in rabbits.
Fig. 6 shows the result of the treatment after 4 days. The rabbit eye with
CFZ in situ gel showed a comparable result compared to the rabbit eye
without treatment and the administration of NaCl 0,9%. On the other
hand, following the administration of SLS, the rabbit’s eyes were
observed to be red and the ciliary muscles were swollen. Therefore, the
approach developed in this study were not found to be irritable to the
ocular tissue following the multiple day application.

3.11. Histopathological evaluation

Following the irritation evaluation, we collected the ocular tissues
and observed using histopathological examinations. The results of this
study are depicted in Fig. 7. It was found that in the administration of the
formulation, NaCl 0.9% and no treatment groups, no infiltration,
congestion and edema were observed. In contrast, infiltration, conges-
tion and edema were all observed after the administration of SLS.
Therefore, the thermosensitive formulations were potentially safe for
ocular administration.



M. Figri et al.

Journal of Drug Delivery Science and Technology 76 (2022) 103763

1.5
£ 1.0
o - Thermosensitive gel
4
: L 3 " Control formulation
Negative Positive £ o5
Control Control 2
IS F Y - E = s = a—
.0 T T L]
1000 g/mL 500 g/mL 100 g/mL

Thermosensitive gel Control formulation

Fig. 5. Representative images of in vitro hemolysis study in red blood cells (A). Hemolysis percentages of thermosensitive and control formulations (B) (mean + SD,
n = 3). Inhibition zones of blank disc (1), water (2), CFZ solution (3) and CFZ thermosensitive formulation against Pseudomonas aeruginosa (C). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Rabbit’s eye on day one treatment (A) and last day treatment (B), (1 = with CFZ), (B = With NaCl 0,9%), (C = with Sodium lauryl sulfate (SLS)), (D =

without treatment).

Overall outcomes have proven that the incorporation of CFZ into
themosensitive-mucoadhesive hydrogel could potentially improve the
localization of CFZ in the ocular tissue, while controlling the release
behavior. This approach could potentially be beneficial in the treatment
of bacterial keratitis as it was also found that no irritations were
observed following the multiple day applications, and importantly, no
potential toxicity was found. The use thermosensitive hydrogel in ocular
drug delivery have been widely explored. However, several aspects
should be considered. As this was intended to ocular administration,
before moving to the industrial steps, sterilization process should be
developed. Several studies have shown that Pluronic®-based hydrogels
could be sterilized using steam heat sterilization with autoclave [37,38].
However, due to the instability of CFZ in high temperature, gamma
radiation could be the appropriate method for the sterilization. The
development of this system is still in the early step. Therefore, it is also
crucial to further optimize the formulation to ensure that the hydrogel

possess adequate properties after the administration to the patients. As
the formulation is in the liquid form, the hydrogel could be administered
using the same method as the eye drops. Additionally, the information
regarding the transformation of the liquid to the gel after the adminis-
tration should be given to the patients. However, prior to the application
in the clinic, further study investigating in vivo pharmacokinetic and
pharmacodynamic studies in appropriate animal models should now be
conducted.

4. Conclusion

Based on all evaluation results of the mucoadhesive-thermosensitive
in situ gel of CFZ, it can be concluded that the CFZ in situ gel preparation
could increase the contact time of the preparation with the eye up to 4 h.
The formulations were able to sustain the release of CFZ and improve the
retention in the eye tissue when compared to control solution with no
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Fig. 7. Histopathological result of (A) NaCl 0,9% solution; (B) CFZ mucoadhesive-thermosensitive in situ gel formula; (C) sodium lauryl sulfate (SLS) solution; and

(D) without treatment.

significant change in antimicrobial activity. Following the hemolysis
assay, the formulation was potentially safe. Importantly, the in situ gel
preparation also did not irritate the experimental animals applied with
the in situ gel preparation.
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