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Background: To establish a novel delivery system of pemirolast potassium-loaded gellan
gum in situ gel in allergic conjunctivitis therapy.

Methods: The prepared in situ gels were studied in the following aspects: in vitro gelation,
in vitro release, stability, viscosity measurement, in vivo tear kinetics and
pharmacodynamics.

Results: In this study, the results showed that the viscosity of the in situ gels significantly
increased when the preparation was in contact with simulated tear fluid and it also exhibited
good stability in a period of three months. In vitro release showed that the release of
pemirolast potassium from in situ gels had a good sustained release ability. No ocular
damage or abnormal clinical signs to the cornea, iris, or conjunctivae were visible.
Consistent with the in vitro studies, pemirolast potassium in situ gels were highly efficient
in suppressing the inflammatory symptoms and improving the ocular bioavailability.
Conclusion: Pemirolast potassium ocular in situ gels are safe and promising therapeutic
alternatives to the existing medications for allergic conjunctivitis therapy.

Keywords: pemirolast potassium, gellan gum, in situ gel, allergic conjunctivitis,
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Introduction
Allergic conjunctivitis, including seasonal allergic conjunctivitis (SAC) and perennial
allergic conjunctivitis (PAC), are a common immunologically mediated disease of the
eye.' The symptoms of patients with SAC are related to the appearance of pollen from
trees, weeds, and grass. Patients with PAC exhibit a chronic sensitivity to common
household allergens, such as dust mites, molds, or animal dander.” SAC and PAC
always induce aggravating and sometimes debilitating symptoms, including severe
ocular itching and discomfort, erythema, eyelid edema, chemosis, and tearing.’
Many clinical trials have verified pemirolast potassium (PP) efficiently
prevents and relieves allergic conjunctivitis.‘F6 PP is one of the mast cell stabilizers
that can inhibit the antigen-induced release of chemical mediators from mast
cells.””® In addition, when combined with levocabastine, it can enhance the ther-
apeutic effect in experimental allergic conjunctivitis in rats.” However, PP eye
drops cannot control the drug release and will drain rapidly, which leads to poor
bioavailability and a reduction of therapeutic efficacy. Therefore, what is important
is to prepare a more efficient PP formula, in order to control stable drug release.
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In situ gelling system, which is a solution at the time of
administration but undergoes sol-to-gel transformation
when contact is made with physiological fluids or mucosa,
can control drug release in a sustained manner.'® This
inimitable property of sol-to-gel conversion provides var-
ious advantages to these systems, such as easy administra-
tion, like a traditional eye drop formulation, reproducible
and precise dosing, easy fabrication, prolonged retentivity
at the site of application, and sustained drug release due to
gel network formation after being influenced by the phy-
siological stimulation.'" Based on these advantages, the
in situ gel system is suitable for ocular drug delivery.

The ocular region can provide three types of biological
stimulus via temperature, pH, and the presence of ions.
Temperature-sensitive in situ gelling systems respond to
changes in temperature as an external stimulus. The differ-
ence in solubility at different temperatures is assumed to be
the main reason for sol-to-gel conversion.'” In a pH-
sensitive gelling system, gel forms instantaneously upon
interacting with bio-stimuli. Due to the presence of ionizable
groups present on the polymer surface, this system can
exhibit a sharp change in the form of ionization and water
solubility at specific pH levels.'® The presence of ions in the
ocular environment, like Ca2+, and other ions present in tear
fluid, induces phase transitions of certain polymers.
Therefore, based on this property, ion-sensitive gelling sys-
tems, using gellan gum,'* alginates,'> or B-carrageenan,'®
for ocular delivery have been investigated as well.

Gellan gum (GLG), isolated from Pseudomonas elo-
dea, is a natural, biocompatible, nontoxic and biodegrad-
able biopolymer.'” The mechanism of gelation involves
the formation of double-helical junction zones followed
by the aggregation of the double-helical segments to form
a 3D network by the complexation with cations and hydro-
gen bonding with water.'®2° Numerous publications show
GLG is suitable for ocular drug delivery.?' ** Therefore,
we fabricated the PP-loaded GLG in situ gel according to
intraocular environment to investigate the therapeutic
effect of allergic conjunctivitis in vitro and in vivo.

Materials and Methods

Materials

PP was gifted by the Yuanye Biopharmaceutics, Co., Ltd
(Shanghai, China). GLG was purchased from ZhongWei
Biochemical Ltd (Shanghai, China). The PP eye drop
(1 mg/mL) was obtained from Shentian Pharmaceutical
Co., Ltd. Simulated tear fluid (STF, composition: NaCl

0.68 g, NaHCO; 0.22 g, CaCl,-2H,0 0.008 g, KCI 0.14
g, and distilled deionized water to 100 mL).** All other
reagents were of commercially analytical grade.

New Zealand White rabbits (2.0-3.0 kg) and BALB/c
(2025 g) were
Experimental Center of Shanghai Jiao Tong University.

mice provided by the Animal
The experimental animals were individually housed in an
air-conditioned and light-controlled room at 24+1°C and at
65+5% relative humidity. They were given a standard pel-
let diet and provided with water ad libitum. All animals
were healthy and free of clinically observable ocular
abnormalities. All animal experiments were performed in
with
a protocol approved by the Ethics Committees of
Shanghai Jiao Tong University (SMP-VET-008-A). The
guide of the National Institutes of Health for the care

accordance institutional guidelines, following

and use of laboratory animals was strictly followed.

Preparation of PP in situ Gel*

F1~F5 formulations of GLG between 0.1 and 1% (w/w)
was prepared by slowly adding a weighed amount of GLG
to cold ultrapure water with continuous stirring for 10 min.
The partially dissolved mixture was stored in the refrig-
erator until the entire polymer was completely dissolved
(approximately 24 h). A pre-weighed amount of PP was
added to the abovementioned homogeneous solution and
dissolved completely to obtain a homogeneous phase of
polymer, solvent, and drug. Such homogenization was
performed using a lab stirrer at 1300 rpm. For the prepara-
tion of drug-containing polymer solutions, an appropriate
amount of PP was then dissolved in the resulting solution
to produce a final drug concentration of 0.1% (W/v).
A 0.1% methyl paraben (w/w, as preservative) was added
to the preparation. Preparations were made isotonic by the
addition of mannitol (5%, w/v), and adjusted to 7.0 using
hydrochloric acid.

Viscosity Measurement?®

The viscosity of the F1~F5 formulations (0.1% GLG F1,
0.25% GLG F2, 0.5% GLG F3, 0.75% GLG F4, 1% GLG
FS), either in solution or in gel made with STF, was
(NDIJ-5S,
Shanghai, China) using a 20 mL aliquot of the sample.

determined with a rotational viscometer
Measurements were performed using suitable spindle
number at 60 r/min, and the temperature was maintained
at 37°C. The viscosity was read directly from the visc-

ometer display. The variation of viscosity is defined as
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below, dividing the viscosity with STF by the viscosity
without STF. All measurements were made in triplicate.

[viscocity with STF)

Variation of viscosity = [viscosity without STF]

Stability Studies®®

The optimized formulation was stored at room temperature
for three months. After the first, second, and third months,
the appearance, pH, gelling capacity, and drug content of
the formulations were evaluated.

In vitro Release Studies

The in vitro release of PP from the formulations was
through a dynamic dialysis membrane method.?’ Briefly,
0.5 mL volume of the formulation and 0.5 mL STF were
accurately pipetted into the dialysis bag; each container
was placed in the bottom of a 500 mL beaker. The experi-
ments were performed in a dissolution tester. The beaker
was then filled with 200 mL dissolution medium and
placed in a circulating water bath equipped with stirring
rods with paddles to stir the release medium. The tempera-
ture and stirring rate were maintained at 37+1°C and
75 rpm, respectively. The dissolution medium was the
freshly prepared STF. At each sampling time, an equal
sample (2 mL) was extracted and replaced by the same
amount of release medium. The collected samples were
directly injected into the HPLC system for analysis (wave-
length=360 nm). The same amount of PP eye drops was
used for comparison.

Irritation Studies

According to the Draize technique,”® the eye irritation of
New Zealand White rabbits was studied. Each rabbit
weighed 2.0-3.0 kg. 50 pL of formulation was applied to
the left eye of the model rabbit. The right eye was untreated
as a control. To prevent the loss of the test material, the
upper and lower eyelids will be gently closed together for
about five seconds. The formulations were instilled three
times a day for a period of 10 days, and the rabbits were
observed periodically for ocular redness, swelling, and
watering. The Draize technique was used for evaluation.
The assessment was conducted in three sessions.

In vivo Tear Kinetics?’

In vivo ocular tear pharmacokinetic studies of PP formula-
tions, in comparison with PP eye drops, were carried out in
rabbits. Fifty microliters of the different PP formulations,

and PP eye drops were instilled into the cul-de-sac of the
right eye while the left eye served as the control. About 5
pL of tear was collected from the cul-de-sac of the test
eye, using a micropipette, at intervals of 15, 30, 60, 90,
120, 180, 240 and 300 min. The tear samples were
extracted in methanol and analyzed using the HPLC
method. All experiments were performed in triplicate.

Pharmacodynamic Evaluation®?

BALB/c mice were used to investigate the pharmacody-
namic effect of PP in situ gels in this study. BALB/c mice
were subcutaneously injected with short ragweed pollen
(SRW) (25 mg/kg with 10 pL aluminum hydroxide) on
immun-day one and on immun-days seven and eight, and
the eyes were challenged with SRW in PBS (10 mg/kg
with 10 pL aluminum hydroxide per eye) eye drops. Then
the eyes were examined under a microscope, scoring was
performed at the same time every day and done once daily
from day one to at least day 14. As shown in Table 1, mice
were examined biomicroscopically based on four indepen-
dent parameters, which include redness, chemosis, dis-
charge, and tearing. Each parameter was ascribed 0
(none) to 4+ points (severe) and was summed to yield
a maximum score of 20+. Changes in the symptom scores
were calculated and graphed. In addition, animals were
sacrificed after the pharmacodynamic study. Blood sam-
ples were collected by drawing blood from the heart under
ether anesthesia. The concentration of total IgE was mea-
sured using a mouse IgE EIA kit (Yamasa, Tokyo, Japan),
according to the manufacturer’s protocol. And the patho-
logical sections of corneal tissue of different treatment
groups in mice were also determined.

Statistical Analysis

All data were presented as mean £SD and analyzed with
SPSS19.0. One-way ANOVA was used to compare differ-
ences and P<0.05 was considered statistically significant.

Results

Physical Characterization

Viscosity and gelling capacity are the main prerequisites of
an in situ gelling system.”” Aqueous solutions of various
concentrations of GLG were prepared and evaluated for
viscosity and gelling capacity in order to identify the optimal
formulation. The results indicated that the variation of visc-
osity of formulation 3 was the most significant (Figure 1A,
variation=4.9 fold). Therefore, the optimized prescription is
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Table | Scoring of Allergic Conjunctivitis Signs and Symptoms

Conjunctivitis None Minor (1) Mild (2) Moderate (3) Severe (4)
Symptoms (Score) 0)
Conjunctiva | Redness =) Several of vasodilatation Numerous All vasodilatation White of the eye is hard to
vasodilatation distinguish
Chemosis =) Partial swelling Diffuse slight Foamed swelling Ballooning of overall
swelling conjunctiva
Lid =) Partial swelling Diffuse slight Foamed swelling Swelling with diffuse
swelling swelling opacities
Discharge =) Filamentous and sticky mucous Mucus Explicit mucus Severe mucus secretion
discharge concentrated secretion
Tearing =) Eye feels slightly watery Easily determined Blows nose Tears overflow
tears occasionally

F3 (Table 2). Besides, the gel formed obviously after the
reaction between F3 and STF (Figure 1B).

Stability Studies

PP in situ gels exhibited good stability within three months.
During storage, the initial viscosity of the formula has little
change. HPLC was used to analyze the drug content of the

samples. The degradation of the drug to 5% is negligible. No
significant changes in index and phase separation were
observed during the observation period (Table 3).

In vitro Release Studies
The cumulative amount of PP released over time was shown
in Figure 2. Free drug released quickly and almost released
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Figure | (A) Viscosity for the various GLG formulations (0.1% FI, 0.25% F2, 0.5% F3, 0.75% F4, 1% F5) and for the GLG formulations with STF, simulating the in vivo

F§

gelation. (B) Photographs of in situ gels formed before and after (with STF) gelation. *P<0.05. GLG formulations with STF vs GLG formulations without STF.
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Table 2 The Final Optimized Prescription of PP in situ Gel

Name Concentration (%, wiv)

PP 0.1

GLG 0.5

Methyl paraben 0.1

Mannitol 5

pH Adjusted to 7.0 using hydrochloric acid

entirely in four hours, whereas F3, F4, and F5 of drug-
loaded GLG released slowly and released less than 40% in
four hours. Due to the low viscosity, F1 and F2 released
abruptly at the beginning of drug release. The remaining
drug was released at a slower rate followed by a second
phase of moderate release. Thus, 0.5% GLG has a better
delayed release effect. In addition, the release rate also
depended on the polymer concentration. The F3, F4, and
F5 exhibited a good capacity to retain drugs, which means
these three formulations are able to control PP release as the
in situ gelling vehicle for drug delivery. However, with the
increase of polymer concentration, the viscosity of drug
delivery system will increase, and the drug release will
slow down, which is not the result that researchers expect.

According to the zero order, first-order and diffusion
controlled release mechanisms, the in vitro release kinetics
was analyzed. Through analyzing the amount of drug
released (F3) vs the square root of time, a relatively high
correlation coefficient was obtained, indicating that the
release followed the Higuchi kinetic model (r=0.994).
The results showed that PP-loaded GLG in situ gel had
a good sustained release effect.

Irritation Studies

Figure 3 showed the ocular irritation studies according to the
Draize technique. The results of the studies indicate that PP
in situ gel was non-irritant (Figure 3). For the F3 formula-
tion, the average irritation scores were 0.4, close to the
negative control (0.3, 0.9% NaCl solution). Dioctyl sodium
sulfosuccinate (1%, w/w) had the highest average score of
8.2 for ocular lesions. Therefore, the optimized formulation

120 ¢ —+—Free drug ——F1
F2 F3
ol | ~—F4 ~—F5

Release %

0 4 8 12 16 20 24
Time (h)

Figure 2 The in vitro drug release profiles of PP in situ gel and PP eye drop (free
PP). Number represents the percentage of release. (n=6).

may be considered as the least irritating to rabbit eyes.
Excellent ocular tolerance was noted. No ocular injury or
corneal, iris or conjunctival abnormalities were found.

In vivo Tear Kinetics

The concentration in tear-time plots, in rabbits after
ophthalmic administration of test formulations (F1~F5
and PP eye drops) are shown in Figure 4 and the AUC
parameters are tabulated in Table 4. The Tmax was 15
min and the Cmax was 4123.3 ng/mL after ophthalmic
administration of PP eye drops. However, the time to
achieve maximum concentration of PP was delayed in
the form of in situ gel. The drug clearance of F1~F5
was slower with the increase of viscosity. The Cmax of
F3 was 2787.6 ng/mL, which was significantly
(P<0.05) lower than that obtained with the PP eye
drops. Meanwhile, after 30 min the concentration in
tear of F3 was remarkably higher than that adminis-
tered with PP eye drops. Three hundred minutes after
ophthalmic administration, the concentration of PP in

Table 3 The Stability of PP in situ Gel During the Observation Period at the Room Temperature

Date Appearance pH Gelling Capacity % Drug Content Clarity Osmolality (mOsmol/kg)
0 Milk 6.96 +++ 93.5 Opaque 290
Ist month Milk 7.01 +++ 92.1 Opaque 292
2nd month Milk 6.98 +++ 90.4 Opaque 293
3rd month Milk 7.02 +++ 88.2 Opaque 295
Note: +++ Represents the ability of stronger gel formation.
Drug Design, Development and Therapy 2021:15 htps: 2103
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Figure 3 Ocular irritation studies according to the Draize technique (n=3).
*P<0.05. F3 vs positive control.
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Figure 4 Concentration—-time curve of PP in different formulations (n=5).

gels was still 100~300 ng/mL, whereas the concentra-
tion of PP in eye drops was undetectable The AUC,_;
of F3 was 238530.6 ng-min/mL, that was 2.51 folds
higher than AUC,_; of 94995.2 ng-min/mL for PP eye
drops, clearly defining performance superiority of
in situ gels over drops. Lower values of Vd for gels
in comparison to drops are indicative of a larger frac-
tion of formulation being retained in the central com-
data, the

application of in situ gels greatly improves the bioa-

partment. According to tear kinetic

vailability of drugs.

Table 4 Area Under Concentration of PP in Tear vs Time
Profiles in 300 Min (AUC,_) for Various Formulations. Each
Value Represents the Mean +SD of Three Determinations. (n=5).

Formulation AUC,_ (ng min/mL) Ratio
PP eye drops 94995.2+8721.3 -
Fl 140917.5+£12817.2% 1.48
F2 194565.3+£17281 .4* 2.05
F3 238530.6+21342.5% 251
F4 228285.3+20192.3* 2.40
F5 248092.3+22091.4* 261

Note: *P<0.05 (compared to PP eye drops).

Pharmacodynamic Evaluation

The pharmacodynamic effect of PP in situ gels was tested in
BALB/c mice allergic conjunctivitis model (Figure 5). As
shown in Figure 5A, The clinical score of allergic conjuncti-
vitis constantly increased in the case of blank gel group. The
free drug (eye drops), though inhibited the progression of
inflammatory symptoms to an extent, was far behind the
reasonable response. Consistent with the in vitro studies,
PP in situ gels (both F1 and F3) were highly efficient in
suppressing inflammatory symptoms. At the same time, from
the curve, the F3 group also had a significant anti-
inflammatory advantage with a lasting effect. IgE concentra-
tion of different treatment groups in mice were also checked
and the result stated that IgE in the mice treated with F3 was
than groups
(Figure 5B). The histopathological studies of corneal tissue

significantly lower in other treatment
of different groups were shown in Figure 6. The pathological
section of corneal tissue showed the PP-loaded GLG in situ

gel is safe for corneal use.

Discussion

In situ gel systems have been developed well and showed
beneficial effect over other traditional dosage forms. These
profits contain sustained and prolonged release of the drug,
biocompatibility, easy instillation, minimum chances of
irritation, etc. However, additional studies are required to
determine the innovative and alternative ocular dosage
forms, like the combination of different types of in situ
gel systems, to improve patient care. GLG was composed
acid and 2pB-
D-glucose and has ion-activated properties. In addition,

of 1B-L-rhamnose, 1B-D-glucuronic,
we found that the optimum concentration of GLG for
delivery PP was 0.5% (F3). Under this concentration,
GLG can best balance the speed of drug release and
therapeutic effect, which means F3 can control drug
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Figure 5 (A) The pharmacodynamic effect of PP in situ gels was tested in BALB/c mice allergic conjunctivitis model. (n=6) a P<0.05. F3 vs Blank gel; b P<0.05. F3 vs free
drug; c P<0.05. F3 vs FI. (B) IgE concentration of different treatment group in mice after pharmacodynamic study. a P<0.05. F3 vs normal; b P<0.05. F3 vs blank gel; ¢ P<0.05.

F3 vs free drug; d P<0.05. F3 vs FI.

Figure 6 Histopathological studies of corneal tissue of different groups. (A) normal; (B) FI; (C) F3; (D) free drug (eye drops); (E) blank gel. The black arrow indicates the

area of inflammation.

release stably and achieve an optimal therapeutic effect
more than the free drug.*®

Proteins, pollens and dust mites are not only common
allergens in patients with allergic conjunctivitis, but also
common antigens for constructing animal models of aller-
gic conjunctivitis.>' >3 It can establish a stable and reliable
animal model of allergic conjunctivitis. Our previous
results showed that the expression of CCL5 mRNA and
IL-17 mRNA in conjunctiva tissue and the percentage of

IL-17 in spleen single cell suspension were the highest in
mice after they were challenged with SRW, suggesting that
SRW had the best sensitization effect under the experi-
mental conditions. Subsequently, BALB/c mice were chal-
lenged with SRW by gavage, aerosol inhalation and
subcutaneous injection. The results showed that the
expression of CCL5S mRNA and IL-17 mRNA in conjunc-
tiva tissue and the percentage of IL-17 in spleen single cell
suspension of mice in the subcutaneous injection group
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and the positive control group (eye drop stimulation) bore
a striking resemblance, suggesting that subcutaneous
injection stimulation can more effectively induce allergic

conjunctivitis in mice.>*>°

Conclusions

In this study, we fabricated the PP-loaded GLG in situ gels
successfully. The results indicated that the variation of visc-
osity of formulation 3 was the most significant (variation=4.9
fold). Therefore, the optimized prescription is F3. The release
study showed that the release of PP from in situ gels had
a good sustained release ability. No ocular damage or abnor-
mal clinical signs to the cornea, iris, or conjunctivac were
visible. Consistent with the in vitro studies, PP in situ gels
were highly efficient in suppressing the inflammatory symp-
toms and improving the ocular bioavailability. PP ocular
in situ gels are safe and promising therapeutic alternatives to
existing medications for allergic conjunctivitis therapy.

Disclosure
The authors report no conflicts of interest in this work.
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