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Abstract

The major purpose of this study is to develop and
characterize a series of carbopol and pluronic based
solutions as the i» situ gelling vehicles for ophthalmic
drug delivery. The rheological properties, in vitro
release as well as in vivo pharmacological response of

various polymer sclutions, including carbopol,
pluronic and carbopol/pluronic solution, were
evaluated. It was found that the optimum

concentration of carbopol solution for the in sifu gel
forming delivery systems was 0.3% (w/w), and that for
pluronic solution was 14% (w/w). The mixture of
0.3% carbopol and 14% pluronic solutions showed a
significant enhancement in gel strength in the
physiological condition ; this pel mixture was also
found to be free flowing at pH 4.0 and 25°C. The
rheological behaviors of carbopol/pluronic sclution
were not affected by the incorporation of pilocarpine

hydrochloride. Both the in vifro release and in vivo
pharmacological  studies  indicated  that  the
carbopol/pluronic solution had the better ability to
retain drug than the carbopol or pluronic solutions
alone, The results demonstrated that the
carbopol/pluronic mixture can be used as an in siru
gelling vehicle to enhance the ocular bicavailability.

Keywords: Ophthalmic delivery system; In situ
gelling; Phase transition; Drug release;
Ocular bioavailahility. -

Introduction

In order to reduce the total polymer content and
improve the gelling properties, Joshi et al. [1] first
used the combination of polymers in the delivery
system. The main idea is that aqueous compositions
reversibly gelled in response to simultaneous
variations in at least two physical parameters, such as
pH, temperature, and ionic strength can be formed by
using a combination of polymers which exhibit
reversible gelation properties. Although the above
results demonstrate the advantages of emploving
various in situ gelling polymers in the ophthalmic drug
delivery system, the use of combined in situ gelling
polymers with vartous phase transition mechanisms in
delivery vehicle is not extensively explored. In the
present study, aqueous solutions of different
compositions containing either carbopel or pluronic
were prepared to identify compositions suitable to be
used as in situ gel forming systems.  An alternative in
situ pelling system prepared by the combination of
carbopol and pluronic was also developed. The
rheclogical behaviors of various aqueous polymer
solutions under controlled shear conditions of varying
magnitude were evaluated. In addition, the in vitro
pilocarpine release and in vivo pilocarpine
pharmacological response of various drug-containing
polymer solutions were characterized to evaluate the
use of in situ gelling polymer solutions for ophthalmic
drug delivery.

Methods and Materials

The carbopol solutions (0.1 to 0.6% (w/w), 1.0 and
2.0% (w/w)) were prepared by dispersing the required
amownt in distilled, deionized water with continuous
stirring until completely dissolved. For preparation
of pluronic solutions {10 to 25% (w/w)}, the required
amount of polymer was dispersed in distilled,
deionized water with continvous stirring for 1 b, The



partially dissolved pluronic solutions were stored in
the refrigerator until the entire polymer was
completely dissolved (approximately 24 h). The
carbopol/pluronic  solutions were prepared by
dispersing the required amount of pluronic in the
desired concentration of carbopol with continuous
stirring for 1 h. The partially dissolved solutions
were then refrigerated until solutions were thoroughly
mixed (approximately 24 h). The reported
composition of carbopol/pluronic mixture was the
final concentration of carbopol and pluronic content in
the mixturz. All the sample solutions were adjusted to
pH 4.0 + 0.1 or 7.4 + 0.1 by 0.5 M sodium hydroxide
solution and then stored in the refrigerator prior to the
evaluation of their rheclogical properties.

The rheological studies were carried out on a cone
(4% and plate geometry viscometer {Brockfield RVCP
DV-II). The viscosity and shear stress of the sample
solutions were measured at various shear rates at 25°C
and 37°C, respectively.

The in vitre drug release from various polymer
solutions was first carried out by fillmg 3 g of
pilocarping-containing polymer solution into small,
circular plastic containers (2.5 cm i. d. and 1.5 em in
depth) in triplicate and placing each container in a
1000- ml beaker. The beaker was then filled with
1060 mL simulated tear fluid. The temperature and
stirring rate were maintained at 37°C and 75 rpm,
respectively. Aliquots (1mL) were withdrawn from
the release mediums at each sampling time. The
samples were filtered through 0.45-mm syringe filters
and subjected to HPLC analysis to determine the
pilocarpine concentrations.

New Zealand albino rabbits were used as the
model animals in the in vive experiments. Fifty
microliters of polymer solutions or simulated tear fluid
(STF), each with 1% of pilocarpine hydrochloride,
were dosed from a micropipet. After administration of
both the control vehicle and the drug-containing
polymer solutions, pupil diameters of both eyes were
measured according to the following time schedule: 1,
15, 30, 45, 60, 90, 120, 150, 180, 240; 300 and 360
minutes.

Results and Discussion

Figure | shows the shear stress versus shear rate
flow curves of carbopol solution (0.3% (w/w)),
pluronic solution (14% (w/w)) es well as the mixture
of carbopol (0.3% (w/w)) fpluronic (14% (w/w))
solution at nomn-physiological and physiological
conditions. For carbopel solution at physiological
condition, the medium registed the initial rotatory
motion and a sudden increase in the shear stress was
observed at higher shear rate (Figure 1}. The
solution began to flow after the shear stress reached its
yield point.  Accordingly, the flow curve for carbopol
solution at physiological condition demonstrated a
pseudoplastic behavior. Figure 1 also shows that, for
carbopol solution at non-physiological condition as
well as for pluronic solotion at  either
non-physiolegical or physiological conditions, the

shear stress increased Jinearly with an increase in shear
rate, demonstrating a Newtonian flow behavior.
Despite the flow curve of carbopol/pluronic solution at
pH 4.0 and 257C shows 2 Newtonidn flow behavior
(Figure 1}, nevertheless, a pseudoplastic flow behavior
with a hysteresis was observed for carbopol/pluronic
solution at pH 7.4 and 37°C. For all the polymer
systems studied, the shear stresses at pH 7.4 and 37°C
were higher than those at pH 4.0 and 25C. For
instance, at shear rate of 100 57, the shear stresses of
carbopol and carbopol/pluronic  solutions at
physiclogical condition were approximately five and
18 times greater than those at non-physiological
condition, respectively, suggesting the occurrence of
phase transition between these two conditions for both
systems.  Only slightly higher shear stresses were
observed for the pluronic solutions at physiological
condition comparing to those at non-physiclogical
condition for the shear rates ranging from 0 to 200 5™ .
Although the shear siress of carbopol solution
increased significantly at physiological condition, a
stronger gel can be formed by combining pluronic
with carbopol solutions. Figure 1 shows that, at pH
4.0 and 257, the shear stress of carbopol/pluronic
solution was higher than that of pluronic solution and
slightly lower than that of carbopol solution at each
shear rate, However, at pH 7.4 and 37°C, the shear
stress of carbopol/pluronic solution was significantly
greater than that of individual carbopol and pluronic
solutions at each shear rate.

In order to investigate the effects of pilocarpine
hydrochloride on the rheological behaviors of the
polymer solutions, the rheological studies on the
pilocarpine-containing polymer sclutions at pH 7.4
and 37°C were performed and the results are shown in
Figure 2. These results show that the shear stress of
the carbopol as well as pluronic solutions were
affected by the incorporation of drug into solutions,
therefore, the viscosities of the solutions and their
abilities to withstand the shear forces in the cul-de-sac
were influenced. The untoward effect may be
minimized by combining those two individual polymer
solutions. Figure 2 demonstrates that the
pilocarpine-containing 0.3% carbopol/14% pluronic
solution had similar flow behaviors as the 0.3%
carbopol/14% pluronic solution, suggesting that the
incorporation of pilecarpine did not disrupt the strong
three-dimensional gel network formed at physiological
condition.

Figure 3 shows the cumulative amount of
pilocarpine released versus time profiles for various
drug-containing polymer solutions and the
drug-containing STF (simulated tear fluid). All the
polymer solutions and the STF contzined 0.1% (w/w)
pilocarpine hydrochloride. For the drug-containing
STF, almost all the pilocarpine released immediately
after the start of release experiment. In the case of
pilocarpine-containing 0.3% carbopol solition, the
drug released about 19 % to the medium after one
rainute and then the drug gradually released afterwards.
Approximately 78% of pilocarpine released from the



carbopol  solution after 6  hours.  The
pilocarpine-containing pluronic solution had similar
release trend as the carbopol solution, which may be
atiributed to the comparative viscosity of both
solutions (as shown in Fig, 2) at pH 7.4 and 37C.
For the pilocarpine-containing 0.3% carbopol/14%
pluronic solution, significant lower drug release rates
were observed. There was only 1.3% pilocarpine
released in the first minute , approximately 76%
released after 6 hours, and the release profile was still
climbing hereafter. The results indicated that the
0.3% carbopol/14% pluronic mixture had better ability
to retain drugs than the individual polymer solution
and pure STF. The results also suggest that the
carbopol/pluronic aqueous system can be utilized as an
in situ gel-forming system for ophthalmic drug
delivery system. '

Figure 4 shows the pharmacological response (the
decrease in pupil diameter , Apupil diameter) versus
time profiles for the various pilocarpine-containing
polymer solutions and the pilocarpine-containing STF.
Since some variations of the /n vive pharmacological
responses were cobserved, the following results and
discussion focus on reporting the general trends of
experimental data. For the carbopol/pluronic
formulation, the pharmacological responses were
significantly higher than the STF between 5 minutes
and 240 minutes of experimental times. A similar
phenomenon was also observed for the pluronic
solution, however, the Apupil diameters were slightly
lower than those of the carbopol/pluronic formulation
between 90 minutes and 240minutes of experimental
times. As compared to the pilocarpine-containing
STF, the carbopol formulation had higher Apupil
diameters between 5 minutes and 90 minutes of
experimental times and a similar profile can be
observed afierwards. These results indicate that the
overall miotic responses were greater for the
drug-containing polymer formulations than the
drug-containing STF.

Conclusions

From the sample preparation, it was found that
the optimum concentration of carbopol solution for in
situ gel forming delivery systems was 0.3 % (w/w),
and that for pluronic solution was 14% (w/w). When
these two individual solutions (0.3% carbopol/14 %
pluronic) were combined, the gel strength in the
physiclogical condition was significantly enhanced.
It was also found that the 0.3% carbopol/14% pluronic
solution can flow freely at non-physiological condition
and its rheological properties were not affected by the
incorporation of drug. Both the in vitro and in vive
results indicated that the combined polymer systems
performed better in retaining drugs than the individual
solution. Accordingly, the results demonstrated that,
without increasing the concentration of individual
polymer solutions, the carbopol/pluronic solution
mixture may be reproducibly administered into the eye
as drops and form strong gel following the phase

transition to withstand the shear force in the cul-de-sac.

Therefore, the combined carbopol/pluronic system can
be used as the in situ gelling vehicle for ophthalmic
drug delivery.
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Fig. | Shear stress vs. shear rate flow curves of different aqueous
polymer solutions. O: 0.3% carbopol solution measured at pH 4.0
and 75°C: @ 0.3% carbopol solution measured at pH 7.4 and
37°C; (J: 14% pluronic solution measured at pH 4.0 and 25°C; W:
14% pluronic solution measured at pH 7.4 and 37°C; &:ﬂ 0.3%
carbopol/ 14% pluronic solution measured at pH 4.0 and 25°C; A:
3% carhopol/ 14% pluronic solution measured at pH 7.4 and
37°C, All the measurements were performed in triplicate and the
standard deviations were all within 3%.
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Fig. 2. Effect of drug on the shear stress vs. shear rate flow curves
of different aguesus polymer solutions at pH 74 and 37°C. Ot
0.3% carbopol solution; @: pilocarpine-containing 0.3% carbopol
solution; (J: 14% pluronic solution; MW: pilocarping-containing
14% pluronic solution; a: 0.3% carbopal/14% plurenic solutien;
A: pilocarpine-containing 0.3% carbopel/14% plurenic solution.
All the measurements were performed in triplicate and the
standard deviations were all within 3%.
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Fig. 3. Cumulative amount of pilocarpine released as a function
of time from various pilocarpine-containing solutions. [T: pilocar-
pine-containing 0.3% carbopol solution, . pilocarpine-contzining
14% plurcnic solution, A: pilocarpine-containing 0.3% carbepal/
14% pluronic solution, and O: pilocarpine-containing STF.
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Fig. &. The decrease in pupil diameter vs. time profiles for various
pilocarpine-centaining solutions. [J: pilocarpine-containing 0.3%
carbopol solution, #: pilocarpine-containing 14% pluronic solu-
tion, 4&: pilocarpine-containing 0.3% carbopol/14% pluronic
solution, and O: piiocarpine-containing STF.



