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ABSTRACT: The poor corneal residence time of pilocar-
pine, an alkaloid extracted from the leaves of the Jabor-
andi plant, limits its ocular application. The aim of this
study was to develop, characterize, and evaluate the
potential of pilocarpine entrapped by poly(pL-lactic-co-
glycolic acid) (PLGA) nanoparticle carriers for ocular
drug delivery. Pilocarpine-loaded nanoparticles were pre-
pared with a double-emulsion (water in oil in water)
method and characterized with transmission electron mi-
croscopy and X-ray diffraction analysis. The nanoparticles
exhibited an average size of 82.7 nm with an encapsula-
tion efficiency of 57%. Stability studies showed the ab-
sence of agglomeration and constancy in the amount of
drug entrapped; this indicated the solidity of these par-
ticles for long-term use. The in vitro release studies con-
ducted in simulated tear fluid showed the sustained

release of pilocarpine. In vivo evaluation of the nanopar-
ticles was done in a rabbit model with a miosis assay and
compared to an equal dose of commercially available eye
drops of pilocarpine (Pilocar drops). The in vivo miosis
studies showed that the duration of miotic response
increased by 40% for the nanoparticles and produced an
almost 68% increase in total miotic response when com-
pared to the eye drops. In conclusion, this study clearly
demonstrated the potential of pilocarpine-loaded PLGA
nanoparticles for multiplying the therapeutic effect of
ophthalmic drug delivery with enhanced bioavailability
and pharmacological response. © 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 124: 2030-2036, 2012
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INTRODUCTION

Pilocarpine, an alkaloid extracted from the leaves of
the Jaborandi plant (Pilocarpine mycrophyllus),
belongs to the small group of alkaloids having an
imidazole ring in their structure. Its use has been
reported in clinical eye applications as a topical mi-
otic for the treatment of open-angle glaucoma and
acute-angle-closure glaucoma." However, the high
hydrophilicity and low lipophilicity of pilocarpine
results in its poor corneal penetration and extensive
precorneal loss; this reduces its ocular bioavailabil-
ity. Therefore, large quantities of pilocarpine have to
be administered frequently into the eyes of patients
to achieve effective therapeutic results; this results in
undesirable side effects.?
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Using a controlled release delivery system as a
carrier has the potential of lessening the shortcom-
ings of pilocarpine.*> A variety of carriers, such as
gels, polymer matrices, and hydrogels, have been
reported to increase the topical effect and corneal
residence time® of such hydrophilic drugs. In recent
advances, the use of certain poly(amido amine)-
based dendrimers as vehicles for controlled ocular
drug delivery’ has also been reported. However,
Ocusert, a nonerodible insert that is considered as a
technical breakthrough in this area, has also been
shown to have certain limitations, including diffi-
culty in retention, the requirement of frequent inser-
tion, and the removal and rupture of the membrane
causing a burst release of the drug.® Microemulsions,
microspheres, nanoparticles, and nanospheres”'
have been reported to enhance the ocular residence
time with prolonged pharmacological activity. Nano-
particles are considered as a breakthrough in the
area of drug delivery’ because, in contrast to the
larger size of microspheres and liposomes, which
are rapidly eliminated from the eye via rapid tear
turnover,'' nanoparticles provide longer residence
time because of their smaller size. Recently, poly
(ethylene glycol)-based hydrogels loaded with
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pilocarpine for sustained release have been
reported’” with a similar goal. Although several
polymers are used as biocarriers, poly(pr-lactic-co-
glycolic acid) (PLGA) is a widely used carrier for oc-
ular drug delivery because of its low ocular
toxicity."

The aim of this study was the formulation and
characterization of a controlled ocular drug-delivery
system for pilocarpine with PLGA as the carrier. We
prepared pilocarpine encapsulated by PLGA nano-
particles using a double-emulsion method. These
were characterized for their size and distribution
with transmission electron microscopy (TEM), parti-
cle size analysis, and physicochemical analysis with
X-ray diffraction (XRD). The stability of these nano-
particles in terms of variation in size, polydispersity
index (PDI), and encapsulation efficiency (EE) was
studied over a period of 1 year. To study the con-
trolled release rate of pilocarpine from the nanopar-
ticles, the in vitro release kinetics in simulated tear
fluid (STF) were studied. These were further eval-
uated for controlled drug delivery by pupillary con-
striction in comparison to commercial eye drops of
pilocarpine (Pilocar drops) in New Zealand white
rabbits with a miosis assay.

EXPERIMENTAL
Materials

PLGA, with a lactide-to-glycolide molar ratio of 50 :
50 and a molecular weight range of 40,000-75,000
Da; pilocarpine nitrate (i.e., pilocarpine), and phos-
phate buffered saline were purchased from Sigma-
Aldrich (Steinheim, Germany). Pilocar (2% pilocar-
pine nitrate ophthalmic solution) was purchased
from FDC, Ltd. (Mumbeai, India). Poly(vinyl alcohol)
(PVA; molecular weight ~ 125,000) was obtained
from S. D. Fine Chemicals, Ltd. (Mumbai, India).
All of the solvents were High-performance liquid
chromatography (HPLC) grade.

Nanoparticle formulation

Pilocarpine-loaded PLGA nanoparticles were pre-
pared with a double-emulsion (water in oil in water)
method with some modifications.'*'* Briefly, pilocar-
pine dissolved in water (10 : 1 w/v) was added to the

Mass of drug in the nanoparticles
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organic phase consisting of PLGA (100 mg) dissolved
in a dichloromethane-acetone (3 : 1 v/v) mixture and
vortexed vigorously to form the primary emulsion. It
was then poured into an aqueous phase containing a
surfactant [poly(vinyl alcohol), typical concentration
= 1% w/v, 20 mL] to form the secondary emulsion.
This emulsion was then broken down into nanodrop-
lets by application of external energy through a soni-
cator, and the organic phase was evaporated at room
temperature with magnetic stirring overnight. This
left behind a colloidal solution of pilocarpine contain-
ing PLGA nanoparticles. The nanoparticles were
recovered after washing with distilled water to
remove nonentrapped drug by centrifugation fol-
lowed by freeze drying to obtain the dry powder.
Similarly, polymer nanoparticles without pilocarpine
were prepared with a single-emulsion method exclu-
sive of aqueous solution of pilocarpine.

Characterization of the nanoparticles
Particle size and surface morphology

The size and size distribution of pilocarpine-loaded
PLGA nanoparticles were measured with a particle
size analyzer (Beckman Coulter Delsa nanoparticle an-
alyzer). The images of the particles in the nanometer
range were taken with a transmission electron micro-
scope (JEOL 1011, Tokyo, Japan). For TEM, the sample
of the nanoparticle suspension in Milli-Q water at
25°C was dropped onto formvar-coated grids without
being negatively stained. Measurements were taken
only after the sample was completely dried.

EE and drug loading

Calculations for EE and drug loading were done
according to previous reports.'®'” In brief, the nano-
particle suspension was centrifuged at 30,000 rpm for
30 min at 4°C, and the absorbance of the nonen-
trapped pilocarpine was measured with a UV spectro-
photometer (PerkinElmer, Waltham, Massachusetts,
USA) at a wavelength of 215 nm. The concentration of
each sample was obtained by comparison of the
absorption of the supernatant to the standard curve
and the relationship of the absorption and pilocarpine
concentration. The drug incorporation efficiency was
expressed as the drug loading percentage:

x 100

Encapsulation efficiency (%) =

Drug loading (%) =

~ Mass of drug used in the formulation

Mass of drug in the nanoparticles

x 100

Yield (%) =

Mass of nanoparticles

Mass of nanoparticles recovered

x 100

~ Mass of polymer and drug used in the formulation
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XRD

The physicochemical state of the pilocarpine in the
nanoparticle formulation was compared with the
free drug by powder XRD patterns acquired at room
temperature on an X-ray diffractometer (PANalytical
X'pert PRO, Lelyweg, The Netherlands) with Cu Ka
radiation at 5-40° in continuous mode with a step
size of 20 = 0.02° and a step time of 5 s."®

Stability studies

Information on the stability of the drug entrapped in
the nanoparticles was very important for determin-
ing the variation in parameters such as size, PDI,
and amount of drug entrapped, which affected the
therapeutic efficiency of the nanoparticles. Here, sta-
bility studies were done to analyze the extent to
which these nanoparticles changed in their proper-
ties throughout their period of storage and use."
The change in the particle size of pilocarpine
entrapped in nanoparticles and their distribution
was studied with the particle size analyzer up to a
period of 1 year. Also, the variation in the amount
of pilocarpine entrapped inside the polymeric nano-
particles was analyzed with UV spectroscopy, as
explained previously.

In vitro drug release

The release kinetics were studied as previously
reported.'”® In brief, pilocarpine-loaded PLGA
nanoparticles (2% w/v) were suspended in 4.0 mL
of STF (NaCl, 0.67 g; NaHCO;, 0.20 g; CaCl,-2H,0,
0.008 g; and distilled deionized water to 100 g) and
incubated at 37°C under continuous shaking at 60
rpm. Aliquots (200 pL) were collected from the vials
at predetermined time intervals with equal volumes
of tear fluid to maintain sink conditions throughout
the study. The concentration of pilocarpine in the
release medium was determined by UV spectros-
copy at a wavelength of 215 nm. The cumulative
amount of pilocarpine released was evaluated with a
calibration curve. Similarly, the amount of pilocar-
pine released from Pilocar was analyzed to compare
the release pattern with that of the nanoparticles.

Miosis studies

To assess the sustained release of the drug from the
nanoparticles in comparison with commercial eye
drops, Pilocar, a test of miosis, that is, the constric-
tion of the pupil diameter, was conducted in
viv0.1%?! New Zealand albino rabbits of either sex,
weighing 2.4-2.6 kg, were used without any special
pretreatment diets. All animal experiments were car-
ried out according to institutional animal ethics
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guidelines. A washout period of at least 3 days was
kept between experiments. To accustom the rabbits
to the environment of the laboratory, they were
brought to the laboratory 1 h before the start of the
experiment. All of the experiments were conducted
in the same room with the same illumination condi-
tions. To instill the solution into the eye, the lower
eyelid was slightly pulled away from the globe, and
the solutions were administered carefully into the
cul de sac to avoid any direct contact with the eye.
First, the biocompatibility of the polymer was
assessed by observation of any ocular irritation, such
as redness, tearing, or inflammation, on instilling the
blank polymer nanoparticles. Once, the polymer
showed no side effects, nanoparticle preparation
buffered in phosphate buffered saline (pH 7.4) con-
taining 2% w/v pilocarpine was tested in all of the
animals by instillation of a dose of 25 pL in the left
eye. To avoid experimental bias, the right eye
received 25 pL of the nanoparticle solution having
no drug and remained as a control. After 1 week,
the aforementioned experiments were repeated with
2% w/v of the commercial ophthalmic solution
Pilocar. The pupil diameters of both eyes were meas-
ured with a pupil gauge (Astrospace Co., Ltd.,
Sindian, Taiwan) at predetermined intervals by
movement of the gauge close to the eye and with it
kept at a fixed distance from the eyeball for some
time. The constriction in pupil diameter was calcu-
lated from the difference in the pupil diameter of
the normal eye from that of the experimental eye at
a particular time.

Statistics

All of the measurements were done in triplicate, and
the results were expressed as the arithmetic mean
plus or minus the standard error on the mean. Sta-
tistical differences (p < 0.05) were calculated with
GraphPad Instat 3 (GraphPad software Inc., San
Diego, California, USA). To assess the extent of total
pharmacological response of the nanoparticles com-
pared to the eye drops, the area under the decrease
in pupil diameter versus time curve (AUC) was cal-
culated with GraphPad Prism 4 software.

RESULTS AND DISCUSSION
Characterization of the nanoparticles

Pilocarpine-loaded PLGA nanoparticles were suc-
cessfully prepared by a double-emulsion solvent
evaporation method. The nanoparticles obtained af-
ter freeze drying were easily redispersed in water
and loaded for TEM. TEM images revealed that the
pilocarpine-loaded PLGA nanoparticles were in the
nanometer size range with a mean diameter of 82
nm (Fig. 1) and a low PDI of 0.09.
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Figure 1 TEM image of the pilocarpine-loaded PLGA
nanoparticles.

The nanoparticles exhibited an EE of 57%; this
might have been due to the leaching of drug out of
the polymer matrix during sonication® (Table I).
The drug loading of particles is dependent on the
size and shape of the carriers. The size of nanopar-
ticles is a crucial factor in determining the drug
delivery to the posterior site of ocular tissues. In a
previous report, the authors stated the size depend-
ency pattern with the in vivo corneal uptake of indo-
methacin-loaded polycaprolactone.” Particles in the
size range of 100 nm are expected to exhibit the
highest uptake and corneal penetration in compari-
son to larger size (800-1000 nm) particles.

The XRD patterns of pilocarpine, blank nanopar-
ticles, and pilocarpine-loaded nanoparticles were
obtained (Fig. 2) and compared to analyze the physi-
cochemical state of the drug inside the polymer. In
the case of pilocarpine, the diffractograms exhibited
an intense peak at 20 values near 19°; this showed
its crystalline nature [Fig. 2(A)], whereas the nano-
particle formulations showed no characteristic peak
of pilocarpine; this indicated that the drug was dis-
persed at a molecular level in the polymer matrix.'®

Stability studies

The stability of nanoparticles at the biological level
is a crucial issue because the size of these particles
plays an important role in their ability to interact
with the mucosal surfaces, in particular, with the oc-
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ular mucosa.** On analyzing the change in nanopar-
ticle diameter over a period of 1 year after formula-
tion, we observed that there was no significant
increase in the diameter of the nanoparticles; this
showed the absence of the formation of clusters
(Fig. 3).

PDI also did not show any considerable change;
this proved the monodispersed distribution of par-
ticles and the absence of agglomeration after storage
(Fig. 4).

Because the amount of drug encapsulated in the
polymer matrix should remain constant over a lon-
ger period, EE determination was done. The nano-
particles did not show any change in the amount of
pilocarpine loaded (Fig. 5); this proved that these
nanoparticles were stable and could be stored for
long-term use.

In vitro drug-release profile

The main aim of this study was to develop a con-
trolled drug-delivery system for increasing the ocu-
lar residence time of pilocarpine. Thus, in wvitro
release studies were conducted in STF to show the
sustained release of pilocarpine from the PLGA
nanoparticles. The pilocarpine-loaded PLGA nano-
particles followed a biphasic pattern, showing an
initial burst release of 28% in the first 2 h, which
was followed by sustained release for up to 24 h.**
The initial burst release might have been due to the
presence of drug present on the surface of the par-
ticles, and the sustained release, which is a charac-
teristic of nanoparticles,”*® was a consequence of
matrix erosion.”” On the contrary, the ophthalmic so-
lution was readily dissolved, releasing almost 100%
pilocarpine in the media because of the absence of
any coating for controlling the release (Fig. 6). More
than 85% of the pilocarpine was released from the
eye drops in the first 2 h, compared to a release of
only 28% drug from the nanoparticle suspension.
Thus, this study indicated a change in the release
pattern on the formulation of the drug from free
form to the nanoparticle form.

In vivo studies

After administration of the drug-free PLGA nano-
particles, the eyes were checked frequently, and no
adverse effects such as swelling, tearing, redness, or
inflammation of the eye were observed; this proved

TABLE I
Characterization of the Nanoparticles

Sample

Mean size (mm) PDI

EE (%) Yield (%) Drug loading (%)

Pilocarpine nanoparticles 827 + 54

0.095 = 0.04

56.7 = 5.9 71.7 £ 2.2 34 +0.76

Journal of Applied Polymer Science DOI 10.1002/app



2034

: L

&

% o A_K A A
=

L

H

= B
=

=

w

2 C
e

5 10 15 20 25 30 35 40

20/°

Figure 2 X-ray diffractograms of (A) pilocarpine, (B)
blank PLGA nanoparticles, and (C) pilocarpine-loaded
PLGA nanoparticles.

the potential of PLGA as a carrier for ocular drug
delivery.”** The persistent release of pilocarpine for
sustained pharmacological response was studied as
the change in pupil diameter as a function of time
after the instillation of equivalent amounts of the
pilocarpine nanoparticle formulation compared to
the pilocarpine ophthalmic solution Pilocar. The
time points that showed a statistically significant dif-
ference (p < 0.05 or p < 0.01) are indicated by single
and double asterisks, respectively, in Figure 7. The
instillation of Pilocar resulted in a fast miotic
response, which soon returned back to normal.
However, in the case of the nanoparticle-based
drug-delivery system, the miosis response was sig-
nificantly more substantial and prolonged (p < 0.01)
compared to the pilocarpine eye drops (Fig. 7). This
was in agreement with previous reports indicating
the potential of nanoparticles for ocular drug
delivery.??!?

The efficacy of the pilocarpine-loaded ocular drug
formulations were assessed on the basis of following
four parameters: (1) the peak miosis intensity (Imax),
(2) the time to reach peak miosis response (fmax), (3)
AUC, and (4) the duration of the miosis response.
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Figure 3 Variation in the size of the nanoparticles with
time.
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Figure 4 Variation in PDI of the nanoparticles with time.

The duration of miosis was the duration for which a
change in pupil diameter of 1 mm or more was
observed. The diameter of 1 mm was arbitrarily cho-
sen as the reference for the calculation of the dura-
tion of miosis response.21 Imaxs tmax, and duration of
miosis response were calculated by linear interpola-
tion between the data points, whereas AUC was cal-
culated with Graph Pad Prism 4 software. As shown
in Table II, the pilocarpine-loaded PLGA nanopar-
ticles produced similar I .« values, that is, the maxi-
mum constriction in the pupil diameter. However,
tmax Was greater for the nanoparticle formulation
(tmax = 60 min) when compared to the 30 min taken
by the eye drops; this was due to the controlled
release of pilocarpine from the nanoparticles. On
treatment with the nanoparticles, the constriction
was sustained for 420 min compared to the 250 min
effect of the eye drops. The duration of miotic
response (the time taken by the pupil diameter to
return to its normal value as an untreated control)
increased by 40% for the nanoparticles; this indi-
cated the sustained release of pilocarpine from the
nanoparticles, as shown in vitro. Also, from the AUC
values, it was seen that the nanoparticle formulation
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Figure 5 Variation in EE of the pilocarpine-loaded PLGA
nanoparticles with time.
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Figure 6 Release pattern of pilocarpine from the PLGA
nanoparticles when compared to the ophthalmic pilocar-
pine solution, Pilocar.

produced a 68% better total miotic response (AUC
was proportional to the amount of drug reaching the
target site) relative to the eye drops; this proved that
pilocarpine entrapment in the PLGA nanoparticles
increased the bioavailability of the pilocarpine.
Although the in vitro release continued for 24 h, in
the case of the in vivo experiment, that much pro-
longed constriction in the pupil diameter was not
seen (this might have been due to the loss of a frac-
tion of the nanoparticle formulation due to lachry-
mal fluid release); from pharmacokinetic point of
view, the increase was considerably important. The
higher efficacy of the pilocarpine-loaded PLGA
nanoparticles when compared to the eye drops was
due to the sustained release of the drug, as already
shown from the in vitro kinetic studies.

The results here indicate the efficiency of uptake
of the PLGA nanoparticles smaller than 100 nm in
size to deliver pilocarpine for the enhancement of
ocular drug absorption and controlled release.*® This
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Figure 7 Plot of the miosis response (in millimeters) as a
function of time comparing PLGA pilocarpine nanopar-
ticles and commercial ophthalmic solution, Pilocar (n = 6,
*p < 0.05, *p < 0.01).
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TABLE II
Comparison of the Pharmacological Efficacy of the
Pilocarpine Entrapped in PLGA Nanoparticles and
Pilocar Commercial Eye Drops

Ocular Duration

delivery Tnax Emax AUC of miosis

system (mm) (min) (mm/min) (min)
Nanoparticles 2.83 60 420 210
Pilocar 2.83 30 250 150

prolonged ocular residence time with enhanced mio-
sis with nanoparticles could reduce the frequency of
administration of the drug and add to patient com-
pliance. The in vivo results, when coupled with the
in vitro studies, clearly demonstrated the enhanced
bioavailability and pharmacological response of
nanoparticles and provided a strong base for the
controlled delivery of pilocarpine.

CONCLUSIONS

Pilocarpine encapsulated in PLGA nanoparticles
were successfully prepared with a double-emulsion
method, for sustained ocular delivery. The nanopar-
ticles obtained were small and uniformly dispersed,
with a diameter of 82 nm. The prolonged sustained
release of pilocarpine in vitro was further supported
by the increase in the ocular residence time of the
drug in vivo when compared to commercial eye
drops (Pilocar). This was accompanied by an
enhancement in miotic response, which showed an
improvement in the bioavailability of pilocarpine.
Thus, the results support the rationale behind the
use of pilocarpine PLGA nanoparticles for ophthal-
mic drug delivery.

The authors gratefully acknowledge the National Institute of
Interdisciplinary Sciences and Technology, Kerala, for carry-
ing out the XRD studies.
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