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Abstract. In the present study, an effort was made to design prolonged release Eudragit nanoparticles of
brimonidine tartrate by double emulsion–solvent evaporation technique for the treatment of open-angle
glaucoma. The effect of various formulation variables like initial drug amount, lecithin proportion, phase
volume and pH, secondary emulsifier and polymer proportion were studied. Various process variables
like energy and duration of emulsification, lyophilization on the characteristics of nanoparticles and in
vitro drug release profile were studied. The selected formulations were subjected to in vivo intraocular
pressure-lowering efficacy studies by administering aqueous dispersion of nanoparticles into the lower cul
de sac of glaucomatous rabbits. The prepared Eudragit-based nanoparticles were found to have narrow
particle size range and improved drug loading. The investigated process and formulation variables found
to have significant effect on the particle size, drug loading and entrapment efficiency, and in vitro drug
release profile of nanoparticles. The selected formulations upon in vivo ocular irritability and tolerability
tests were found to be well tolerated with no signs of irritation. In vivo pharmacodynamic efficacy studies
revealed that the selected nanoparticle formulations significantly improved the therapy as area under the
ΔIOP vs. time curve [AUC(ΔIOP vs.t)] showed several fold increase in intensity and duration of intraocular
pressure (IOP) decrease. All the selected nanoparticle formulations were found to prolong the drug
release in vitro and prolong IOP reduction efficacy in vivo, thus rendering them as a potential carrier in
developing improved drug delivery systems for the treatment of glaucoma.
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INTRODUCTION

The treatment of glaucoma requires the therapeutic agent
to be present at the site of action at an optimal concentration for
a prolonged period of time in order to control the increasing
intraocular pressure tominimise the frequency of administration
and to improve patient compliance. The topical administration
of ophthalmic drugs in aqueous solution form, which are
currently most accessible ocular formulations, results in exten-
sive precorneal loss facilitated by the rapid tear fluid turnover
(1). Typically less than 5% of topically applied drug penetrates
the cornea and reaches the intraocular tissues (2). Many
approaches have been investigated for the improvement of
topical drug delivery for ocular therapeutics.

Nanoparticles, colloidal drug carriers, whose size range
from 10 to 1,000 nm could be an attractive approach, which can
deliver drug at the right dosage to the right target organ. The
nanoparticles can prevent or minimise the entrapped drug from
undergoing degradation, metabolism and cellular efflux in the

course of drug delivery (3,4). Also, since they are present in the
sub-micronic size range, they may be applied in liquid form just
as eyedrops, avoiding the discomfort associated with the other
dosage forms. Many polymers ranging from natural, semi
synthetic, synthetic and biodegradable have been investigated
in the preparation of ocular nanoparticles. Polymers investi-
gated are bovine serum albumin (5), poly(lactide-co-glycolide)
(6–8), chitosan (9–12), polymethacrylates (13), poly epsilon-
caprolactone (14,15) and poly carboxylic acid (16,17).

Brimonidine tartrate (BRT) [5-bromo-6-(2-imidazolidinyli-
deneamino) quinoxaline L-tartrate] is a selective alpha-2 adre-
nergic agonist, used as ocular hypotensive agent. Its ocular
hypotensive effect is due its ability to decrease aqueous humour
production and increase uveoscleral outflow (18,19). Its selectivity
towards alpha-2 adrenergic receptors (19,20) and its neuro-
protective activity on retinal ganglionic cells (20) makes it as an
important therapeutic agent for the treatment of open-angle
glaucoma (21). In few clinical trials, it has been shown to have
comparable ocular hypotensive activity to that of timolol (22,23).
In another clinical trial, it was found to have intraocular pressure
(IOP)-lowering efficacy greater than that of betaxolol (24). It is
also shown to have neuroprotective actions on retinal ganglionic
cells of the retina in glaucoma (25–29) thus making it as an
important addition to the class of antiglaucoma agents that is not
contraindicated in patients with cardiopulmonary disease (21,22).
The loading of the drug in the nanoparticles could result in slower
release over several hours, thus prolonging the IOP reduction and
improved neuroprotective actions of BRT on RGC cells.
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Eudragit RL 100 (ERL 100) and Eudragit RS 100 (ERS
100) are inert polymeric resin copolymers of poly(ethacrylate,
methylmetacrylate and chlorotrimethyl ammonioethyl metha-
crylayte) containing an amount of quaternary ammonium
groups, ranging between 4.5–6.8% and 8.8–12.0% for RS and
RL, respectively. Several reports are cited in the literature on
the application of ERS 100 and ERL 100 as polymeric carriers
for the delivery of drugs (30–33). Most of them are for the
entrapment of water-insoluble/lipophilic drugs. No reports are
available in the literature on the entrapment of water-soluble
drug using ERL 100 and/or ERS 100 with better loading and
entrapment efficiency. However in the present investigation, the
authors have made no attempt to compare the relative efficacy
of Eudragit to entrap water-soluble or insoluble molecules.

In the present study, BRT nanoparticles were prepared
using ERL 100 and ERS 100 in combination by double
emulsion–solvent evaporation method. The resultant nano-
particles were evaluated for particle size, drug loading, and
entrapment efficiency and in vitro drug release profile. Selected
formulations were evaluated in vivo for their IOP-lowering
efficacy on alpha-chymotrypsin-induced glaucomatous rabbits
in comparison to marketed preparation of BRT.

MATERIALS AND METHODS

Materials and Equipments

Brimonidine tartrate was obtained as a gift sample from
FDC Ltd, Mumbai, India. Eudragit RL 100 and Eudragit RS
100 were obtained from Evonik Degussa, Mumbai, India.
Soya lecithin, Pluronic F-68 (PF-68), dialysis membrane
(10,000 Da) and alpha-chymotrypsin (type II, lyophilized
powder, ≥40 units/mg protein) were purchased from Sigma
Aldrich, Bangalore, India. Poly(vinyl) alcohol was purchased
from SD Fine chemicals, Mumbai, India. Brimonidine tartrate
eyedrops (Iobrim® E/D, FDC, Mumbai, India) was purchased
randomly from Indian market. Each millilitre of Iobrim® E/D
contains 2 mg of brimonidine tartrate equivalent to 1.3 mg of
brimonidine base in aqueous-buffered vehicle. All other chem-
icals and reagents used were of analytical grade.

A five-digit analytical balance Mettler Toledo (AG135,
Mettler, GMBH, Greifensee, Switzerland) was used for all
weighing purposes. For dispersing polymer in suitable solvents,
magnetic stirrer (Remi, Mumbai, India) was used. Probe
sonicator (Microsons probe sonicator, Micronix Inc., NY,
USA) was used in preparing the nanoparticles. Solvent removal
was carried out using Rotavapor (Buchi® Rotavapor R-210,
Switzerland). Centrifugation was carried out using centrifuge
(Remi Compufuge CPR 42, Mumbai, India). Obtained nano-
particles were lyophilized using freeze dryer and vacuum
centrifuge (Maxi Dry Lyo, Heto, Germany). For the character-
isation of nanoparticles, Zetasizer (3000HS-Zetasizer, Malvern
Instruments Inc., Malvern, UK), scanning electron microscopy
(SEM; JSM 840A, Jeol, Japan) and transmission electron
microscopy (200CX, Jeol, Japan) were used. In vitro release
studies were carried out using the United States Pharmacopeia
(USP) type I dissolution apparatus (basket type, Electrolab
TDT-08 L, Mumbai, India). The IOP was measured using
calibrated Schiotz tonometer (Scope medical, Mohali, India)
provided with standard weights.

Preparation of Nanoparticles

Nanoparticles were prepared by double emulsion–solvent
evaporation technique. The drug dissolved in aqueous phase was
dispersed in dichloro methane (DCM) containing ERL 100 and
ERS 100 and soya lecithin, under ultrasonication using a ultra-
sonicator (Microsons probe sonicator) at 10 kWenergy for 2 min
in pulsed mode (30 sec per cycle) under controlled temperature
(4°C) for the formation of w/o emulsion. The primary emulsion
was added rapidly into an aqueous phase: phosphate buffer
(pH 7.4, 100 mM) containing poly(vinyl) alcohol (PVA) or PF-
68 under vigorous stirring and ultrasonication (Microsons probe
sonicator) at 10 kWenergy for 2 min in pulsed mode (30 s/cycle)
under controlled temperature (4°C) to form w/o/w emulsion.
The double emulsion was stirred for 2 h for the removal of
organic phase. The complete solvent removal was attained by
using Rotavapor (Buchi® Rotavapor) at 25°C over a period of
30 min. The obtained nanoparticle dispersion was centrifuged
(Remi Compufuge CPR 42) at 14,000 rpm at 4°C for 15 min,
washed with distilled water and finally lyophilized. The samples
for lyophilisation were pre-freezed at −20°C for 12 h. Lyophi-
lisation was carried out after adding suitable cryoprotectants
(1%w/vmannitol) in glass ampoules for 24 h at 1 mbar pressure
and −110°C temperature (using Maxi Dry, Heto, Germany) to
obtain free-flowing powder. The prepared nanoparticles were
stored in tightly sealed containers under refrigeration.

The effect of initial drug amount (10, 20, 30, 40 and 60 mg),
emulsifier type and proportion (lecithin: 0.05, 0.1, 0.15 and 0.2%
w/v; PVA and PF-68 at 0.5%, 1.0%, 1.5% and 2.0% w/v,
respectively), phase volume ratio [internal to external ratio (ml)
of 1:30, 2:30, 3:30 and 4:30; 3:20, 3:30, 3:40 and 3:60, respec-
tively], phase pH (internal: 2.0, 4.0, 6.0, 7.4 and 8.5; external: 6.0
7.4, 8.0 and 9.0) and polymer proportion on the characteristics of
nanoparticles were extensively investigated. The composition of
nanoparticle formulations prepared is shown in Table I.

Characterization of Nanoparticles

Drug Content Estimation

The drug entrapped in the nanoparticles was estimated
by dispersing the weighed amount of particles in DCM (2 ml)
by ultrasonication and followed by extraction of free drug
into phosphate buffer pH 7.4 (2 ml). The extract was analysed
for brimonidine spectrophotometrically at 248 nm after suitable
dilution (34). The drug loading efficiency (LE) and drug
entrapment efficiency (EE) was calculated using Eqs. 1 and 2,
respectively.

Drug loading efficiency

¼ Drug content in the product obtained mgð Þ
Total product weight mgð Þ � 100 ð1Þ

Drug entrapment efficiency

¼ Drug content in the product obtained mgð Þ
Total amount of drug added mgð Þ � 100 ð2Þ
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Particle Size

The particle size analysis of prepared nanoparticle
formulations were performed by using photon correlation
spectroscopy in Malvern Zeta Sizer equipped with He–Ne
laser beam at a wavelength of 633 nm and 90° scattering

angle. For measurement, about 5 mg of formulation was
dispersed in 10 mL of Milli-Q® water. Obtained homogenous
dispersion was immediately used for the determination of
mean particle diameter. The data acquisition and processing
was performed using PCS software (Malvern Instruments
Inc.)

Table I. Formulation Composition for Eudragit-Based Brimonidine Tartrate Nanoparticle Formulations

Formulation code BRT (mg)a Org. phase
ERS:ERL
(mg)

LCT
(% w/v)

PVA
(% w/v)

PF-68
(% w/v)

Internal
phase
(ml)

External
Phase
(ml)

pH (internal
phase/external
phase)

Effect of initial drug amount
BENP-D10 10 EtOAc 100:100 0.1 – 1.0 3 30 7.4/7.4
BENP-D20 20 EtOAc 100:100 0.1 – 1.0 3 30 7.4/7.4
BENP-D30 30 EtOAc 100:100 0.1 – 1.0 3 30 7.4/7.4
BENP-D40 40 EtOAc 100:100 0.1 – 1.0 3 30 7.4/7.4
BENP-D60 60 EtOAc 100:100 0.1 – 1.0 3 30 7.4/7.4
Effect of lecithin proportion
BENP-L0.05 30 EtOAc 100:100 0.05 – 1.0 3 30 7.4/7.4
BENP-L0.10 30 EtOAc 100:100 0.15 – 1.0 3 30 7.4/7.4
BENP-L0.15 30 EtOAc 100:100 0.10 – 1.0 3 30 7.4/7.4
BENP-L0.20 30 EtOAc 100:100 0.20 – 1.0 3 30 7.4/7.4
Effect of internal phase volume
BENP-IP1 30 EtOAc 100:100 0.10 – 1.0 1 30 7.4/7.4
BENP-IP2 30 EtOAc 100:100 0.10 – 1.0 2 30 7.4/7.4
BENP-IP3 30 EtOAc 100:100 0.10 – 1.0 3 30 7.4/7.4
BENP-IP4 30 EtOAc 100:100 0.10 – 1.0 4 30 7.4/7.4
Effect of external phase volume
BENP-EP20 30 EtOAc 100:100 0.10 – 1.0 3 20 7.4/7.4
BENP-EP30 30 EtOAc 100:100 0.10 – 1.0 3 30 7.4/7.4
BENP-EP40 30 EtOAc 100:100 0.10 – 1.0 3 40 7.4/7.4
BENP-EP60 30 EtOAc 100:100 0.10 – 1.0 3 60 7.4/7.4
Effect of secondary emulsifier (PVA)
BENP-PVA0.5 30 EtOAc 100:100 0.10 0.5 – 3 30 7.4/7.4
BENP-PVA1.0 30 EtOAc 100:100 0.10 1.0 – 3 30 7.4/7.4
BENP-PVA1.5 30 EtOAc 100:100 0.10 1.5 – 3 30 7.4/7.4
BENP-PVA2.0 30 EtOAc 100:100 0.10 2.0 – 3 30 7.4/7.4
Effect of secondary emulsifier (PF-68)
BENP-PF0.5 30 EtOAc 100:100 0.10 – 0.5 3 30 7.4/7.4
BENP-PF1.0 30 EtOAc 100:100 0.10 – 1.0 3 30 7.4/7.4
BENP-PF1.5 30 EtOAc 100:100 0.10 – 1.5 3 30 7.4/7.4
BENP-PF2.0 30 EtOAc 100:100 0.10 – 2.0 3 30 7.4/7.4
Effect of internal phase pH
BENP-IpH2 30 EtOAc 100:100 0.10 – 0.5 3 30 2.0/7.4
BENP-IpH4 30 EtOAc 100:100 0.10 – 1.0 3 30 4.0/7.4
BENP-IpH6 30 EtOAc 100:100 0.10 – 1.5 3 30 6.0/7.4
BENP-IpH7.4 30 EtOAc 100:100 0.10 – 1.5 3 30 7.4/7.4
BENP-IpH8.5 30 EtOAc 100:100 0.10 – 2.0 3 30 8.5/7.4
Effect of external phase pH
BENP-EpH6.0 30 EtOAc 100:100 0.10 – 1.0 3 30 7.4/6.0
BENP-EpH7.4 30 EtOAc 100:100 0.10 – 1.0 3 30 7.4/7.4
BENP-EpH6.0 30 EtOAc 100:100 0.10 – 1.0 3 30 7.4/8.0
BENP-EpH8.5 30 EtOAc 100:100 0.10 – 1.0 3 30 7.4/9.0
Effect of polymer proportion
BENP-P50 30 EtOAc 1:1 (50) 0.10 – 1.0 3 30 7.4/7.4
BENP-P100 30 EtOAc 1:1 (100) 0.10 – 1.0 3 30 7.4/7.4
BENP-P510 30 EtOAc 1:1 (150) 0.10 – 1.0 3 30 7.4/7.4
BENP-P200 30 EtOAc 1:1 (200) 0.10 – 1.0 3 30 7.4/7.4
BENP-P100 30 EtOAc 1:2 0.10 – 1.0 3 30 7.4/7.4
BENP-P100 30 EtOAc 2:1 0.10 – 1.0 3 30 7.4/7.4

BRT brimonidine tartrate, EtOAc ethyl acetate, ERS Eudragit RS 100, ERL Eudragit RL 100, LCT lecithin, PVA (poly)vinyl alcohol, PF-68
Poloxamer Pluronic 68
aAmount per 200 mg of polymer
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In Vitro Drug Release Studies

The in vitro release of BRT from the Eudragit nano-
particles was carried out at 37±0.5°C using 25 ml of freshly
prepared simulated tear fluid (STF; pH 7.4) using dialysis
membrane pouches (dialysis membrane of 10,000 Da). Accu-
rately weighed lyophilised nanoparticle formulations were
dispersed in 1 ml of STF (pH 7.4) introduced into the
pouches, which were maintained in USP dissolution appara-
tus (USP type I, basket type) agitated at 50 rpm. Samples
were withdrawn at predetermined time intervals, diluted
suitably and brimonidine was analysed spectrophotometri-
cally at 248 nm (34). The percentage of drug released at each
time interval was calculated as cumulative percent drug
release. Percent drug release was determined based on the
initial amount of nanoparticles taken for the studies and were
plotted as a function of time (h). The drug release (60% w/w
drug release) was then fitted into Korsmeyer–Peppas (KP)
model (Eq. 3) to ascertain the release kinetics and mechanism
of drug release. The KP model is given by,

Mt=M1 ¼ Ktn ð3Þ
where, ‘K’ is kinetic constant incorporating structural and
geometric characteristics of the matrix, Mt is the amount of
drug released at time t, M∞ is the amount of drug released at
infinite time, and n is the release exponent indicative of
release mechanism. If n=0.45, it indicates a Fickian diffusion-
controlled release process. If n=0.45–0.89, it indicates non-
Fickian anomalous considered as combination of drug
diffusion in the hydrated matrix and polymer relaxation and
erosion. If n=1.0, it indicates zero-order release and if n is
more than 1.0, it indicates super-Case II release. The values
of ‘n’, ‘K’ and ‘R2’ were used to determine the release rate
mechanism and a best-fit model. Based on the regression
analysis of log% drug released vs. log time, data using
Eq. 3, the value of n, K and R2 were determined. Using n
and K values, t10%, t50% and t90% (time for 10% w/w, 50%
w/w and 90% w/w drug release, respectively) were
calculated.

Stability Studies

The stability studies of selected nanoparticle formula-
tions in dispersed and in freeze-dried state were carried out as
per International Conference on Harmonisation guidelines
after storage of the formulations for 24 months. The storage
conditions employed were ambient (25°C±2°C/60±5% RH),
refrigeration (5±3°C) and freeze (−20±5°C). The required
volume of nanoparticle dispersion was stored in closed glass
bottles and sealed tightly. At predetermined time intervals,
samples were withdrawn and studied for the characteristics
such as loading and entrapment efficiency, particle size and in
vitro drug release profile.

In Vivo Studies

Animals

New Zealand white rabbits weighing 2.5–3.5 kg were
provided by the Central Animal House Facility of Birla
Institute of Technology and Science (BITS), Pilani and were

housed under controlled and standardised conditions. They
were fed a normal pellet diet and water was given ad libitum.
The animals were acclimatised to light and dark cycles for
12 h. All the animals met the following criteria: (1) both the
eyes were completely healthy with no injury or history of
injury, (2) the basal IOP was in the range of 22±3 mm Hg,
and (3) the IOP difference between contralateral eyes were
not exceeding 2 mm Hg. Animal handling and studies were
conducted in accordance with the Principles of Laboratory
Animal Care (National Institutes of Health publication no
92–93, revised in 1985) and in conformation with Association
for Research in Vision and Ophthalmology and was approved
by the Institutional Animal Ethics Committee of BITS, Pilani
(protocol no: IAEC/RES/12-04).

Ocular Irritation Studies

Ocular irritation studies were performed on selected
formulations showing promising in vitro results, according to
Draize technique (35) on healthy New Zealand white rabbits
each weighing 2.5–3.5 kg, divided into following three groups.
The solutions saline, marketed eyedrop (2–3 drops; Iobrim®
E/D (containing 2 mg/ml drug), FDC Ltd, Mumbai, India)
and selected nanoparticle formulations were administered as
aqueous dispersion in phosphate-buffered saline (pH 7.4)
once a day for a period of 7 days. At the time of formulation
instillation, the animals were maintained in restrainer boxes
but allowed to move their heads freely. The evaluation was
performed according to the Draize technique (35) by periodi-
cally observing for ocular redness, swelling and watering
conjunctival chemosis, discharge and corneal lesions. The
standard scoring system was followed to ascertain the out-
come of the experiment.

In Vivo Pharmcodynamic Studies

Induction of Glaucoma

Rabbits were anaesthetized by intramuscular injection of
4 mg/kg of Xylazine and 35 mg/kg of Ketamine. Chronic
ocular glaucoma was induced by a single posterior injection of
alpha-chymotrypsin (10 mg/ml, 0.1 ml) into posterior segment
of eye in rabbits (36). Care was taken to avoid the contact of
alpha-chymotrypsin with the surface of the eye. A daily
ocular examination was followed for few days. After 2–3 days
of injection, one drop of ciprofloxacin eyedrop (Ciplox®
Cipla, India), dexamethasone eyedrop (Dexacip®, Cipla,
India) and a drop of diclofenac sodium eyedrop (Voltaren®,
Novartis, India) were instilled to prevent topical inflamma-
tion. Animals that showed cases of severe inflammation and
erratic or inconsistent IOP increase were excluded from the
study. When the IOP was stabilised to 39±3 mm Hg, for three
successive days, the pharmacodynamic response studies were
initiated.

For IOP-lowering studies, the selected nanoparticles
were administered as aqueous dispersions (2 mg/ml) prepared
in phosphate-bufferred saline (pH 7.4). The corresponding
reference treatment was conventional ophthalmic drops
(Iobrim® E/D (containing 2 mg/ml drug), FDC Ltd, Mumbai,
India). Both the test and reference products were instilled
(two drops in each case) carefully into the lower cul de sac of
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the left eye of the rabbits (n=3) while to the right eye, two to
three drops of normal saline was administered. The saline-
treated eye acted as control in the experiments. Immediately
after instillation, eye lid was closed for 10 s in order to avoid
spillage or movement of the preparation. IOP was measured
by using calibrated Schiotz tonometer (Scope medical,
Mohali, India) at different time intervals. The change in
IOP (ΔIOP) at each time point from the stabilised IOP (zero
time) was determined by

$IOP ¼ IOPzero time � IOPtime t

ΔIOP is reported as mean (±SEM) of three animals (n=3)
for each treatment at each time point. The ΔIOP vs. time curve
was plotted to compare the efficacy of prepared formula-
tions with the conventional ophthalmic drops and the
comparison was done in terms of (1) Imax, peak decrease in
IOP; (2) tmax, time to reach peak IOP decrease; (3) area
under the curve (AUC)(ΔIOP vs.t), area under the ΔIOP vs.
time curve; (4) duration of IOP decrease and (5) slope of
terminal linear portion of the decrease in IOP vs. time curve
(37). The AUC(ΔIOP vs.t) of ΔIOP vs. time curve was
calculated using trapezoid rule (also calculated using Graph
Pad Prism 4 software). The AUCRel was calculated using the
following equation

AUCRel ¼
AUC $IOP vs: tð ÞTest designed formulationsð Þ

AUCð$IOP vs: tÞReference marketed eye dropsð Þ

Data Analysis

The difference in the in vivo performance of different
treatments formulations was compared using paired t test for
means using Microsoft Office 2007 Excel package.

RESULTS AND DISCUSSION

The double emulsion–solvent evaporation technique was
found to be suitable for the preparation of BRT-loaded ERS–
ERL nanoparticles. The particles obtained with ERS–ERL
were of low mean size, well suited for ocular application. The
low drug incorporation may be attributed to the high water
solubility of BRT. A rapid diffusion of the drug into the
aqueous phase during secondary emulsion formation resulted
in a low drug incorporation. The effect of various formulation
variables like initial drug amount, lecithin proportion, phase
volume and pH, secondary emulsifier and polymer proportion
were studied. Various process variables like energy, duration
of emulsification and lyophilization on the characteristics of
nanoparticles and in vitro drug release profile has been
elaborately discussed in the following sections.

Effect of Initial Amount of Drug

When the initial drug loading was increased from 10
to 30 mg the particle size (PS) and EE increased
significantly (p<0.01) but no statistically significant differ-
ence (p<0.05) was observed in case of LE (Fig. 1).
Further increase in initial drug loading from 30 to 60 mg
significantly decreased the PS (p<0.001), increased the LE
(p<0.001) and decreased the EE (p<0.01).

Effect of Lecithin Proportion

The results of effect of varying lecithin proportion on the
characteristics of nanoparticles are shown in Fig. 2. Lecithin
as emulsifier for the preparation of nanoparticles at a
concentration of 0.1% w/v of primary emulsion produced
nanoparticles with an average particle size of 299 nm and LE
and EE of 5.2% w/w and 34.6% w/w, respectively. Increase in
lecithin proportion from 0.1% w/v to 0.2% w/v significantly
(p<0.001) decreased average particle size which could be due
the stabilisation of primary emulsion droplets during emulsi-
fication process and also increase in viscosity of external
phase. However with increase in lecithin concentration, the LE
and EE decreased significantly (p<0.001). With 0.15% w/v, the
average particle size, LE andEEwere found to be 254 nm, 4.8%
and 20.6% w/w, respectively. Further increase in lecithin
concentration (2% w/v) resulted in further decrease in particle
size to 237 nm with LE of 2.5% w/w and EE of 18.2% w/w,
respectively. The decrease in entrapment and loading efficiency
upon increase in lecithin concentration can be attributed to
slowing of the rate of formation of the nanoparticles because of
decreased rate of evaporation of the organic layer due to
increased viscosity of the organic layer in the presence of higher
proportion of lecithin. Decrease in lecithin proportion to
0.05% w/v resulted in statistically significant increase in
average particle size, LE and EE to 312 nm (p<0.05),
7.6% w/w (p<0.01) and 39.9% w/w (p<0.01), respectively.

Effect of Phase Volume

The internal and the external phase volume ratio
employed at pH 7.4 for both phases during the emulsion
preparation process greatly influenced the formation of
emulsion and hence the characteristics of the nanoparticles
obtained (Figs. 3 and 4).

Decrease in the internal aqueous phase volume of
primary emulsion from 4 ml to 1 ml resulted in statistically
significant decrease in average particle size from 311 nm to
220 nm (p<0.001). A corresponding decrease in LE from
5.9% w/w to 2.0% w/w (p<0.001) and EE from 40.1% w/w to
6.8% w/w (p<0.001) was also observed. Higher internal phase
volume results in lower drug concentration in the internal
aqueous phase. This decrease in drug concentration decreases
the loss of drug from the internal phase through drug
diffusion process and thereby contributing to increase in LE
and EE. Also during emulsification process, with constant
energy and duration, decrease in internal phase volume
resulted in decrease in droplet size of primary emulsion
resulting in decreased average particle size. At lower internal
phase volume, the increase in number of droplets with
smaller size may also contribute to the increased loss of drug
by diffusion resulting in lower LE and EE.

In the case of designed Eudragit-based nanoparticles of
BRT, increasing the volume of the external phase decreased
particle size, entrapment and loading efficiency. The formu-
lation with 20 ml of external phase showed an average
particle size of 358 nm, LE of 7.6% w/w and EE of 44.3% w/w.
Upon increasing the external phase volume to 30ml, there was a
significant decrease (p<0.001) in average particle size to 299 nm,
LE to 5.2% w/w and EE to 34.6% w/w. Further increase in
external phase volume to 60 ml decreased the average particle
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Fig. 1. Effect of initial drug amount on the characteristics of Eudragit-based brimonidine tartrate nanoparticle formulations.
Each data represents the average of two batches in triplicate with standard deviation. *Statistically significant difference
from 10 mg initial drug amount (IDA; p<0.01). **Statistically significant difference from 10 mg IDA (p<0.05). #Statistically
significant difference from 30 mg IDA (p<0.001). ##Statistically significant difference from 30 mg IDA (p<0.01)

Fig. 2. Effect of proportion of lecithin on the characteristics of Eudragit-based brimonidine tartrate nanoparticle
formulations. Each data represents the average of two batches in triplicate with standard deviation. *Statistically significant
difference from lecithin conc. of 0.1%w/v (p<0.001). #Statistically significant difference from lecithin conc. of 0.1%w/v (p<0.01).
##Statistically significant difference from lecithin conc. of 0.1% w/v (p<0.05)
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size to 234 nm (p<0.001), LE to 4.1% w/w (p<0.01) and EE to
29.9%w/w (p<0.05). The decrease in average particle size could
be due to the increase in external phase volume which could be
due to non-agglomeration of formed nanoparticles in dispersed

phase and better emulsification during secondary emulsion
formation. The decrease in LE and EE upon increase in
external phase volume is probably due to higher diffusion of
drug during double emulsification process due to more favour-

Fig. 3. Effect of varying internal phase volume on characteristics of Eudragit-based brimonidine tartrate nanoparticle
formulations. Each data represents the average of two batches in triplicate with standard deviation. *Statistically significant
difference from internal phase volume of 4 ml (p<0.001)

Fig. 4. Effect of varying external phase volume on the characteristics of Eudragit-based brimonidine tartrate nanoparticle
formulations. Each data represents the average of two batches in triplicate with standard deviation. *Statistically significant
difference from external phase volume of 20 ml (p<0.001). #Statistically significant difference from external phase volume of
30 ml (p<0.001). ##Statistically significant difference from external phase volume of 30 ml (p<0.01). ###Statistically
significant difference from external phase volume of 30 ml (p<0.05)
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able concentration gradient from internal phase to the external
aqueous phase.

Effect of Aqueous Phase pH

The aqueous phase pH was found have a significant
influence on nanoparticle characteristics. When the pH of the
internal phase was increased from 2.0 to 7.4 (Fig. 5a) while
keeping external phase pH at 7.4, the particle size, LE and
EE significantly decreased (p<0.0001). On the other hand,
increase in the external phase pH from 6.0 to 9.0 significantly
increased the particle size, LE and EE (p<0.0001; Fig. 5b).

The pH of the solution governs the ionisation of the drug
and hence its solubility. BRT, a weak basic drug with a pKa of
7.22 (34), exhibits predominately ionised form at acidic pH
ranges where its solubility is higher and hence the drug loss
due to rapid diffusion into external phase (pH 7.4) is less
resulting in increased mechanical entrapment of drug into the
nanoparticles. Increase in internal phase pH from 2.0 to 7.4
pH results in decrease in extent of ionisation and therefore
resulted in a decrease in average particle size while drug
loading and entrapment efficiency also decreased. The
decrease in LE and EE would be due to the fact that increase
in pH decreases the solubility of drug in the internal phase,
hence higher trend for diffusion of drug into the external phase.

At higher pH values of external phase, an increase in
average particle size, increase in drug loading and entrapment
efficiency was observed due to the decreased solubility of the
drug in external phase maintained at higher pH. The decrease
in solubility in higher pH external phase presents with an
unfavourable diffusion path from internal to external phase
consequently LE and EE increased.

Effect of Secondary Emulsifier (Type and Proportion)

Upon increasing the proportion of PVA (as secondary
emulsifier from 0.5% w/v to 2.0% w/v) particles size
decreased significantly (p<0.0001) whereas both LE and EE
increased significantly (P<0.0001 and p<0.01, respectively, in
case of LE and EE) as shown in Fig. 6a. Similar trend was
observed when PF-68 was used as secondary emulsifier in the
double emulsion (Fig. 6b). In the case of PF-68, as the
secondary emulsifier proportion was increased from 0.5% w/v
to 2.0% w/v, the particles size of the nanoparticles decreased
from 368 to 221 nm (p<0.001) whereas LE increased from
4.9% w/w to 11.0% w/w (p<0.0001) and EE increased from
31.2% w/w to 49.6% w/w (p<0.0001).

The increased LE and EE in both cases can be attributed
to the formation of stable secondary emulsion and formation
of uniform dispersion which increased drug encapsulation
efficiency and prevented drug loss. The average particle size
decreased with the increased proportion of secondary emul-
sion, which could be due the stabilisation of primary emulsion
droplets during emulsification process and also increase in
viscosity of external phase. However, the effect was more
pronounced in the case of PF-68 when compared to PVA
because PF-68 when used as secondary emulsifier does not
incorporate viscosity to the solution, hence net shear during
emulsification would be higher than that of PVA formula-
tions, which ultimately contributed to smaller as well as

narrower average particle size when compared to PVA-based
formulations.

Effect of Polymer Proportion

The average particle size increased with increasing total
ERS100/ERL100 proportion (100–400 mg of 1:1 ERL 100 to
ERS 100 ratio) in the formulation (Fig. 7). The particle size
increased from 245 nm [BENP-1:1(50)] to 410 nm [BENP-1:1
(200)] (p<0.0001). This increase is attributed to the fact that
increased polymer percentage resulted in increased extent of
agglomeration of particles under constant net shear of
emulsification. Net shear of emulsification is the total energy
(in kilowatt) applied during ultrasonication and stirring
process to the emulsion system in order to fabricate a stable
emulsion. This energy varies with duration of emulsification/
stirring. Formation of high viscous polymer solution and
consequent increase in droplet size of emulsion caused an
increase in particle size. The LE was decreased from 5.6% w/w
[BENP-1:1(50)] to 3.4% w/w in case of BENP-1:1(200) with p<
0.001. The EE was increased significantly (p<0.0001) from
30.1% w/w [BENP-1:1(50)] to 59.1% w/w [BENP-1:1(200)].
This could be due to increased polymer proportion and
the extent of encapsulation of the drug while LE did not
increase.

Statistically significant increase (p<0.001) was observed in
the average particle size when the relative proportion of ERL
100 to ERS 100 was reversed from 1:2 to 2:1 in the formulation
with total polymer proportion kept constant at 300 mg. The
corresponding EE values decreased from 51.2% w/w to 47.6%
w/w for the two formulations (p<0.1). However, statistically
insignificant difference was observed in case of LE for the
relative ERL100 to ERS 100 ratio of 1:2 and 2:1.

In vitro Drug Release Studies

The BRT release from the prepared nanoparticles
showed varying profiles over a period of time depending on
the composition of formulations, environment of preparation
or process parameters.

The in vitro release profiles of varying proportions of
PVAwere shown in Fig. 8a. It is evident that the formulations
with higher proportion of PVA resulted in higher initial burst
release, and drug release was faster than the formulations
with lower proportion of PVA. The higher burst release with
increased PVA proportion could be due to the fact that
increased PVA resulted in decreased average particle size,
which increased the effective surface area exposed to the drug
release media, subsequently resulting in increased initial
release. The dissolution and release of surface-bound PVA
molecules caused the initial high release. Also, increased
PVA proportion increased LE in the nanoparticle formula-
tion, which further contributed to increased burst release. The
formulations with lower proportion of PVA showed higher
average particle size, lower LE, hence decreased the burst
release and a prolonged release of drug was observed.

With PF-68 as secondary emulsifier, the trend in drug
release was found to be similar to that of PVA as emulsifier
(Fig. 8b). The increased PF-68 proportion decreased average
particle size and therefore, a higher burst release and a faster
rate of drug release was observed.
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The drug release from nanoparticle formulations with
varying PVA and PF-68 proportion is shown in Table II. In
case of formulations with varying PVA proportions, the
release exponent ‘n’ varied from 0.60 to 0.67, suggesting a
non-Fickian anamolous drug transport mechanism in the

release of drug. Multiple mechanisms such as swelling,
erosion, polymer relaxation, etc. might play a role in drug
release. As the proportion of PVA was increased, a gradual
decrease in release exponent values was observed. This could
be because rapid dissolution of PVA from the surface of the

Fig. 5. Effect of varying internal phase pH (a) and external phase pH (b) on characteristics of Eudragit-based brimonidine
tartrate nanoparticle formulations. Each data represents the average of two batches in triplicate with standard deviation.
*Statistically significant difference from internal phase pH of 2.0 (p<0.0001). #Statistically significant difference from
external phase pH of 6.0 (p<0.0001)
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nanoparticles created pores or channels and further drug
release might have been through these pores or channels
rather than by erosion.

Similar results were also observed in the case of
formulations with varying PF-68 as secondary emulsifier.
The drug release was by non-Fickian anamolous mechanism.

Fig. 6. Effect of varying PVA proportion (a) and PF-68 proportion (b) on the characteristics of Eudragit-based brimonidine
tartrate nanoparticle formulations. Each data represents the average of two batches in triplicate with standard deviation.
*Statistically significant difference from PVA conc. of 0.5% w/v (p<0.0001). **Statistically significant difference from PVA
conc. of 0.5% w/v (p<0.01). #Statistically significant difference from PF conc. of 0.5% w/v (p<0.001). ##Statistically
significant difference from PF conc. of 0.5% w/v (p<0.0001)
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The in vitro drug release profile of formulations with
varying polymer proportions showed a decreased rate of drug
release with increase in total polymer proportion (Fig. 9). The
polymer proportion played major role in determining the
burst release, duration of release along with having impact on
physicochemical characteristics of nanoparticles. Increase
in the total proportion of ERL 100 and ERS 100 from 100
to 400 mg resulted in significant decrease in burst effect
from 28.4% [BENP-1:1(50)] to about 15.0% in the case of
formulation BENP-1:1(200). The t20% for BENP-1:1(50)
was found to be 1.4 h while for the formulation BENP-1:1
(200), it was found to be 3.7 h (Table II). At higher
proportions of polymer, the formation of compact polymer
matrix and higher degree of encapsulation of drug into
the matrix would have resulted in the decreased burst
release (Fig. 9).

The duration of drug release was also greatly affected by
the proportion of polymers in the formulations. As the
polymer quantity was increased, the drug release was found
to be more sustained for a longer period of time. In the case
of formulation BENP-1:1(50), the t90% value was found to be
25.4 h, while increasing the total polymer amount to 200 mg
in BENP-1:1(100) resulted in increase of t90% to 33.9 h.
Further increase in total polymer amount to 300 mg in BENP-
1:1 (150) and to 400 mg in BENP-1:1 (200) resulted in further
controlled release of the entrapped drug with t90% values of
45.2 and 59.4 h, respectively, with complete release by 72 h
(Table II). Variations in the relative proportions of ERL 100
and ERS 100 (BENP-1:2 and BENP-2:1) did not alter the
release profile significantly.

Formulations with varying amount and proportions of
polymer showed drug release mechanism by non-Fickian
anamolous transport. Increase in the polymer proportion did
not alter the drug release mechanism.

Stability Studies

The stability studies performed at various storage
conditions ambient (25°C±2°C/60±5% RH), refrigeration
(5±3°C) storage in freezer (−20±5°C) to determine the
effect of these conditions on selected nanoparticles in
terms of degree of aggregation, drug content, particle size
and ease of redipersibility. Nanoparticle batches showed
detectable aggregation at ambient conditions, while at
refrigerated (5±3°C) storage in freezer (−20±5°C) con-
ditions negligible aggregation was observed. The phys-
icochemical characteristics were found to be unaltered
upon storage under refrigerated and freeze-dried condi-
tions, while at ambient condition, detectable changes in
the physicochemical characteristics are observed after
6 months of storage.

In Vivo Studies

Ocular Irritation and Tolerability Studies

The results of ocular irritability and tolerability studies of
selected nanoparticle formulations suggested that all the
formulations investigated were well tolerated with no signs of
any irritation or toxicity. The scores were found to be the same

Fig. 7. Effect of polymer proportion on characteristics Eudragit-based brimonidine tartrate nanoparticle formulations. Each
data represents the average of two batches in triplicate with standard deviation. *Statistically significant difference from
total polymer content of 100mg (p<0.0001). **Statistically significant difference from total polymer content of 100mg (p<0. 001).
#Statistically significant difference from BENP-1:2 (p<0.001). ##Statistically significant difference from BENP-1:2 (p<0.1)
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as that of marketed preparation, which shows the potential of
the developed formulation as ocular delivery systems.

In vivo Pharmacodynamic Studies

The glaucoma induction by alpha-chymotrypsin is pri-
marily because of lysis of zonular material and trabecular
meshwork which serves to drain the aqueous humour in and out
of the eye, lysis of which results in its accumulation and
subsequent increase in IOP. This model has been found suitable
for the studies involving comparison of drug effects on IOP
reduction and can thus be extrapolated into human glaucoma
(38,39). Both the test product (designed nanoparticle disper-
sions) and reference conventional eyedrop solution was admin-
istered only once to obtain relative comparison between single-

Table II. Results of Drug Release Kinetics Studies for the Eudragit-Based Brimonidine Tartrate Nanoparticle Formulations Fitted into
Korsmeyer–Peppas Kinetics Model

Batch code

K–P model

n t20% (h) t50% (h) t90% (h)

Effect of varying proportions of PVA
BENP-PVA0.5 0.66 3.2 12.1 42.2
BENP-PVA1.0 0.59 2.8 9.2 34.4
BENP-PVA1.5 0.59 2.2 7.9 30.2
BENP-PVA2.0 0.57 1.9 6.6 27.3
Effect of varying proportions of PF-68
BENP-PF0.5 0.63 2.9 13.0 41.0
BENP-PF1.0 0.49 2.5 10.2 33.9
BENP-PF1.5 0.68 2.1 8.3 31.1
BENPPF2.0 0.58 1.2 6.8 25.8
Effect of varying amount and proportions of polymer
BENP-1:1(50) 0.64 1.4 7.3 25.4
BENP-1:1(100) 0.49 2.5 10.2 33.9
BENP-1:1(150) 0.57 3.0 12.8 45.2
BENP-1:1(200) 0.58 3.7 17.3 59.4
BENP-1:2 0.59 2.9 15.7 42.4
BENP-2:1 0.55 2.7 14.1 41.3

n Release exponent indicator of drug release mechanism; t20%, t50%, and t90% time taken (in h) for 20%, 50% and 90% drug release, respectively

Fig. 8. In vitro release profiles of Eudragit-based brimonidine
tartrate nanoparticle formulations prepared with different propor-
tions of a PVA and b PF-68. Each datapoint represents the average of
two batches in triplicate with standard deviation

Fig. 9. In vitro release profiles of Eudragit-based brimonidine
tartrate nanoparticle formulations prepared with varying proportions
of polymer. Each datapoint represents the average of two batches in
triplicate with standard deviation
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dose administrations. In both the case, approximately 222 μg
BRT was administered as single dose. The control saline
treatment (right eye) IOP measurements were found to be
statistically not different from baseline IOP values (p<0.001).

The Eudragit RS100- and Eudragit RL100-based nano-
particle formulations with improved in vitro characteristics
(BENP-D30, BENP-IP4, BENP-PF20 and BENP-1:1(150))
were selected for in vivo studies. The selected nanoparticle
formulations showed narrow particle size, high drug loading,
and efficiency and prolonged release of drug and were stable.

The nanoparticle formulations were found to decrease
the elevated IOP in rabbits in glaucoma for a longer period of
time when compared to conventional eyedrop formulation [p<
0.0001 for AUC(ΔIOP vs. t)]. As shown in Fig. 10 and in Table III,
the Imax for all the selected nanoparticles was lesser in
comparison to eyedrop preparation. Imax was 7.77 mm Hg for
BENP-D30, 7.97mmHg for BENP-IP4, 7.71mmHg for BENP-
PF20 and 7.6 mm Hg for BENP-1:1(150) in comparison to
8.55 mm Hg for eyedrop preparation. The tmax was about 2–3 h
for nanoparticles, while it was 1 h for marketed eyedrop
preparation. This suggested that the drug has to get dissoluted

and then absorbed into the eye while eyedrop preparation had
drug in dissolved form, hence a rapid absorption occurred. The
formulation BENP-D30 showed an AUC(ΔIOP vs. t) of 204.93 h
mmHg.When the internal phase in the BENP-D30 formulation
was increased to 4 ml (BENP-IP4), the AUC(ΔIOP vs. t) was
decreased to 151.73.

In case of formulation BENP-PF20, where the PF-68
proportion was 2.0% w/w compared to 1.0% w/w in case of
BENP-D30, the particle size was found to decrease and with
corresponding increase in drug loading, loading efficiency and in
vitro drug release rate. In vitro observations correlated with in
vivo effect as seen by reduced duration of IOP reduction effect to
36 h compared to 48 h in case of BNP-D30. The AUC(ΔIOP vs. t)

was found to be slightly decreased to 136.33 h mmHg compared
to 204.93 h mm Hg for BENP-D30.

When the polymer proportion was increased from 100:
100 (ERS: ERL; BENP-D30) to 150:150 (ERS: ERL; BENP-
1:1(150)), the particle size was slightly increased. The in vitro
drug release was more prolonged and the corresponding in
vivo effect lasted for 72 h. The AUC was increased to 268.09.
The AUCRel in comparison to eyedrop formulations was
found to be 5.34 for BENP-D30, 3.95 for BENP-IP4, 3.55 for
BENP-PF20 and significantly improved to 6.98 for the
formulation BENP-1:1(150). The lower value of slope for
the terminal portion of the ΔIOP vs. time curve for all the
selected Eudragit nanoparticles compared to eyedrop prepa-
rations suggested that nanoparticle formulations were slowly
eliminated compared to eyedrops.

CONCLUSIONS

The BRT nanoparticles were prepared using ERS 100
and ERL 100 polymers by double emulsion–solvent evapo-
ration method. The double emulsion–solvent evaporation
method was found to be suitable for the preparation of
BRT nanoparticles of low average particle size, improved
drug loading and entrapment efficiency, and prolonged and
controlled release of BRT over a longer period of time.
Various formulation and process variables were investigated
to study the effect of these variables on the characteristics of
nanoparticles. The effect of initial drug loading, phase volume
ratio, surfactant concentration, aqueous phase pH, secondary
surfactants and polymer proportion showed varying effects of
particle size, drug loading and entrapment efficiency and in
vitro drug release. The optimised formulations showed
improved drug loading and entrapment efficiency and

Fig. 10. Comparative IOP reduction profile for the selected Eudragit
(ERL 100 and ERS 100)-based brimonidine tartrate nanoparticle
formulations in comparison with commercial eyedrops (Iobrim®
E/D) in glaucomatous rabbits. Each ΔIOP data point represents
the mean (± SEM) of three animals (n=3). BRT Brimonidine
tartrate (*amount per 200 mg of polymer), EtOAc ethyl acetate,
ERS Eudragit RS 100, ERL Eudragit RL 100, LCT lecithin, PVA
(poly)vinyl alcohol, PF-68 Ploxamer pluronic 68

Table III. Results of In Vivo Pharmacodynamic Efficacy Studies of Selected Eudragit (ERL 100 and ERS 100)-Based Brimonidine Tartrate
Nanoparticle Formulations in Comparison with Commercial BRT Eyedrops (Iobrim® E/D) in Glaucomatous Rabbits

Formulation Imax (mm Hg) tmax (h) AUC(ΔIOP vs. t) (h mm Hg) Slope Duration (h) AUCRel

Eyedrops (Iobrim® E/D) 8.55±0.21 1 38.40±4.21 0.4763 6 –
BENP-D30 7.77±0.32 3 204.93±5.33* 0.1022 48 5.3
BENP-IP4 7.97±0.21 2–3 151.73±4.98* 0.1055 48 4.0
BENP-PF2.0 7.71±0.19 3 136.33±5.12* 0.1244 36 3.6
BENP-1:1(150) 7.69±0.24 3 268.09±4.89* 0.0855 72 7.0

Imax Maximum reduction in IOP (mmHg), tmax time taken for maximum reduction in IOP (h), AUC(ΔIOP vs. t) area under the ΔIOP vs. time curve,
slope slope of terminal linear portion ofΔIOP vs. time curve,AUCRel ratio of AUC(ΔIOP vs. t) test (designed formulations) toAUC(ΔIOP vs. t) reference
(marketed eyedrops). Each ΔIOP data point represents the mean (± SEM) of three animals (n=3)
a Statistically significant difference from conventional eyedrop (p<0.0001)
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extended release of drug over 48–72 h which could be a
promising tool for designing long-acting BRT ophthalmic
formulations. The stability studies showed that the selected
formulations were found to be more stable at freezer and
refrigerator temperature conditions than at room temperature.

The nanoparticle formulations were found to decrease
the elevated IOP in rabbits in glaucoma for a longer period of
time. The AUC(ΔIOP vs. t) for the selected formulations were
about seven times higher than that of eyedrop preparations.
The slow elimination of administered particles from the eye
and controlled and prolonged release of encapsulated drug
makes them a potential carrier for the delivery of drug in the
treatment of glaucoma. Eudragit-based nanoparticles con-
trolled the release of drug (in vitro) and reduced IOP for up
to 72 h [BENP-1:1(150)] showing a significant increase in
both extent and duration of IOP reduction. As the study was
carried out on rabbits after glaucoma induction, the results
can be extrapolated to humans as this model is shown to be
identical to human glaucoma (38,39). The obtained results
shows that the developed nanoparticle formulations have
potential in improving BRT delivery to the eye in treating
glaucoma and can potentially increase patient compliance by
reducing the frequency of administration.
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