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Abstract
Brimonidine tartrate (BRT) is a water-soluble anti-glaucoma drug that is available in ophthalmic solution (Alphagan Z®).
Various ocular barriers prevent permeation and precorneal retention of the drugs within the corneal region. In this study,
BRT encapsulated vitamin E-tocopheryl polyethylene glycol succinate (TPGS)-polycaprolactone (PCL) nanoparticles were
prepared to improve permeation through different physiological barriers of eyes. Optimized formulation comprising of PCL
(0.4% w/v) and vitamin E TPGS (0.5%w/v) was characterized. It was revealed that formulation exhibited 243.40 ± 5.21 nm,
0.103 ± 0.020, 78.87 ± 5.32% and +3.23 ± 0.01 mV of mean particle size, polydispersibility index (PDI), percentage
entrapment efficiency (%EE), and zeta potential respectively. Furthermore, optimized BRT loaded nanoparticles were
incorporated into a poloxamer based in situ system and was characterized. In vitro study confirmed that around 93.91 ±
3.12% was the highest recorded of cumulative drug release in simulated aqueous humor over 24 h. Optimized formulation
upon in vivo ocular irritability and tolerability tests were found to be well tolerated with no signs of irritation. A significant
difference in percentage of intraocular pressure (IOP) reduction between marketed eye drop and optimized nanoparticles
based in situ gel was observed in the glaucoma induced rabbit model. These experimental data revealed that nanoparticles
based thermosensitive in situ gel could be utilized to enhance corneal residence time and ensure consistent IOP reduction.
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Highlights
● PCL-TPGS nanoparticles of BRT were prepared using nanoprecipitation method.
● Drug nanoparticles were incorporated into thermosensitive in situ gel systems which provide sustained release than

commercial eye drops.
● Optimized gels are non-irritating confirmed by ocular tolerance in vivo study.
● Developed Nano-gel exhibit IOP lowering capacity confirmed by animal model of glaucoma.

1 Introduction

The development of ocular drug delivery systems are the
most preferred delivery system, attracting great interest due
to its various expedient properties like non-invasiveness and
for better control of glaucoma [1]. Approximately, 90% of
ophthalmic dosage forms are available in form of ocular
drops. Main disadvantage of the eye drop is drug loss if
washed out from surface of the eye due to short precorneal
contact time and lower corneal permeability that results in
less bioavailability contact time with the cornea and there-
fore, frequently administration of dosage is needed to
achieve a therapeutic action during the treatment [2]. Based
on the literature data, various ocular drug delivery systems
including nanoemulsion [3], liposomes [4], niosomes [5],
microparticles [6] has been explored and tested to improve
precorneal residence time and drug permeation through the
cornea. These delivery systems are fabricated by the FDA
approved natural and synthesized polymers like eudragit
[7], hyaluronate [8], cyclodextrins [9], polylactic acid
(PLA) [10], chitosan [11], poly (vinyl alcohol) [12], poly
(vinyl-pyrrolidone) [13], poly(lactic acid-co-glycolic acid)
PLGA, and PCL [14], etc. for ocular route. However, long
term storage stability and their fast clearance associated
with above mentioned ocular drug delivery systems have
been proved. To overcome these problems, another
approach for the improvement of efficacy of drug by
improving the residence time of ophthalmic formulations is
using thermosensitive in situ gel. Generally, thermo-
sensitive in situ gel systems are composed of one or more
hydrophilic polymers with varying physio-chemical prop-
erties. In situ gel-forming systems are mostly fabricated by
sodium alginate [15], poloxamer 407 [16], gellan gum [17]
and HPMC [18], etc. for glaucoma management has been
investigated. These systems showed more stability and
exhibit sol-to-gel phase transitions due to a change in a
specific physicochemical parameter at environmental con-
ditions on their target sites. In recent years, PCL is a
USFDA approved biocompatible polymer and widely
employed in biomedical including implants [19], thin films
[20] and nanofibers [21] and also for drug delivery for
glaucoma [22]. Vitamin E-TPGS is a synthetic, a water-

soluble derivative of natural tocopherol and synthesized by
esterification of vitamin E succinate with polyethylene
glycol (PEG) 1000 [23]. In recent research, TPGS exhibit
co-polymerization with various polymers like PLGA [24],
PCL [25], and PLA [26] for different drug delivery systems.
The PCL-TPGS copolymer has been already explored for
various drug delivery systems like cancer chemotherapy
[27], schizophrenia [28], hypocalcaemia defect [29], neu-
rodegenerative disorder [30], and fungal infection [31], etc.
but not reported for glaucoma management. PCL/vitamin E-
TPGS copolymers could be prepared by ring-opening
polymerization and simple conjugation method. In the
present study, the physical admixture of two different
materials (PCL/vitamin E-TPGS) was used for nano-
particles preparation using nanoprecipitation method [32].
The above system undergoes rapid gelation by addition of
thermosensitive polymer (Poloxamer) after instilled into
cul-de-sac by temperature at 37 °C of eye and provide
sustained release of drug [33]. In this study, PCL-TPGS
nanoparticles of BRT incorporated into thermosensitive
in situ gel systems which provide sustained release as well
as enhanced drug permeation and made an important con-
tribution in the clinical phase. In addition, deciphering the
role of novel nano-in situ gel for glaucoma was thoroughly
characterized by the surface morphology and rheology. In
vitro release study, precorneal release study, ocular toxicity,
and IOP examination in a rabbit model were also explored
to predict its feasibility in overcoming ocular barriers to
glaucoma drug delivery.

2 Materials and methods

2.1 Materials

PCL was purchased from Sigma Aldrich (USA). Poloxamer
407, BRT, and vitamin E TPGS were procured as a gift
sample from BASF India Limited (Thane, India), Enaltec
(Navi Mumbai, India), and Hetro Pharma (Hyderabad,
India), respectively. BRT eye drops i.e., Alphagan Z®,
Allergan (India) was purchased from a local pharmacy. All
other chemicals used in the study were of analytical grade.
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2.2 Methods

2.2.1 Preparation of nanoparticles

Drug-loaded nanoparticles were prepared using nanopreci-
pitation method as described previously [34, 35]. Briefly, at
room temperature, an organic solution of PCL (0.25–0.4%
w/v) in acetone (10 ml) was added to 20 ml of aqueous
TPGS solution (0.3–0.5% w/v) and BRT (0.1%) at different
stirring speed as shown in Table 1. Nanoparticles dispersion
was obtained after solvent evaporation. Then, nanoparticles
were separated after centrifugation (Hettich Mikro 220R
Centrifuge, UK) of nanoparticles dispersion for 60 min at
16,000 rpm maintained at 4 °C. Pellet of BRT nanoparticles
obtained after centrifugation were washed thrice with dis-
tilled water. Finally, the developed nanoparticles were
lyophilized using freeze drier (Labconco, USA).

2.2.2 Characterization of nanoparticles

2.2.2.1 Particle size, PDI and zeta potential Two milliliters
of preparation were taken in a sample cell and mean particle
size, and PDI were determined at room temperature (24 ±
2 °C). All prepared drops were measured in a direction
perpendicular to the light scattering angle [36, 37]. Particle
size analysis and zeta potential of developed formulation
were carried out using a Zetasizer (Malvern Instrument Ltd,
UK). To ensure accurate results each observation was car-
ried out in triplicate.

2.2.2.2 %EE Percentage of drug encapsulated in nano-
particles was determined by subtracting the unencapsulated
amount of drug from total drug concentration (BRT). Five
milliliters of BRT-loaded nanodispersion was centrifuged
for 1 h at 17,500 rpm at 4 °C (Hettich Mikro 220R Cen-
trifuge, UK). Supernatant was analyzed for drug content
using a spectrophotometrically at 246 nm. %EE was cal-
culated by using given below formula.

%Encapsulation efficiency ¼ Wtotal � Wunencapsulated

Wtotal
� 100

ð1Þ

Wtotal= amount of drug added to the formulation
Wunencapsulated= amount of unencapsulated drug

2.2.2.3 Fourier transform infrared spectroscopy (FTIR) All
experiments were recorded at room temperature (25 ±
0.5 °C) and dry conditions. FTIR was used to study the
interaction between BRT, excipients, physical mixture, and
drug-loaded formulation. FTIR spectroscopy instrument
Shimadzu (FTIR 8400S), Japan was used for the study.
FTIR spectra of samples were obtained by scanning on
spectral range from 4000 to 600 cm−1 by using the potas-
sium bromide pellet technique.

2.2.2.4 Differential scanning calorimetry (DSC) DSC was
performed using differential scanning calorimeter (Perkin-
Elmer, USA). To access the interaction between drug and
excipients thermograms have been constructed the thermo-
gram using DSC. Thermograms were carried out by heating
the sample in an aluminum foil at a rate of 10 °C/min at
25–250 °C [38].

2.2.2.5 Surface morphology study Transmission electron
microscopy (TEM) of prepared nanoparticles of BRT was
performed to analyze the surface morphology. For this
study, the nanoparticles were sprinkled onto a glue carbon
tape and sputter-covered (Balzer Union SCD040 coater)
with gold under vacuum [39]. The pictures were taken
utilizing a Carl Zeiss checking electron magnifying instru-
ment at 15 kV.

2.2.3 Preparation of BRT-PCL-TPGS nanoparticles loaded
in situ gel

Preparation of nanoparticles loaded in situ gel was pre-
pared by the cold method [40]. Briefly, various ranges of
poloxamer 407 were kept overnight for 8–10 h in
refrigerator (at 2–4 °C). Under magnetic stirring
(350 rpm) BRT-PCL-TPGS nanodispersion was added in
polymeric solution. Based on gelling capacity and gel-
ling temperature, the formulation was selected for further
evaluation [41].

Table 1 Composition and physicochemical properties of BRT-loaded PCL-TPGS nanodispersion (mean ± SD, n= 5)

Codes PCL (w/v) Vitamin E TPGS (w/v) Speed (rpm) Particle size (nm) PDI Zeta potential (mV) EE (%)

PK-1 0.4 0.3 1200 243.40 ± 5.21 0.103 ± 0.020 3.23 ± 0.01 78.87 ± 5.32

PK-2 0.25 0.4 1200 255.20 ± 8.51 0.140 ± 0.040 3.21 ± 0.12 71.08 ± 8.35

PK-3 0.25 0.5 1600 241.00 ± 7.67 0.092 ± 0.050 4.85 ± 0.08 64.20 ± 6.20

PK-4 0.25 0.3 800 276.40 ± 8.61 0.159 ± 0.020 3.20 ± 0.09 72.40 ± 7.54

PK-5 0.4 0.5 1200 245.31 ± 10.26 0.105 ± 0.040 3.75 ± 0.01 68.30 ± 5.32

PK-6 0.4 0.4 800 318.10 ± 9.27 0.245 ± 0.030 2.84 ± 0.08 81.93 ± 6.61
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2.2.4 Evaluation of BRT-PCL-TPGS nanoparticles loaded
in situ gel

2.2.4.1 Determination of physical appearance and pH For-
mulation appearance like clarity and color was determined
by visual examination against black and white background
before and after gelling. All preparations were tested for pH
using pH meter (Hanna Instruments, Romania) in triplicate.
The average reading was recorded.

2.2.4.2 Determination of gelation temperature Phase
transition temperature of the gel was measured as per the
method described by [42]. Two milliliters of all formulation
were placed in a clear borosilicate glass test tube with gentle
stirring and sealed by parafilm. The test tube in an aqueous
bath heated at 4 °C with a gradual increase in temperature
by 1 °C/min, and allows it to equilibrate for about 15 min
until the formulation solution gets gelled. The samples were
measured for phase transition, which is considered to have
occurred when the bifocal would no longer move when
tilted not less than 90°. The measurements of samples were
performed in triplicates for accuracy.

2.2.4.3 Determination of gelation time It was done by tube
inversion method [43]. Briefly, a test tube containing 2 ml
of in situ gel of all batches were placed in a water bath kept
at 4 °C, adjusted at the gelation temperature i.e., 37 °C. At
different intervals of time, sol-to-gel transition was exam-
ined for gelation by inverting the test tube. Gelation time
was noted in case there was no flow when the test tube was
overturned.

2.2.4.4 Viscosity measurement Viscosities of PCL-vitamin
E TPGS nanoparticles of BRT based in situ were estimated
by Rheometer (Rheolab QC, Anton Paar Ltd, Austria)
outfitted with a cup and bob type geometry. The estimation
of consistency for all tests was performed at the steady shear
rate of 100 s−1 include the meantime 33 s. The Rheoplus®

32v3.40 programming was utilized for the consistency
estimation of gel.

2.2.4.5 In vitro drug release studies In vitro study was
performed using multi-station (six stages) Franz diffusion
assembly (Orchid Scientific, Nashik, India). The permeation
study of BRT-PCL-vitamin E TPGS nanoparticles loaded
in situ gel was explored utilizing simulated tear fluid (pH
7.4) as the medium and temperature at 37 ± 1 °C. At various
time intervals (1, 2, 3, 4, 8, 12, 16, and 24 h) samples were
collected and analyzed for drug release by UV-
spectrophotometer at 246 nm [44, 45].

2.2.4.6 Transcorneal ex vivo permeation study Naturally
extracted goat cornea of full-thickness was fixed between

donor and acceptor compartments of Franz diffusion
using clamped. The corneal area accessible for dispersion
was 1.73 cm2. The receptor compartment was loaded up
with 7 ml of simulated tear fluid (pH 7.4) and all the air
bubbles were removed from the receptor compartment
[46]. The receptor liquid was kept at 37 °C using a mag-
netic bead. About 1 ml of the sample was pulled back
from the receptor compartment at different time intervals
and was analyzed for BRT content by UV Spectro-
photometer. Likewise, marketed preparations of BRT
were additionally utilized (n= 3) to contemplate trans-
corneal saturation crosswise over goat cornea to get
relative outcomes.

2.2.4.7 Ocular irritancy test To verify the safety of an
optimized in situ gel study was performed as per OECD
guideline 405 (Acute Eye Irritation/Corrosion) [47]. The
effectiveness of tested in situ gel was explored by observing
the various parameters like redness, frequency of tear pro-
duction, and corneal ulceration/inflammation after applica-
tion to rabbit’s eyes. In this study, three healthy White New
Zealand rabbits (3.5–3.5 kg) were taken. A single dose of
50 μl of in situ was instilled in the lower conjunctival sac of
the left eye of animal. Untreated eye used as control. At
various time points for 3 days, animals were observed for
presence of any ocular defects [48].

2.2.4.8 Antioxidant studies 1,1-diphenyl-2-picryl-hydrazyl
(DPPH) radical scavenging activity of BRT-PCL-TPGS
nanoparticles was analyzed by the previously performed
method [49]. Results were expressed in percentage of
radical scavenging activity using ascorbic acid as standard.
Nanoparticles dispersion (1 ml) was blended with 2 ml of
newly prepared solution of DPPH with strength 40 mg/l in
methanol and allowed to complete reaction for 30 min. The
analysis scavenging activity of DPPH was carried out using
a UV-Visible spectrophotometer at λ max of 515 nm [50].
The percentage of radical scavenging activity was estimated
by given below formula.

Percentage of Radical scavenging activity ¼ Ao � Asample

A0
� 100

ð2Þ
A0= absorbance of control

Asample= absorbance of samples

2.2.4.9 IOP study The glaucoma was induced in White New
Zealand experimental rabbits by previously described steroid
model [51]. The study was approved by the “Institutional
Animal Ethics Committee” (IAEC), DIPSAR, New Delhi
(India) with the protocol number (IAEC/2016-I/12). Rabbits
were selected (3–3.5Kg) and divided into three groups.
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Group I received marketed formulation and group II was
treated with optimized BRT-PCL-TPGS nanoparticles loaded
in situ gel and group III was treated as control. Compared the
percentage reduction of IOP of rabbits given optimized sol
with the marketed eye drop was studied with the help of
tonometer (Nidek Non-contact tonometer), at different inter-
vals. A single 50 μl dose of 0.1% BRT loaded in situ gel was
instilled onto cornea of animals left eye. At different time
intervals, IOP was determined. The right eye was used as a
control. Using the following equation, percentage decrease in
IOP at many time points were calculated by given below
formula [52].

Percentage decrease in IOP ¼ IOPControl eye� IOPTreated eye
IOPControl eye

:

ð3Þ

3 Results and discussion

3.1 Evaluation of nanoparticles

3.1.1 Particle size, PDI, zeta potential, and % EE

Nanoparticles were prepared batch-wise using various
concentrations of PCL and TPGS at different speed. Pre-
pared nanoparticles exhibit size in the range of
241.00–318.10 nm, with a PDI ranging from 0.092 to 0.245
depending on the proportion of PCL and TPGS con-
centration (Table 1). The mean particle size for optimized
BRT-PCL-TPGS nanoparticle (PK-1) was found to be
243.40 ± 5.21 nm and the PDI value was 0.103 ± 0.020 (Fig.
1a). The particle size of BRT-PCL-TPGS nanoparticles
were slightly increased with increase of PCL concentration
and decreased with increase in stirring speed. Increase in the

Fig. 1 a Particle size and size distribution (PDI) of optimized nanoparticle and (b) zeta potential of optimized nanoparticles
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concentration of polymer increases the diffusional resis-
tance to BRT molecules from organic phase to the aqueous
phase resulting in entrapping more BRT in polymer chains.
In fact, the length of diffusional pathways into the aqueous
phase increases by the increase in particle size which results
in reducing the drug loss through diffusion and increasing
BRT amount. Also at higher polymer concentration, the
required time for polymer precipitation decreases, so there
is less time for diffusion of drug molecules out of nano-
particles, which increases the drug content.

The results indicated that EE decreases with increasing
surfactant concentration behind a certain limit. With an
increase in surfactant concentration in the external aqueous
phase, BRT may diffuse out from the nanodroplets and
solubilize as micelles in the aqueous phase. As more BRT
molecules solubilize in the external aqueous phase, the
amount of surfactant available at the aqueous/organic phase
interface decreases and thus agglomeration of nanodroplets
may take place [53]. The obtained ranges of particle size
were well tolerated and easily permeated by rabbit’s eye
[54]. Zeta potential of optimized BRT-PCL-TPGS nano-
particle was found to be +3.23 ± 0.01 mV, which portrayed
the stability of polymeric nanoparticles (Fig. 1b). The
negative charge of outer layer of cornea and mucus layer of
tear film can easily interact with positively charged nano-
particles. Therefore, nanoparticles easily permeate through
cornea and also prolong retention period on corneal layer. In
a nanosized drug delivery system, zeta potential serves as an
important indicator for stability of nanodispersion since
nanoparticles having higher negative or positive zeta
potential exhibit more repulsive forces which results in
increased stability of system. TPGS exhibits a very good
emulsifying property, which helps in the creation of uni-
form and small nanoparticles. Surfactants avoid the polymer
aggregation and co-dissolve the drug in the organic phase
resulting in more drug encapsulation in nanoparticles.
Experimental values of %EE of optimized formulation was
78.87 ± 5.32%. The encapsulation efficiency of

nanoparticles might be increased by the means of more
hydrophobicity and lower molecular weight (14 kDa) of
PCL as compared with PLGA and PLA copolymer [54, 55].

3.1.2 Surface morphology

The morphology of BRT-PCL-TPGS nanoparticles was
analyzed by TEM. TEM image for blank PCL is shown in
Fig. (2a). BRT-PCL-TPGS nanoparticles are shown in Fig.
(2b). BRT-PCL-TPGS nanoparticles exhibited a fairly
smooth and spherical morphology. Nanoparticles were
discrete, indicating the stability of nanoparticles. Further-
more, nanoparticles exhibited no other colloidal species like
drug particles, other than spherical nanoparticles.

3.1.3 Differential scanning calorimetry

The scan of BRT-PCL-TPGS was not seen as precisely like
the pure drug (Fig. 3). In any case, no significant shift in the
endothermic peak was found in physical blends of medi-
cation and excipients as contrasted and those of una-
dulterated medication, which was seen as at 209 °C. In a
physical blend of medication and excipients, the top was
found at 205.71 °C for the medication. In the thermogram of

Fig. 2 TEM images of (a) blank
PCL-TPGS nanoparticles, and
(b) optimized BRT loaded PCL-
TPGS nanoparticles

Fig. 3 DSC thermograms of (a) BRT, (b) PCL, (c) TPGS, and (d)
optimized nanoparticles
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the upgraded plan, the dissolving endothermic pinnacle
showed up close to the softening temperature of BRT and
was rough of the same power, henceforth the warm conduct
information additionally proposed that the crystallinity of
unadulterated BRT has not been decreased in the entangled
structure.

3.1.4 FTIR

The identity and possible interaction between BRT, vitamin
E TPGS, PCL, poloxamer, PCL-TPGS nanoparticles were
done with the help of FTIR. The different characteristic
peaks of drug, physical mixture, excipients, and formulation
are listed in Table 2. FTIR spectra of vitamin E TPGS is
shown in Fig. 4(a). The carbonyl band and –CH stretching
of TPGS appeared at 1741.47 and 2885.20 cm−1, respec-
tively. The absorption band at 3738.17 cm−1 was attributed
to terminal hydroxyl group and that at 1107 cm−1 was due
to C–O stretching [56]. In Fig. 4 structure of vitamin TPGS,
PCL, and BRT are represented. FTIR spectra of BRT is
shown in Fig. 4(b) showing characteristic NH bending
vibrations at 1590.80 cm−1, C=N, and C= C stretching
vibrations at 1649.44 cm−1, and the C=O group
stretching vibrations at 1730 cm−1. There was also –CN
stretching at 1300 cm−1 [57, 58]. PCL exhibit its char-
acteristic peaks at 2945.20 cm−1, 2869.92 cm−1,
1727.75 cm−1, 1293.04 cm−1, 1240.94 cm−1 and
1177.39 cm−1 were assigned to the asymmetric CH2, sym-
metric CH2, carbonyl stretching (C=O), C–O and C–C
stretching in crystalline phase, asymmetric COC stretching,
and COC stretching, respectively as shown in Fig. 4(c). The
peaks at 1106.85 cm−1 showed the presence of C–O and
C–C stretching in amorphous phase [59]. In Fig. 4(d) it was
observed that all major peaks in FTIR of the pure drug were
retained in the physical mixture of drug, PCL, and vitamin
E TPGS suggesting that there was no interaction between
BRT and excipients. FTIR spectra of the physical mixtures
of BRT with excipients are represented in Fig. 4(d).
Showing preservation of the characteristic bands of BRT
after mixing, indicating the lack of interference with the

Table 2 Interpretation of FTIR spectra for drug incompatibility

Materials Characteristic peak (cm−1)

BRT 3204.34 O–H(stretching), 1590.80 NH bending vibrations, 1649.44 C=N and C=C stretching vibrations,
1730 C=O group stretching vibrations, 1300 –CN stretching

Vitamin E TPGS 3738.17 carbonyl band, 2885.20 –CH (stretching), 3738.17 terminal hydroxyl group, 1107 C–O (stretching)

PCL 2945.20 asymmetric CH2, 2869.92 symmetric CH2, 1727.75 carbonyl stretching (C=O), 1293.04 C–O and
C–C stretching in crystalline phase, 1240.94 asymmetric COC stretching, 1177.39 COC stretching, 1106.85
C–O and C–C stretching in amorphous phase

PCL-TPGS-BRT physical mixture 3201.9 O–H(stretching), 1690 C=N and C=C (stretching), 2880.20 –CH (stretching), 1150 C–O
(stretching)

Optimized nanoparticles 3290.20 C–H stretching vibrations, 1717.75 carbonyl stretching (C=O)

Fig. 4 FTIR spectra of (a) vitamin E TPGS, (b) BRT, (c) PCL,
(d) physical mixture, and (e) optimized nanoparticles
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used excipients. The main characteristic peak of BRT
structure expressed less intensity in BRT loaded PCL-TPGS
nanoparticles and gives an idea about encapsulation of the
drug in polymeric nanoparticles [60].

3.2 Evaluation of BRT-PCL-TPGS nanoparticles
loaded in situ gel

3.2.1 Determination of physical appearance and pH

All formulations were clear and colorless but little translu-
cent due to the opalescent nature of nanodispersion. Also,
the pH values ranges of 5.8–6.2 which is suitable for ocular
application.

3.2.2 Determination of phase transition temperature

An increase in the concentration of the polymer, the gela-
tion temperature of gel reduced for all batches. The poly-
oxyethylene chains present in the thermosensitive polymers
(poloxamer) lowers gelation temperature. Increasing the
concentration of any of the mucoadhesive polymers used
from 12 to 21% produced a gradual decrease in the gelation
temperature of the respective solutions [61]. The results of
phase transition temperatures of various batches are indi-
cated in Table 3.

3.2.3 Determination of gelation time

Preferably, the sol is likely to form gel instantly or in a very
short time on exposure to its gelation temperature to avoid
rapid elimination by tears. Formulation F-1 take maximum
time to gelation, a clear reason for this is less concentration
of poloxamer 407, illustrated in Table 3. Formulation F-4
showed a very short gelation time of ~15.66 s, owing to a
high percentage of poloxamer 407. Results showed that
reduction in sol-gel transition temperature is associated with
more poloxamer content accompanied by a short time of
gelation [62]. Based on gelling capacity, gelation time,
gelling temperature, and viscosity, F-3 formulations were
selected for further evaluation.

3.2.4 Gelling capacity and viscosity measurement

For improving better flow property, gelling property, and
reduced total polymer load, a thermoresponsive in situ gelling
polymer and viscosity modifier (poloxamer) as was selected.
Various concentrations of Poloxamer-407 were used and
characterized for gelling capacity and a viscosity [63]. For-
mulation (F-1) containing lowest polymer content (i.e., 13%
of poloxamer-407), showed low gelling capacity with ‘*’
grade gel, as it remains in sol form at 37 °C. At the hand of all
remaining formulations, as increased poloxamer concentration
(15–19%) in all formulation batches gelling capacity grades
and viscosity were gradually increasing at corresponding
physiological temperature (Table 3). From these findings, it
can be said that the thermo-responsiveness of poloxamer gel
considerably relies on concentration. The higher amount of
poloxamer 407 leads to rapid gelation, but at lower gelation
temperature. This might be due to the fact, that when the
amount of polymers increases, there is increased cross-linking
among the adjacent micelles leading to greater viscosity [64].

3.2.5 In vitro drug release

From the study findings, it was observed that the in vitro
drug release profile of Alphagan Z® (0.1 %) shows a rapid
release profile than the optimized BRT- PCL-TPGS nano-
particles loaded in situ gel (Fig. 5). The optimized in situ gel

Table 3 Characteristic
parameters of BRT nanoparticle-
loaded in situ gel

Formulation Polaxamer-407
(% w/v)

Gelation
time (s)

Gelling
capacity

Gelling temperature
(°C)

Viscosity (cps)

F-1 12 31.55 ± 1.21 * 48.12 ± 2.51 61.23 ± 9.65

F-2 14 25.12 ± 0.98 ** 40.21 ± 5.21 132.25 ± 8.03

F-3 17 20.98 ± 1.87 *** 37.10 ± 0.5 713.24 ± 9.19

F-4 21 15.66 ± 0.22 **** 30.25 ± 1.11 845.25 ± 12.63

*Gelation occurred in few minutes and remained for few hour, **Gelation immediate, remained for few
hour, ***Gelation immediate, and for extended period, ****Very stiff gel

Fig. 5 Drug release pattern of marketed formulation and optimized
nanoparticles loaded in situ gel
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showed 26.94 ± 3.51% at 4 h and followed by sustained
release 93.91 ± 3.12% up to 24 h whereas marketed eye
formulation showed at 96.98 ± 2.11% at 2 h. The optimized
in situ gel containing poloxamer 407 (17%) exhibited slow
and sustained drug release rates were observed. It was
explored that in situ gel might be better holding capacity of
drug nanoparticles and makes the formulation ther-
apeutically efficient [65]. A rapid release mechanism of
in vitro drug release profiles indicates mainly two processes:
relocation of water molecules directly into the in situ gel
and diffusion of the drug. In vitro drug released data follows
mixed release kinetic i.e., zero-order release model (R2 >
0.98) Higuchi diffusion model (R2 > 0.93) given in Table 4.

The best R2 value of zero-order model was observed for
Alphagan Z® drop indicating concentration independent
drug release. In the Hixson–Crowell model, good R2 value
was observed for optimized in situ gel indicating change in
surface area of gel matrix with progressive dissolution of
matrix as function of time. These results concur with those
of Saindane and associate [66].

3.2.6 Transcorneal permeation study

Transcorneal permeation study of optimized in situ gel was
compared with the marketed formulation of BRT. The
developed in situ gel showed a higher permeation rate
through the goat eye 51.18 µg cm−2 h−1 in 4 h whereas
marketed eye drop showed 7.618 µg cm−2 h−1 transcorneal
flux in 4 h (Table 5). The higher permeability coefficient of
in situ gel remarks the sustained release with a controlled
permeation of 10.23 P (cm h−1) of the drug from the PCL
when compared with the marketed formulation which
showed 1.52 P (cm h−1) permeation [65, 67].

3.2.7 Antioxidant studies

DPPH free radical assay is fast and simple screening tech-
nique which compares their effectiveness of radical-
scavenging activity of samples or formulation with

standard [68]. Vitamin E TPGS composed of d- Tocopherol
(27%) and PEG 1000 (65%) and remaining (8%) of succinic
acid [69]. In the studies, the free radical-scavenging activity
of vitamin E TPGS (0.3%) was 83.21 ± 5.21% which is
nearest to standard value of ascorbic acid (97.31 ± 3.23%).
The scavenging activity of BRT-PCL-TPGS nanoparticles
(59.56 ± 6.84%) was mainly provided by vitamin E TPGS
group present in it (Fig. 6).

Table 4 In vitro drug release
kinetics studies of marketed
formulation and optimized
in situ gel

Model name Zero order First order Huguchi Kor’s peppas Hix. Crow

R2 K0 R2 K1 R2 kH n k R2 k

Alphagan Z® eye drop 0.98 0.853 0.871 −0.0304 0.930 9.87 1.95 0.136 0.9153 0.1361

Optimized in situ gel 0.976 0.058 0.983 −0.0012 0.922 9.10 0.942 0.942 0.9958 0.0003

Table 5 Corneal permeation
parameter

Formulation Steady-state flux J
(µg cm−2 h−1)

Permeability coefficient P
(cm h−1)

Marketed formulation 7.618 1.5236

BRT-PCL-TPGS nanoparticle based
in situ gel

51.18 10.236

1

1

Pr
ec

en
ta

ge
  i

nh
ib

i�
on

 o
f D

PP
H 

ra
di

ca
l

0

20

40

60

80

100

120

Ascoorbic Acid (Std)

Precen

) Vit E 

ntage  Inhibi�o

TPGS (0.3%)

n of DPPH Rad

(0.1%) BR

dical

RT + (0.3%) Vit 
TPGS

E

Fig. 6 DPPH scavenging activity vitamin E TPGS and optimized
in situ gel

Fig. 7 IOP activity of marketed formulation and BRT-PCL-TPGS
loaded nanoparticles incorporated in situ gel
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3.2.8 Pharmacodynamic study for the evaluation of IOP

The in vivo IOP results explained that Alphagan Z® showed a
decreased IOP reaching its maximum value of 15.7 ± 2.6 at
4 h and then returned to decreasing the normal value of IOP
rapidly. The percentage reduction of IOP of BRT-PCL-
TPGS nanoparticles in situ gel (38.36 ± 3.21%) was higher
than marketed formulation (19.5 ± 3.1%) till 6 h. After 6 h,
marketed formulation was found to rapidly decreasing its
IOP activity, the percent of reducing IOP value close to
normal i.e., 9.1 ± 3.3% at 8 h. In addition, novel optimized
in situ gel (29.92 ± 2.54) has highest percentage reduction of
IOP till 8 h (Fig. 7). Based on these results, two outcomes are
observed in this formulation; firstly, in situ gel has
mucoadhesive property which adhere to the cornea of eye
therefore reduction of drug loss. Secondly, drug nano-
particles easily permeate to corneal surface and reaches to
target sites, as a result of which the absorption of BRT has
longer period of time for reducing of IOP [70]. It was evident
that the nanoparticles loaded in situ gel exhibit a considerable
IOP reducing activity for a prolonged period of time as
compared with that of a marketed eye drop. Nanoparticles
loaded in situ gel enhances up-take favorably by modifying
the drug release characteristics of drug through the cornea.

3.2.9 Ocular irritancy test

The eye irritation studies as a result of in situ gel admin-
istration into the left eye of albino rats were evaluated for
next 3 days. The formulation was graded for eye lesions,
and no ocular damage was observed into the cornea, iris of
the eye (Fig. 8). Therefore, the optimized formulation
incorporated into in situ gel was found to be safe, non-
irritant and non-corrosive.

4 Conclusion

BRT loaded PCL-TPGS nanoparticles were developed
using PCL and vitamin E TPGS using nanoprecipitation

technique. In addition, the study also explored the inclusion
of the nanodispersion into poloxamer 407 based thermo-
sensitive in situ gel for ocular management. The formula-
tion was in sol form at room temperature and underwent
rapid gelation upon raising temperature to 37.10 ± 0.5 °C.
The ratio of PCL-vitamin E TPGS (1:1.25) nanodispersion
exhibited small particles size and high EE. PK-1 formula-
tion was therefore selected to be incorporated into polox-
amer (17%) based thermosensitive in situ gel. In situ (F3)
was selected on the basis of good quality of gelling capa-
city, gelling time, and viscosity. The results of in vitro and
transcorneal permeation release studies confirmed the sus-
tained release of drug from prepared in situ gel up to 24 h.
In DPPH assay, the studies showed that optimized in situ
gel showed free radical-scavenging activity as compared
with ascorbic acid as standard. Nanoparticles loaded in situ
gel showed better IOP lowering capacity as compared with
marketed eye drops till 8 h. After application of prepared gel
in eyes no ocular irritancy was observed. The ex vivo
permeation study showed that the prepared formulation
BRT-PCL-TPGS permeated greater amount of drug per unit
of time than other formulation tested justifying that the
nanoparticles had a greater IOP reducing effect to the
commercial formulation in the in vivo study. The developed
nanoparticles loaded in situ gel may confirm to be a good
alternative to conventional formulations, and could be uti-
lized in the management of glaucoma. These nanoparticu-
late drug delivery in situ gel system exhibited better ocular
drug efficacy by improving ocular bioavailability without
blurring the vision in glaucoma, thus increasing the patient
compliance.
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