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A B S T R A C T   

Glaucoma is a chronic eye disease characterized by elevated intraocular pressure (IOP) which causes severe 
complications to the eyes and may lead to vision loss. The effective treatment of such diseases motivated the 
search for novel and unique drugs and delivery systems. It has been reported that, nifedipine (NF) is effective in 
reducing the elevated IOP due to vasodilatation of eye vascular smooth muscles. NF loaded thermo-sensitive in 
situ gels were prepared by the cold method using poloxamer 407 (P407) and hydroxypropyl methyl cellulose 
(HPMC) polymers adopting Box-Behnken experimental design. All the prepared formulae were tested for ho-
mogeneity, clarity, pH, isotonicity, gelling capacity, rheological behavior, in vitro drug release and were tested in 
vivo on rabbits. The prepared in situ gels were homogenous, transparent, having a pH ranged from 5 to 5.5 and 
undergo sol-gel transition within few seconds physiological temperature. The in situ gels showed sustained in vitro 
release of NF where about 76% of the loaded drug was released over 12 h. NF loaded in situ gels showed a 45.83 
± 2.91% reduction in the IOP, with no sign of toxicity or irritation to the eye in rabbits. The current in-
vestigations clarified the efficiency of this novel and unique NF loaded in situ gel for the control of the IOP 
compared to the conventional ophthalmic dosage forms.   

1. Introduction 

Glaucoma is a chronic ophthalmic disorder caused by increased 
intraocular pressure (IOP) due to retention and backup of aqueous 
humor, which is excreted from a ciliary gland of the eye. The elevated 
IOP may lead to astringent complications such as optic neuropathies 
resulting in a decrease in neurons and axons of the retina. The eye 
consists of trabecular mesh-work spongy tissues which act as a drain for 
the eye. The problem arises when this trabecular mesh-work become 
clogged so prevents aqueous humor from leaving the eye. As a result, the 
accumulated aqueous humor inside the eye increases the IOP which 
affects the nerve cells of eye make the nerve cells more compressed and 
then finally destroy them. Nerve cells are responsible for the occurrence 

of visual mechanism as they deliver visual information to the brain, so 
the death of these cells results in loss of vision [1].Additionally, high 
levels of endothelin-1 (ET-1), a vasoactive peptide released by the 
vascular endothelial cells, have been reported to be a part of the glau-
coma pathogenesis process. High levels of ET-1 may reduce the blood 
flow in the optic nerves by constricting the extra-ocular vessels. Also, it 
may increase the retinal venous pressure by constricting the retinal vein 
[2]. 

Nifedipine (NF) is a dihydropyridine calcium channel blocker 
currently used to treat high blood pressure and angina pectoris. 
Recently, it has been reported that, NF can be beneficially used for 
treatment of elevated IOP because it may block the vasoconstrictor ef-
fect of ET-1 leading to vasodilatation of eye vascular smooth muscles 
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which decrease the IOP. When NF is taken orally, it suffers from short 
biological half-life and poor bioavailability due to first pass metabolism. 
So, local ocular administration of NF in situ gel may be a new approach 
to achieve a prolonged effect on the eye and to avoid the systemic side 
effects of NF such as decreasing the blood pressure [3]. 

Ocular drug delivery is a very challenging and at the same time 
effective for the treatment of eye disorders. Many physiological barriers 
represent a problem for effective ocular drug delivery such as small 
volume of the conjunctival sac, rapid wash off outside the eye, nasola-
crimal drainage and dilution by the tears. Based on these facts, topical 
ocular application of the drugs using conventional dosage forms such as 
solutions and suspensions shows low ocular bioavailability and very 
short duration of action. Furthermore, the cornea serves as a barrier to 
drug molecules entering the eye due to the tight epithelial junctions that 
reduce the paracellular drug permeation mechanism [4,5]. 

Recently, several researches have worked on responsive in situ gel to 
improve the ocular drug delivery. In situ gel has various advantages such 
as administration of accurate dose and enhanced ocular retention time. 
As well as, copolymerization agents and organic solvents are not used 
during gel formation. These are basically liquids which converted into a 
viscoelastic gel in the ocular surface following administration in the 
response of pH, temperature, and ion [6]. Thermo-sensitive in situ gel-
ling systems are probably the most extensively studied formulations for 
ocular drug delivery [7]. The temperature change acts as a stimulus for 
the sol-gel transition which occurs in the polymer lower critical solution 
temperature (LCST). Below the LCST, the hydrogen bonding between 
the polymer hydrophilic groups and the water molecules lead to the 
dissolution of the polymeric chains and the system remains in a solution 
form. At a temperature above the LCST, the hydrophobic-hydrophobic 
interaction increases facilitating the sol-gel conversion. Poloxamers, 
N-isopropylacrylamide copolymers, tri-block copolymer of poly-(-
DL-lactic acid co glycolic acid) polyethylene glycol (PEG)-PLGA and 
polycaprolactone are examples of thermo-gelling polymers that are used 
in the preparation of in situ delivery systems for local ocular drugs [8]. 
Polymers used in the formulation of in situ gel suffer from a major 
drawback of having weak mechanical strength which leads to rapid 
erosion. To solve this problem researcher focuses on blends of polymers 
for the development of in situ gel. Moreover, to improve patient 
compliance polymer blends were incorporated into the formulation to 
decrease the amount of polymers required for gelation [7,9]. The in situ 
gel system containing NF will be prepared aiming to: (a) achieve local 
and sustained effects on the eye controlling IOP. (b) NF in situ gel can 
avoid the undesirable systemic side effects of NF, like, reflex tachycardia 
secondary to pronounced vasodilatation, hypotension and flushing, and 
some severe adverse effects, including cerebral vascular accident, and 
myocardial ischemia and infarction, (c) to decrease frequent adminis-
tration of NF due to its reported short half life (2 h) and hence, it is 
eliminated rapidly, and repeated daily administrations are needed to 
maintain effective plasma levels and d) to overcome its low and irregular 
bioavailability of about 50% after oral administration with a high first 
pass effect [10]. 

The objective of the current study is to prepare NF loaded in situ 
gelling systems composed of poloxmer 407 (P407), Poloxmer 188 
(P188) and hydroxypropyl methylcellulose K4M (HPMC). Box-Behnken 
design (BBD) (three factors, three levels) will be used to optimize NF in 
situ gel formulations according to percent drug released, gelation tem-
perature and gelation time. The optimum NF ocular in situ gel will be 
also evaluated for visual appearance and clarity, pH measurement, and 
viscosity determination. The in vivo performance of the optimum for-
mula will be further evaluated in rabbits and will be compared with the 
marketed conventional eye drops. 

2. Materials and methods 

2.1. Materials 

Nifedipine (NF) was obtained as a free sample from Pharco Phar-
maceutical Co., Alexandria, Egypt. Poloxamer 407(P407) and polox-
amer 188 (P188) bought from Sigma-Aldrich (Saint Louis, Missouri, 
USA). Hydroxypropyl methylcellulose K4M (HPMC) bought from Fluka 
Chemical Company, Germany. All the other chemicals and solvents used 
were of highest analytical quality. 

2.2. Experimental design 

Box-Behnken Design (BBD) was adopted to study, the main interac-
tion and quadratic effects of independent variables on the selected re-
sponses using second order polynomial equations designed with Design 
Expert software (Version 10, Stat-Ease Inc., USA) and to statistically 
optimize the formulation factors. The design matrix includes seventeen 
experimental runs, consisting of a group of points at the midpoint of 
each edge of the multi-dimensional cube, in addition to replicating 
center points (n = 3) to estimate the pure error of the cubic design. The 
extremes of the combined factors were removed as guided by ‘missing 
corners’ of the design model [11]. Tables 1 and 2 show different vari-
ables and constrains of the design, the seventeen combinations of factors 
per BBD and measured responses, respectively. Independent variables 
have been studied and experimental trials have been conducted with all 
nine possible combinations. The concentrations of X1(NF),were 0.5%, 
1%, 1.5% w/v, X2 (HPMC) were 1%, 2% and 3% w/v, and the concen-
trations of X3 (P407)were 15%, 20% and 25% w/v. Measured responses 
were R1: cumulative percent released after 6 h (Q6h, %), R2: gelation 
temperature (GT,◦C), and R3: gelation Time (G-time, s). 

2.3. Preparation of in situ thermo-sensitive NF gel 

In situ forming gels were prepared using a cold method whereP407, 
P188 and HPMC were dispersed separately in a suitable quantity of 
distilled water, stirred for 1 h and cooled overnight at 4 ◦C. Next day, the 
polymeric solutions of P407, P188 and HPMC were mixed with 
continuous stirring for 1 h and kept in 4 ◦C overnight. This mixture was 
added to the specified drug amount in distilled water, stirred continu-
ously until it dissolved, and the pH was adjusted to 7.4 by adding 0.1 N 
sodium hydroxide solution. 0.5% w/v of calcium carbonate has been 
used to provide good cross linking and strong gels have been formed to 
remain intact and buoyant for 24 h.0.2% w/v of sodium citrate was used 
to prevent pre-administration gelling of the formulation [12] and ben-
zalkonium chloride (BZC) (0.01%) was added as a preservative. The gel 
formed in situ gels were stored in the refrigerator until use [13]. 

2.4. Characterization of the prepared NF in situ gels 

2.4.1. Visual appearance, homogeneity and clarity 
The in situ gel formulations that have been prepared were examined 

Table 1 
Box-Behnken experimental design variables and constrains.  

Independent variables Levels  

-1 0 +1 Constrains 

*X1 0.5% 1% 1.5% In range 
*X2 1% 2% 3% In range 
*X3 15% 20% 25% In range 
Dependent variables     
R1: Cumulative percent released after 6 h (%Q6 h)  Maximize 
R2: Gelation temperature, (GT,oC)   29–30 
R3: Gelation time (G-time, S)   Minimize 

*X1: NF concentration, X2: HPMC concentration, and X3: P407 concentration. 
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visually, under white and dark background, for clarity, color homoge-
neity, presence of particles and fibers [14]. 

2.4.2. Determination of pH and isotonicity of in situ NF gel 
The pH of the in situ gel formed was measured using a previously 

calibrated pH meter (Jenway 3510, USA) at room temperature. The 
measurements were performed in triplicate and the mean + standard 
deviation (SD) was calculated [15]. Isotonicity is very important 
parameter for ophthalmic preparations in order to avoid corneal irrita-
tion and tissue damage. The hemolytic method was used for the test. The 
formula was applied to a few blood drops, which were then examined 
under an optical microscope at 450x and compared to hypotonic, hy-
pertonic, and normal saline solutions [16]. 

2.4.3. Gelation temperature (GT) and gelation time (G-time) determination 
The GT of the NF in situ gels was determined using the test tube 

inversion method (TTM). In brief, test tubes containing 1 ml cold sam-
ples were placed in a water bath at 20 ◦C. The temperature was gradu-
ally increased by 1 ◦C and the samples were equilibrated for 5 min. The 
GT of the formula is the temperature at which the NF solution stopped 
flowing after the test tube has been inverted [17].To determine the 
G-time, a few drops of each formula were installed (using a Pasteur 
pipette) into an aluminum pan placed on a hot plate and equilibrated at 
35 ◦C.By tilting the pan at 90 degrees, the gelation was examined. When 
the free-flowing solution was converted into thick gel and ceased to flow 
(no change in meniscus), the final G-time was recorded [18]. 

2.4.4. Gelling capacity determination 
The gelling capacity of the optimum NF in situ gel was determined by 

adding a drop of the formulation in a vial containing 2 ml of freshly 
prepared simulated tear fluid (0.67 g sodium chloride, 0.2 g sodium 
bicarbonate, 8 mg sodium chloride dehydrate and water to 1000 ml) at 
35 ◦C and visually inspecting the samples. Gel formation time and the 
time took to dissolve the formed gel were recorded to determine the 
grade of gelling capacity, which was evaluated as follows [19].  

– No gelation has occurred 
+ After a few minutes, the gel formed and quickly dissolved 
++ The gel formed immediately and remained for a few hours 
++ + The gel formed immediately and stayed for a long time  

2.4.5. Rheological investigation 
A Brookfield viscometer (Model HBDV-I CP, Spindle CPE-41, Mid-

dleboro, MA, USA) was used to evaluate the rheological behavior of the 
optimized NF in situ gel. During the test, 0.5 g of the tested formula was 
loaded into the viscometer plate at 25 ◦C and 37 ◦C to test the thermo- 
gelling behavior of the in situ gel. To obtain valid results, the torque 
should be in the 10–100% range. The power law model was used to 
study the rheological behavior of viscosity and shear stress in relation to 
shear rate. 

τ = kγn  

Where, τ is the shear stress, γ is the shear rate, k is the consistency index 
and n is the flow index, the value of n determines the system’s flow. For 
Newtonian systems, n = 1, if n < 1 is a shear thinning system, and if 
n > 1 is a dilatant system. To investigate the flow pattern, rheological 
data were fitted to the non-Newtonian Bingham’s, Carreau’s and Casson 
models. The NF in situ gel flow pattern was best described by the model 
with the highest R2 value [4]. 

2.4.6. Stability studies 
The stability tests for the prepared in situ gel formulation were per-

formed for 6 months at room temperature (25 ◦C) and the effects on pH, 
GT and viscosity were observed and measured after 3 and 6 months of 
storage [20]. 

2.4.7. In-vitro drug release study 
An aliquot (1 ml) of the formulation was transferred to the Franz- 

diffusion cell donor chamber. The receptor chamber was filled with 
12 ml PBS (pH 7.4) and constantly stirred. A dialysis membrane (mo-
lecular weight cutoff 12,000–14,000 DA) was pre-soaked in PBS over-
night before the experiment and used to separate the donor and receptor 
chambers. The temperature was maintained at 37 ◦C ± 0.5 ◦C. At 
scheduled time intervals for up to 12 h, 1 ml samples were removed 
from the receptor solutions and replaced with an equivalent fresh vol-
ume of PBS. The experiments were done in triplicate, and the drug 
concentrations were measured spectrophotometrically at λmax 237 nm 
against a standard calibration curve. The results were presented as 
mean ± SD [21]. 

2.4.8. In-vivo assessment of NF in situ gel in rabbits 

2.4.8.1. Effect of NF in situ gel on intraocular pressure (IOP). The 

Table 2 
Formulation variables and observed responses for the prepared NF in-situ gel in Box-Behnken design:.  

Batch No. Independent variables in codes Independent variables as per factor Dependent variables 

X1 X2 X3 % NF conc. %HPMC conc. % P407 conc. R1 Q6h (%) R2 GT (◦C) R3 G-time (s) 

B1 0 0 0 1 2 20 48.19 ± 3.45 29.1 ± 1.07 45.1 ± 0.77 
B2 -1 -1 0 0.5 1 20 52.12 ± 2.98 30.13 ± 0.55 43.02 ± 0.47 
B3 0 0 0 1 2 20 41.45 ± 3.11 28.9 ± 0.45 42.1 ± 0.30 
B4 0 0 0 1 2 20 46.38 ± 3.10 29.2 ± 0.63 45.08 ± 0.14 
B5 0 +1 -1 1 3 15 39.42 ± 3.98 43.43 ± 0.82 156.04 ± 1.95 
B6 0 0 0 1 2 20 45.00 ± 3.69 29.3 ± 0.45 41.0 ± 0.81 
B7 0 -1 -1 1 1 15 62.93 ± 2.21 39.6 ± 1.01 145.2 ± 1.24 
B8 +1 +1 0 1.5 3 20 56.12 ± 2.03 24.2 ± 0.64 40.04 ± 0.90 
B9 -1 +1 0 0.5 3 20 35.04 ± 2.98 26.5 ± 0.32 41.6 ± 0.51 
B10 0 0 0 1 2 20 42.7 ± 3.14 29.3 ± 1.17 43.1 ± 0.12 
B11 -1 0 -1 0.5 2 15 50.3 ± 2.56 38.0 ± 0.57 150.1 ± 0.81 
B12 +1 -1 0 1.5 1 20 38.12 ± 3.61 25.3 ± 0.69 42.7 ± 0.41 
B13 0 -1 +1 1 1 25 49.1 ± 2.58 20.8 ± 0.89 21.02 ± 0.10 
B14 0 +1 +1 1 3 25 42.65 ± 2.31 16.88 ± 0.11 20.1 ± 0.29 
B15 -1 0 +1 0.5 2 25 41.6 ± 1.69 18.2 ± 0.21 19.8 ± 0.16 
B16 +1 0 +1 1.5 2 25 30.16 ± 1.87 17.5 ± 0.36 19.05 ± 0.23 
B17 +1 0 -1 1.5 2 15 26.89 ± 1.80 37.0 ± 0.62 154.53 ± 1.08 

*P188 was kept 10% at all formulations. 
**Benzalkonium chloride (BZC) was kept constant (0.01%). 
***0.5% w/v of calcium carbonate, 0.2% w/v of sodium citrate were constant at all formulations. 
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purpose of this study was to compare the effect of the optimum NF in situ 
gel formula on IOP compared to commercially available eye drops using 
a non-blind, two-treatment, two-period, randomized, single dose cross-
over design. The Cairo University Research Ethics Committee approved 
the study; the protocol’s serial number is: PI (2815). Six male healthy 
normotensive albino rabbits (weighing 2.0–2.5 kg each) were randomly 
divided into 2 groups (3 rabbits per each group). The rabbits were fed on 
a standard diet and water and were housed in an air-conditioned area at 
22 ± 0.5 ◦C. A simple crossover design was applied in two phases in 
which each treatment was installed in the lower cul-du-sac of one eye 
and the other was retained as a control. The rabbits in each group 
received one of the tested formulations in each phase. In phase I, group 
one; rabbits received the NF in-situ gel, group two rabbits received the 
marketed Timolol®eye drops that was considered a standard. A two- 
week washout period separated the two phases. The reverse of 
randomization occurred in the second phase. The IOP was determined 
using the Schiotz Tonometer (Rudolf Riester GmbH and Co. KG, Ger-
many) at the following time points: 0 (pre-dose), 1, 2, 3, 4, 5, 6 and 8 h 
after each treatment was measured. The average IOP was measured after 
three duplicate tests. The percent reduction in IOP at each time point 
was calculated using Eq. (1) [22]. 

%Reduction in IOP =
IOPControl eye − IOPTreated eye

IOPControl eye
x100 (1) 

The percent reduction in IOP - time data from both NF in situ gel and 
Timolol®eye drops were analyzed for each rabbit using Kineti-
caTM2000 software (ver3, Inna Phase Corporation, USA) to calculate 
various pharmacodynamic parameters. The maximum percent reduction 
in IOP [(% Red. IOP)max] and the time to achieve the maximum percent 
reduction in IOP (Tmax) were obtained from the individual percent 
decrease in IOP-time curves. The area under the curve (AUC(0− 8), %.h) 
from zero to 8 was calculated, and the mean residence time (MRT) was 
measured. The data were presented as mean values of 6 rabbits ±SD. To 
test the statistical significance between groups, the SPSS 17.0 software 
(SPSS Inc., Chicago, USA) was used. The (%Red. IOP)max and AUC(0− 8) 
of NF in situ gel and Timolol®eye drops were compared using a two way 
analysis of variance (ANOVA). The Nonparametric Signed Rank Test 
(Mann–Whitney’s test) was used to compare the Tmax and MRT medians. 
The p value <0.05 was considered statistically significant [23]. 

2.4.8.2. Histopathological studies. Eyes were collected and fixed at 10% 
neutral buffered formalin, then routinely processed, sectioned at 5 µm 
thickness and stained with Haematoxylin and Eosin (HandE) for histo-
pathological analysis using a light microscope (Olympus BX50, Tokyo, 
Japan) [24]. 

2.4.8.3. Statistical analysis. SPSS software was used for statistical 
analysis. To compare the differences among experimental groups, a one- 
way analysis of variance (ANOVA) has been used. A probability less than 
0.05 (p < 0.05) was regarded as statistically significant. All studies were 
conducted in triplicate, and the results are displayed as a mean-
± standard deviation [25]. 

3. Results and discussion 

3.1. Preparation and optimization of in-situ NF thermo-sensitive gel 

Poloxamers are non-ionic surfactants that form thermo-reversible 
gels in concentrated aqueous solutions. Higher poloxamer concentra-
tions are used to create stronger gels [26]. P407 is a gel matrix that is 
used in the preparation of thermosensitive in situ gels, P407 molecules 
exist as monomers at low temperatures. Micelles form when water 
molecules are removed from the poly (propylene oxide) (PPO) chain 
segment as the temperature rises. The PPO blocks form a hydrophobic 
core via Van der Waals forces, while the polyethylene oxide (PEO) blocks 

forma hydrophilic shell via hydrogen bonds [27].Further temperature 
increases cause the polymer to entangle and pack tightly, resulting in the 
formation of semisolid gel [28,29]. According to the literature, HPMC 
was added as an auxiliary material to improve gel strength. Due to the 
mutual interaction forces formed, the gel strength of the P407 solution 
with the addition of HPMC appeared to be higher than the gel strength of 
the P407 solution alone. There are many hydrogen bonding acceptors 
and donors in HPMC, as well as rotating bonds. Strong interaction forces 
are formed when HPMC chain segments become entangled in the P407 
network. As a result of the increased hydrogen bonding density and 
more condensed cross-linking branched chains, the gel structure be-
comes stronger [29]. One of P407′s limitations is its low mechanical 
strength, which causes the polymer to erode quickly. 

Furthermore, it has previously been reported that P407 at a con-
centration of 18% (w/v) or higher, can transform from a low viscosity 
solution to a gel at room temperature. However, after being diluted by 
lacrimal fluid and instilled into the eye, the solution loses its gelation 
ability at this concentration. As a result, 25% (w/v) P407 can be used to 
ensure that the polymer’s phase transition process is completed under 
ocular physiological conditions. However, under these conditions, the 
gelation temperature will be lower than room temperature, and the 
P407 solution must be stored in the fridge, making it inconvenient to 
use. Therefore, P188, an analog of P407, was added to the P407 solution 
as a gelation temperature modifying substance. Furthermore, previous 
researches showed that higher concentrations of P407 are irritating to 
the eye. To overcome this challenge, P407 was blended with P188 to 
reduce the total concentration of P407, improving its gelling and me-
chanical properties, as well as lowering its ocular irritation potential 
[30]. According to the literature, the concentration of P188 could not be 
higher than 15% w/v, as this would make the formulation difficult to 
flow at room temperature, which is not a desirable property for an in-situ 
gel [19]. 

3.2. Characterization of NF in situ gel prepared 

3.2.1. Visual appearance, homogeneity and clarity 
Visual inspection of the prepared NF thermo-sensitive in situ gel 

formulations proved that, all in situ gel preparations obtained had a 
transparent pale-yellow color. The yellowish color is due to the color of 
the drug was homogenously distributed inside all the preparations 
indicating the uniformity of the drug content in the in situ gel. They were 
flowable liquids at 4 ◦C but became unflowable gels at higher temper-
ature, depending on the concentration of Poloxamer. In addition, all 
preparations were free of any particles or grittiness and were smooth in 
contact [17]. 

3.2.2. Determination of pH and isotonicity of in situ NF gel 
The pH of the prepared in situ gel formulations ranged from 5 ± 0.12 

to 5.5 ± 0.27, making them suitable for ocular application. The size and 
shape of the RBCs did not change as a result of the isotonicity experi-
ment. These findings indicate that the in situ formulations were isotonic 
to the tested lachymal fluid and/or blood [31]. 

3.2.3. Determination of gelation temperature(GT) and gelation time (G- 
time) 

At room temperature, thermo-sensitive in situ gelling systems are in a 
sol-state and perform a sol–gel transition at values near to physiological 
(32–37 ◦C, obviously it depends on administration site). The phase 
transition mechanism depends on a significant change through aqueous 
solubility of polymers, which would be characterized by the presence of 
hydrophobic and hydrophilic groups in their structure. As the temper-
ature rises, the polymer–water interactions reorganize, resulting in rapid 
dehydration of both the solvated polymer chains and polymer precipi-
tation. As the temperature increases, amphiphilic polymers that form 
self-assembled micelles in water at concentration levels higher than the 
critical micellar concentration undergo gelation. When the temperature 
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increases just above critical micellar temperature, an ordered packing of 
the micelles occurs, leading into gelation [32]. Furthermore, G-time 
analysis for in-situ gels is essential, as a very slow gelation process may 
result in an undesirable fast drug release to the site of action, whereas a 
fast gelation process may increase the viscosity of the preparation and 
hinder its application. Table 2 demonstrated that, GT (◦C) varied from 
16.88 ± 0.11 to 43.43 ± 0.82 (◦C), while, G-time varied from 
19.05 ± 0.23 to 156.04 ± 1.95 (S). The drug water affinity could be a 
determinant factor that affects the sol dynamic rate of the drug-loaded 
solution. The existence of NF (a drug that is practically insoluble in 
water) had a significant impact on the sol dynamics, as it takes more 
time to slide. This could be interpreted as follows: the hydrophilic PEO 
blocks are tangled more densely as a result of the inclusion of the poorly 
water-soluble drugs; as a result, it will be harder for the water molecules 
on the PEO blocks to be taken away, and thus the sol dynamic rate will 
be further decreased. 

3.2.4. Gelling capacity 
The optimized formula had a “++” grade of gelling capacity because 

it formed quickly and stayed in a few hours, which has been previously 
thought to become more acceptable graded [29]. 

3.2.5. Rheological Investigation 
Fig. 1 illustrates the rheological behavior of the optimized NF in-situ 

gel formulation. Due to the presence of the formula in the liquid state 
(solution), the tested formulation demonstrated Newtonian flow at 
25 ◦C. Conversely, the formulation displayed pseudoplastic flow (shear 
thinning) due to gel formation under physiological circumstances (pH 
7.4, 37 ◦C). As shown in Fig. 1, the decline in viscosity with the rising 
shear rate (eyes blinking) is a desirable phenomenon for uniformly 
distributed of the formed gel on the surface of the eye. The flow index (n) 
would be less than one (n = 0.4152). As a result, the NF in situ gel ex-
hibits non-Newtonian and shear thinning behavior consistent with the 
Power Law Model [1]. For ocular and topical pharmaceutical prepara-
tions, the hydrogel pseudoplastic flow is extremely convenient. The 
ocular shear rate is extremely high, varying from 0.03 s− 1 during the 
inter-blinking to 4500–28500 s− 1 during blinking. Due to the limited 
interference with pseudoplastic character of the pre-corneal film, the 
pseudoplastic fluid is ideal for ocular formulation. More intriguingly, the 
gel’s high viscosity at low shear rate will aid in maintaining contact 
between the corneal surface and the delivery system, preventing the loss 
of the solution applied prior to gel formation. Furthermore, the shear 
thinning nature of the gel will lead to better formula distribution over 
the eye surface in response to blinking [19].The pseudoplastic behavior 
of the hydrogel is caused by an equilibrium between random Brownian 
motion (randomization and entanglement) and shear leading to changes 
(disentanglement and alignment) which enhance shear stress rises. As a 

result of the alignment of the polymer molecules with their long axes in 
the direction of flow, the viscosity is reduced with increased shear rates 
after increasing the shear stress. Shear stress also causes some of the 
entrapped water in the dispersed polymer molecules to be released, 
resulting in reduced in their apparent concentration [33,34]. 

3.2.6. In vitro release drug release study 
The cumulative percentage of NF released from different in-situ gels 

are graphically shown in Figs. 2 and 3. All in-situ gel formulations 
showed sustained release characteristics over the investigated period. 
After 12 h, percent releases (%Q12h) were ranged from 42% ± 4.78 
(B17) to 76% ± 5.21 (B7). The release of NF from prepared in situ gels 
was characterized by an initial phase of higher release rates (burst ef-
fect), followed by a second phase of sustained release rates over 12 h has 
depicted in Figs. 2 and 3. As the gelation proceeded the drug started to 
be released at a slower rate. This biphasic release pattern is a charac-
teristic feature of matrix diffusion kinetics [30,31]. The initial rapid 
release rate of the drug during the first hour could be attributed to the 
release of the drug molecules on the gel surfaces. Additionally, this 
observation could also be due to the incomplete transition of the applied 
solution (liquid) to the gel form of the effect of in vitro release medium 
temperature [35]. Among all studied in-situ gel preparations, B7 showed 
the highest release percent after 12 h where 76% ± 5.21of the initially 
loaded drugs was released. The higher release rate observed from B7 
could be attributed to the lower concentrations of the polymers used. On 
the other hand, B17 showed the lowest cumulative percent release of the 
drug due to the high polymer concentration, these results are in accor-
dance with the results reported by AB.Nair [36]. 

Fig. 1. The rheological profiles of the optimized NF in situ gel.  

Fig. 2. In vitro release profiles of NF form different in situ gel batches (B 1-B8).  
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3.3. Experimental design 

The findings of the BBD experimental design, as examined by the 
Design Expert software, provided significant information and confirmed 
the usefulness of the chosen design for carrying out experiments. The 
independent variables chosen had a significant effect on the observed 
responses (%Q6h), GT and G-time. Design-Expert software generated 
quadratic polynomial equations that depicted the main effects and 
interaction factors. The statistical validation of the equations was car-
ried out using the software ANOVA facility. Table 3 shows a summary of 
the results of the regression analysis of responses. Figs. 4 and 5 
demonstrate 3D response surface and contour plot graphs that were 
plotted to represent the effects of the dependent variables on measured 
responses. 

The responses (R1, R2, and R3) procured at various levels of the three 
independent variables were subjected to multiple regression analysis, 
yielding quadratic polynomial Eqs. (2–4), respectively. 

R1 = + 42.07 − 12.84 ∗ X1 − 10.97 ∗ X2 − 4.84 ∗ X3 + 3.12 ∗ X1 ∗ X2 + 1.30

∗ X1 ∗ X3 + 3.43 ∗ X2 ∗ X3 − 10.43 ∗ X2
1 + 2.99 ∗ X2

2 + 1.91 ∗ X2
3

(2)  

R2 = + 29.16 − 1.10 ∗ X1 − 0.60 ∗ X2 − 10.58 ∗ X3 + 0.63 ∗ X1 ∗ X2 + 0.075

∗ X1 ∗ X3 − 1.94 ∗ X2 ∗ X3 − 2.57 ∗ X2
1 − 0.063 ∗ X2

2 + 1.08 ∗ X2
3

(3)  

R3 = + 43.280.221.10 ∗ X10.73 ∗ X2 − 65.73 ∗ X3 − 0.31 ∗ X1 ∗ X2 − 1.29

∗ X1 ∗ X3 − 2.94 ∗ X2 ∗ X3 − 0.58 ∗ X2
1 − 0.85 ∗ X2

2 + 43.17 ∗ X2
3

(4) 

The non-linear model generated for Q6h, GT and G-time (Fig. 4a–c 
and Fig. 5a–c)was found to have a significant P value <0.0001. F-value 
of 59.59, 67.24 and 726.82 and R2 value of 0.9871, 0.9886 and 0.9989 
with the three independent variables, respectively, having a significant 

positive effect on them. 
The concentration of NF was found to significantly affect the release 

rate from the prepared gels. Hence, the release rate found to be 
decreased by increasing the concentration of NF. This might be due to 
the hydrophobic nature of NF. A significant decrease (P < 0.0001) in the 
rate and extent of drug release from the prepared in situ gels was 
observed with an increase in the concentration of the polymers. This 
might be due to an increase in the density of the polymeric system, 
which is responsible for increasing the length of the diffusion path for 
the drug molecules to travel. Increasing the concentration of HPMC from 
1% to 3% in the gelling system showed a significant decrease in the 
percentage of drugs released [37]. Similarly, an increase in the Polox-
amer concentration in the in-situ gel formulations (P < 0.001) signifi-
cantly decreased the NF release rate[38]. This finding is in accordance 
with Fathalla et al. [30], who prepared an in-situ gel formulation for 
sustained ocular delivery of ketorolac tromethamine based on a mixture 
of P407 and P188. The combination of both P188 and P407 delayed the 
release rate of the drug in a concentration dependent manner as the 
release rate of ketorolac decreased with an increase in the P407/P188 
ratio. While, increasing the concentration of P407 and keeping a con-
stant concentration of P188 resulted in a marked decrease in the release 
rate of the drug, only about 50% of the drug was released within 12 h. 
This may be due to that P407 molecules form tight gel structures via 
hydrogen bonding in the aqueous solution, which delays the release rate 
of the drug. Also, this delayed effect could be attributed to the higher 
viscosity of the gel, the inverse relationship between the viscosity for-
mulations and the release of the drug is also reported in other studies 
[39]. Because NF is poorly water soluble, it increased the entangled 
intensity of P407 and decreased the sol dynamic rate, contributing to a 
significantly (P < 0.001) lower GT, this was in accordance with Jiang 
et al. [29]. 

Lu et al. [40] reported that the sol-gel transition temperature 
(Tsol–gel) of a20% P407 solution has been 42.5 ± 0.5 ◦C, whereas the 
addition of a drug and other excipients resulted in a significant change in 
Tsol–gel and gel viscosity. The addition of HPMC could have an affect the 
on the GT, since it might bind with PEO chains in P407 molecules, 
hindering interactions between water and Poloxamer molecules, 
enhancing dehydration and raising entanglement of adjacent molecules 
with more extensive intermolecular hydrogen bonding. Gelation driven 
by a Poloxamer micelle assembly is stimulated as temperature increases; 
as a result, Tsol–gel is reduced significantly (P < 0.001) [41].The 
increased proportion of P407 has been found to result in a significant 
reduction (P < 0.001) in Tsol–gel, as the increased in number of micelles 
reduces the energy required for endothermic micellar crystallization, 
resulting in subsequent gelation at lower temperatures. The gelation 
time of the various formulations declined significantly as the concen-
tration of P407 raised [42]. 

3.3.1. Optimization 
Based on statistical analysis of the effect of independent variables, 

namely, X1(NF concentration), X2(HPMC concentrations) and X3(P407 
concentrations) on the responses, the level of independent variables 
contributing to the optimum response was determined. Keeping all the 
constraints in view, the level of X1, X2 and X3were selected from the 
contour plot and 3-D surface plots using the Design Expert. The software 
recommended an optimum formula with 0.965 desirability, by selec-
tingan X1,the NF concentration of 0.68%, X2, HPMC concentrations of 
1% and an X3, P407 concentrations of 19.86%, showing a maximum 
amount of drug released after 6 h(R1, %Q6h, 49.81%), with R2, GT of 
30.1⁰C, and R3, G time of 40.3 S. [16]. 

3.4. In vivo evaluation of NF in situ gel in rabbits 

3.4.1. Effect of NF in situ gel on the intraocular pressure (IOP) 
Table (4) shows the mean IOP, Fig. 6 shows the mean percent 

decrease in IOP-time profiles and Table (5) shows the mean 

Fig. 3. In vitro release profiles of NF form different in situ gel batches 
(B9- B17). 

Table 3 
Summary of Box-Behnken Design (BBD) results.  

Response Std. 
dev 

R2 Adjusted 
R2 

Predicted 
R2 

Adequate 
precision 

Model 
F-value 

R1: %Q6h  2.39  0.9871  0.9706  0.9668  28.556  59.59 
R2: GT 

(◦C)  
1.26  0.9886  0.9739  0.9187  26.994  67.24 

R3: G- 
time 
(S)  

2.55  0.9989  0.9976  0.9874  70.271  726.82 

*STD. Dev.: Standard deviation. 
**The Predicted R2 is in reasonable agreement with the Adjusted R2. 
***Adequate precision measures the signal to noise ratio, a ratio greater than 4 is 
desirable. 
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Fig. 4. Contour plot of: (a) The impact of X2 and X3 on R1, (b) The impact of X1 and X3 on R1, (c) The impact of X1 and X2 on R1, (d)The impact of X2 and X3 on R2, (e) 
The impact of X1 and X2 on R2, (f) The impact of X1 and X3 on R2, (g) The impact of X2 and X3 on R3, (h) The impact of X1 and X3 on R3 and (i) The impact of X1 and X2 
on R3. 
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Fig. 5. A 3D plot of (a) The impact of X2 and X3 on R1, (b)Theimpactof X1 and X2on R1, (c)Theimpact of X1 and X3 on R1, (d) The impact of X2 and X3 on R2, (e) The 
impact of X1 and X3 on R2, (f) The impact of X1 and X2 on R2, (g) The impact of X2 and R3 on Y3, (h) The impact of X1 and X3 on R3, (i) The impact of X1 and X2 on R3. 
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pharmacodynamic parameters following a single ocular dose of NFin situ 
gel and Timolol®eye drops. NFin situ gel showed a (% Dec IOP)max of 
70.5 ± 5.04% after 5 h. This (% Dec IOP)max was significantly higher 
when compared to that Timolol®eye drops, which showed a (% Dec 
IOP)max of 45.83 ± 2.91% at 4.5 h (p < 0.05). Furthermore, the NF in 
situ gel demonstrated a more sustained effect in lowering IOP, which was 
reported to produce an ocular hypotensive effect for 12 h. After 8 h of 
the experiment, the percent decrease in IOP marketing eye drops was 
found to be 17.85 ± 8.83%, while that of NFin situ gel was 
51.2 ± 4.12%. This means that the NF in situ gel continued to release the 
drug for an extended period. This sustainment effect in decreasing IOP 
was probably due to the conversion of the formula to viscous gel which; 
firstly: overcome the washout by the ocular barriers and increased the 
drug retention and contact time with the corneal surface leading to the 
higher bioavailability upon ocular application, and secondly: slowed the 
drug diffusion rate and sustained the release due to the formed gel 
network [4]. This sustainment effect of NFin situ gel to decrease IOP 
could be ensured further comparing the MRT. NFin situ gel showed 
significantly longer MRT (11.21 h) in comparison to that Timolol® eye 
drops (6.02 h) (p < 0.05). This increased MRT ensured the prolonged 
drug release, which sustained the decrease in IOP and the higher drug 
retention at the site of action. As for the Tmax, the NFin situ gel and the 
Timolol® ED had a non-significant Tmax of 5 and 4.5 h, respectively. This 
might be attributed to the naturally long duration of action of 0.5% 

timolol which was reported to reach its maximal effect after 2 h of 
instillation and lasts for 12 h [43].The superiority of NF in situ gel to 
decrease IOP was also manifested by its significantly higher AUC(0− 8) 
compared to Timolol® eye drops (p < 0.05). The AUC(0− 8) of NF in situ 
gel and Timolol®eye drops were 415.18 + 19.55%h and 
213.85 + 46.37%h, respectively. This 1.94 fold increase in AUC(0− 8), 
higher and more sustained decrease in IOP may be attributed to an in-
crease in NF residence time on the corneal epithelial layer due to in situ 
gelation, an increase in corneal wettability, which may result in better 
transcorneal drug penetration, and controlled drug release achieved by 
the viscous gel layer formed[44]. 

3.4.2. Histopathological studies 
Microscopically, control rabbit cornea revealed normal histological 

architecture from normal corneal epithelium and stroma (Fig. 7a). The 
corneal sections of rabbits treated with NF in situ gel exhibited no his-
topathological alterations (Fig. 7b). Furthermore, cornea of rabbits 
treated with Timolol® demonstrated no histopathological lesions except 
light edema in the stroma of some examined sections (Fig. 7c). Con-
cerning the retina, microscopic examination of sections of normal con-
trol rabbits revealed the normal histological architecture of the retinal 
layers (ganglionic cell layer, inner nuclear layer, outer nuclear layer, 
and the rods and coneslayer) (Fig. 7d). Mean while, retina of rabbits 
treated with NF in situ gel showed no histopathological changes except 
slight sparsely vocalization of the ganglionic cells (Fig. 7e). Further-
more, the retina of rabbits treated with Timolol®exhibited no histo-
logical damage, but some examined sections showed slight vacuolation 
of the internal nuclear cell layer (Fig. 7f) [21]. 

4. Conclusion 

Box-Behnken design was successfully applied to prepare NF loaded 
in-situ gel using P407, P188 and HPMC as gelling agents. The optimize in 
situ gel formulae was found to consist of 0.68% w/v NF (X1), 1% HPMC 
(X2) and 19.86% P407 (X3). The obtained in situ gel achieved 49.81% 
drug release after 6 h and was found to possess 30.1 ◦C gelation tem-
perature and 40.3 s gelation time. The NF loaded formulations exhibited 
desirable rheological properties and was freely flowing under simulated 
physiological conditions as confirmed by sol-gel transition upon instil-
lation into the eye. The in vivo ocular irritation and histopathology 
studies proved the suitability and safety of prepared in situ gel for human 
use. The results of the in-vivo application of in-situ gel containing 
nifedipine showed a significant decrease in IOP compared to marketed 
conventional eye drops. The prepared nifedipine loaded in situ gel 
proved its ability to be administered locally with decreasing the fre-
quency of dosing due to the prolongation of ocular residence time which 
results in better patient acceptance and the therapeutic outcomes. 
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Table 4 
Mean IOP following single ocular dose of NF in situ gel and Timolol® eye drops.  

Time IOP (mmHg) 

NF in situ gel Timolol® eye drops Control 

0 36.43 + 1.25 36.43 + 1.25 37.05 + 1.77 
1 25.35 + 2.00 32.40 + 2.58 37.05 + 1.77 
2 19.75 + 1.62 27.55 + 2.74 37.05 + 1.77 
3 15.68 + 1.84 23.35 + 1.86 37.05 + 1.77 
4 12.45 + 3.04 21.05 + 1.70 37.05 + 1.77 
5 10.78 + 2.10 22.55 + 3.81 37.05 + 1.77 
6 13.48 + 2.00 25.70 + 5.48 37.05 + 1.77 
8 17.80 + 1.94 29.95 + 3.63 37.05 + 1.77  

Fig. 6. The mean percent decrease in IOP - time profiles following single ocular 
dose of NF in situ gel and Timolol® eye drops. 

Table 5 
Mean pharmacodynamic parameters of NF following single ocular dose of NF in 
situ gel and Timolol® eye drops:.  

PD parameter NF in situ gel Timolol® eye drops Statistical test 

(% Dec IOP)max (%) 70.5 ± 5.04 45.83 ± 2.91 p < 0.05 
tmax (h)a 5 4.5 p > 0.05 
AUC (0–8) (%.h) 415.18 + 19.55 213.85 + 46.37 p < 0.05 
MRT (h) 11.21 ± 1.43 6.02 ± 0.79 p < 0.05  

a Median. 

Y.A. El-Feky et al.                                                                                                                                                                                                                              



Biomedicine & Pharmacotherapy 142 (2021) 112008

10

Histopathological study, Resources, Writing – review & editing. 

Conflict of interest statement 

The authors declare that there are no conflicts of interest. 

References 

[1] A.M. Fahmy, D.A. El-Setouhy, A.B. Ibrahim, B.A. Habib, Penetration enhancer- 
containing spanlastics (PECSs) for transdermal delivery of haloperidol: in vitro 
characterization, ex vivo permeation and in vivo biodistribution studies, Drug 
Deliv. 25 (1) (2018) 12–22, https://doi.org/10.1080/10717544.2017.1410262. 

[2] L. Fang, S. Turtschi, M. Mozaffarieh, The effect of nifedipine on retinal venous 
pressure of glaucoma patients with the Flammer-syndrome, Graefes Arch. Clin. 
Exp. Ophthalmol. 253 (6) (2015) 935–939, https://doi.org/10.1007/s00417-015- 
3001-7. 

[3] D.T. Akhter, R. Uddin, N.H. Huda, K.B. Sutradhar, Design and formulation of twice 
daily nifedipine sustained release tablet using methocel K15M CR and methocel 
K100LV CR, Int J. Pharm. Pharm. Sci. 4 (1) (2012) 121–124, 09751491. 

[4] G. El-feky, G. Zayed, A.R.H. Farrag, Optimization of an ocular nanosuspension 
formulation for acyclovir using factorial design, Int J. Pharm. Pharm. Sci. 5 (1) 
(2013) 213–219. 

[5] Y. Pakzad, M. Fathi, Y. Omidi, A. Zamanian, Nanoengineered Biomaterials for 
Advanced Drug Delivery, Masoud Mozafari, (Ed.), 2020. 〈https://doi.org/10.101 
6/c2018-0-02205-7〉. 

[6] S. Kumar, B.O. Haglund, K.J. Himmelstein, In situ-forming gels for ophthalmic 
drug delivery, J. Ocul. Pharmacol. 10 (1) (1994) 47–56. 

Fig. 7. Histological H and E stained corneal (a–c) and retinal (d–f) sections respectively;(a & d) control rabbit showing normal histological architecture. (b & e) 
rabbit treated with NF in situ gel showing no histopathological alterations (b) and slight sparsely vocalization of the ganglionic cells (e). (c & f) rabbit treated with 
timolol showing (c) slight edema in the corneal stroma; (f)slight vacuolation of the inner nuclear cell layer of the retina(arrows) (scale bar 25 µm). 

Y.A. El-Feky et al.                                                                                                                                                                                                                              

https://doi.org/10.1080/10717544.2017.1410262
https://doi.org/10.1007/s00417-015-3001-7
https://doi.org/10.1007/s00417-015-3001-7
http://refhub.elsevier.com/S0753-3322(21)00791-5/sbref3
http://refhub.elsevier.com/S0753-3322(21)00791-5/sbref3
http://refhub.elsevier.com/S0753-3322(21)00791-5/sbref3
http://refhub.elsevier.com/S0753-3322(21)00791-5/sbref4
http://refhub.elsevier.com/S0753-3322(21)00791-5/sbref4
http://refhub.elsevier.com/S0753-3322(21)00791-5/sbref4
https://doi.org/10.1016/c2018-0-02205-7
https://doi.org/10.1016/c2018-0-02205-7
http://refhub.elsevier.com/S0753-3322(21)00791-5/sbref5
http://refhub.elsevier.com/S0753-3322(21)00791-5/sbref5


Biomedicine & Pharmacotherapy 142 (2021) 112008

11

[7] Anindita Chowhan, Tapan Kumar Giri, Polysaccharide as renewable responsive 
biopolymer for in situ gel in the delivery of drug through ocular route, Int. J. Biol. 
Macromol. 150 (2020) 559–572, https://doi.org/10.1016/j.ijbiomac.2020.02.097. 

[8] A.K. Agrawal, M. Das, S. Jain, In situ gel systems as “smart” carriers for sustained 
ocular drug delivery, Expert Opin. Drug Deliv. 9 (4) (2012) 383–402, https://doi. 
org/10.1517/17425247.2012.665367. 

[9] M. Dey, M. Das, A. Chowhan, T.K. Giri, Breaking the barricade of oral 
chemotherapy through polysaccharide nanocarrier, Int. J. Biol. Macromol. 130 
(2019) 34–49, https://doi.org/10.1016/j.ijbiomac.2019.02.094. 

[10] J. Varshosaz, Z. Dehghan, Development and characterization of buccoadhesive 
nifedipine tablets, Eur. J. Pharm. Biopharm. 54 (2002) 135–141. 

[11] R. Gannu, V.V. Yamsani, S.K. Yamsani, C.R. Palem, Optimization of hydrogels for 
transdermal delivery of lisinopril by box–behnken statistical design, AAPS 
PharmSciTech 10 (2) (2009) 505–514, https://doi.org/10.1208/s12249-009-9230- 
5. 

[12] V. Gugleva, S. Titeva, N. Ermenlieva, S. Tsibranska, S. Tcholakova, S. Rangelov, 
Development and evaluation of doxycycline niosomalthermoresponsive in situ gel 
for ophthalmic delivery, Int. J. Pharm. 591 (2020), 120010, https://doi.org/ 
10.1016/j.ijpharm.2020.120010. 

[13] D.H. Shastri, S.T. Prajapati, L.D. Patel, Design and development of 
thermoreversible ophthalmic in situ hydrogel of moxifloxacin HCl, Curr. Drug 
Deliv. 7 (3) (2010) 238–243, https://doi.org/10.2174/156720110791560928. 

[14] P. Neeraja, M. Amaleshwari, G. Ravali, Formulation and evaluation of nifedipine 
multiple emulsions, Int. J. Pharm. Chem. Biol. Sci. 4 (3) (2014) 673–680. 

[15] M.V. Kumar, A.S. Aravindram, K. Rohitash, D.V. Gowda, Formulation and 
evaluation of in-situ gel of bromhexine hydrochloride for nasal delivery, Der 
Pharm. Sin. 3 (6) (2012) 699–707. 

[16] K.M. Ranch, F.A. Maulvi, M.J. Naik, A.R. Koli, R.K. Parikh, Optimization of a novel 
in situ gel for sustained ocular drug delivery using Box-Behnken design: in vitro, ex 
vivo, in vivo and human studies, Int. J. Pharm. 554 (2019) 264–275, https://doi. 
org/10.1016/j.ijpharm.2018.11.016. 

[17] Y. Wei, C. Li, Q. Zhu, X. Zhang, J. Guan, Comparison of thermosensitive in situ gels 
and drug-resin complex for ocular drug delivery: in vitro drug release and in vivo 
tissue distribution, Int J. Pharm. 30 (578) (2020), 119184, https://doi.org/ 
10.1016/j.ijpharm.2020.119184. 

[18] Z.M.A. Fathalla, A. Vangala, M. Longman, K.A. Khaled, A.K. Hussein, O.H. El- 
Garhy, Poloxamer-based thermoresponsive ketorolac tromethamine in situ gel 
preparations: design, characterisation, toxicity and transcorneal permeation 
studies, Eur. J. Pharm. Biopharm. 114 (2017) 119–134, https://doi.org/10.1016/j. 
ejpb.2017.01.008. 

[19] N. Morsi, D. Ghorab, H. Refai, H. Teba, Ketoroloac tromethamine loaded 
nanodispersion incorporated into thermosensitive in situ gel for prolonged ocular 
delivery, Int. J. Pharm. 506 (1–2) (2016) 57–67, https://doi.org/10.1016/j. 
ijpharm.2016.04.021. 

[20] M.M. Obiedallah, A.M. Abdel-Mageed, T.H. Elfaham, Ocular administration of 
acetazolamide microsponges in situ gel formulations, Saudi Pharm. J. 26 (7) 
(2018) 909–920, https://doi.org/10.1016/j.jsps.2018.01.005. 

[21] Y.A. El-Feky, D.A. Mostafa, M.M. Al-Sawahli, R.F.A. El-Telbany, S. Zakaria, A. 
M. Fayez, K.A. Ahmed, D.F.A. El-Telbany, Reduction of intraocular pressure using 
timolol orally dissolving strips in the treatment of induced primary open-angle 
glaucoma in rabbits, J. Pharm. Pharmacol. 72 (5) (2020) 682–698, https://doi.org/ 
10.1111/jphp.13239. 

[22] N.H. Fouda, R.T. Abdelrehim, D.A. Hegazy, Sustained ocular delivery of 
Dorzolamide-HCl via proniosomal gel formulation: in-vitro characterization, 
statistical optimization, and in-vivo pharmacodynamic evaluation in rabbits, Drug 
Deliv. 25 (1) (2018) 1340–1349, https://doi.org/10.1080/ 
10717544.2018.1477861. 

[23] H.O. Ammar, H.A. Salama, M. Ghorab, A.A. Mahmoud, Development of 
dorzolamide hydrochloride in situ gel nanoemulsion for ocular delivery, Drug Dev. 
Ind. Pharm. 36 (11) (2010) 1330–1339, https://doi.org/10.3109/ 
03639041003801885. 

[24] S.K. Suvarna, C. Layton, J. Bancroft. Bancroft’s Theory and Practice of Histological 
Techniques, ninth ed., Churchill Livingstone Elsevier, Oxford, 2019. 

[25] M.L. Mc Hugh, Multiple comparison analysis testing in ANOVA, Biochem. Med. 21 
(3) (2011) 203–209, https://doi.org/10.11613/BM.2011.029. 
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