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Abstract: Brinzolamide (BZ) is a carbonic anhydrase inhibitor with selectivity and affinity for the 

carbonic anhydrase type II isoenzyme that administrated topically as an ophthalmic suspension for 

reducing intraocular pressure. In this study, BZ in situ gel nanoemulsions (NEs) were developed and 

evaluated for transcorneal permeation via the bovine corneal membrane. The spontaneous 

emulsification method was employed to prepare BZ in situ gel NEs. Various physicochemical 

characteristics, including particle size, polydispersity index, pH, refractive index, and viscosity, were 

evaluated. Accelerated physical stability and in vitro drug release, as well as transcorneal permeation 

studies was performed by applying the Franz-type diffusion cells. Thermosensitive BZ in situ gel NEs 

with desired physicochemical features and sustained release profiles were designed in the current study. 

Optimized Formulations exhibited physical stability under different conditions. The transcorneal 

permeation of formulations was higher than that of suspension, especially for F3b formulation. 

According to the present in vitro and ex vivo evaluations, it is concluded that in situ gel NEs could be 

a topical administration of BZ as a suitable ocular drug delivery system.  
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1. Introduction 

Ocular drug delivery is a challenging issue in pharmacotherapy. The unique 

physiological structure of the eye limits the delivery of the drug to the target site. The available 

ophthalmic drugs (more than 90% ) are used as eye drops to deliver drugs to the anterior part 

of the eye. Despite the ease of use and compliance of patients, less than 5% of the instilled eye 

drops enter the eye [2]. The washout of the applied droplets through different mechanisms, 

including blinking and tearing, are the main reasons for lowering the ocular bioavailability of 

drugs. Another limiting factor in ocular drug delivery is corneal tissue characteristics. In 

general, corneal tissue consists of three main layers as epithelium, stroma, and endothelium. 

The corneal epithelium has a lipophilic structure; hence, the permeability of lipophilic drugs is 

higher. Stroma has a hydrophilic structure that forms 90% of corneal tissue. The endothelium 

is a single layer responsible for moisturizing the cornea. Therefore, this dual structure is an 

effective barrier that reduces the permeability of both hydrophilic and hydrophobic drugs. In 

the pharmaceutical industry, bioavailability is improved by adding viscous substances such as 

hydroxyethyl cellulose to eye drops, gels, and ointments [3-5].  
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Glaucoma is characterized by increased intraocular pressure (IOP), atrophy of the optic 

nerve, and visual disturbance. It is the second most common cause of blindness worldwide, of 

which 12% are preventable. It is predictable that by 2020, nearly four million Americans and 

80 million people worldwide will have the disease [6, 7]. Glaucoma is categorized based on 

different systems, but it is generally known in two types: open-angle and closed-angle. In open-

angle glaucoma, there is a problem in the drainage canal of the vitreous humor in the trabecular 

meshwork, Schlemm's canal. In closed-angle glaucoma, due to the obstruction of the trabecular 

meshwork by the peripheral part of the iris, resistance is created to the outflow of clear fluid 

[8, 9]. Drugs used to treat glaucoma reduce IOP through two mechanisms: reducing the 

production of aqueous humor in the ciliary body and increasing the aqueous humor drainage 

[8-10]. Brinzolamide (BZ) is a specific, reversible, non-competitive inhibitor of carbonic 

anhydrase II enzyme. The inhibition of this enzyme prevents the secretion of vitreous humor 

and subsequently reduces IOP. BZ is an effective drug in lowering the elevated IOP associated 

with ocular hypertension or open-angle glaucoma. BZ is a poorly water-soluble powder and 

has been developed and supplied as a sterile, aqueous ophthalmic suspension formulated at 

physiological pH [11-15]. In a meta-analysis of clinical trials on various anti-glaucoma drugs, 

the use of BZ as a single-drug therapy to treat glaucoma can reduce IOP by 17% [16]. 

Numerous studies showed the efficacy of BZ as the first-line treatment for glaucoma in a single 

or combination regimen. These studies showed increased efficacy of this drug in combination 

therapy with other IOP reducing agents, including Timolol and prostaglandin analogs [12, 17, 

18]. The effective dose frequency of this drug is 2-3 times a day, which is one of the factors 

lowering the compliance of patients. On the other hand, the suspension of BZ requires 

dissolution in the anterior corneal space to increase efficacy, which may lead to reduced 

bioavailability of the drug due to the washout mechanisms that remove the drug from the eye 

surface [19].  

The application of nanosystems, such as nanoemulsions [1], is one of the most suitable 

approaches to increase the efficacy of topical eye drugs. NEs, due to possessing various 

properties such as low cost of manufacturing, ease of sterilization, high stability, low viscosity, 

high solubility, drug sustainability and adherence of oil droplets to the eye epithelium surface 

(reservoir formation), and preventing the drug washout and removal from the eye surface, are 

considered as new carriers for ophthalmic drug delivery [20-22]. NEs are lipid-based 

formulations with droplet size in the nanometric range that are highly applicable in 

pharmaceutical purposes [20, 23].  

The use of in situ gel systems has also received a lot of attention due to their advantages 

including less blurred vision compared to the ophthalmic ointments, improved ocular 

bioavailability due to increased drug longevity in the cornea and greater absorption rate, lack 

of hepatic first-pass effect, ease of use in comparison with inserts, lower frequency of drug 

application compared with other forms of the drug, and developed patient agreement and 

comfort. These systems are made of polymers that can convert the liquid form of the product 

to the gel form at the site of administration. The ocular in situ gel drug is a liquid product that 

can convert into a more viscous form when places in the Cul De Sac. This occurs under the 

influence of environmental conditions such as temperature, pH changes, and ion presence. 

Polymers using for in situ gel systems should possess biocompatible, non-irritating, and 

mucosal-binding features, and also represent plastic-like behaviors [24-28]. In the current 

study, the in situ gel-based BZ NE was designed as an ocular drug delivery system, and 

transcorneal permeation was evaluated in an ex vivo model. 
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2. Materials and Methods 

2.1. Materials.  

BZ and Transcutol®P were gifted from Bachem, Switzerland, and Gattefosse, France, 

respectively. Triacetin (glycerol Triacetate) was obtained from Samchun chemical co., Ltd, 

South Korea. Dialysis tubing cellulose membrane, Poloxamer 407, and Poloxamer 188 were 

provided from Sigma chemical company, USA. All other chemicals and solvents were of 

analytical grade. 

2.2. Phase diagrams construction. 

Phase diagrams were used to determine the nanoemulsion area and the concentration of 

each nanoemulsion component. Phase diagrams were composed of different weight ratios of 

surfactant-cosurfactant (Smix) (Rsm: 1: 2, 2: 1, 1: 3, 3: 1 and 1: 1). The Triacetin as an oil, the 

Twin 80 as a surfactant, and the Transcutol®P as a cosurfactant were poured into screw-cap 

glass vials with different Smix /oil ratios from 90:10 to 10:90 to make each phase diagram. 

Then, distilled water was added drop by drop into the mixture under stirring at room 

temperature. The samples were visually checked for a transparent/translucent area, and finally, 

the phase diagrams were achieved by Sigma-Plot ver.12 software (Figure 1). 

2.3. Preparation of BZ in situ gel NEs.  

Based on the phase diagrams results, the appropriate weight ratio containing 10% of 

the mixture of surfactant and cosurfactant and 2.5% of the oil and 0.5% of the BZ was selected 

as the NE formula which was entered into the aqueous phase including Poloxamer 407 and 188 

with different weight ratios to prepare in situ gel NEs. Spontaneous emulsification method was 

carried out to develop BZ in situ gel NEs, at the first step, intended amount of Poloxamer(s) 

and water stirred in the ice bath for a minimum 2 h and then added to the homogenous mixture 

of NE formula.  Finally, this homogenous mixture was stirred in the ice bath for 1 h further to 

achieve the in situ gel NEs. 

2.4. Determination of gelation temperature. 

To determine the temperature of gelation, 0.5 ml of each formulation was added into 

the microtube and placed in a hot water bath (Memmert ONE 10, Germany) at 15 ºC, and then 

the temperature was increased 1 ºC/min. Those formulations which were gelled at the nearest 

temperature to the eye (31-34 ºC) were selected. 

2.5. Physicochemical characterization. 

The particle size and polydispersity index (PDI) of BZ NEs were measured by a 

Malvern Zetasizer NanoZS (Malvern, United Kingdom). The refractive index (RI) of samples 

was determined at 25 °C by the Refractometer (Atago refractometer, Model 3T, Japan). pH of 

samples was measured by a pH meter (Sartorius, Germany) at 25 °C. Rheological properties 

were measured and determined using spindle CP-34 by Brook field DVII Viscometer (Brook 

field engineering laboratories Inc. USA) (25-200 rpm, 0.250.5 ºC). The viscosity was 

determined using rheogram, which was formed by plotting the shear stress (dynes/cm2) against 

the shear rate (s-1). All measurements were achieved in triplicate and presented as mean  SD.  
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2.6. In vitro drug release studies.  

The release behavior of BZ NEs was studied by the dialysis bag method. Initially, a 

cellulose dialysis bag (MW cut-off 12,400 Da) was soaked in distilled water 4 ºC for 24 h, and 

then, 750 microliters of each formulation were poured into dialysis bag. The dialysis bag was 

connected to the USP paddle II with 50 rpm rotation in 250 mL release medium containing 

phosphate buffer (pH=7.4). Similar to the surface temperature of the eye, the temperature was 

set to 34.0 ± 0.2 ºC [29]. Release studies were carried out for 6 h under sink conditions, and at 

defined intervals (15, 30, 45, 60, 120, 180, 240, 300, and 360 min) 1 mL of medium was taken 

out and replaced with fresh medium. The releasing amount of BZ from NEs was measured at 

each interval with UV spectrophotometry at 254 nm, and the release efficiency (RE) rate was 

calculated using the following formula [30]: 

∫ 𝑦 × 𝑑𝑡
𝑡

0

𝑦 100 × 𝑡
× 100 = 𝑅𝐸               𝐸𝑞. 1 

, where y refers to drug release percentage at time t. 

2.7. Accelerated physical stability tests.  

Different procedures, including heating-cooling and freeze-thaw cycles as well as 

centrifugation, were performed to monitor the physical stability of BZ NEs. All samples were 

then monitored for phase separation, clarity, and physical instability. Six cycles were 

performed between 4 and 40 °C for at least 48 h [31]. Freeze-thaw cycles were performed at 

three stages between -21 and +25 °C in which samples were stored for at least 48 h [1, 32, 33]. 

Those formulations which passed the previous tests were centrifuged at 13,000 rpm for 30 min                  

[29, 34]. 

2.8. Ex vivo transcorneal permeation test. 

Franz-type diffusion cells with two compartments of the donor (17 mm orifice diameter 

and 2.27 cm2 diffusion area) and receptor (12 ml volume) were used to perform corneal 

permeation tests by excised bovine eyes. Corneas were detached from other tissues. Detached 

corneas were placed between the two mentioned compartments. Simulation of ocular condition 

was achieved by filling the receptor compartment with buffer phosphate (pH=7.4), which was 

continuously stirring, and maintaining the temperature at 34±1°C by a circulator bath. 

Sampling was done at 30, 60, 90, 120, 180, 240, 300, and 360 min, under sink condition. After 

each time of sampling (0.5 mL was withdrawn), an equivalent volume of fresh buffer phosphate 

was replaced immediately. Finally, samples were measured by UV spectroscopy method at 

254nm.  

2.9. Statistical analysis.  

One-way ANOVA followed by Tukey's post-hoc test was used for statistical analyses 

in Graph Pad Prism 7. The experiments were performed in triplicate, and the results expressed 

as mean ± SD. P<0.05 was considered as the level of significance. 
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3. Results and Discussion 

3.1. Construction of pseudo-tertiary phase diagrams. 

The present experimental study aimed to design an in situ gel formulation to deliver BZ 

to the eye. In the present study, to design an oil-in-water NE system, Triacetin as oil, Tween 

80 as a surfactant, and Transcutol®P as cosurfactant were used. To determine the NE region, 

the tertiary phase diagram was plotted, and five different weight ratios (1: 2, 2: 1, 3: 1, 1: 3, 

and 1: 1) of surfactant and cosurfactant (Rsm) were served to study the phase behavior. The 

main purpose of evaluating the phase behavior of the mixture was to determine the NE region 

of the oil-in-water, in which the mixture was clear (or had a blue light reflection) and 

thermodynamically stable (or rather stable). In the tertiary phase diagrams, the upper apex was 

considered as the region of surfactant/cosurfactant mixture with a certain ratio; the lower-left 

apex was considered as the aqueous phase and the lower right apex as the oil phase. The tertiary 

phase diagram plotted in five different surfactant/cosurfactant ratios showed that as the 

surfactant/co-surfactant ratio decrease in each diagram, the NE area increases. In the plotted 

phase diagrams (Figure 1), the NE domain was more extensive at a surfactant/cosurfactant ratio 

of 1:3 than other ratios. This enhancement of NE region can be attributed to the higher oil 

solubilizing capacity due to the increased concentration of Transcutol®P. Based on the 

extensive NE region, the Rsm of 1:3 was selected as the optimal ratio of Smix for the 

preparation of NE. 

 
Figure 1. Phase diagrams of systems composed of Triacetin, Transcutol®P at various Smix weight ratios: A) 

1:2, B) 1:3, C) 2:1, D) 3:1, E)1:1 (Colored area of each plot represents NE region). 
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3.2. Development of BZ in situ gel NEs. 

Based on the plotted tertiary phase diagrams, the formulation with 1:3 Smix ratio, 

including 2.5% of Tween 80 and 7.5% of Transcutol®P as a surfactant and co-surfactant 

respectively, 2.5% Triacetin as an oil, and 0.5% of BZ as the active ingredient was selected as 

a NE base. As mentioned in Table 1, various in situ gel NEs were developed by using different 

ratios of the Poloxamer 407 and 188.   

3.3. Gelation temperature of in situ gel NEs. 

Poloxamers are polymers with two hydrophilic (polyethylene oxide; PEO) and 

hydrophobic (polypropylene oxide; PPO) parts [35]. The gelation temperature of Poloxamers 

depends on their PEO: PPO ratios. The PEO section is responsible for the higher gelation 

temperature and the PPO part, in turn, reduce the gelation temperature of the polymer. A 

combination of these two properties makes them the thermo-sensitive gel polymers that can 

convert from the liquid into a gel form by raising the temperature. Therefore, PEO:PPO ratio 

is a key factor in the gelation temperature of Poloxamers [35]. Since the current study aimed 

at designing a thermosensitive in situ gel-based NE as an ocular drug delivery system, suitable 

concentrations of Poloxamers to convert liquid NEs into the gel form at the temperature range 

of 30-35 ºC, near the temperature of the eye surface, were required [11]. According to studies, 

first, Poloxamer 407 at three concentrations of 12%, 14.5%, and 17% was used. The 

concentration of 12% with a gelation temperature of above 40 ºC was excluded from the study. 

After that, two concentrations of 14.5% and 17% were used. At 14.5% concentration, 14.2% 

Poloxamer 407 and 0.3% Poloxamer 188 were used in which the gelation temperature was 

33.36 °C, and the rest of the ratios were below 30 °C and above 40 °C; at 17% concentration, 

15.5% Poloxamer 407 and 1.5% Poloxamer 188 were used in which the gelation temperature 

was 32.66 °C that was within the desired range for converting into gel form in the eye. The 

other two ratios were out of the acceptable range (Table 1).  Therefore these two formulations 

were selected for further investigations. 

Table 1. The gelation temperature of various in situ gel NEs (mean ± SD, n=3). 

Formulation Poloxamer 407 

(W/w %) 

Poloxamer 188 

(W/w %) 

Gelation temperature 

(°C) 
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F1 12 0 >40 

F2 14.5 0 28.63±0.85 

F2a 14.35 0.15 29.63±0.61 

F2b* 14.2 0.3 33.37±0.93 

F2c 13.9 0.6 >40 

F3 17 0 20.70±0.46 

F3a 16 1 29.27±0.50 

F3b* 15.5 1.5 32.67±0.86 

F3c 15 2 36.80±0.89 

*Selected for further evaluations 

3.4. Physicochemical characterization. 

Particle size is one of the most important factors in ophthalmic drug delivery, 

Nanometric particles show more adherence of drug on the surface of the eye and elevate drug 

penetration to the eye tissues by enhancement of surface area  [36]. The particle size of the F2b 

and F3b were 27.3  3.97 and 26.4  2.99 in the nanometer range, respectively. The reduction 

in the radius of curvature of the droplets is caused by the presence of cosurfactant and its 

penetration into the interfacial film of oil droplets of the NE system [37].  The prepared 
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nanoemulsion systems had a PDI in the range of 0.290.07 and 0.30 0.05.  PDI value <0.5 

indicates narrow size distribution along with the spherical shape of the particles [38]. 

The designed-in situ NEs also had RI (1.35 and 1.36) values near the RI of tear fluid 

(1.34). The acceptable RI range of the ophthalmic products is less than 1.476, and those with 

higher RIs might cause ocular problems and blurred vision [39, 40]. The ideal pH for 

ophthalmic products is approximately 7.2 [41]. If there is a far distance between the pH value 

of tear and ophthalmic products, consumption may result in pain and irritation [16]. As shown 

in Table 2, both formulations had pH less than 6; however, tear, due to its buffering capacity, 

can adjust the pH of ophthalmic products according to the physiological conditions of the eye. 

Therefore, ph of prepared samples is in the acceptable pH range of pharmaceutical eye products 

(3.5 to 8.5) [39, 42]. 

Retention of the instilled liquid formulations on the surface of eyes is one of the main 

factors affecting ocular drug delivery. The longevity of the drug on the eye surface greatly 

depends on its viscosity. High viscosity increases the longevity of the drug on the eye surface 

and, consequently, its bioavailability, but on the other hand, it may cause problems such as 

difficulty in the application to the eye surface, pain, excessive blinking, etc. [16].  Therefore, 

the viscosity of ophthalmic drugs should be within a certain range that is compatible with eye 

conditions. It is recommended that the viscosity of topical ophthalmic products should not 

exceed 25 cP [43]. As a result of the solid nature of Poloxamer at room temperature, the NE 

systems containing this compound have an almost high viscosity [44]. Therefore, the viscosity 

of prepared NEs is higher than recommended viscosity value, but in several studies, the 

installation of high viscose formulations exhibited no irritancy in the rabbit eyes [45, 46]. It is 

noteworthy that an increased concentration of Poloxamers in F3b formulation compared to 

F2b, led to more increased viscosity value.  

Table 2. Physicochemical characterization of BZ in situ gel NEs (mean ± SD, n=3). 

F2b Mean SD 
 

F3b Mean SD 

Size 27.369 3.971 
 

Size 26.417 2.998 

PDI 0.293 0.070 
 

PDI 0.306 0.052 

pH 5.917 0.144 
 

pH 5.503 0.055 

RI 1.358 0.004 
 

RI 1.366 0.003 

Viscosity 41.283 4.421 
 

Viscosity 81.657 2.031 

3.5. In vitro drug release.  

Studying the process of drug release from colloidal drug delivery systems, including 

NEs, facilitates prediction of their behavior in vivo, the point that is one of the major features 

of these systems. Accordingly, the process of drug release from NE formulations was compared 

with that of the suspension using the dialysis bag method. RE percent of the drug was calculated 

and presented in Table 3 and Figure 2. 

Table 3. Release efficiency of BZ in situ gel NEs after 6h (mean ± SD; n = 3). 

Formulation Release Efficiency (%) Statistical evaluation 

SUSP 72.92±2.43 - 

F2b 60.11±5.36 p<0.05 

F3b 56.79±2.77 p<0.01 
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Figure 2. Release profile of samples during 6 h (mean ± SD; n = 3). 

The release of the drug from the oil-in-water NE is the result of entering the drug from 

oil phase the interfacial region into the aqueous phase. Various factors such as the particle size, 

the components of the systems, and viscosity can affect drug release from such systems. For 

example, smaller particle size increases the release of drugs by creating more contact surfaces. 

Due to the composition of the NE system and the high viscosity of this system, the drug trapped 

in the oil droplets slowly enters the liquid phase from the oil phase, which prolongs the duration 

of drug release [39]. According to the drug release diagram (Figure 2), the loaded drug was 

released from the designed NE systems, more than 50% after 2 h. A more sustained drug release 

rate was observed with the prepared formulations compared with the control suspension. 

Although no significant difference was observed in the RE% between both formulations, 

However, it seems higher viscosity of F3b versus F2b led to a slower release of BZ from F3b 

formulation. In a study by Morsi et al., oil-in-water NEs for ophthalmic drug delivery with 

higher viscosity had a slower release rate than other samples [46]; the same results were also 

obtained by Idrees et al. [47]. 

3.6. Accelerated physical stability tests. 

To investigate accelerated physical stability of two selected formulations, heating-

cooling, and freeze-thaw cycles, as well as centrifugation, were performed, and the results 

indicated the optimal physical stability of all the samples so that no instability such as phase 

separation, cracking, and creaming was observed. Only the storage of the samples in the freezer 

made them turbid, which cleared again after being placed at room temperature. Also, all 

samples were stable at the refrigerator. It seems that the temporary instability in the freezer was 

due to the adhesion of the internal phase droplets and the pressure of the ice crystals on the 

interfacial film [48].  

3.7. Ex vivo transcorneal permeation.  

The permeation profile of the two NE formulations and the suspension through the 

bovine corneal membrane has been shown in Table 4. Based on these results, F3b enhanced 

corneal permeation of BZ in comparison with suspension significantly, which can be explained 

by the presence of surfactant and cosurfactant (Smix), leading to disruption of the tight junction 

of corneal membrane cells [49]. Moreover, corneal epithelium cells can uptake nano-sized 

droplets by endocytosis [50]. It seems that the higher content of Poloxamer 188 and 407 with 

surfactant properties in F3b formulation compared to the F2b, resulted in additional permeation 

of BZ. 
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Table 4. Corneal permeation profile of BZ in situ gel NEs through the bovine corneal membrane  

(mean ± SD; n=3). 

4. Conclusions 

 BZ was offered in a suspension form to the pharmaceutical market as a highly effective 

drug in the treatment of glaucoma, but its prescription was limited due to its dose frequency 

and side effects such as blurred vision and feeling of a foreign body in the eye. An approach to 

overcome these limitations was the point of using in situ gel NEs as drug carriers. In the current 

study, the thermosensitive BZ in situ gel NEs were designed for ophthalmic delivery. Due to 

the optimum size of formulations and other physicochemical properties, prolong release 

patterns, and also improved transcorneal penetration, the designed formulations, specially F3b, 

had superior traits compared to the suspension form. The results of the study showed that the 

thermo-sensitive in situ gel-based NEs were prepared by a low-energy method that can be used 

as a suitable ocular drug delivery system of BZ. 
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