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Background: The low entrapment efficiency of the hydrophilic drugs such as brimonidine tartrate (BRT) in liposomes represents
a challenge that requires interventions. Gelatinized core liposomes (GCLs) were fabricated to increase the drug entrapment, corneal
penetration, and physical stability of the investigated molecule.
Research Design and Methods: GCLs encapsulating BRT were prepared and optimized utilizing D-optimal design (DOD). The
effect of plasticizer incorporation on the physicochemical characteristics and on the in vivo performance was studied. The optimized
formulations were investigated for pH, rheological properties, morphological characteristics, in vitro release profiles, biological
performance, safety profile. The effects of storage and gamma sterilization were also investigated.
Results: The results revealed the great success of the prepared formulations to achieve high entrapment efficiency reaching 98% after
a maturation period of 10 days. The addition of glycerol as plasticizer significantly minimized the particle size and shortened the maturation
period to 7 days. The selected formulations were stable for 3 months after gamma sterilization. The formulations showed significant
lowering of intra-ocular pressure (IOP) in glaucomatous rabbits with sustainment of the pharmacological effect for 24 hours compared to
drug solution.
Conclusions: Enhanced in vitro and in vivo profiles of brimonidine tartrate loaded gelatinized-core-liposomes were obtained.
Keywords: gelatin, brimonidine tartrate, D-optimal design, glaucoma, gelatinized core liposomes, ocular drug delivery, plasticizer,
intra-ocular pressure, BRT, IOP, DOD

Introduction
Normally, there is many obstacles facing drug-delivery to the ocular tissues due to the pioneer defense mechanisms of the
eye anatomical structure and physiological performance.1 The blood aqueous barrier, corneal epithelium, retinal pigment
epithelium, sclera and blood capillary endothelial cells, represent the eye’s static barriers, whereas the tear drainage,
choroidal blood and lymphatic circulations2 and conjunctival blood and lymph clearance denote the dynamic ocular
barriers. As a result, less than 5% of the injected dose normally reaches the eye interiors [12]. Recently, many
advancements in the field of drug delivery systems finds its way for application in the ocular therapy to overcome
these obstacles in order to improve patients’ compliance since the conventional pharmaceutical forms namely; solutions
and suspensions, have numerous impediments,3 particularly in disorders like glaucoma.4

Vesicular systems are innovative means of delivering drugs in a controlled manner in order to enhance their
bioavailability and prolong their therapeutic effects. Working to improve the drawbacks of liposomes as a poor vesicular
carrier for hydrophilic molecules was the main goal for many researchers.5,6 In recent years, gelatinized core liposomes
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(GCL) offered a valuable modification for effectively delivering drugs of hydrophilic nature with better vesicular stability
and higher entrapment efficiency compared to the conventional forms. Gelatin, being hydrophilic in nature with
a thixotropic quality, can entrap efficiently the hydrophilic drugs and minimize their leakage in addition to extending
their release profile.7 Moreover, gelatin is considered a cheap molecule compared to other synthetic analogues. This
could encourage its transformation to the large scale production.8

Brimonidine tartrate (BRT) is a selective alpha 2-agonist9 exhibiting a unique ocular hypotensive effect which has
a dual action mechanism due to its ability to decrease the aqueous humour production as well as increase the uveoscleral
outflow.10 Its selectivity towards alpha-2 adrenergic receptors and its neuroprotective activity on retinal ganglion cells
position it as an important therapeutic agent for the treatment of the open-angle glaucoma.11 Unlike beta adrenergic
blockers such as timolol maleate, it is not contraindicated in patients with cardiopulmonary disease.10

The aim of the current work was to boost the use of BRT, being a water-soluble drug, in the topical treatment of
glaucoma by enhancing its entrapment efficiency and corneal penetration through encapsulating the drug in gelatinized
core liposomes. The GCLs were prepared by the thin-film hydration technique and the effect of the independent
formulation factors on the dependent ones were studied using D-optimal design (DOD). The effect of incorporation of
glycerin as a plasticizer was studied on both the maturation period of the prepared vesicles as well as on the particle size.
After applying the desirability function, three selected formulae were further investigated for in vitro drug release,
morphological examination using transmission electron microscopy, possible interactions using differential scanning
calorimetry (DSC) and FTIR, rheological behavior and stability over a storage period of 3 months. The biological
performance of the selected formulations was studied using glaucomatous Albino rabbits’ model where the intra-ocular
pressure (IOP) reduction of the rabbits’ eyes was evaluated applying simple randomized parallel design. The safety
profile was assessed using histopathological examinations. Moreover, Draize test was performed to evaluate the irritancy
effect of the tested formulations.

Materials and Methods
Materials
BRT was a gift from Holdipharma (Cairo, Egypt). L-α Phosphatidylcholine from dried egg yolk, Type X-E ≥40%
(enzymatic), gelatin A bloom gel strength-300g from porcine skin, cholesterol from sheep wool, phosphate buffered
saline tablets and the dialysis membrane (12,000–14,000 molecular weight cut-off) were purchased from Sigma-Aldrich
(Saint Louis, USA). Ethanol and Glycerol were purchased from El-Nasr Pharmaceutical Co. (Cairo, Egypt). Proparacaine
HCl, betamethasone suspension, glacial acetic acid, ethyl alcohol (95% v/v) and neutral buffered formalin (10% v/v)
were purchased from Holdipharma (Cairo, Egypt).

Methodology
Preparation of the Gelatinized Core Liposomes (GCL) Applying the D-Optimal Design
Experimental Design
The DOD was utilized for devising the formulae to study the effect of different formulation variables on the properties of
the obtained gelatinized core liposomes as well as for optimization procedure. Three independent formulation variables
were evaluated, namely: 1) the amount of gelatin (Gel) in mg per formula; 2) the volume of organic solvent in mL (Org)
used for dissolving phospholipids; and 3) The percentage of phosphatidylcholine (PC%) per the total lipids weight
(200 mg; of phosphatidylcholine (PC%) + cholesterol (CHL). The corresponding levels (3 levels for each variable) were
selected based on previous researches12,13) .Twelve formulations were devised by the Design© Expert v. 9 software (Stat-
Ease Inc., Minneapolis, MN) applying the DOD after applying the point exchange technique.13 Table 1 presents the
composition of the prepared formulations with and without the incorporation of 1% glycerol as a plasticizer together with
its role in adjusting the osmotic pressure across the liposomal walls.14

Preparation of Gelatinized Core Liposomes
Thin film hydration method was adopted for the preparation of the GCLs12 compounding different amounts of
phospholipid/cholesterol, gelatin and organic solvents according to the previously devised set of formulations. Briefly,

https://doi.org/10.2147/IJN.S370192

DovePress

International Journal of Nanomedicine 2022:172754

Abdel Azim et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Table 1 The Effect of the Independent Factors on the Characteristics of the GCLs

Run* Independent Variables Dependent Variables

(PC%) Gel (mg) Org. Sol (mL) PS Mean ± SD (nm) PDI Mean ± SD Zeta P. Mean ± SD (mV) EE% Mean ± SD

GL1** 75 40 40 413.03 ± 24.85 0.62 ± 0.01 −51.30 ± 0.26 98.17 ± 0.11

GL2** 100 40 30 653.43 ± 42.39 0.53 ± 0.03 −6.32 ± 3.34 98.29 ± 0.22
GL3** 50 40 30 810.55 ± 74.09 0.82 ± 0.02 −13.99 ± 3.28 98.49 ± 0.32

GL4** 87.5 70 30 787.83 ± 79.63 0.71 ± 0.04 −1.23 ± 0.06 98.38 ± 0.01

GL5** 100 60 30 922.75 ± 14.16 0.48 ± 0.02 −21.53 ± 3.08 98.46 ± 0.41
GL6** 100 80 50 1091.33 ± 167.44 0.56 ± 0.04 −36.73 ± 3.87 98.56 ± 0.17

GL7** 50 60 40 1013.18 ± 157.21 0.32 ± 0.01 −34.30 ± 0.77 98.09 ± 0.12

GL8** 75 80 30 901.18 ± 18.31 0.69 ± 0.03 −13.85 ± 0.53 98.19 ± 0.67
GL9** 75 60 50 1010.43 ± 82.89 0.76 ± 0.04 −37.85 ± 6.13 97.94 ± 0.33

GL10** 100 40 50 649.98 ± 52.09 0.38 ± 0.02 −2.09 ± 0.70 98.64 ± 0.42

GL11** 50 40 50 729.60 ± 100.86 0.60 ± 0.07 −7.15 ± 0.38 98.64 ± 0.20
GL12** 50 80 50 1308.68 ± 125.33 0.49 ± 0.07 −9.68 ± 0.49 98.48 ± 0.66

GLG1*** 75 40 40 140.75 ± 23.59 0.36 ± 0.05 11.25 ± 0.29 85.94 ± 0.02

GLG2*** 100 40 30 332.35 ± 133.25 0.28 ± 0.10 12.75 ± 1.66 84.53 ± 0.27
GLG3*** 50 40 30 537.23 ± 85.44 0.70 ± 0.07 11.23 ± 1.25 87.16 ± 0.09

GLG4*** 87.5 70 30 468.38 ± 51.61 0.47 ± 0.08 14.28 ± 1.22 83.81 ± 0.84

GLG5*** 100 60 30 494.96 ± 31.49 0.57 ± 0.05 11.15 ± 0.73 86.68 ± 0.54
GLG6*** 100 80 50 486.65 ± 208.07 0.58 ± 0.08 14.45 ± 0.40 83.17 ± 0.38

GLG7*** 50 60 40 339.05 ± 111.78 0.78 ± 0.09 10.72 ± 1.84 89.00 ± 0.85

GLG8*** 75 80 30 567.01 ± 113.01 0.41 ± 0.12 9.90 ± 0.85 86.27 ± 0.05
GLG9*** 75 60 50 245.77 ± 105.84 0.85 ± 0.06 9.8 ± 1.64 83.33 ± 0.61

GLG10*** 100 40 50 562.39 ± 98.15 0.82 ± 0.11 11.44 ± 1.23 84.59 ± 0.12

GLG11*** 50 40 50 429.48 ± 57.86 0.81 ± 0.10 5.00 ± 0.93 84.09 ± 0.26
GLG12*** 50 80 50 374.88 ± 234.56 0.63 ± 0.09 6.68 ± 0.98 87.98 ± 0.61

Notes: *All formulations contained 10 mg brimonidine tartrate added to the rehydration phase of the thin film with total final formulation volume of 10 mL. **(GL1 through GL12): Gelatinized core liposomal suspension prepared
without the addition of glycerol. ***(GLG1 through GLG12): Gelatinized core liposomal suspension containing 1% glycerol in the aqueous dispersion medium. (Gel) the amount of gelatin in mg per formula, (Org. Sol) the volume of
organic solvent in mL used for dissolving phospholipids, (PC%) the percentage of phosphatidylcholine per the total lipids weight (200 mg).
Abbreviations: CHL, cholesterol; PS, particle size; Zeta P, zeta potential; EE%, entrapment efficiency.
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the total amount of lipids, equivalent to 200 mg, was dissolved in an accurate amount of ethanol. The dispersion was
introduced into a rotary evaporating flask, thermostated at 40°C. The flask rotated at 150 rpm for 30 minutes until a thin
film was obtained on the walls of the flask. The flask was kept in the rotary evaporator for another half an hour to ensure
the complete removal of the organic solvent. Meanwhile, gelatin was dispersed in 10 mL of an isotonic phosphate buffer
of the drug (containing 10 mg drug) and kept at 40°C. The prepared aqueous solution was utilized to rehydrate the
obtained thin film by addition portion wise with tilting the flask. At the end, the liposomal dispersion was kept for 1 hour
in the rotary evaporator’s water bath at 40°C. Finally, glycerol was added to the GLG 1–12 set of liposomal dispersion, to
adjust the osmotic pressure across the phospholipid liposomal membrane. All formulations were kept at 4°C for 7 to 10
days until complete maturation of the developed vesicles after preliminary examination of the required period for
reaching constant particle size, PDI and Zeta potential.

Characterization of the Prepared Gelatinized Core Liposomes

Determination of Particle Size, PDI and Zeta Potential. The particle size and PDI of the prepared vesicles were
determined applying the dynamic light scattering (DLS) technique using Malvern-ZEN® 3600 ZetaSizer (UK).
Measurements were conducted in triplicates at 25°C. The PDI was determined by the same apparatus as
a dimensionless number indicating the width and uniformity of the size distribution, where PDI less than 0.4 indicates
a homogenous monodisperse population.15

Zeta potential was determined using the laser-Doppler velocimetry technique using ZetaSizer. Samples were prepared
by dilution of 0.1 mL of the prepared formulation with 50 mL deionized water followed by shaking for 1 minute16 prior
to measurement. Results were the average of three determinations.
Determination of the Entrapment Efficiency (EE%) in the Prepared Gelatinized Core Liposomes. The EE% of BRT was
calculated by measuring the concentration of the un-entrapped drug in the supernatant after centrifuging the vesicular
dispersion and the separation of the precipitated vesicular pellets.12,17 Briefly, 1 mL of the prepared Gel was centrifugated
at 4°C in a cooling high speed centrifuge at 19,000 g for 1 hour. This was followed by decantation of the supernatant and
determining the amount of the free drug spectrophotometrically at 249 nm. The percent entrapment efficiency was
calculated applying the following equation:

EE% ¼ Wt � Wfð Þ=Wtð Þ x100 (1)

where Wt is the total amount of the drug in the formulation and Wf is the amount of the free drug in the supernatant.12

Selecting Formulations for Further Investigations Using a Statistical Desirability
Function
The desirability function of the Design Expert® software was utilized to select the formulations for further investiga-
tions. The targeted criteria were to both maximize and minimize the particle size (one-at-a-time) in order to compare the
effect of the particle size in the micrometer range versus the nanometer range on the in vivo performance of the prepared
formulations. Furthermore, the formulae were also selected to satisfy some other criteria including the incorporation of
both high and low concentration of gelatin being a viscosity inducer and hence expected to affect the ocular retention
time and hence the ocular availability. Moreover, the effect of the presence and absence of glycerol in the formulations on
their biological performance (ocular availability of the drug and irritancy of the formula) was also investigated.

In vitro Characterization of the Selected Formulations
The selected formulations meeting the target characteristics were subjected to further investigations in terms of their
rheological properties, morphological characteristics, possible interactions between their components using DSC and
FTIR, in vitro drug release and kinetics and stability towards sterilization using Gamma irradiations as well as sterility
testing.
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pH Determination of the Selected Gelatinized Core Liposomes
The pH meter (model 3510, Jenway, UK) was calibrated before usage utilizing standard pH 4, 7 and 9.2 buffer
solutions.18 The electrode was immersed in the sample solution (10 mL) without dilution until a steady reading was
reached and recorded.

Determination of the Rheological Behavior of the Selected Gelatinized Core Liposomes
The viscosity of the selected formulations was measured at 25 °C ± 0.2 using cone and plate computer interfaced
rheometer fitted with the spindle CS-40 (Brookfield Model: DV3T, USA).19 Simply 1 mL of the formulations was placed
on the tray of a plate and cone apparatus with 20 mm diameter/4° angle with a fixed shear rate (sec−1). The running
temperature was 25°C ± 0.2, the cone rotation speed ranged between 10 rpm and 1000 rpm on the up curves and down
with the same speed rate. The rheological behavior of each formula was evaluated according to Farrow’s equation by
plotting the values of the shear stress versus shear rate.:

Log G ¼ N Log F � Log η (2)

where, G is the shear rate (sec−1), F is the shear stress (Pa), N is Farrow’s constant and η is the viscosity (Pa.s). N, the
slope of the plot of log G against log F, indicates the deviation from Newtonian flow. When N is greater than one it
indicates a pseudoplastic or plastic flow (shear rate thinning systems), while an N value less than one indicates dilatants
flow (shear rate thickening system).19

Morphological Examination of the Selected Gelatinized Core Liposomes
The morphological characteristics of the selected formulations were examined using transmission electron microscope
(TEM) (H-7500, Hitachi, Japan) operating at an accelerating voltage of 80 kV.20,21 Carefully, a drop of each of the
vesicular dispersion was placed on a carbon-coated copper grid and left for 2 minutes to adhere to the carbon substrate.
A drop of 2% w/v solution of phosphotungstic acid was spread onto the carbon grids and samples were left to dry in the
air. The obtained film of stained vesicles was examined at a magnification of 50× to 200,000×.

Differential Scanning Calorimetry Studies
DSC (DSC-50, Shimadzu, Japan) was carried out for the dehydrated vesicles; freeze dried (Christ ALPHA 2–4 LD plus,
Germany). DSC thermograms for the individual components namely, phosphatidyl choline, cholesterol, gelatin, the drug
as well as their physical mixture and the freeze-dried selected formulations were performed. Briefly, an accurately
weighed amount of the sample was placed into an aluminum pan and analyzed against an empty aluminum pan as
reference. The process was operated at a heating rate of 10°C/min and over a temperature range from 20 to 300°C under
inert nitrogen flow of 25 mL/min.

Fourier Transform Infrared Spectroscopy (FTIR)
The FTIR spectra were recorded for BRT, phosphatidyl choline, cholesterol, gelatin, their physical mixtures, and the
selected formulae using FTIR spectrophotometer (Model 22, Bruker, UK) applying the KBr disk technique. The FTIR
measurements were performed in the scanning range of 4000–40°C m−1 at ambient temperature.

Drug Release and Kinetic Model Studies
In vitro drug release studies of BRT from the selected formulations and their corresponding vesicle-free analogues
containing the same concentrations of both the drug and gelatin were carried out using the dialysis bag method, where
a cellulose membrane dialysis bag (6 cm long, 2.2 cm wide, molecular weight cut off of 12–14,000 Daltons) was used as
the donor compartment22 after soaking in a buffer of pH 7.4 for 24 hours. Exactly, 1 mL BRT GCL was injected into the
dialysis bag, which was fastened from both sides and folded and fastened once again to have both ends together. The
assembly was immersed in 50 mL isotonic phosphate buffer of pH 7.4 adjusted at 35 °C± 0.5 °C, to simulate the normal
eye temperature,23 in an incubator shaker (IKA, KS4000IC, Staufen, Germany) working at a rate of 100 stroke
per minute. At pre-determined time intervals, samples of 3 mL from the release medium were withdrawn and replaced
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with equal volume of fresh receptor medium. Samples were analyzed for the drug content spectrophotometrically at
a pre-determined wavelength of 249nm.24

The percentage of the cumulative drug release was calculated using a previously developed standard curve of the drug
concentration versus absorbance at the same wave length. The mean percentage of the cumulative drug release was plotted
against time and consequently the release data were kinetically analyzed using different kinetic models to determine the
mechanism of drug release from the selected formulations. The release parameters were calculated to compare between the
investigated formulations. They involved: 1) The release half-life (T50); the time required for the release of half the initial drug
dose from the prepared formulation; and 2) Mean dissolution time (MDT); the arithmetic mean value of the release profiles
which describes the drug release rate and reflects the retarding ability of the formulation for the drug release.25

The kinetics of BRT release from GCL was determined using linear regression analysis in order to find the best fit of
the release data to equations representing: zero, 1st and Higuchi diffusion models and results were confirmed by applying
Korsmeyer-Peppas equation as follows26–28

Qt=Q1 ¼ ktn (3)

where, Qt/Q∞ is the fraction of drug released at time t, k is a constant incorporating structural and geometric
characteristics of the controlled release device and n is the release exponent and is indicative of the mechanism of
drug release.29 The kinetic parameters (k and n) were calculated from the plot of log (Qt/Q∞) versus log t where, (Qt/Q∞)
is less than 0.6 as this model is valid only for early stages of drug release (≤60%).29

Effect of Storage on the Physicochemical Characteristics of the Selected Gelatinized Core Liposomes
The physical stability of the selected formulations GLG1, GLG4 and GL12 were monitored over a period of 3-months
storage under refrigeration at a temperature of 2–8°C. The PS, PDI, Zeta potential and EE% were measured after the
specified period and compared statistically to the initial values of the freshly prepared formulations. All data are
presented as the mean and standard deviations of three separate determinations.

Sterilization Study of the Selected Gelatinized Core Liposomes and Sterility Testing

Sterilization by Gamma Irradiations and Re-Evaluation. The selected formulations received a radiation dose of 10 Kgy
for the sterilization purposes30 using cobalt-60 gamma chamber 4000-A (National Centre for Radiation Research and
technology (NCRRT) in the Egyptian Atomic Energy Authority, Cairo, Egypt). Re-evaluation of the particle size, PDI, Zeta
potential and EE% of the sterilized formulations was performed applying the same procedures as described previously and
compared statistically to the initial values of the freshly prepared formulations.
Sterility Test. Following sterilization by gamma irradiation, the sterility testing was performed implementing the test tube
method followed by the pour plate method. For the test tube method, two media were used, namely; fluid thioglycollate media
(FTM) which supports bacterial growth and trypticase soy broth (TSB) media which supports the growth of fungi. Exactly
1 mL from each selected formulation was transferred under aseptic conditions to a previously sterilized test tube containing
5mL of either of the previously mentionedmedia then were tightly closed. All tubes were incubated (TITANOX s.r.j. Fabbrica
Artticoli Medico Sanitari, Italy) for 14 days at 37°C or at 25°C for FTM and TSB, respectively.31 For comparison, negative
and positive controls were prepared for both thioglycollate media and TSB media. The positive control was inoculated with
Staphylococcus aureus for FTM and Candida albicans for TSB to assure that the media contain the essential requirements and
can promote the growth of the microorganisms. On the other hand, the negative controls were themedia with only the nutrients
incubated under the same conditions to make sure that they maintained sterility during the preparation procedure.32,33 After 14
days of incubation, 1 mL from each tube was transferred to brain heart agar media plate and trypticase soya agar media plate
and incubated for 24 h at 37°C and for 72 h at 25°C, respectively for the above mentioned media to detect the presence of any
bacterial or fungal growth.34
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In vivo Evaluation of the Selected Formulations
Selected formulations, namely, GLG1, GLG4 and GL12, were evaluated regarding their biological performance regard-
ing their IOP lowering capacity in glaucomatous Albino rabbits’ eyes as well as their irritancy and pathological effect in
comparison with the drug solution in isotonic buffer.

Protocol
The protocol of the animal studies was approved by the research ethics committee for experimental and clinical studies of
the faculty of Pharmacy at Future University in Egypt; Serial No.: REC-FPSPI-11/79 on 25/7/2018 and in accordance
with use of Laboratory Animals of the National Institutes of Health (NIH Publications No. 80–23, revised 2011).

Evaluation of the Ocular Pressure Lowering Capacity of the Selected Formulations

Animals. Sixteen male New Zealand rabbits (mean body weight of 3± 0.25 Kg) were randomly distributed into four
groups; four animals per each. Rabbits were kept in individual cages in controlled room under standardized conditions of
humidity, temperature- and light cycles of 12-hrs of light and 12-hrs of dark. Rabbits were fed with a standard rabbit diet
accompanied by free access to water. The rabbits’ eyes were examined for ocular abnormalities on external and slit-lamp
prior to the beginning of the experiment. At the end of the study, rabbits were sacrificed through an intramuscular
injection of a high dose of an anesthetic (ketamine and xylazine). The bodies were frozen at −20 °C till incineration in the
Research Institute of Ophthalmology in Giza, which was responsible for getting rid of the corps.
Study Design. Selected formulations (GLG1, GLG4, and GL12) were compared to a drug solution in isotonic phosphate
buffer with equivalent drug concentration (1 mg/mL). The study was performed using a simple randomized parallel
group design where four rabbits were randomly assigned to each of the four treatment groups (A, B, C and D). Group
A received GLG1 formulation, Group B received GLG4 formulation, Group C received GL12 formulation and Group
D received the drug solution.
The Intra-Ocular Pressure Measurements. The procedure to establish an animal model with a raised IOP using steroids in
suspension was adopted as described by Melena et al 1998.35 The rabbits were injected weekly for two weeks with a sub-
conjunctival dose of 0.7 mL per each of the right and left eyes with a mixture of betamethasone sodium phosphate and
betamethasone acetate (3 mg/mL) each. This combination provides a readily available sodium phosphate and a slow released
acetate fraction of betamethasone. In details, 1–2 drops of 5% proparacaine HCl was instilled to each eye to induce local
anesthesia. After few minutes, betamethasone suspension was injected in the sub-conjunctiva of the rabbits’ eyes. A mild
pressure was applied on the eye for a short period of time. To avoid diurnal variation of IOP, the measurements were started at the
same time of the day (9:00 am) throughout the observational period of two weeks. The first measurement was taken immediately
before injecting the betamethasone suspension then was recorded twice a week after injection for two weeks where four
measurements of the IOP were taken during this period. Animals exhibiting fluctuations >5mm Hg in their IOP and/or not
reaching the required starting IOP value (37.2 mmHg) were excluded from the study with multi-measurements (n = 5). The
rabbits were held in specially designed wooden boxes during the measurements.

Two weeks after glaucoma induction; one drop (0.1 mL) of the formulations (equivalent to 1 mgBRT/mL) was
installed in the right eye of each animal, followed by fluorescein in order to stain the cornea. Afterwards, measuring the
IOP was performed using a standardized Schiotz® tonometer (Model AEI-23, Ajanta, India) as described by Shields in
198736 in both eyes at 1, 2, 4, 6, 8, 12 and 24 hours. The pressure in the left eye (the untreated one) was considered as
a base line for the treated right eye at each time interval.
Eye Irritancy Test (Modified Draize Test). The aim of the current test was to determine whether the investigated
formulations (GLG1, GLG4 and GL12 versus drug solution) would pose any kind of irritation to the rabbits’ eyes as
an indicator of similar effect on the humans’ eyes. For this test, 8 male New Zealand healthy rabbits of age 4–5-month
and weight of 2 ± 0.5 kg were used. The normal eye tissues were examined prior to the beginning of the experiment to
exclude any animal showing even minor irritation signs. Rabbits were hosted individually in separate cages to guard
against accidental injuries with temperature and humidity not exciding 21°C and 60%, respectively. They were fed on
conventional laboratory diets with free access to drinking water. Exactly, 0.1 mL of each of the selected formulations was
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instilled into the lower conjunctival cul-de-sac of the right eye. The left eye was kept as a control for comparison. The
eyelids were held together for several seconds after dose application followed by allowing free blinking. Pre- and post-
insertion examination was performed by external observation under proper illumination. The evaluations were performed
at 1, 24, 48, 72 h (if reactions occur the eyes should be observed for 21 days to make sure that the reactions are
reversible). The ocular changes were graded by a scoring system that includes rating any alterations to the cornea, iris
and conjunctiva as a simplified scoring system of that described by Draize et al.37–39

Histopathological Study. To complete the assessment of the adverse effect of the selected GCLs on the tissues of the
rabbits’ eyes, the histopathological effect of the three formulations namely; GLG1, GLG4 and GL12 in reference to the
drug solution was investigated. The corneal, retinal, filtration apparatus and choroidal tissues of the right treated eyes of
the rabbits were examined for the histopathological changes after the administration of the selected formulations as well
as the drug solution as one drop every 12 hours for 7 days using microscopical examination. Tissue specimens from the
left untreated eyes of the rabbits were examined for normal histological structure for comparison.

Briefly, following slaughter, the rabbits’ eyes were instantly immersed after trimming in Davidson’s solution.
Following enucleating and trimming, eyes were kept submerged by means of a gauze. The globe remained in the
solution for two days while the eyes were then taken out of the solution and placed in 10% formalin. The specimens were
trimmed off, rinsed and dehydrated in alcohol of increasing concentrations. The dehydrated specimens were then washed
in xylene, inserted into paraffin slabs and segmented at 4–6 µm thick. The obtained tissue sections were de-paraffinized
using xylol and stained utilizing hematoxylin and eosin (H&E) followed by using the electric light microscope for
histopathological examination.38

Statistical Analysis
All data were presented as mean ± standard deviation. One-way ANOVA was performed using GraphPad Prism 7.0 ®
software (GraphPad Software, San-Diego, CA) to assess the effects of the storage for three months and the sterilization
by gamma irradiation on the vesicular characteristics (particle size, PDI, Zeta potential and encapsulation efficiency) as
well as for comparing the pharmacodynamic parameters of the selected formulations followed by the least significant
difference (LSD) test. Design-Expert® software (version 9; Stat-Ease, Inc., Minneapolis, MN) was adapted for analysing
the results of the DOD experiments to investigation the effect of formulation variables on the particle size, PDI, Zeta
potential and encapsulation efficiency, followed by ANOVA to test the significance and separate the effects of the
independent variables. The statistical significance level was set at p-value ≤ 0.05 in all experiments.

Results
Preparation and Optimization of Gelatinized Core Liposomes Applying D-Optimal
Design
The Preparation of the Gelatinized Core Liposomes
The prepared GCLs exhibited a dispersion of milky white appearance that undergo typical sol-gel-sol transformation
upon changing the temperature between refrigeration and room temperature and/or agitation which is a logical conse-
quence to the presence of free unentrapped gelatin.

The GCLs with or without the addition of glycerol required an average of 7 to 10 days, to reach maturation in terms
of particle size (Figure S1A and B), PDI (Figure S1C and D) and Zeta potential (Figure S1E and F) while the final stable
particle size, PDI and Zeta potentials are presented in Table 1.

The time required for maturation may be attributed to the presence of gelatin-A, which acquires a positive charge at
pH 7.4 that increases its affinity to the liposomes’ phospholipids being negatively charged. This affects the mutual
interaction between the oppositely charged components. This fact also affects the incorporation of gelatin during the
assembly of the bilayers of the newly developed vesicles both inside their aqueous core and on their surfaces, which
might require an equilibration period for complete formation of the vesicular structure. In other words, the presence of
gelatin may have retarded the final assembly of the vesicles, thus prolonged the maturation of the vesicles.
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As a result of the unstable PS that matures over 7 to 10 days, the PDI values also presented a fluctuated pattern
throughout the maturation period until it reached stable state after maturation. It is clear that the instability of the values
of the PDI was in direct agreement with the instability of the vesicles size during the formation and maturation period
where molecules of the components of the gelatinized-core vesicles were in dynamic movement exchanging between the
dispersion medium and the vesicular structure; both their core and wall. Only when the vesicles reached their mature
status the PDI reached its minimum values with the stability of the particle size.

It was clear that the net charges on the surface of the vesicles were a function of the components of the vesicles which
have different charges namely; gelatin possessing a positive charge, phosphatidylcholine possessing a negative charge
and the drug may pose a possibility of developing positive poles on the ternary amine group specially under the influence
of glycerol, being a polyol, and can act as a polarizing agent.

Response Surface Analysis of the Characteristics of the Gelatinized Core Liposomes
Effect of Formulation Variables on Particle Size, Polydispersity Index, and Zeta Potential of the Mature Gelatinized Core
Liposomes
Response surface methodology (RSM) using the DOD was adopted to study the effect of the independent variables on the
particle size, PDI and Zeta potential of the prepared GCLs. Model regression analysis for the mature vesicles were
developed and the significance of the effect of independent variables and their interactions over the responses was tested
applying ANOVA.

The model parameters for the influence of formulations variables on the particle size for the glycerol-free formula-
tions (GLs); GL1:GL12 and glycerol containing ones; GLG1:GLG12 are presented in Table 2. The response surfaces of
the particle size for both sets were constructed as shown in Figure 1A and B). Furthermore, investigation of the particle
size models with respect to a required power transformation were confirmed though constructing the Box Cox plot for
both the glycerol free as well as the glycerol containing formulae as presented in Figure 1C and D).

Results revealed the significance of a quadratic models adopted for the influence of formulation factors on the particle
size of the obtained GLs formulae (p = 0.0057) as well as GLGs formulae (p = 0.0022). Models were significant and
highly fitting the results with close values of both R2 and adjusted R2 of 0.9987 and 0.9930 for GLs formulae,
respectively and 1.000 and 1.000 for the GLGs formulae, respectively. Furthermore, high correlation between the
experimental and predicted results were observed for the generated D-optimal models as confirmed by their high
predicted R2 confirming the capability of the models to forecast the un-carried experiments within the design area.13

In addition, the adequate precision values of the two models, which indicate the signal-to-noise ratio, were 50.107 and
1145.508 for GLs and GLGs, respectively. Usually, values above 4 assures sensitivity and adequacy of the models to
navigate the experimental space.13,40

The Box–Cox transformation searches for an appropriate exponent (lambda) in order to determines whether the
response needs to be measured on a different scale or not to improve the skewed variables and create a model equation
that best fit the data.41,42 The selected model for the GLs was effective with no need for further data transformation,
where the current lambda (1.00) laid within the 95% confidence interval of the best lambda value (0.93). On the other
hand, the generated model for the glycerol-containing formulations needed further transformation, where the current
lambda was superimposed with the best lambda (lambda = 0.2) as shown in Figure 1C and D) and Table 2.

The results of the analysis of variance (ANOVA) for the significance of different factors, factors’ interactions as well
as their quadratic level on the particle size of the glycerol free formulae showed that all the independent factors namely;
gelatin mass (A), volume of organic solvent (B) and phosphatidyl choline concentration (C), had significant (p = 0.0015,
p = 0.0361 and p = 0.0059, respectively) effects on the particle size of the obtained GCLs with the most significant effect
being due to the mass of the added gelatin. Additionally, the factor combination; AB as well as the quadratic levels of the
three factors; A2, B2 and C2 significantly (p = 0.0216, p = 0.0067, p = 0.0069 and p = 0.0170, respectively) affected the
PS of GLs.

The significant increase in the particle size of the glycerol free formulations upon increasing gelatin concentration at
all levels of PC concentration and organic solvent volume (p = 0.0015, Table 2 and Figure 1A may be due to the fact that
gelatin A acquires a positive charge at physiological pH which augments its affinity to the phospholipids of the liposome
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bilayer, being negatively charged, and therefore favor its incorporation both inside the liposomal core and its wall.
Nevertheless, the excess amount of gelatin in the dispersion medium can also increase the particle size by bridging the
dispersed particles leading to aggregation as observed in GL12 which contains the highest amount of gelatin that
contributes to a relatively large particle size of 1308.68 ± 125.33 nm. Similarly, it was reported that increasing the gelatin
mass increased the particle size of the GCLs prepared for the delivery of timolol maleate.12

Concerning the effect of the organic solvent, it showed negative coefficient in the response surface equation,
indicating that increasing the volume of the organic solvent leads to significant (p = 0.0361) reduction in particle size.
This could be explained on the basis of more spread of the PC/cholesterol dispersion during the rotary-evaporation,
developing a thinner film which allows the formation of larger number of vesicles with smaller particle size during the
hydration process. Furthermore, the decrease in the amount of organic solvent with an increase in the lipid amount may
have resulted in less dispersion of the lipids, formation of thicker film, less efficient hydration with the aqueous phase and
hence producing vesicles of larger particle size at different levels of the other factors namely; PC% and gelatin amount.
On the other hand, at the high level of gelatin, increasing the organic solvent led to a significant increase in particle size
as reflected by the significant interaction; AB. The better dispersion of the lipids and the magnified surface area of the
produced film as a result of increasing the volume of the organic solvent may have allowed for better interaction between
the positively charged gelatin-A and the negatively charged lipids upon hydration leading to the incorporation of larger
amounts of gelatin into the aqueous compartment of the liposomes. Consequently, higher volume core was obtained that
pressurized the thin walls of the liposomes leading to vesicles with larger particle sizes.

The concentration of phosphatidylcholine with a negative coefficient in the model equation had a significant (p =
0.0059) decreasing effect on the particle size of the obtained vesicles. This can be explained on the basis that PC
produces more or less a flexible bilayer wall that allows the spontaneous subdivision of the vesicles yielding smaller
liposomes where its counterpart of the lipid content; cholesterol is responsible for rigidifying the liposomal wall and
hence stabilizing them. Needless to say, that increasing the PC concentration will be deducted from the amount of
cholesterol (total lipid amount = 200 mg).

On the other hand, increasing the cholesterol concentration on behalf of PC may explain the increase in particle size
of the vesicles as shown with formulations, GL3, GL7, GL11 and GL12. The presence of higher concentration of CHL
rigidifies the vesicles wall preventing their subdivision into smaller size. It is well reported that the amount of the
incorporated CHL in the vesicular structure significantly affects numerous characteristics of the membrane including
elasticity, stability, permeability to ions, fluidity, aggregation, shape and size.43 It increases the rigidity of the bilayer
through increasing the chain order of lipids’ bilayers and decreasing their phase transition temperature as well.44 It was
previously reported that the effect of cholesterol on the particle size as well as the encapsulation capacity of liposomes

Table 2 Model Summary Statistics for the Influence of Formulations Variables on the Particle Size of the GCLs

Model Parameters GL1: GL12 GLG1: GLG12

Model Type Quadratic model Quadratic model

R2 0.9987 1.0000

Adjusted R2 0.9930 1.0000

Predicted R2 0.8703 0.9997

Adequate Precision 50.107 1145.508

Final Equation in Terms of
Coded Factors

PS = +782.70 +196.68 A −36.46
B −100.83 C +56.72 A B −39.07
A C +23.86 B C −177.78 A2 + 187.73 B2

+116.66 C2

(PS)0.2 = +2.79 + 0.12 A - 0.12 B - 0.037

C - 0.17 A B - 2.882 E- 003 AC
+0.13 B C +0.021 A2

Notes: (GLG 1 through GLG12): Gelatinized core liposomal suspension with 1% glycerol added to the aqueous dispersion. (GL 1 through
GL12) Gelatinized core liposomal suspension without glycerol.
Abbreviations: R2, squared regression coefficient; PS, particle size.
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Figure 1 Example of 3D response surface plot for the effect of formulation factors on the particle size of the prepared formulations, The Box Cox plot for the particle size
model and the location of the selected formulations in the particle size model (for further evaluation): (A) 3D plot of GL1 through GL12, (B) 3D plot of GLG1 through
GLG12, (C) Box Cox plot of GL1 through GL12, (D) Box Cox plot of GLG1 through GLG12 and (E) PS location of the selected formulations.
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varied with the manufacturing conditions and/or the properties of the incorporated polymer as gelatin.12 These results are
also in line with that reported by other researchers.45,46

Furthermore, it was evident that the addition of glycerol to the formulations GLG1 though GLG12 significantly (p =
<0.0001) reduced the particle size reaching the nanometer range. This may be due to the incorporation of glycerol in the
vesicles’ bilayers, hence increasing its deformability being a small polyol alcohol which in turn facilitates the vesicles’
subdivision ability. It was reported that different components of liposomes can affect the final particle size.47 It was also
reported that the final size of the spontaneously formed liposomes after reconstitution in aqueous solution is function of
their thermodynamic stability, which is highly affected by the polar group that stabilize them through the formation of
H-bonds with the surrounding medium. Water, the natural stabilizing compound of the formed liposomes, can be replaced
by the polyol, glycerol in the hydrogen bond formation. This interaction allows glycerol to penetrate the bilayer, relaxing
the membrane tensions and lowering the surface free energy consequently support the formation of smaller size
liposomes48–50Finally, being a cryoprotectant,51 glycerol would prevent the aggregation and the fusion of the liposomes
during formation which contributes to the smaller particle size as well as the shorter maturation period of the glycerol
containing formulations.

The ANOVA analysis of the glycerol containing formulations, GLG1:GLG12, showed that all the independent
factors, A, B and C were significant with F values of 143500 (p = 0.0017), 173600 (p = 0.0015) and 12663.37 (p =
0.0057), respectively besides their quadratic parameters; A2, B2 and C2 in the model equation as shown in Table 2 and the
3D response surface Figure 1B and for the same reasons as discussed previously.

Furthermore, the combinations of the two factors namely; the gelatin mass and the volume of the organic solvent
(AB) interact antagonistically over the vesicular particle size while the organic solvent volume and phosphatidylcholine
concentration % (BC) interacted synergistically as reflected by their negative and the positive coefficients in the response
surface equation, respectively Table 2. As previously explained, the decrease in the amount of organic solvent
accompanied by an increase in the lipid amount lead to less dispersion of the lipids and less surface area of the produced
thin film. Consequently, the less efficient hydration with the aqueous phase yields vesicles of larger particle size. This
coincides with the increase in gelatin amount that exerts its size increasing effect either by increasing the core volume
due to increasing the viscosity or by exerting aggregation effect.

Model-analysis as well as ANOVA revealed insignificance of the predicted models for both the PDI and zeta
potential of the plasticizer-modified and non-modified groups of formulations and showed that the overall mean is
a better predictor of the responses than the constructed models. Never the less, it was clear that their was some what
agreement exist between the PS and the PDI. As the particle size for the mature vesicles increases they also show higher
PDI values.

However the model of zeta potential was not significant, it was obvious that all formulae lacking glycerol turned from
positively charged vesicles to negatively charged ones after maturation. This might prove the stability of the vesicular
structure with the negative charge being imparted by the bilayer of the negatively charged phospholipid, where more
rigid wall incorporating most of the gelatin, with its positive charge, inside the aqueous core of the vesicle as confirmed
by the larger particle size of those vesicles compared to the GLGs formulations. On the other hand, the glycerol
containing formulations remained positively charged after maturation which may be explained on the basis of the
adsorption of some of the gelatin molecules that were not incorporated inside the vesicles’ core on their surface due to the
sub-deviation of the particles into smaller sizes under the influence of the presence of glycerol as a plasticizer which
increased the deformability of the vesicles. Another possible reason is the adsorption of the leaked drug molecule on the
vesicles’ surface as reflected by the reduction in the encapsulation efficiency (Section 3.1.2.2) of those type of vesicles.
The drug molecule with its ternary amine group have a chance of acquiring a proton from glycerol, being a nucleophile,
turning the drug’s ternary amine group into a quaternary amine group and developing a positive charge on the surface of
the vesicles Similarly Alonso et al51 studied the Effect of glycerol on the stability and surface properties of liposomes and
reported that glycerol affected the interfacial properties and was responsible for some permeation changes. Arceo et al52

also reported the effect of the used glycerol on the liposomal permeation properties.
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Effect of Formulation Variables on the EE% of the Prepared Gelatinized Core Liposomes
It is obvious that the presence of gelatin leads to a significant increase in entrapment of the water-soluble drug when
compared to literature data for the plain liposomal formulations of water soluble drugs.53 It was reported previously that
incorporating gelatin can fully entrap hydrophilic drugs in lysosomes, decrease their leakage out due to increasing the
viscosity of the core as well as the dispersion medium around the vesicles’ bilayer,7,12 which is attributed to the
hydrophilic nature of gelatin and its viscous gel-like structure at rest and at room temperature.54

However, the presence of the glycerol in GLG1 through GLG12 significantly (p = 0.0001, one-way ANOVA)
decreased the entrapment efficiency compared to those formulations lacking glycerol. This may be due to the formation
of more flexible walls of the vesicles in the presence of glycerol which increase their deformability and hence leakage of
the drug.48 Similarly some studies suggested that the replacement of the interfacial water at liposomal surfaces by sugars
or permeant molecules such as glycerol would affect the mechanism of permeability of the lipid bilayers. The aqueous
interfaces contribute to the permeability properties both from a thermodynamic as well as from a structural point of view.
Structural changes can affect permeation if it takes place.51,52 Furthermore, the presence of glycerol may have led to the
dehydration of the bilayer through the low water activity at each side of the membrane as a result of the replacement of
the stabilizing water with the polyol.51,55 This, in turn, may result in the partial leakage of the entrapped drug.

The Criteria for Selecting Formulations for Further in vitro and in vivo Evaluation
The desirability function of the Design Expert v.9.0® software together with some logic judgment were utilized to select
formulations for further in vitro evaluation and to investigate the effect of their physicochemical characteristics on the
in vivo performance. The criteria were to include formulae possessing nano and micron size particles according to the
desirability function of the Design Expert v.9.0® software. The particle size is an important criterion in order to
investigate its effect on the ocular uptake and hence the IOP lowering ability. Also, certain formulae containing a high
and a low level of gelatin which is expected to have effect both on the drug release rate, ocular retention time and hence
the in vivo performance of the formulation, were selected. Moreover, the presence and absence of glycerol in the
formulation as an isotonicity adjusting agent was investigated to assess its effect on the eye irritancy during the ocular
administration. Consequently, formulae GLG1, GLG4 and GL12 were chosen. Figure 1E reveals the particle size zones
of selection according to the generated models.

In vitro Characterization of the Selected Gelatinized Core Liposomes
pH Determination of the Selected Gelatinized Core Liposomes
All pH measurements were performed at room temperature; 25°C. The control of the pH of ocular formulations is
important for the stability of therapeutic agents, the ocular acceptability of the formulation and the permeation of drugs
across the cornea. It is also known that the pH and the buffer capacity directly affect the subsequent discomfort from the
formulation after instillation into the eye. Ocular drugs are better formulated to be within a pH range that is non-irritating
to the eye to avoid lachrymal secretion which wash out the drug (pH 4.3–8.4).56,57 All the selected formulations; GLG1,
GLG4 and GL12 exhibited pH value within the acceptable range for ocular administration; 4.97 ± 0.01, 5.87 ± 0.06 and
6.64 ± 0.02, respectively. No further pH adjustment was required.

Determination of the Rheological Behavior of the Selected Gelatinized Core Liposomes
Topical preparations intended for ocular administration require evaluation for their characteristics during administration
specially the viscosity of the eye drops to ensure the evenness of flow and freedom from clogging. As computed from
Farrow’s equation, the Farrow’s constant for the selected formulations (GLG1, GLG4 and GL12) was found to be almost
equal unity which indicates a flow close to Newtonian behavior with slight thixotropy. This can be further ensured by
comparing the viscosity at both maximum and minimum applied shear stresses. The viscosity coefficient (ɳ) of GLG1 at
maximum and minimum shear stresses was identical; 1.05 cP, while both GLG4 and GL12 possessed close ɳ of 2.62 cP
at the maximum shear stress and 1.3°CP at the minimum shear stress. This Newtonian behavior with viscosity close to
that of tears is expected to decrease the discomfort and the damage to ocular epithelia.58
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Morphological Examination of the Selected Gelatinized Core Liposomes
The morphological characteristics of the selected formulations (GLG1, GLG4 and GL12) were imaged by transmission
electron microscopy after staining using 1% phosphotungstic acid. The obtained images showed a particle size of 133.85
nm, 426.03 nm and > 740 nm for GLG1, GLG4 and GL12, respectively, as shown in Figure 2. These results are in
agreement with those obtained from zetasizer measurements. All investigated formulations showed nearly spherical
morphology with slight deformations and the internal hydrophilic core appeared darker in color. These deformations
confirm the gelation of the core as the gelatin is present below its melting point (Tm) in the gel state.53 The darker
hydrophilic core is due to the concentration of the hydrophilic dye, phosphotungstic acid, in the aqueous domain.21,59,60

Differential Scanning Calorimetry
DSC is particularly useful in the investigation of the crystallinity of the drug within the prepared formulations.
Crystalline forms of the drugs are thermodynamically unstable and can undergo crystal growth on storage which affect
physical stability and solubility. Amorphization of the drug is thus the main target of many formulation development,
which leads to a significant improvement of its bioavailability and stability after incorporation into the formulated
vesicles.61,62 Figure 3 represent the thermogram of pure components; BRT, cholesterol, phosphatidylcholine and gelatin,
their physical mixture and the lyophilized formulation; GLG1, GLG4 and GL12, respectively.

The thermogram of the pure drug demonstrated its crystalline structure with a sharp melting endothermic peak at
215.65 °C. The obtained melting point for BRT was similar to that previously reported.63,64 In addition, another
exothermic transition at 269.43°C was observed representing the thermal decomposition of BRT.63,64

Phosphatidylcholine showed a melting point peak at 207.58°C which was also similar to that previously reported.65,66

The thermogram of cholesterol demonstrated an endothermic peak at 63.83°C, while gelatin showed a melting point peak
at 64.44°C which was similar to that previously reported.67

It was clear that the peak of BRT was slightly shifted in the thermogram of the physical mixtures of the components
of the selected formulations (GLG1, GLG4 and GL12). This can be attributed to the dilution effect of the excipients.21 It
was clear that the peak of BRT disappeared in GLG1, GLG4 and GL12 formulation, indicating the molecular dispersion
of BRT in amorphous form in the GCLs. Furthermore, upon comparison of DSC thermograms of blank cholesterol,
phosphatidylcholine, and gelatin it can be confirmed that an interaction has taken place between phosphatidylcholine and
gelatin, which suggests the formation of GCLs as indicated by the disappearance of their peaks in GLG1, GLG4 and
GL12. All liposomal formulations exhibited two endothermic peaks corresponding to the pre- and main transitions of
GLG1 at 44.54°C and 198.77°C, GLG4 at 47.72°C and 197.75°C and GL12 at 47.8°C and 53.6°C, respectively, This is
in accordance with what was previously reported by Kitayama et al.68

Fourier Transform Infrared Spectroscopy (FTIR)
The interaction of drug with excipients in the selected formulation was studied by FTIR spectroscopy. The FTIR spectra
have been depicted in Figure 4. BRT showed absorption bands at 3266.45 cm−1 due to N–H stretching, at 1262.13 cm−1

Figure 2 Transmission electron micrograph (TEM) of the selected formulations, (A) GLG1, (B) GLG4 and (C) GL12.
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representing the C–N stretching, at 1595.14 cm−1 due to the carboxylate ions stretching and at 1650.73 cm−1 correspond-
ing to C=O stretching. All of which conforms with previous findings.69

The FTIR spectrum of pure cholesterol showed characteristics peaks at 3394 cm−1 representing the aliphatic
O-H stretching and at 2931 cm−1 due to the C-H asymmetric stretching of the CH3 group as reported in previous
findings.70 Phosphatidylcholine spectrum showed characteristic peaks at 2923 cm–1, 1737 cm−1, and 1233 cm−1 as
a result of the vibrational stretching of ester C-O, ester carbonyl group C=O and C-H stretching, respectively as reported

Figure 3 DSC thermogram of pure components namely; BRT, cholesterol, phosphatidylcholine and gelatin, their physical mixture and the lyophilized formulation; GLG1,
GLG4 and GL12.
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in previous findings.71 Additionally, the gelatin spectrum showed characteristics peaks at 3423.14 cm−1 corresponding to
the N-H stretching vibration, 2924.98 cm−1 due to C-H stretching vibration, 1635.61 cm−1 for the amide I, C=O
stretching vibration, 1449.06 cm−1 for the amide II, N-H bending vibration, and at 1236.35 cm−1 for the amide III,
N-H bending vibration as reported in previous findings.72,73

Similar peaks were identified in the spectrum of the selected formulation and physical mixture with minor differences
in frequencies. Hence, it can be postulated that the drug had no chemical interaction with excipients of the vesicles. These
slight shifts may be attributed to the hydrophobic interactions between BRT and liposome constituents. These interactions
might be helpful in sustaining the drug release from the liposomes69 however does not affect its chemical integrity. Yet, it
was noticed that three types of (C-O) groups were clearly recognized in the phosphatidyl choline spectrum associated
with the disappearance of other three (C=O) bands in the gelatin spectrum in GLG1, GLG4 and GLG12 spectra which
suggests the formation of new hydrogen bonds.88 These results assure the increased stability of the formulations

Figure 4 FTIR spectrums of pure BRT, cholesterol, phosphatidylcholine, gelatin, their physical mixture and the selected formulations; GLG1, GLG4 and GL12.
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(tautomeric effect). Moreover, narrowing of the (O-H) peaks and the increase in their intensity in the GCLs spectra
assures the claimed interaction between gelatin and phosphatidyl choline.

In vitro Drug Release and Kinetic Model Studies
Figure 5 shows the percentage BRT released from the selected formulations of the GCLs with respect to time. It can be
observed that GL12 demonstrated the slowest and the most sustained release profile with 95% released in 24 hours compared
to the formulations containing glycerol; GLG1 and GLG4 which release 95% in 8 hours. GL12 showed much lower burst
release in 5 minutes (20%) compared to GLG1 and GLG4 (40% for both of them). On the other hand, the corresponding free
drug solution formulations containing the same corresponding gelatin concentrations (drug solutions; 1, 2 and 3, each
containing 10 mg of the drug and the equivalent amount of gelatin content of GLG1, GLG4 and GL12, respectively) reached
100% release in only 4 hours which ensures that the retardation in release is attributed to the vesicular carrier system. In order
to determine the release kinetics, the release data was analyzed according to zero order, 1st order, Higuchi diffusion model
and was confirmed by calculating the release exponent (n) following the Korsmeyer-Peppas equation.26,27,74

The best fitting equation was applied to calculate the time for 50% release (t50%) and the MDT. The calculated
parameters have indicated a 3-fold increase in the time to 50% release and 3- to 5-fold in the MDT for GL12 compared to
the two formulations containing

The retardation of drug release in formulation GL12 is related to both the composition of the formulation as well as the
vesicular particle size. The particle size of GL12 is 9- and 4-fold larger than GLG1 and GLG4, respectively. The smaller
vesicles offer larger surface area in contact with the release medium with smaller core and hence more diffusion driving force
and shorter diffusion pass for the drug to be released from both GLG1 and GLG4 compared to GL12. Furthermore, GL12
have a higher content of gelatin (80 mg) and cholesterol (100 mg) compared to both GLG1 (40 mg gelatin and 50 mg
cholesterol) and GLG4 (70 mg gelatin and 25 mg cholesterol) in addition to the presence of glycerol in the two later
formulations. The higher content of gelatin may retard the release of the entrapped drug from the gelatinized core being of
higher viscosity while the higher concentration of cholesterol in the wall would increase its rigidity and hinder the release of
the drug molecules. It was reported previously that the higher content of cholesterol increases the rigidity of the bilayer
controlling the fluidity and permeability of the membrane, making it permeable to water but not to ions and protons.43,44,75

The presence of glycerol in GLG1 and GLG4 which act as a plasticizer may have facilitated the escape of the drug from the
vesicles. Furthermore, the presence of glycerol may have led to the dehydration of the bilayer on both sides of the membrane

Figure 5 Percentage of BRTreleased from the selected GCLs; GLG1, GLG4 and GL12, versus the percentage diffused from drug solutions; 1, 2 and 3, each containing 10 mg
of the drug and the equivalent amount of gelatin content of GLG1, GLG2 and GL12, respectively.
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as a result of the replacement of the stabilizing water with the polyol; glycerol.51,55 This in turn results in decreasing the
vesicle size as well as enhancing the leakage of the entrapped drug to the release medium.50

Effect of Storage on the Physicochemical Characteristics of the Selected Gelatinized Core Liposomes
The physical stability of the selected formulations; GLG1, GLG4 and GL12 were monitored over a period of 3-months of
storage under refrigeration at a temperature of 2–8°C. The PS, PDI, zeta potential as well as the EE% were measured
after the specified period and compared statistically to the initial values of the freshly prepared formulations. All data are
presented as the mean and standard deviations of three measurements as shown in Figure S2A. Upon statistically
comparing the parameters before and after storage using one-way ANOVA, it was proven that GLG1 and GL12
formulations showed insignificantly (p>0.05) different parameters (particle size, zeta potential, PDI and entrapment
efficiency) which assures the stability of the prepared formulations, while GLG4 showed insignificantly (p>0.05)
different particle size, PDI and entrapment efficiency while Zeta potential increased from 14.28 ±1.22 to 42.07 ± 1.07,
which was significantly different (p<0.05) but favorable to stability.

Effect of Sterilization
Effect on Physicochemical Properties of the Selected Formulations
The selected formulations received a radiation dose of 10 kGy for the sterilization purposes.30 Re-evaluation of the
particle size, PDI, Zeta potential and entrapment efficiency of the sterilized formulations was performed. Upon
statistically comparing the parameters using one-way ANOVA for GLG1, GLG4 and GL12, they turned out to be
insignificantly (p>0.05) different from those of the untreated formulae except for the zeta potential of GLG1 and GL12
which significantly increased (p<0.05) upon sterilization (Figure S2B). It was reported previously76 that sterilization by
gamma irradiation seemed to be an appropriate technique for sterilization of vesicular systems with no effect on drug
loading or their physical properties but may increase the zeta potential and consequently augment the vesical stability.
This is in accordance with the findings of Napia et al, who proved the significant increase in zeta potential of liposomal
formulation upon gamma irradiation sterilization.

Testing Sterility of the Sterilized Formulations
After gamma sterilization, the sterility testing was performed on both the FTM which supports bacterial growth and the
TSB media which supports the fungal growth. After two weeks of incubation, neither bacterial nor fungal growth was
observed in the tested formulations, which confirms the efficiency of the gamma irradiation process in sterilizing the
GCLs formulations. On the other hand, the positive controls showed growth of bacteria and fungi, which ensure the
suitability of the selected media for supporting their growth while the negative controls showed no growth, which
confirms the sterility of the medium under the processing condition.

Biological Evaluation of the Selected Brimonidine Tartrate Gelatinized Core
Liposomes
The Effect on the Intra-Ocular Pressure of Rabbits
IOP was measured after instillation of the selected formulations (GLG1, GLG4 and GL12) into the glaucomatous rabbits’
eyes (all rabbits were treated with a mixture of betamethasone sodium phosphate and betamethasone acetate (3 mg/mL)
each until reaching a reading of 5.5 for the 10g plunger load of the standardized Schiotz® tonometer; equivalent to 37.2
mmHg) and the respective results were compared to the drug solution. All the investigated formulations as well as the
drug solution in an isotonic buffer had equivalent amounts of BRT/mL of 1 mg/mL. The values of reduction in the IOP
are presented in Figure 6. The results revealed that the drug solution caused a sudden decrease in the IOP from the initial
IOP of 37.20 mmHg to 29.47 ± 1.88 mmHg in the first hour followed by the gradual reduction in IOP till it reached the
lowest level of 19.73 ± 2.70 mmHg after 6 hours and back to above 30 mmHg in 8 hours. On the other hand, GLG1,
GLG4 and GL12 caused a smoother IOP lowering profile over 12 hours with fewer fluctuations. The average lowest IOP
levels of 17.28 ± 1.34 mmHg, 15.83 ± 1.17 mmHg, and 17.53 ± 1.46 mmHg, for formulations GLG1, GLG4 and GL12,
respectively were insignificantly (p>0.05) different from each other where they returned back to 30 mmHg in 24 h. The
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Area of ocular pressure reduction (the area between the initial ocular pressure of the glaucomatous rabbits’ eyes and the
IOP reduction curve) of the selected formulations; GLG1, GLG4, GL12 and the drug solution having the same drug
concentration were calculated using the trapezoidal rule to be 143.1 ± 27.60 mmHg, 166.775 ± 8.65 mmHg, 143.9667 ±
33.06 mmHg and 71.46 ± 7.66 mmHg, respectively, for the 10g plunger load of the tonometer.14

The superiority of the tested formulations; GLG1, GLG4 and GL12, in comparison to the aqueous solution of the
drug was proven by the significantly different (p>0.5) area of IOP reduction after applying one-way ANOVA followed by
the least significance difference test using GraphPad Prism® v.5.0 software. Following the 2015 guidelines of the
American Academy of Ophthalmology, the primary goal of glaucoma treatment is a 25% decrease in IOP following
monotherapy to achieve a slow control of further nerve damage. The success of treatment does not depend only on the
efficacy of lowering the IOP, but also on minimizing its fluctuations, which worsen the neural damage.20

The selected formulations demonstrated significantly higher and steady efficacy in reducing the IOP when compared
to the drug solution. The variance in efficacy of the drug solution was explained in the literature to be a direct function of
the drug drainage upon mechanical blinking as well as tearing which is responsible for the 10-fold loss of the drug
concentration within 20 minutes of drug administration.77,78

With respect to the gelatinized core formulations, these structures contain gelatin which has mucoadhesive properties
that facilitate interactions of the formulation with the intraocular compartments. Gelatin is known to acquire positive
charge on the amine groups at the physiological pH. This positive charge interacts with the negatively charged mucus
layer of the cornea increasing the pre-corneal residence time compared to the drug solution. Furthermore, an increase in
the residence time of drug in contact with the corneal surface occurs due to the transformation of the formulae into gel
which is not easily eroded or cleared by the tears. This finding was reported in similar studies.79,80 Another reason for the
improved ocular availability and extended IOP reduction duration would be the enhancement of ocular penetration of the
nano encapsulated form of drugs.8,81,82

The debate between the superiority of the nano-sized formulations and the micro-sized ones in ocular drug delivery
has been issued for years. Some studies revealed that the nanoparticle formulation reduced the corneal toxicity of eye
drops due to the smaller particle size. In addition, the nanoparticle formulations may promote better bioavailability,
resulting in reduced drug toxicity as confirmed by Nagai et al83 Furthermore, Lin wu et al84 claimed that the poor corneal
penetration and short pre-ocular retention of a clinical hydrophilic drug such as pilocarpine nitrate, is due to the large
particle size, so they investigated the potential of liquid crystal nanoparticles (LCNPs) for the ocular delivery of the drug
and reported their potential as controlled-release ocular drug delivery system.

Figure 6 IOP lowering over 24 hours for the selected formulations compared to drug solution in isotonic buffer (DS) and control eye (C).
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On the other hand, other researchers claimed that the micron-sized particles might represent a potential for the
application of the long-term delivery of drugs to the eye. Yeh et al76 investigated the preparation of poly (dl-lactide-co-
glycolide) microparticles containing 5-fluorouracil (5-FU) applying an oil-in-oil emulsion/solvent extraction technique.
They concluded that they were capable of controlling the release of 5-FU over 21 days in a rate of 0.4 µg 5-FU/mg
particles/day. Preliminary animal studies indicated that the 5-FU loaded microparticles showed no ocular toxicity and no
significant inflammatory response in rabbits during drug delivery over 2 months.

With respect to the current investigation, the biological evaluation of the selected formulations having different
particle size range demonstrated that the reduction of IOP was achieved with both the nano-range particle size (GLG1
and GLG4) as well as by the micron-range particle (GL12)85 with no significant difference between them with respect to
the peak and duration of IOP reduction. It seems that each particle size range offered a specific advantage,83,84 while the
nano-sized particles achieved better penetration,86 the larger particle of the micro-size range posed a better retention in
the ocular region due to the particle size compared to the nano-sized ones.

Eye Irritancy Test (Modified Draize Test)
Eye irritancy testing adopting a simplified scoring system as presented in Table 3, which is based on the Draize
sensitivity test87 was performed to spot the possible adverse effects of the selected formulations versus the drug solution
in isotonic buffer. All formulae as well as the drug solution caused no irritation on the Draize scale with no detected
change in the corneal opacity, conjunctival redness or chemosis or increased discharge after the application of the
formulations.

Table 3 Simplified Scoring System Based on the Draize’s Scale of Weighted Scores for Grading the Severity of Ocular Lesions

Tissue Description Score

Cornea No ulceration or opacity 0

Scattered or diffuse areas of opacity however details of iris are clearly visible 1

Easily discernible translucent area; details of iris slightly obscured 2

Nacreous area; no details of iris visible; size of pupil barely discernible 3

Opaque cornea; iris not discernible though the opacity 4

Iris Normal 0

Markedly deepened rugae, congestion, swelling, moderate circumcorneal hyperemia; or injection; iris reactive to light 1

Hemorrhage, gross destruction, or no reaction to light 2

Conjunctivae

A: Redness
B: Chemosis

Normal 0

Some blood vessels hyperemic (injected) 1

Diffuse, crimson color; individual vessels not easily discernible 2

Diffuse beefy red 3

Normal 0

Some swelling above normal. 1

Obvious swelling, with partial eversion of lids 2

Swelling, with lids about half closed. 3

Swelling, with lids more than half closed 4
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Histopathological Studies
Microscopic examination of the eye’s tissue included the evaluation of cornea, filtration apparatus, choroid, and retina as
presented in Figure 7. All tissues were examined microscopically for all the animals’ groups after instilling the
formulations every 12 hours for 7 days. Concerning the cornea, normal histological structure was observed. Regarding
the filtration apparatus, the iridocorneal angle showed a normally appearing trabecular meshwork that is responsible for
the drainage of aqueous humor and a ciliary body which is a ring-shaped tissue located in the posterior ocular chamber.
The ciliary muscle and a double layer of two, partly folded, neuro-epithelia namely: the non-pigmented and the
pigmented epithelium can be clearly recognized. The Choroid appeared as blood vessel and connective tissue layer
situated between the retina and sclera. The retina showed normally appearing layers. The non-altered histopathological
findings of all the examined tissues assured the safety of the prepared GCLs; GLG1, GLG4 and GL12 and their
compatibility with the ocular tissue.

Conclusions
Based on the above-mentioned outcomes, the potentiality of formulating BRT in the form of GCLs, with or without the
addition of glycerol, for better entrapment of the hydrophilic drug associated with increased in vivo efficacy, safe
histological profile and sustainment in the release pattern guarantees a successful glaucoma therapy. However, despite the
spontaneous system formation after hydration, yet, it requires a maturation period in the final container for achieving the
stable particle size, PDI, and zeta potential which suggests the storage for this period before dispatching if required for
commercialization.

Figure 7 Histological examination of the rabbits’ eye-tissues after one week of treatment with the selected formulation and the drug solution; the control eye (untreated
tissue), treated group with GLG1, treated group with GLG4, treated group with GL12 and treated group with drug solution (magnification is 10×).
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