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A B S T R A C T   

Diabetes mellitus (DM) is the most prevalent cause of diabetic retinopathy (DRP). DRP has been recognized for a 
long time as a microvascular disease. Many drugs were used to treat DRP, including vildagliptin (VLD). In 
addition to its hypoglycemic effect, VLD minimizes ocular inflammation and improves retinal blood flow for 
individuals with type 2 diabetes mellitus. Nevertheless, VLD can cause upper respiratory tract infections, diar-
rhea, nausea, hypoglycemia, and poor tolerability when taken orally regularly due to its high water solubility and 
permeability. Effective ocular administration of VLD is achieved using solid lipid nanoparticles (SLNPs), which 
improve corneal absorption, prolonged retention, and extended drug release. Ocuserts (OCUs) are sterile, long- 
acting ocular dosage forms that diminish the need for frequent dosing while improving residence time and 
stability. Therefore, this study intends to develop VLD solid lipid nanoparticle OCUs (VLD-SLNPs-OCUs) to 
circumvent the issues commonly associated with VLD. SLNPs were prepared using the double-emulsion/melt 
dispersion technique. The optimal formula has been implemented in OCUs. Optimization and development of 
VLD-SLNPs-OCUs were performed using a Box-Behnken Design (BBD). VLD-SLNPs-OCUs loading efficiency was 
95.28 ± 2.87%, and differential scanning calorimetry data (DSC) showed the full transformation of VLD to an 
amorphous state and the excellent distribution in the prepared OCUs matrices. The in vivo release of VLD from 
the optimized OCUs after 24 h was 35.12 ± 2.47%, consistent with in vitro drug release data of 36.89 ± 3.11. The 
optimized OCUs are safe to use in the eye, as shown by the ocular irritation test. VLD-SLNPs-OCUs provide 
extended VLD release, an advantageous alternative to conventional oral dose forms, resulting in fewer systemic 
adverse effects and less variation in plasma drug levels. VLD-SLNPs-OCUs might benefit retinal microvascular 
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blood flow beyond blood glucose control and may be considered a promising approach to treating diabetic 
retinopathy.   

1. Introduction 

Diabetes Mellitus (DM) is a long-term condition that develops when 
the pancreas does not create enough insulin or the body cannot properly 
utilize the insulin it produces (Balaji et al., 2019). Diabetic retinopathy 
(DRP) is a progressive dysfunction of the retinal blood vessels due to 
chronic hyperglycemia. DRP may be a complication of type 1 or type 2 
DM (Mbata et al., 2017). At first, it is asymptomatic, but if not treated, it 
can cause vision loss or blindness (Dekhil et al., 2019). There are 
currently over 285 million DM sufferers, which is projected to go up to 
439 million by 2030. DRP accounts for 1.8 million of the world’s total 
blindness (37 million) (Balaji et al., 2019). Duration of DM and severity 
of hyperglycemia are the major risk factors for DRP (Leske et al., 2005). 
The main treatment of DRP includes laser treatment, eye injections with 
anti-VEGF such as ranibizumab and aflibercept, steroid eye implants, 
and eye surgery (vitreoretinal surgery) (Mansour et al., 2020). These 
treatments have side effects such as bleeding and developing a small 
blind spot close to the center of vision, as with laser treatment (Porta and 
Bandello, 2002); blood clots may be formed, which lead to heart attack 
or stroke, as with eye injections (Costagliola et al., 2012); increased 
pressure inside the eye and cataracts as with a steroid implant (Stewart, 
2012); developing further bleeding into the eye; retinal detachment; and 
infection in the eye as with surgery (Repka et al., 2006). Suppose a drug 
or drug delivery system that can improve retinal microvascular blood 
flow and bypass the side effects mentioned above effect is considered a 
trend in ophthalmic drug delivery systems. Pancreatic islet stimulation 
by vildagliptin (VLD) enhances the glucose sensitivity of pancreatic α 
and β cells by selectively inhibiting the 4 dipeptidyl-peptidase (DPP-4) 
enzyme. VLD reduces hepatic glucose synthesis and therefore, lowers 
plasma glucose levels by raising the insulin: glucagon ratio (Wu et al., 
2015). In addition to lowering blood glucose levels, recent studies have 
shown that VLD can reduce ocular inflammation and increase retinal 
blood flow in patients with type 2 diabetes mellitus, suggesting that VLD 
may have additional, beneficial effects on retinal microvascular blood 
flow and thus be considered a promising approach to treating vision 

disorders (Berndt-Zipfel et al., 2013; Nandi et al., 2022). The Bio-
pharmaceutics Classification System (BCS) classifies VLD as class I, 
among other highly water-soluble, highly permeable drugs. Conven-
tional oral dosage forms of VLD offer little control over drug adminis-
tration, which results in large variations in plasma drug levels, which is 
one of the major downsides of utilizing VLD due to its short elimination 
half-life (1.4–2.3 h) (Garrison et al., 2015). Long-term use is associated 
with an increased risk of otitis media, diarrhea, nausea, hypoglycemia, 
and intolerability. In 2022, Nandi, et al., studied the possible ocular anti- 
inflammatory effect of VLD using a topically applied plasticized ocular 
film formulation (Nandi et al., 2022). They prepared the ocular films by 
solvent cast and evaporation technique utilizing triethanolamine, 
dimethyl sulphoxide, and polyethylene glycol 400 (PEG 400) as plasti-
cizers in hydroxypropyl methylcellulose (HPMC) hydrogel matrix base. 
They studied the VLD anti-inflammatory actions in the carrageenan- 
induced ocular rabbit model. They concluded that the hydration de-
gree, film swelling, and erosion rate of the prepared film were the main 
controlling factors in the process of VLD release, ocular residence time, 
and drug permeation. Solid lipid nanoparticles (SLNPs) offer a way to 
achieve therapeutic benefits with a lower dosage and fewer systemic 
adverse effects. As an alternative to conventional colloidal carrier sys-
tems, SLNPs are constructed out of solid lipids that are tolerated by the 
body physiology and then dispersed in an aqueous surfactant solution 
with a typical diameter of 100–150 nm. The advantages of SLNPs 
include their high stability, low toxicity to the body, high drug-loading 
capacity with little drug leakage, drug targeting, and controlled and/or 
prolonged drug release (Jampilek and Kralova, 2020). They are lipo-
philic and tiny; therefore, they can easily cross biological barriers. SLNPs 
are an effective ocular drug delivery technology due to their mucoad-
hesive characteristics, sterilization tolerance, increased corneal ab-
sorption, prolonged ocular retention time, and sustained drug release 
profile without compromising visual acuity (Akhter et al., 2022). The 
development of SLNPs as carriers for water-soluble compounds has 
proven challenging, despite their use as a delivery system for lipophilic 
medicines (Paul et al., 2022). The ability to accurately deliver an 

Fig. 1. Schematic depiction of procedures that comprise the preparation of VLD-SLNPs.  
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ophthalmic drug delivery system without causing blurred vision or eye 
irritation, having an appropriate mucoadhesive time to improve drug 
retention in the pre-corneal area and thereby increase drug bioavail-
ability, having limited systemic absorption through nasolacrimal 
drainage, and reducing the need for frequent dosing regimens leading to 
improved outcomes are generally the main requirements for an ideal 
ophthalmic drug delivery system. Ocuserts (OCUs) are drug delivery 
systems that may be solid or semisolid, usually prepared from polymeric 
materials, designed to be inserted in the conjunctival sac to deliver the 
loaded drug to the ocular tissues. The main insert benefits are precise 
drug dosing, increased ocular residence time, reduced systemic side 
effects, and better patient compliance (Shivhare et al., 2012). OCUs 
could be utilized to overcome the problems of traditional ophthalmic 
preparations, facilitating more efficient therapy (Rahić et al., 2020). 
This is, as far as we are aware, the first attempt to prepare an SLNPs- 
loaded OCUs formulation of VLD with the basic objective of increasing 
drug pre-corneal residence time, prolonged release time, reducing the 
frequency of drug administrations, and thus improving patient compli-
ance and therapeutic efficacy. Besides lowering the blood glucose level, 
we focus on the utility of using VLD to improve retinal blood flow. 
Which makes them a promising approach to treating diabetic retinop-
athy and bypassing the side effects associated with the traditional 
treatment. 

2. Materials and Methods 

2.1. Materials 

Vildagliptin (VLD) was a gift sample from EVA Pharm Company, 
Cairo, Egypt. Stearic acid, Span 80, Tween 80, soy lecithin, glyceryl 
monostearate (GMS), polyvinyl alcohol (PVA), acetone, acetonitrile 
(HPLC grade), and beeswax were purchased from Sigma Chemical Co., 
Saint Louis, Missouri, USA. Hydroxypropyl methylcellulose (HPMC), 
propylene glycol (PG), ethyl alcohol, and methanol (analytical grade) 
were purchased from El-Nasr Pharmaceutical Company, Cairo, Egypt. 
Eudragit RL100 was supplied by Fluka Chemika, Buchs, Switzerland. 
The rest of the chemicals were of analytical grade and were utilized as 
they were without further purification. 

2.2. Methodology 

2.2.1. Preformulation investigations 
Analysis of VLD by UV spectroscopy, study of the compatibility be-

tween the drug and excipient using Fourier transform infrared spec-
troscopy (FTIR), and lipid screening via solubility study are shown in the 
supplementary materials file. 

2.2.2. Preparation of vildagliptin-solid lipid nanoparticles 
Vildagliptin solid-lipid nanoparticles (VLD-SLNPs) were fabricated 

utilizing stearic acid (as the lipid), Tween 80 (as the water-soluble sur-
factant), and Span 80 (as the lipid surfactant) employing a double- 
emulsion/melt-dispersion approach (Fig. 1). The drug: lipid ratio was 
1:10 and 1:20. Briefly, accurate weights of stearic acid were heated to 75 
± 1 ◦C (above its melting temperature) and mixed with the accurately 
weighed amounts of VLD and Span 80 (lipid-soluble surfactant) under 
magnetic stirring (MSH-ORO, USA). Hot distilled water (75 ± 1 ◦C) (2 

mL) was added, and the mixture was sonicated using an ultrasonic 
processor, GE130, probe CV18, Australia; for 30 s. at 50% amplitude (20 
W) to form the first emulsion (w/o). The first emulsion was warmed to 
the desired temperature (75 ± 1 ◦C), and then the appropriate volume of 
a warm Tween 80 aqueous solution (75 ± 1 ◦C) was added. The mixture 
was then homogenized by ultrasonic vibrations at 50% amplitude (20 
W) in pulse cycles (10 s; on, 5 s; off) for 60 s, generating the double 
emulsion (w/o/w). The obtained double emulsion was gently added to 
60 mL of cold distilled water (4 ± 1 ◦C) under magnetic stirring at 1500 
rpm for 15 min to stabilize the obtained SLNPs and promote their so-
lidification (Peres et al., 2016). The amounts of components used in the 
Preparation of each VLD-SLNP formulation are mentioned in (Table 1). 

2.2.3. Characterization of the prepared VLD-SLNPs 

2.2.3.1. Percentage yield (% yield) estimation. The % yield was esti-
mated from the weight of the dried VLD-SLNPs recovered from each 
formulation and the sum of the initial dry weight of the materials uti-
lized in its formulation (Eq. 1) (Rampino et al., 2013). 

%yield =
Weight of the recovered SLNPs

The initial weight of VLD and excipients
× 100 (1)  

2.2.3.2. Particle size and polydispersity index (PDI). The particle size and 
PDI of the developed VLD–SLNP dispersions were evaluated by the dy-
namic light scattering method via a Zeta sizer device (Malvern Nano ZS, 
Germany). After appropriate dilution with distilled water (1: 60), sam-
ple particle size (by intensity) and PDI were investigated. All the ex-
periments were determined in triplicates, and the data were reported as 
the average value ± standard deviation (SD). The measurement angle 
was equal to 90◦ and the refractive index of the SLNPs and distilled 
water were set at 1.35 and 1.33, respectively and the temperature was 
25 ± 0.5 ◦C (El-Shenawy et al., 2020; Elsayed et al., 2021). 

2.2.3.3. Zeta potential determination. VLD-SLNP zeta potentials were 
determined using Zeta Sizer Nano ZS (ZEN 3600) (Malvern Instruments; 
Malvern, United Kingdom). Each sample was adequately diluted with 
distilled water (1:60). The zeta potential of the samples was determined 
by photon correlation spectroscopy. The samples were placed in a 
transparent disposable cell with a temperature of 25 ± 0.5 ◦C. All 
measurements were repeated in three times and the results were pre-
sented as mean values ± SD (Mohamed et al., 2019; Sabry et al., 2021). 

2.2.3.4. Quantification of VLD. The reversed-phase high-performance 
liquid chromatography (RP-HPLC) technique, HPLC standard curve, 
validation for accuracy and precision, the limit of detection (LOD), and 
the limit of quantification (LOQ) are shown in the supplementary ma-
terials file. 

2.2.3.5. Entrapment efficiency. Entrapment efficiency (EE) indicates the 
percent of VLD entrapped in the fabricated SLNPs. The EE of the 
investigated VLD-SLNPs was determined by an indirect method in which 
VLD-SLNPs were separated from the aqueous medium containing 
unentrapped VLD by ultracentrifugation at 16000 rpm for 30 min at 4 ◦C 
using a cooling ultracentrifuge (Bioevopeak, CFGR-B580, Shandong, 
China). The HPLC method was used to determine free VLD in the 

Table 1 
Composition of various VLD-SLNPs formulations.  

Component Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 

VLD (mg) 50 50 50 50 50 50 50 50 
Stearic acid (gm) 0.5 0.5 0.5 0.5 1 1 1 1 
Span 80 (mL) 2.5 2.5 5 5 2.5 2.5 5 5 
Tween 80 (mL) 2.5 5 2.5 5 2.5 5 2.5 5 
Distilled water to (mL) 20 20 20 20 20 20 20 20  
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supernatant ʎmax 212 nm. Eq. 2 was used to calculate the EE. All mea-
surements were retested three times and the values obtained were 
expressed as mean ± SD (El-Shenawy et al., 2021; Auda et al., 2010; 
Hesham et al., 2015; Refaat et al., 2019). 

EE (%) =
The total amount of VLD − Unentrapped VLD

The total amount of VLD
× 100 (2)  

2.2.3.6. Total drug content (TDC). Total VLD quantity in various fabri-
cated VLD–SLNPs formulations was investigated by adding 1 mL of the 
dispersion in 9 mL of acetone and phosphate buffer, pH 7.4 (1:1 v/v), 
and the mixture was sonicated for 30 min to extract VLD completely 
(ultrasonic cleaner set, WUG-D06H, Korea). Afterward, we filtered the 
samples with 0.2 μm filters and determined the concentration of VLD 
using a UV spectrophotometer (UV–visible spectrophotometer model 
UV-1800, Shimadzu, Japan) at ʎmax of 212 nm (Elsayed et al., 2021; Gao 
et al., 2021). TDC was calculated using eq. 3. 

TDC = VLD concentration× dilution factor× volume of the formulation
(3)  

2.2.3.7. In vitro dissolution studies. In vitro dissolution studies were 
conducted for pure VLD, and the formulated VLD–SLNPs formulations 
via dialysis bag method using a dialysis membrane with a molecular 
weight cutoff of 12,000 Da, Sigma Chem. Co. (USA). We washed the 
dialysis membrane with distilled water before use, and then soaked it for 
24 h in the dissolution medium (phosphate buffer, pH 7.4). VLD-SLNPs 
various formulations dispersion equivalent to 20 mg VLD (based on TDC 
of the formulations) were dispersed in an equivalent volume of the 
dissolution medium and charged into a dialysis bag with the two ends 
carefully tied by clamps and immersed in the dissolution cell of the 
dissolution tester apparatus, SR II, 6 flasks (paddle type), Hanson 
Research Co., USA, containing 500 mL of the dissolution medium at 100 
± 1 rpm and 37 ± 0.5 ◦C. At the predetermined time intervals (0.5, 1, 2, 
3, 4, 6, 8, 10, 12, 16, 18, and 24 h), 5 mL was removed from the cell and 
restored with an equal volume of new dissolving media to keep the sink 
condition constant. The various samples were analyzed spectrophoto-
metrically at ʎmax of 212 nm. All experiments were performed in trip-
licate against a blank (Abd Elkarim et al., 2022; Elsayed et al., 2020a). 

2.2.3.8. Morphological studies. To investigate the surface morphology of 
the selected SLNPs, VLD-SLNPs dispersion, Run 3 was subjected to 
scanning electron microscopy (SEM) studies (Elsayed et al., 2020b; 
Elsayed et al., 2019). A droplet of the chosen SLNPs dispersion was 
placed on a transparent glass stub, dried by air, and coated with a sputter 
coater of polaron (E5100). The droplet was visualized under SEM (SMM- 
5400 LV–SEM) (Jeol, Japan) and photographed. The SEM was operating 
at 15.0 KV (Abdelhameed et al., 2022; El-Shenawy et al., 2023). 

2.2.4. Selection of VLD-SLNPs for incorporation in OCUs 
VLD-SLNPs were chosen for insertion into OCUs based on their tiny 

particle size, high EE, and low cumulative % release after 24 h, in 
descending ranking order. 

2.2.5. VLD-SLNPs loaded OCUs (VLD-SLNPs-OCUs): Construction and 
characteristics 

2.2.5.1. Preparation of VLD-SLNPs-OCUs. A Box-Behnken design was 
developed utilizing Stat point Tech., Inc., Warrenton, VA, USA (Strati-
graphic Plus® 18 software), (Elsayed et al., 2022a). Each independent 
variable at three values was used to optimize the formulated VLD-SLPs- 
OCUs formulations (Elkot et al., 2019; Elsayed, 2021; Elsayed et al., 
2020a; Elsayed et al., 2022a; Elsayed et al., 2022b; Solanki et al., 2007). 
The HPMC concentration (R1) chosen values were 20 (− 1), 40 (0), and 
60 (+1) mg, whereas the selected values for PVA (R2) were 20 (− 1), 40 
(0), and 60 (+1) mg, and Eudragit RL100 concentration (R3) were 50 

(− 1), 100 (0), 150 (− 1) mg (Table 2). Ex vivo mucoadhesive time (MAT) 
(Z1) and cumulative % released after 24 h (Z2) were chosen as dependent 
variables. 

2.2.5.2. Preparation of the drug reservoir films. The accurately weighed 
amounts (Table 2) of polymers were dissolved in distilled water while 
heating for 2 h at 60 ± 1 ◦C with continuous stirring in a water bath 
(MSH–ORO, USA). The weighed amount of VLD–SLPNs, Run 3 was 
added to the previous solution. The final volume was adjusted to 20 mL 
with distilled water and the stirring was continued for 1 h at 24 ± 1 ◦C., 
the resultant mixture was placed in a Petri dish when mixing was 
completed (diameter equal to 12 cm) and then placed in the hot air oven 
for 24 h at 40 ± 1 ◦C. A glass funnel was inverted above the Petri dish to 
ensure the slow and uniform evaporation of the solvent during heating 
(Shanmugam et al., 2016). A stainless-steel borer was used to cut the 
film after drying into circular pieces of definite size (10 mm in diameter) 
containing 25 mg of VLD. 

2.2.5.3. Preparation of rate-controlling membrane (RCM). A precise 
quantity (Table 2) of ingredient (Eudragit RL100) and propylene glycol 
(PG) as a plasticizer was dissolved in methanol/ distilled water (1:9 v/v) 
(The final volume was adjusted to 20 mL) at room temperature with 
constant and continuous stirring for 60 min. The formed dispersion was 
cast for 24 h at 25 ± 1 ◦C in a Petri dish with a diameter of 12 cm. A glass 
funnel was inverted and placed on top of the Petri dish to control the rate 
and pattern of solvent evaporation (Abdul Ahad et al., 2011). After 
complete drying, the films were cut into uniformly sized circles (10 mm 
in diameter) using a borer made from stainless steel. 

2.2.5.4. Sealing of the fabricated films. The drug reservoir was sand-
wiched between two RCMs of the same size (10 mm diameter). Sealing 
was performed by chloroform application on the edges of the RCM to 
obtain VLD–SLNPs–OCUs. VLD-SLNPs-OCUs were stored in airtight, 
amber-colored glass bottles until further investigations (Ahad et al., 
2021). 

2.2.5.5. Physical evaluation of VLD-SLNPs-OCUs 
2.2.5.5.1. Uniformity of weight and thickness. Five OCUs from each 

Table 2 
VLD-SLNPs-OCUs different formulations composition according to Box Behnken 
design.  

F. Code VLD–SLNPs 
(#: Equivalent 
to) 

Drug reservoir Rate controlling 
membrane 

HPMC 
(mg) 

PVA 
(mg) 

PG 
(mL) 

Eudragit 
RL100 
(mg) 

PG 
(mL) 

VSO-1 #705 mg VLD 20 20 0.25 100 0.5 
VSO-2 #705 mg VLD 60 20 0.25 100 0.5 
VSO-3 #705 mg VLD 20 60 0.25 100 0.5 
VSO-4 #705 mg VLD 60 60 0.25 100 0.5 
VSO-5 #705 mg VLD 20 40 0.25 50 0.5 
VSO-6 #705 mg VLD 60 40 0.25 50 0.5 
VSO-7 #705 mg VLD 20 40 0.25 150 0.5 
VSO-8 #705 mg VLD 60 40 0.25 150 0.5 
VSO-9 #705 mg VLD 40 20 0.25 50 0.5 
VSO- 

10 
#705 mg VLD 40 60 0.25 50 0.5 

VSO- 
11 

#705 mg VLD 40 20 0.25 150 0.5 

VSO- 
12 

#705 mg VLD 40 60 0.25 150 0.5 

VSO- 
13 

#705 mg VLD 40 40 0.25 100 0.5 

VSO- 
14 

#705 mg VLD 40 40 0.25 100 0.5 

VSO- 
15 

#705 mg VLD 40 40 0.25 100 0.5  
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batch were arbitrarily chosen and weighed separately using a digital 
balance (Radwag, Poland). The average weight of the OCUs was 
measured. The thickness of the fabricated OCUs was measured at five 
different points of each investigated OCU formulation using a micro-
meter screw gauge (n = 3) (Nagpal et al., 2020). 

2.2.5.5.2. Surface pH measurement. The OCUs were soaked in a Petri 
dish containing 10 mL distilled water for 30 min. The electrodes of a 
digital pH sensor (JENWAY 3310, UK) were positioned on the surface of 
the OCU under investigation, and the system was allowed to equilibrate 
for one minute. After that, the pH levels were recorded (n = 3) (Dawaba 
and Dawaba, 2019). 

2.2.5.5.3. Folding endurance (FE). The film’s FE was assessed by 
repeatedly folding it at the same point until it showed no signs of 
breaking. The value of FE (n = 3) was stated as the number of times the 
OCU could be folded in half without breaking (Takeuchi et al., 2020). 

2.2.5.5.4. Drug loading. Each of the OCUs under examination had its 
total encapsulated VLD quantified by dissolving the investigated OCUs 
samples first in methanol/ phosphate buffer, pH 7.4 (1:9 v/v), and the 
VLD amount was calculated utilizing eq. 4 obtained for the VLD standard 
curve. 

y = 0.0351x − 0.01 (4) 

Where y = UV-absorbance and x = VLD concentration (μg/mL). The 
total encapsulated VLD was compared with the total VLD amount added 
during the OCUs formulation to determine the approximate drug 
loading of the investigated OCUs (Naguib et al., 2021). 

2.2.5.5.5. Percent moisture absorption (% MA). A percent moisture 
absorption test was performed to check the physical integrity of the 
prepared VLD-SLNPs-OCUs in conditions of high humidity. The selected 
VLD–SLNPs-OCUs from each batch were initially weighed (W0) and 
placed in a desiccator containing 100 mL of aluminum chloride satu-
rated solution, and 75 ± 5% humidity was maintained. The OCU sam-
ples were taken out after 3 days and reweighed (WF) (Nithiyananthan 
et al., 2009). The % MA was calculated according to Eq. (5). 

%MA =
WF − W0

W0
× 100 (5)  

2.2.5.5.6. Percent moisture loss (% ML). A percent moisture loss test 
was carried out to check the integrity of the VLD–SLNPs-OCUs formu-
lations when kept in dry conditions. The VLD-SLNPs-OCUs formulations 
were initially weighed (W0) and kept in desiccators containing anhy-
drous calcium chloride. After three days, the investigated VLD-SLNPs- 
OCUs samples were withdrawn and reweighed individually (WF) 
(Reddy, 2017). The % ML was estimated according to eq. 6. 

%ML =
W0 − WF

W0
× 100 (6)  

2.2.5.5.7. Swelling index (% swelling). The swelling of the OCUs 
depends on the concentration of the used polymer, its ionic strength, and 
the presence of water. To determine the % swelling of formulated VLD- 
SLNPs-OCUs, Three OCUs from each formula were weighed separately 
(WD) and each OCU was placed in a beaker containing 5 mL of freshly 
prepared phosphate buffer, pH 7.4 at 32 ± 0.5 ◦C. At the specified time 
interval, 60 min (up to 2 h), the investigated OCU was removed, the 
surface buffer was removed utilizing filter paper, and the ocusert was 
reweighed (WS) and then the OCUs returned back to the same beaker. 
The weighing of the investigated OCUs at the predetermined time in-
tervals was continued until there is no further increase in weight 
(Tofighia et al., 2017). The % swelling was calculated according to Eq. 
(7). 

%swelling =
WS − WD

WD
× 100 (7)  

2.2.5.5.8. Ex vivo mucoadhesion time. The formulated VLD-SLNPs- 
OCUs formulations were subjected to an ex vivo mucoadhesion time 
(MAT) test. The MAT was investigated (in triplicate) after the applica-
tion of VLD-SLNPs-OCUs formulations (10 mm diameter) on a freshly 

cut sheep eyelid. The animal eyelid, with a length of 2.8 cm, was glued to 
the bottom of a glass beaker (500 mL). The investigated VLD-SLNPs- 
OCUs formula (wetted from one side by 100 μL phosphate buffer, pH 
7.4) was attached to the mucosal surface of the eyelid by applying a light 
force with a fingertip for one minute. The beaker was filled with 250 mL 
of phosphate buffer, pH 7.4 maintained at 37 ± 1 ◦C, and stirred at a rate 
of 100 rpm. The time necessary for complete erosion or detachment of 
the OCUs from the mucosal surface was recorded and considered as MAT 
(residence time), and the obtained data were expressed as the mean ±
SD (Ramkanth et al., 2009). 

2.2.5.6. In vitro release studies and their kinetics. Since the in vitro release 
of drugs from the OCUs has no reported official method, a simple 
technique was used to evaluate the VLD in vitro release patterns from the 
prepared OCUs. Briefly, in 10 mL phosphate buffer, pH 7.4 contained in 
20 mL glass vials the investigated formulations were added. A thermo-
statically controlled shaking water bath (Kotterman La-bortechnik 
GmBh, Germany) was used to keep the vials at 37 ± 0.5 ◦C and 50 
strokes/min. Samples of the release media (1 mL) were taken at regular 
intervals for 24 h, filtered, and diluted with phosphate buffer, pH 7.4. 
Samples were analyzed spectrophotometrically to quantify VLD con-
centrations at λmax of 212 nm. The withdrawn samples were replaced 
with the same volumes of phosphate buffer, pH 7.4. In vitro, release 
experiments were repeated three times and expressed as cumulative VLD 
percentage released against time. Zero-order (cumulative % of the VLD 
released vs. time), first-order (log cumulative % of the VLD remaining vs. 
time), and Higuchi-diffusion (cumulative % of the VLD released vs. 
square root of time) equations were used to determine the mechanism of 
VLD release from the fabricated VLD-SLNPs-OCUs formulations (Elsayed 
et al., 2022b). 

2.2.5.7. Differential scanning calorimetry (DSC) analysis. The thermal 
behavior of the pure VLD, lyophilized VLD-SLNPs, HPMC, PVA, stearic 
acid, Eudragit RL100, and the lyophilized optimized VLD-SLNPs-OCUs 
formulation (VSO-0) was investigated using differential scanning calo-
rimetry (DSC60, Shimadzu; Kyoto, Japan) (Ahmed, 2017; Ahmed, 2019; 
Ahmed et al., 2013). Samples were precisely weighed into aluminum 
pans and sealed. All samples were run at a heating rate of 10 ◦C/min 
over a temperature range of 25–300 ◦C under an atmosphere of nitrogen, 
and the DSC thermograms were recorded (El-Shenawy et al., 2023; 
Hasan et al., 2020). 

2.2.5.8. Sterilization of the VSO-0. Sterilization of VSO-0 formulae was 
performed by placing the formulations under ultraviolet light (each side 
of the OCUs was exposed for 30 min). The space between the OCUs and 
the UV lamp was ~30 cm. The sterilized OCUs were stored in sterilized 
aluminum foil until further investigations (sterility test and in vivo 
release studies) (Senthil Kumar et al., 2017). 

2.2.5.9. Sterility test. Sterility evaluation is a very important parameter 
in the OCU’s quality control tests. When conducting the sterility test, 
many scientists followed the recommendations of the Indian Pharma-
copoeia and used the direct inoculation method. 2 mL of VSO-0 solution 
was taken out using a sterile needle and then added aseptically to 
various media (Baranowski et al., 2014). The test conditions are pre-
sented in Table 3. 

Table 3 
Sterility test specifications.  

Media I Fluid thioglycolate 
Media II Soybean–casein digest 
Incubation period 14 days 
Incubation temperature Media I 30–35 ◦C 

Media II 20–25 ◦C  
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2.2.5.10. In vivo release studies. The main drawback of conventional 
ophthalmic dosage forms is rapid clearance from the eye surface. Novel 
ophthalmic delivery systems, such as OCUs, are being fabricated to 
overcome the short precorneal residence time. Out of 15 batches of VLD- 
SLNPs-OCUs formulations, the optimized formulation, VSO-0, was 
selected for in vivo release studies. The VSO-0 was sterilized by UV ra-
diation for 1 h before the beginning of the study procedures. New- 
Zealand Albino rabbits of either sex, weighing between 2.1 and 2.7 Kg 
(n = 24, every 3 rabbits were considered as one group, 8 groups), were 
utilized for the in vivo release assessment. The rabbits were housed in 
individual cages and customized to laboratory conditions for three days 
of free access to food and potable water with dark/ light regular cycles. 
The VSO-0 OCUs (10 mm diameter) were placed into the lower 
conjunctival cul-de-sac of the right eye of each animal. The VSO-0 OCUs 
were inserted into each of the rabbits’ right eyes, and the left eye of the 
rabbits served as control. The 8 groups (each consisting of 3 rabbits) 
received the OCUs at the same time. The inserted OCUs were carefully 
removed at 1 h (group 1), 2 h (group 2), 4 h (group 3), 8 h (group 4), 12 h 
(group 5), 16 h (group 6), 20 h (group 7) and 24 h (group 8), and 
analyzed spectrophotometrically for drug content as mentioned in the 
drug loading section at λmax of 212 nm. The remaining VLD amount in 
the tested removed ocusert was subtracted from the initial drug content 
of VSO-0 to obtain the amount of VLD released in the rabbit eye (Abdul 
Ahad et al., 2011). After each experiment, the animals used were sent to 
the animal house for disposal according to its rules. The procedure was 
approved by the Ethical Committee No (ZA-AS/PH/19/C/2023). All the 
experiments followed the 3R’s principles (the basic) and The ARRIVE 
Essential 10. 

2.2.5.11. Rabbit ocular irritation test. The evaluation of potential ocular 
irritation effects of VSO-0 on the cornea or conjunctiva of adult albino 
rabbits (body weight = 2.4 ± 0.2 Kg, n = 5) was evaluated by the Draize 
eye irritancy test. The eye irritancy potential of VSO-0 was determined 
by its ability to cause injury to the animal eye’s cornea, iris, and con-
junctiva when it is applied to the eye. The tested OCUs (10 mm diam-
eter) were placed in the cul-de-sac of the left eye, whereas the right eye 
was considered the control. Visual observation is performed every 2 h 
until the assigned VSO-0 has completely dissolved to determine the level 
of irritation. At regular intervals for 7 days after instillation, the degree 
of inflammation in the anterior portion of the eye was graded based on 
the presence or absence of symptoms (such as redness, increased tear 
production, ulceration, eyelid swelling, and iritis) (Nair et al., 2018). 
The score system assessed the corneal opacity (scored from 0 to 4), iritis 
(from 0 to 2), and conjunctival redness (from 0 to 3). The ultimate score 
was calculated by summing the cornea, iris, and conjunctiva scores, 
which extend from 0 to 9. The score criteria were characterized ac-
cording to the following cutoffs: under 1: non-irritating; 1 to 4: mildly 
irritating; 5 to 7: moderately irritating; over 7: severely irritating. 

2.2.5.12. Speeded-up experiments on stability. The stability study of the 
optimized VSO-0 formula was studied using accelerated stability ex-
periments under ICH recommendations. VSO-0 was stored at 40 ± 1 ◦C/ 
75 ± 3% relative humidity conditions for 6 months (long-term stability 
study). At predetermined time intervals (1, 2, 3, 4, and 6 months), VSO- 
0 samples were withdrawn and evaluated for physical appearance, drug 
loading, and cumulative % VLD amount released at 24 h and compared 
to the same parameters obtained for the freshly prepared VSO-0 (Nair 
et al., 2018). 

2.2.6. Statistical analysis 
The significance of the results was performed by one-way analysis of 

variance (ANOVA) using SPSS version 23. Result variations were 
considered statistically significant at p < 0.05. All the results values were 
represented as the mean values ± SD (n = 3) (Kerkhof et al., 2010). 

3. Results and discussion 

3.1. Preformulation studies 

VLD spectrophotometric standard curve, spectrum, and lipid 
screening are shown in (Figs. S1, S2, and S3). The utilized analysis 
method accuracy and precision were listed in Table S1 and S2 (supple-
mentary materials file). 

3.1.1. Drug-excipients compatibility study: infrared spectroscopies using the 
Fourier transform (FTIR) 

FTIR spectra of VLD (Fig. S4) showed principal peaks found at 
3293.71 cm− 1 corresponding to NH (stretching vibration), 2850.07 
cm− 1 corresponding to alkane CH (stretching), prominent peak at 
2237.96 cm− 1 corresponding to nitrile (C–––N) (stretching vibration). 
Also, VLD showed peaks at 1656.14, 1454.14, and 1225.35 cm− 1, cor-
responding to amide C––O, N––O, and C–N (stretching), respectively. 
The obtained peaks were similar to the literature peaks confirming the 
purity of VLD (Shrestha et al., 2014). The FTIR spectrum of HPMC 
exhibited a characteristic peak at 3455.16 cm− 1 corresponding to O–H 
(stretching) and at 1378.98 cm− 1 due to -OH (bending vibration) (Iqbal 
et al., 2017). The FTIR spectrum of PVA showed major peaks for hy-
droxyl and acetate groups at 3425.15 cm− 1. The C–H from the alkyl 
group (stretching) at 2919.92 cm− 1 and peaks at 1735.61 and 1647.29 
cm− 1 due to C––O and C–O (stretching) were also recorded (Iqbal et al., 
2017). For the Eudragit RL100 FTIR spectrum, firm peaks were obtained 
at 1148.22 and 1243.38 cm− 1 because of carbonyl ester group stretching 
vibrations of Eudragit RL100. Absorbance peaks at 1734.27 and 
3436.41 cm− 1 revealed the presence of C––O (ester) and associated -OH 
groups, respectively (Sharma et al., 2011). The C–H stretching peaks of 
PG were observed at 1378.05 and 1458.99 cm− 1 with an absorption 
band at 2933.21 cm− 1 belonging to stretching of -COH. FTIR spectra of 
pure stearic acid showed absorption peaks at 2917.66 and 2849.30 
cm− 1, which were attributed to -CH2- (asymmetric and symmetric 
stretching vibration), respectively. Stearic acid FTIR spectra also peaked 
at 1702 cm− 1, belonging to the –COOH group (Zhu et al., 2016). The 

Table 4 
% yield, PS, PDI, ZP, EE, TDC, and cumulative % dissolved at 24 h of various 
VLD–SLNPs formulations.  

Formulae % 
yield 

PS 
(nm) 

PDI ZP 
(mV) 

EE (%) TDC 
(mg) 

Cum. 
% at 
24 h 

Run1 56.83 
± 2.51 

189.6 
± 2.05 

0.402 
± 0.03 

− 17.6 
± 1.56 

35.32 
± 1.09 

4.89 
±

0.491 

61.87 
± 3.67 

Run2 60.52 
± 4.78 

142.2 
± 1.14 

0.167 
± 0.01 

− 15.4 
± 2.67 

38.20 
± 1.25 

4.35 
±

0.423 

69.31 
± 2.98 

Run3 64.02 
± 2.33 

137.8 
± 2.43 

0.256 
± 0.10 

− 18.1 
± 1.60 

43.44 
± 3.17 

4.71 
±

0.375 

57.04 
± 4.02 

Run4 69.51 
± 1.96 

122.4 
± 1.09 

0.120 
± 0.07 

− 19.7 
± 1.25 

57.21 
± 1.32 

4.57 
±

0.233 

64.55 
± 2.55 

Run5 72.63 
± 2.05 

281.9 
± 4.50 

0.426 
± 0.03 

− 21.9 
± 2.33 

18.84 
± 2.62 

4.81 
±

0.520 

37.89 
± 4.16 

Run6 89.73 
± 4.21 

247 ±
2.43 

0.292 
± 0.11 

− 22.8 
± 2.09 

20.42 
± 2.33 

4.44 
±

0.472 

51.23 
± 3.54 

Run7 81.5 
± 3.19 

258 ±
2.05 

0.373 
± 0.05 

− 21.3 
± 1.12 

22.35 
± 1.48 

4.75 
±

0.557 

27.63 
± 2.68 

Run8 79.58 
± 2.64 

202 ±
3.19 

0.241 
± 0.04 

− 23.2 
± 1.48 

26.26 
± 2.45 

4.07 
±

0.368 

43.75 
± 3.15 

PS: particle size, PDI: polydispersity index, ZP: zeta potential, EE: entrapment 
efficiency, TDC: total drug content, and cum: cumulative. 
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FTIR spectrum of Tween 80 showed asymmetric and symmetric 
stretching peaks at 2924.20 and 2857.58 cm− 1 for the -CH2 group, 
respectively, and a stretching peak at 1735.97 cm− 1 due to the C––O 
ester group, and a broad peak at 3423.83 cm− 1 owing of the -OH group’s 
stretching vibration. Span 80 exhibited characteristic FTIR peaks at 
3006.28, 2925.26, and 1711.72 cm− 1 due to aliphatic -OH stretching, 
C–H stretching, and C––O ester stretching, respectively (Roy Choud-
hury et al., 2013). The FTIR spectrum of the physical mixture of VLD 
with excipients utilized for SLNPs and OCU formulations showed the 
characteristic peaks of VLD. It could be concluded that no new chemical 
bonds were formed between the VLD and other excipients because the 
spectra showed no evidence of any new bands, so these excipients can be 
used effectively fabricating SLNPs and OCUs formulation (El-Emam 
et al., 2020). 

3.2. Characterization of the prepared VLD-SLNPs 

3.2.1. Percentage yield, particle size, PDI, and zeta potential 
The % yield of the investigated various formulations ranged between 

56.83 ± 2.51% (Run1) and 89.73 ± 4.21% (Run 6), as shown in Table 4. 
Nanoparticles (NPs) with a diameter of <200 nm are preferred for ocular 
drug administration because of their greater capacity to penetrate across 
corneal barriers (Sahoo et al., 2008). Here, the particle size of VLD- 
SLNPs ranged from 122.4 ± 1.09 nm to 281.9 nm, and PDI was be-
tween 0.120 and 0.426, as shown in Table 4 and Fig. S5a. Run 4 batch 
showed the smallest particle size, 122.4 ± 1.09 nm, which may be 
attributed to the lowest lipid and highest surfactant concentrations. 
Increasing lipid concentration increases NP size (p < 0.05), which can be 
explained by the tendency of lipids to coalesce at high concentrations 
(Emami et al., 2015). Moreover, particle size decreases while increasing 
the surfactant concentration as it stabilizes the formed emulsion by a 
thick protective layer preventing its aggregation via the reduction of 
interfacial tension (Langevin et al., 2004). PDI values were low for the 
SLNPs formulated with lower lipids and higher surfactant concentra-
tions. This criterion may be because, at a higher surfactant concentra-
tion the interfacial tension decreases; thus, the size of the droplet 
decreases, and the degree of homogeneity increases. PDI values below 
0.5 indicate monodispersity (Spoorthy et al., 2023) (Table 4). 

Zeta potential is an electric potential created by a charge on the 
nanoparticle surface. It indicates the degree of repulsion between 
similarly charged nanoparticles in the prepared SLNP formulation and 
hence the physical stability (Mehrad et al., 2018). Nanoparticle stabi-
lization is best achieved at values below − 30 mV. Due to the hydrolysis 
of stearic acid, the formed VLD-SLNPs are negatively charged with free 
fatty acids (Chauhan and Singh, 2023). The zeta potential values ranged 
from − 23.2 ± 1.48 mV to − 15.4 ± 2.67 mV (Table 4). Run 3 has zeta 
potential with a value of − 18.1 ± 1.60 mV, as appeared in Fig. S5b. 
Despite our formulations having a lower zeta potential value, we predict 
their stability because of the coat formed by Tween 80. The obtained 
stabilization is the sum of greater steric stabilization and minor elec-
trostatic stabilization. The surface coverage of SLNPs reduces the elec-
trophoretic mobility of the particles, thereby decreasing the zeta 
potential (Seyfoddin et al., 2010). 

3.2.2. Quantification of VLD 
HPLC standard curve, accuracy, precision, LOD, and LOQ are shown 

in (Tables S3 and S4 and Figs. S6 and S7, supplementary materials file). 

3.2.3. Entrapment efficiency (EE) 
The EE of the prepared VLD-SLNP formulations varied from 18.84 ±

2.62 (Run 5) to 57.21 ± 1.32% (Run 4), as shown in Table 4. The ob-
tained results showed a slight decrease in EE while increasing the lipid 
concentration, which may be attributed to the hydrophilicity of VLD and 
hydrophobicity of the lipid (p < 0.05). On the other hand, increasing 
surfactant concentration increases EE due to the formation of micelles, 
which entrap more VLD. Also, the higher surfactant concentration 

increases the solubilization of VLD in the lipid phase and consequently 
increases EE (Subedi et al., 2009). 

3.2.4. In vitro VLD-SLNPs dissolution studies 
The in vitro dissolution profiles of VLD-SLNP formulations compared 

to pure VLD at 24 h are illustrated in Fig. 2. The dissolution profiles 
showed a biphasic dissolution pattern characterized by a rapid initial 
burst followed by a sustained dissolution period. The rapid initial burst 
could be attributed to VLD molecules attached to the external shell and 
on the NP’s surface, while the sustained pattern can be explained by VLD 
encapsulation in the SLNP core (Abo-Zeid et al., 2022). The cumulative 
percent dissolved at 24 h ranged from 27.63 ± 2.68% (Run 7) to 69.31 
± 2.98% (Run 2), depending on the variation of the lipid and surfactant 
concentrations. The high lipid concentration increases the viscosity of 
the solidified NPs, which would also retard the VLD diffusion to the 
dissolution medium (Manjunath et al., 2005). The results also revealed 
that as the concentration of Tween 80 (With higher HLB, 15) increased, 
the cumulative percent VLD amount increased. The SLNPs formulations 
with Tween 80 showed faster dissolution behavior than those with Span 
80 (HLB of Span 80 = 4.3) (p < 0.05) since the higher HLB value of 
surfactant facilitates the drug dissolution from the SLNPs (Permana 
et al., 2019). 

Fig. 2. The comparative dissolution profiles of VLD-SLNPs formulations and 
pure VLD in phosphate buffer, pH 7.4. 

Fig. 3. The SEM imaging of VLD-SLNPs formulation, Run 3.  
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3.2.5. Selection of SLNPs for incorporation in OCUs 
According to ranking order, Run 3 was selected for the formulation of 

OCUs based on the lowest particle size, higher EE, and lowest cumula-
tive % dissolved after 24 h. 

3.2.6. Morphological studies 
Run 3 morphological studies by SEM are illustrated in Fig. 3. The 

majority of the VLD-SLNPs were demonstrated to be round, with a flat 
top and a low degree of polydispersity. 

3.3. Physical evaluation of VLD-SLNPs-OCUs 

3.3.1. Uniformity of weight and thickness 
The average weights of OCUs were found to be in the range of 28.54 

± 0.666 mg (VSO-9) to 31.84 ± 0.443 mg (VSO-12), as listed in Table 5, 
indicating a uniform distribution of constituents, during the casting of 
the formulations in the Petri dish could be the main reason for the 
narrow range of OCUs weight. If the distribution of the dispersion 
constituents was varied between different film areas the weight varia-
tion would increase (Colter, 2016). The average thickness of OCUs was 
between 0.42 ± 0.05 mm (VSO-9) and 0.76 ± 0.04 mm (VSO-12), as 
listed in Table 5; this slight variation may be due to the different 
amounts of polymer used in OCUs preparation (Dawaba et al., 2018). 

3.3.2. Surface pH measurement 
The surface pH ranged between 6.72 ± 0.26 (VSO-6) and 7.37 ±

0.15 (VSO-8), as shown in Table 5, which approximates the pH of the 
lacrimal fluid (Hind and Goyan, 1949). Thus, it could be assumed that 
the OCUs will not induce irritation upon insertion into the eye. 

3.3.3. Folding endurance (FE) 
FE ranged from 105 ± 1.33 (VSO-12) to 69 ± 1.64 (VSO-9), as shown 

in Table 5. The marked difference in FE is the function of using various 
polymers and concentrations. OCUs containing higher concentrations of 
PVA acquired maximum FE, which may be due to their continuous 
polymeric structure, which cannot be broken easily (Rao et al., 2018). 

3.3.4. Drug loading 
Drug loading ranged from 88.15 ± 1.15 (VSO-7) to 97.72 ± 2.54% 

(VSO-12) (Table 5). This result may be attributed to the amount of 
HPMC and PVA in the drug reservoir. Increasing the concentration of the 
polymer increases the drug’s encapsulation. 

3.3.5. Percentage MA and % ML 
The data demonstrated that % MA ranged between 1.38 ± 0.172% 

(VSO-11) and 6.55 ± 0.344% (VSO-5), as illustrated in Fig. 4, revealing 
that lower concentrations of Eudragit RL100 (hydrophobic polymer 
with negligible water absorption ability) resulted in higher % MA values 
with no change in the OCUs integrity (p < 0.05) (Kulhari et al., 2011). 
The % ML ranges between 10.56 ± 0.324% (VSO-5) and 3.12 ± 0.145% 
(VSO-12). The minimum % ML was mainly due to the higher concen-
trations of Eudragit RL100 (RCM), which retain the moisture within the 
matrix as shown by the formulations VSO-7, 8, 11, and 12 (Thakur et al., 
2014). 

3.3.6. Swelling index (% swelling) 
All the investigated OCUs showed relatively accepted swelling index 

and the recorded swelling index after the time required for the 

Table 5 
Evaluation parameters of prepared VLD-SLNPs-OCUs formulations.  

F. 
Code 

Weight 
(mg) 

Thickness 
(mm) 

pH FE Drug loading 
(%) 

VSO-1 28.65 ±
0.491 

0.45 ± 0.04 6.91 ±
0.23 

74 ±
1.98 

97.12 ± 1.06 

VSO-2 
29.28 ±
0.473 0.52 ± 0.02 

7.02 ±
0.15 

80 ±
3.51 94.89 ± 2.99 

VSO-3 
29.19 ±
0.612 

0.49 ± 0.02 
7.15 ±
0.10 

98 ±
1.06 

95.40 ± 3.12 

VSO-4 30.87 ±
0.459 

0.66 ± 0.02 7.13 ±
0.29 

100 ±
2.74 

91.78 ± 2.39 

VSO-5 28.92 ±
0.388 

0.47 ± 0.02 7.24 ±
0.12 

84 ±
2.06 

94.57 ± 1.33 

VSO-6 
29.54 ±
0.401 0.57 ± 0.03 

6.72 ±
0.26 

85 ±
2.90 91.65 ± 2.36 

VSO-7 
30.22 ±
0.487 

0.59 ± 0.03 
6.85 ±
0.27 

94 ±
3.12 

88.15 ± 1.15 

VSO-8 31.56 ±
0.522 

0.68 ± 0.07 7.37 ±
0.15 

95 ±
1.33 

93.20 ± 2.54 

VSO-9 
28.54 ±
0.666 0.42 ± 0.05 

6.88 ±
0.23 

69 ±
1.64 90.11 ± 2.85 

VSO- 
10 

30.36 ±
0.389 0.64 ± 0.08 

7.23 ±
0.45 

96 ±
1.27 96.33 ± 2.17 

VSO- 
11 

30.34 ±
0.602 

0.60 ± 0.02 
6.90 ±
0.17 

81 ±
2.21 

90.58 ± 2.04 

VSO- 
12 

31.84 ±
0.443 

0.76 ± 0.04 7.34 ±
0.19 

105 ±
1.33 

97.72 ± 2.54 

VSO- 
13 

28.86 ±
0.341 0.47 ± 0.05 

6.99 ±
0.12 

92 ±
3.96 89.64 ± 3.01 

VSO- 
14 

28.74 ±
0.355 0.46 ± 0.04 

6.85 ±
0.26 

90 ±
1.67 95.14 ± 1.08 

VSO- 
15 

28.93 ±
0.497 

0.49 ± 0.03 
6.82 ±
0.17 

89 ±
1.14 

93.56 ± 1.11  

Fig. 4. Percentage of moisture absorption, moisture loss, and swelling index of various vildagliptin-solid lipid nanoparticles loaded ocuserts formulations.  
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equilibrium (2 h) were illustrated in Fig. 4. The data showed that the 
percentage swelling of the investigated OCUs ranged between 3.2 ±
0.473% (VSO-7) and 7.21 ± 0.633% (VSO-5) which is considered 
insignificant (p > 0.05). Thus, it could be assumed that the prepared 
VLD-SLNPs-OCUs would not cause discomfort like a foreign body in the 
eye. There was no evidence of erosion caused by the expansion of OCUs 
during the swelling study, and the formulations had excellent cohesive 
qualities that kept the OCUs functioning as a hydrated adhesive layer for 
an extended time. This will ensure that the OCUs stay on the eye’s 
surface and continue to emit VLD throughout time (Aburahma and 
Mahmoud, 2011). This small swelling index is attributed to the presence 
of quaternary ammonium groups in the Eudragit RL100 structure 
(Rathod et al., 2017). 

3.4. Optimization of VLD-SLNPs-OCUs 

The main objective of the optimization process is to increase MAT 

and extend the VLD release to enhance its ocular bioavailability. To 
achieve that, we apply statistical analysis and study the visual contour 
plots and response surface figures to get the efficient levels of the 
dependent variables. 

3.4.1. Ex vivo mucoadhesion time (MAT) 
The data showed that Eudragit RL100 concentration significantly 

affects MAT, unlike HPMC concentration, which doesn’t affect MAT (p 
< 0.05). Also, PVA concentration does not significantly affect MAT (p >
0.05), as exhibited by the response and contour plots (Figs. 5, and S8, 
S9). The lines in contour plots are separated and markedly changed in 
color from dark blue (MAT <50 min) to dark green color (MAT >110 
min) with the increase of Eudragit RL 100 concentration. The increased 
MAT with a high Eudragit RL100 concentration may be due to the 
electrostatic interaction between the polymer and the mucosal layer 
(Boddupalli et al., 2010). HPMC and PVA have low mucoadhesive 
properties; this is noticeable in the difference in MAT from the low to the 

Fig. 5. (a) 3D and response surface plots for the effect of HPMC, PVA, and Eudragit RL100 (R1, R2, and R3) on MAT (Z1), (b) The contour plot for the effect of HPMC, 
PVA, and Eudragit RL100 (R1, R2, and R3) on MAT (Z1). 
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high level of the two variables. The contour plots showed a few graded 
lines from light blue (MAT = 60–70 min) to light green colors (MAT =
80–90 min), confirming HPMC and PVA’s nonsignificant effect on MAT 
(p > 0.05). The nonsignificant effect of HPMC and PVA may be due to 
their double coats (dual-sides) with Eudragit RL100 in a rate-controlling 
membrane, which is assumed to erode first; thus, the effect of HPMC and 
PVA is nonsignificant. The results revealed a proportional relationship 
between MAT and the Eudragit RL100 concentration (Eq. 8, Fig. S9), 
indicating that Eudragit RL100 possesses non-neglectable mucoadhesive 
properties and its role as a film-forming polymer. The obtained results 
with Nandi et al., 2022 showed that the maximum swelling rate was 363 
h− 1 and the film containing dimethyl sulphoxide exhibited the highest in 
vitro release as well as ex vivo rabbit ocular permeation. The authors 
concluded that the investigated film formulation has shown a fast re-
covery of rabbit ocular inflammation when compared to the untreated 
rabbit eye after inducing inflammation (Nandi et al., 2022). 

The optimization output suggests the optimized formula of MAT 
consists of 60 mg HPMC, 60 mg PVA, and 150 mg Eudragit RL100. 

MAT =57.7–1.13 R1–0.57 R2 + 0.071 R3 + 0.0215 R1
2 + 0.0121 R2

2

+ 0.00221 R3
2–0.0019 R1R2–0.00244 R1R3 + 0.00136 R2R3

(8)  

3.4.2. In vitro release studies and their kinetics 
It concluded from the results that increasing the concentrations of 

HPMC and Eudragit RL100 had a statistically significant decrease (p <
0.05) in the in vitro release of VLD from the ocuserts after 24 h, whereas 
increasing PVA concentration insignificantly decreased (p > 0.05) the 
VLD release rate, as shown in Figs. 6, and 7. The response and contour 
plots confirmed these results. The lines in contour plots are separated 
and markedly changed in color from dark green (Rel 24 h > 55%) to 
dark blue color (Rel 24 h < 25%) with the increase of Eudragit RL 100 
and HPMC concentration. This decrease in the amount of VLD released 
may be due to the increased hydrophobicity of ocuserts and a reduction 
in their solubility, providing a controlled release rate of VLD (Shafie and 
Rady, 2012). Although HPMC is a hydrophilic polymer with a low mo-
lecular weight and is assumed to have a higher release rate due to ease of 
water permeation, increasing its concentration significantly decreases 
VLD release (p < 0.05), which may be due to its high swelling behavior, 
which allows the inclusion of water within the polymer matrix which 

opposes drug release (Dawaba et al., 2018). In the case of PVA, during its 
formulation as a film, it is plasticized by PG, which causes cross-linking 
of PVA, which hinders VLD release (Kodavaty and Deshpande, 2014). 

The present work shows that the main objective is to increase the 
drug residence time and slow the VLD release rate to improve VLD 
bioavailability. That objective was achieved by the dual coating of the 
drug reservoir by Eudragit RL100 in a rat-controlling membrane (RCM). 
This RCM slows eroding, reducing VLD release in addition to HPMC in 
the inner core, which controls the VLD release rate (El-Rasoul and 
Ahmed, 2010; El-Shenawy et al., 2023). Eq. (9) shows a significant 
correlation between HPMC and Eudragit concentrations and VLD release 
(Fig. S10). 

Rel 24 h =110–1.864 R1–0.994 R2 + 0.205 R3

+ 0.0174 R12 + 0.00249 R22

+ 0.00028 R32− 0.00507 R1R2− 0.00045 R1R3 + 0.00109 R2R3

(9) 

According to the optimization result, the optimum composition of 
VLD-SLNPs-OCUs is 50.3 mg HPMC, 60 mg PVA, and 150 mg Eudragit 
RL100. 

The result showed that the cumulative % release after 24 h ranged 
between 23.21 ± 2.18% (VSO-8) and 56.23 ± 3.63% (VSO-5). The In-
crease in PG (plasticizer) in both the drug reservoir (above 1.25% v/v) 
and RCM (above 2.5%) did not significantly affect the in vitro release of 
VLD, as shown from trial experiments (p > 0.05). PG interposes between 
every individual strand of the used polymer, and the breakdown of the 
polymer-polymer bonds results in converting the OCUs into a flexible, 
highly porous, and less cohesive structure (Dawaba and Dawaba, 2019). 
When the in vitro release data were plotted according to the Zero-order 
equation, VLD-SLNPs-OCUs showed good linearity with higher corre-
lation than First-order and Higuchi–Diffusion models, Indicating Zero- 
order release model for all VLD-SLNPs-OCUs formulations as shown in 
Table S5 (supplementary materials file). 

3.5. Preparation and characterization of the optimized VLD-SLNPs-OCUs 
formula (VSO-0) 

The optimized VSO-0 OCUs (composed of 50.303 mg HPMC, 60 mg 

Fig. 6. In vitro release profiles of various VLD-SLNPs-OCUs in phosphate buffer, pH 7.4.  
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Fig. 7. (a) 3D and response surface plot for the effect of HPMC, PVA, and Eudragit RL100 (R1, R2, and R3) on the cumulative VLD% released after 24 h (Z2), (b) The 
contour plot for the effect of HPMC, PVA, and Eudragit RL100 (R1, R2, and R3) on the cumulative VLD % released after 24 h (Z2). 
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PVA, and 150 mg Eudragit RL100) were formulated and characterized 
for drug loading, in vitro release, sterility test, in vivo release, differential 
scanning calorimetry (DSC), ocular irritation test, and stability study. 

3.5.1. Differential scanning calorimetry (DSC) analysis 
Thermograms of differential scanning calorimetry (DSC) for pure 

VLD, pure components, VLD-SLNPs, and the optimized formulation 
(VSO-0) are shown in Fig. S11. The DSC thermogram of pure VLD 
showed a sharp endothermic peak at 155.7 ◦C, corresponding to its 
melting point (Dewan et al., 2015). The DSC curves of HPMC, PVA, 
stearic acid, and Eudragit RL100 showed endothermic peaks at 75.4, 
214.2, 58.4, and 69 ◦C, respectively, related to the melting temperature 
of pure ingredients (Amin et al., 2012; Martínez-Hernández et al., 2010; 
Patel et al., 2021; Rani et al., 2015). The thermogram of VLD–SLNPs 
showed that the endothermic peak of stearic acid displaced slightly from 
58.4 to 56.2 ◦C and the absence of the VLD endothermic peak at 
155.7 ◦C, suggesting efficient VLD distribution within the lipid matrix 
and loss of its crystallinity (Yasir and Sara, 2014). The thermograms of 
optimized VLD-SLNPs-OCUs did not show the endothermic peak of VLD 
at 155.7 ◦C, indicating complete conversion of VLD to the amorphous 
state and well-distribution of VLD in the prepared OCUs matrices (El- 
Emam et al., 2020). 

3.5.2. Sterility test 
A sterility study was done for the optimized VLD-SLNPs-OCUs 

formulation. The result showed that there was no turbidity and no mi-
crobial growth during and after the completion of the sterility test. Also, 
the experiment showed no appearance of any microorganisms, thus 
suggesting that the prepared VLD-SLNPs-OCUs can be used safely in 
ophthalmic drug delivery. 

3.5.3. Drug loading 
Drug loading of the optimized OCUs formulation was 95.28 ± 2.78 

(Table S6). The enhanced drug encapsulation in the optimized formula 
could be attributed to the increase in the polymer concentration (Kanaan 
et al., 2021). 

3.5.4. In vivo release studies 
The in vivo cumulative percent release of VLD from the optimized 

OCUs was 35.12 ± 2.47% after 24 h, which was consistent with the in 

vitro release data, 36.89 ± 3.11%, as shown in Fig. 8. Thus, the opti-
mized OCU formulation may act for 24 h (once daily) (Nair et al., 2018). 

3.5.5. Rabbit ocular irritation test 
The data showed that no rabbits exhibited any signs of irritancy, and 

the total score was zero or negligible (Table 6) except for increased tear 
production and swelling of the eyelid after the first day of insertion, 
which might be due to the organic solvent (ethyl alcohol) used in the 
formulation of VLD-SLNPs-OCUs (Rathore et al., 2010). 

3.5.6. Speeded-up stability testing 
The optimized OCU formulation exhibits a nonsignificant change in 

the physical characteristics or drug loading (p > 0.05). The overall 
degradation was <1%, and the in vitro release profile of VLD did not alter 
noticeably after storage, as shown in Table S6. Thus, the optimized OCUs 
are sufficiently stable at the selected conditions. 

4. Conclusion 

The double emulsion/melt dispersion method was effectively used to 
create VLD-SLNPs. VLD-SLNP formulation (Run 3) was selected for 
incorporation into OCUs based on optimum particle size, entrapment 
efficiency, and in vitro dissolution pattern. The optimum VLD-SLNPs- 
OCUs were composed of 50.303 mg HPMC, 60 mg PVA, and 150 mg 
Eudragit RL100. VLD-SLNPs-OCUs loading efficiency was 95.28 ±
2.87%, and DSC data showed complete conversion of VLD to an amor-
phous state and well distribution in the prepared OCUs matrices. 
Consistent with in vitro drug release findings of 36.89 ± 3.11%, the in 

Fig. 8. Plots of a: in vitro and b: in vivo, cumulative VLD percent amount released versus time for the optimized VLD-SLNPs-OCUs formulation (VOS-0).  

Table 6 
Ocular irritation test results.  

Time 
(day) 

Observation parameters/ score 

Redness Increased tears 
production 

Swelling of 
eyelids 

Irisitis 

0 0 0 0 0 
1 0 1 1 0 
3 0 0 0 0 
5 0 0 0 0 
7 0 0 0 0  
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vivo release after 24 h was 35.12 ± 2.47%. The ocular irritation test 
indicates the safety of using VLD-OCU fabrications. Thus, the sustained 
drug release provided by VLD-SLNPs-OCUs could be an effective alter-
native to conventional oral dosage forms with fewer systemic side effects 
and decreased fluctuations in plasma drug levels. Besides lowering 
blood sugar, VLD-OCUs may improve blood flow in the retina, making 
them a potentially useful method for treating DRP. 
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