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Abstract: Background: Despite of having broad spectrum anti-bacterial activity, benzimidazole has limited clinical 
applications out of low solubility and bioavailability. Benzimidazole and cubosomal delivery systems are individually well 
studied, their combined application remains limited, particularly for newly designed derivatives with unexplored biological 
activity. Objective: This study reports the synthesis and characterization of N-cyclopentyl benzimidazole-loaded 
cubosomes for antibacterial application through improved solubility and controlled release. Methods: The N-cyclopentyl 
benzimidazole was synthesized by the reaction of benzimidazole with Bromo cyclopentane and confirmed by FT-IR, 1H, 
and 13C NMR spectroscopy. Cubosome nanoparticles were formed by the homogenization method, using glyceryl 
monooleate (GMO) as a lipid and poloxamer 407 (P407) as a surfactant. Different co-surfactants like Brij 35 (B 35), Myrj 
52 (M 52), Tween 20 (T 20), and polyvinyl alcohol (PVA) as stabilizer were used to optimize the formulations and 
characterized for size, zeta potential, polydispersity index, entrapment efficiency, in-vitro drug release, and transmission 
electron microscopy. Results: Among the tested formulations, the cubosome containing 3% PVA demonstrated optimal 
characteristics, including a nanosize (~128 nm), high drug entrapment efficiency (94.08%), and colloidal stability. The 
antibacterial activity was assessed against Staphylococcus aureus and Escherichia coli. While the free drug exhibited larger 
zones of inhibition, the cubosome-encapsulated formulation showed sustained antibacterial effects, attributed to improved 
aqueous dispersion and prolonged release. Conclusion: These findings highlight the potential of cubosome-based delivery 
to enhance the solubility and therapeutic efficacy. 
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INTRODUCTION 
 

Lipid-based drug delivery systems have gained 
considerable attention due to their ability to encapsulate 
both hydrophilic and lipophilic drugs, alongside their 
biocompatibility, biodegradability and cost-effectiveness. 
As natural components of cellular structures and the human 
diet, lipids reduce cytotoxic risks compared to polymeric 
carriers (Rapalli et al., 2021). Lipid nanocarriers also 
enhance drug transport across skin, lymphatic, blood and 
brain barriers. Several delivery systems, such as liposomes, 
ethosomes, phytosomes, solid lipid nanoparticles (SLNs), 
nanostructured lipid carriers, and cubosomes, have been 
investigated, each offering distinct advantages and 
limitations (Samimi et al., 2019). 
 

Among these, cubosomes are particularly attractive owing 
to their biocompatibility, bioadhesion, structural stability, 

and unique bicontinuous cubic phase morphology. Unlike 
SLNs and niosomes, cubosomes provide higher drug-
loading capacity, sustained release, and improved 
bioavailability, making them especially suitable for poorly 
soluble antibacterial agents (Abourehab et al., 2020; Yang 

and Marlin, 2020). Structurally, cubosomes are viscous, 
optically isotropic nanoparticles (10-500 nm) formed by 
self-assembly of amphiphilic lipids into a three-
dimensional bilayer enclosing non-intersecting aqueous 
channels with an internal surface area of ~400 m²/g (Tan et 

al., 2022). Their similarity to skin’s bicontinuous 
architecture facilitates dermal retention and transport of 
drugs (Ali et al., 2017). Moreover, their thermodynamic 
stability and versatility allow encapsulation of hydrophilic, 
lipophilic, and amphiphilic molecules, thereby improving 
solubility, protecting drugs from degradation, and enabling 
controlled release (Boge et al., 2019). Cubosome formation 
typically requires lipids such as glyceryl monooleate 
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(GMO) or phytantriol combined with stabilizers like 
Pluronic® F127, which provides steric stabilization 
(Nakano et al., 2002). 
 
Parallel to nanocarrier advances, heterocyclic compounds 
continue to be a cornerstone of drug discovery. 
Benzimidazole, a fused ring of benzene and imidazole 
containing two nitrogen heteroatoms, is a privileged 
scaffold in medicinal chemistry with diverse 
pharmacological properties (Kamal et al., 2025), notably 
antimicrobial activity (Andrei et al., 2021). Numerous 
benzimidazole derivatives have demonstrated potent 
antibacterial efficacy, even against resistant strains 
(Alasmary et al., 2015). They also serve as the basis for 
widely used anti-helminthic drugs such as albendazole, 
mebendazole, and flubendazole (Tahlan et al., 2025). 
Structure–activity relationship (SAR) studies highlight that 
substituents on the bicyclic ring strongly influence 
antibacterial activity (Goud et al., 2019). Recent strategies 
have focused on N-alkylation at the N1-position to enhance 
lipophilicity (Ashraf et al., 2025), membrane permeability 
and binding affinity, thereby improving antimicrobial 
potential (Marinescu et al., 2020). 
 
Within this context, 1-cyclopentyl benzimidazole, 
synthesized via N-alkylation with bromocyclopentane, 
represents a promising antibacterial candidate (Pathare 

and Bansode, 2021). N-alkylated benzimidazoles have 
shown the ability to disrupt bacterial membranes and 
inhibit essential cellular processes (Kumar et al., 2020). 
However, despite the broad pharmacological applications 
of benzimidazoles, this specific analog has not been 
explored in advanced nanocarrier systems such as 
cubosomes. 
 
Therefore, the present study aimed to develop cubosome-
based nanoformulations of 1-cyclopentyl benzimidazole 
and evaluate their physicochemical characteristics (particle 
size, zeta potential, encapsulation efficiency and drug 
release) as well as antibacterial activity against 
Staphylococcus aureus and Escherichia coli. This work 
provides the first report of delivering 1-cyclopentyl 
benzimidazole via cubosomes, offering a potential strategy 
to enhance solubility, sustain release and overcome 
antimicrobial resistance. 
 

MATERIALS AND METHODS 

 

Materials 

KOH, dimethyl sulfoxide (DMSO >99.5%), 
Bromocyclopentane, chloroform (99.8%), methanol 
(analytical grade), ethanol (analytical grade), 
Benzimidazole (analytical 99.9%), GMO (GRAS, 
94%purity), poloxamer 407 (pharmaceutical grade, 99%), 
tween 20, PVA(polyvinyl alcohol), Brij 35, Myrj 52, 
hydrochloric acid, potassium monobasic phosphate and 
sodium hydroxide were got from Sigma Aldrich (St. Louis, 

USA). Distilled water used during experimentation was 
bought from the pharmacy in Faisalabad, Pakistan.  
 
Synthesis of 1-cyclopentyl benzimidazole 

The 1-cyclopentyl benzimidazole was synthesized 
according to the reported method with minor modifications 
(Iqbal et al., 2015). Benzimidazole (2 g, 0.0169 mol), KOH 
(1.5 eq, 1.42 g), and DMSO (40 mL) were added to a 
round-bottom flask and kept stirring for 30 minutes. Then 
alkyl halide (bromo-cyclopentane, 1 eq, 2.51 mL) was 
added dropwise with continuous stirring. The reaction 
takes place at RT with stirring continued for up to 3 h. After 
stirring, the reaction mixture was poured into 300 mL of 
cold water and placed for 2-3 h to let the mixture settle 
down. After that, the mixture was taken in a separating 
funnel, and the lower organic layer was extracted with 
chloroform. The extracted portion was kept at room 
temperature for the evaporation of chloroform to obtain the 
final product. 
 
Characterization of 1-cyclopentyl benzimidazole  

The solubility of the synthesized 1-cyclopentyl 
benzimidazole was checked in different polar and nonpolar 
solvents. The boiling point was calculated using the Gallen 
Kamp instrument (SANYO, JAPAN). FT-IR spectra were 
obtained using a Cary 630 spectrophotometer (Agilent 
Technologies, USA) equipped with an ATR module. Each 
sample was scanned in the range of 4000 to 650 cm⁻¹ at 
room temperature. A total of 32 scans were recorded per 
sample with a resolution of 4 cm⁻¹. NMR analysis was 
conducted using a Bruker Avance 400 MHz spectrometer. 
The sample was dissolved in deuterium oxide (D₂O), and 
the spectra were recorded at ambient temperature. The 
chemical shifts for both ¹H and ¹³C NMR were measured 
across ranges of 0–16 ppm and 0–220 ppm, respectively. 
Tetramethylsilane (TMS) was used as the internal standard. 
Proton peaks were characterized by their multiplicity, 
including singlets, doublets, triplets, and multiplets. UV–
visible spectroscopic analysis of both benzimidazole 
compounds was carried out using methanol as the solvent. 
The spectra were recorded over a wavelength range 
of 200–800 nm to capture both ultraviolet and visible 
electronic transitions. Methanol was selected due to its 
good solvating ability and optical transparency in the 
studied range. High-performance liquid chromatography 
(HPLC) was employed to evaluate the chromatographic 
behavior and purity of the compound. The analysis was 
performed using a UV detector set at 230 nm, a wavelength 
commonly used for compounds exhibiting UV absorption. 
The retention time was recorded to assess the interaction of 
the compound with the stationary phase and its elution 
characteristics (Nadeem et al., 2022). 
 
Development of cubosomes 

Cubosomes were made using the previously described 
procedure, with a few modifications (Al-Mahallawi et al., 

2021). The fifteen cubosomal dispersions (12 blank and 3 
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drug-loaded) were prepared using a homogenization 
method with different percentages of GMO, P407, PVA, 
T20, B35, M52. GMO was used as the lipid phase in a 
constant concentration of 3.5 % w/w, P407/T20/M52/B35 
as the surfactants (1-3 % w/w) and PVA as an additional 
stabilizer (1.5 % w/w). The selection of process parameters 
such as homogenization speed (16,000 rpm), time (10 
minutes) and temperature (60 °C) was based on 
preliminary screening experiments that ensured optimal 
dispersion and reproducibility of particle size. The choice 
of glyceryl monooleate (GMO) as the lipid matrix and 
poloxamer 407 (F-127) as the stabilizer was guided by their 
reported compatibility and ability to form a stable cubic 
phase structure. Different co-surfactants were screened to 
evaluate their impact on particle morphology, stability and 
drug entrapment efficiency. Each formulation was 
prepared and characterized in triplicate to ensure 
reproducibility and minimize batch-to-batch variation. The 
design approach was guided by comparative evaluation 
rather than a factorial design, which was considered 
appropriate for this preliminary optimization study. 
 

The composition of formulations is shown in Table 1. 
GMO and P407 were kept on the hot plate for melting at 
60 °C until they were fully homogenized and had a distinct 
appearance. Then, the temperature was raised to 100 °C 
and stirred at 1000 rpm. Secondly, aqueous phase 
containing PVA/B32/M 52/tween 20 was added to distilled 
water at the same temperature in a separate beaker. The 
GMO and P407 mixture was continuously stirred at 1000 
rpm. Pre-heated aqueous phase containing co-surfactant 
was added dropwise into the GMO and P407 mixture until 
they were fully homogenized, and a milky white dispersion 
was produced. This dispersion was homogenized using 
(Heidolph, Silent Crusher M Homogenizer) at 16000 rpm 
for 10 minutes, hence it gave an opalescent appearance.  
 

To produce drug-loaded cubosomes, API was added to the 
previously melted GMO and P407 mixture, while being 
continuously stirred at 1000 rpm. The rest of the procedure 
was the same as that adopted for blank formulation. 
 

Characterization of cubosomes 

FT-IR studies 

The FT-IR spectra of the active pharmaceutical ingredient 
(API), excipients (GMO, POLOXAMER 407 and PVA) 
and the optimized drug-loaded cubosomal formulation 
were recorded using a Cary 630 FT-IR spectrophotometer 
(Agilent Technologies, USA) equipped with an attenuated 
total reflectance (ATR) accessory. Samples were directly 
placed on the ATR crystal without any additional 
preparation. Spectra were scanned over the range of 4000 
to 650 cm⁻¹ with a resolution of 4 cm⁻¹ and each spectrum 
was obtained by averaging 32 scans. Background 
correction was performed before each measurement. The 
characteristic absorption bands observed were used to 
identify functional groups and assess potential interactions 
between the drug and excipients (Kapoor et al., 2020). 

Measurement of pH and viscosity 

Both the drug-loaded formulations and the blank 
formulations were measured for pH at 250 C using a 
portable pH meter (HI 9811-5 Hanna, Europe). Each 
formulation was used just enough to precisely dip the 
electrode, then it was stabilized for 5 minutes (Kapoor et 

al., 2020). The viscosity was measured by using a rotary 
viscometer (DVII, Brookfield, USA). The measurements 
were made at a shear rate of 20 rpm and a temperature of 
25±0.5°C, using spindle # 2. Triplicate measurements were 
taken for each formulation to minimize the experimental 
uncertainties. 
 

Particle size (PS), polydispersity index (PDI) and Zeta 

potential (ZP) measurement  

The particle size (PS) and polydispersity index (PDI) of 
both blank and drug-loaded cubosome formulations were 
measured using a Malvern Zetasizer Nano ZS90 (Malvern 
Instruments, UK) equipped with dynamic light scattering 
(DLS) capability. Zeta potential (ZP) was determined via 
electrophoretic light scattering (ELS) using the same 
instrument, but only for drug-loaded formulations. Before 
measurement, all samples were diluted 1:100 with double-
distilled water to minimize multiple scattering effects. 
Separate samples were prepared for PS and ZP analysis. 
All measurements were conducted at 25 ± 1 °C and 
dispersant parameters were set to standard values for water 
(viscosity: 0.8872 cP; refractive index: 1.330). Each 
experiment was performed in triplicate and the results are 
presented as mean ± standard deviation. 
 

Transmission electron microscopy (TEM) 

The morphological characteristics of cubosomes (P1, P2, 
P3) were examined using transmission electron 
microscopy (TEM, FEI Tecnai G2 Spirit BioTwin, USA). 
A drop of the diluted cubosome suspension was placed 
onto a carbon-coated copper grid and allowed to stand for 
1-2 minutes (Ahmed et al., 2024). Excess liquid was 
carefully wicked off using filter paper, and the grid was air-
dried under ambient conditions. For contrast enhancement, 
negative staining was performed with 10% 
phosphotungstic acid (PTA). The samples were examined 
at an accelerating voltage of 120 kV and images were 
captured at various magnifications (Nasr et al., 2015). 
 

Encapsulation efficiency 

The centrifugation method was used to determine 
entrapment efficiency. A dispersion of cubosomes 
equivalent to 10 mg of drug was diluted with 9 mL of 
distilled water and transferred into centrifuge tubes. 
Samples were centrifuged at 6000 rpm for 30 minutes 
(Karthika et al., 2018). The amount of unentrapped drug 
present in the supernatant was quantified using a UV-Vis 
spectrophotometer (Cecil Instruments, Cambridge, 
England) at the predetermined λmax of 247 nm. Methanol 
was used only as a blank solvent for baseline correction. 
All measurements were performed in triplicate and 
entrapment efficiency was calculated accordingly. % EE 
was calculated through the following formula: 
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% �� =
Total drug − Free drug 

Total drug
× 100 

 

In-vitro drug release study 

The release behavior of 1-cyclopentyl benzimidazole from 
cubosomal formulations was studied using a dialysis bag 
diffusion method. A cellulose membrane with a molecular 
weight cut-off (MWCO) of 12,000–14,000 Da was used. 
Before use, the membrane was soaked overnight in 
distilled water.  After adding 1 mL of cubosome dispersion 
to the dialysis bag, the ends were securely sealed together 
using dialysis clamps and they were then immersed in 
250 mL of 30% v/v ethanol in phosphate-buffered saline 
(pH 6.8) as the release medium and placed in the shaking 
water bath (Thermo Scientific-USA) at a maintained 
temperature of 37°C, 50 rpm (Gaballa et al., 2020). 
 
At intervals of 0, 0.5, 1, 2, 4, 6, 8, 12, and 24 hours, 5 mL 
of the medium was taken out and replaced with an 
equivalent volume of fresh dissolving medium. A 
phosphate buffer with a pH of 6.8 was used as a blank to 
measure the amount of medication released in the medium 
samples using UV-Vis spectroscopy at λmax 247 nm 
(Hayat et al., 2025). Each experiment was done in 
triplicate. The data was expressed as drug release from 
cubosomes at different time points. The cumulative amount 
of drug released was plotted over time and the release data 
were fitted to various kinetic models (zero-order, first-
order, Higuchi and Korsmeyer-Peppas) to elucidate the 
drug release mechanism (Prajapati,et al., 2014). 
 

Physical examination 

All the formulated dispersions were analyzed for any 
physical modification that concerned appearance, phase 
separation, or any sort of precipitation. For this purpose, 

they were examined visually in proper lighting conditions 
and at RT.   
 

Antibacterial activity of cubosomes 

Antibacterial activity was evaluated using the agar well 
diffusion method by measuring the zone of inhibition. 
Nutrient agar was prepared and poured into sterile glass 
Petri dishes to form a uniform layer of approximately 4 mm 
thickness. After solidification, 1 mL of bacterial 
suspension standardized to 1.5 × 10⁸ CFU/mL was evenly 
spread over the surface of each plate. The test organisms 
included Escherichia coli and Staphylococcus aureus. 
Excess inoculum was removed and the plates were allowed 
to stand at room temperature for 10 minutes to facilitate 
adherence of the microbial cells. Sterile wells of 10 mm 
diameter were created in the agar using a cork borer. Equal 
volumes of pure drug solution, the optimized cubosomal 
formulation (100 µg/mL) and a standard antibiotic disk 
(positive control) were introduced into separate wells. The 
plates were incubated at 37°C for 24 hours, after which the 
diameters of the inhibition zones surrounding each well 
were measured in millimeters. All experiments were 
conducted in triplicate and results were expressed as mean 
± standard deviation (Balouiri et al., 2016). 
 

Stability study 

The physical and chemical stability of selected cubosome 
formulations was evaluated over a period of 90 days at 
room temperature (25 ± 2 °C). Formulations were stored in 
airtight glass containers and sampled at predefined 
intervals (0, 30, 60 and 90 days) and evaluated for physical 
appearance, pH, viscosity, particle size, zeta potential and 
drug content. Drug content was determined using a 
validated UV-Visible spectrophotometric method at 247 
nm (Hayat et al., 2025) and measurements were performed 
in triplicate.  

Table 1: Composition of blank and drug loaded formulations containing GMO, POLOXAMER 407 and different co-
surfactants. 
 

Formulations GMO % P407 % PVA % T 20 % B 35 % M 52 % Drug % 
Blanks        
F1 3.5 1.5 1 _ _ _ _ 
F2 3.5 1.5 2 _ _ _ _ 
F3 3.5 1.5 3 _ _ _ _ 
F4 3.5 1.5 _ 1 _ _ _ 
F5 3.5 1.5 _ 2 _ _ _ 
F6 3.5 1.5 _ 3 _ _ _ 
F7 3.5 1.5 _ _ 1 _ _ 
F8 3.5 1.5 _ _ 2 _ _ 
F9 3.5 1.5 _ _ 3 _ _ 
F10 3.5 1.5 _ _ _ 1 _ 
F11 3.5 1.5 _ _ _ 2 _ 
F12 3.5 1.5 _ _ _ 3 _ 
Drug loaded        
P1 3.5 1.5 3 _ _ _ 1 
P2 3.5 1.5 3 _ _ _ 2 
P3 3.5 1.5 3 _ _ _ 3 

Glyceryl Monooleate (GMO); Poloxamer 407 (POLOXAMER 407); Polyvinyl Alcohol (PVA); Tween 20 (T 20); Brij 35 (B 35); Myrj 
52 (M 52) and 1-Cyclopentyl Benzimidazole (Drug). 
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Statistical analysis 

Statistical analysis was carried out using two-way ANOVA 
to evaluate significant variations over time (p < 0.05 
considered significant). 
 

RESULTS 
 

Synthesis of 1-cyclopentyl benzimidazole 

The final synthesized product was obtained as a yellowish 
fluid and assessed by FT-IR and NMR spectroscopy. 
Yield: 92 %; B.P. 120 ℃. FT-IR (ATR, νmax, cm-1): 3054 
(C-Harom); 2955, 2871 (C-Haliph); 1487, 1457, 1284, 1230 
(Carom-Nbenzimi). 1H NMR (500 MHz, D2O, δ ppm): 0.79, 
1.12, 2.62 (4 × CH2), 3.61 (CH), 6.53 (NCHN), 7.27, 7.28, 
7.33, 7.44 (Ar-H). 13C NMR (125 MHz, D2O, δ ppm): 25.6, 
26.0, 34.14, 34.29 (4 × CH2), 66.4 (CH), 113.04, 126.02, 
124.14, 124.78, 135.8 (Ar-C), 143.71 (NCHN). Anal. 
Calcd for C12H14N2; C, 77.38; H, 7.58; N, 15.04; found: C, 
77.28; H, 7.49; N, 15.01. 
 

Characterization of 1-cyclopentyl benzimidazole  

The physical properties of the synthesized compound, 1-
cyclopentyl benzimidazole, were measured, including 
solubility and melting point. The compound was obtained 
with a notable high yield, approximately 92 %. In terms of 
solubility, it demonstrated insolubility in the polar solvent 
water; however, it exhibited high solubility in polar organic 
solvents such as methanol, DMSO and 
dimethylformamide. For the evidence of the successful 
synthesis of 1-cyclopentyl benzimidazole, we noticed an 
intriguing FT-IR, in Fig. 1. The FT-IR spectrum of 1-
cyclopentyl benzimidazole clearly showed the C-Harom 

stretching vibration at 3054 cm-1 and the C-Haliph vibration 
and Carom-Nbenzimi stretching vibrations. 
 
In the 1H-NMR spectrum fig. 2, the aromatic proton peaks 
as multiplet were in the range of 7.27-7.44 ppm. An acidic 
proton peak of the NCNH group was present at 6.53 ppm 
as a singlet. The hydrogen peaks of the cyclopentyl group 
were observed at 3.61 ppm (-CH) and 0.79-2.62 ppm (-
CH2). In the 13C-NMR spectrum fig. 2, the carbon signal of 
the NCHN group of N-alkylated benzimidazole was 
detected in the most downfield region at 143.71 δ ppm. The 
carbon peaks of the aromatic ring were detected at 113.04-
135.8 δ ppm. The peaks of the cyclopentyl group carbon 
were observed at 66.40 ppm (-CH) and 25.67-34.29 ppm (-
CH2). Both compounds exhibited broad absorption bands 
in the ultraviolet region (200–350 nm) when recorded in 
methanol. A prominent wide absorption band was observed 
in the 250–350 nm region for each compound. In the 
visible region, additional absorption bands were detected 
for both compounds. Molecular orbital calculations 
indicated that these visible absorption bands correspond 
to electronic transitions between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO). Frontier molecular orbital 
analysis showed that π atomic orbitals contribute 

predominantly to the HOMO and LUMO energy levels. As 

illustrated in fig. S1, the HOMO and LUMO orbitals are 
delocalized over the entire molecular framework. In 
contrast, the HOMO-1 orbital is mainly delocalized over 
the cyclopentyl group, while the LUMO+1 orbital is 
localized primarily on the benzimidazole moiety. The 
HPLC chromatogram displayed a single, sharp, and well-
defined peak with a retention time of approximately 2.245 
minutes, as shown in fig. S2. No additional peaks were 
observed within the chromatographic run. The observed 
peak exhibited a maximum height exceeding 500, 
indicating a relatively high concentration of the compound 
in the injected sample. 
 

Selection of formulae for the preparation of cubosomes 

The type and concentration of co-surfactant were varied 
systematically to assess their effects on particle size and 
dispersion uniformity. Formulations F1, F2, and F3 
contained PVA 1, 2, and 3%, respectively, as co-surfactant. 
PVA is a synthetic polymer that was used as an additional 
stabilizer in the formation of cubosomes. Small particles 
with homogenous distribution are arranged by PVA. 
Formulations F4, F5, and F6 contain T 20 at 1, 2, and 3 %, 
respectively. T 20 is a nonionic surfactant with amphiphilic 
properties that reduces interfacial tensions and acts as the 
best co-surfactant when used with a combination of another 
surfactant. Formulations F7, F8 and F9 contain B 35 as 1, 
2 and 3 % respectively. 
 

Characterization of blank cubosomes formulations 

All cubosomal dispersions were visually homogenized and 
milky colored, and there was no powder material deposited 
on the surface of the glass vial (ring formation). In addition, 
no macroscopic aggregates were present in any dispersion.  
 
The pH of formulations varies from 5.9 to 6.9. The 
viscosity of the formulations varies from 0.88 to 2.01 cP. 
PS and PDI are shown in table 2. Formulation F1, F2, and 
F3 containing PVA showed particle sizes ranging from 
133.9-72.49 nm. Formulations F4, F5, and F6 containing T 
20 showed the PS ranging from 87.43-183.2 nm. PS of 
formulations F7, F8, and F9 containing B 35 showed the 
range of 233.2-175.5 nm. The formulation showed the size 
of the nano range and PDI of 0.6 to 0.5, indicating 
uniformity and homogeneity (Fig. 3). F10, F11 and F12, 
having M 52 as co-surfactant, had a size range of 118 - 215 
nm and PDI of 0.5 to 0.3 After evaluating the PS and PDI 
of blank cubosome formulations, the F3 formulation was 
selected for subsequent drug loading. F3 formulation 
containing 3% PVA showed the best result based on the 
lowest PS and PDI of 72.49 nm and 0.2. 
 

Optimization and characterization of drug-loaded 

formulations 

The optimized formulation F3 (3% PVA) was identified 
based on comparative analysis of all developed batches. It 
demonstrated superior characteristics in terms of smaller 
particle size (72 nm) and narrow PDI (0.2), compared to 
other formulations. 
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Drug loaded cubosomes were prepared by adding up to 3 
% of the drug to a mixture of GMO and POLOXAMER 
407, followed by the addition of pre-heated water 
containing 3 % PVA. All drug-loaded formulations were 
within 121.01-155.5 nm size, as shown in fig. 3 and Table 
2. As the ratio of the drug increased, the PS also increased. 
Formulation P1 has an average size of 121.01 nm, P2 has 
154.1 nm containing 2 % of the drug and P3 has 155.5 nm 
containing 3 % drug. TEM images are presented in fig. 4, 
indicating that cubosomes are evenly distributed as 
separate particles. The nanocubic size depicted the smooth 
surface and consistency in the size range already 
determined by the Zetasizer. 
 
The ZP of drug-loaded cubosomes showed the negative 
charges in table 2. The zeta potential values of the 
cubosomal formulations ranged from –17 to –22 mV. 
 

Entrapment efficiency (% EE) 

The % EE of the drug-loaded formulation was measured. 
As the amount of drug increased, the efficiency of 
entrapment also increased (Fig. 5). EE was found between 
84.8 to 94.08%. 
 
In-vitro drug release  

Using the dialysis bag approach, in-vitro release study was 
conducted in PBS containing ethanol of pH 6.8 to assess 
the cubosomes' capacity to release the drug that was 
entrapped within them. A biphasic release pattern over a 24 
h period was observed from cubosomes. The drug release 
profile curves are shown in fig. 6. It was revealed that 
among the three loaded formulations, the dispersion (P1) 
prepared with a 1 % w/w drug ratio exhibited a maximum 
release profile of 83.51%. Based on the in-vitro release 
studies, formulation P1 was selected for FT-IR and 
stability studies. 
 

Fourier transform infrared spectroscopy. 

The FT-IR spectra of API, PVA, GMO, POLOXAMER 
407, and P1 cubosome formulation were studied to assess 
any possible interaction through the loss or shift of 
characteristic peaks shown in fig. 7. FT-IR spectra of API 
and excipients showed characteristic peaks without the 
appearance of new peaks. 
 

Stability study 

The stability investigations were conducted over three 
months at 25 °C and 75 % relative humidity to look for any 
changes in the final selected cubosomal formulation (P1) 
shown in Table 3.  
 

Anti-bacterial activity 

The antibacterial activity of pure drug and drug-loaded 
cubosomal formulations against E. coli and S. aureus was 
evaluated using the well-diffusion method. The zones of 
inhibition are shown in fig. 8 and summarized in Table 4. 
Among the cubosomal formulations, P3 showed the 
highest antibacterial activity. 

DISCUSSION 
 
The solubility characteristics and spectroscopic analyses 
(FT-IR and NMR) confirmed the successful synthesis of 1-
cyclopentyl benzimidazole, in agreement with previously 
reported studies (Chakraborty et al., 2018; Hayat et al., 

2023). The presence of characteristic C–H_arom, C–
H_aliph, and C_arom–N_benzimidazole stretching 
vibrations in the FT-IR spectrum confirmed the integrity of 
the benzimidazole nucleus. Furthermore, the observed ¹H-
NMR and ¹³C-NMR chemical shifts validated N-alkylation 
without structural distortion (Mahmood et al., 2025). These 
findings collectively confirm the chemical stability and 
purity of the synthesized compound, which is essential for 
reproducible formulation development.  
 
Although the benzimidazole system contains lone pair 
electrons on the tertiary nitrogen atom, it is well established 
that n → π* transitions are typically absent in 
benzimidazole derivatives (Issa et al., 2006; 

Krishnamurthy et al., 1986; Mishra et al., 1985). 
Therefore, the broad absorption band observed in the 250–
350 nm region can be confidently attributed to π → 
π* transitions within the benzimidazole ring. The visible 
absorption bands arise from electronic transitions 
involving the frontier molecular orbitals. Molecular orbital 
analysis confirms that π → π* transitions dominate the 
electronic excitation process, particularly transitions 
from HOMO-2, HOMO-1, and HOMO to the LUMO 
(Saral, et al 2017). The extensive delocalization of the 
HOMO and LUMO across the molecular skeleton 
facilitates these transitions, contributing to the observed 
absorption behavior. The localization of HOMO-1 on the 
cyclopentyl group and LUMO+1 on the benzimidazole 
ring further suggests that substituent effects and ring 
conjugation play a significant role in modulating the 
electronic properties of the compounds. Overall, the 
experimental UV–visible spectra are in good agreement 
with the theoretical molecular orbital calculations, 
confirming the nature of the observed electronic 
transitions. The HPLC chromatogram displayed a single, 
sharp, and well-defined peak with a retention time of 
approximately 2.245 minutes (Zamora et al., 2009; Sun et 

al., 2013; Ragno et al., 2006). No additional peaks were 
observed within the chromatographic run. The observed 
peak exhibited a maximum height exceeding 500, 

indicating a relatively high concentration of the compound 
in the injected sample 

The type and concentration of co-surfactants significantly 
influenced cubosome formation, particle size (Cho et al., 

2008), and dispersion homogeneity, as previously reported 
(Sanatkaran et al., 2014). PVA-based formulations 
exhibited smaller particle sizes and lower PDI values, 
indicating superior steric stabilization and prevention of 
particle aggregation (Kapoor et al., 2020; Kurangi, 

Jalalpure, & Jagwani, 2021). Increasing Tween 20 
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concentration resulted in particle size enlargement, which 
may be attributed to reduced interfacial tension leading to 
droplet coalescence and emulsion creaming (Dickinson et 

al., 1999). Brij 35 and Myrj 52 formulations demonstrated 
relatively larger particle sizes, possibly due to differences 
in hydrophilic–lipophilic balance and molecular packing 
behavior, consistent with earlier studies (Ghosh & Moulik, 

1998; Valizadeh et al., 2004). The pH values of all 
cubosomal formulations ranged between 5.9 and 6.9, 
indicating compatibility with physiological and topical 
application requirements (Verma et al., 2021). The low 
viscosity values observed across formulations support 
enhanced spreadability and ease of administration (Omar 

et al., 2019). These physicochemical properties 
collectively suggest that the developed cubosomal systems 
are suitable for drug delivery applications without causing 
irritation or instability. Drug loading resulted in a 
noticeable increase in particle size, which may be 
attributed to the incorporation of drug molecules within the 
lipid bilayer and aqueous channels of the cubic phase (Bei 

et al., 2009). The increase in size was proportional to drug 
concentration, suggesting successful encapsulation within 
the cubosomal matrix. TEM analysis further confirmed the 
presence of uniformly distributed, discrete cubic 
nanoparticles with smooth surfaces, supporting the 
dynamic light scattering results and confirming structural 

integrity at the nanoscale. The zeta potential values of 
drug-loaded cubosomes ranged between −17 and −22 mV. 
Although these values were lower than the conventional ± 
30 mV threshold for electrostatic stabilization, the presence 
of PVA provided effective steric stabilization, thereby 
preventing aggregation and maintaining dispersion 
stability (Sherif et al., 2014; Salem et al., 2024). A gradual 
decrease in zeta potential with increasing drug 
concentration may be attributed to surface charge shielding 
by encapsulated drug molecules (Faisal et al., 2024). 

High entrapment efficiency observed across formulations 
can be attributed to the lipophilic nature of the drug and its 
strong affinity toward the lipidic cubic matrix of GMO (Al-

Sakini and Maraie, 2019). The increase in entrapment 
efficiency with increasing drug concentration further 
suggests efficient accommodation of the drug within the 
internal structure of cubosomes (Khan et al., 2018). This 
high encapsulation efficiency is advantageous for reducing 
drug loss and improving therapeutic efficacy. 
 

In-vitro drug release studies demonstrated a biphasic 
release pattern, characterized by an initial burst release 
followed by sustained drug release over 24 h, which is a 
typical behavior of cubosomal drug delivery systems 
(Eldeeb et al., 2019; Jain et al., 2024). The initial burst 
may be due to the release of surface-adsorbed drug, 
whereas the sustained phase reflects diffusion from the 
internal cubic structure. Formulation P1 showed higher 
cumulative drug release, which may be attributed to its 
smaller particle size and larger surface area (Yadav et al., 

2020). In contrast, formulations with higher drug loading 
exhibited slower release profiles, likely due to stronger 
drug–lipid interactions and denser internal packing (Garti 

et al., 2014). FT-IR compatibility studies confirmed that no 
chemical interactions occurred between the drug and 
formulation excipients, as evidenced by the retention of 
characteristic peaks without the formation of new bands 
(Patil et al., 2016; Almoudi et al., 2024). This indicates that 
the drug was physically encapsulated within the cubosomal 
system, ensuring chemical stability and preserving 
pharmacological activity.  
 
Stability studies conducted under accelerated conditions 
demonstrated no significant changes in particle size, zeta 
potential, or entrapment efficiency, confirming the 
robustness of the optimized formulation during storage. 
The stability of cubosomes may be attributed to the 
combined steric stabilization effect of PVA and the 
intrinsic thermodynamic stability of the cubic phase (Salem 

et al., 2024). The antibacterial activity studies showed that 
although the pure drug exhibited higher zones of inhibition, 
drug-loaded cubosomal formulations demonstrated 
sustained antibacterial activity. This behavior may be 
attributed to controlled drug release from the cubosomal 
matrix, resulting in prolonged exposure of bacterial cells to 
the drug. Among the formulations, P3 showed the highest 
antibacterial activity, possibly due to its higher drug 
content, which compensated for the sustained-release 
behavior. Similar findings have been reported for nano-
based antimicrobial delivery systems (Pourseif et al., 

2023). 
 
CONCLUSION 

 
This study aims to synthesize a chemical compound (1-
cyclopentyl benzimidazole) of biological potential and 
encapsulate it into the cubosome formulation. The 
experimental design was justified through systematic 
screening of formulation components, validation of 
reproducibility and comparative performance assessment.  
Cubosomes were successfully prepared by the 
homogenization technique. The optimized cubosomal 
formulation (F3) presented sustained release effect, high 
entrapment efficiency and measurable anti-bacterial effect 
against E. coli and S. aureus. Although the free drug 
showed greater inhibition zones, the cubosome system 
demonstrated a controlled release profile that could 
potentially support prolonged therapeutic effects. The 
cubosomal formulation also addressed common 
formulation challenges associated with hydrophobic drug 
candidates, such as poor aqueous solubility. These findings 
suggest that cubosomes may serve as a promising carrier 
system for lipophilic drugs and warrant further 
investigation through in-vivo studies. Future studies will 
expand upon these results by including in-vivo validation 
and design-based optimization (e.g., factorial DOE) to 
further substantiate the robustness of the current findings. 
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Fig. 1: FTIR spectrum of 1-Cyclopentyl benzimidazole, important absorbance peaks are labelled in the graph. 

 

 
Fig. 2: 1H (left)and 13C (right)NMR spectrum of 1-Cyclopentyl benzimidazole. 
 
Table 2: Particle size, polydispersity index, and zeta potential measurement of API loaded cubosomal formulations (P1-
P3). Mean ± SD, N=3. 
 

Formulations PS (nm) PDI ZP (mV) 
P1 121.01 ± 2.634 0.23 ± 0.026 -22.6 ± 1.069 
P2 154.1 ± 2.665 0.146 ± 0.025 -18.5 ± 0.702 
P3 155.5 ± 2.151 0.210 ± 0.030 -17.3 ± 1.792 

 

Table 3: Stability data of pH, viscosity, drug content, PS, and ZP at RT for the P1 formulation. Mean ± SD, N=3. 
 

Formulation Days pH Viscosity (cP) Drug content (%) PS (nm) 
P1 30 5.60 ± 0.002a 1.2 ± 0.004b 88.02 ± 1.43c 121.43 ± 1.216d 
P1 60 5.45 ± 0.003 0.9 ± 0.003 89.32 ± 0.09 123.11 ± 2.118 
P1 90 5.67 ± 0.002 1.1 ± 0.005 89.21 ± 1.24   123.86 ± 2.546 

abcde indicates p ˃ 0.05 vs. P1 at 30 and 60 days. 
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Fig. 3: Size distribution results of API loaded formulations (P1(a), P2(b) and P3(c)). Mean ± SD. N=3. 

 
Fig. 4: TEM micrographs of P1 (a, b), P2 (c, d), and P3 (e, f) formulations. 
 

a b 
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Fig. 5: % EE of API loaded formulations (P1-P3) is presented as Mean ± SD, n=3. 
 

 
 

Fig. 6: In-vitro release profiles of API from cubosomal formulations P1, P2, and P3. Mean ± SD, n=3. 
 

Table 4: The zone of inhibition of API (1-cyclopentyl benzimidazole) and drug loaded formulations against S. aureus 
and E. coli bacterial growth. Mean ±SD, N=3. 
 

Formulations Zone of Inhibition against 
S. aureus, size (mm) 

Zone of inhibition against 
E. coli, size (mm) 

P1 12 ± 0.2   10 ± 0.3 
P2 13 ± 0.1  13 ± 0.3  
P3 15 ± 0.5 16 ± 0.6  
Pure drug (API) 28.9± 1.2 30.8 ± 0.8 
Ciprofloxacin (Positive control) 24 ± 0.7 22 ± 0.4 
Excipients without any drug (Negative control) ND* ND* 

ND* = Not Detectable 
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Fig. 7: FT-IR spectrum of API, PVA, GMO, POLOXAMER 407 and optimized cubosome dispersion (P3) showing the 
chemical compatibility of all excipients. 

 
Fig. 8: Anti-bacterial activity of API (1-cyclopentyl benzimidazole) and drug-loaded formulations P1, P2, and P3 and positive 
control (ciprofloxacin) against S. aureus and E. coli. a (front) and b (back) show the zone of inhibition of the S. aureus strain. 
(c) and (d) show the zone of inhibition of the E. coli strain (front and back, respectively). (e) and (f) represent the activity of 
API. 
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