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ABSTRACT 

Objective: The study aimed to use a quality-by-design approach to screen out the most suitable process and formulation parameters for developing 
antifungal drug-loaded pegylated bilosomes.  

Methods: Thin film hydration technique was used to prepare the formulations. A design experiment [Design Expert® software; Design of 
Experiments (DOE)] employing two levels at three factors was used to conduct eight runs to select and screen formulation and process variables. It 
was assessed for different response variables, such as Particle Size (PS), Polydispersity Index (PDI), Zeta Potential (ZP), and Entrapment Efficiency 
(%EE). The screened formulation was evaluated for in vitro drug release and kinetic model evaluation.  

Results: The significance of each term in the model was evaluated using an Analysis of Variance (ANOVA). Statistical model terms with a significant 
P-value of less than 0.05 and graphical analysis (Interaction plot, Pareto chart, and 3D plots) generated by DOE version 13 demonstrated that Span 
60, Brij C2, and amplitude of 30% were effective variables for formulating pegylated bilosomes with a desirability value of 0.965. The validated 
formulation showed a PS of 299.1±5.12 nm, PDI of 0.481±0.07, ZP of-36.6±0.55 mV, and %EE of 79.25±2.75. The in vitro release showed a sustained 
drug release of 55.53±6.75% over 24 h.  

Conclusion: Statistical screening approach using a full factorial design can serve as a valuable tool in identifying and screening significant variables 
for developing antifungal-encapsulated pegylated bilosomes formulations.  
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INTRODUCTION 

Yearly, over 150 million severe cases of fungal infections occur 
worldwide, resulting in 1.7 million deaths [1, 2]. Yeast and 
dermatophytes are potential pathogenic fungi that cause fungal 
infections. Superficial and cutaneous fungal infections are more 
frequent and common. The prevalence rate of Superficial Fungal 
Infections (SFI) has been estimated to be 20-25% globally, as per the 
World Health Organization. It is more frequent in Asian countries 
such as India, where the temperature and humidity are high for most 
of the year [3]. SFI is caused primarily by yeasts from the genus 
Candida, mainly Candida albicans. According to the Centers for 
Disease Control and Prevention, more than 150 species of Candida 
exist. Candida albicans species is responsible for approximately 70-
80% of all Candida infections [4]. 

Ketoconazole is the most prescribed antifungal drug to treat 
superficial and systemic Candida fungal infections. It shows its 
action by inhibiting the synthesis of Ergosterol, a key fungal 
constituent of the cell wall. It is classified under the 
Biopharmaceutical Classification System class II (low solubility and 
high permeability) [5]. The available commercial cream and lotion 
formulations suffer from poor skin permeation and retention on the 
affected skin. Topical therapy in a vesicular delivery carrier is a safe 
and promising approach [6]. However, the conventional vesicular 
drug delivery systems remain confined to the upper layers of the 
stratum corneum, with poor permeation and early release of the 
encapsulated drug leading to the instability of the formulation [7]. 
So, a novel vesicular system, bilosomes, will be used for drug 
delivery via skin. Bilosomes are elastic, ultra-deformable, and 
flexible nano-vesicular carriers stabilized by bile salt, and the 
addition of a pegylated edge activator results in the formation of 
pegylated bilosomes. This innovative strategic approach can 
potentially provide a safe, stable, and effective treatment for fungal 
infections with improved drug permeation by formulating vesicles 

having lesser Particle Size (PS), Polydispersity Index (PDI), and 
higher Entrapment Efficiency (%EE) and Zeta Potential (ZP) values 
[8, 9]. 

In order to attain the above Quality Target Product Profile (QTPP), a 
methodological QbD (Quality by Design) strategy was used [10]. It is 
a methodical process of product growth that starts with well-defined 
goals and prioritizes comprehension of the product and its 
production process while ensuring process control by applying 
scientific principles and effective quality risk management. In QbD, 
Critical Material Attributes (CMA) and Critical Process Parameters 
(CPP) that affect predefined Critical Quality Attributes (CQA) are 
identified and assessed. This results in design space formation by 
the intricate interplay and amalgamation of input factors, such as 
materials attributes and process parameters, that are proven to 
ensure product quality [11, 12]. The selection of CPP and CMAs that 
can substantially impact the QTPPs is based on scientific knowledge 
from earlier published literature [13].  

Screening studies are used to determine and identify the final 
product's desired characteristics and confirm the quality of the 
product. It is a systematic process that uses the statistical Design of 
Experiments (DOE) and modeling to identify the input variables or 
controllable factors that significantly affect the output or response, 
which can be observed from a physical process or calculated from a 
numerical model [14]. An experimental design was employed for 
this particular purpose. The factorial design is a statistical research 
approach that accounts for the interdependent effects of multiple 
variables in each set of experiments. A full factorial test is a 
statistical design encompassing multiple factors with discrete levels. 
This design involves testing every potential combination of the 
factor levels and experimental units comprising all possible 
combinations across the factors [15]. Such a design can be used for 
screening and/or optimization to examine the interaction and main 
effects [16]. It is a cost-effective technique that requires less time 
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and fewer experimental runs. So, a QbD method involving the DOE 
approach was used in this research work [17]. 

This work aimed to identify, screen, and investigate the effect of 
important formulation and processing independent parameters 
(CPP and CMAs) on the dependent responses (CQAs), such as PS, ZP, 
PDI, and %EE of ketoconazole-loaded pegylated bilosome 
formulations by utilizing a DOE approach. The screened and 
validated ketoconazole-loaded pegylated formulation was studied 
for in vitro drug release and kinetic model evaluation.  

MATERIALS AND METHODS 

Materials 

Ketoconazole (Hi-Media Laboratories Pvt. Ltd., Mumbai), Sodium 
Deoxycholate (SDC) (Sisco Research Laboratories, Mumbai), Span 60, 
Span 20, Brij C2, and BrijO20 were obtained as a gift sample from Croda 
Ltd., Mumbai, and Methanol and Chloroform (Finar Ltd, Ahmedabad). 

Formulation of ketoconazole-loaded pegylated bilosomes 

The preparation of ketoconazole-loaded pegylated bilosomes was 
carried out using a thin-film hydration technique. An accurately 
weighed amount of drug (20 mg), 150 mg of surfactant (Span 60 or 
Span 20) and cholesterol in (5:1) ratio, 5 mg of bile salt (SDC), and 
15 mg of Brij(Brij C2 or Brij O20) was dissolved in 10 ml of the 
chloroform-methanol mixture (7:3). The organic phase was 
evaporated using a rota evaporator under reduced pressure at 60 °C 
in a water bath and vacuumed for 30 min at 120 rpm. The thin film 

was hydrated at 60 °C for 1h using distilled water at 150 rpm under 
normal pressure. The resultant suspension was probe-sonicated by 
setting the parameters at different amplitude levels to reduce the 
large multilamellar vesicles into small unilamellar vesicles [18, 19]. 

Risk assessment and screening study by full factorial design 

Based on existing literature reviews and initial investigations, a risk 
evaluation was conducted to detect and prioritize high-risk material 
traits and process factors that could potentially impact the 
formulation of ketoconazole-encapsulated pegylated bilosomes. To 
graphically emphasize the elements affecting the CQAs of 
formulation, a fishbone (Ishikawa or cause-and-effect) diagram was 
created as a graphical aid [13]. The literature documented various 
variables encompassing many categories, such as materials, process, 
environment, probe sonication, and personnel, presented within the 
framework of the Ishikawa diagram [9, 10, 18, 20–24]. Based on the 
outcomes from the Ishikawa diagram, the two categoric factors 
[surfactant type, pegylated edge activator (Brij) type)] and a 
numeric factor (amplitude) were considered as the crucial aspects 
influencing and impacting the characteristics of the final antifungal-
loaded pegylated bilosomes formulation. These factors were 
systematically screened using a full factorial design (DOE). Three 
independent variables, each having two levels, were included in the 
study. Eight experimental runs were generated through a 2-level, 3-
factor full factorial design to perform the study (table 1). The results 
of the prepared batch were then employed to screen the suitable 
variable for developing a formulation of pegylated bilosomes for an 
antifungal drug. 

  

Table 1: 23 Full factorial design for ketoconazole encapsulated pegylated bilosome formulations 

Run Type of surfactant Type of pegylated edge activator Amplitude (%) 
1 Span 60 Brij O20 40 
2 Span 60 Brij C2 40 
3 Span 20 Brij C2 40 
4 Span 20 Brij C2 30 
5 Span 20 Brij O20 40 
6 Span 20 Brij O20 30 
7 Span 60 Brij O20 30 
8 Span 60 Brij C2 30 
Independent variables Levels Dependent responses 

Low High Particle size 
Surfactant Type Span 20 Span 60 Polydispersity Index 
Pegylated Edge activator Type Brij O20 Brij C2 Zeta potential 
Amplitude (%) 30 40 Entrapment Efficiency 

 

Validation of the model and verification of the software-derived 
optimal solution 

The response and factor relationships were graphically analyzed and 
developed using model graphs. The model was validated with 
numerical optimization corresponding to the formulation of optimal 
pegylated bilosomes. Based on the highest desirability value, a 
solution was selected and carried out under the recommended 
parameters. The data obtained was further validated using the 
software’s predicted values [25]. 

Characterization studies 

Particle size, zeta potential, and polydispersity index 

The average PS, ZP, and PDI of ketoconazole-loaded pegylated 
bilosome formulations were analyzed using a Malvern zeta sizer by a 
dynamic light scattering technique at 25±2 °C. Before taking 
measurements, the formulations were diluted (10 times) with distilled 
water. All the characterization studies were performed thrice, and 
results were expressed as the mean±standard deviation (SD) [8].  

Entrapment efficiency 

The EE% for ketoconazole in pegylated bilosomes was assessed 
employing the indirect method. 1 ml of the formulation was placed in 
an Eppendorf tube and centrifuged at 15000rpm through a cooling 
centrifuge for 20 min at 4 °C. The resulting supernatant was then 
diluted with distilled water. The same procedure was repeated for the 

blank pegylated bilosomal dispersion. The concentration of the free 
ketoconazole was then analyzed via a UV-visible spectrophotometer 
against a blank supernatant at 225.5 nm. The EE% was estimated 
using the following subsequent equation: 1 [8, 26].  

EE% =
Amount of total drug−Amount of free drug

 Amount of total drug
 (× 100) …… Eq. 1 

In vitro drug release study  

An in vitro drug release study was conducted using a modified Franz 
diffusion cell apparatus. A cellophane membrane with a molecular 
weight cutoff of 12,000 Daltons was presoaked overnight in a 
phosphate buffer solution (pH 5.5). The membrane was then placed in 
the donor compartment, which contained 50 ml of the release 
medium, maintained at 37±0.5 °C. A 1 ml aliquot of the validated 
ketoconazole-loaded pegylated bilosome formulation containing 2 mg 
of the drug was added to the donor compartment. The system was 
stirred at 50 rpm using a thermostat-controlled magnetic stirrer. At 
predetermined intervals, 2 ml samples were withdrawn from the 
receptor compartment and replaced with fresh buffer to maintain sink 
conditions. The absorbance of the collected samples was measured 
using a UV-visible spectrophotometer at 225.5 nm [27].  

Release kinetics 

Different mathematical models were applied to determine the drug 
release mechanism, including first-order kinetics, zero-order 
kinetics, Korsmeyer-Peppas, and the Higuchi model.  
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Zero-order kinetics describes systems where the drug release rate 
remains constant and is not influenced by the drug concentration. 
First-order kinetics pertains to systems where the drug release rate 
is directly proportional to its concentration. The Higuchi model 
characterizes drug release from an insoluble matrix as a process 
dependent on the square root of time, based on the principles of 
Fickian diffusion. The Korsmeyer-Peppas model provides a 
relationship for understanding mechanisms of drug release from 
polymeric systems [28]. 

RESULTS 

Risk assessment by ishikawa diagram 

Risk assessment serves as a valuable, science-driven methodology 
within quality risk management. It is instrumental in pinpointing 
process parameters and material attributes that could impact the 

CQAs of the product, as exhibited by the fishbone Ishikawa diagram 
(fig. 1) [25]. 

Screening study of ketoconazole-loaded pegylated bilosomes 

The obtained values for PS, PDI, ZP, and EE% are represented in table 2.  

The impact of independent factors on the dependent response was 
evaluated through Pareto charts (fig. 2), interaction plots of PS and 
PDI (fig. 3), 3D response plots (fig. 4), and interaction plots of ZP and 
%EE (fig. 5). These are useful for visually representing the impact of 
multiple variables on a single response simultaneously. The effect of 
the variables was also quantified using mathematical polynomial 
equations. The Analysis of Variance (ANOVA) for each response 
indicated a statistically significant value at a P<0.05 [29]. It was 
utilized to assess the model’s statistical significance concerning PS, 
PDI, ZP, and EE% (table 3). 

 

Table 2: Factors and responses of ketoconazole-loaded pegylated bilosomes 

S. No. Type of 
surfactant 

Type of pegylated edge 
activator 

Amplitude 
(%) 

PS (nm) PDI ZP(mV) %EE 

1 Span 60 Brij O20 40 177.93±1.53 0.536±0.084 -32.6±0.556 75.3±1.29 
2 Span 60 Brij C2 40 236.53±5.63 0.496±0.088 -42.7±0.458 76.3±0.950 
3 Span 20 Brij C2 40 125.1±1.248 0.51±0.010 -57.23±0.208 52.25±1.078 
4 Span 20 Brij C2 30 187.16±6.621 0.632±0.0267 -57.3±0.557 32±0.818 
5 Span 20 Brij O20 40 130.46±2.250 0.6±0.045 -48±1.929 16.14±1.008 
6 Span 20 Brij O20 30 102.87±5.216 0.483±0.020 -51.3±1.501 44.65±1.618 
7 Span 60 Brij O20 30 203.1±0.945 0.543±0.092 -38.16±0.529 78.2±1.709 
8 Span 60 Brij C2 30 294.23±3.745 0.548±0.548 -38.6±0.378 83.7±1.925 

PS: Particle size, PDI: Polydispersity index, ZP: Zeta potential, EE%: Entrapment efficiency. The data is presented as mean±SD (n = 3), where n 
represents the total number of observations 

 

Table 3: ANOVA for factorial model-particle size, polydispersity index, zeta potential, and entrapment efficiency 

Particle size Source Squared 
sum 

df Mean 
square 

F-value p-
value 

 R2 Predicted 
R2 

Adjusted 
R2 

Adeq 
precision 

Model 26885.56 4 6721.39 15.19 0.0248 significant 0.9530 0.6655 0.8902 10.7803 
A 16762.80 1 16762.80 37.89 0.0086      
B 6535.67 1 6535.67 14.77 0.0311      
C 1721.08 1 1721.08 3.89 0.1431      
BC 1865.99 1 1865.99 4.22 0.1323      
Residual 1327.24 3 442.41        
Cor Total 28212.79 7         

PDI Model 0.0172 4 0.0043 13.59 0.0290 significant 0.9477 0.6282 0.8780 10.1727 
A 0.0013 1 0.0013 4.11 0.1356      
AB 0.0011 1 0.0011 3.49 0.1584      
BC 0.0101 1 0.0101 31.89 0.0110      
ABC 0.0047 1 0.0047 14.88 0.0308      
Residual 0.0009 3 0.0003        
Cor Total 0.0181 7         

Zeta 
Potential  

Model 588.81 5 117.76 73.47 0.0135 significant 0.9946 0.9134 0.9810 22.9001 
A 476.94 1 476.94 297.57 0.0033      
B 83.01 1 83.01 51.79 0.0188      
C 2.92 1 2.92 1.82 0.3098      
BC 20.77 1 20.77 12.96 0.0693      
ABC 5.17 1 5.17 3.22 0.2144      
Residual 3.21 2 1.60        
Cor Total 592.01 7         

 
Entrapment 
efficiency  

Model 4338.01 6 723.00 1389.85 0.0205 significant 0.9999 0.9923 0.9992 100.1384 
A 3547.35 1 3547.35 6819.20 0.0077      
B 112.20 1 112.20 215.69 0.0433      
C 43.06 1 43.06 82.77 0.0697      
AB 35.96 1 35.96 69.12 0.0762      
BC 244.87 1 244.87 470.72 0.0293      
ABC 354.58 1 354.58 681.62 0.0244      
Residual 0.5202 1 0.5202        
Cor Total 4338.53 7         

ANOVA: Analysis of variance, A: Surfactant, B: Type of edge activator, C: Amplitude, PDI: Polydispersity index, df: degree of freedom 
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Fig. 1: Fishbone ishikawa diagram, PEG: Polyethylene glycol, HLB: Hydrophilic-lipophilic balance, RPM: Revolutions per minute 

 

 

Fig. 2: Pareto chart illustrating the impact of independent factors on responses: A. Particle size, B. Polydispersity index, C. Zeta potential, 
D. Entrapment efficiency 

 

The resulting are polynomial equations for PS, PDI, EE%, and ZP:  

PS = +182.17 + 45.78A − 28.58B − 14.67C + 15.27BC − (Eq. 2) 

PDI = +0.5435 − 0.0128A + 0.0118AB + 0.0355BC − 0.0243ABC
− (Eq. 3) 

ZP =  −45.74 + 7.72A + 3.22B + 0.6037C + 1.61BC + 0.8038ABC
− (Eq. 4) 

EE% = +57.32 + 21.06 − 3.75B − 2.32C + 2.12AB − 5.53BC
+ 6.66AB − (Eq. 5) 

The negative and positive terms in the polynomial equation 
indicate independent variables’ antagonistic and synergistic 
effects on responses [30]. Where A-Surfactant, B-Type of edge 
activator, and C-Amplitude and AB, BC, and ABC are the combined 
effects. 
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Fig. 3: Response interaction plots illustrate the intertwined impact of AB factors (surfactant type and edge activator type) and BC factors 
(edge activator type and amplitude) on particle size and polydispersity index, respectively, PS: Particle size, PDI: Polydispersity Index, EA: 

Edge activator 

 

 

Fig. 4: 3D plots illustrating the impact of independent variables on dependent responses of ketoconazole-loaded pegylated bilosomes. A. 
Effect of surfactant and pegylated edge activator on particle size. B. Effect of surfactant and pegylated edge activator on polydispersity 

index C. Effect of surfactant and pegylated activator on zeta potential. D. Effect of surfactant and pegylated edge activator on entrapment 
efficiency, PS: Particle size, PDI: Polydispersity Index, ZP: Zeta potential, EE: Entrapment efficiency, EA: Edge activator 
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Fig. 5: Response interaction plots illustrating the combined impact of AB factors (surfactant type and edge activator type) and BC factors 
(edge activator type and amplitude) on zeta potential and entrapment efficiency, respectively, ZP: Zeta potential, EE: Entrapment 

Efficiency, EA: Edge activator 

 

Validation of model and confirmation of software-derived 
optimized solution 

The software DOE utilized the obtained response to predict the 
significant factors (formulation and process variables) with an 
optimal solution and desirability, which was subsequently prepared 
and subjected to further characterization study. The obtained 

predicted and actual values of the developed preparation from the 
software were substituted into the following equation 6. 

% Residuals =
Predicted−Actual

Predicted
 (× 100) ……. Eq. 6 

The findings and the residual % error of PDI, PS, %EE, and ZP of the 
optimized solution are presented in table 4. 

  

Table 4: Validation of the developed ketoconazole-loaded pegylated bilosome formulation 

Formulation Independent variables Dependent responses Desirability 
Type of 
surfactant 

Type of edge 
activator 

Amplitude 
(%) 

PS (nm) PDI ZP (mV) EE% 

Software suggested composition Span 60 Brij C2 30 286.470 0.530 -39.425 83.445 0.965 
Practically performed composition Span 60 Brij C2 30 299.1 0.481 -36.6 79.25  
Residual error (%)    -4.40 9.24 7.16 5.02  

PS: Particle size, PDI: Polydispersity index, ZP: Zeta potential, EE%: Entrapment efficiency 

 

 

Fig. 6: In vitro drug release study of the screened and validated formulation, the data is presented as mean±SD (n = 3), where n represents 
the total number of observations 
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In vitro drug release 

The in vitro drug release profile from the optimized and validated 
formulation demonstrated a slow and sustained release over a 24 h 
period (fig. 6). Specifically, the formulation exhibited a release of 
34.79±6.47% at 8 h and 55.53±6.75% at 24 h from ketoconazole 
loaded pegylated bilosomes. To analyze the release kinetics, the in 
vitro release data were fitted to various mathematical models, and 
the regression coefficients (R²) were calculated, as shown in table 5. 
The model with the highest R² value was selected to elucidate the 
drug release mechanism from the pegylated bilosome system. 

 

Table 5: Kinetic modeling data of in vitro drug release study 

Type of kinetic model R2 
Korsmeyer Peppas model 0.967 
Higuchi Model 0.9939 
Zero-order Model 0.8952 
First-Order Model 0.9557 

 

DISCUSSION 

Risk assessment by ishikawa diagram 

It is commonly performed in the early stages of pharmaceutical 
product development. A fishbone diagram is a tool for identifying 
and analyzing risks, offering a structured approach to examine the 
causes generating or influencing specific effects, also termed a 
cause-and-effect diagram [12, 24]. Based on the Ishikawa diagram, 
the selected CPP and CMAs were screened using the factorial design. 

Screening study of ketoconazole-loaded pegylated bilosomes 

The factorial designs are commonly employed to identify the factors 
that could impact the attributes of a novel drug delivery system. 
They are beneficial as they can simultaneously analyze the multiple 
variable effects on the characteristics of the drug delivery methods 
[31, 32]. The study used a three-factor interaction model to analyze 
the dependent variables, demonstrating the highest R2 prediction 
value. The adequate precision value of the model, which determines 
the ratio of signal-to-noise, confirms its adequacy in navigating the 
design space, with a preferred ratio (>4) for all the dependent 
variables [31, 33]. A reasonable agreement between the adjusted 
and predicted R2 values, about 0.20, was necessary to confirm a good 
fit [34]. In all the responses, the R2 adjusted values agreed well with 
the R2 predicted values except for PS and PDI, possibly due to a large 
block effect [35, 36]. 

Influence of surfactants and pegylated edge activator on 
particle size 

Equation 2 and the Pareto chart (fig. 2A) showed the synergistic 
effects of A and BC terms on PS, whereas ABC and a expressed 
antagonistic effects on PS. The confounding of two-factor 
interactions was observed in an interaction plot. The absence of 
interactions between the surfactant and edge activator types was 
observed, as indicated by two parallel lines (fig. 3A). By employing a 
suitable surfactant, a minor interaction effect was observed amongst 
the material attributes [type of edge activator (Brij C2 and Brij O20)] 
and process (30 and 40%) on PS (fig. 3B and 3C). It showed that 
combining the surfactant (span 20 or 60) with the Brij O20 edge 
activator and formulating at a lesser amplitude of 30% results in a 
particle with a lesser vesicle size. 

The 3D plots showed that Span 60-based pegylated bilosomes result 
in larger particle sizes than Span 20. The size of the vesicles could 
influence C–H bonds present in the alkyl chain, potentially due to the 
longer chain length of Span 60 (C16) compared to the C12 chain of 
Span 20 [37]. A higher HLB (Hydrophilic-Lipophilic Balance) value of 
15.3 containing an edge activator (Brij 020) increased the surface 
free energy with decreased vesicle PS [9, 38] (fig. 4A). In contrast, an 
edge activator with a lower HLB of 5.3 (Brij C2) increased the PS. An 
increase in the PEG (Polyethylene Glycol) content from 2 to 20 units 
may slow the rate of vesicle precipitation, thereby preventing vesicle 
aggregation [9, 39]. In the case of the ANOVA factorial model for PS, 

the model’s F-value of 15.19 and A and B terms implies the model is 
significant (table 3). There is a mere 2.48% probability that F-value 
could be attributed to random noise. The R² predicted value of 
0.6655 differed significantly from the adjusted R² value of 0.8902, 
which could indicate a more considerable block effect.  

Influence of surfactants and pegylated edge activator on 
polydispersity index 

Regarding PDI, a value of 1 denotes a polydisperse particle, whereas 
a value nearer to 0 signifies monodispersity. The ketoconazole-
loaded pegylated bilosome formulation showed a PDI range from 
0.483 to 0.632, depicting a narrow to polydisperse distribution of 
particles.  

As shown in Equation 3 and the Pareto chart (fig. 2B), the terms A 
and ABC negatively impacted the PDI. In contrast, BC and AB had a 
positive effect, exceeding the Bonferroni limit. The sonication 
amplitude positively impacted PDI, leading to an elevation in PDI 
values, which could be due to the particles' irregular shape [40]. 

The interaction plot was used to examine the impact of the pegylated 
edge activator and amplitude on the formulation's PDI by employing 
two distinct surfactants, which depicted strong interaction (fig. 3D). 
A robust interaction was identified between the edge activator type 
and amplitude when utilizing span 20 as the surfactant (fig. 3E). 
Conversely, span 60 also exhibited an interaction effect, which was 
comparatively less pronounced than that observed with span 20 (fig. 
3F). The 3D graphs (fig. 4B) demonstrated that amplitude, pegylated 
edge activator, and surfactant type all had an equal individual impact 
on the PDI of the formulation. The model has an F-value (13.59), 
indicating that the model is not only significant but also well-fitted, 
as the p-value<0.05. The large F-value is attributed to random noise 
with only a 2.90% probability. BC and ABC were observed as 
significant model terms (table 3). The predicted R2 value of 0.6282 
deviated significantly from the adjusted R2 of 0.8780, indicating a 
larger block effect than the PS ANOVA model.  

Influence of surfactants and pegylated edge activator on zeta 
potential 

Equation 4 and the Pareto chart (fig. 2C) showed that the A, B, C, BC, 
and ABC terms positively influenced the ZP of the formulation, in 
which the term BC (Type of edge activator and amplitude) had a 
much higher impact. Two parallel lines denoted the absence of 
interactions between the surfactant and edge activator types (fig. 
5A). A stronger interaction was identified between the edge 
activator type and amplitude when using span 60 as the surfactant 
than in the span 20-based formulation (fig. 5B and 5C).  

The 3D graphs illustrated decreased ZP values for the Brij O20-
containing formulation, whereas Brij C2-based formulations 
observed higher ZP (fig. 4C). The Transition Temperature (Tc) of Brij 
C2 is 36-38 °C and Brij O20 of 25-30 °C, respectively. A higher Tc-
containing edge activator causes more ordered and stable vesicles 
with higher ZP values. Brij O20 contains 20 repeated PEG units. An 
increased hydrophilic PEG steric shield on the surface of the vesicles 
clears the carboxyl groups' surface charge, lowering ZP [9]. In the 
study by Ammar et al., 2018, it was reported that formulations based 
on span 60 exhibit higher EE% and tend to acquire more charge due 
to the ionization of Span 60 into a negatively charged molecule 
under alkaline or neutral pH conditions [41]. A and B terms in the 
selected ANOVA factorial model and the F-value (73.47) imply a 
significant model (table 3). There is only a mere 1.35% chance that 
the larger F-value arises from noise. The R2 predicted value of 
0.9134 was in reasonable concordance with the R2 adjusted value of 
0.9810 with a difference of<0.2.  

Influence of surfactants and pegylated edge activator on 
entrapment efficiency 

Equation 5 and the Pareto chart of EE% (fig. 2D) illustrated the 
detrimental influence of terms B, C, and BC, whereas the A, AB, and 
ABC terms exhibited a positive effect. No interaction was observed 
between the edge activator and surfactant (fig. 5D). However, a strong 
interaction between the edge activator type and amplitude was found 
while employing span 20 as the surfactant (fig. 5E and 5F).  
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As illustrated in fig. 4D, the long-saturated alkyl chain length of Span 
60 (C18) showed higher EE% than the Span 20 (C12) based 
formulations. Higher drug entrapment increases the bilayer distance 
by including the drug within the vesicles in the hydrophobic zones, 
thus increasing PS [20]. The HLB value of the surfactant and pegylated 
edge activator also affects the EE% values. Span 20, Span 60, Brij C2, 
and Brij O20 have an HLB of 8.7, 4.7, 5.3, and 15.3, respectively. The 
lower HLB value results in higher EE%. In Brij O20, the presence of a 
carbon chain with an unsaturated double bond (C=C) and the loose 
packing of the molecules may cause the vesicle membrane to twist and 
become leakier, resulting in a decreased EE% [9]. The surfactant and 
pegylated edge activator's Tc also affected EE%. The Tc of Span 60 (53 
°C), Span 20 (16 °C), Brij C2 (36-38 °C), and Brij O20 (25-30 °C), 
respectively. Increasing Tc increases the capacity to establish a 
structured and organized bilayer, ultimately contributing to higher 
EE% values [42]. The selected ANOVA factorial model for EE% showed 
that the A, B, BC, and ABC terms were significant. The higher F-value of 
1389.85 also implies that the model demonstrates statistical 
significance (P<0.05) and that there is a mere 2.05% chance that this 
larger F-value owning to noise (table 3). A difference of less than 0.2 
was observed between the predicted R2 of 0.9923 and the adjusted R2 

value of 0.9992.  

The high-frequency vibrations (amplitude) during sonication result 
in the formation of a cavity with a decrease in vesicle PS. The 
continuous formation and implodation of intense microscopic 
vacuum bubbles lead to high collapse and, thus, shear, eventually 
converting large multilamellar vesicles to small unilamellar vesicles 
[43]. High-power probe sonication also causes a little temperature 
elevation due to the high energy acquisition, resulting in drug 
leakage and low EE% [44]. 

Validation of model and confirmation of software-derived 
optimized solution 

The screening study revealed that utilizing a surfactant and a 
pegylated edge activator, which has a lower HLB value, along with a 
reduced amount of PEG molecules in the pegylated edge activator 
structure and application of lower power (amplitude) during 
sonication, would result in the optimum formulation of 
ketoconazole-loaded pegylated bilosomes. It showed that a 
combination of Span 60 and Brij C2 at an amplitude of 30% resulted 
in optimum PDI, PS, EE%, and ZP. The residual % error of PDI, PS, 
EE%, and ZP was within ±15% and in close agreement with the 
values predicted by the software (table 4).  

In vitro drug release study  

The evaluation of the release kinetic model depicted first-order 
kinetics and the Higuchi model, and the results were similar to the 
study by Subair et al. [45]. The observed slow drug diffusion and 
penetration of the drug from the dissolution medium align with the 
Higuchi model, suggesting diffusion-controlled drug release, which 
may be likely due to an increased path length for the diffusion of the 
drug associated with a slower erosion rate of the formulation. 
Additionally, the linearity of the log cumulative percentage of drug 
released from the pegylated bilosomes with respect to time confirms 
the Korsmeyer–Peppas model (table 5). With an “n” value of more 
than 0.45, the system displayed anomalous or non-Fickian diffusion 
of the drug [28]. Non-Fickian implies that the release of the drug is 
governed by both erosion/dissolution of the lipid matrix and 
diffusion of the drug rather than solely by concentration gradients of 
the drug. The release is ruled by both diffusion of the drug and 
dissolution/erosion of the lipid matrix. These findings suggest a shift 
from a purely diffusion-controlled mechanism to anomalous 
transport, where both erosion and diffusion play significant roles. 
Therefore, the results clearly suggest first-order characteristics with 
a diffusion-dominant mechanism of drug release from ketoconazole-
loaded pegylated bilosomes [46–48].  

CONCLUSION 

This research aimed to systematically identify suitable independent 
variables for developing pegylated bilosomes loaded with an 
antifungal drug using a quality-by-design approach. The formulation 
process utilized the thin film hydration method. A 23factorial design 
was implemented to systematically assess various independent 

variable and their impact on key dependent responses, including PS, 
PDI, %EE, and ZP. A blend of Brij C2 and Span 60 at an amplitude of 
30% was chosen as the optimum variable to formulate and develop 
antifungal drug-loaded pegylated bilosomes through the statistical 
data analysis (Pareto, 3D and interaction plots) generated by the 
DOE software. The in vitro drug release demonstrated diffusion-
controlled release of developed and validated formulation. The 
study concluded by exhibiting the significance of DOE and QBD in 
optimizing the appropriate independent variables. This research 
showcases the effectiveness of QBD principles in pharmaceutical 
formulation development, emphasizing the importance of a 
systematic and scientific approach to achieving desirable product 
attributes. 
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