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ABSTRACT 

Objective: Favipiravir (FVP), an RNA-dependent RNA polymerase inhibitor with low solubility and bioavailability, was encapsulated and optimized 
into Nanostructured Lipid Carriers (NLC) to improve solubility and control its release profile. 

Methods: The FVP-NLC formulation was screened using a 26-2 fractional factorial design with 6 critical parameters at 2 levels, which were solid lipid 
combination (Glyceryl Monostearate (GMS) and combination with Cetyl Alcohol (CA) (1:1)), liquid lipid combination (Medium-Chain Triglycerides (MCT) oils 
and combination with Ethyl Oleate (EO) (1:1)), solid to liquid lipid ratio (70:30 to 90:10), concentrations of total lipid (2-5% w/v), surfactant (Tween® 80, 2-
5% w/v), and co-surfactant (Labrasol®, 1-2% w/v). Sixteen formulas were obtained. FVP-NLC was fabricated using high-shear homogenization (12,000 rpm 
for 10 min), tandem ultrasonication (amplitude 40% for 5 min), followed by characterization of particle size, polydispersity index, zeta potential, and 
entrapment efficiency. The optimum formula was further evaluated for in vitro release and kinetics study, as well as short-term stability study under 
refrigerator (5±3 °C), room temperature (25±2 °C, 60±5% RH), and climatic chamber (40±2 °C, 75±5% RH) for 15 d. 

Results: The major contributions of parameters were total lipid (32%), co-surfactant concentration (30%), and solid lipid combination (15%). The 
best formulation was F3 with total lipid 2% w/v, co-surfactant 2% w/v, and GMS showing small particle size (124.1±1.8 nm), polydispersity index 
(0.1387±0.0043), and zeta potential (-39.06±2.00 mV), with high entrapment efficiency (85.97±0.06% w/v). In vitro release from F3 demonstrated 
controlled release with diffusion mechanisms for up to 24 h at pH 7.4, following Korsmeyer-Peppas kinetics (R² = 0.9171, n = 0.231). In addition, the 
short-term stability study revealed that F3 has consistent physicochemical properties for 15 d in all conditions. 

Conclusion: The 26-2 fractional factorial design has been successfully utilized in screening FVP-NLC formulation to incorporate FVP into the NLC 
matrix system. 
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INTRODUCTION 

Favipiravir (FVP) is an RNA-dependent RNA polymerase inhibitor 
that can be utilized in the treatment of viral infections such as those 
caused by influenza, Ebola, and SARS-CoV-2 [1, 2]. FVP is classified 
under the Biopharmaceutical Classification System (BCS) as a Class 
II compound characterized by limited aqueous solubility, measured 
at 0.822 mg/ml [3]. Despite its poor solubility, it exhibits high 
permeability across Caco-2 cell monolayers, with permeability 
values ranging from 1.09 × 10-5 to 1.35 × 10-5 cm/s, both in the 
presence and absence of a P-gp inhibitor [4]. Nevertheless, the poor 
water-soluble property of FVP hinders its effectiveness of FVP, 
which can lead to low bioavailability of FVP [5]. 

Nanostructured Lipid Carriers (NLC) are a refined system derived 
from Solid Lipid Nanoparticles (SLN), consisting of a mixture of solid 
and liquid lipids in the matrix core, surrounded by surfactants and 
co-surfactants in the outer layer of the system. NLC can encapsulate 
hydrophobic drugs with low solubility inside the core due to the 
similarity of hydrophobicity between poorly soluble drugs and lipids 
[6]. In addition, the nanosized scale of NLC can also enhance the 
dissolution rate of drugs due to the high surface area in contact with 
body fluids [7]. Therefore, FVP, as a hydrophobic drug, could be 
loaded into the NLC matrix system (FVP-NLC) to improve the FVP 
solubility, which is directly linked to its bioavailability enhancement. 
To the best of the author's knowledge, to date, such FVP-NLC 
formulations have yet to be developed. 

To develop FVP-NLC, the present study investigated and screened 
various FVP-NLC formulation parameters by using a 26-2 fractional 
factorial design. The fractional factorial design has the ability to 
efficiently screen multiple formulation variables while reducing the 

number of experimental runs compared to a full factorial design. 
This design can also provide an evaluation of the main effects and 
primary interactions with robust statistical analysis [8]. This 
approach thus identifies the most influential parameters affecting 
FVP-NLC physicochemical characteristics, which could then be 
further refined using various response surface methodologies, such 
as Box Behnken design or central composite design in subsequent 
optimization studies [9]. 

In this present study, we utilized Glyceryl Monostearate (GMS) only 
and in combination with Cetyl Alcohol (CA) as solid lipids in the NLC 
matrix system. The glycerol ester of stearic acid (GMS) and fatty 
alcohol (CA) have been widely used in NLC to provide a sustained 
release profile and enhanced drug stability. Most recent studies have 
focused on using a single type of solid lipid in NLC formulations, with 
limited exploration into binary lipid combinations. Moreover, the 
effect of a combination of GMS and CA as dual solid lipids in the NLC 
matrix system has not been explored. Here, we specifically 
investigated the combination of these two solid lipids to evaluate 
potential synergistic effects on the physicochemical properties of NLC. 
For liquid lipids, Medium-Chain Triglycerides (MCT) and Ethyl Oleate 
(EO) as mono-esterified oils were used in the NLC formulations due to 
their ability to prevent crystallization as well as improve drug 
solubility. The combination of these two types of liquid lipids was 
considered to have the potential to improve the physicochemical 
properties of the NLC matrix system due to the different structures of 
the lipids, which could create more imperfections in the crystal lattice. 
Similarly to solid lipids, the effect of combining liquid lipids, which in 
this instance are MCT oils and EO, has not been reported. The common 
ratio for solid-to-liquid ratios in NLC formulation is 70:30 to 99.9:0.1 
[10]. Although higher solid lipids may have more sustained release 
properties, drug repulsion will occur due to the high crystallinity of 
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solid lipids. Therefore, in this study, we aimed to combine solid and 
liquid lipids at 70:30 to 90:10 because higher liquid lipids may 
enhance drug encapsulation efficiency [11]. In addition, higher lipid 
concentration will enhance sustained release properties but also 
increase the particle size of the NLC matrix system. Therefore, 
optimization is needed to obtain a stable NLC formulation with good 
release properties. 

Another critical parameter in the NLC matrix system is the high 
interfacial tension between aqueous and lipid phases, which can 
hinder efficient droplet formation and lead to particle aggregation. 
To address this, surfactants and co-surfactants are added to reduce 
the surface tension of lipids and water [7, 11]. Tween® 80 and 
Labrasol® were chosen as surfactants and co-surfactants in the NLC 
formulation. Tween® 80 is a non-ionic surfactant widely used for 
stabilizing dispersions. The incorporation of surfactants within the 
range of 1% w/v to 5% w/v is commonly utilized in NLC matrix 
systems to enhance emulsion stability [12]. In a previous study, 
Tween® 80 at a concentration of 2% w/w was utilized to formulate a 
stable NLC matrix, demonstrating its efficacy in maintaining system 
homogeneity and preventing phase separation [13]. Therefore, in 
this study, we investigated the effect of Tween® 80 concentration 
from 2% w/v to 5% w/v to screen its influence on the 
physicochemical properties of the NLC system. The cosurfactant 
further lowers interfacial tension and enhances the flexibility of the 
interface. Labrasol® (capryl caproyl polyoxyl-8 glycerides), the 
cosurfactant used in the NLC formulation, is a non-ionic PEGylated 
co-surfactant with strong solubilizing and penetration-enhancing 
properties across the intestinal membrane [14]. Previous studies 
have demonstrated that Labrasol® at concentrations ranging 
from 0.1% w/v to 4% w/v could enhance intestinal permeability 
and facilitate drug absorption in rat models [15, 16]. However, 
elevated concentrations have been associated with 
histopathological alterations, including erosion at the villi. 
Accordingly, in the present study, Labrasol® was employed at 
concentrations of 1% w/v- 2% w/v to optimize the permeation-
enhancing effect while minimizing the risk of mucosal damage. 

Thus, the present work aimed to explore the potential development 
of FVP-NLC, focusing on screening critical parameters, including 

solid lipid combination, liquid lipid combination, solid lipid and 
liquid lipid ratios, total lipid concentration, surfactant concentration, 
and co-surfactant concentration that influence its physicochemical 
properties, such as particle size, polydispersity index (PDI), zeta 
potential, and entrapment efficiency. Furthermore, the best 
formulation of FVP-NLC in the screening study was further 
evaluated for in vitro dissolution to evaluate the release and kinetics 
analysis of FVP from the NLC matrix system, as well as its short-term 
stability in various conditions to establish this important parameter. 

MATERIALS AND METHODS 

Materials 

FVP manufactured by Aurore Pharmaceuticals, India, with an assay 
of 100.19 %w/w on an anhydrous basis, and FAVIR® (GPO) tablets 
containing FVP 200 mg in each tablet, were kindly donated by the 
Government Pharmaceutical Organization of Thailand (Thai GPO). 
GMS was procured from S. Tong Chemicals (Thailand), while CA was 
obtained from Phitsanuchemicals (Thailand). MCT oils were sourced 
from Mead Johnson and Company (USA), and EO was supplied by 
Sigma-Aldrich (USA). Tween® 80 was acquired from S. Tong 
Chemicals (Thailand), and Labrasol® was imported from Gattefossé 
(France). All other chemicals and solvents used in the study were of 
analytical grade. Ultrapure water (Millipore, USA) was utilized for all 
sample preparations. 

Screening formulation design 

Formulations of FVP-NLC were designed and screened using the 26-2 

fractional factorial design by varying 6 critical parameters, solid 
lipid combination, liquid lipid combination, solid lipid and liquid 
lipid ratios, total lipid concentration, surfactant concentration, and 
co-surfactant concentration at 2 levels, and 16 formulas were 
obtained. The formulation of NLC contains GMS and/or CA as solid 
lipids, MCT oils and/or EO as liquid lipids, Tween® 80 as surfactants, 
and Labrasol® as co-surfactants. Table 1 shows the independent 
variables utilized in the screening formulation design of experiments 
of a 26-2 fractional factorial design with 6 parameters and 2 levels. In 
this study, the 'low level' and 'high level' for each independent 
variable are specified as 0 and 1, respectively. 

 

Table 1: Independent variables of the 26-2 fractional factorial design for favipiravir-loaded nanostructured lipid carriers screening 
formulation. 'Low level' is defined as 0, whereas ‘High level’ is described as 1 

Independent variable Low level (0) High level (1) 

Solid lipid combination (A) No combination (Glyceryl monostearate 
only) 

Combination 1:1 (Glyceryl monostearate: Cetyl 
alcohol 1:1) 

Liquid lipid combination (B) No combination (MCT oils only) Combination 1:1 (MCT oils: Ethyl oleate 1:1) 
Solid: liquid lipid ratio (C) 70:30 90:10 
Total lipid (D) 2% w/v 5% w/v 
Surfactant concentration Tween® 80 (E) 2% w/v 5% w/v 
Co-surfactant concentration Labrasol® (F) 1% w/v 2% w/v 

 

The formulation based on the 26-2 fractional factorial design model of 
experiments with 6 independent variables, including solid lipid 
combination, liquid lipid combination, solid lipid and liquid lipid 
ratio, total lipid concentration, surfactant concentration, and co-
surfactant concentration at 2 levels is detailed in table 2. 

Preparation of favipiravir-loaded nanostructured-lipid carriers 

FVP-NLC was prepared utilizing a combination of high-shear 
homogenization and ultrasonication techniques. Initially, a precise 
amount of GMS, CA (if included), MCT oils, and EO (if applicable) were 
heated to 70±0.5 °C to melt the lipid components. FVP was 
incorporated into the molten lipid while Tween® 80 and Labrasol® 
were separately dissolved in purified water and maintained at the 
same temperature as the lipid phase. Subsequently, the aqueous 
solution was gradually added to the lipid mixture. The resulting 
emulsion was processed using an ULTRA-TURRAX® homogenizer (IKA 
T-25®, USA) at 12,000 rpm for 10 min, followed by ultrasonication at 
an amplitude of 40 (Sonics Vibra-Cell®, USA) for 5 min. The NLC 
formulation was then allowed to cool to room temperature [17, 18]. 

Particle size, polydispersity index, and zeta potential 

The FVP-NLC dispersion was diluted at a ratio of 1:1,000 and 
analyzed for particle size, PDI, and zeta potential using photon 
correlation spectroscopy with a particle size analyzer (Zetasizer 
Pro® Malvern, UK) at 25 °C with a 90° scattering angle to determine 
the required parameters [19, 20]. 

Entrapment efficiency 

To analyze the entrapment efficiency, the FVP-NLC dispersion was 
subjected to centrifugation at 12,000 rpm for 1 h at room 
temperature. After centrifugation, the supernatant was gently 
collected and quantified using reverse-phase HPLC (RP-HPLC) at a 
maximum wavelength (λ) of 323 nm [21]. The entrapment 
efficiency percentage was determined by applying the following 
equations [22, 23]. 

Entrapment efficiency = 
Total favipiravir added−Total favipiravir measured in supernatant

Total favipiravir added
× 100% 
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In vitro dissolution and release kinetics study 

The in vitro release evaluation of FVP raw material and FVP-NLC was 
carried out using a dialysis bag with a molecular weight cutoff of 
12,000–14,000 Da. Prior to the experiment, the dialysis bag was pre-
soaked overnight in the release medium. The release study utilized 0.1 
M HCl and 0.1 M KCl, pH 1.2 solution to simulate gastric conditions and 
phosphate-buffered saline (PBS, containing 137 mmol sodium 
chloride, 2.7 mmol potassium chloride, 8 mmol sodium phosphate 
dibasic, and 2 mmol potassium phosphate monobasic) at pH 7.4 to 
simulate intestinal conditions. A dialysis bag containing FVP-NLC, 
equivalent to 10 mg of FVP, was immersed in 200 ml of dissolution 
medium maintained at 37±0.5 °C with continuous stirring at 100 rpm. 
At times specified, 1.0 ml was withdrawn from the dissolution medium 
for analysis, and the same volume of fresh dissolution medium was 
added to ensure sink conditions throughout the study [24, 25]. The 
withdrawn samples were filtered using a 0.45-µm syringe filter and 
analyzed using RP-HPLC at λ = 323 nm. In comparison with 
commercial tablets, FAVIR (GPO)® containing 200 mg of FVP was also 
evaluated in both solutions (pH 1.2 and pH 7.4) using a USP 
dissolution apparatus type II (paddle) at 100 rpm for 24 h with a 
volume of 900 ml. To interpret the release data in both solutions, the 
profiles were tested against various kinetic models, including zero-
order, first-order, Higuchi, and Korsmeyer–Peppas. The model with 
the highest correlation coefficient was selected as the most 
appropriate fit for the release behavior of the drug [26-28]. 

Short-term stability study 

To investigate the stability of FVP-NLC, the sample was stored under 
three different conditions, which are a refrigerator (5±3 °C), room 

temperature (25±2 °C, 60±5% RH), and a climatic chamber (40±2 °C, 
75±5% RH) for 15 d. The physicochemical properties of FVP-NLC, 
including particle size, PDI, zeta potential, and entrapment 
efficiency, were evaluated [29]. 

Statistical analysis 

The screening process of FVP-NLC formulations utilized Design-
Expert™ software version 13 with a 26-2 fractional factorial design. 
The F-value, p-value, R2, and total contribution of each parameter 
were determined using the software, followed by the analysis of 
variance (ANOVA). DDSolver Add-ins were used in the evaluation of 
in vitro drug release and kinetic studies. Each characterization test 
was performed in triplicate (n = 3), with the findings reported as the 
mean±standard deviation (SD). The stability studies were analyzed 
by using two-way ANOVA, followed by Tukey’s honestly significant 
difference (HSD) between the initial and end of the study period. A 
p-value of less than 0.05 was categorized as statistically significant, 
indicating differences between the groups. 

RESULTS AND DISCUSSION 

Characterization of favipiravir-loaded nanostructured-lipid 
carriers 

All formulations of FVP-NLC were visually homogenous and exhibited 
no phase separation. The dispersions were visually white-opaque and 
odorless (fig. 1). The formulation of FVP-NLC was characterized to 
determine the major contribution of each independent variable that 
could affect the characterization parameters: particle size, PDI, zeta 
potential, entrapment efficiency, and drug loading. The results of the 
characterization are summarized in table 2. 

 

 

Fig. 1: Physical appearance of favipiravir nanostructured lipid carrier formulations labelled F1 to F16 

 

Table 2: Favipiravir-loaded nanostructured lipid carriers screening formulations and characterization parameters 

Form
ula 

Solid lipid 
combinationa) 

Liquid lipid 
combination
b) 

Solid: 
liquid 
lipid ratio 

Total 
lipid 
(% 
w/v) 

Surfactant 
concentration 
(% w/v) 

Co-surfactant 
concentration 
(% w/v) 

Particle 
size (nm) 

Polydispersity 
index 

Zeta 
potential 
(mV) 

Entrapment 
efficiency 
(% w/v) 

1 0 0 70:30 2 2 1 160.5±4.5 0.2749±0.0070 -34.10±3.30 80.28%±2.38 

2 1 0 70:30 2 5 1 218.1±17.8 0.3845±0.0424 -34.22±3.80 54.15%±12.35 

3 0 1 70:30 2 5 2 124.1±1.8 0.1387±0.0043 -39.06±2.00 85.97%±0.06 

4 1 1 70:30 2 2 2 219.1±2.9 0.2591±0.0076 -43.84±7.72 88.55%±0.09 

5 0 0 90:10 2 5 2 159.5±6.0 0.2042±0.0018 -41.51±2.47 84.34%±0.02 

6 1 0 90:10 2 2 2 125.7±14.6 0.2508±0.0272 -48.39±2.80 84.25%±0.03 

7 0 1 90:10 2 2 1 165.2±4.1 0.1968±0.0424 -45.38±1.51 88.51%±0.00 

8 1 1 90:10 2 5 1 140.7±2.4 0.1882±0.0225 -36.92±1.52 52.50%±1.99 

9 0 0 70:30 5 2 2 224.8±11.1 0.2161±0.1237 -37.97±1.59 82.91%±0.43 

10 1 0 70:30 5 5 2 428.9±17.0 0.4789±0.0109 -38.96±3.83 82.00%±0.34 

11 0 1 70:30 5 5 1 345.1±43.4 0.1495±0.0208 -38.97±2.08 63.49%±0.33 

12 1 1 70:30 5 2 1 390.7±34.5 0.1389±0.0862 -37.03±3.06 42.14%±0.05 

13 0 0 90:10 5 5 1 388.4±11.7 0.1583±0.1178 -33.42±1.75 88.63%±0.03 

14 1 0 90:10 5 2 1 338.6±19.4 0.1618±0.1091 -37.19±2.12 55.31%±0.03 

15 0 1 90:10 5 2 2 433.9±5.9 0.2629±0.0995 -42.76±4.30 85.78%±0.01 

16 1 1 90:10 5 5 2 391.1±10.4 0.2875±0.0347 -46.07±4.59 83.81%±0.18 

a)0 indicates no solid lipid combination, representing GMS alone, while 1 represents a 1:1 combination of GMS and CA. (Defined in table 1), b)0 
indicates no liquid lipid combination, representing MCT oils alone, while 1 represents a 1:1 combination of MCT oils and EO. (Defined in table 1), 
Data presented as mean±SD (n = 3) 
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The relationship between independent variables and physicochemical 
characterization, including particle size (A), PDI (B), zeta potential (C), 
and entrapment efficiency (D), was determined. The plotted data 
points for each variable, classified as positive effects (orange) and 
negative effects (blue), revealed strong linear trends, suggesting 
significant correlations between the variables (fig. 2). All models for 

each variable had significant values (p<0.05) and a high coefficient of 
determination (R²) (close to 1), which indicated a significant 
correlation with the model (table 3). Additionally, the normality of 
residuals was confirmed through the Shapiro-Wilk test, and p-values 
were greater than 0.05, indicating that the residuals followed a normal 
distribution and validating the robustness of the model. 

 

 

Fig. 2: Relationships between independent variables and nanoparticle characterization parameters: (A) particle size, (B) polydispersity 
index, (C) zeta potential, and (D) entrapment efficiency. Data points represent positive effects (orange) and negative effects (blue). The 

residuals were evaluated using the Shapiro-Wilk test, indicating a normal distribution with p-values>0.05 

 

The statistical analysis of the effect of formulation variables on the 
physicochemical properties of FVP-NLC is detailed in table 3, which 
presents the response variable and the corresponding statistical 
parameters, including the variables, degrees of freedom (df), F-
value, p-value, and coefficient of determination (R²). The only 
significant interaction between each variable was also included. In 
addition, the total contribution represented the cumulative effect of 
an independent variable on FVP-NLC characterization parameters 
(fig. 3A). The higher total contribution indicated a more significant 
influence of that variable on key parameters (fig. 3B). The analysis of 
critical parameters affecting FVP-NLC characteristics showed that 
total lipid concentration (D) had the highest total contribution of 
32%. Co-surfactant concentration (F) closely followed with a total 
contribution of 31%. Solid lipid combination (A) contributed notably 
to entrapment efficiency and PDI, resulting in an overall 
contribution of 15%. Liquid lipid combination (B) had a moderate 
influence, contributing 10% with noticeable effects on zeta potential 
and PDI. Other factors, including surfactant concentration (E) and 
the solid-to-liquid lipid ratio (C), showed lower contributions at 3% 
and 9%, respectively, highlighting their lesser but still relevant roles 
in determining the properties of FVP-NLC. 

Particle size 

The particle size of all formulations ranged from 124.1±1.8 (F3) to 
433.9±5.9 nm (F15) (table 2). The particle size was influenced by 
various variables (fig. 2A and table 3), with the most important of 

which was total lipid concentration. The addition of lipid content 
significantly increased particle size (p<0.05). Thus, higher lipid 
concentrations (F16 with 5% w/v total lipids) were associated with 
larger particle sizes (391.1±10.4 nm) due to increased viscosity of 
the lipid matrix, which reduced homogenization efficiency, 
compared to the lower lipid concentrations (F8 with 2% w/v total 
lipids, 140.7±2.4 nm). Furthermore, higher lipid concentrations 
might increase particle aggregation, thus increasing the measured 
particle size. The combination of solid lipids (GMS and CA) increased 
the particle size compared to the formulation, which contained GMS 
only. For example, F2 (containing both GMS and CA) had a particle 
size of 218.1±17.8, whereas F1 (with only GMS) had a smaller size of 
160.5±4.5 nm (table 2). This could be caused by the different melting 
points and molecular weights between GMS and CA, which increased 
the size of NLC [30]. The interaction between solid lipid combination 
(Factor A) and solid-to-liquid lipid ratio (Factor C) significantly 
influenced particle size (p<0.05) (fig. 3B). When only GMS was 
utilized as the solid lipid (A = 0), increasing the solid-to-liquid lipid 
ratio from 70 to 90 increased the particle size. However, when the 
solid lipid was combined with CA (A = 1), the trend was reversed, 
with particle size decreasing as the solid-to-liquid lipid ratio 
increased. This suggests that the presence of a solid lipid 
combination alters the effect of the solid-to-liquid lipid ratio on 
particle size, potentially due to differences in the crystallinity of GMS 
and CA and the interaction between the two solid lipids disrupting 
the ordered crystalline structure. 
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The combination of liquid lipids slightly increased the particle size of 
NLC, as seen in F7 (165.2±4.1 nm), compared to F5 without liquid 
lipids (159.5±6.0 nm) (table 2). The higher solid lipid concentration 
led to a larger particle size. For instance, F15 with higher solid lipid 
concentrations (90:10 solid-to-liquid lipid ratio) exhibited larger 
particle sizes (433.9±5.9 nm) compared to F9 with lower solid lipid 
concentrations (70:30 solid-to-liquid lipid ratio), which had a particle 
size of 224.8±11.1 nm (table 2). This could be caused by the solid lipid 
matrix in NLC forming more crystalline structures, leading to more 
rigid and dense particle structures, which would result in larger 
particle sizes. Conversely, the addition of liquid oil to the NLC would 
prevent solid lipid crystallization and lead to smaller sizes because the 

presence of liquid oil could disrupt the crystalline structure of the solid 
lipid matrix, leading to a more disordered lipid structure [31]. Higher 
surfactant and co-surfactant concentrations decreased particle size. An 
elevated concentration of surfactants would reduce interfacial surface 
tension and stabilize newly formed surfaces during homogenization, 
which ultimately would lead to the production of smaller particles. For 
example, F8, with 5% w/v surfactant concentration, had a particle size 
of 140.7±2.4 nm, whereas F7, with only 2% w/v surfactant, exhibited a 
larger size of 165.2±4.1 nm (table 2). This might be due to the lower 
surfactant concentration could not fully cover the surfaces fully, which 
might lead to particle aggregation, contributing to the observed 
increase in size [32]. 

 

 

Fig. 3: Total contribution of each variable to physicochemical characteristics of favipiravir-loaded nanostructured lipid carriers: (A) The 
total contribution column represents the cumulative impact of each variable across all nanoparticle parameters, and (B) The percentage 

contribution demonstrates the proportional significance of each variable in relation to the overall effects 

 

Table 3: Statistical analysis of the effect of formulation variables on physicochemical properties of favipiravir-loaded nanostructured 
lipid carriers 

Response Source df F-value p-value R2 
Particle size Model 7 14.75 0.0005*) 0.9281 
 A-Solid lipid combination 1 2.13 0.1826  
 B-Liquid lipid combination 1 0.9206 0.3654  
 C-Solid: liquid lipid ratio 1 0.0343 0.8577  
 D-Total lipid 1 89.18 <0.0001*)  
 E-Surfactant concentration 1 0.6342 0.4488  
 F-Co-surfactant concentration 1 0.0542 0.8218  
 Significant Interaction-AC 1 10.29 0.0125*)  
Polydispersity index Model 7 3.90 0.0376*) 0.7735 
 A-Solid lipid combination 1 5.11 0.0536  
 B-Liquid lipid combination 1 4.38 0.0696  
 C-Solid: liquid lipid ratio 1 1.85 0.2107  
 D-Total lipid 1 0.0322 0.8620  
 E-Surfactant concentration 1 0.8884 0.3735  
 F-Co-surfactant concentration 1 3.37 0.1037  
 Significant Interaction-AE 1 11.67 0.0091*)  
Zeta potential Model 6 4.11 0.0288*) 0.7328 
 A-Solid lipid combination 1 0.6163 0.4526  
 B-Liquid lipid combination 1 4.07 0.0744  
 C-Solid: liquid lipid ratio 1 5.22 0.0481*)  
 D-Total lipid 1 0.8448 0.3820  
 E-Surfactant concentration 1 2.13 0.1786  
 F-Co-surfactant concentration 1 11.80 0.0074*)  
Entrapment Efficiency Model 7 11.88 0.0012*) 0.9122 
 A-Solid lipid combination 1 21.05 0.0018*)  
 B-Liquid lipid combination 1 0.6835 0.4323  
 C-Solid: liquid lipid ratio 1 2.92 0.1261  
 D-Total lipid 1 1.82 0.2138  
 E-Surfactant concentration 1 0.2521 0.6291  
 F-Co-surfactant concentration 1 35.67 0.0003*)  
 Significant Interaction-AF 1 20.77 0.0019*)  

*The significance level is indicated by p<0.05 
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Polydispersity index 

The PDI ranged from 0.1387±0.0043 (F3) to 0.4789±0.0109 (F10), 
indicative of a uniform particle size distribution (less than 0.3) (table 
2). F3 had a low PDI of 0.1387±0.0043, likely due to its higher 
proportion of liquid lipid and adequate surfactant concentration, 
which provided flexibility in the lipid matrix and prevented the 
formation of a crystalline structure. In contrast, F10, with a higher 
total lipid concentration, exhibited the highest PDI (0.4789±0.0109) 
due to increased dispersion viscosity, leading to particle aggregation. The 
combination of solid and liquid lipids decreased the PDI due to the 
disordered lipid structure in the NLC core, and the addition of liquid oil 
to the solid lipid matrix in NLC led to more flexibility. This could prevent 
the solid lipid from forming a completely crystalline structure and so 
result in a more uniform and homogeneous particle size distribution, 
which decreased the PDI value [33]. In addition, higher total lipid 
concentration would increase the viscosity of the dispersion, which 
would in turn lead to interactions between particles and particle 
aggregation [34]. The higher total lipid concentrations, as seen in F16 
(total lipid 5% w/v), showed a higher PDI value of 0.2875±0.0347 
compared to F8 with total lipid 2% w/v (PDI: 0.1882±0.0225) (table 2). 
Moreover, the addition of a co-surfactant increased the homogeneity of 
particles and decreased the PDI by reducing the interfacial tension 
between the lipid and aqueous phases, which would lead to more 
uniform droplet formation and prevent particle aggregation [35]. For 
instance, F4 (PDI: 0.2591±0.0076) with higher co-surfactant levels (2% 
w/v) had greater particle homogeneity and lower PDI compared to F2 
(PDI: 0.3845±0.0424) with lower co-surfactant levels (1% w/v), due to 
reduced interfacial tension (table 2). 

The interaction between solid lipid combination (Factor A) and 
surfactant concentration (Factor E) affected PDI values (p<0.05). At 
a low surfactant concentration (E = 2%), the PDI remained low 
regardless of the solid lipid combination. However, at a higher 
surfactant concentration (E = 5%), the PDI increased significantly 
when the solid lipid combination was present (A = 1). This indicates 
that the presence of a solid lipid combination may lead to increased 
variability in particle size distribution due to the differences in solid 
lipid structure in the NLC matrix system. 

Zeta potential 

FVP-NLC had a negative charge, ranging from -48.39±2.80 (F6) to-
33.42±1.75 mV (F13) (table 2), due to the interaction between 
nanoparticles and the surrounding aqueous environment, including 
the adsorption of hydroxyl (OH⁻) ions from water onto the lipid 
particles, as well as the presence of hydroxyl (OH⁻) groups in both 
the lipids and surfactants. The major effect on zeta potential was the 
higher concentration of cosurfactant (p<0.05), which increased the 
absolute zeta potential due to the reduction in the net charge at the 
particle surface, indicating more stable dispersion (fig. 3A). For 
instance, F10 with 2% w/v cosurfactant had a zeta potential value 
of-38.96±3.83 mV, and so was a more stable dispersion as the 
surfactants effectively reduced the interfacial tension and ensured 
nanoparticle surface coverage, preventing particle aggregation. In 
contrast, F1 with 1% w/v surfactant exhibited lower absolute zeta 
potential (-34.10±3.30 mV), suggestive of insufficient surfactant 
concentrations to stabilize the dispersion. Thus, at a sufficient 
concentration of surfactant, the surfaces of the nanoparticles would 
be well covered, which could prevent particle aggregation [32]. 

The combination of solid lipid and liquid lipid led to a higher 
absolute zeta potential, which indicates a more stable formulation. 
Moreover, the higher concentrations of solid lipids could increase 
the absolute zeta potential [36]. Thus, the negative charge of NLC 
may also be influenced by the presence of a free hydroxyl group in 
the solid lipids. For example, F6, with a higher concentration of solid 
lipid and co-surfactant, exhibited the highest absolute zeta potential 
(-48.39±2.80 mV), demonstrating the stabilizing effect of solid lipids. 
Conversely, Formula 13, which had a higher total lipid concentration 
but a lower co-surfactant concentration, exhibited the lowest 
absolute zeta potential (-33.42±1.75 mV), indicating reduced 
stability due to particle interactions (table 2). 

Entrapment efficiency 

The entrapment efficiency, ranging from 42.14%±0.05% w/v (F12) 
to 88.63%±0.03% w/v (F13) (table 2), measured the capability of 

the NLC to effectively encapsulate FVP into the lipid matrix system. 
The higher concentration of solid lipids decreased the entrapment 
efficiency of FVP-NLC due to the different structures of lipids in the 
NLC core (p<0.05). This occurs because an excessive amount of solid 
lipids can lead to the formation of a more ordered crystalline 
structure within the NLC matrix, which can reduce the available 
space for drug incorporation. Additionally, the increased lipid 
crystallinity may cause drug expulsion from the NLC core. Thus, F4 
(solid: liquid lipid ratio 70:30) showed a high entrapment efficiency 
of 88.55%±0.09% w/v, whereas F8 (solid: liquid lipid ratio 90:10) 
exhibited a much lower entrapment efficiency of 52.50%±1.99% 
w/v (table 2). Furthermore, the higher concentration of surfactants 
and co-surfactants could increase the entrapment efficiency of FVP 
in the NLC core. The co-surfactant increased the emulsification 
efficiency and so improved the efficiency of entrapment of the drug 
in the core of the NLC [37]. Thus, F3 (surfactant 5% w/v, co-
surfactant 2% w/v) achieved an entrapment efficiency of 
85.97%±0.06% w/v, demonstrating the importance of sufficient 
surfactant and co-surfactant levels in reducing interfacial tension 
and enhancing emulsification. On the other hand, F8 (surfactant 5% 
w/v, co-surfactant 1% w/v) had a significantly lower entrapment 
efficiency of 52.50%±1.99% w/v, indicating the need for balanced 
co-surfactant concentrations. Higher total lipid concentrations 
generally decreased entrapment efficiency. For example, F12 (total 
lipid 5% w/v) had the lowest entrapment efficiency (42.14%±0.05% 
w/v), likely due to saturation of the lipid matrix, which limited drug 
loading. In contrast, F4 (total lipid 2% w/v) exhibited a much higher 
entrapment efficiency of 88.55%±0.09% w/v (table 2), indicating 
that lower lipid concentrations facilitated better encapsulation [38]. 

The interaction between solid lipid combination (Factor A) and co-
surfactant concentration (Factor F) also played a role in entrapment 
efficiency (p<0.05) (see fig. 4). There was no significant difference 
between the entrapment efficiency of GMS only (A = 0) and the 
combination with CA (A = 1) when the cosurfactant concentration was 
1% w/v. However, when the cosurfactant concentration was 0.5%, the 
entrapment efficiency of the combination of GMS and CA was 
significantly decreased. For instance, F1 with GMS only showed an 
entrapment efficiency of 80.28%±2.38% w/v, whereas F2 with CA 
combination was only 54.15%±12.35% w/v (table 2). This might be 
due to the insufficient stabilization of the lipid matrix at lower co-
surfactant concentrations, which can lead to reduced FVP 
encapsulation. The presence of CA in combination with GMS could 
have altered the lipid crystallinity, which would increase drug leakage. 

Further characterization of optimum favipiravir-loaded 
nanostructured-lipid carriers 

Based on the evaluation parameters (table 2), Formula 3 (F3) 
demonstrated the most optimal characteristics among all 
formulations. F3 exhibited the smallest particle size (124.1±1.8 nm) 
with the lowest PDI (0.1387±0.0043) and high entrapment efficiency 
(85.97±0.06% w/v), indicating superior uniformity, encapsulation 
capability, and stability. The zeta potential of F3 was-39.06±2.00 mV, 
which indicated excellent colloidal stability. Particles with zeta 
potentials more negative than -30 mV are considered stable due to 
strong electrostatic repulsion, which prevents aggregation and 
maintains stable dispersion [39]. Therefore, F3 of the FVP-NLC 
formulation was chosen for further characterization, including the in 
vitro dissolution and short-term stability study. 

In vitro dissolution and release kinetics study 

The in vitro dissolution profiles demonstrated that the F3 formulation 
had a minimal release at simulated gastric pH, 1.2 (fig. 5A). In this 
acidic medium, F3 showed only 3.80%±0.02% w/v release at 24 h. 
This might be due to the low solubility of FVP in acidic environments 
(0.526 mg/ml) compared to a neutral pH medium (0.822 mg/ml) [3]. 
Another study also showed that lipid matrix degradation in the gastric 
phase is minimal due to limited enzymatic activity and low lipid 
solubility, which can limit drug release in this acidic environment [40]. 
In comparison to the raw materials, FVP itself had rapid-release 
profiles with a maximum cumulative concentration of 64.84%±1.62% 
w/v at 2 h. However, after 4 h, the dissolution profile of FVP further 
declined over time, reaching 28.10%±6.15% w/v at 24 h. Similarly, the 
FAVIR® tablet exhibited a rapid release of 99.42%±0.98% w/v after 5 
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min, and this measured level of FVP remained constant up to 2 h. 
However, the amount of detectable FVP then decreased between 4 and 
24 h, from 97.61%±0.10% w/v to 79.54%±0.61% w/v, respectively. 

The decline in the amount of FVP might be attributed to the 
degradation of FVP in an acidic pH medium due to the breakdown of 
the amide group under acidic conditions [41]. 

 

 

Fig. 4: Effect of formulation variables on physicochemical characteristics of favipiravir-loaded nanostructured lipid carriers. (A) The 
influence of various formulation variables on physicochemical properties: particle size (nm), polydispersity index, zeta potential (mV), 

and entrapment efficiency (%). (B) Interaction plots for significant formulation variables on particle size (left), polydispersity index 
(middle), and entrapment efficiency (right) 
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The F3 formulation exhibited a sustained and controlled release 
profile at pH 7.4 (fig. 5B). Within the first few hours, a slow burst 
release was observed with F3, which reached approximately 40% w/v 
cumulative release, whereas FVP exhibited a much more rapid release 
profile, achieving nearly 60% w/v at the same time point. The initial 
burst release occurring with F3 might be caused by unentrapped 
drugs or the drugs in the outer layer of the NLC matrix system [42]. 
Over 24 h, F3 continued to show sustained release properties with 
78.75±4.90% w/v of the drug released, whereas raw FVP exhibited a 
nearly complete release of the drug within the first 8 h. Conversely, the 
FAVIR® tablet exhibited a rapid complete release of 108.74%±2.16% 
w/v within 5 min. This indicated that F3 provided a more efficient and 
controlled drug release mechanism, likely due to its lipid-based 
nanostructure [23]. This controlled release profile of F3 suggested it 
could provide prolonged therapeutic effects, reducing the need for 
frequent dosing [43]. Overall, F3 showed promise as a controlled drug 
delivery system for achieving gradual and sustained drug release 
compared to the immediate release of FVP raw material. 

The drug release kinetics at pH 1.2 and pH 7.4 were evaluated using 
multiple models (fig. 4C and 4D, respectively): zero-order (1), first-
order (2), Higuchi (3), and Korsmeyer-Peppas (4) models [44]. In 
the acidic medium (pH 7.4), both FVP itself and the F3 formulation 
showed a poor correlation in all models. The highest correlation for 
the former was the Korsmeyer-Peppas model (R² = 0.4083) with an 
n value of 0.224, while F3 correlated to the Higuchi model with R² = 
0.2762. This strongly indicated that the release of FVP and F3 
formulation was influenced by Fick diffusion, though the very low 

release from F3 means that the analysis of these data is 
compromised by the low signal. In comparison, the release from the 
FAVIR® tablet exhibited a strong correlation with the first-order 
model (R² = 0.9478) with a negative slope, which indicated that the 
concentration of FVP decreased over time due to the instability of 
FVP in the acidic medium. 

At pH 7.4, the release from FVP was poorly described by all models, 
with the highest correlation coefficient found with the Korsmeyer 
Peppas model (R² = 0.6817), indicating a less controlled release 
mechanism. However, the n value of the FVP raw material was 
0.1304, indicating a Fickian diffusion mechanism for drug release. 
Similarly, the FAVIR® tablet showed a low correlation in all models, 
with the highest correlation with first-order release kinetics (R² = 
0.4864). This indicated that drug release from tablets was influenced 
by the initial concentration of FVP. In contrast, the F3 formulation 
showed the highest R² value (0.9171) with the Korsmeyer-Peppas 
model, indicating a Fickian diffusion mechanism with swelling or 
erosion of the carrier matrix as indicated by the n value of 0.231 
[45]. The Higuchi model also showed a high correlation for F3 (R² = 
0.8639), further supporting that diffusion-driven release was 
occurring [46, 47]. Therefore, the release kinetics of F3 at pH 7.4 
highlighted its potential as a controlled and sustained release system 
of FVP-NLC [13]. In addition, degradation of the lipid matrix under 
intestinal conditions would be likely to play a crucial role in 
enhancing drug release. The formation of mixed micelles and free 
fatty acids facilitated by bile salts and pancreatic enzymes could lead 
to matrix breakdown and rapid drug diffusion [40]. 
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Fig. 5: Release profile and kinetics of optimum favipiravir-loaded nanostructured lipid carriers (F3) in comparison with favipiravir raw 
materials and FAVIR®(GPO) 200 mg tablet. In vitro dissolution profile in pH 1.2 (A) and pH 7.4 (B). The release kinetics in pH 1.2 (C) and 

pH 7.4 (D): zero-order (1), first-order (2), Higuchi (3), and Korsmeyer-Peppas (4) models. Data presented as mean±SD (n = 3) 

 

Short-term stability study 

A preliminary short-term stability of the F3 formulation was 
established under three different conditions to refrigerator (5±3 
°C), room temperature (25±2 °C, 60±5% RH), and climatic 
chamber (40±2 °C, 75±5% RH) for 15 d. This would serve as a 
screening tool in these initial evaluation stages before being 
further refined in subsequent optimization studies [48]. The 
particle size remained relatively stable across different storage 
conditions over the 15 d (fig. 6, about 125 nm). Although there 
were slight changes in the PDI value between day 0 
(0.1386±0.0106) and day 15 (0.1694±0.0134, 0.1675±0.0142, 
0.1792±0.0075) for storage in a refrigerator (5±3 °C), at room 
temperature (25±2 °C, 60±5% RH), and in a climatic chamber 
(40±2 °C, 75±5% RH), the PDI remained relatively low (<0.3), 
strongly indicating that the FVP-NLC dispersion was still uniform 
and consistent size distribution (fig. 6). Furthermore, the zeta 
potential values showed no significant differences between day 0 

(-39.18±0.64 mV) and day 15 under different storage conditions: 
refrigerator (5±3 °C) at-39.84±0.97 mV, room temperature (25±2 
°C, 60±5% RH) at-39.47±0.76 mV, and an accelerated condition 
(40±2 °C, 75±5% RH) at-38.26±1.87 mV (fig. 6).  

Although slight fluctuations were observed over time, the values 
remained within a stable range, which was also supported by an 
absence of visible aggregation and phase separation. Finally, the 
entrapment efficiency was also consistently high across all 
conditions, showing a minimal decline over time. The highest 
stability of FVP entrapment was observed at 5 °C from 
86.31%±1.46% w/v (day 0) to 85.36%±0.53% w/v (day 15), while 
the efficiency slightly decreased at elevated temperature (40 
°C/75% RH) to 84.74%±1.16% w/v (day 15) (fig. 6). Overall, F3 
exhibited good stability under all conditions for 15 d indicated by no 
significant changes in particle size, PDI, zeta potential, and 
entrapment efficiency between day-0 and day-15 in all storage 
conditions (fig. 6). 
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Fig. 6: Short-term stability studies of optimum favipiravir-loaded nanostructured lipid carriers formulation (F3) for 15 d: (A) particle 
size, polydispersity index, zeta potential, and (B) entrapment efficiency 

 

CONCLUSION 

The 26-2 fractional factorial design has been successfully utilized in an 
FVP-NLC screening formulation to incorporate FVP into the NLC matrix 
system. The major contributions of independent variables were total 
lipid, co-surfactant concentrations, and solid lipid combination. 
Furthermore, the best formulation was F3, consisting of 2% w/v total 
lipid, 2% w/v co-surfactant, and GMS only, which exhibited a small 
particle size, a low PDI and zeta potential, and high entrapment 
efficiency. In vitro release studies indicated controlled release properties 
via diffusion mechanism over 24 h at pH 7.4, following Korsmeyer-
Peppas kinetics. Furthermore, F3 also showed good short-term stability 
over 15 d of storage in all conditions, especially in a refrigerator (5±3 °C). 
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