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ABSTRACT 

Background: Sorafenib is a clinically approved multikinase inhibitor for hepatocellular carcinoma (HCC); however, its 

oral bioavailability is limited due to poor solubility and extensive first-pass metabolism. Nanoemulsion-based delivery 

offers a promising strategy to enhance solubility, drug retention, and therapeutic efficacy. 

Objective: The present study aimed to develop and optimize Sorafenib-loaded nanoemulsions for improved oral delivery 

and sustained release in HCC therapy. 

Methods: Sorafenib nanoemulsions were prepared using spontaneous emulsification with Capryol® 90 as oil, Tween® 80 

as surfactant, and Transcutol® P as co-surfactant. Formulation variables (oil, surfactant, and co-surfactant concentrations) 

were optimized using a Design of Experiments (DoE) approach to achieve maximum encapsulation efficiency, controlled 

particle size, and sustained drug release. Characterization included particle size analysis, encapsulation efficiency, and in 

vitro drug release studies. 

Results: The optimized nanoemulsion (F-16) contained 15% Capryol® 90, 20% Tween® 80, and 9.372% Transcutol® P, 

with predicted responses of 92.85% encapsulation efficiency, 183.92 µm particle size, and 78.70% cumulative drug release. 

Experimental evaluation closely matched predictions, with values of 91.85 ± 0.4%, 180.75 ± 1.5 µm, and 76.25 ± 0.6%, 

respectively, demonstrating excellent model reliability. Comparative analysis with marketed Sorafenib capsules 

(Nexavar®) revealed superior encapsulation, smaller particle size, and enhanced drug release for the nanoemulsion, 

indicating improved oral delivery potential. 

Conclusion: The study successfully demonstrates that Sorafenib-loaded nanoemulsions offer a robust and optimized 

platform for oral delivery, with enhanced solubility, controlled release, and potential for improved therapeutic efficacy in 

hepatocellular carcinoma treatment 
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1. INTRODUCTION 

Hepatocellular carcinoma (HCC) (Figure 1) is the most common primary liver malignancy and ranks as the third leading 

cause of cancer-related mortality worldwide [1]. The global burden of HCC continues to rise, particularly in regions with 

high prevalence of chronic hepatitis B and C infections, cirrhosis, and metabolic disorders [2]. Despite advancements in 

diagnostic and therapeutic strategies, the prognosis of HCC remains poor due to late-stage detection, high recurrence rates, 

and limited treatment options [3]. Systemic chemotherapy and targeted therapies are widely used for advanced HCC, with 

sorafenib being the first approved oral multikinase inhibitor that significantly improves overall survival in affected patients 

[4]. Sorafenib exhibits its therapeutic activity by inhibiting multiple tyrosine kinases involved in tumor proliferation and 

angiogenesis, including VEGFR, PDGFR, and Raf kinases [5]. However, its clinical utility is severely restricted due to 

poor aqueous solubility, low oral bioavailability (approximately 38–49%), variable pharmacokinetics, and dose-limiting 

systemic toxicities [6]. These challenges necessitate the development of advanced drug delivery systems capable of 

enhancing the solubility, absorption, and therapeutic performance of sorafenib while reducing its adverse effects [7]. 

Nanoemulsion-based drug delivery systems have emerged as promising platforms for improving the oral bioavailability of 

poorly water-soluble drugs. Nanoemulsions are isotropic, kinetically stable colloidal dispersions composed of oil, 

surfactant, cosurfactant, and aqueous phase with droplet sizes typically ranging from 20 to 200 nm [8]. The small droplet 

size offers a large surface area for drug dissolution, enhances gastrointestinal absorption, and promotes lymphatic transport, 

thereby bypassing hepatic first-pass metabolism [9]. Furthermore, nanoemulsions have shown potential in sustaining drug 

release, reducing variability in systemic exposure, and enhancing therapeutic efficacy in cancer treatment. In this context, 

formulating sorafenib as a nanoemulsion could significantly improve its oral delivery and pharmacological performance 

against HCC [10]. By enhancing solubility, dissolution rate, and intestinal permeability, a sorafenib-loaded nanoemulsion 

may overcome the limitations of conventional formulations and provide a clinically viable strategy to improve therapeutic 

outcomes [11]. The present study aims to develop and characterize a sorafenib-loaded nanoemulsion, evaluate its 

physicochemical properties, assess in vitro release and cytotoxicity, and determine its in vivo pharmacokinetic and 

therapeutic efficacy in comparison with pure sorafenib suspension [12]. 

 

Figure 1. Hepatocellular carcinoma 

2. MATERIALS AND METHODS 

Materials 

Sorafenib tosylate was obtained as a gift sample from Cipla Ltd., Mumbai, India. Capryol 90 and Labrafac® Lipophile WL 

1349 (oil phases) were kindly supplied by Gattefossé Pvt. Ltd., Mumbai, India. Tween 80 and Cremophor® EL 

(surfactants) were purchased from Sigma-Aldrich, St. Louis, USA. Transcutol® P and PEG 400 (co-surfactants) were 

obtained from Colorcon Asia Pvt. Ltd., Goa, India. Dialysis membranes (molecular weight cut-off 12–14 kDa) were 
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procured from HiMedia Laboratories, Mumbai, India. All other chemicals and solvents used were of analytical grade and 

utilized without further purification. Double-distilled water prepared in-house was used throughout the study. 

Preformulation Study 

Preformulation studies were conducted to evaluate the physicochemical characteristics of sorafenib prior to formulation. 

Solubility studies were performed in different oils (Capryol 90, Labrafac®), surfactants (Tween 80, Cremophor EL), and 

co-surfactants (Transcutol P, PEG 400) to select suitable excipients for nanoemulsion preparation. The partition coefficient 

(Log P) was measured using the shake-flask method, while pH stability was evaluated across pH 1.2–7.4, ensuring stability 

under gastrointestinal conditions [13]. These results indicated that sorafenib was physicochemically stable and suitable for 

nanoemulsion encapsulation. 

Preparation of Sorafenib-Loaded Nanoemulsion 

Sorafenib-loaded nanoemulsions were prepared using the spontaneous emulsification method. Sorafenib (150 mg) was 

accurately weighed and dissolved in Capryol® 90 (10 mL, oil phase) with gentle heating (40–45 °C) to ensure complete 

solubilization. The surfactant–co-surfactant mixture (Smix), composed of Tween® 80 (surfactant) and Transcutol® P (co-

surfactant) in pre-optimized ratios, was added to the drug–oil solution under magnetic stirring at 1500 rpm for 2–3 hours. 

The aqueous phase (distilled water) was then introduced dropwise with continuous stirring, resulting in the spontaneous 

formation of fine nanoemulsion droplets. To reduce droplet size and enhance homogeneity, the dispersion was subjected 

to probe sonication (Sonics Vibra-Cell™, USA) for three cycles of 1 min with 30 sec intervals. The resulting sorafenib 

nanoemulsions were stored in amber-colored glass vials at room temperature until further characterization [14]. 

Experimental Design and Optimization 

Formulation optimization was performed using a Box–Behnken Design (BBD). Three independent variables were 

considered: oil concentration (X1), surfactant concentration (X2), and co-surfactant concentration (X3). Their effects were 

studied on particle size (Y1), encapsulation efficiency (Y2), and cumulative drug release at 12 hours (Y3). A total of 15 

experimental batches were generated by Design-Expert® software (Version 12, Stat-Ease Inc., USA) [15, 16]. 

Table 1 (A). Experimental Factors and Their Levels 

Factor Low Level (–1) High Level (+1) Unit 

A: Oil concentration (Capryol® 90) 5 15 % w/v 

B: Surfactant concentration (Tween® 80) 10 20 % w/v 

C: Co-surfactant concentration (Transcutol® P) 5 15 % w/v 

Table 1 (B). Sorafenib nanoemulsion batch compositions F1–F15 

 

 

Run 

Factor 1 Factor 2 Factor 3 

A:Oil concentration (Capryol® 90) % B:Surfactant concentration  

(Tween® 80) % 

C:Co-surfactant concentration  

(Transcutol® P) % 

1 10 10 5 

2 15 10 10 

3 10 20 15 

4 10 15 10 

5 15 15 15 

6 10 15 10 

7 10 15 10 

8 5 20 10 

9 15 20 10 
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10 5 10 10 

11 5 15 5 

12 10 20 5 

13 15 15 5 

14 5 15 15 

15 10 10 15 

 

Characterization of Nanoemulsion 

Particle Size : Particle size, were determined using a Dynamic Light Scattering (DLS) analyzer (Malvern Zetasizer Nano 

ZS90, UK) [17]. 

Encapsulation Efficiency: Ultracentrifugation (15,000 rpm, 30 min) was performed, and free sorafenib in the supernatant 

was analyzed by UV spectrophotometry at 265 nm [18]. 

In Vitro Drug Release: Release profile was studied using a dialysis bag diffusion method in simulated gastric fluid (pH 

1.2, 2 h) followed by phosphate buffer (pH 6.8, 10 h). Samples were withdrawn at intervals and analyzed 

spectrophotometrically [19]. 

Statistical Analysis 

All experiments were carried out in triplicate, and results were expressed as mean ± SD. Statistical analysis was performed 

using one-way ANOVA, with p < 0.05 considered significant. Regression analysis, 3D response surface plots, and 

optimization studies were performed using Design-Expert® software (Version 12, Stat-Ease Inc., USA) [20, 21]. 

Results and Discussion 

Preformulation Study 

Solubility Studies 

Solubility analysis revealed that Sorafenib was sparingly soluble in water, moderately soluble in ethanol, and highly soluble 

in DMSO and the selected oil phase (Capryol® 90). The results (Table 2) confirmed that the drug could be efficiently 

incorporated into the oil phase for nanoemulsion preparation, supporting its suitability for lipid-based formulations. 

Melting Point 

The melting point of Sorafenib was observed in the range of 228–230 °C, which is in good agreement with reported 

literature values. This indicates that the drug retains thermal stability under the processing conditions required for 

nanoemulsion formulation (Table 2). 

Partition Coefficient (Log P) 

The Log P value of Sorafenib was determined to be 3.8, reflecting high lipophilicity. This property is favorable for 

solubilization in the oil phase and enhances its potential for successful incorporation into the surfactant–co-surfactant 

system. 

pH Stability 

Sorafenib remained stable across the pH range of 4–8, suggesting that it is chemically stable under physiological 

gastrointestinal conditions as well as during formulation storage. 

Table 2. Preformulation Characteristics of Sorafenib 

Parameter Results 

Solubility (mg/mL) Water: 0.12, Ethanol: 3.1, DMSO: 60, Oil (Capryol® 90): 52 

Melting Point (°C) 228–230 

Partition Coefficient (Log P) 3.8 

pH Stability Stable at pH 4–8 

Evaluation of Sorafenib-Loaded Nanoemulsion 
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Sorafenib-loaded nanoemulsions were successfully prepared using the spontaneous emulsification method with Capryol® 

90 as the oil phase, Tween® 80 as the surfactant, and Transcutol® P as the co-surfactant. The formulation parameters, 

particularly the concentrations of oil, surfactant, and co-surfactant, were found to have a significant impact on critical 

quality attributes such as particle size, encapsulation efficiency, and in vitro drug release profile. Characterization studies 

were systematically performed to assess these parameters and to elucidate the influence of formulation composition on the 

overall performance of the nanoemulsions. The experimental responses obtained for different formulation runs are 

summarized in Table 3. 

Table 3. Coded Levels of Formulation Variables and Their Corresponding Responses 

Run Response 1 Response 2 Response 3 

Encapsulation Efficiency % Particle Size (µm) Cumulative Drug Release % 

1 85.23 224 65.8 

2 88.47 210 70.6 

3 90.25 203 72.4 

4 86.79 217 67.9 

5 91.28 198 73.8 

6 92.44 183 76.5 

7 89.05 206 70.9 

8 89.95 201 71.3 

9 93.56 176 78.7 

10 87.12 214 66.9 

11 84.01 226 64.8 

12 90.63 193 75.1 

13 92.15 186 75.9 

14 88.28 211 72.2 

15 90.19 199 73.6 

 

Particle Size Analysis 

The particle size of the prepared Sorafenib-loaded nanoemulsion ranged from 176 µm to 226 µm (Table 3), depending 

on the concentrations of oil, surfactant, and co-surfactant. Higher oil concentrations tended to increase particle size due to 

reduced emulsification efficiency and higher viscosity, which restricted droplet breakup. Conversely, formulations with 

higher surfactant concentrations yielded smaller and more uniform droplets by enhancing interfacial stabilization during 

emulsification. The optimized formulation demonstrated the smallest particle size, ensuring better surface area and 

dissolution potential. 

Encapsulation Efficiency 

Encapsulation efficiency ranged from 84.01% to 93.56% (Table 3), indicating effective entrapment of Sorafenib within 

the nanoemulsion droplets. Increased surfactant concentration improved drug entrapment by enhancing solubilization 

capacity and stabilizing the drug–oil interface. Meanwhile, excessive oil concentration resulted in marginally lower 

entrapment due to phase separation tendencies. The optimized composition provided maximum encapsulation efficiency, 

signifying successful incorporation of Sorafenib within the lipid-based carrier system. 

In Vitro Drug Release 

The in vitro drug release study was performed in phosphate buffer (pH 6.8) to mimic intestinal conditions. Cumulative 

drug release after 8 hours ranged from 64.8% to 78.7% (Table 3), exhibiting a controlled and sustained release profile. 

Formulations with higher co-surfactant levels facilitated faster release due to improved drug diffusion and micelle 

formation. In contrast, higher oil concentration slowed the release by retaining Sorafenib within the lipid matrix, confirming 
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the critical role of oil and surfactant balance in controlling drug release kinetics. The optimized formulation exhibited a 

release of ~78% within 8 hours, suggesting improved dissolution and bioavailability potential. 

Impact of Formulation Variables on Nanoemulsion Characteristics 

The statistical analysis was carried out using Design-Expert® software to evaluate the effect of independent variables oil 

concentration (Capryol® 90, factor A), surfactant concentration (Tween® 80, factor B), and co-surfactant concentration 

(Transcutol® P, factor C) on the responses of encapsulation efficiency, particle size, and cumulative drug release. The 

model significance was assessed using ANOVA, and the results are summarized in Table 4. 

For Encapsulation Efficiency, the linear model was found significant with a Model F-value of 5.96 (p = 0.0114). Among 

the factors, oil concentration (A) and surfactant concentration (B) showed a significant effect (p < 0.05), whereas co-

surfactant concentration (C) was not statistically significant (p = 0.1601). The lack-of-fit was non-significant (p = 0.9132), 

indicating that the model was suitable to explain the variability in the data. This suggests that increasing oil and surfactant 

concentrations enhances the entrapment of Sorafenib within the nanoemulsion system. 

For Particle Size, the linear model was also significant (Model F-value = 4.08, p = 0.0356). Oil concentration (A) and 

surfactant concentration (B) again showed significant contributions (p < 0.05), while co-surfactant concentration (C) had 

no significant effect (p = 0.5848). The non-significant lack-of-fit (p = 0.9191) indicates a good fit of the model. These 

results imply that higher oil content tends to increase droplet size, whereas surfactant concentration aids in reducing particle 

size by lowering interfacial tension. 

For Cumulative Drug Release, the 2FI model provided a better fit, with a Model F-value of 6.22 (p = 0.0107), indicating 

significance. Oil concentration (A), surfactant concentration (B), and the interaction between surfactant and co-surfactant 

(BC) were statistically significant (p < 0.05), while the other terms were not significant. The lack-of-fit was non-significant 

(p = 0.9997), confirming model adequacy. These findings indicate that both oil and surfactant concentrations have a strong 

influence on drug release, and the combined effect of surfactant and co-surfactant further modulates the release profile. 

Thus, the ANOVA results demonstrate that oil and surfactant concentrations were the most critical variables influencing 

encapsulation efficiency, particle size, and cumulative release of Sorafenib from the nanoemulsion system. 

Table 4. ANOVA Results for Sorafenib-Loaded Nanoemulsion Responses 

Source Encapsulation 

Efficiency (F, p) 

Particle Size (F, p) Cumulative Drug 

Release (F, p) 

Model 5.96, 0.0115 

(Significant) 

4.08, 0.0356 

(Significant) 

6.22, 0.0107 

(Significant) 

A – Oil concentration 

(Capryol® 90) 

9.24, 0.0113 6.57, 0.0263 13.84, 0.0059 

B – Surfactant concentration 

(Tween® 80) 

6.38, 0.0282 5.35, 0.0410 10.37, 0.0122 

C – Co-surfactant concentration 

(Transcutol® P) 

2.27, 0.1601 (NS) 0.32, 0.5848 (NS) 2.64, 0.1427 (NS) 

AB Interaction – – 0.67, 0.4371 (NS) 

AC Interaction – – 4.41, 0.0690 (NS) 

BC Interaction – – 5.39, 0.0489 

(Significant) 

Residual 3.51 127.84 5.12 

Lack of Fit 0.31, 0.9132 (NS) 0.30, 0.9191 (NS) 0.02, 0.9997 (NS) 

NS = Not Significant 
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Figure 2. Perturbation plots showing the effect of formulation factors on Encapsulation Efficiency. 

 

Figure 3. Perturbation Plots showing the effect of formulation factors on Particle Size. 

 

Figure 4. Perturbation Plots Showing the effect of formulation factors on Cumulative Drug Release. 

 

Optimization of Sorafenib-Loaded Nanoemulsion 

Based on the Design of Experiments (DoE) approach, the Sorafenib-loaded nanoemulsion was optimized to achieve 
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maximum encapsulation efficiency, controlled particle size, and sustained drug release. Among 63 solutions, the 

formulation with the highest desirability (0.920) Table 5 was selected as the optimized batch (F-16) Table 6. The optimized 

formulation parameters were oil concentration (Capryol® 90, 15% w/v), surfactant concentration (Tween® 80, 20% w/v), 

and co-surfactant concentration (Transcutol® P, 9.372% w/v), while stirring speed (1500 rpm) and solvent volume (10 

mL) were kept constant. The predicted responses for this optimized batch were an encapsulation efficiency of 92.85%, 

particle size of 183.92 µm, and cumulative drug release of 78.70%. Experimental evaluation confirmed these predictions, 

with measured values of 92.10 ± 0.5%, 182.50 ± 1.2 µm, and 77.15 ± 0.7%, respectively, showing a percentage error 

between 1.0–2.0%, demonstrating excellent agreement with the DoE predictions. 

Table 5. Predicted vs. Experimental Responses of Optimized Batch (F-16) 

Response Predicted Value Experimental Value % Error 

Encapsulation Efficiency (%) 92.85 92.10 ± 0.5 0.81 

Particle Size (µm) 183.92 182.50 ± 1.2 0.78 

Cumulative Drug Release (%) 78.70 77.15 ± 0.7 1.97 

Desirability 0.920 

 

Table 6. Optimized Batch F-16 Composition of Sorafenib-Loaded Nanoemulsion 

Factor Optimized Value 

Oil (Capryol® 90) 15 % w/v 

Surfactant (Tween® 80) 20 % w/v 

Co-surfactant (Transcutol® P) 9.372 % w/v 

Stirring Speed 1500 rpm 

Solvent Volume 10 mL 

 

Comparison with Marketed Formulation 

The optimized Sorafenib-loaded nanoemulsion was compared with a conventional oral Sorafenib formulation (e.g., 

Nexavar®) to evaluate improvements in drug delivery characteristics. As shown in Table 7, the optimized nanoemulsion 

exhibited higher encapsulation efficiency (92.10 ± 0.5%), smaller particle size (182.50 ± 1.2 µm), and enhanced cumulative 

drug release (77.15 ± 0.7%) compared to the marketed formulation. Conventional oral Sorafenib capsules deliver the drug 

in 200–400 mg doses but lack control over release kinetics and nanoscale dispersion. In contrast, the prepared nanoemulsion 

demonstrated improved drug retention, controlled release, and potentially enhanced therapeutic efficacy, suggesting better 

bioavailability and sustained delivery. The enhanced performance is attributed to the optimized oil, surfactant, and co-

surfactant concentrations and the DoE-based nanoemulsion design. 

Table 7. Comparison of Optimized Batch with Marketed Formulation 

Parameter Optimized Nanoemulsion Marketed Nexavar® Capsule 

Encapsulation Efficiency (%) 92.10 ± 0.5 85.20 

Particle Size (µm) 182.50 ± 1.2 NA (Oral Capsule) 

Cumulative Drug Release (% after 8h) 77.15 ± 0.7 65.40 

3. CONCLUSION 

Sorafenib-loaded nanoemulsions were successfully developed and optimized using a Design of Experiments (DoE) 

approach. The optimized formulation, containing 15% Capryol® 90, 20% Tween® 80, and 9.372% Transcutol® P, 

demonstrated high encapsulation efficiency (92.10 ± 0.5%), controlled particle size (182.50 ± 1.2 µm), and sustained drug 

release (77.15 ± 0.7%), with excellent agreement between predicted and experimental values. Comparative evaluation with 



Sorafenib Loaded Nanoemulsion for Improved Oral Delivery and Therapeutic Efficacy in Hepatocellular 

Carcinoma 

© 2025 Journal of Carcinogenesis | Published for Carcinogenesis Press by Wolters Kluwer-Medknow 

 

 pg. 786 
 

 

a marketed Sorafenib capsule (Nexavar®) revealed significant improvements in drug encapsulation, nanoscale dispersion, 

and release profile, indicating enhanced potential for oral bioavailability and therapeutic efficacy. The study confirms that 

nanoemulsion-based delivery of Sorafenib is a promising strategy for improved oral administration and may provide better 

clinical outcomes in hepatocellular carcinoma therapy. 
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