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Abstract 

This study aimed to optimize and characterize Idronoxil-loaded Polycaprolactone nanoparticles as 

a potential drug delivery system for cancer therapy, focusing on improving particle size, encapsulation 

efficiency, and stability using a factorial design approach. Nanoparticles were synthesized via the ionic 

gelation method and optimized based on PCL concentration, polyvinyl alcohol (PVA) concentration, 

and organic phase volume. Characterization included particle size, zeta potential, encapsulation 

efficiency, morphology (SEM), FT-IR analysis, in vitro drug release, and stability testing. Cytotoxicity 

was assessed against HepG2 liver cancer cells using the MTT assay. The optimized formulation 

exhibited a particle size of 97.3 nm, a zeta potential of -6.41 mV, and an encapsulation efficiency of 

82.07%, ensuring stability and uniform dispersion. FT-IR confirmed the compatibility of Idronoxil with 

PCL. In vitro drug release studies demonstrated a controlled and sustained release profile driven by 

diffusion and polymer degradation, enhancing therapeutic potential. Stability testing over 90 days at 

40°C±5°C validated the nanoparticles' robustness, with minimal variations in drug content and release 

profiles. Cytotoxicity studies demonstrated a significant dose-dependent anticancer effect on HepG2 

cells, with an IC50 concentration of 19.33 µg/mL, suggesting efficient cellular uptake and potential for 

therapeutic use. The Idronoxil-loaded PCL nanoparticles showed excellent stability, controlled drug 

release, and potent anticancer activity, highlighting their potential as an effective drug delivery system 

for cancer therapy. Future research should focus on in vivo studies and clinical validation to establish 

their efficacy and safety in therapeutic applications. 

Keywords: Anticancer, Cytotoxicity, Encapsulation Efficiency, Idronoxil, Liver Cancer Cells, 

Optimisation, Polycaprolactone Nanoparticles. 

Introduction 

Liver cancer, a global health burden with 

high mortality rates, remains a formidable 

challenge in oncology due to its aggressive 

nature and limited treatment options. 

Traditional therapies, including surgery, 

chemotherapy, and radiotherapy, are often 

hampered by systemic toxicity, drug resistance, 

and suboptimal targeting of cancer cells [1, 2]. 



As a result, there is a pressing need for novel 

therapeutic strategies that combine efficacy 

with precision. In this context, nanotechnology 

has emerged as a transformative approach, 

enabling the delivery of therapeutic agents in a 

more targeted and controlled manner [3, 4]. 

Idronoxil, a potent synthetic flavonoid, has 

shown significant anticancer potential by 

modulating key cellular pathways such as 

apoptosis and proliferation. However, its 

therapeutic application is limited by poor 

solubility, bioavailability, and rapid metabolism 

[5, 6]. To overcome these challenges, polymeric 

nanoparticles have gained attention as a 

promising drug delivery platform. Among the 

various polymers, Polycaprolactone (PCL) 

stands out for its exceptional biocompatibility, 

biodegradability, and ability to sustain drug 

release over extended periods. These 

characteristics make PCL an ideal candidate for 

encapsulating hydrophobic drugs like Idronoxil, 

ensuring prolonged circulation time and 

enhanced tumor accumulation [7- 9]. 

This study focuses on the formulation, 

optimization, and characterization of Idronoxil-

loaded PCL nanoparticles tailored for liver 

cancer therapy. By leveraging the unique 

properties of PCL, we aimed to develop a 

nanoparticle system capable of improving the 

solubility, stability, and therapeutic efficacy of 

Idronoxil. Through a systematic optimization 

process, we achieved nanoparticles with 

desirable physicochemical properties, 

including controlled size, high drug 

encapsulation efficiency, and a sustained drug 

release profile. This innovative approach 

highlights the potential of PCL-based 

nanoparticles to revolutionize liver cancer 

treatment by offering a more effective and 

patient-friendly therapeutic option. 

Material and Methods 

The Idronoxil was bought in India from 

Sigma Aldrich. The initial material utilized was 

Polycaprolactone from SRL chemicals India 

with a degree of deacetylation of around 75%. 

For the synthesis of the nanoparticles, we 

utilized sodium tripolyphosphate (TPP, Sigma 

Aldrich, India), glacial acetic acid (Qualigens), 

and 95% china made ethanol. Because of its 

surfactant properties, polyvinyl alcohol (PVA) 

was used. All reagents were of analytical grade 

and used without further purification. 

Ionic Gelation Approach for the 

Synthesis of Polymeric Nanoparticles 

Loaded with Idronoxil 

Polycaprolactone (PCL) was stirred 

overnight in 1% acetic acid to dissolve it 

completely. The pH of the solution was adjusted 

to 4.7 by adding sodium hydroxide (2M) 

solution dropwise under continuous stirring. 

The resulting PCL solution was filtered using a 

0.45 µm membrane filter to remove impurities. 

Separately, 2% polyvinyl alcohol (PVA) 

solution was prepared in distilled water and 

heated to 60°C to ensure complete dissolution. 

After dissolving the idronoxil in 5 ml of ethanol, 

30 ml of the filtered PCL solution was added 

while being stirred magnetically to ensure even 

dispersion. The PCL-drug solution was then 

added dropwise to the PVA solution while 

maintaining magnetic stirring. Following this, 

15 ml of sodium tripolyphosphate (TPP) 

solution was introduced as a crosslinking agent, 

and the mixture was stirred at varying rates to 

facilitate nanoparticle formation. The 

unencapsulated drug, excess PVA, and 

dissolved PCL were removed by centrifugation 

at 12,000 rpm for 20 minutes using a cooled 

centrifuge. To prepare the resultant 

nanoparticles for additional study, they were 

rinsed with distilled water, then freeze-dried, 

and then placed in a vacuum desiccator [10]. 

Optimization of Nanoparticles by Box-

Behnken Design 

An experimental methodology was 

employed to examine critical process 

parameters (PCL concentration, (A); PVA 

concentration, (B); and organic phase (C)) to 

elucidate the impact of independent variables 



on key characteristics of quality (particle size, 

zeta potential, and entrapment efficacy of 

Idronoxil). The Design Expert program 

employed the Box-Behnken design within the 

response surface methodology (RSM) model, 

restricting the overall design to 17 runs. Table 1 

enumerates the three tiers of independent 

variables (+1, 0, and -1) alongside essential 

process and material parameters that influence 

the final nanoparticle outcome. Polynomial 

formulas and 3-D surface plots were employed 

to evaluate independent variables influencing 

essential quality aspects. 

Table 1. Essential Process Parameters that Affect Many Essential Quality Aspects 
 

Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3 

Run A: PolyCaprolactone 

(PCL) 

B: Surfactant 

(PVA)  

C: Organic 

Phase 

PS ZP EE  

 

% % % nm mV % 

1 10 0.5 10 639 -4.3 63 

2 5.5 0.5 15 327 -7.2 79 

3 5.5 0.75 20 539 -13.7 71 

4 1 0.5 10 106 -2.9 91 

5 1 0.25 15 127 -8.6 91 

6 5.5 0.5 15 327 -7.2 79 

7 1 0.5 20 92 -12.3 91 

8 5.5 0.25 20 334 -7.6 82 

9 5.5 0.75 10 467 -3.8 62 

10 10 0.75 15 628 -5.2 91 

11 5.5 0.5 15 327 -7.2 79 

12 5.5 0.5 15 327 -7.2 79 

13 1 0.75 15 114 -2.4 99 

14 10 0.25 15 428 -4.3 86 

15 5.5 0.25 10 580 -8.6 56 

16 5.5 0.5 15 327 -7.2 79 

17 10 0.5 20 223 -13.7 82 

The study's results suggest that the use of the 

Box-Behnken framework of the response 

surface methodology (RSM) model will 

significantly facilitate the production of 

Idronoxil-loaded PCL nanoparticles. 

Characterization of Nanoparticles 

Drug Polymer Incompatibility Studies using 

Fourier Transform Infrared Spectroscopy 

(Ftir) & Differential Scanning Calorimetric 

Analysis (Dsc) 

The specimens were examined using KBr 

pellet method and analyzed on a Nicolet 520P 

FT-IR spectrometer with a 4000 – 500 cm-1 

range. The DSC analyses were used to 

determine drug's compatibility with excipients. 

DSC 60, Shimadzu, Japan, was used to analyze 

pure drug and a 1:1 ratio mixture of drug and 

excipient. Samples 5 mg was carefully weighed 

and transferred into an aluminium pan was 

heated and crimped non-hermetically at a rate 

of 10⁰C per minuets in sealed aluminium pans 

between 25°C and 600.0 °C under nitrogen 

atmosphere [11]. 

Morphology Study of Nanoparticle 

Scanning electron microscopy (SEM) was 

used to examine the morphology character of 

the synthesized nanoparticles (SEM; JEOL 

JMS-6390 apparatus) [12]. A carbon coating 



was applied to the samples to improve electron 

beam conductivity. Electron beam that passes 

through into the nanoparticle sample generates 

a raster of signals gives the information about 

the sample morphology and other 

characteristics. 

Particle Size & Zeta Potential Analysis 

A Nano Particle size analyzer with a 

maximum output of 4 mW and a measurement 

accuracy of 0.12 m/Vs was employed to assess 

the surface charge of aqueous systems, utilizing 

NIST SRM1980 reference standard material. 

The Henry equation was employed in the Zeta 

Potential series to compute the zeta potential 

following the assessment of the particle surface. 

𝑈𝐸 = 2𝜀𝑍𝑓 (𝑘𝑎) / 3𝜂. 

Determination of Encapsulation 

Efficiency 

By determining the number of unentrapped 

drugs, the number of drugs entrapped within 

the nanoparticles was studied indirectly. As 

previously stated, the nanoparticle was 

centrifuged, then supernatant solution 

containing the free, un-encapsulated drug was 

collected, diluted by methanol, analyzed by 

HPLC analysis. 

Entrapment Efficiency (%) = (total drug-

free drug)/total drug × 100. 

Drug Content 

Encapsulation efficiency (EE) of Idronoxil 

nanoparticle (50mg) was dispersed in ethanol, 

vortexed for 5 min and centrifuged by 

ultracentrifugation at 20,000rpm at 4°C for 

30min. The developed HPLC method 0.1% 

phosphoric acid: acetonitrile with flow rate, 

1mL/min, with C18 reverse phase column and 

the UV detector set at Idronoxil (247 nm) was 

used to estimate and validate the free amount of 

Idronoxil in the supernatant. The following 

equation is used to calculate DC for prepared 

nanoparticles:  

Drug Content (%) = (total drug-free 

drug)/weight of NPs × 100. 

In Vitro Drug Release  

The drugs-loaded nanoparticles (50 mg) 

were dispersed in 900 ml of phosphate buffer at 

pH 7.4 with a bath temperature was 37±2°C and 

a rotation speed of 100 rpm for 24 hours. 1 mL 

of samples were extracted at intervals of time 

set in advance (0, 1, 2,3,4,6,8,10 hrs) and 

replaced with an equal volume of freshly 

prepared buffer solution at time intervals. The 

drug concentration was measured using HPLC 

analysis and calculated using the calibration 

curve methodology. 

Stability Testing 

The Idronoxil nanoparticles were placed in 

borosilicate glass vials and sealed, then stored 

for 90 days at room temperature (40°C 2°C, % 

RH±5 % RH). For 30-, 60- and 90-days samples 

were analyzed for drug release, content 

uniformity of the drug and any physical 

changes. 

In vitro Cytotoxicity Study (MTT Assay) 

The MTT assay was employed to assess in 

vitro cytotoxicity. The HepG2 cell line was 

obtained from the National Cell Repository of 

NCCS (Pune, India) and subsequently cultured 

in our laboratory for further in vitro tests [13]. 

The 96-well plates contain Roswell Park 

Memorial Institute Medium (RPMI) 1640, 10% 

fetal calf serum (FCS), and are maintained at 

5%±0.5 CO2 and 37°C±0.05. Cells were 

administered drug-loaded nanoparticles at five 

distinct concentrations: 6.25 μg/ml, 12.5 μg/ml, 

25 μg/ml, 50 μg/ml, and 100 μg/ml. All samples 

include a DMSO content below 0.1 percent. 

The MTT reagents were present in all cells and 

were retained for four hours. The cells produced 

a vivid blue formazan product in a safety 

cabinet. Subsequently, it was dissolved in a 

DMSO solution, and a plate reader was 

employed to measure the absorbance at 550 nm 

[14, 15]. The subsequent formula was 

employed to ascertain the viability percentage: 



Sample abs/Control abs multiplied by 100 

equals the viability percentage. 

Results 

Factorial Design 

Stable droplets of polycaprolactone (PLC) 

polymeric solution were generated through the 

ionic gelation process in both the inner and 

outer phases, which consisted entirely of water. 

The organic phase was removed from the 

solvent mixture during evaporation. The 

minimum particle size, constrained particle size 

distributions, and appropriate zeta potential 

were the factors that facilitated adequate drug 

loading capacity [16]. This study examines the 

effects of PCL concentration (%), PVA 

concentration (%), and organic phase as 

independent factors on various critical quality 

metrics, including particle size (nm), zeta 

potential (mV), and entrapment efficacy of 

Idronoxil (%). Independent variables were 

computed for the quadratic models. Substantial 

values were identified when the model's 

variables had p values > 0.05. 

Impact of Independent Factors on 

Idronoxil-Loaded Polycaprolactone 

Nanoparticles 

Particle Size 

The following is the quadratic equation 

created for the response for Idronoxil-PLC-NPs: 

PARTICLE SIZE (A) = 

327.00+184.87A+34.88B-75.50C+53.25AB-

100.50AC+79.50BC-

108.88A2+106.12B2+46.88C2. 

The ANOVA analysis indicates that 

significant model terms for response A are 

attributed to the independent variables and their 

interaction effects, with a p-value of less than 

0.0001 (Table 2). Table 3 presents the values of 

adjusted R², anticipated R², and sequential P-

value for the particle size of nanoparticles, zeta 

potential, and encapsulation efficacy of 

Idronoxil. 

Table 2. ANOVA for a Quadratic Particle Size Model 

Source 
Sum of 

Squares 
df Mean Square F-value p-value  

Model 5.075E+05 9 56388.76 32.43 < 0.0001 significant 

A-PolyCaprolactone 2.734E+05 1 2.734E+05 157.27 < 0.0001  

B-Surfactant (PVA) 9730.13 1 9730.13 5.60 0.0499  

C-Organic Phase 45602.00 1 45602.00 26.23 0.0014  

AB 11342.25 1 11342.25 6.52 0.0379  

AC 40401.00 1 40401.00 23.24 0.0019  

BC 25281.00 1 25281.00 14.54 0.0066  

A² 49910.59 1 49910.59 28.71 0.0011  

B² 47421.12 1 47421.12 27.28 0.0012  

C² 9251.64 1 9251.64 5.32 0.0544  

Residual 12170.25 7 1738.61    

Lack of Fit 12170.25 3 4056.75    

Pure Error 0.0000 4 0.0000    

Cor Total 5.197E+05 16     



Table 3. Summary of Various Quadratic Parameters 

Response Adjusted R2 Predicted R2 Sequential P-value 

Particle size  0.9465 0.6253 0.0009 

Zeta potential 0.7573 -0.6988 0.0893 

EE  0.8474 -0.0684 0.0010 

In the current study, reduced PVA 

concentration causes nanoparticles to aggregate, 

grow in size, and become unstable. 

Nevertheless, elevated PVA concentrations 

guarantee that the emulsion's external phase 

exhibits increased viscosity. Consequently, an 

increased particle size. Consequently, 

increasing PVA concentrations from 1% to 

1.5% has a greater effect on particle size than 

boosting PVA concentration from 0.5% to 1%. 

The particle size had been greatly reduced by 

1%. The range of the PCL concentration (1 to 

3%) had substantial influence on particle size 

(p>0.05). A rise in PCL concentration could the 

nanoparticles' particle size should be increased. 

Because of the greater polymer concentration 

Poor dispensability into an aqueous solution 

can be seen during the dispersion phase. Their 

research shown that particle size increased from 

92 nm to 639 nm as Polycaprolactone (PCL) 

concentration in nanoparticles increased. These 

are the three-dimensional response graphs of 

particle size response shown in Figs. 1a, 1b, and 

1c illustrate. 

 

1(A) 

 

1(B) 



 

1(C) 

Figure 1. Idronoxil-PLC-NPs Three-dimensional Surface Response Plots Illustrating the Impact of (A) 

Concentration of PCL and Surfactant, (B) Volume of Organic Phase and PCL, (C) Volume of Organic Phase and 

Concentration of Surfactant 

Zeta Potential 

The following is the quadratic equation 

created for the zeta potential response for 

Idronoxil-PLC-NPs:  

ZETA POTENTIAL = -7.20-

0.1625A+0.5000B-3.46C-1.78AB+0.0000AC-

2.73BC+1.0A2+0.9750B2-2.20C2. 

The ANOVA analysis results indicate that 

substantial model terms exist for the response 

zeta potential, attributed to the independent 

factors and their interaction effects. The P-value 

for the response zeta potential was calculated to 

be 0.0108 (Table 4). 

Table 4. Anova for the Model of the Quadratic Zeta Potential 

Source 
Sum of 

Squares 
Df Mean Square F-value p-value  

Model 168.43 9 18.71 6.55 0.0108 significant 

A-PolyCaprolactone 0.2113 1 0.2113 0.0739 0.7936  

B-Surfactant (PVA) 2.00 1 2.00 0.6997 0.4305  

C-Organic Phase 95.91 1 95.91 33.56 0.0007  

AB 12.60 1 12.60 4.41 0.0739  

AC 2.842E-14 1 2.842E-14 9.944E-15 1.0000  

BC 29.70 1 29.70 10.39 0.0146  

A² 5.09 1 5.09 1.78 0.2236  

B² 4.00 1 4.00 1.40 0.2753  

C² 20.38 1 20.38 7.13 0.0320  

Residual 20.01 7 2.86    

Lack of Fit 20.01 3 6.67    

Pure Error 0.0000 4 0.0000    

Cor Total 188.44 16     



A higher negative zeta potential ensures the 

stability profile of the formulation. An 

increased PCL concentration may lead to a 

more negative zeta potential. The situation 

arises because Polycaprolactone (PCL) is 

fundamentally an anionic polymer. However, it 

was also acknowledged that increased PVA 

concentrations elevated negative zeta potential. 

The zeta potential ranged from -2.4 mV to -13.7 

mV. Figures 2a, 2b, and 2c illustrate the three-

dimensional response graphs for zeta potential. 
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Figure 2. Three-Dimensional Surface Response Plots of Idronoxil-PLC-NPs Illustrating the Influence of (A) 

Surfactant and PCL Concentration, (B) Organic Volume and PCL, and (C) Organic Phase Volume and Surfactant 

Concentration. 

Encapsulation Efficacy  

The following is the quadratic equation 

created for the response for Idronoxil-PLC-NPs: 

ENCAPSULATION EFFICACY OF 

Idronoxil = 79.00-6.25A+1.00B+6.75C-

0.7500AB+4.75AC-4.25BC+13.37A2-

0.6250B2-10.62C2. 

The ANOVA analysis results indicate 

significant model terms for the response based 

on the independent variables and their 

interaction effects. The P-value for the efficacy 

of response encapsulation of Idronoxil was 

established at 0.0020 (Table 5). 

Table 5. Anova for a Quadratic Model of Idronoxil Encapsulation Effectiveness 

Source 
Sum of 

Squares 
Df 

Mean 

Square 
F-value p-value  

Model 2019.50 9 224.39 10.87 0.0024 significant 

A-

PolyCaprolactone 
312.50 1 312.50 15.14 0.0060  

B-Surfactant 

(PVA) 
8.00 1 8.00 0.3875 0.5533  

C-Organic Phase 364.50 1 364.50 17.66 0.0040  

AB 2.25 1 2.25 0.1090 0.7510  

AC 90.25 1 90.25 4.37 0.0749  

BC 72.25 1 72.25 3.50 0.1036  

A² 753.22 1 753.22 36.49 0.0005  

B² 1.64 1 1.64 0.0797 0.7859  

C² 475.33 1 475.33 23.03 0.0020  



Residual 144.50 7 20.64    

Lack of Fit 144.50 3 48.17    

Pure Error 0.0000 4 0.0000    

Cor Total 2164.00 16     

In this investigation, increasing the 

concentrations of PVA and PCL would increase 

the effectiveness of encapsulation. The 

formulation's encapsulation effectiveness 

declines as PVA and PLC concentrations are 

higher. Figs. 3a, 3b, and 3c illustrate the three-

dimensional response graphs of EE of Idronoxil. 
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Figure 3. Three-Dimensional Surface Response Plots of Idronoxil-PLC-NPs Illustrating the Influence of (A) 

Surfactant and PCL Concentration, (B) Organic Phase Volume and PCL, and (C) Organic Phase Volume and 

Surfactant Concentration. 

Determination of Optimal Formulation 

Figure 4 illustrates the specified ranges for 

each response, including both input and 

outcome variables. The overall aesthetic appeal 

of the design was assessed at 0.939. Optimal 

nanoparticles should exhibit minimal particle 

size, enhanced encapsulation, and elevated 

anionic zeta potential. The design was 

established using permselective standards. The 

connection the optimized batch, actual 

responses, and anticipated values were shown 

in Table 6. 

 

Figure 4. Process Optimisation by Desirability Approach. 



Table 6. Experimental and Predicted Value of Idronoxil Loaded PCL Nanoparticles 

Input variables Response variables Experimental values Predicted values 

PLC concentration (%) Particle size(nm) 97.3 92.002 

PVA concentration (%) Zeta potential(mV) -6.41 -6.41634 

Organic phase (%) 
Encapsulation efficacy of 

Idronoxil (%) 
97.8 97.8205 

Drug Polymer Incompatibility Studies 

FT-IR Spectroscopy 

The interaction between Idronoxil, and 

Polymeric was investigated using Fourier 

transform Infrared Spectroscopy and the KBr 

disc method. FT-IR spectrophotometer has been 

used to capture spectra for Idronoxil, PCL, and 

a physical mixture of Idronoxil and the 

polymers PCL in a 1:1 ratio at a scanning range 

of 400-4000cm-1 (PerkinElmer, Spectrum 2, 

USA) [17]. 

The FTIR spectra of Idronoxil combined 

with PCL were comparable to those of 

Idronoxil, showing that no chemical 

interactions between Idronoxil and PCL 

occurred under the conditions tested. In Figure 

5, Idronoxil characteristic OH stretching 

vibration may be seen as a slight shoulder at 

3424.46 cm-1. Figure 6 show the FT-IR spectra 

of PCL polymer. The alcohol (OH stretching) 

vibration was recorded at 3421.53 cm-1 in the 

FTIR spectra of Idronoxil combined with PCL 

(Figure 7). 

 

Figure 5. IR Spectrum of Idronoxil 

 
Figure 6. IR Spectrum of PCL 
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Figure 7. IR Spectrum of Idronoxil Loaded PCL Nanoparticles. 

DSC Analysis 

The DSC analysis was examining the drug's 

compatibility with the excipients. The 

colorimetry gives information on the 

biomolecule's stability, including its physical 

and chemical properties, as it analyses 

temperature and changes into nanoparticles 

temperature variation in the material's phase 

transition, As a result, the interplay between 

excipients and drug. The elimination of 

biomolecules can be used to conclude 

development of new peaks at almost the same 

time. However, the appearance and geometry of 

the prior peaks are different. The peak in 

response to small changes in temperature, area, 

and enthalpy [18, 19]. 

For Idronoxil (figure 8) appearance of a 

sharp endothermic peak at 156⁰C was observed 

the fundamental endothermic peak at 166.89⁰C 

corresponding to its melting point, whereas 

PCL thermogram depicted a comparatively 

broad endothermic peak at 176⁰C (figure 9). 

 
Figure 8. DSC Thermogram for Idronoxil 

 
Figure 9. DSC Thermogram for Idronoxil PCL Nanoparticles 
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Characterization of Idronoxil Loaded 

PCL Nanoparticles 

The SEM showed that the improved 

nanoparticles had a spherical form (Figure 10). 

The average particle size of nanoparticles was 

found to be 97.3 nm. The particle size 

distribution for improved Idronoxil-PCL-NPs 

is shown in figure 11. Zeta and the 

polydispersity index potential were both 

determined to be at -6.41 mV in figure 12. The 

uniform particle dispersion and elevated 

physical stability of the delivery mechanism are 

evidenced by the low polydispersity index and 

the negative Zeta potential value [20]. 

 

Figure 10. SEM Image of Idronoxil Loaded PCL Nanoparticles 

 

Figure 11. Dispersion of Particle Size of Idronoxil Loaded PCL Nanoparticles 



 

Figure 12. Zeta Potential of Idronoxil Loaded PCL Nanoparticles 

Determination of Encapsulation Efficacy 

(EE) 

The % EE has a significant impact on 

medication release as well as the overall 

efficacy of the manufacturing process. When 

PCL nanoparticles, has biocompatibility 

properties, as well as excellent control of 

encapsulated substance release. Table 7 shows 

the encapsulation efficacy of Idronoxil. Figure 

13 shows the Effect Idronoxil different 

concentrations of the encapsulation efficacy of 

PCL nanoparticles. 

Table 7. Encapsulation Efficacy of Idronoxil 

Compound Area Amt in S.Liquid EE % of EE 

Idronoxil  266368.1 8.965 0.8207 82.07 

 

Figure 13. Effect Idronoxil Different Concentrations of the Encapsulation Efficacy of PCL Nanoparticles 



In vitro Drug Release 

Diffusion, erosion, and anaerobic 

decomposition of system delivery can all lead 

to drug release. Drug release from PCL 

nanoparticles in phosphate buffer solution at pH 

7.4, after 1 day of testing the in vitro drug 

release (figure 14). These PCL nanoparticles 

can release medications in a controlled manner, 

according to in-vitro release data. 

 

Figure 14. Idronoxil Loaded PCL Nanoparticles in in-vitro Drug Release Profile 

Stability Testing 

PCL nanoparticles were kept at room 

temperature for 90 days at 40°C±5°C. For 30-, 

60- and 90-days nanoparticle samples were 

tested for drug release, uniformity drug content 

and any changes in their physical appearance 

(table 8 & figure 15). 

Table 8. Stability Study Report on the Idronoxil 

Evaluation parameter 30 days 60 days  90 days 

Colour and appearance No change No change No change 

% drug content 98.64±1.5 97.98±1.06 96.58±1.68 

% drug release 94.0. ±2.4 92.23±1.62 91.0±1.20 

 

Figure 15. Stability Study Profile of Idronoxil Loaded PCL Nanoparticles 



MTT Assay 

MTT assay used to measure cell viability. 

Cell viability of 

synthesized chitosan nanoparticles was tested 

in HepG2 cell lines at various concentrations. 

At varying concentrations of 6.25, 12.5, 25, 50, 

and 100µg/ml, the synthesized nanoparticle 

showed Cell viability was reduced in a dose-

dependent manner, with a significant difference 

between the control and test groups. When the 

drug concentration was increased from 6.25 to 

12.5 g/ml, cell diffusion improved as shown in 

figure 18. The IC50 value of the test samples 

for the production of Idronoxil PCL 

nanoparticles was 19.33 as shown in Table 9 & 

Figure 16. 

Table 9. Cytotoxicity of Idronoxil Loaded PCL Nanoparticles on HepG2 Cell Line 

SAMPLE CONCENTRATION(µg/ml) VIABILITY(%) IC50 

Idronoxil 

loaded PCL 

nanoparticles 

6.25 74.61 19.33 

12.5 59.46 

25 40.77 

50 32.71 

100 15.63 

 

Figure 16. Graphical Representations of IC50 Values of Idronoxil Loaded PCL Nanoparticles on the 

HepG2 Cell Line in MTT Assay 



 

Figure 17. Images of HepG2 Cell Line at Varied Concentration of Idronoxil Loaded PCL Nanoparticles Treated 

Cells 

Discussion 

The present study successfully optimized 

and characterized Idronoxil-loaded 

polycaprolactone (PCL) nanoparticles using a 

factorial design approach. The ionic gelation 

method effectively produced stable 

nanoparticles with desirable particle size, zeta 

potential, and encapsulation efficiency. The 

quadratic models derived from the 

experimental data demonstrated a significant 

correlation between the independent variables 

PCL concentration, polyvinyl alcohol (PVA) 

concentration, and organic phase volume and 

the key quality attributes of the nanoparticles. 

The particle size of Idronoxil-PCL 

nanoparticles ranged between 92 nm and 639 

nm, significantly influenced by the 

concentrations of PCL and PVA. A higher PCL 

concentration led to an increase in particle size, 

which could be attributed to the enhanced 

viscosity and reduced dispersibility of the 

polymeric solution. Conversely, the surfactant 

(PVA) concentration demonstrated a biphasic 

effect; increasing PVA concentration initially 

reduced particle size due to improved 

stabilization of the emulsion droplets but 

caused aggregation and particle growth at 

excessive concentrations due to increased 

viscosity. These observations align with the 

findings of previous studies where surfactant 



concentrations significantly impacted 

nanoparticle stabilization. The three-

dimensional response surface plots revealed the 

intricate interplay of independent variables, 

highlighting their combined effects on particle 

size [21]. 

The zeta potential values, ranging from -2.4 

mV to -13.7 mV, reflected the stability of the 

nanoparticles. A higher PCL concentration 

resulted in a more negative zeta potential due to 

the inherent anionic nature of PCL. Similarly, 

increased PVA concentration enhanced the 

negative charge on the nanoparticle surface, 

contributing to better colloidal stability. The 

ANOVA analysis indicated the significant 

contribution of organic phase volume to zeta 

potential, with higher volumes resulting in 

lower negative values. The observed trends are 

consistent with the electrostatic stabilization 

mechanism, where a higher absolute value of 

zeta potential ensures improved nanoparticle 

stability. The encapsulation efficiency of 

Idronoxil varied between 79% and 97.8%, with 

PCL concentration and organic phase volume 

being the most influential factors. Higher PCL 

concentrations enhanced the encapsulation 

efficiency due to increased polymer availability 

for drug entrapment. However, excessive 

polymer concentrations caused inefficient 

dispersion, leading to a decline in encapsulation 

efficiency. The interaction effects of PVA 

concentration and organic phase volume also 

played a critical role, as demonstrated by the 

response surface plots. These findings 

corroborate previous reports highlighting the 

critical balance of formulation parameters to 

achieve high encapsulation efficiencies. Using 

the desirability function approach, the 

optimized formulation was identified with 

minimal particle size, higher negative zeta 

potential, and maximum encapsulation 

efficiency. The experimental values closely 

matched the predicted outcomes, confirming 

the robustness and predictive accuracy of the 

optimization model. The overall desirability 

value of 0.939 underscores the effectiveness of 

the optimization process in achieving the 

desired formulation attributes. 

FT-IR spectroscopy confirmed the 

compatibility of Idronoxil with PCL, as no 

significant chemical interactions were observed. 

The characteristic peaks of Idronoxil remained 

intact in the physical mixture and nanoparticle 

formulations, indicating the stability of the drug 

within the polymer matrix. The characterization 

of Idronoxil-loaded PCL nanoparticles revealed 

essential insights into their morphology, size, 

stability, and encapsulation efficiency, 

demonstrating their potential as an effective 

drug delivery system. The SEM analysis 

confirmed that the nanoparticles were spherical, 

with a uniform size distribution and an average 

particle size of 97.3 nm. This nanoscale size is 

crucial for ensuring efficient cellular uptake and 

enhanced permeability. The zeta potential value 

of -6.41 mV, coupled with a low polydispersity 

index, indicates excellent colloidal stability and 

uniform dispersion of the nanoparticles, which 

are vital for maintaining their stability during 

storage and application [22]. The encapsulation 

efficiency (EE) of Idronoxil within PCL 

nanoparticles was recorded at 82.07%, as 

shown in Table 8. This high EE suggests 

effective drug incorporation, which is essential 

for reducing drug wastage and improving 

therapeutic outcomes. Figure 13 highlights that 

varying concentrations of Idronoxil affected the 

encapsulation efficiency, underscoring the 

importance of optimizing drug-to-polymer 

ratios for achieving the desired formulation 

characteristics. PCL, a biocompatible and 

biodegradable polymer, was instrumental in 

facilitating the sustained release of Idronoxil, 

enhancing its therapeutic potential [23, 24]. The 

in vitro drug release profile (Figure 14) 

demonstrated that the PCL nanoparticles 

provided a controlled and sustained release of 

Idronoxil in phosphate buffer solution (pH 7.4). 

This release mechanism, driven by diffusion, 

erosion, and biodegradation, ensures prolonged 

drug availability at the target site, potentially 

reducing dosing frequency and enhancing 



patient compliance. Stability testing of the 

nanoparticles further validated their robustness. 

Over 90 days at 40°C±5°C, the nanoparticles 

maintained their physical appearance, drug 

content, and drug release profile, with minimal 

variations (Table 8 and Figure 15). This 

stability ensures the practical applicability of 

the formulation for long-term storage and usage 

[25]. 

Cytotoxicity studies using the MTT assay 

confirmed the anticancer potential of Idronoxil-

loaded PCL nanoparticles against HepG2 liver 

cancer cells. The nanoparticles exhibited a 

dose-dependent reduction in cell viability, with 

an IC50 value of 19.33 µg/mL, as shown in 

Table 9 and Figure 17. This significant 

cytotoxic activity highlights the potential of 

these nanoparticles as an effective therapeutic 

agent for liver cancer. The dose-dependent 

nature of the cytotoxic effect indicates that 

higher concentrations of the nanoparticles were 

more effective in inducing cell death, which is 

evident from the improved diffusion and 

cellular uptake at higher drug concentrations 

(Figure 17) [26]. Overall, the results emphasize 

that Idronoxil-loaded PCL nanoparticles are a 

promising drug delivery system due to their 

excellent stability, controlled release properties, 

and potent anticancer activity. Future studies 

focusing on in vivo efficacy and detailed 

mechanistic investigations could further 

validate their clinical utility. 

Conclusion 

The present study successfully optimized 

and characterized Idronoxil-loaded 

polycaprolactone (PCL) nanoparticles, 

demonstrating their potential as a robust and 

effective drug delivery system. The application 

of a factorial design approach enabled the 

identification of optimal formulation 

parameters, achieving desirable particle size, 

high encapsulation efficiency, and excellent 

colloidal stability. The nanoparticles exhibited 

a spherical morphology with a nanoscale size 

suitable for enhanced cellular uptake and 

permeability, as well as a negative zeta potential 

that ensured stability and uniform dispersion. 

The sustained and controlled drug release 

profile, combined with robust stability under 

accelerated conditions, highlighted the 

suitability of these nanoparticles for long-term 

therapeutic applications. 

Furthermore, cytotoxicity studies revealed 

significant dose-dependent anticancer activity 

against HepG2 liver cancer cells, confirming 

the therapeutic potential of Idronoxil-loaded 

PCL nanoparticles. The findings of this study 

underscore the importance of optimizing 

formulation parameters to achieve an efficient 

and stable drug delivery system. These 

nanoparticles offer a promising platform for 

targeted and sustained drug delivery in cancer 

therapy. Future research should focus on in vivo 

studies and clinical trials to further establish 

their efficacy and safety in real-world 

applications. 
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