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ABSTRACT  

Objective: the reduced oral bioavailability of Flutamide has hindered its effectiveness as a chemotherapeutic agent for prostate cancer treatment. 
Our study aimed to enhance FLUTAMIDE in vitro cytotoxicity and oral bioavailability via its incorporation into lipid nanocarriers that contained 
solid lipid (Precirol®) alone or in combination with anti-androgenic oils such as Saw Palmetto Oil (SPO) and Pumpkin Seed Oil (PSO).  

Methods: we employed the Box Behnken Design (BBD) to optimize Flutamide-loaded nanocarriers, focusing on mean vesicular size, zeta potential, 
and entrapment efficiency.  

Results: the optimized nanovesicles exhibited dimensions of 330.2 nm, a zeta potential of -43.1 mV, and an entrapment efficiency of 66.1%. 
Morphological analysis using Transition Electron Microscope (TEM) and Scanning Electron Microscope (SEM) confirmed the spherical shape of the 
nanovesicles. Differntial Scanning Calorimetry (DSC) thermograms and X-ray diffractograms indicated decreased crystallinity of encapsulated 
Flutamide compared to free Flutamide. In vitro cytotoxicity studies demonstrated enhanced effects against prostate cancer cells (PC-3) for 
optimized Flutamide-loaded nanocarriers containing the 2 anti-androgenic oils over both nanocarriers containing no oils and free Flutamide 
suspension. In vivo pharmacokinetic analysis in male rats showed increased oral bioavailability for flutamide-loaded nanocarriers with Cmax values 
of 559.35±41.79 ng/ml and 670.9±24.61 ng/ml for different formulations compared to the free flutamide suspension with a Cmax value of 
281.4±94.33 ng/ml. 

Conclusion: These findings support FLUTAMIDE oral bioavailability improvement through nanocarriers encapsulation, advocating its utilization in 
prostate cancer therapy and approving the additive anti-androgenic effect after its combination with SPO and PSO. 
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INTRODUCTION  

Benign Prostatic Enlargement (BPE) is described as a hypertrophy 
of both epithelial and stromal cells in the prostate gland transitional 
zone that leads toward the expansion of the prostate gland [1]. The 
related pathophysiologic mechanisms in the progress of BPE and its 
advanced state Prostate Carcinoma (PCa) include age-correlated 
enhanced 5α-reductase conversion of testosterone into the highly 
active DiHydroTestosterone (DHT) that lead to unrestrained 
proliferation of the prostate gland cells through their action on 
androgenic receptors [2, 3]. In the management guidelines of 
hormone-responsive neoplasms like the prostatic one, androgen 
receptor antagonists like flutamide (flutamide) are thought to play a 
generous role [4]. 

FLUTAMIDE is a first-generation non-steroidal anti-androgenic 
agent taken orally for treating both BPE and progressive PCa. 
Similarly, it acts on androgen receptors, competitively blocking the 
interaction of both testosterone and dihydrotestosterone with the 
receptors [5]. In accordance with the Biopharmaceutical 
Classification System (BCS), flutamide is considered a class II drug 
with slight solubility in water and, therefore, reduced wettability [3, 
6]. Accordingly, an innovative flutamide-containing carrier is 
mandatory to  enhance solubility, permeability, and escape first 
hepatic metabolism, therefore improving bioavailability via 
increasing drug concentration at absorption sites;  target 
flutamide exclusively to the prostatic tissue without causing harm to 
other organs [7–9]. Additionally, combining flutamide with herbal 
remedies may add value to the outcomes by decreasing the dose of 
flutamide needed and lowering the potential for adverse effects [10]. 
Patients have access to a wide range of herbal treatments for this 
indication. They most frequently contain phytosterols, lectins, and β-

sitosterol as their active ingredients. Two widespread herbal 
treatments are PSO and SPO [11].  

The Cucurbitaceae family includes the pumpkin (Cucurbita pepo 
species) [10, 12]. PSO has been consumed in traditional European 
medicine to treat BPE alone or in conjugation with saw palmetto due 
to the inhibitory effect of the 5-alpha reductase enzyme that 
participates in the formation of DHT from testosterone in the 
prostatic tissue, which has a major enlarging effect on the tissues. 
Accordingly, it can be concluded that PSO might be a new 
therapeutic option for treating BPE [10, 12, 13]. 

Notwithstanding the established contribution of PSO in BPE, the 
species Serenoa contains one genus, Serenoa repens, often known as 
saw Palmetto oil or SPO, a part of the Arecaceae palm tree that 
originates on the southern coast of the USA [2, 13]. SPO used as a 
treatment for BPE symptoms due to anti-androgenic effect via 
blocking the formation of DHT that is considered the potent 
metabolite of testosterone through inhibition of 5-alpha reductase 
enzyme and also prevent binding DHT with its androgenic receptors 
[14, 15]. 

Lipid-based NanoParticles (LNPs) are among the most popular 
nano-transporters and have several benefits due to their low 
toxicity, excellent compatibility with biological systems, and 
controlled drug release profiles [16-19]. lNPs can be employed to 
successfully enhance the solubility, stability, and safety of several 
medications being incorporated into them [20]. Solid lipid 
Nanoparticles (SLNs), Nanostructured lipid Carriers (NLCs), lipid 
nano-capsules, and other lNPs have all been used recently in 
research [21]. Solid lipids make up the majority of SLNs, such as 
high-melting-point glycerides or waxes, which replace the liquid 
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lipids used in emulsions. SLN is regarded as the first generation of 
lipid nano-transporters; their matrix can tightly bind drugs, prevent 
their degradation, and achieve controlled drug release. However, 
they continue to have some drawbacks, including restrictions on 
drug loading capacity and drug expulsion during storage. As a result, 
the NLC, a new and improved generation of lipid NPs, was developed 
[16, 22–24]. 

NLCs are thought to be an evolution of the original SLNs because of 
their unique structure, which preserves solid lipids from being 
recrystallized and, therefore, provides a more stable system on the 
thermodynamic level that improves drug accommodation to boost 
drug packing capacity and prevent its ejection. Three categories of 
NLCs have been described: (I) imperfect type, (II) amorphous type, 
and (III) multiple type [23, 25].  

In forming lNPs, such as SLNs, NLCs, and other drug cargo systems, 
experimental designs are considered an efficient and potent tool 
because they make it possible to examine many variables at once in 
a few number of experimental runs [26, 27]. Response surface 
approach is widely used, greatly replacing the tedious one-factor-at-
a-time approach. Based on a collection of mathematical and 
statistical techniques, it simulates and analyzes formulation 
problems [28, 29]. This method's primary goal is to optimize the 
response surface affected by different process factors and determine 
the relationship between the acquired response surfaces and the 
adjustable input parameters [28]. BBD is one of the response surface 
designs that is a 2nd order rotatable or nearly rotatable based on a 
three-level incomplete factorial design that can be used for 
investigating quadratic response surfaces and also produces a 2nd 
degree polynomial model that can be utilized to optimize a process 
with a limited number of trials by decreasing the number of 
experimental runs. BBD not only spares time but also saves the 
experiments' cost [30, 31].  

This study aims to formulate different types of enhanced stable 
flutamide-loaded lipid nanotransporters; one with spatially varied 
solid lipid only (Precirol®) and the other using solid lipid in addition 
to two different liquid lipids having enhanced BPE activity (PSO and 
SPO) for enhancing the solubility, and therefore the bioavailability of 

flutamide against prostate cancer using BBD for optimization of the 
different process parameters.  

MATERIALS AND METHODS 

Materials 

Flutamide was kindly donated to us by Sigma for Pharmaceutical 
Industries (Qwesna, Egypt). Precirol ATO5® was kindly donated as a 
gift sample from Gattefosse (Saint-Priest, France). Saw palmetto oil 
was gifted to us by Jamjoom Pharmaceuticals Co. (Jeddah, Saudi 
Arabia). Pumpkin seed oil was purchased from Imtenan for 
nutritional and healthy products (Cairo, Egypt). Chloroform HPLC 
was purchased from Central Drug House ltd. (New Delhi, India). 
Absolute HPLC Methyl alcohol was acquired from VWR International 
(Paris, France). Dimethyl sulfoxide, 3-(4, 5-dimethylthiazol-2-yl)-2, 
and 5-diphenyltetrazolium bromide salt (MTT) were obtained from 
Sigma-Aldrich Company (St. louis, MO, USA). Potassium phosphate 
dibasic anhydrous, Tween 20, and soya lecithin were obtained from 
loba Chemie (Mumbai, India). Orthophosphoric acid was purchased 
from Piochem (Cairo, Egypt).  

Design of experiment 

A 33-BBD was used to optimize different variables in formulation of 
FLUTAMIDE-loaded nanocarriers (NCs). Three independent 
variables are selected to be liquid lipid percentage from total lipid 
(X1), Surface Active Agent (SAA) concentration (X2), and lecithin 
concentration (X3) to investigate their outcome on the designated 
dependent variables. Our objectives are to minimize mean vesicular 
size (Y1) while maximizing both the Zeta Potential (ZP) (Y2) and 
entrapment efficiency (Y3). A description of the different variables, 
with their levels, and the designated responses are revealed in table 
1. A total of 15 experimental trials were generated with triplicate 
center points. According to BBD, the components of the generated 
flutamide-loaded nanocarriers are revealed in table 2. ANOVA was 
used as a statistical test to analyze the significance of factors, effects, 
and interactions between them via Statgraphics® Centurion XV 
software, version 15.2.05, (StatPoint, Inc., Warrenton, VA, USA), 
where the mathematical relations were elucidated as polynomial 
equations.

 

Table 1: Dependent and independent variables of BBD of flutamide-loaded nanocarrier 

Independent variables (Factors) Levels Units 
Low (-1) Medium (0) High (+1) 

X1: liquid lipid percentage from total lipid 0 15 30 % 
X2: Surfactant concentration 0.5 1 1.5 % 
X3: lecithin concentration 0 50 100 mg 
Dependent variables (Responses) Units Goal 
Y1: mean particle size nm Minimize 
Y2: Zeta potential mV Maximize 
Y3: Entrapment efficiency % Maximize 

 

Preparation of flutamide-loaded nanocarriers 

The hot emulsification-sonication method was employed to prepare 
flutamide-loaded and blank nanocarriers [19, 32]. A total amount of 
lipid, including both solid and liquid lipids, is chosen to be 390 mg, of 
which the liquid lipid ratio may be (0, 15, or 30%, i. e., 0, 58.5, or 117 
mg/formula); the liquid lipid is added in a ratio (1:1) of both SPO 
and PSO. The drug is added in a fixed amount (10 mg/formula) to all 
15 formulations. The lipids, lecithin, and flutamide are adequately 
dissolved in 30 ml of a mixture of chloroform and methanol (1:1) in 
a 250 ml round bottom flask. Organic solvents were then entirely 
evaporated using a rotary vacuum evaporator, Büchi-M/HB-140 
(Flawil, St. Gallen, Switzerland), run at 50 rpm for 25 minutes to 
produce a drug-embedded-lipid thin layer. Then, the drug-loaded 
lipid layer was melted in a water bath heated to 75 °C. The aqueous 
phase consisted of 10 ml of tween 20 solution (prepared by 
dissolving tween 20 according to each conc. in double-distilled 
water) and heated to the same temperature as molten lipids, then 
added dropwise to the melted lipids with continuous stirring at 
3000 rpm and a temperature maintained at 75 °C. Finally, the 

produced suspension was sonicated at 75 °C for 5 minutes at 20 kHz 
and refrigerated at 8°C. Each formulation was prepared by changing 
the experiment factors, as shown in table 2, and the blank of each 
formula was also prepared using the same method but without 
adding the drug. 

Characterization of flutamide-loaded nanocarriers 

Entrapment efficiency % determination 

The entrapment efficiency percentage was determined using the 
direct method. The un-entrapped flutamide was separated from 1 ml 
of the formulated suspension via centrifugation using a cooling 
centrifuge (Centurion Scientific ltd., Stoughton, UK) for 2 h at a 
temperature of around 4 °C with a force of 15,000×g. Then, the 
supernatant was discarded, and a washing cycle was applied in 
order to ensure that there was no longer free flutamide in the gaps 
between the particles via rinsing the pellets with double-distilled 
water, then re-centrifuged again after being redispersed with a 
vortex mixer. After that, in order to release the drug that had been 
trapped, the residue was ruptured by adding a 1:1 mixture of 
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methanol and chloroform, then sonicated until a clear solution was 
obtained, which was then detected spectrophotometrically at 
wavelength 302 nm using a Jasco V-630, UV-visible 
spectrophotometer (Tokyo, Japan) [9]. A drug-free nanocarrier was 
treated with the same technique and used as a blank in the 
measurement. EE% was done as follows: [33, 34].  

EE% =
Amount of entrapped flutamide

Total amount of flutamide added in the formulation
x100 …. (Eq. 1) 

Measurement of the mean vesicular size and particle surface 
charge 

All formulations (F1-F15) were diluted 15 times with double-distilled 
water before being measured, then subjected to a probe sonicator 
for one minute to eradicate air and fragment any clumps of particles 
[27, 32]. Then, using a Dynamic laser light Scattering (DLS) on a 
Zetasizer Nano ZS (Malvern Instruments, UK), the PolyDispersity 
Index (PDI), particle's surface charge (mV), and mean nanoparticle 
diameter (nm) of flutamide-loaded nanocarrier for all formulations 
were determined at 25 °C with a scattering angle of 90°.  

Prediction, preparation, and assessment of the optimal formula 

BBD was successfully applied using Statgraphics software, and the 
trials were created by choosing the input factors with their suitable 
levels. After the multifarious response optimization, the optimized 
flutamide formula was predicted based on the obtained results for 
each response (Y1–Y3). It was then prepared and evaluated three 
times for each response (Y1–Y3) to ensure that the predicted and 
measured Optimized Formula (OF) responses were authentic. 
Additionally, another formula was prepared with the same amounts 
of the optimized formula but Without addition of liquid lipids (WL) 
to assess if there are any additive effect of the PSO and SPO when 
they have been combined with flutamide.  

Transmission electron microscopy  

Utilizing a transmission electron microscope (Jeol: JEM-2100, Tokyo, 
Japan), it was possible to measure the NCs size precisely and 
distinguish between OF and WL via visualization of their 
morphologic structures. To enable a flawless assessment of the 
generated NCs, both OF and WL were diluted significantly with 
double-distilled water to an appropriate strength. Then one drop of 
the diluted suspension was put on a grid coated in carbon (C12) and 
allowed to sit for a minute to allow some of the particles to adhere to 
it. The extra dispersion was then wiped away with a piece of filter 
paper. Then the sample was smeared with one drop of 1% 
phosphotungstic acid solution, and any excess was removed with 
filter paper. The material was allowed to dry in the air before being 
examined under an electron microscope [35, 36]. 

Lyophilization and physical characterization of flutamide-
loaded nanocarriers 

Aqueous dispersions of OF and WL nanocarriers were iced overnight 
in a freezer at an ultra-low temperature of-80°C (WUF-25, Daihan 
Scientific Co., ltd., Korea). Then, a lab freeze-dryer (Christ Alpha 2-4 lSC 
Basic, Germany) was utilized to lyophilize the samples using mannitol 
as cryoprotectant. The freeze-drying was conducted for 24 h. 

Morphological study  

Droplets of undiluted OF were applied on an aluminum specimen 
stub, and the sample was then allowed to dry overnight. Then the 
Sample was gold sputtered for 5 min before examination and then 
imaged by a scanning electron microscope (ZEISS-EVO 15, UK) run 
at an accelerating voltage of 25 kV to explore the surface structure of 
lyophilized OF [28]. 

Differential scanning calorimetry (DSC) 

Differential scanning calorimetry model DSC 6 (PerkinElmer, USA) 
was used to record thermograms of Precirol ATO5, lecithin, 
FLUTAMIDE, and also their physical mixture, OF, and WL to 
scrutinize the physical state of FLUTAMIDE inside the lyophilized 
NCs as well as observe its compatibility with the other formulation 
components. Samples (around 3 mg) were subjected to heating in a 
temperature range of 30-300 °C at 10 °C per min in a nitrogen 

environment with a flow rate of 20 ml per minute in locked 
aluminum pots with a similar vacant pan was used as a reference. 
The instrument was occasionally standardized with indium [19, 37]. 

X-ray diffraction (XRD) analysis  

A modern diffractometer (Bruker, D8 Advance, Germany) with Cu 
Kα1 radiation (λ = 1.54060) at 40 kV and 40 mA between 5° and 80° 
(2θ) at room temperature, with a step size of 0.05° and a scan speed 
of 1°/min, was used to detect X-ray diffractograms for pure 
flutamide, lyophilized OF, and lyophilized WL [19]. 

Cell culture and cytotoxicity assay (MTT) 

Cancer cells from two distinct cell lines (PC-3 and VERO) were 
bought from the American Type Culture Collection (Manassas, VA, 
USA) and grown up on Roswell Park Memorial Institute medium 
(RPMI 1640) enriched with 1% of 0.1 g/ml streptomycin, 0.1 
units/μl of penicillin, and 10% of heat-deactivated fetal bovine 
serum in a moistened, 5% (v/v) CO2 atmosphere at 37 °C. Then, cells 
from the two cell lines were subjected to exponential proliferation 
and then treated with the trypsin enzyme to detach adherent cells 
from the vessel in which they were being cultured; after that, they 
were counted and distributed into ninety-six well microtiter plates 
with a density of five thousand cells/0.33 cm2 of well. At that time, 
cells were incubated for one day in a humid atmosphere at 37 °C to 
develop a complete monolayer sheet. Subsequently, cells were 
subjected to varying concentrations (0.1, 10, 100, and 1000 µM) of 
the three formulas: OF, WL, and Free Flutamide Suspension (FDS) 
for two successive days to detect the viability of treated cells via 
MTT technique as follows: after decantation of the excess media 
from 96-well microtiter plates, 0.2 ml 5% MTT solution (Sigma 
Aldrich, MO, USA) was added per well to the cells for incubation, 
then the cells are permitted to convert the dye into a colorful, 
formazan crystal (insoluble) for four hours, subsequently discarding 
the leftover MTT solution from each well, 0.2 ml of DMSO per well 
was used to dissolve the formazan crystals. Finally, via an Epoch-2c 
plate reader (Biotek, Winooski, VT, USA), absorbance was measured 
at 570 nm. GraphPad Prism version 10 software (Graph Pad 
Software Inc., San Diego, CA, USA) was used to calculate the 
Concentration that causes 50% Inhibition of cell proliferation (IC50) 
and to express the cell viability as a percentage of control [38, 39]. 
The IC50 values of different groups were compared statistically using 
a Statistical Package for Social Sciences (SPSS) software using a one-
way Analysis Of Variance (ANOVA) followed by Tukey's range test, 
as shown in table 4. 

In vivo pharmacokinetic study on male rats 

protocol 

The in vivo pharmacokinetic study was conducted in compliance 
with the protocol approved by the Cairo University Faculty of 
Pharmacy's Animal Ethical Committee (PI 3107), using male 
Sprague-Dawley rats weighing an average of 300±25 g. The rats 
were housed at normal conditions of temperature, humidity, and 
light (12 h of light/dark alternations) in cages made of plastic with a 
mesh cover that allow free access to standard laboratory diet and 
water. The rats were allocated into three groups of six (groups I, II, 
and III) and given a single oral dose of 26 mg/kg of OF, WL, and FDS, 
respectively, following a one-night fast from food and unrestricted 
access to water [9]. Glycerin and 0.2% gum tragacanth were 
combined with deionized water to prepare a free flutamide 
suspension [26]. 

Samples collection and storage 

Using K-EDTA-containing tubes (VACUTECH, Egypt), blood was 
withdrawn from the rat's retro-orbital plexus in samples of 0.5 ml 
each at predefined periods (0, 15, 30, 60, 120, 240, 360, and 480 
minutes). The plasma was then separated through centrifugation of 
the collected blood at 5000 rpm for 15 min using a cooling 
centrifuge (Centurion Scientific ltd., Stoughton, UK), followed by 
their storage at-80 °C using an ultra-low-temperature freezer (WUF-
25, Daihan Scientific Co., ltd., Korea) until further High Performance 
liquid Chromatography (HPLC) analysis using the modified HPLC 
method previously described [9, 37, 40]. 
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Plasma samples treatment and HPLC assay 

A constant amount of plasma (0.25 ml) was treated with the 
addition of methyl alcohol in a ratio of 1:2 to precipitate the soluble 
plasma proteins before injecting the supernatant into the HPLC 
column. After adding methanol, the solution is mixed in a vortex 
mixer (Paramix II, Julabo labortechnik GmbH, Seelbak, Germany) for 
one minute followed by centrifugation at 10,000 rpm for twenty 
minutes. Finally, 0.1 ml of the clear supernatant was introduced onto 
HPLC column RP-18, a 250 x 4.6 mm column (Xterra, Milford, MA, 
USA) of the HPLC apparatus (Waters Alliance 2695, Milford, MA, 
USA) equipped with a Photo Diodo Array (PDA) detector for 
assaying the exact amount of flutamide in each sample. The entire 
run and retention times were approximately 8 and 6.5 minutes, 
respectively, at 302 nm using a mobile phase involving methanol 
and water in a ratio of 70:30 (v/v) at a flow rate of 1 ml/min. A 
calibration curve was constructed by plotting the peak area against 
concentration, which produces a linear relation with R2>0.9996 over 
the concentration range of 100–4000 ng/ml. Utilizing the non-
compartmental method of analysis, PK Solver software was used to 
calculate the different parameters. 

RESULTS AND DISCUSSION 

Design of experiment (BBD) then optimization of flutamide-
loaded nanocarriers via response surface methodology (RSM)  

Based on literature and preliminary studies, the main factors 
affecting NLC formulation are:  solid lipid (Precirol 
ATO5®)because of the highly porous structural properties that 
formed via mono-, di-, and triglyceride esters (mainly diglycerides) 
of palmitic and stearic acids which facilitate better drug 

accommodation and improve its solubility [41];  liquid lipids; 
selected to SPO and PSO due to their significance effect in the 
management of BPE [10];  surfactant; tween 20 is chosen due to its 
greater solubility improvement effect on flutamide [7]; and  co-
surfactant; lecithin is chosen because of a good particle stabilizing 
properties [42, 43]. 15 flutamide-loaded formulations have been 
prepared in our study in accordance with BBD recommendations. 
Flutamide was successfully incorporated into lipid NTs as a drug cargo 
to improve its solubility and oral bioavailability. The BBD is 
considered one of the popular experimental designs that is suitable for 
investigating quadratic response surfaces and generates a second-
degree multinomial model, which in turn is used in optimizing a 
process using a small number of experimental runs in comparison to 
other experimental designs that, by applying the same number of 
factors and levels (33) give a larger number of runs, e. g., the central 
composite design gives a total number of 16 runs while the 33-
Factorial design gives 27 runs.  

Using Statgraphics software and a two-way ANOVA test, multiple 
regression analysis is used to statistically examine the BBD obtained 
data. Table 3, presents the evaluated factor effects and corresponding 
p-values for each of the three factors. A positive sign denotes a 
synergistic result, which is a direct relationship between the factor 
effect and the response. Conversely, an antagonistic outcome is 
indicated by a negative sign (inverse link between the factor effect and 
the examined response). A p-value of less than 0.05 indicates a 
significant factor, interaction, or quadratic effect. Also, Pareto charts 
and main effect plots in fig. 1 and 2 confirmed the association between 
the factors and respnses and their significance. Furthermore, the 3D 
plots (response surface) in fig. 3 showed the effect of all factors on the 
responses over the designated levels of factors. 

 

Table 2: Composition of BBD formulations of flutamide-loaded nanocarriers and their acquired responses (Y1-Y3), and the predicted and 
observed responses of the optimized formula 

Run X1 (%) X2 (%) X3 (mg) Y1 (nm) Y2 (-mV) Y3 (%) 
1 15 1 50 252.8 33.5 62.9 
2 0 1 0 296.5 27.7 77.3 
3 30 0.5 50 279.6 34.8 58.9 
4 30 1.5 50 229.9 33.3 50.8 
5 15 1 50 259.1 34.6 62.4 
6 15 1.5 100 242.3 35.8 57 
7 30 1 0 219.9 31 60 
8 30 1 100 250.6 35.9 62.7 
9 15 1 50 255.1 32.9 65.3 
10 0 0.5 50 325.8 25.4 74.2 
11 15 0.5 100 273.3 30.5 61.9 
12 15 1.5 0 130.1 24.4 58.7 
13 15 0.5 0 216.2 23.3 71.4 
14 0 1 100 402.1 28 55 
15 0 1.5 50 233.5 24.3 53.3 
Predicted optimized formula  29.2 1.17 100 268.6 38.4 62.1  
95% C. I 204.7 – 332.6 32.2 – 44.7 56 – 68.2 
Observed optimized formula 330.2 43.1 66.1 

 

Table 3: Statistical ANOVA results of the responses (Y1-Y3) 

Responses Y1 Y2 Y3 
Factors Effect p-value Effect p-value Effect p-value 
X1 -69.475 0.0195* 7.4 0.0144* -6.85 0.0173* 
X2 -64.775 0.0252* 0.95 0.6569 -11.65 0.0019* 
X3 76.4 0.0136* 5.95 0.0317* -7.7 0.0110* 
X12 88.3333 0.0328* -2.06667 0.5167 -2.73333 0.3861 
X1X2 21.3 0.4958 -0.2 0.9467 6.4 0.0686 
X1X3 -37.45 0.2532 2.3 0.4559 12.5 0.0063* 
X22 -65.2667 0.0830 -6.36667 0.0844 -5.73333 0.1031 
X2X3 27.55 0.3859 2.1 0.4939 3.9 0.2177 
X32 -15.1167 0.6379 -3.96667 0.2384 3.16667 0.3216 
R2 (%) 91.3825  85.6607  95.1119  
Adj-R2 (%) 75.8711  59.8499  86.3134  
SEE 29.0097  2.84734  2.76683  
MAE 13.4444  1.31778  1.27556  

Note: *significantly differs at a P-value<0.05. 
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Estimation of the quantitative effects of the factors, 
interactions, and quadratic effects  

Effects on the mean vesicular size (Y1) 

The mean vesicular size of all formulations (Y1) ranged from 130.1 
nm for F12 to 402.1 nm for F14. The polydispersity index (PDI) of all 
formulations ranged from 0.264 for F2 to 0.466 for F6, which 
indicates a uniform allocation of vesicular size. The obtained data 
indicated that the primary component responsible for the variation 
in the mean vesicular diameter of flutamide-loaded NCs, as depicted 
in fig. 1 and 2, was the lecithin conc (X3). It was noted that X3 has a 
significant direct association with the vesicular size (Y1) with a p-
value of 0.0136. An instance of the lecithin influence on the vesicular 
size was the increase in size observed in F11 (273.3 nm) after 
addition of 100 mg lecithin to fixed levels of both X1 and X2 as 
compared to F13 (216.2 nm) and in F14 (402.1 nm) after addition of 
100 mg lecithin to the same levels of both X1 and X2 in comparison 
with F2 (296.5 nm). This finding could be attributed to the fact that 
when the concentration of stabilizer rises, soy lecithin deposits onto 
lipid vesicles, increasing vesicular size, a finding previously reported 
in several studies [28, 44-46]. The second factor significantly 
affecting the mean vesicular size with a p-value of 0.0195 was the 
liquid lipids percentage to total lipid (X1), which has an inverse 
relationship with the vesicle size. An increase in the liquid lipids 

percentage from 0 to 30% reduces Y1 from 402.1 nm to 250.6 nm for 
F14 and F8, respectively, and from 325.8 nm to 279.6 for F10 and 
F3, respectively. The reduction of vesicular size could be explained 
by the expulsion of liquid lipid that occurs during NLC preparation 
as soon as solid lipid recrystallizes when the system cools down, 
where the liquid lipid may still be present outside or dispersed at 
random due to its soft structure [47]. Finally, the last factor that 
significantly impacted the vesicular size was tween 20 concentration 
(X2), which significantly affected the size at a p-value of 0.0252. As 
noted from table 2, keeping factors X1 and X3 constant with 
increasing tween 20 concentration from 0.5% in F3 with a vesicular 
size of 279.6 nm to 1.5% will decrease the size of F4 to 229.9 nm. 
The same finding was found in F11, with a size of 273.3 nm, which 
was reduced to 242.3 nm in F6, and F13, with a size of 216.2 nm, 
reduced to 130.1 nm in F12. The increments in surface active agent 
concentration will reduce surface tension and free energy at the 
vesicular surface generated during due to high shearing stress, 
leading to a drop in particle size. This conclusion is consistent with 
earlier research [41, 43]. Also, the quadratic effect of X1 was found to 
inversely affect the vesicular size with a significant p-value of 
0.0328. The quadratic model equation that explains the effects of the 
independent variables on vesicular size was:  

Y1 = 253.179-8.37639 X1+147.442 X2+0.889833 X3+0.196296 X1
2+1.42 

X1X2-0.0249667 X1X3-130.533 X2
2+0.551 X2X3-0.00302333 X3

2 … (Eq. 2)
 

 

Fig. 1: Pareto charts revealing the effects of independent variables (X1 – X3) on (A) Particle size, (B) Zeta potential, and (C) Entrapment efficacy 

 

 

Fig. 2: Main effect plots showing the effects of different factors (X1 – X3) on (A) Particle size, (B) Zeta potential, and (C) Entrapment efficacy 
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Fig. 3: Expected response surfaces with three-dimensional contour plots illustrating the influence of investigated factors (X1 – X3) on (A) 
Particle size, (B) Zeta potential, and (C) Entrapment efficacy 

 

Effects on zeta (ζ) potential (Y2) 

ZP is considered the electro-kinetic potential that controls the 
stability of colloidal systems, including SLNs and NLCs. It measures 
the repulsion between particles that prevents their aggregation 
during storage. The electro-kinetic potential of all formulations (Y2) 
ranged from-23.3 mV for F13 to-35.9 mV for F8, as displayed in fig. 1 
and 2. of liquid lipid percentage to total lipid (X1) was the most 
substantial factor that directly influences the ζ potential of 
FLUTAMIDE-loaded NCs, with a p-value of 0.0144. For illustration, as 
noted in table 2, the ZP for F2, F10, F14, and F15 that don't include 
any amount of liquid lipids in their composition were-27.7,-25.4,-28, 
and-24.3 mV, respectively. These values increased dramatically in 
the corresponding formulas that have the same composition except 
for the addition of 30% of SPO and PSO to be-31,-34.8,-35.9, and-
33.3 mV for F7, F3, F8, and F4, respectively (increasing the value 
while disregarding the negative sign). The reason behind that 
finding may be due to the high free fatty acid content of both oils 
(oleic, lauric, myristic, and palmitic acids) that lead to the buildup of 
negatively charged ionized carboxyl groups (-COO-) on the surface of 
the particles, a finding that is consistent with several previous 
studies containing oleic acid as the liquid portion for the preparation 
of NLC [48, 49]. Furthermore, the lecithin amount added to the 
formula (X3) was established to have a significant synergistic effect 
on ZP (Y2) with a p-value of 0.0317, which can be confirmed via 
noting the increase in ZP for F6, F8, F11, and F14 to-35.8,-35.9,-30.5, 
and-28 mV, respectively, after the addition of 100 mg of lecithin to 
the corresponding formulas, F12 (-24.4 mV), F7 (-31 mV), F13 (-23.3 
mV), and F2 (-27.7 mV), that were made of the same ingredients but 
containing no lecithin. The effect of lecithin on ZP can be credited to 
the ionic properties of the phosphatidylcholine-containing co-
surfactants in the lipid matrix, which impart a negative charge to the 
nanoparticles they contain [50]. The quadratic model equation 
describing the relation between several variables and ZP:  

Y2 = 13.3417+0.321111 X1+24.5167 X2+0.0738333 X3-0.00459259 
X12-0.0133333 X1X2+0.00153333 X1X3-12.7333 X22+0.042 X2X3-
0.000793333 X32 (Eq. 3) 

Effects on the EE% (Y3) 

The entrapment efficiency of all preparations (Y3) ranged from 
50.8% for F4 to 77.3% for F2, as revealed in table 2 and fig. 1-3. The 
major factor indirectly proportionate with the EE% was tween 20 
conc. (X2) with a p-value of 0.0019, an effect may be attributed to 
several theories, for example, an increase in SAA concentration is 
thought to reduce the vesicular size of NCs, which reduces the 
amount of space available for FLUTAMIDE and increases its escape 

into the surrounding aqueous medium, thereby lowering the EE% 
[10] and also, the partition phenomenon could explain this decline in 
EE%. A high level of surfactant in the external phase promotes the 
drug's solubilization in this phase, increasing the drug's partition 
from the internal to the external phase [51]. That effect can be 
demonstrated via observation in table 2, where increasing SAA % 
from 0.5% in F3 to 1.5% in F4 while other factors kept constant 
reduced EE% from 58.9% to 50.8%, respectively. The same 
conclusion was observed in both F11 and F13, which contain 0.5% 
SAA, and their EE% were 61.9% and 71.4%, respectively, while SAA 
conc increased. to 1.5% reduced the EE% of their corresponding 
formulas F6 and F12 to 57% and 58.7%, respectively. The other 
independent variables (X1 and X3) also had negative antagonistic 
main effects on EE% with a p-value of 0.0173 and 0.0110, 
respectively, where individually increasing each variable while 
keeping other variables unchanged triggered a significant reduction 
in the encapsulated drug percentage. A comparison of EE% in F2 
(77.3%) with that of F14 (55%) demonstrates that adding lecithin in 
an amount of 100 mg resulted in a significant reduction in EE% 
while other factors were preserved constant. That result was in line 
with earlier research [28]. Similarly, the effect of liquid lipid 
percentage to total lipid was noted in table 2, where increasing 
liquid lipid concentration from 0 in F2 to 30% in F7 while keeping 
other factors constant will significantly reduce EE% from 77.3% to 
60%, i. e., as the amount of solid lipid (Precirol) increased, the EE% 
would be found to be higher. This important conclusion could be 
connected to several factors, firstly; the esterification of glycerol by 
long-chain fatty acids and the lack of PEG ester in precirol contribute 
to hydrophobic characteristics to precirol (HLB = 2), which could 
explain why FLUTAMIDE is encapsulated. Secondly, from the 
perspective of the chemical structure, precirol is considered an ester 
of long-chain fatty acids, e. g., palmitic and stearic acids with 
glycerol, composed of a mixture of mono-, di-, and triglyceride esters 
(mainly diglyceride), so when it is used to prepare lipid 
nanoparticles, it provides a highly porous structural matrix with 
many imperfections that facilitate better drug accommodation, 
furthermore, as previously mentioned, as the liquid lipid percentage 
increases, the vesicular size of the produced NLC decreases, and so a 
smaller space would be available for the accommodation of 
FLUTAMIDE, which augmented its leakage to the surrounding 
aqueous medium and therefore decreased the EE%, and finally, the 
lipid precipitation mechanism that takes place during formula 
production could be the cause of this. Drug and lipids are mixed 
together in each droplet; as the formula cools, the lipid precipitates 
before the drug does, leaving the core either devoid of drug or 
containing less drug [10, 28, 47, 50]. Besides the main effect of 
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factors, a significant synergistic interaction X1X3 was found to affect 
the EE%. This interaction couldn't be explained apart from the main 
effect of factors (X1 and X3), for example, in F2 and F14, where at low 
liquid lipid percentage to total lipid (X1), increasing the lecithin 
amount from a low to a high level will significantly reduce the EE% 
from 77.3% to 55%. This effect is inhibited at high levels of X1, 
where the EE% changed slightly from 62.7% in F8 to 60% in F7. The 
following is the derived polynomial quadratic equation for the EE%:  

Y3 = 87.7583-0.889444 X1+0.983333 X2-0.343333 X3-0.00607407 
X1

2+0.426667 X1X2+0.00833333 X1X3-11.4667 X2
2+0.078 

X2X3+0.000633333 X32 .. (Eq. 4) 

Preparation of the optimized flutamide-loaded nanocarrier 

BBD helped to gain the OF that met our requirements for achieving 
minimum vesicular size, maximum ζ-potential, and entrapment 
efficiency. By generating a new formulation based on the anticipated 
model and assessing the responses as indicated in table 2, the validity of 
the BBD results was confirmed. The optimal values of the variables were 
combined to create the OF, which were 29.2% (275.7 Precirol+57.1 mg 
SPO+57.1 mg PSO), 1.17%, and 100 mg of X1, X2, and X3, respectively, 
using the hot emulsification ultra-sonication technique, and then 
characterized as previously stated. The measured values of the 
responses were compared with the predicted values as follows: the 
observed response values for Y1, Y2, and Y3 were found to be 330.2 nm,-
43.1 mV, and 66.1%, respectively, whereas the predicted values were 
268.6 nm,-38.4 mV, and 62.1%, respectively. The observed values were 
found to fall within a 95% Confidence Interval (C. I) of the predicted 
values, as depicted in table 2, indicating that the applied design was 
reasonably valuable for optimizing flutamide-loaded NCs. 

Transmission electron microscopy  

The morphology and size of the flutamide-containing lipid 

nanoparticles were examined using a TEM. As revealed in fig. 4A, the 
optimized formula of BBD shows spherical vesicles with a clear core 
that looks like oil globules, which may indicate the formation of 
multiple-type NLC. The drug being entrapped into the oily 
compartments within the solid lipid is an advantage that enhances 
the amount of the entrapped drug in this type of NLC. As shown in 
fig. 4B, the formula WL prepared exactly as OF but without 
incorporation of liquid oils displays also sphere-shaped vesicles with 
a nearly clear core that appear to have some darker areas within the 
core, which may confirm the formation of a nanocarrier with the 
varied chain lengths of the solid lipid (Precirol) that composed of 
mixed esters of glycerol (mono-, di-and triglycerides) with both 
stearic and palmitic acids, a structure that provides many 
imperfections looks like a wall built from different shaped stones, 
the huge number of imperfections will leads to increase drug loading 
capacity as confirmed with observing table 2, where F2 had the 
highest EE% of all the prepared formulas. Conversely, a solid lipid as 
stearic acid, which is composed of a single chain of 18 carbons. when 
used in the prepartion of lipid nanoparticles, the stearic acid chains 
rearrange into a brick wall-like structure that offers a limited space 
for entrapping the drug that would be collected into the outer shell 
and released rapidly into the outer medium, which gives a lower 
EE% [22, 23]. 

Physical characterization of flutamide-loaded NCs 

Morphological study  

The lyophilized formula (OF) was examined using a SEM. Fig. 4C 
shows that the drug was initially crystalline but eventually became 
amorphous after being encapsulated into NLCs. Fig. 4D and E 
showed that the particles were almost spherical or oval, had smooth 
surfaces, and had diameters that were almost consistent with the 
Malvern particle size analyzer. 

 

 

Fig. 4: TEM photomicrographs of the different types of flutamide-loaded lipid nanocarriers. (A) Flutamide-loaded optimized formula, (B) 
Flutamide-loaded formula without liquid lipid, SEM photomicrograph of flutamide-loaded optimized formula shows (C) The amorphous 

nature of the formulated NLC, (D), and (E) The spherical topography of the vesicles with their smooth surfaces 

 

Differential scanning calorimetry (DSC) 

DSC is considered a thermo-analytical method that is widely used 
following nanoparticle preparation, including SLNs and NLCs, in 
order to primarily investigate the solid state of the drug 
encapsulated within the nanocarrier in comparison with other 
components included in the formula in order to show the difference 
between the amorphous and crystalline nature. As depicted in fig. 5A 
and 5C, pure flutamide and precirol thermograms show sharp 
endothermic peaks at 111.3 and 60.68 °C, respectively. In contrast, 
lecithin shows no peak until 160 °C, as shown in fig. 5B. By observing 
fig. 5E and 5F, we note a reduction of flutamide crystallinity in both 
OF and WL evidenced by the near disappearance and broadening of 
the distinctive flutamide endotherm and that the reduction was 
greater in the OF than WL (prepared using Precirol alone). Also we 

note that the addition of liquid lipids to Precirol has led to a shift to 
lesser temperatures (from 60.68 °C to 58.5 °C) that may be 
attributed to the interaction of the dispersed oils with Precirol that 
leads to less order in the structure of the solid lipid matrix that 
enhance the formation of a less crystalline form than in WL, that 
finding was in compliance with a previous study that argued the DSC 
thermograms of flutamide in different lipids including Precirol and 
also a study that used Biclutamide as the encapsulated drug [22, 45, 
52]. Secondly, approve the compatibility by excluding the 
interactions between different components within the formulation 
that were evident via observing fig. 5D, which shows the DSC 
thermogram of the physical mixture of all the components of the 
formula that reveal the two characteristic peaks of flutamide and 
Precirol at nearly the same temperatures, 109 and 58 °C, 
respectively, as temperatures of the individual components. 
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Fig. 5: DSC themograms of: (A) is pure Flutamide, (B) is lecithin, (C) Precirol, (D) is physical mixture of Flutamide, Precirol, and lecithin, 
(E) Flutamide-loaded optimized formula, and (F) flutamide-loaded formula without liquid lipid 

 

X-ray diffraction (XRD) analysis  

The outcomes concluded by DSC analysis were confirmed by powder 
X-ray diffraction. XRD was also used to study the crystalline nature 
of flutamide and of flutamide-loaded NCs, where highly crystalline 
materials produce sharp, high-intensity peaks. In contrast, an 
amorphous one with a defective lattice produces low-intensity 
reflections [28]. The chemical properties of the lipids are important 
for proper drug loading. A greater number of drug molecules can be 
fit within lipid crystals as precirol, which are combinations of mono-, 
di-, and triglycerides and contain fatty acids with varying chain 
lengths [44]. Fig. 6 reveals pure flutamide, OF, and WL X-ray 
diffractograms. As depicted in fig. 6A, pure flutamide showed 
characteristic sharp diffraction peaks at 2θ of 8.596°, 17.186°, 

18.783°, 23.278°, and 24.877° with some small intensity peaks that 
corresponded to the crystalline nature of pure flutamide as stated 
previously [8]. These peaks' intensity has been decreased in both OF 
and WL, as shown in fig. 6B and 6C, which confirm the phase 
conversion of flutamide from pure crystalline arrangement to nearly 
amorphous or molecular dispersion form, while OF shows a lower 
crystallinity than WL that may be attributed to the presence of liquid 
lipids that increase the imperfections within the solid lipid lattice, 
which provides a great space for drug accommodation. The 
characteristic peak shown at 2θ of 20.842° of both of and WL 
diffractograms may be attributed to precirol, and it is considered 
typical for the waxy substances [45]. The reduction of crystallinity 
after being encapsulated in lipid NCs would probably enhance the 
solubility of sparingly water-soluble flutamide and its absorption. 

  

 

Fig. 6: X-ray diffraction (XRD) where: (A) is pure flutamide, (B) is flutamide-loaded optimized formula, and (C) FLUTAMIDE-loaded 
formula without liquid lipid 

 

Cytotoxicity assay (MTT assay) 

The cytotoxicity of OF was assessed using MTT assays against PC-3 
and VERO in comparison with WL and FDS. The outcomes were shown 
in fig. 7A and table 4, which reveal that the drug-loaded NC (OF) and 
(WL) IC50 were reduced to 3.9±0.05 μg/ml (about 4-fold) and 
4.54±0.03 μg/ml (about 3-fold), respectively, compared to 15.02±0.21 
μg/ml of FDS on PC-3 that show significance at P<0.05. The cytotoxic 
effect of the sparingly water-soluble flutamide on examined cells (PC-
3) appears to be enhanced by its incorporation into the lipid carrier, 
which enhances the drug's ability to enter the cells through 
mechanisms like endocytosis [52]. Compared to un-entrapped drugs, 

nanocarriers offer numerous benefits, including resistance against 
degradation, enhanced and directed uptake into the intended tissue, 
and control over the pharmacokinetics and distribution of the drug to 
tissue. These results were consistent with earlier research on various 
nanoparticles, including NLCs, which showed that NLC entrapment 
could increase the drug's effectiveness and reduce the amount of drug 
needed to be used, thus improving safety [53–58]. Another important 
finding was that the IC50 of OF was 3.9±0.05 μg/ml, which was reduced 
about one-fold compared to 4.54±0.03 μg/ml of WL. This reduction 
was significant at P<0.05, which may indicate the additive effect of the 
liquid oils used (SPO and PSO) with flutamide enhancing the inhibitory 
effect of OF over WL. Regarding safety for the normal cells, the 
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cytotoxic effects of OF, WL, and FDS were assessed on the VERO 
normal cells over a matching concentration range from 0.01-100 
µg/ml, where all had harmless effects on the VERO normal cells with 

concentrations greater than 100 µg/ml, as illustrated in fig. 7B. This 
demonstrates the drug's specificity towards cancer cells while posing 
little risk to healthy cells. 

 

Table 4: IC50 of optimized formula, formula without liquid lipids, and free flutamide suspension 

Formula Component (s) IC50 (μg/ml) 
Precirol 
70.8% 

PSO+SPO 
29.2% 

Lecithin 
100 mg 

Tween 20 
1.17% 

Flutamide 
10 mg 

PC-3* VERO 

OF      3.90*±0.05 >100 
WL  -    4.54*±0.03 >100 
FDS Free Flutamide suspension 15.02*±0.21 >100 

Note: *donates significance differenece at a P-value<0.05. *Results presented as mean±SD 

 

 

Fig. 7: Cytotoxicity assay against (A) prostate cancer cell line (PC-3), and (B) normal hamster kidney cell line (VERO), Results presented as 
mean 

 

In vivo pharmacokinetic study of the optimized formula on male 
rats 

After oral single-dose administration of OF, WL, and FDS to male 
rats, the calculated pharmacokinetic parameters and the mean 
plasma concentration-time curves of flutamide were shown in table 
5 and fig. 8, respectively. Oral bioavailability was greatly enhanced 
when flutamide was administered as a nanocarrier, as demonstrated 
by the obtained pharmacokinetic parameters. For instance, the 
flutamide-loaded OF and WL maximum plasma concentration (Cmax) 
was found to be 559.35±41.79 ng/ml and 670.9±24.61 ng/ml, 
respectively, which is considered 2-fold higher than the Cmax of FDS 
(281.4±94.33 ng/ml) with a p-value<0.05. While the Cmax of both OF 
and WL showed no statistically significance difference at the same p-
value, the Cmax of WL was a little bit higher than the Cmax of OF. This 

increase can be attributed to the increased rate of flutamide release 
from the oil-containing NLC formulation, which breaks down the 
unentrapped drug before it can be absorbed. Additionally, precirol in 
OF is partially replaced with the two oils, which may be connected to 
this as prior research has demonstrated that long-chain fatty acid 
triglycerides perform well during lymphatic absorption [59]. Also, 
the AUC0-∞ was increased 1.5–2 times in both OF 
(143498.69±35198.67 ng/ml x min2) and WL (174331.06±34435.68 
ng/ml x min2) in comparison with that of FDS (85180.55±9395.19 
ng/ml x min2) with p-value<0.1. The previous findings could be 
explained by the transportation of nanocarrier contents to intestinal 
cells by vesicular endocytosis; additionally, the lymphatic system's 
ability to transport FLUTAMIDE-loaded NCs could be another 
plausible explanation for avoiding the initial hepatic metabolism, 
which has a significant impact on free flutamide [60]. 

  

 

Fig. 8: Plasma concentration-time curve of Flutamide (flutamide) after single oral administration of 26 mg/kg of flutamide-loaded 
optimized formula, flutamide-loaded formula without liquid lipid, and free flutamide suspension, Note: # Significant difference between 

WL vs FDS at P<0.05, * Significant difference between WL and OF at P<0.05, and $ Significant difference between OF vs FDS. Results 
presented as mean±SD 
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Table 5: Pharmacokinetic parameters after oral administration of a single dose (26 mg/kg) of the OF, WL in comparison with FDS 

Pharmacokinetic parameter OF WL FDS 
t1/2 (min) 288.44±67.90 312.59±76.32 249.86±60.81 
Cmax (ng/ml) 559.35±41.79* 670.9±24.61* 281.4±94.33 
AUC(0-720) (ng/ml x min) 122781.97±36928.26 144928.72±16335.54 73246.12±2013.66 
AUC(720-∞) (ng/ml x min) 20716.72±1729.59 29402.34±18100.14 11934.43±7381.53 
AUC(0-∞) (ng/ml x min) 143498.69±35198.67 174331.06±34435.68 85180.55±9395.19 
AUMC(0-∞) (ng/ml x min2) 52588857.52#±3800040.81 67563903.95#±31981704.98 31546768.17±10915969.75 
MRT(0-∞) (min) 374.49±65.38 376.79± 109.02 365.51±87.84 

Note: *significantly differs from values of FDS at a P-value<0.05, while #significantly differs from values of FDS at a P-value<0.1, Results presented as 
mean±SD 

 

CONCLUSION 

Lipid nanocarriers, as an auspicious drug delivery system, are used 
to efficiently incorporate the sparingly water-soluble flutamide 
within their core, which reduces its crystallinity, increasing water 
solubility and consequently its oral bioavailability. The BBD was 
applied to optimize the vesicular size (330.2 nm), zeta potential (-
43.1 mV), and EE% (66.1%) of the optimized flutamide-loaded 
nanocarrier by selecting liquid lipid percentage to total lipids at 
29.2%, lecithin at 100 mg, and tween 20 % at 1.17%. The optimized 
flutamide-loaded nanocarrier (OF) and its corresponding formula 
(WL) show great selectivity toward PC-3 cells with IC50 of 3.90±0.05 
μg/ml and 4.54±0.03 μg/ml, respectively, without affecting healthy 
cells with IC50>100 μg/ml. Also the addition of both SPO and PSO 
together with flutamide give a significantly additive effect than 
flutamide alone against PC-3 cell line. Moreover, the enhancement in 
bioavailability of both OF and WL with a Cmax of 559.35±41.79 ng/ml 
and 670.9±24.61 ng/ml, respectively, can be applied in the future to 
decrease the total daily dose of flutamide and so lessen its associated 
side effects. The lipid nanoparticle technique can also be applied to 
other drugs belonging to BCS class II to enhance their 
pharmacokinetic and pharmacodynamic properties. 
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