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Purpose: Pravastatin sodium (PVS) is a hypolipidemic drug which suffers from extensive first-pass metabolism and short half-life. 
Poly(D,L-lactide-co-glycolide) (PLGA) is considered a promising carrier to improve its hypolipidemic and hepatoprotective activities.
Methods: PVS-loaded PLGA nanoparticles (PVS–PLGA-NPs) were prepared by double emulsion method using a full 32 factorial 
design. The in vitro release and the physical stability studies of the optimized PVS–PLGA-NPs (F5) were performed. Finally, both 
hypolipidemic and hepatoprotective activities of the optimized F5 NPs were studied and compared to PVS solution.
Results: All the studied physical parameters of the prepared NPs were found in the accepted range. The particle size (PS) ranged from 
90 ± 0.125 nm to 179.33 ± 4.509 nm, the poly dispersity index (PDI) ranged from 0.121 ± 0.018 to 0.158 ± 0.014. The optimized NPs 
(F5) have the highest entrapment efficiency (EE%) (51.7 ± 5%), reasonable PS (168.4 ± 2.506 nm) as well as reasonable zeta potential 
(ZP) (−28.3 ± 1.18mv). Solid-state characterization indicated that PVS is well entrapped into NPs. All NPs have distinct spherical 
shape with smooth surface. The prepared NPs showed a controlled release profile. F5 showed good stability at 4 ± 2°C during the 
whole storage period of 3 months. In vivo study and histopathological examination indicated that F5 NPs showed significant increase 
in PVS hypolipidemic as well as hepatoprotective activity compared to PVS solution.
Conclusion: The PVS–PLGA-NPs could be considered a promising model to evade the first-pass effect and showed improvement in 
the hypolipidemic and hepatoprotective activities compared to PVS solution.
Keywords: pravastatin sodium, PLGA, nanoparticles, hypolipidemic and hepatoprotective activity

Introduction
Hyperlipidemia is defined as an elevated level of lipids, especially low-density lipoproteins (LDL), cholesterol, 
triglycerides in the blood, so it is considered a significant risk factor for atherosclerosis and, consequently many heart 
disease.1 Statins are one of the most common medications prescribed for treating hyperlipidemia. They are a group of 
drugs that act by inhibiting 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase that stimulates the conver-
sion of 3-hydroxy-3-methylglutaryl coenzyme A(HMG-CoA) to mevalonate, which helps in cholesterol synthesis later.2 

Statins are extremely efficacious in reducing elevated lipid level in the blood.
PVS is one of the statins that effectively reduces cholesterol biosynthesis. It is a freely water-soluble compound.3 

PVS is a ring opened dihydroxy acid with a 6\ -hydroxyl group that does not need to be activated in the body as shown in 
Figure 1 and was obtained from microbial transformation of mevastatin.4,5 PVS is structurally identical to the endogen-
ous substrate of (HMG-CoA) reductase.6 PVS inhibits biosynthesis of very low-density lipoprotein (VLDL) in the liver 
which is considered a precursor for LDL, so it works in two different ways to decrease cholesterol levels. However, PVS 
is broken down by the influence of first-pass effect in the liver so it has poor bioavailability (17%).7

In the recent times, many nanocarriers such as polymeric nanoparticles as well as lipid-based formulation have been 
used as carriers for different statins.8,9 Examples of statins that have been loaded into PLGA include atorvastatin calcium 
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which was incorporated into PLGA nanoparticles and proved to be a successful ocular anti-inflammatory,10 rosuvastatin- 
loaded PLGA nanocapsules which showed a promising treatment for liver cancer11 and pitavastatin-loaded nanoparticles 
that were proved to be a good candidate drug carriers for ocular drug delivery.12

PLGA is a promising synthetic copolymer that has been permitted by the Food and Drug Administration (FDA) in several 
drug delivery systems. PLGA has a brilliant safety profile, so it is commonly used to obtain NPs of different pharmaceutical 
agents. PLGA is a biodegradable and biocompatible, as it is degraded to water-soluble monomers (lactic and glycolic acids), 
which are eliminated by the body in the form of water and carbon dioxide.13,14 Furthermore, the degradation rate of PLGA is 
greatly affected by controlling the molar ratios of two monomers in the polymer chain, the molecular weight and stereo- 
chemistry of the polyester, as well as the degree of crystallinity.15 Hence, PLGA has been widely used as a drug carrier to 
enhance the efficacy of different pharmaceutical agents.13 PLGA also protects the drugs from premature degradation and 
hepatic pass metabolism. Various drugs are encapsulated into PLGA nanoparticles (PLGA-NPs) to extend the drug release, 
reduce the frequency of administration and improve the efficacy of drug as well as patient compliance.16,17 Our study aims to 
prepare PVS–PLGA-NPs to avoid the first-pass effect and improve both the efficacy and hepatoprotective activities of PVS.

In this work, PVS was incorporated into PLGA-NPs and evaluated. The selected optimum formula (F5) showed 
reasonable physical properties, protection against the first-pass effect and hepatoprotective activity against poloxamer- 
induced hyperlipidemia in rats.

Materials and Methods
Materials
PVS was gifted by Delta Pharm pharmaceutical Co, Cairo, Egypt. HPLC grade dichloromethane (DCM) was purchased 
from Fischer Scientific UK. PLGA (LA:GA=50:50) (purasorb PDLGA® 50/50, molecular weight of 10,000) was gifted 
by Purac Biomaterials Holland. Poloxamer 407 was obtained from BASF SE, Germany. Bovine serum albumin (BSA) 
was bought from MP Biomedical LLC, France. Kits for total cholesterol (TC), triglyceride (TGs) and high-density 
lipoprotein (HDL) analysis were purchased from Spinreact company in Spain. Kits for serum alkaline phosphatase (ALP) 
were purchased from Biodiagnostic, Giza, Egypt. Kits for serum aspartate aminotransferase (AST), alanine aminotrans-
ferase (AST) and albumin were obtained from Diamond Diagnostics, Holliston MA, USA.

Preparation of PVS–PLGA-NPs
PVS–PLGA-NPs were prepared using a double emulsion-solvent evaporation method18,19 adopting 32 full factorial 
design.20 Briefly, PVS was dissolved in 0.3 mL of deionized water as an internal aqueous phase (w1), PLGA was 
dissolved in 4 mL of DCM as an organic phase (o), then both phases were emulsified using an ultrasonic homogenizer 
(Ultrasonic homogenizer, 4710 Series, Cole-Parmer Instrument Co., Chicago, USA) in an ice bath at 90% amplitude for 2 
minutes to form the primary emulsion (w1/o). Three different ratios between PVS: PLGA (1:1, 1:10, 1:20) were used.

This primary emulsion was added to 8 mL of bovine serum albumin (BSA) aqueous solution using three different 
concentrations (1%, 1.5%, and 3% w/v) as an external aqueous phase. Then, the solution was emulsified under the same 
conditions to form a double emulsion. The obtained double emulsion was poured dropwise into 20 mL aqueous phase, 
magnetically stirred at 1000 rpm for 1 h at room temperature (magnetic stirrers, Thermolyne Corporation, Dubuque Iowa, 
USA) to permit evaporation of DCM. NPs were collected by cooling centrifugation at 13,000 rpm/min at 4°C for 2 
h (CE16-4X100RD, Acculab, USA), washed with deionized water and then lyophilized (Freeze dryer, SIM FD8-8T, SIM 

Figure 1 Chemical structure of pravastatin sodium.
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international, USA). Finally, the freeze-dried NPs were kept at 4°C for further characterization. Plain NPs were also 
prepared to be used as a blank (without PVS).

Design of Experiment and Statistical Analysis (DOE)
This design approach was employed to study the relationships between certain variables and their effect on the characteristics 
of the prepared NPs to produce a mathematical correlation between factors and responses. Several trials were investigated 
prior, to establish the current optimization study by selecting many independent variables as drug:polymer ratio (A) and 
surfactant concentration (B). Afterward PVS–PLGA-NPs were prepared following 32 randomized full factorial design 
(Design Expert12 (Stat-Ease, Minneapolis, MN, USA) to study the major effects of independent variables on the character-
istics of the formulated PVS–PLGA-NPs. Hence, nine possible formulations of experimental trials, each with three runs, were 
prepared (Table 1). A with three levels (1:1, 1:10, and 1:20) and B with three levels (1%, 1.5%, and 3% w/v) were selected as 
two critical processes parameters (CPPs) as shown in Table 2. The three responses which were selected to be studied were PS, 
EE and ZP as in Table 3. The polynomial regression equation is expressed as in equation (1).

Where Y corresponding to the studied response, b0 is the intercept, b1 to b5 show regression coefficients, A and 
B parallel to the main factor “AB” indicates an interaction term between main factor. A2 and B2 are polynomial terms. 
The drug:polymer ratio (A) and the surfactant concentration (B) indicate the mean result when varying one factor from 
its low to high value. Both polynomial terms A2 and B2 are used to analyze the non-linearity model. Statistical analysis of 
the obtained results was performed by ANOVA provided by Design expert12 software. Two-dimensional (2D) contour 
plots and three-dimensional response-surface plots (3D) were used to illustrate the volume of different responses.21

Table 1 Formulation Code for Preparation of Various Polymeric 
Nanoparticles Compositions

Formulation Code F1 F2 F3 F4 F5 F6 F7 F8 F9

Code Value A −1 −1 −1 0 0 0 +1 +1 +1

B −1 0 +1 −1 0 +1 −1 0 +1

Notes: A (drug:polymer) ratio, B (surfactant concentration w/w%), −1 (low level), 0 
(Medium level) +1 (high level).

Table 2 Levels of Independent Variables and Their Levels Applied Using the Experimental Design

Factor Name Type Low Actual 
Level

Medium Actual 
Level

High Actual 
Level

Low Coded 
Level

Medium Coded 
Level

High Coded 
Level

A Drug:polymer ratio Numeric 1:1 1:10 1:20 −1 0 +1

B Surfactant 
concentration (%)

Numeric 1% 1.5% 3% −1 0 +1

Table 3 Independent & Dependent Variables

Independent Variables Dependent Variables (Responses)

A = Drug:polymer ratio Y1 = Particle size (nm)

B = Surfactant concentration (%) Y2 = Entrapment efficiency (%)

Y3 = Zeta potential (mv)
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Characterization of PVS–PLGA-NPs Formulations
All NPs of the nine formulations were subjected to evaluation in terms of PS, PDI, EE% and ZP.

Particle Size (PS) and Polydispersity Index (PDI)
PS and PDI values of all freshly prepared formulations were measured after proper dilution with deionized water using 
photon correlation spectroscopy (Malvern Instruments Ltd., Malvern, Worcestershire, UK). All samples were determined 
in triplicate.

Entrapment Efficiency Percent (EE%)
EE% was determined by the previously reported indirect method.22,23 In this method, the unentrapped or the free amount 
of PVS was estimated in the supernatant of all formulations after centrifugation. The amount of free PVS was measured 
at 238 nm spectrophotometrically (Spectro UV-VIS double beam, Labomed Inc., USA). The EE% was calculated using 
equation (2):

Zeta Potential (ZP)
Zeta potential values were determined using Zetasizer nanoseries (Malvern Instruments Limited, UK) which detect the 
electrophoretic movement of PVS–PLGA-NPs at 25°C in an electric field.

Selection of the Optimized Formula
Based on the design expert version 12 response surface, User Defined design type with prediction goal fixed at 
maximized both EE% and ZP and minimized PS, F5 was selected as optimized formula with desirability factor of 
92% as it has the highest EE% besides a reasonable PS as well as reasonable ZP. The optimized formula (F5) was 
prepared at medium level for both A and B to be subjected to further evaluations.

Evaluation of the Optimized Formula (F5) of PVS–PLGA-NPs
Transmission Electron Microscope (TEM)
The morphological characterization of F5 NPs was conducted by TEM (JEOL JEM −2100, JEOL Ltd, Tokyo, Japan) 
after proper dilution with deionized water using soft imaging viewer software. The diluted sample was placed on carbon- 
coated copper grid, then the excess sample was wiped off. The image was captured after complete drying of the gird at 
room temperature.

Scanning Electron Microscope (SEM)
The surface morphology of the the freeze-dried F5 NPs was examined by SEM (JSM-6510V, JOEL, Tokyo, Japan). 
A metal sub with dual-sided adhesive carbon tapes was used to place samples on it, then covered with a layer of gold and 
photographed at 20KV.

Fourier-Transform Infrared Spectroscopy (FT-IR)
FT-IR spectra of PVS, PLGA, BSA, physical mixture corresponding to F5 NPs, freeze-dried medicated and plain of F5 
NPs were obtained using FT-IR spectrophotometer (Thermo Fisher Scientific iS10 Nicolet) by potassium bromide pellet 
method. Samples were homogeneously mixed with KBr and pressed into disks. The scanning range was 500 to 
4000 cm−1.

Differential Scanning Calorimetry (DSC)
DSC experiments were carried out for PVS, PLGA, BSA, physical mixture corresponding to F5 NPs, freeze-dried 
medicated and plain of F5 NPs. Thermal analysis of the samples was studied using DSC apparatus (Shimadzu DSC 50, 
Tokyo, Japan). The applied heating rang was 35–300°C and the heating rate was 10°C/min under a constant dry nitrogen 
atmosphere, purging at 20 mL/min flow rate.
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Powder X-Ray Diffractometry (PX-RD)
PX-RD analysis is used to inspect the changes in the crystallinity of all ingredients during the formulation process.24 

X-ray diffractograms of PVS, PLGA, BSA, physical mixture corresponding to F5 NPs, freeze-dried medicated and plain 
of F5 NPs were obtained using X-ray diffractometer (Diano, Woburn, MA, USA) operated at a current of 9 mA and 
a voltage of 45 kV at 2Ꝋ angle.

The in vitro PVS Release Study
The in vitro release profile of PVS from F5 NPs was studied and compared with free PVS as a control using USP apparatus II 
(paddle method) (Dissolution Apparatus USP Standards, Scientific DA-6D, Bombay, India). PVS release was made in three 
different pH values as simulated gastrointestinal fluids, 0.1N HCl (pH 1.2), phosphate buffer (pH 6.8) and phosphate buffer 
(pH 7.4). Ten mg of free PVS and the corresponding from the freeze-dried F5 NPs, were introduced into the dissolution cells. 
The dissolution media in each cell was 900 mL, stirred at 100 rpm at 37°C ± 0.5. Aliquots (3 mL) were withdrawn from the 
dissolution media at time intervals (0.5, 1, 2, 3, 4, 5, and 6 h). An equal volume of fresh dissolution media was replaced in 
each cell after sampling. The aliquots were filtered through 0.45-µm Millipore filter (EMD Millipore, Billerica, MA, USA) 
and all samples were measured spectrophotometrically using blank of plain NPs treated likewise. Each experiment was 
conducted three times to calculate the average percentage PVS release from F5 NPs.25

Release Kinetics
Zero order and first order26 as well as Higuchi models27 were used to mathematically analyze in vitro release data. The 
model with the greatest correlation coefficient (R2) is the predominant model of PVS release from F5 NPs. The 
Korsmeyer–Peppas model was used for further analysis to verify the release mechanism.28

Stability Study of F5 NPs
The stability study of PVS–PLGA-NPs (F5 NPs) was evaluated as previously reported.29 An aqueous dispersion of F5 
was prepared and stored at refrigerator (4 ± 2°C) and room (25 ± 3°C) temperature for 3 months. NPs were assessed 
regarding PS, PDI, ZP and EE% at zero-time, 1, 2 weeks, 1, 2 and 3 months. Plain NPs of F5 were prepared and utilized 
as controls.

In vivo Assessment Study
In vivo experiments were conducted to study both pharmacodynamics and hepatoprotective activities of the optimized 
formula PVS–PLGA-NPs (F5) as compared to free PVS solution.

Experimental Animals
The animal protocol was approved by the Ethical Committee of Faculty of Pharmacy, Mansoura university, Egypt for the 
Care and use of Laboratory Animals (Code number: 2020–150). Sprague Dawley rats weighing (250–300 g) were 
permitted to acclimatize to the conditions of the experiments such as temperature and humidity 1 week before initiating 
the experiments, then they were fed a standard rat pellet diet. The rats were kept at ambient temperature and allowed free 
access to water during the study. Twenty-four healthy male rats were used in this study and divided into four groups, six 
animals in each group.

Group 1: Normal control (Negative control)
Group 2: Nontreated hyperlipidemic rats (Positive control group)
Group 3: Orally treated hyperlipidemic rats by PVS solution (10 mg/kg/day)
Group 4: Orally treated hyperlipidemic rats by (F5) PVS–PLGA-NPs (corresponding to 10 mg of PVS).

Induction of Hyperlipidemia
Before beginning the experiment, rats were fasted during the night with free access to water. Their lipid profile was 
measured before the experiment to exclude rats with hyperlipidemia. Hyperlipidemia was stimulated by a single 
intraperitoneal injection of poloxamer 407 solution (1g/Kg).30 The induction of hyperlipidemia in rats was ascertain 
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after 12 hours of poloxamer injection, so the rats were orally treated with multiple doses of free PVS solution (10 mg/kg/ 
day)31 and the equivalent from F5 NPs after 12 hours of the poloxamer injection for 1 week (dose=10 mg/kg). Blood 
samples were collected 3, 4, 5 days and 1 week after the start of treatment.

Collection of Blood and Tissues Samples
After completing the treatment period, samples of blood were collected from the retro–orbital vein from each rat using 
non-heparinized micro-hematocrit capillary tubes under ketamine (12.5mg/kg) and xylazine (1.5mg/kg) anesthesia.32,33 

Blood samples were left to clot, then cooling centrifugation was used at 3000 rpm for 20 min to collect the serum which 
was stored at −20 °C until the analysis was done. The lipid level was estimated in all groups using in vitro diagnostic kits.

Histopathological Examination
Rats were sacrificed and undergone immediate laparotomy then, portions of liver and quadriceps muscles were collected 
and fixed in 10% buffered formalin for histopathological examination.34 Sections of liver and quadriceps muscles were 
fixed on slides, deparaffinized, stained with hematoxylin and eosin (H and E) and visualized under light microscope as 
previously reported.35

Statistical Data Analysis
The data were analyzed using one-way ANOVA followed by Tukey–Krumer multiple comparisons, for in vitro data and 
Student’s-t-test (unpaired) for in vivo ones using GraphPad prism software version 8 (GraphPad soft-ware, San Diego, 
CA, USA) at p < 0.05. The applied experimental design (32 randomized factorial design) was estimated in terms of 
statistical significance using ANOVA by Design Expert12.

Results and Discussion
Characterization and Optimization of PVS–PLGA-NPs Formulations
Double emulsion technique is a widely used method for encapsulation of hydrophilic drugs.36,37 Drugs that are 
hydrophilic suffer from low entrapment efficiency because of their diffusion into the continuous phase during the 
formation or they are not possible to get to dissolution in the organic phase.20 In the double emulsion method, the 
hydrophilic drug is dissolved within the inner phase (w1) of emulsion. This method shows high drug loading efficiency 
and prolonged drug release.38 Hence, the (w/o/w) double emulsion method has been employed for the preparation of 
PVS- PLGA- NPs, where the internal primary emulsion (w/o) would be distributed in an external aqueous phase in the 
presence of a stabilizer.39

Analysis of PS
The PS of the prepared PVS–PLGA-NPs ranged from 90 ± 0.125 nm to 179.33 ± 4.509 nm as shown in Table 4 and the 
polydispersity index (PDI) ranged from 0.121 ± 0.018 to 0.158 ± 0.014 which indicated that the samples were uniformly 

Table 4 Coded Independent Variables and Properties of PVS -PLGA-NPs

Formula Independent Variables Dependent Variables (Mean ± SD)

Code of A Code of B PS (nm) EE (%) ZP (mV)

F1 −1 −1 90 ± 0.125 40 ± 2 −31 ± 1

F2 −1 0 95.673 ± 1.5 39 ± 3.606 −41.167±4.594

F3 −1 +1 102.233 ± 0.321 28 ± 2.646 −37.467 ± 2.892

F4 0 −1 172.8 ± 1.51 38.33 ± 3.055 −9.953 ± 0.081

F5 0 0 168.4 ± 2.506 51.7 ± 5 −28.3 ± 1.18

(Continued)
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distributed. Particle size distribution of F5 NPs is displayed in Figure 2A. The resulted P values recommended “quadratic 
model” for PS analysis which increases both the adjusted R2 and the predicted R2 as shown in Table 5. Equations 3 
indicates regression coefficients for PS (Y1) as follows:

The polynomial equation in terms of certain factors is used to predict the response for certain levels of each factor. 
The positive sign of regression coefficients signifies a positive outcome. It means that, by increasing drug:polymer ratio 
in the PLGA-NPs system, leading to larger PS. The major factor affecting positively the above response was the drug: 
polymer ratio. The increase in PS with increasing A may be due to the aggregation of more particles. Also, increasing the 
polymer concentration leads to an increase in solution viscosity, so the diffusion ratio of NPs into the aqueous phase 
decreased leading to the formation of larger NPs as previously reported.40,41 Drug:polymer ratio has a positive effect on 
PS by increasing the ratio form 1:1 to 1:20, PS increased as shown in Table 4. On the contrary, when the BSA 
concentration is increased the PS decreases. This may be due to higher surfactant concentration leading to stabilization of 
smaller NPs by minimizing interfacial tension between the organic phase and the aqueous phase, so prevent the 
coalescence of the smaller particles into bigger ones.40 Lower concentration of BSA is insufficient to stabilize the NPs 
and it is unable to cover the dispersed NPs completely so leading to bigger PS.

Analysis of EE%
EE% of PVS–PLGA-NPs ranged from 27.667 ± 2.517% to 51.7 ± 5% as overviewed in Table 4. Highest EE% was observed 
at the medium levels of A (0) and B (0). The obtained polynomial equation (Equation 4) is expressed as follows:

From the previous equation, we concluded that both A and B have a negative effect on EE%. This may be attributed 
to high concentrations of BSA will lead to smaller NPs, that cannot encapsulate more drug which would pass into the 
aqueous phase leaving less amount of PVS to be encapsulated in PLGA -NPs. It has been reported that hydrophilic drugs 
show poor EE%, because of drug diffusion or rapid partitioning out from the organic dispersed phase into the aqueous 
continuous phase leading to NPs with poor loading efficiency.42 Higher surfactant concentration may lead to decrease EE 
% even if the PLGA concentration is increased.41,43

Analysis of ZP
ZP values help predict the storage stability of colloidal dispersion. In general, higher ZP values of nanoparticulate system 
are essential for the stability of colloidal dispersion.44 ZP values of PVS–PLGA-NPs ranged between −9.953 ± 0.081 to 
−41.167 ± 4.594 mv (Table 4) and a representative sample for ZP of F5 NPs is shown in Figure 2B. The polynomial 
equation (Equation 5) of ZP (Y3) is expressed as follows:

Table 4 (Continued). 

Formula Independent Variables Dependent Variables (Mean ± SD)

Code of A Code of B PS (nm) EE (%) ZP (mV)

F6 0 +1 151.53 ± 1.193 37.333 ± 2.517 −33 ± 0.987

F7 +1 −1 171.667± 3.512 27.667 ± 2.517 −32 ± 1

F8 +1 0 179.33 ± 4.509 41 ± 3.606 −31.833 ± 0.709

F9 +1 +1 161.667 ± 0.794 33.667 ± 4.509 −30.9 ± 0.755

Note: Data are expressed as mean ± SD (n=3). 
Abbreviations: A, drug:polymer ratio; B, surfactant concentration; PS, particle size; EE%, entrapment 
efficiency percent; ZP, zeta potential.
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It was found that, ZP of all formulations was frequently negative and upon careful examination of its equation, we 
concluded that ZP increases with increasing BSA concentration. This may be due to the adsorption of negatively charged 
BSA. The negative charge on the surface of BSA in its aqueous solution originates from carboxyl group (COOH).45,46

Figure 3 shows the 2D contour plots and the 3D response-surface plots for the three responses (PS, EE% and ZP), 
which illustrate the correlation between the responses (dependent variables) and the independent variables as well as the 
influence of independent variables on all responses.

A

B

Figure 2 Particle size distribution graph (A) and zeta potential distribution graph (B).
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The regression analysis for the studied responses (PS, EE% and ZP) is illustrated in Table 5. Based on the 
experimental design, F5 NPs was selected as an optimum formula with the highest EE% (51.7± 5) reasonable PS 
(168.4 ± 2.5) as well as reasonable ZP (28.3 ± 1.18) as shown in Table 6 with desirability factor 92%.

In this design, the selection of the model maximizes the adjusted R2, predicted R2, as well as F values, which indicates effective 
modeling of the results employing adopted design where the model is not aliased. The signal-to-noise ratio was measured by 
adequate precision, which is desirable when its value is higher than 4. All of our ratios indicate an adequate signal to navigate the 
design space. P values < 0.05 indicate model terms are significant, but P values ˃  0.1 indicate the model terms are not significant. If 
there are many insignificant model terms they are not counting and model reduction in this case may improve the result.

Table 5 ANOVA Results for Responses Provided by Design Expert

Responses Source F value P value Inference Adjusted R2 Predicted R2 Adequate 
Precision

PS (Y1) Quadratic 163.25 <0.0001 Significant 0.971 0.954 26

EE% (Y2) Quadratic 35.13 <0.0001 Significant 0.783 0.653 12.5

ZP (Y3) Quadratic 13.4 <0.0001 Significant 0.634 0.42 9.125

Abbreviations: PS, particle size; EE%, entrapment efficiency percent; ZP, zeta potential.

A B

C D

Figure 3 Continued.
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Evaluation of the Optimized Formula (F5) of PVS–PLGA-NPs
Morphological Evaluation of the Optimized Formula (F5)
Transmission Electron Microscope (TEM) 
The surface morphology of F5 NPs was uniform in size, showed small spherical particles that can encapsulate large 
amount of PVS, with narrow size diameter,4 smooth surface and a core of PLGA enriched with PVS as well as a shell of 
BSA as shown in Figure 4.18,47

E F

Figure 3 Contour plots (A, C and E) and three-dimensional surface plots (B, D and F) representing the effect of interaction between drug:polymer ratio (A) and surfactant 
concentration (B) on particle size, entrapment efficiency percent and zeta potential, respectively.

Table 6 Adjusted Levels of Independent Variables, Predicted and Observed Responses for Optimized Formula

Optimized Formula Coded 
Level

Optimized Actual 
Value

Responses *Predicted Mean 
Value

Observed Experimental 
Value

Drug:polymer ratio [0] 1:10 Y1 PS (nm) 168.311 nm 168.4 ± 2.506 nm

Surfactant concentration [0] 1.5 (%) Y2 EE (%) 48.9259% 51.7 ± 5%

Y3 ZP (mv) −27.719 mv −28.3 ± 1.18

Note: *Point prediction at confidence of 95% and population of 99%. 
Abbreviations: PS, particle size; ZP, zeta potential; EE%, entrapment efficiency percent.

Figure 4 Transmission electron microscope (TEM) of F5 NPs.
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Scanning Electron Microscope (SEM) 
The photomicrograph of the SEM showed nanostructures of spherical shape (Figure 5). The smooth surface of the 
particles confirms the suitability of the parameters selected for NP preparation.19,48

Fourier-Transform Infrared Spectroscopy (FT-IR)
The possibility of interactions between PVS and the polymers used in NPs production was studied by FT-IR 
spectroscopy. Figure 6A represents the FT-IR spectra of PVS, PLGA, BSA, their physical mixture of F5 NPs, 
medicated and plain NPs for F5. The spectrum of PVS (I) displays the distinctive peaks of PVS. The peak at 
3419 cm−1 is correlated to stretching hydroxyl bond (O-H), the peak at 1727 cm−1 is correlated to stretching 
carboxyl bond (C=O) and the peak at 1569 cm−1 is due to stretching alkenes (C=C) which are characteristic peaks 
of PVS.3,49,50 The spectrum of PLGA (II) shows the characteristic peaks for PLGA. The peaks around 3523– 
3654 cm−1 are correlated to OH stretching, the peaks between 2884 and 3000 cm−1 are due to CH, CH2, and CH3 

stretching vibration, the peak at 1754 cm−1 is due to the ester bond, the peaks at 846–1459 cm−1 is due to (C–H) 
bending.51,52 The spectrum of BSA (III)) shows characteristic peaks at 1657, 1543, and 1242 cm−1 which are as 
a result of flexural vibration adsorption of amide I (-NH2), amide II (-NH-), and amide III (C-N), respectively.53 

The spectrum of F5 physical mixture (IV) shows the characteristic peaks of PVS, PLGA and BSA, but with 
reduced intensities as the outcome of dilution effect. The spectrum of medicated F5 (V) shows the absence of the 
characteristic absorption peaks of PVS, verifying its entrapment in the NPs. The characteristic peaks of PVS, 
PLGA and BSA were present in FT-IR spectra of their physical mixture and FT-IR spectra of PVS, BSA and 
PLGA alone; thus, there was no interaction between PVS, PLGA and BSA.

Figure 5 Scanning electron microscope (SEM) of F5 NPs.
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A

B

C

Figure 6 Solid characterizations of the optimized formula (F5), FTIR spectra (A), DSC thermograms (B) and PXRD patterns (C) of (I) PVS, (II) PLGA, (III) BSA, (IV) physical 
mixture, (V) optimized F5 and (VI) plain F5. 
Abbreviations: FT-IR, Fourier-transform infrared spectroscopy; DSC, differential scanning calorimetry; PXRD, powder X-ray diffractometry; PVS, pravastatin sodium; 
PLGA, poly(d,l-lactide-co-glycolide); BSA, bovine serum albumin.
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Differential Scanning Calorimetry Analysis (DSC)
Thermal analysis is used to study the compatibility between PVS and other NPs ingredients. Figure 6 B shows DSC 
thermograms of PVS, PLGA, BSA, their physical mixture, medicated F5 as well as plain F5. The DSC thermogram of 
pure PVS (I) exhibits an endothermic peak at 224 °C and exothermic peak at 242°C due to the melting process of the 
anhydrous crystalline form of the drug.3 The thermogram of PLGA shows an endothermic peak at 45.5°C (II). This peak 
referred to the glass transition temperature (Tg).54 The thermograms of BSA (III) show an endothermic peak near 67.43°C.55 

In the thermogram of F5 physical mixture (IV), the presence of distinctive peak of PVS and PLGA verify that there is no drug– 
polymer interaction; however, the endothermic peak of PVS was shifted to a lower temperature this may be due to solvation of 
PVS in the molten PLGA or any possible decrease in the drug crystallinity or heat-induced interaction between PVS and 
PLGA.56 This disappearance of melting peaks of PVS from the medicated NPs formulation thermograms (V) indicated that 
PVS was likely entrapped in the amorphous state and molecularly dispersed in the polymeric matrix.57,58

Powder X-Ray Diffractometry (PX-RD)
PX-RD patterns of PVS, PLGA, BSA, physical mixture, medicated F5 and plain F5 are presented in Figure 6C. The PX-RD 
pattern of PVS (I) shows intense diffraction peaks at angles; 4.96°, 17.5°, 20.77°, 21.733° and 23.94° (2θ) angle, indicating the 
crystallinity of PVS.3,50 The amorphous nature of both PLGA and BSA was ascertained by the absence of diffraction bands in their 
diffractograms (II) and (III),51,59 respectively. PVS distinct peaks still appear in the diffractograms of its physical mixture with 
PLGA and BSA. The loss of most characteristic peaks of PVS in the PX-RD pattern of medicated F5 NPs (V) was notable which 
suggested that PVS encapsulation in the polymer matrix in an amorphous state has several advantages like larger surface area, 
higher solubility and improved bioavailability.24

In vitro Drug Release Study
Figure 7 demonstrates PVS dissolution profiles from F5 NPs which are significantly different from the profile of PVS alone in 
different pH values. Drug release can be controlled by several parameters such as the drug solubility, the PS of the prepared NPs 
and the pH of the dissolution media. The dissolution profile of PVS in acidic pH (Figure 7A) lower than that in basic pH 
(Figure 7B and C); this was attributed to PVS is weak acidic and its pKa value is 4.2. However in the presence of alkali media, the 
release rate was faster due to phosphate ions.7,60 The release of PVS from F5 NPs was a biphasic, initial burst release at the first 2 
h was followed by a controlled release phase till 4 h. This is may be due to the spontaneous partitioning of PVS into the 
dissolution medium upon addition of the freeze-dried F5 NPs due to its higher water solubility besides the presence of a quantity 
on the surface of PLGA-NPs explaining the burst release observed.61 The controlled release phase could be attributed to the drug 
entrapped in the NPs that could be released in a regulated manner.62 The rapid drug release may achieve the therapeutic drug 
concentration that could be preserved by the controlled drug release which decreases the number of doses improving the patient 
compliance. Similar results were previously reported.63,64

Release Kinetics
Kinetics analysis of the release data (Table 7) was depended on the form of PVS (free or entrapped in PLGA - NPs) and the 
medium pH. The in vitro release data in different PH values were best fitted with Higuchi model for F5 which indicated 

Table 7 Kinetic Analysis of Drug Release Data

Formula pH of the Release Media Coefficients of Determination (R2) Korsmeyer–Peppas Main Transport Mechanism

Zero-Order First-Order Higuchi Model R2 Diffusional Exponent (n)

Free PVS 1.2 0.609 0.584 0.61 0.611 0.015 Fickian

6.8 0.705 0.726 0.705 0.7016 0.035 First order

7.4 0.643 0.68 0.642 0.6429 0.017 First order

F5 NPs 1.2 0.879 0.907 0.963 0.957 0.566 Non fickian

6.8 0.844 0.834 0.856 0.9011 0.45 Fckian

7.4 0.95 0.958 0.964 0.955 0.619 Non fickian

International Journal of Nanomedicine 2023:18                                                                                   https://doi.org/10.2147/IJN.S394701                                                                                                                                                                                                                       

DovePress                                                                                                                         
733

Dovepress                                                                                                                                                          Elsayed et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


diffusion-controlled drug release. Further examination using the Korsmeyer–Peppas model indicated that the diffusional 
exponent (n) values for F5 NPs at pH 1.2 were 0.566, indicating a non-Fickian mechanism, while at pH 6.8 were 0.45, 
indicating a Fickian and at pH 7.4 were 0.619 indicating a non-Fickian which described the drug release during the rapid 
release phase that is controlled by both diffusion and erosion. Similar kinetic release behavior was previously reported.51

Stability Studies
Stability studies of F5 NPs were conducted by examining the physical appearance, PS, PDI, ZP and EE% for a period of 3 
months in the refrigerator at (4 ± 2°C) and at room temperature (25 ± 2°C). The present study showed that, PVS–PLGA-NPs (F5) 
did not exhibit any physical changes in color, odor or shape over the whole storage period. Table 8 represents the results of the 
stability studies at refrigerated and at room temperatures over a period of 3 months. There was an insignificant (p > 0.05) change 
in the average PS, PDI, ZP mv and EE% at the beginning of the storage period in refrigerator except that there was a significant (p 
< 0.05) increase in the average PS from the second month and decrease in ZP at the second month when compared to those 
initially prepared. In contrast, at ambient temperature there was a significant decrease in ZP from the second week and 
a significant increase in PS from the second month, but no phase separation was observed. This may be attributed to 
sedimentation and agglomeration of the colloidal suspension leading to larger PS and lower ZP.65,66 According to the results 
regarding PS and ZP in both refrigerated and ambient temperature, it was considered that 4°C is very suitable for PVS–PLGA- 
NPs which exhibited physical stability at this temperature compared to room temperature.67 The percentage of PVS remaining in 
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Figure 7 In vitro release profile of free PVS and the optimized formula F5 in 0.1 N HCL pH 1.2 (A), phosphate buffer pH 6.8 (B) and phosphate buffer pH 7.4 (C). 
Abbreviation: PVS, pravastatin sodium.
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PLGA-NPs were not significantly changed during the whole storage period in the refrigerator, but showed a significant decrease 
at room temperature. These results suggest that PLGA-NPs showed excellent stability for encapsulation of PVS at refrigerated 
compared to ambient temperature. Similar findings were declared previously.51,68

In vivo Assessment Study
Biomarker Assessment
Effects on Serum Lipid Profile 
Hyperlipidemia is generally managed by lowering the serum concentration of total cholesterol (TC), triglycerides (TG) and low- 
density lipoprotein cholesterol (LDL-C) and improve high-density lipoprotein cholesterol (HDL-C) level.69 PVS is a potent 
hypolipidemic drug that inhibits bad cholesterol biosynthesis in the liver, thus reducing the incidence of cardiovascular diseases. 
Therefore, the effect of the optimized formula (F5) and PVS solution on the lipid level was assessed. After 12 hours of poloxamer 
407 injection, the lipid profiles were assessed and there was a significant elevation in the serum level of TC, TG, HDL and LDL in 
all groups compared to the normal one (negative control) as illustrated in Table 9. This increase in lipid profile was attributed to the 
effect of poloxamer 407 which is a non-ionic surfactant that can induce hyperlipidemia when administered to rats through indirect 
stimulation of HMG-CoA reductase, that is involved in cholesterol biosynthesis.30,70 There was a significant difference in the 
serum level of all the studied lipid (TC, TGs, HDL and LDL) between normal control and negative control groups. Once the 
treatment was initiated, the lipid level was gradually decreased in the PVS-treated group and the F5 NPs-treated group. After 
a week of treatment, there was a significant difference between the PVS-treated group and the F5 NPs-treated group as illustrated 
in Figure 8. The unusual increase in the serum level of HDL in the positive control group was a characteristic feature of poloxamer 

Table 8 PS, PDI, ZP, EE% of PVS–PLGA-NPs Aqueous Dispersion (F5) Stored at Refrigerated (4 ± 2°C) and at Ambient Condition (25 ± 
2°C)

Storage Time Evaluation Parameters (mean ± SD)

Refrigeration Condition (4 ± 2°C) Ambient Condition (25 ± 2°C/60 5% RH)

Particle Size (nm) PDI ZP (mv) EE% Particle Size (nm) PDI ZP (mv) EE%

Zero time 168.4 ± 2.506 0.121 ± 0.018 −28.3 ±1.18 51.7 ± 5 168.4 ± 2.506 0.141 ± 0.009 −28.3 ± 1.18 51.7 ± 5

1 week 162.5 ± 2.7 0.12 5 ± 0.047 −24.66 ± 4.6 51.33 ±3.055 160.233 ± 3.775 0.91 ± 0.107* −22 ± 2 45.7 ± 3.5

2 weeks 160.533 ± 2.1 0.143 ± 0.033 −24 ± 5.2 51.33±2.8 160.767 ± 2 0.204 ± 0.079 −17 ± 1.36* 44.7 ± 4.5

1 month 158.567 ± 5.68 0.154 ± 0.045 −35.3 ± 1.16 50.33 ± 2.8 188.3 ± 5* 0.133 ± 0.049 −16.3 ± 2* 44 ± 4

2 months 184.2 ± 4.2* 0.056 ± 0.053 −20.33 ±0.577* 49.66 ±2.346 680.33 ± 109* 1 ± 0.016* −5 ± 1.36 * 33 ± 4*

3 months 189.1 ± 8.7* 0.165 ± 0.022 −28.66 ± 0.577 50 ± 2.6 206.1 ± 5.3* 0.23 9 ± 0.107 36.5 ± 1.4* 24.3 ± 4.04*

Notes: Each value represents the mean ± SD. The statistical analysis was performed at p < 0.05 using one-way ANOVA. *Indicates a significant difference vs initial 
measurement at zero time. 
Abbreviations: PS, particle size; PDI, polydispersity index; ZP, zeta potential; EE, entrapment efficiency.

Table 9 Effect of Optimized Formula (F5) and PVS Solution on Serum Lipid Profile

Parameter Time (hr)/Group Before Treatment After Treatment

12 hr After Induction of Hyperlipidemia 3 Days 4 Days 5 Days 1 Week

TC (mg/dl) 
Mean ± SD

G1 
G2 
G3 
G4

65.33 ± 4.095$#@ 66 ± 2.08$#@ 61 ± 6.08$#@ 63 ± 4.33$#@ 67± 4.72$#@

451.6 ± 56.6* 844.6 ± 26 *#@ 815 ± 33.4*#@ 732 ± 36*#@ 670.3 ± 54*#@

482 ± 75.2* 430.66 ± 67.7*$ 360.33 ± 69.7*$ 285.33 ± 65.8*$ 224 ± 44.6 *$

439 ± 53.113* 333 ± 47.4*$ 239.33 ± 38.3*$ 168 ± 27*$ 118.66 ± 12*$

TG (mg/dl) 
Mean ± SD

G1 
G2 
G3 
G4

80 ± 7$#@ 76 ± 8.33$#@ 78.33 ± 7.26$#@ 77 ± 5.8$#@ 83 ± 4.4$#@

838 ± 114.17* 1124.3 ± 167.7*#@ 1129 ± 86.3*#@ 937 ± 99.6*#@ 827.667 ± 107 *#@

887 ± 111* 814.66 ± 104.2* 615.33 ± 60.6*$ 395 ± 56*$ 289 ± 42.6 *$@

808 ± 96* 693 ± 90.5*# 405.33 ± 62.3*$ 262.33 ± 40.4*$ 151 ± 7.2*$#

(Continued)
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407 in rats.71 F5 NPs showed pronounced reduction in serum TC, TG and LDL. Hence, PLGA–NPs showed better in vivo 
performance than PVS solution in improving lipid profile which is primarily attributed to encapsulation of PVS into the 
hydrophobic polymer leading to minimizing the first-pass effect and improving its hypolipidemic activity.8,12 These results are 
in accordance with.71–73

Table 9 (Continued). 

Parameter Time (hr)/Group Before Treatment After Treatment

12 hr After Induction of Hyperlipidemia 3 Days 4 Days 5 Days 1 Week

HDL (mg/dl) 
Mean ± SD

G1 
G2 
G3 
G4

45.66 ± 2.7$#@ 45.667 ± 4.72$# 49.7 ± 3$#@ 52 ± 6$ 46 ± 3$

175.3 ± 37.5* 233.6 ± 44.3* 300.3 ± 40.8*@ 274 ± 29*#@ 299 ± 14.5*#@

193 ± 54* 185 ± 13* 157.6 ± 58.8* 127.33 ± 53$ 88.33 ± 32.4$

165 ± 46.5* 154 ± 21.3* 124.33 ± 26*$ 81.66 ± 15$ 46.66 ± 2.1$

LDL (mg/dl) 
Mean ± SD

G1 
G2 
G3 
G4

4 ± 1.1$#@ 6 ± 1.155$#@ 6 ± 1.155$# 5.33 ± 0.8$#@ 9.333 ± 0.88$#

108 ± 4.9* 386 ± 79*#@ 289 ± 21*#@ 269.6 ± 16.2*#@ 206 ± 25.5*#@

111.66 ± 7.3* 82.666 ± 34*$ 79.66 ±1.76*$@ 78.66 ± 2.6*$@ 77.66 ± 4.8*$

112 ± 14* 40.33 ± 8.5*$ 34 ± 4*$# 34 ± 4.7*$# 41.66 ± 12.7$

Notes: Values are expressed as means ± SEM (n=6 rats); *Significantly different from normal control value; $Significantly different from positive control value ; #Significantly different 
from PVS solution and @Significantly different from F5 NPs. The statistical analysis was performed at p < 0.05 using Student’s t-test (unpaired). 
Abbreviations: G1, normal control; G2, non-treated hyperlipidemic rats (positive control); G3, orally treated hyperlipidemic rats by PVS solution; G4, orally treated 
hyperlipidemic rat by (F5) PVS–PLGA-NPs; TG, triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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Figure 8 The serum level of the examined lipid biomarker after the end of treatment period (1 week) with F5 NPs and PVS solution. 
Notes: Values were expressed as means ± SEM (n=6 rats) *Significantly different from normal control value; $Significantly different from positive control value; #Significantly 
different from PVS value and @Significantly different from F5 NPs value. The statistical analysis was performed at p < 0.05 using Student's t-test (unpaired).
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Effects on Liver Functions 
Hyperlipidemia has been considered to be a major cause of fatty liver, a condition that can lead to liver cirrhosis. 
A vital role in the metabolism of both lipid and lipoprotein is played by the liver, through its role in the biosynthesis 
of cholesterol as well as lipoprotein homeostasis.74 It has been reported that there is a relationship between 
hyperlipidemia and the elevated liver enzyme especially in patients with heart problems.75 In the present study, 
there was a significant increase in liver enzymes (alanine aminotransferase (ALT), aspartate aminotransferase (ALT), 
alkaline phosphatase (ALP)) and significant reduction in serum albumin due to injection of the poloxamer 407 
(hyperlipidemic animals) as illustrated in Figure 9. Treatment with PVS solution showed a significant decrease in 
the previous liver enzymes and a slight increase in albumin level without restoration their normal level. F5 NPs- 
treated group showed a significant decrease in liver serum enzymes and a significant increase in albumin level 
besides having the ability to restore their normal level and enhance the liver function as shown in Table 10 Similar 
results were found in the literatures.71,76
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Figure 9 Effect of F5 NPs and PVS solution on serum liver function. 
Notes: Values are expressed as mean± SEM (n= 6); *Significantly different from normal control value; $Significantly different from positive controlvalue #Significantly 
different from PVS solution and @Significantly different from F5 nanoparticles. The statistical analysis was performed at p < 0.05, using Student's t-test (unpaired). 
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase.
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Histopathological Examination
Hyperlipidemia increases the incidence of many diseases mainly fatty liver and myopathy.77 In this study, the effect of the 
prepared F5 NPs on liver cells and muscle structure was studied. The histopathological examinations confirm the biochemical 
results in this study. Sections of the liver tissue were obtained from the negative control group and examined by light 
microscopic, showed the normal histological structure of the central vein (CV) and the surrounding hepatocytes 
(Figure 10A1 and A2). The liver section of the positive control group showed a few inflammatory cells, fatty change in 
a diffuse manner around hepatocytes as well as congested CV, dilated sinusoids and bile duct dilation (Figure 10 B1 and B2). 
Liver tissues of the animals treated with PVS solution showed fewer fat vacuoles in hepatocytes, dilated sinusoids, mild 
congestion that was detected around the portal area and mild bile duct dilation (Figure 10 C1 and C2). While the animals treated 
with F5 NPs showed restored normal organization of hepatic cords around CV with normal portal area and sinusoids (Figure 10 
D1 and D2). Microscopic examination of quadriceps muscles of the negative control group showed the normal histological 
structure of both longitudinal and crossed sections of the bundles (Figure 11A1 and A2), respectively. While the positive 
control group showed hyaline degeneration in some sections, deposition of the fat droplets between the atrophied myocytes and 
mild mononuclear cells infiltration (Figure 11B1 and B2). The animals treated with PVS solution showing moderate lipid 
infiltration in the muscle fibers (Figure 11C1 and C2). The animals treated with F5 NPs show very mild lipid infiltration in 

Table 10 Effect of F5 NPs and PVS Solution on Serum Liver Function Test, Albumin and 
Alkaline Phosphatase

Parameter/Group ALT (U/L) AST (U/L) ALP (U/L) Albumin (g/dl)

Normal control (G1) 28.7 ± 3.4$# 96.6 ± 3.9$≠@ 254.6 ± 9.7$# 4.8 ± 0.12$#

Positive control (G2) 61.6 ± 6.1*@ 222.6 ± 15.3*#@ 407 ± 11.6*@ 3.5 ± 0.179*#@

PVS solution (G3) 43.6 ± 2.9* 151.3 ± 4.9*$@ 369.3 ± 18.5* 4.1 ± 0.049*$

F5 nanoparticles (G4) 38 ± 2.6$ 125 ± 6.2*$# 302 ± 28$ 4.3 ± 0.062$

Notes: Values are expressed as mean± SEM. (n= 6); *Significantly different from normal control value; $Significantly 
different from positive control value; #Significantly different from PVS solution and @Significantly different from F5 
nanoparticles. The statistical analysis was performed at p < 0.05, using Student’s t-test (unpaired). 
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase.

Figure 10 Microscopic pictures of H&E-stained hepatic sections showing normal organization of hepatic cords H around central veins (CV) with normal portal areas (PA) 
and sinusoids (S) in the negative control group (A1 and A2). Hepatic sections from positive control group (B1 and B2) showing congested central veins (CV, red arrow), fat 
vacuoles (black arrows) in hepatocytes (H), dilated sinusoids (S), mononuclear cells infiltration in portal areas (PA, yellow arrows), bile duct dilation (arrowheads). Hepatic 
sections from PVS-treated group (C1 and C2) showing fewer fat vacuoles in hepatocytes (black arrows), dilated sinusoids (S), fewer mononuclear cells infiltration in portal 
areas (PA, yellow arrow), mild bile duct dilation (arrowheads). Hepatic sections from F5 NPs-treated group (D1 and D2) showing restored normal organization of hepatic 
cords (H) around central veins (CV) with normal portal areas (PA) and sinusoids (S). Low magnification ×: 100 bar 100 and high magnification ×: 400 bar 50.
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muscle fibers (Figure 11D1 and D2). Finally, we observed that treatment with F5 NPs resulted in increased hypolipidemic, 
hepatoprotective activity of PVS and reduced myopathy. Similar findings were declared previously.33,71

Conclusion
Concisely, PVS–PLGA-NPs were successfully prepared by double emulsion solvent evaporation technique. A 32 

factorial design was used to select the optimized formula for further evaluation. We confirmed that both drug: 
polymer ratios and surfactant concentration played a vital role in determining NPs characteristics. The developed 
NPs were proved to have appropriate PS, PDI, EE % and suitable ZP. F5 was selected as the optimized formula as 
it was characterized by highest EE% (51.7 ± 5), reasonable PS (168.4 ± 2.506) as well as reasonable ZP (−28.3 ± 
1.18). Solid-state characterization confirmed the encapsulation of PVS into the polymeric matrix. TEM and SEM 
images indicated that NPs are distinct spherical shape with smooth surface. The in vitro release study of the 
optimized formula (F5) confirmed that PVS release can be successfully regulated in PLGA-NPs formulations over 
a period of 6 hr. F5 NPs were not significantly changed during the whole storage period in the refrigerator. 
Finally, evaluation of in vivo antihyperlipidemic and hepatoprotective activities indicated that PVS–PLGA-NPs 
are a promising treatment for hyperlipidemia with higher efficacy, and hepatoprotective activity compared to PVS 
solution.

Acknowledgments
The authors would like to express their gratitude to Dr Walaa Awadin, Associate Professor, Department of 
Pathology, Faculty of Veterinary Medicine, Mansoura University, for her technical support and specimen exam-
ination during the histopathological examination. The authors would like to thank Delta Pharm Pharmaceutical 
Co, Cairo, Egypt, and Purac Biomedical, Holland, for kindly supplying pravastatin sodium and poly(lactic- 
glycolic acid), respectively.

Figure 11 Microscopic pictures of H&E stained longitudinally sectioned skeletal muscles showing normal organization of striated muscle fibers with peripherally located 
nuclei in negative control group (A1). The longitudinally sectioned skeletal muscles from the positive control group (B1) showing hyaline degeneration (black arrow) in some 
sections, marked lipid infiltration in muscle fiber and marked mononuclear cells infiltration in interstitial tissue (yellow arrow). The longitudinally sectioned skeletal muscles 
in the free PVS-treated group (C1), showing moderate lipid infiltration in muscle fibers (blue arrow) and in the F5 nanoparticles-treated group (D1), showing lower lipid 
infiltration in muscle fibers (blue arrow). The crossly sectioned skeletal muscles showing normal muscle fibers with peripherally located nuclei in negative control group 
(A2). The crossly sectioned skeletal muscles from positive control group (B2) showing marked lipid infiltration, mild mononuclear cells infiltration (yellow arrows) in muscle 
fibers and hyaline degeneration in some sections with mild mononuclear cells infiltration. The cross-sectioned skeletal muscles from the free PVS-treated group (C2) 
showing moderate lipid infiltration in muscle fibers (blue arrow) and in the F5 NPs-treated group (D2) showing very mild lipid infiltration in muscle fibers (blue arrow).
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