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A B S T R A C T   

To enhance the poor bioavailability and extensive liver metabolism of atorvastatin calcium (ATC), we have 
developed an oleic acid–reinforced PEGylated polymethacrylate (OLA–PEG–E-RLPO) transdermal film as a 
convenient and alternative delivery system. The effect of varying levels of Eudragit RLPO, PEG 400, and oleic 
acid on the target product profile was optimized through Quality by Design (QbD) approach. The ATC–loaded 
OLA–PEG–E-RLPO transdermal films were evaluated in ex-vivo experiments using full thickness skin, utilizing 
Franz cell studies, and undergone in-vivo pharmacokinetics/pharmacodynamics (PK/PD) assessment, using 
poloxamer-induced dyslipidemic Sprague-Dawley rats. At 2 and 12 h, the optimized ATC films with a thickness of 
0.79 mm showed permeation of 37.34% and 97.23% into the receptor compartment, respectively. Steady-state 
flux was 0.172 mg/cm2h, with 7.01 × 10− 4 cm/h permeability coefficient, and 0.713 × 10− 3 cm2/h diffusion 
coefficient. In-vivo PK results indicated that the absorption profiles (AUC0-∞) of the optimized film in pre-treated 
group of animals were 8.6-fold and 2.8-fold greater than controls pre-treated with non-PEGylated non-oleic acid 
film and orally administered ATC, respectively. PD assessment of the lipid panel indicated that the lipid profile of 
the optimized film pre-treated group reached normal levels after 12 h, along with the significant enhancement 
over the non–PEGylated non-oleic acid film and the oral marketed tablet groups. The histopathological findings 
revealed near-normal hepatocyte structure for the optimized film pre-treated animal group. Our results further 
indicate that transdermal delivery films based on an optimized ATC–loaded OLA–PEG–E-RLPO were successfully 
developed and their assessment in both ex-vivo and in-vivo suggests enhanced permeability and improvement in 
bioavailability and antidyslipidemic activity of ATC. This approach can provide several advantages, especially 
during chronic administration of ATC, including improvement in patient compliance, therapeutic benefits, 
bioavailability, and feasibility for commercialization and as a platform for other drug classes.   

1. Introduction 

Atorvastatin calcium (ATC) is a selective, competitive inhibitor of 3- 
hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase, the rate-limiting 
enzyme that converts 3-hydroxy-3methylglutaryl-coenzyme A to 
mevalonate, a precursor of sterols, including cholesterol. It lowers 
plasma cholesterol and lipoprotein levels by inhibiting HMG-CoA 
reductase and cholesterol synthesis in the liver. ATC also increases the 

number of hepatic LDL receptors on the cell surface to enhance re- 
uptake and catabolism of LDL and reduces LDL production and the 
number of LDL particles (Schachter, 2005). From pharmacodynamic 
point of view it is known that ATC, and some of its metabolites, are 
pharmacologically active and the liver is the major site of action and the 
most important site of cholesterol synthesis and LDL clearance. 

A modest increase in high-density lipoproteins (HDL) and apolipo-
protein A1 (apo A-I) is also evidenced to be mediated by ATC, through 
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inhibiting the cholesteryl ester transfer protein (CETP) action (Mctag-
gart and Jones, 2008). Consequently, ATC has been revealed to help in 
the prevention of coronary atherosclerosis progression by attenuating 
the plaque lipid-core. Besides the antidyslipidemic activity of ATC, it is 
also utilized and studied for the remediation approach of Alzheimer’s 
disease, benign prostatic hyperplasia, and osteoporosis (Davies et al., 
2016). ATC has been classified as BCS-Class-II according to the Bio-
pharmaceutics Classification System (BCS), exhibiting high permeability 
but poor solubility, having logP of 5.39. It also shows absolute 
bioavailability of about 14%, which is attributed to inadequate intesti-
nal absorption, pre-systemic clearance in gastrointestinal mucosa and 
hepatic first-pass metabolism (Adams et al., 2017). Upon oral adminis-
tration, patients may experience, many gastrointestinal disturbances 
such as decreased appetite, diarrhea, and constipation. Furthermore, the 
food effect reduces both systemic availability and maximum drug con-
centration (Cmax) by 25% and 9%, respectively (Shaker et al., 2020). 
Moreover, and owing to the excessive hepatic metabolism, further 
oxidative stress is exerted on the liver, which increases the risk of liver 
failure in liver impaired patients, considering chronic drug 
administration. 

Consequently, other effective alternate routes of administration 
should be investigated to decrease or minimize the issues associated 
with oral administration (Chojnacki et al., 2017). Transdermal drug 
delivery is one of the first suggested non-invasive alternative routes with 
multiple beneficial effects, overcoming many disadvantages reported 
with conventional oral administration (Han and Das, 2015). Besides, the 
ease of access and large surface area of the skin it allows for multiple 
options for the placement of transdermal films on the skin (Schoell-
hammera et al., 2014). Additionally, risk of toxic side effects is mini-
mized, owing to the pharmacokinetic profiles of drugs, which will is 
likely to be more uniform and avoidance of pre-systemic metabolism, 
hence improving bioavailability (Alkilani et al., 2015; Doherty and 
Pang, 1997; Zhu et al., 2020). Furthermore, the ease of application and 
convenience is one of the benefits of transdermal delivery resulting in 
improvement in patient compliance and reduction in dosing frequency. 
It is also beneficial for hospitalized patients or those in the nursing home 
with difficulty in self-administration (Chen, 2018). Many earlier at-
tempts were made to formulate ATC in advanced delivery systems for 
other routes of administration than the conventional oral administra-
tion. Regarding transdermal delivery of ATC, previous research work on 
different approaches of transdermal delivery systems confirmed the 
enhanced effectiveness and overwent the poor bioavailability of ATC in 
oral route of administration (Castañeda et al., 2017; Mahmoud et al., 
2017; Morsy et al., 2019; Shahraeini et al., 2020; Shaker et al., 2020). 

The permeation through the stratum corneum (SC) is the main 
challenge facing the transdermal delivery of drugs, which acts as a 
natural defensive barrier to external foreign chemicals and environ-
mental elements (Marwah et al., 2016). In design and formulation of 
transdermal delivery systems various excipients and permeation en-
hancers referred to as GRAS (generally regarded as safe) materials by the 
Food and Drug Administration (FDA) can be employed to potentially 
enhance drug permeation through the skin barrier. These include 
routinely used synthetic polymers, plasticizers, permeation enhancers 
and other natural ingredients. Oleic acid (OLA) is a common permeation 
enhancer, that is considered one of the best permeation enhancers in the 
unsaturated category (Ahad et al., 2015; Gupta et al., 2019). OLA mainly 
modifies the extracellular lipid domain of the SC, and decreases the 
barrier resistance to dug permeation of the skin (Naik et al., 1995). 
Polyethylene glycol 400 (PEG 400) is a typical example of a plasticizer/ 
drug permeability enhancer, which has been investigated previously 
(Aqil and Ali, 2002; Castañeda et al., 2017; Mahmoud et al., 2017). 

As a convenient and an alternative delivery system with enhanced 
efficacy, bioavailability, improvement in patient compliance and po-
tential for commercialization we are investigating a novel approach in 
the development of a transdermal delivery system. Suitable formula-
tions containing, permeation enhancer, appropriate plasticizer and film- 

forming polymer, with adoption of a simple fabrication scheme, is un-
dertaken to develop a transdermal delivery film for ATC administration. 
Specifically, we have focused on development of an OLA–reinforced 
PEGylated polymethacrylate (OLA–PEG–E-RLPO) transdermal film of 
ATC. The effects of varying levels of Eudragit RLPO, PEG 400, and OLA 
on minimizing film thickness and maximizing ex-vivo permeation pa-
rameters were investigated using Box Behnken design (BBD). The opti-
mized formulation was evaluated in-vivo compared to the 
non–PEGylated non-OLA film and the oral marketed tablet. The anti-
dyslipidemic activity of ATC and its bioavailability from the developed 
delivery systems were evaluated via pharmacodynamic (PD) and phar-
macokinetic (PK) studies along with safety evaluation via hepatocytic 
histopathological examination. 

2. Materials and methods 

2.1. Materials 

Atorvastatin calcium was supplied as a gift from SPIMACO (Riyadh, 
Saudi Arabia), while Evonik Industries AG-Werk Rohm (Darmstadt, 
Germany) provided the Eudragit RLPO. Dichloromethane (DCM) was 
purchased from Prolabo (Paris, France). Acetonitrile HPLC grade and 
phosphoric acid were provided from Merk (Darmstadt, Germany). Oleic 
acid (OLA), Polyethylene glycol 400 (PEG 400), Poloxamer 407 (P-407), 
methanol, and any other compounds required for this research work 
were obtained from Sigma-Aldrich (St. Louis, USA). All provided 
chemicals and reagents were of analytical grade. 

2.2. Chromatographic conditions 

In this research work, any samples containing ATC from formula-
tions, and the ATC plasma concentrations as well, were determined 
using an isocratic HPLC chromatographic condition with modification 
(Seshachalam and Kothapally, 2008). The HPLC instrument was adapted 
with an adaptable wavelength ultraviolet-spectroscopic detector 
adjusted at 240 nm along with a quaternary pump, autosampler, vac-
uum degasser, and Winchrom software. The chromatographic separa-
tion was performed on a Phenomenex, Hypersil C18 5u column 
(Phenomenex, Torrance, CA) at room temperature. The acetonitrile: 
0.1% phosphoric acid ratio at 66:34 v/v was used as a mobile phase that 
was pumped at a flow rate of 1.2 ml/min. For ATC extraction from the 
plasma samples, 1 ml of acetonitrile was added to 1 ml aliquot of a 
sample, exposed to 1 min vigorous shaking via a vortex, and then 
allowed for 10 min of centrifugation at 5000 rpm. The separation of the 
organic solvent was undertaken thru evaporation at 50 ◦C under a ni-
trogen stream till complete dryness. The residue was reconstituted in 80 
μl of the mobile phase and a volume of 20 μl was injected. An internal 
standard (IS) solution was prepared by dissolving a specified amount of 
simvastatin in a known volume of the mobile phase to prepare a 100 ng/ 
ml solution. Two milliliters of the IS were applied to 500 ml of the su-
pernatant which is furtherly extracted with diethyl ether and potassium 
hydroxide solution. The supernatant was evaporated under nitrogen and 
the residue was constituted with 200 ml of the mobile phase. The 
chromatographic condition utilized in this research work was in-house 
validated and considered sensitive, precise, robust, accurate, and 
selective. 

2.3. Experimental design 

BBD was utilized to investigate the impacts of three factors in 15 runs 
with a fully randomized order. A three-factor 15-run BBD was created 
thru the software Statgraphics® Centurion XVI, Version 16.1.11 (Stat-
Point, Inc., USA). The upper, mid, and lower levels of each factor were 
defined and signified according to a preliminary study performed before 
employing the experimental design. The factors and their levels covered 
in this work are listed in Table 1. The response of dependent variables 
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and optimized conditions could be estimated (Desoqi et al., 2021; Kas-
sem et al., 2017; Soliman et al., 2018), as well as a lack of fit test was also 
carried out for checking the suitability of the selected model for the 
evaluation and representation of responses (Gardouh et al., 2021; Harbi 
et al., 2016). The dependent variables were the thickness of the film 
(Y1), the initial amount of ATC diffused after 2 h (Y2), the cumulative 
amount of ATC diffused after 12 hrs. (Y3), steady-state flux (Y4), 
permeability coefficient (Y5), and diffusion coefficient (Y6). The 
composition of the runs and recorded responses generated by BBD are 
listed in Table 2. 

2.4. Preparation of ATC–loaded OLA–PEG–E-RLPO transdermal films 

ATC–loaded OLA–PEG–E-RLPO transdermal films were formulated 
by the solvent casting method (El-Say et al., 2015). A known weight 
(200 mg) of ATC was dissolved into the Eudragit RLPO solution that was 
made via dissolving the polymer into a DCM-methanol (1:1 v/v) mixture 
of solvents. The required amounts of plasticizer (PEG 400) and perme-
ation enhancer (OLA), based on total polymer mass, were also dispersed 
in the mixture. The final mixture was then transferred to a Teflon Petri 
dish with a diameter of 6.06 cm and allowed to dry at 40 ◦C for 24 h. The 
backing membrane has been used to cover the prepared films (CoTran™, 
3 M, St Paul, USA). Ultimately, these films were cut to give an area of 
6.74 cm2 and stored in an airtight container under ambient conditions 
till used for further investigations. Non-PEGylated non-OLA ATC-loaded 
films were also produced following the same procedure. 

2.5. Characterization of the ATC–loaded OLA–PEG–E-RLPO transdermal 
films 

The prepared ATC transdermal films were inspected visually and 
evaluated for the weight variation, thickness, and elongation percent 
(Ahmed and El-Say, 2016), per our previous research work (El-Say et al., 
2017) regarding the importance of selecting the appropriate plasticizer 
and permeability enhancer for maximizing the physicochemical prop-
erties of the designed transdermal films. A specified area (1.76 cm2) at 
different points of the film is dried at 60 ◦C for 4 h and weighed. The 
average weight of three measurements and the standard deviation (SD) 
values are calculated. At three different points, the thickness of the films 
was determined using a digital micrometer. The thickness was measured 
in triplicate and the mean values and SD were calculated. An elongation 
testing apparatus has been adopted to assess % elongation. Concisely, a 
strip of the film (1 × 4 cm) was hanged between two clamp jaws. The 
distance between these clamps was set at 2 cm and a constant weight 
was fixed to the lower part. After 2 min, the length change of the film 
was determined, and the percentage of elongation was calculated via the 
next equation. 

% elongation =
[L2 − L1]

L1
× 100 (1)  

where L1 is the initial length and L2 is the final length of the film. 

2.6. Ex-vivo skin permeation study of the ATC–loaded OLA–PEG–E- 
RLPO transdermal films 

The permeation studies were performed utilizing an automated 
Franz diffusion cell apparatus (MicroettePlus™, Hanson Research, 
Chatsworth, CA, USA) with a diffusion area of 1.76 cm2. A 4 cm2 area of 
full-thickness skin obtained from the shaved abdominal region of 
Sprague Dawley male rats (175–200 g body weight) was removed, freed 
from any subcutaneous adipose tissue, and inspected carefully to assure 
uniform thickness and integrity of the skin. The removed skin was then 
positioned between the donor and the receiver compartments. The 
dermal side was taken into consideration to be contacted directly to the 
donor medium. The receiver medium was composed of phosphate buffer 
saline (pH 7.2) with 0.05% w/v sodium dodecyl sulfate, which was 
maintained at 32 ± 0.5 ◦C temperature and 400 rpm stirring rate. At 
definite time intervals, samples were withdrawn from the receiver 
media and substituted with fresh media. The withdrawn samples were 
undergone analysis for ATC permeated amount thru the HPLC method 
previously mentioned (Section 2.2.). The patterns of the permeation of 
ATC were created via plotting the cumulative amount of ATC permeated 
through constant/unit area versus time. From the slope of the yielded 

Table 1 
Box-Behnken design independent levels and dependent variables with the 
specified responses and assigned goals of ATC–loaded transdermal film 
formulations.  

Independent variables (Factors) Levels Units 

Low Medium High 

X1: Eudragit RLPO Concentration 5 7.5 10 (%)

X2: PEG 400 Concentration 30 35 40 (%)

X3: Oleic acid Concentration 10 15 20 (%)

Dependent variables (Responses) Units Goal 
Y1: Film thickness mm  Minimize 
Y2: Initial ATC permeated after 2 h (%) Maximize 
Y3: Cumulative ATC permeated after 12 h (%) Maximize 
Y4: Steady State Flux (Jss) mg/cm2h  Maximize 

Y5: Permeability Coefficient (Pc) (cm/h)× 10− 4  Maximize 

Y6: Diffusion Coefficient (D) 
(
cm2/h

)
× 10− 3  Maximize  

Table 2 
Composition of Box-Behnken design for ATC–loaded transdermal film formulations and observed values of the studied responses.  

Formulation code Factors Responses* 

X1 (%) X2 (%) X3 (%) Y1 (mm) Y2 (%) Y3 (%) Y4 (mg/cm2.h) Y5 (cm/h) × 10− 4 Y6 (cm2/h) × 10− 3 

F1 7.5 40 10  0.958  20.61  88.94  0.22  8.947  1.177 
F2 5 30 15  0.846  36.04  94.9  0.221  8.99  1.187 
F3 10 30 15  1.236  22.82  79.16  0.174  7.066  0.716 
F4 5 35 20  0.841  39.85  97.48  0.205  8.316  1.027 
F5 10 35 10  1.245  17.84  75.67  0.191  7.768  0.888 
F6 7.5 40 20  1.285  35.06  93.4  0.173  7.046  0.756 
F7 5 40 15  0.683  38.56  95.89  0.185  7.425  0.84 
F8 10 40 15  1.238  19.86  87.89  0.249  10.12  1.481 
F9 7.5 30 20  1.13  38.67  94.23  0.223  9.054  1.212 
F10 5 35 10  0.857  30.85  93.88  0.2  8.144  0.984 
F11 10 35 20  1.348  26.2  86.89  0.156  6.332  0.612 
F12 7.5 30 10  0.979  26.32  85.34  0.185  7.532  0.834 
F13 7.5 35 15  1.016  31.82  88.14  0.181  7.362  0.826 
F14 7.5 35 15  0.986  33.36  88.88  0.176  7.167  0.773 
F15 7.5 35 15  0.823  34.13  89.56  0.19  7.73  0.902  

* Values of responses are the means of triplicate measurements for each response and SD values did not exceed 5% of the stated values. 

K.M. El-Say et al.                                                                                                                                                                                                                               



International Journal of Pharmaceutics 608 (2021) 121057

4

plots, the steady-state flux (Jss) was calculated, while the permeability 
coefficient (Pc) was estimated as the ratio of the flux to the initial drug 
load (C0). The diffusion coefficient (D) was calculated from plotting the 
cumulative amount of ATC permeated through constant/unit area as a 
function of the square root of time (

̅̅
t

√
) (El-Say et al., 2017) as repre-

sented in the following equation. 

D =

(
Slope
2C0

)2

× π Higuchi model (2)  

2.7. Assessment of the optimized ATC–loaded OLA–PEG–E-RLPO 
transdermal film 

The different response variables were measured for the fifteen 
designed formulations to obtain the results needed to select the optimum 
formula. The desirability study and multiple response optimization were 
performed by the software for the prediction of the composition of the 
optimum formula for all response variables together, and then the 
optimized formula was prepared. The prepared optimized formula was 
evaluated where the six response variables were measured under the 
same procedures of the fifteen formulations prepared according to BBD 
to be compared with the predicted variable responses (Mujtaba et al., 
2014). 

2.8. In-Vivo studies on the poloxamer-induced dyslipidemic rats 

2.8.1. Animals and handling procedure 
Forty-eight male Sprague Dawley rats (175–220 g body weight) were 

utilized in this study. Eighteen rats were used for the PK study, another 
eighteen rats were used for the PD evaluation, and twelve rats were 
specified as the normal negative and model positive control groups (six 
rats per group), which undergo the histologic examination. This number 
of rats was considered enough for blood sampling by an alternative 
method. In this study, a single-dose one-period parallel design was used. 
The dose of ATC used for in-vivo studies was widely ranged between 1 
mg/kg to 80 mg/kg for different durations and frequencies (Pecoraro 
et al., 2014). We aimed to choose a low-medium dose concentration in 
order to study the influence of the optimized transdermal film on 
bioavailability and prompt efficacy of Atorvastatin with excluding any 

interference may be resulted from using high doses (Jiang and Zheng, 
2019; Schmechel et al., 2009). The study was performed following Good 
Clinical Practice (GCP), International Conference on Harmonization 
(ICH), the European Medicines Agency (EMA), and Food and Drug 
Administration (FDA) guidelines. The study was achieved according to 
the Declaration of Helsinki, the Guiding Principle in Care and Use of 
Animals (DHEW production NIH 80 ± 23), and the “Standards of Lab-
oratory Animal Care” (NIH distribution #85 ± 23, reconsidered in 
1985). The rats were kept in cages on a 12 h light/dark cycles at 25 ◦C 
and 55 ± 10% relative humidity. Rats were maintained with free access 
to water and ad libitum. General and environmental conditions were 
strictly monitored. 

The categorization of animal groups was the same in both PK and PD 
studies, where the animals were divided into three groups of six animals 
in each study (Fig. 1). Two groups were nominated as test groups, one 
received the optimized ATC–loaded OLA–PEG–E-RLPO transdermal film 
and the other received a non–PEGylated non-OLA ATC–loaded trans-
dermal film, while the third (reference) group was administered the 
commercial oral ATC tablet (Lipitor® 10 mg). Dyslipidemia was induced 
in the animals of the PD study groups and the model group specified for 
the histologic examination. The dyslipidemic-induction was done via 
0.25 g/kg poloxamer 407 intraperitoneal (i.p.) injection, which was 
previously dissolved in 0.9% saline (El-Say et al., 2020). Regarding 
dosage administration in PK and PD study groups, and 24 h after 
poloxamer 407 injection in PD study groups, the reference group was 
orally administered 1 ml of 0.5% carboxymethyl cellulose aqueous 
suspensions containing the pulverized ATC tablet (equivalent to 10 mg/ 
kg body weight) through esophageal intubation, while the test groups 
were administered the optimized ATC–loaded OLA–PEG–E-RLPO 
transdermal film and the non–PEGylated non-OLA ATC–loaded trans-
dermal film, respectively (10 mg/kg body weight), via the transdermal 
application on a 3.0 cm2 area of skin. The applied films were fixed well 
and covered with plain adhesive films. Subsequently, after the specified 
72 h for both experiments, rats of PD study groups and histologic ex-
amination groups were sacrificed and liver specimens were removed, 
rinsed with normal saline, and preserved in 10% neutral buffered 
formalin for histopathological analysis. A schematic representation of 
utilized procedures for the in-vivo studies was summarized in Fig. 1. 

Fig. 1. Schematic illustration of the carried out pharmacokinetic, pharmacodynamic, and histopathological studies.  
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2.8.2. Sampling technique 
Blood samples (250 μl) were collected from the PK study groups in 

heparinized tubes under light ether anesthesia by a retro-orbital punc-
ture at 0, 1, 2, 4, 8, 12, 24, 48, and 72 h. The collected blood samples 
were centrifuged at 3000 rpm for 5 min to separate the plasma that was 
collected and stored at 20 ◦C until performing further analysis and for 
quantification of ATC concentration using the HPLC method mentioned 
before (Section 2.2.). Regarding the PD study, normal blood samples 
were taken immediately before the induction of dyslipidemia, to indi-
cate the normal levels of lipid profiles under investigation. After 24 h of 
dyslipidemic induction, samples at 0, 2, 8, 12, 24, 48, and 72 h time 
points were selected for the analysis and evaluation of lipid profiles 
(triglycerides; TG, total cholesterol; TC, LDL, and HDL). 

2.8.3. Assessment of pharmacokinetic parameters 
The pharmacokinetic parameters of the optimized ATC–loaded 

OLA–PEG–E-RLPO transdermal film were evaluated and compared to 
that of the non–PEGylated non-OLA ATC–loaded transdermal film and 
the commercial drug tablet. The following PK parameters were calcu-
lated and specified thru the non-compartmental extravascular PK model 
via an excel add-in program (PKsolver). The peak plasma concentration 
and its time (Cmax and Tmax, respectively) were quantified. Areas under 
the curve (AUC0–t and AUC0–∞) and other PK parameters as the mean 
residence time (MRT0–∞), area under the first moment of the curve 
(AUMC0–∞), elimination rate constant and half-life (Kel and t1/2, 
respectively), apparent total body clearance and volume of distribution 
(Cl and Vd, respectively) were also calculated. Lastly, the relative 
bioavailability of the optimized ATC–loaded OLA–PEG–E-RLPO trans-
dermal film was determined (Abo-EL-Sooud, 2018). 

2.8.4. Evaluation of ATC antidyslipidemic activity 
The antidyslipidemic activity of the optimized ATC–loaded 

OLA–PEG–E-RLPO transdermal film was determined versus the non-
–PEGylated non-OLA ATC–loaded transdermal film and the commercial 
drug tablet, over a 72-h period. Blood samples were collected and the 
serum was 5 min centrifugated at 10,000 rpm. The collected serum 
samples were investigated for TG, TC, LDL, and HDL utilizing in-vitro 
diagnostic kits of an enzymatic-colorimetric methodology (Egy Chemi-
cal for Lab Tech & BioMed Diagnostics, Egypt). Blood samples from the 
overnight-fasted rats (that undergone PK study) were collected imme-
diately before dyslipidemia induction to specify the TG, TC, LDL, and 
HDL baseline levels. Besides, blood sampling was also undergone 24 h 
after induction and exactly at zero time immediately before applying 
formulations, to indicate a model of the reached dyslipidemic levels of 
lipid profiles (Fig. 1). These biochemical parameters have been rede-
termined after administering ATC to the studied groups and comparing 
results with the corresponding baseline values assuming that each rat is 
considered as its control. 

2.8.5. Histological examination 
Liver specimens were taken randomly from the rat of each group of 

the PK study after the 72-h time point. Specimens from the normal and 
model groups specified for this examination were also taken to represent 
the hepatocytic histologic picture of the normal and the dyslipidemic- 
induced model groups, respectively. Autopsy samples were taken from 
the liver and fixed using neutral buffered formalin 10%. Tap water was 
used for washing followed by dehydration via serial dilutions of alcohol 
(methyl and absolute ethyl). Specimens were cleared in xylene and fixed 
in paraffin at 56 ◦C for 24 h. Paraplast wax tissue blocks were prepared 
for sectioning at 4 µm thickness by a rotatory microtome. Finally, the 
obtained tissue sections were collected on glass slides, deparaffinized, 
stained by hematoxylin & eosin (H&E) stain (Ahmed et al., 2020; Layton 
et al., 2019). 

2.8.6. Statistical analysis 
All statistical analyses were performed using GraphPad Prism, 

version 8.4.2 Software (San Diego, CA, USA). Regarding the plasma 
concentration-time curve, two-way ANOVA followed by Tukey’s mul-
tiple comparisons test was done to compare each means with the other at 
all time points to assess the significance between groups. The 
biochemical parameters were also assessed for their statistical difference 
using the two-way ANOVA followed by Tukey’s multiple comparisons 
test, as well as a two-tailed unpaired t-test was used to assess the dif-
ference between the biochemical parameters of the normal and model 
groups. Results with P < 0.05 were considered significant. 

3. Results and discussion 

3.1. Optimization of ATC–loaded OLA–PEG–E-RLPO transdermal films 

Data obtained from preliminary studies were used for the optimi-
zation of ATC transdermal films using the 3-factor, 3-level BBD model, 
which was employed to inspect, augment, and evaluate the quadratic 
and interaction effects of the selected factors on the responses (Table 1). 
The percentage concentration of matrix-forming polymer; Eudragit 
RLPO, was assigned in this design as X1 with levels of 5, 7.5, and 10 %. 
The levels of percentage concentrations of the plasticizer, PEG 400 (X2), 
were 30, 35, and 40 %, while 10, 15 and 20 % were the levels of per-
centage concentrations of the penetration enhancer; OLA, which was 
employed as X3. Different response variables were measured for all the 
BBD formulations and the results were presented in Table 2. Polynomial 
equations were generated for each response. Besides, a lack of fit test 
summary data was also displayed in Table 3. This data revealed that the 
selected model for all responses has an insignificant lack of fit (its P-value 
more than 0.05). The lack of fit test is premeditated to reveal the suit-
ability of the selected model to demonstrate and represent the detected 
data. In the case of the P-value for lack-of-fit in the ANOVA results is 
more than or equal to 0.05, the model seems to be suitable for the 
detected data at the 95.0% confidence level (Harbi et al., 2016; Liu et al., 
2018). 

3.2. Physicochemical characterization of ATC–loaded OLA–PEG–E- 
RLPO transdermal films 

The characterization of ATC–loaded films via measuring weight, 
percent elongation, and film thickness displayed insignificant variation 
between the developed films. The percentage of weight variation for the 
triplicates of each type of ATC film was ≤ 5%, which indicates accept-
able weight uniformity of the transdermal films. 

The percentage of elongation is one of the respectable means of 
describing the mechanical physiognomies of the film. A film with a low 
percentage of elongation and tensile strength is considered a soft film. 
Brittle/hard film is found with low elongation and moderate tensile 
strength, while a film with high elongation percent and tensile strength 
is considered a tough/soft film (Lin et al., 1995). The obtained data (24, 
7, 12, 13.5, 14, 21, 17, 19, 10, 12, 11, 13, 18, 16 and 17 % for formu-
lations from F1 to F15, respectively) exhibited elongation percentages 
oscillated between 7 and 24 % for F2 and F1, respectively. F1 and F2 
were elaborated with 40% and 30% of PEG 400 concentration, 

Table 3 
Parameters of lack-of-fit tests of responses.  

Responses Lack-of-fit parameters 

Sum of 
Squares 

Degree of 
Freedom 

Mean 
Square 

F- 
ratio 

Lack of 
Fit 
P-value 

Y1  0.0303007 3  0.0101002  0.94  0.5536 
Y2  24.4544 3  8.15148  5.89  0.1485 
Y3  9.50838 3  3.16946  6.28  0.1404 
Y4  0.00112275 3  0.00037425  7.44  0.1208 
Y5  1.86514 3  0.621713  7.61  0.1184 
Y6  0.0977277 3  0.0325759  7.75  0.1165  
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respectively (Table 2). Thus, utilizing the right percentage of plasticizer 
is significant and very crucial for enhancing elasticity and minimizing 
the brittleness of prepared films. Also, the film thickness varied from 
0.683 mm in F7 to 1.285 mm in F6 by altering the levels of factors 
(Table 2). 

To conclude, the elaborated films were of uniform weight, good 
elasticity, even in thickness and their appearance was appropriately 
smooth without any observed visible cracks. Further interpretation 
regarding the quantitative estimated effects of factors on film thickness 
along with all other responses of BBD representing the ex vivo skin 
permeation parameters is detailed in the next section. 

3.3. The quantitative estimation of factors’ effects 

The relevancy-oriented mathematical treatment among the selected 
factors and the detected responses were expressed as polynomial equa-
tions and explained for their significance by ANOVA. The estimated 
factors’ effects along with the corresponding P values yielded by ANOVA 
on all responses are represented in Table 4. The effectiveness of any 
factor will be considered significant in case the effect value is more than 
zero and its P-value is not equal to or more than 0.05. Besides, the 
synergistic factor effect will be labelled with a positive sign, whereas the 
antagonistic effect is symbolized by a negative sign. 

According to the given outcomes, X1 was observed to influence the 
film thickness (Y1) noticeably and synergistically with a 0.025 P-value. 
Besides, X1 was also noted to significantly and antagonistically affect 
both percentages of the initial and cumulative ATC amount permeated 
after 2 h (Y2), and 12 h (Y3) with 0.0032 and 0.0015 P values, respec-
tively. The only effect showed from X2 was a significant positive influ-
ence on Y3 with a P-value of 0.0249. X3 was also found to exhibit a 
positive influence on both Y2 and Y3 with 0.0056 and 0.005 P values, 
respectively. Furthermore, Y3, Y4, Y5, and Y6 are influenced synergisti-
cally by the interaction term (X1X2), while the interaction term (X1X3) 
influenced positively Y3 without any other significant effects on other 
responses. In addition, it was noted that the quadratic term of X2 
possessed a noticeable positive effect on Y4, Y5, and Y6. On the other 
hand, a significant antagonistic effect on Y4, Y5, and Y6 was exhibited by 
the interaction term (X2X3). The quadratic terms of X1 and X3 were 
found to have no significant effects on any of the measured responses 
(Table 4). 

3.3.1. Estimated effects on film thickness (Y1) 
From the data presented in Table 2, the film thickness was varied 

from 0.683 mm in F7 to 1.285 mm in F6. The film thickness (Y1) was 
mainly influenced by X1 with a positive trend, which is logical to observe 

the increase in film thickness along with the increase of the amount of 
polymer used for preparation. This finding was demonstrated in both the 
Pareto chart and the contour response surface plot of Y1 (Figs. 2 and 3). 
At X2 and X3 fixed levels in F2 and F3, the increase in X1 from 5 to 10 % 
was accompanied by a thickness increase from 0.846 to 1.236 mm. Also, 
the decrease of X1 from 10 to 5 % in F5 and F10, respectively, was found 
together with the decrease of the film thickness from 1.245 to 0.857 mm 
at constant levels of X2 and X3. 

3.3.2. Estimated effects on percentages of initial and cumulative permeated 
ATC (Y2 and Y3), and ex vivo skin permeation parameters (Y4, Y5, and Y6) 

The initial permeated ATC amount was observed at 2 h while the 
cumulative permeated ATC amount was detected at 12 h, which were 
plotted in Fig. 4. Also, the other ex vivo skin permeation parameters 
namely; steady-state flux (Jss; Y4), permeability coefficient (Pc; Y5), and 
diffusion coefficient (D; Y6), were extracted from Fig. 4b and displayed 
in Table 2. 

The percentages of initial ATC permeated after 2 h (Y2) were varied 
from 17.84% for F5 to 39.85% for F4, while the percentages of cumu-
lative ATC permeated after 12 h (Y3) were ranged from 75.67% for F5 to 
97.48% for F4. X1 was the main factor inversely affecting both Y2 and Y3 
(Figs. 2 and 3). In F4 and F11, the increase in X1 from 5 to 10 % was 
accompanied by the decrease of the percentage of initial ATC permeated 
from 39.85% to 26.2%, respectively, and a decrease in cumulative 
permeation percentage from 97.48% to 86.89%, respectively, at the 
same levels of X2 and X3. Also, the decrease of the percentage concen-
tration of Eudragit RLPO from 10 to 5 % in F8 and F7, respectively, was 
accompanied by the increase of initial ATC permeated from 19.86% to 
38.56%, as well as the increase of cumulative ATC permeated from 
87.89% to 95.89%, respectively, at the same level of other factors. This 
can be explained owing to the increase in the polymer content that in-
creases the thickness of the film, which led to the increase in the length 
of diffusion path travelled by ATC through the film, and thus, delay the 
initial and cumulative permeated drug amount (Khattab and Shalaby, 
2018). 

Also, X2 was found to positively influence the cumulative ATC 
permeation percentage of the formulations. This result is mainly corre-
lated to the hydrophilicity of PEG and the enhanced wettability and can 
be additionally explained by the fact that low molecular weight PEGs 
have higher hydrophilicity than PEGs with high molecular weight, and 
thus it will be able to swell well and allow more drug diffusion from the 
films (Moradkhannejhad et al., 2020). X3 (OLA percentage concentra-
tion) displayed a synergistic impact on both Y2 and Y3. The rational 
positive effects of using OLA as a penetration enhancer on enhancing 
permeation were also confirmed in earlier studies (Mao et al., 2013; 

Table 4 
Estimated effects of factors and associated P values for the responses of ATC–loaded transdermal film formulations.  

Responses Factors 

X1 X2 X3 X1
2 X1X2 X1X3 X22 X2X3 X32 

Y1 Factor effect  0.46 − 0.007  0.1413  0.0438  0.0825  0.0595  0.0743  0.088  0.2183 
P values  0.025* 0.9351  0.1943  0.7244  0.5103  0.6245  0.5627  0.486  0.1808 

Y2 Factor effect  − 14.65 − 2.44  11.04  − 5.263  − 2.74  − 0.32  − 2.303  1.05  − 3.573 
P values  0.0032* 0.0992  0.0056*  0.0501  0.1452  0.8111  0.2006  0.4662  0.1001 

Y3 Factor effect  − 13.14 3.1225  7.0425  − 1.3975  3.87  3.81  2.5975  − 2.215  0.6375 
P values  0.0015* 0.0249*  0.0050*  0.1993  0.0321*  0.0330*  0.0723  0.0893  0.4794 

Y4 Factor effect  − 0.011 0.006  − 0.0098  0.0127  0.056  − 0.02  0.0372  − 0.043  − 0.0013 
P values  0.1777 0.3543  0.1914  0.2284  0.0160*  0.1062  0.0373*  0.0268*  0.8734 

Y5 Factor effect  − 0.397 0.224  − 0.4108  0.4758  2.3095  − 0.804  1.4853  − 1.712  − 0.0352 
P values  0.1883 0.3833  0.1792  0.2509  0.0150*  0.1066  0.0379*  0.0268*  0.9167 

Y6 Factor effect  − 0.085 0.0763  − 0.069  0.1053  0.556  − 0.159  0.3393  − 0.399  − 0.0172 
P values  0.2041 0.2382  0.2713  0.259  0.0133*  0.1331  0.0374*  0.0253*  0.823 

X1 is Eudragit RLPO Concentration (%), X2 is the PEG 400 Concentration (%), X3 is the Oleic acid Concentration (%), X1X2, X1X3, X2X3 are the interaction terms 
between the factors, X1

2, X2
2, X2

3 are the quadratic terms of the factors, Y1 is the film thickness (mm), Y2 is the Initial ATC permeated after 2 h (%), Y3 is the cumulative 
ATC permeated after 12 h (%), Y4 is the Steady State Flux (Jss; mg/cm2 h), Y5 is the Permeability Coefficient (Pc; cm/h × 10− 4), and Y6 is the Diffusion Coefficient (D; 
cm2/h × 10− 3). 

* Significant effect of factors on individual responses. 
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Zulueta Díaz et al., 2020). Furthermore, the interaction terms (X1X2 and 
X1X3) were also showed a synergistic influence on Y3. Moreover, both 
X1X2 and the quadratic term of X2 possessed a significant positive impact 
on Y4, Y5, and Y6. In contrast, a noticeable negative influence on Y4, Y5, 
and Y6 was shown by the interaction term (X2X3). 

3.4. Statistical analysis and mathematical modeling of the experimental 
data 

After investigation of the values of all BBD studied responses, 
mathematical modeling for each response was yielded. Eqs. (3)–(8) 
described the analysis outcomes of the multiple linear regression 
developed by the best-fit method.  

Fig. 2. Standardized Pareto charts for factors’ effects on the measured responses (Y1–Y6).  

Film thickness (Y1) = 5.122 − 0.112X1 − 0.156X2 − 0.196X3 + 0.004X2
1 + 0.003X1X2 + 0.002X1X3 + 0.0015X2

2 + 0.002X2X3 + 0.004X2
3 (3)   

Initial ATC permeated after 2h (Y2) = − 68.331+ 7.415X1 + 3.488X2 + 2.609X3 − 0.421X2
1 − 0.1096X1X2 − 0.013X1X3 − 0.046X2

2 + 0.021X2X3 − 0.072X2
3

(4)   

Cumulative ATC permeated after 12h (Y3) = 181.811 − 8.654X1 − 3.821X2 + 0.729X3 − 0.112X2
1 + 0.155X1X2 + 0.152X1X3 + 0.052X2

2 − 0.044X2X3 + 0.013X2
3

(5)   
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Fig. 3. Contour response surface graphs for factors’ effects on measured responses (Y1–Y6).  

Fig. 4. Ex-vivo permeation profile of different formulations and the optimized OLA–PEG–E-RLPO transdermal film plotted in terms of the cumulative amount of ATC 
permeated versus time (a), and versus time square root (b). 
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Fig. 5. Interaction plots for factors’ effects on the measured cumulative amount of ATC permeated after 12 h (Y3) and the measured permeability coefficient (Y5) 
along with schematic illustrations displaying the mechanistic intercorrelation between the factors’ physicochemical physiognomies at different levels and the 
measured permeability outputs revealed from the plotted interactions. 

Steady − state flux (Y4) = 1.199 − 0.083X1 − 0.055X2 + 0.036X3 + 0.001X2
1 + 0.002X1X2 − 0.001X1X3 + 0.0007X2

2 − 0.001X2X3 − 0.00003X2
3 (6)   

Permeability coefficient (Y5) = 48.8823 − 3.401X1 − 2.237X2 + 1.419X3 + 0.038X2
1 + 0.092X1X2 − 0.032X1X3 + 0.03X2

2 − 0.034X2X3 − 0.001X2
3 (7)   

Diffusion coefficient (Y6) = 10.4341 − 0.826X1 − 0.514X2 + 0.331X3 + 0.008X2
1 + 0.022X1X2 − 0.0064X1X3 + 0.007X2

2 − 0.008X2X3 − 0.0003X2
3 (8)   
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3.5. Mechanistic justification of E-RLPO, PEG 400 and OLA 
intercorrelated effects 

The previous findings regarding the estimated effects of the selected 
polymer (E-RLPO, X1), plasticizer (PEG 400, X2), and permeability 
enhancer (OLA, X3) can be mechanistically illustrated via the interaction 
plots between the specified factors (Fig. 5), along with many physi-
ochemical actualities. Starting with the effect of X1X2 interaction on the 
cumulative permeated ATC amount at 12 h (Y3) at a high level of X3 
(20%), it was found that the effect of X1 at the high level of X2 (40%) was 
− 5.455, while the effect of X1 at the low level of X2 (30%) was found to 
be − 13.195 (Fig. 5a). Besides, the effect of interaction between X1 and 
X3 on Y3 at 30% X2 (Fig. 5b) revealed that the effect of X1 at 20% X3 was 
− 13.195, whereas the effect of X1 at the low level of X3 (10%) was 
− 20.815. In addition, investigating the effect of interaction between X2 
and X3 on Y3 at a high level of X1 (10%) revealed that the lowest ever Y3 
output (73.18%) was recorded at the low levels of X2 and X3 (Fig. 5c). 
This output was also noted in X1X3 interaction plot (Fig. 5b), which was 
also recorded at X1 high level and low levels of X2 and X3. Regarding the 
effects of factors’ interaction on permeability coefficient (Y5), the effect 
of X1 at 40% X2 and 20% X3 was found to be 1.10825, while the effect of 
X1 at 30% X2 and 20% X3 was − 3.51073 (Fig. 5d). Furthermore, the 
lowest Y5 output (6.669 × 10− 4 cm/h) was recorded at 10% X1 (high 
level of X1) and 10% X3 and 30% X2 (low levels of X2 and X3), as shown 
in Fig. 5e. These findings indicated that the increased level of X1 along 
with the declining levels of both X2 and X3 had an antagonistic effect on 
ATC permeability and release from elaborated transdermal films. As 
discussed in an earlier section, an increasing amount of E-RLPO in the 
formulated transdermal film will yield a thicker film with a longer path 
for ATC to escape the film and reach the skin with a lower permeation 
magnitude. And vice versa, lower E-RLPO amounts will yield higher ATC 
release percentage and permeability magnitude (Fig. 5g and h). This 
rationale is furtherly confirmed with the high Y3 and Y5 outputs recor-
ded at a low level of X1 (5%) in many interaction plots. For example, the 

highest Y3 output was 99.44%, which was found to be recorded at 5% X1 
as shown in Fig. 5a and b, while the highest Y5 output was 10.68 × 10− 4 

cm/h, which was noticed at low levels of X1 as displayed in Fig. 5d, e, 
and f. 

Interestingly, the highest Y3 and Y3 outputs were also found at low 
levels of X2 and high levels of X3. Besides, the simultaneous existence of 
both X2 and X3 at high levels yielded an unexpected decline in the 
permeability of ATC through the transdermal films. In Fig. 5f, the 
permeability coefficient decreased from 10.68 × 10− 4 cm/h to 6.879 ×
10− 4 cm/h with the increased level of X2 from 30% to 40%, at 20% X3 
and 5% X1. Before jumping to any conclusion, the need of designing 
polymeric films that retained some degree of swellability (for better 
diffusability) led to the selection of a low molecular weight plasticizer 
with high swelling and wetting ability, which in turn led to PEG 400 
utilization (X2) in formulating and optimizing the designed transdermal 
films (Moradkhannejhad et al., 2020). However, using low levels of X2 
was found to retain a more favorable release and permeability extent 
than what was found at high levels of X2. On the other hand, the 
rationale of the enhanced permeability with utilizing high levels of OLA 
(X3) can be referred to as the ability of OLA higher concentrations in 
forming separate phases within the stratum corneum and thus gener-
ating permeability gates or pools with much-improved diffusion of drugs 
(Williams and Barry, 2004). Although OLA has a good permeability 
enhancing capacity in both low and high water content skin conditions 
(Pham et al., 2016), using high levels of PEG 400, and therefore much 
more hydrophilicity, will potentially affect the OLA-generated perme-
ability gates, diminish the efficiency of OLA, and thus will lead to a 
disrupted permeability, as illustrated in Fig. 5i and j. 

To emphasize, X1 levels should be kept as low as possible with the 
attempt to optimize PEG 400 level in presence of OLA, for elaborating 
transdermal films with maximized permeability and release 
physiognomies. 

Fig. 6. Plasma concentration–time curves of atorvastatin in the optimized 
OLA–PEG–E-RLPO transdermal film, the non–PEGylated non-OLA ATC–loaded 
transdermal film, and the commercial tablets, data are presented as mean ± SD, 
(n = 6). Note: *, **, and *** denote significant difference of the optimized 
OLA–PEG–E-RLPO film versus the non–PEGylated non-OLA ATC–loaded film at 
P < 0.05, P < 0.01, and P < 0.001, respectively. #, ##, and ### denote 
significant difference of the optimized OLA–PEG–E-RLPO film versus the oral 
commercial tablet at P < 0.05, P < 0.01, and P < 0.001, respectively. 

Table 5 
In-vivo pharmacokinetic parameters of PEGylated with oleic acid film, non-
–PEGylated non-OLA film and oral commercial ATC tablet.  

Parameters (unit) PEGylated 
with oleic acid 
film (±SD) 

Non–PEGylated 
non-OLA film 
(±SD) 

Oral 
commercial 
ATC tablet 
(±SD) 

Kel

(
h− 1

)
0.0395 a 

(±0.001) 
0.0186b (±9 ×
10− 4) 

0.0388 (±3.9 
× 10− 3) 

t1/2(h) 17.57 a 

(±0.469) 
37.27b (±1.819) 18.01 

(±1.782) 
Tmax(h) 12a,b 8 b 2 
Cmax(ng/ml) 908.667a,b 

(±19.76) 
98.333b (±2.517) 687 (±9.165) 

AUC0− t(ng/ml × h) 27826.67a,b 

(±362.98) 
2679.333b 

(±269.03) 
10035.167 
(±237.285) 

AUC0− ∞(ng/ml × h) 30067.64a,b 

(±489.36) 
3510.5 b 

(±524.58) 
10694.91 
(±427.31) 

AUC0− t/0− ∞  0.926 a 

(±0.006) 
0.767b (±0.0392) 0.939 

(±0.01814) 

AUMC0− ∞

(
ng/ml × h2

)
875117.4a,b 

(±31022.6) 
173327.1 
(±45627.8) 

247490.9 
(±33619.4) 

MRT0− ∞(h) 29.1 (±0.66) 48.8 b (±5.925) 23.1 
(±2.2516) 

Vd[(mg/kg)/(ng/ml) ] 0.008a,b 

(±1.733 ×
10− 4) 

0.155b (±0.0165) 0.024 
(±0.00161) 

Cl([(mg/kg)/(ng/ml) ]/h ) 0.0003a,b 

(±5.7 × 10− 6) 
0.003b (±4.44 ×
10− 4) 

0.001 
(±3.662 ×
10− 5)  

a Significantly different from values of non–PEGylated non oleic acid film with 
P-value < 0.05. 

b Significantly different from values of oral commercial ATC tablet with P- 
value < 0.05. 
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3.6. Prediction and assessment of the optimized ATC–loaded 
OLA–PEG–E-RLPO transdermal film 

Multiple response optimization can yield an optimized ATC–loaded 
OLA–PEG–E-RLPO transdermal film that achieves the required goals in 
procuring minimal values of film thickness and maximal values of initial 
and cumulative permeation after 2 h and 12 h, respectively, steady-state 
flux, permeability coefficient, and diffusion coefficient. The optimized 
parameters were anticipated and investigated to compromise amongst 
responses to get a combination of factors’ levels that intensify the 
desirability function over the study goals (Kapoor et al., 2019). X1, X2, 
and X3 optimized levels were quantified and found to be 5, 30, and 18 % 
for Eudragit RLPO, PEG 400, and OLA percentage concentrations, 
respectively. The optimized ATC–loaded OLA–PEG–E-RLPO trans-
dermal film, with the abovementioned factors’ optimized levels, were 
prepared and assessed as previously illustrated in the earlier section 
(Section 2.6). The detected values were observed to be 0.79 mm, 
37.34%, 97.23%, 0.172 mg/cm2 h, 7.01 × 10− 4 cm/h, and 0.713 × 10− 3 

cm2/h, for Y1, Y2, Y3, Y4, Y5, and Y6, respectively, while the predicted 
values of these responses were 0.85 mm, 38.94%, 98.15%, 0.253 mg/ 
cm2 h, 10.2 × 10− 4 cm/h, and 1.48 × 10− 3 cm2/h, respectively. 

3.7. Evaluation of the pharmacokinetic parameters of optimized 
ATC–loaded OLA–PEG–E-RLPO transdermal film 

The plasma concentration–time profiles for the optimized ATC–loa-
ded OLA–PEG–E-RLPO transdermal film, the non–PEGylated non-OLA 

ATC–loaded transdermal film and the commercial drug tablet are 
signified in Fig. 6. The values of the pharmacokinetic parameters for 
ATC from all formulations are summarized in Table 5. This data indi-
cated that optimized transdermal film improved the relative bioavail-
ability of ATC over the non–PEGylated non-OLA ATC–loaded 
transdermal film and the commercial tablet by 1038.6% and 277.29%, 
respectively. The value of Cmax of the optimized ATC–loaded 
OLA–PEG–E-RLPO transdermal film was 908.667 ng/ml at 12 h Tmax 
versus 98.333 at 8 h and 687 ng/ml at 2 h for the non–PEGylated non- 
OLA ATC–loaded transdermal film and the commercial tablet, respec-
tively. The enhanced bioavailability with prolonged Tmax of the opti-
mized ATC–loaded OLA–PEG–E-RLPO transdermal film confirms our 
speculation previously discussed in earlier section (3.5. Mechanistic 
justification of E-RLPO, PEG 400 and OLA intercorrelated effects). To 
emphasize, it is believed that the high amount of OLA in the optimized 
ATC transdermal film succeeded to generate diffusion pools through the 
stratum corneum, along with the optimized low levels of PEG 400 and E- 
RLPO. Consequently, ATC permeability is maximized which led to 
enhancing its bioavailability from the optimized ATC–loaded 
OLA–PEG–E-RLPO transdermal film. Another basic explanation for the 
enhanced bioavailability of ATC from the optimized transdermal film 
was due to the high capability of transdermal route in avoiding both 
hepatic first pass metabolism and the inadequate intestinal absorption of 
ATC that encountered from the oral route. These findings indicate a 
momentous improvement in the PK parameters of ATC from the opti-
mized OLA–PEG–E-RLPO transdermal film, which also confirm the sig-
nificance of the incorporation of penetration enhancer (OLA) and 

Fig. 7. Lipid profiles of dyslipidemia-induced rats after applying a single dose of each the optimized OLA–PEG–E-RLPO transdermal film, the non–PEGylated non- 
OLA ATC–loaded transdermal film, and the commercial tablets. Data are represented as mean ± SEM, (n = 3). Note: $, $$, and $$$ denote significant difference of 
normal versus model at P < 0.05, P < 0.01, and P < 0.001, respectively. *, **, and *** denote significant difference of the optimized OLA–PEG–E-RLPO film versus 
the non–PEGylated non-OLA ATC–loaded film at P < 0.05, P < 0.01, and P < 0.001, respectively. #, ##, and ### denote significant difference of the optimized 
OLA–PEG–E-RLPO film versus the oral commercial tablet at P < 0.05, P < 0.01, and P < 0.001, respectively. While (ns) denotes no significant difference. 
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plasticizer (PEG 400) in the optimized OLA–PEG–E-RLPO transdermal 
film when compared to the non–PEGylated non-OLA transdermal film 
(Kathe and Kathpalia, 2017; Valenta and Auner, 2004). The two-way 
ANOVA showed a significant difference among the studied groups (P 
< 0.05) at all of the sampling points which indicates the significant 
improvement achieved by the transdermal delivery of ATC. Despite the 
fast onset achieved by the commercial tablet, it cannot be considered as 
superior over the 10 h delay in Tmax of the optimized OLA–PEG–E-RLPO 
transdermal film, but in contrast, this can potentially confirm much 
better control for the antidyslipidemic activity of ATC over a longer 
period. According to the chronic nature of any dyslipidemic disorder, 
the enhanced bioavailability along with the prolonged duration of effi-
cacy will potentially improve the convenience, adherence, and compli-
ance for dyslipidemic patients. This improvement was furtherly assessed 
and confirmed by the biochemical analysis of TC, TG, HDL, and LDL, 
along with the histopathological study findings. 

3.8. Pharmacodynamic assessment of the optimized ATC–loaded 
transdermal film 

The effect of both ATC–loaded films versus the ATC oral tablet on the 
serum TG and TC levels were evaluated in a dyslipidemic-induced rat, in 
which the circulating levels of TC, TG, and LDL were elevated after 
poloxamer 407 injection. The induction of dyslipidemia was confirmed 
by the milky appearance of the blood sample withdrawn from the rats 
after 24 h of poloxamer injection (at zero time point) and by the sig-
nificant elevation of the lipid profile parameters of the model group with 
the normal rat group. It is worthy to note that two groups of animals that 
received the plain films (without ATC) of the optimized and non-
–PEGylated non-OLA films, respectively, were considered negative 
control and have been performed in a previous preliminary (pilot) study, 
and these groups showed no significant difference when compared with 
the model group. 

3.8.1. Serum triglycerides/total cholesterol assessment 
The effect of ATC on TG in dyslipidemic rats is shown in Fig. 7a. The 

levels of TG in the dyslipidemic model group were significantly higher 
than those in the control group (P < 0.01), using an unpaired t-test with 
Welch’s correction. Also, the treatment with the non–PEGylated non- 
OLA transdermal film showed no significance in reducing TG levels 
for almost all time points of the 72-h duration versus the model group. 
After 2 h of treatment with the commercial ATC tablet and the optimized 
OLA–PEG–E-RLPO transdermal film, the levels of triglycerides were 
significantly decreased (P < 0.01) by 79.43% and 55%, respectively, 
compared with the dyslipidemic model group. Despite the significant 
reduction approached with the ATC oral tablets versus the model group, 
they only succeeded to bring TG concentration to the borderline level 
(185.7 mg/dl) after 2 h of administration. Furthermore, the ATC oral 
tablets displayed an increased gradient of hypertriglyceridemia at all 
other time points during the study, which failed to efficiently reduce TG 
levels and even reach the borderline concentrations. Interestingly, the 
optimized OLA–PEG–E-RLPO transdermal film significantly reduced TG 
levels, compared to the model group, which was reached the normal 
levels at 8- and 12-h time points with 142.6 mg/dl (84.2% reduction) 
and 92.84 mg/dl (89.72% reduction) TG levels, respectively, and 
approached the borderline TG level (161.6 mg/dl) at 24-h time point 
(Fig. 7a). These results showed that the optimized OLA–PEG–E-RLPO 
transdermal film was of superior efficiency over the commercial ATC 
tablets in normalizing the TG levels in dyslipidemic-induced rats. 

Regarding TC, all formulations showed decreased TC levels over the 
72-h period (Fig. 7b). However, the optimized OLA–PEG–E-RLPO 
transdermal film showed the best significant TC reduction profile versus 
the commercial ATC tablet and the non–PEGylated non-OLA trans-
dermal film (P < 0.01). Interestingly, the optimized film showed TC 
reduction percentage that steadily augmented by time until 12 h time 
point in dyslipidemia-induced rats, with 27.8% and 62% reduction in TC 

levels at 2 h and 12 h time points, respectively, versus the model group. 
These findings can be explained by relying on the betterment of 
bioavailability of ATC in the optimized OLA–PEG–E-RLPO transdermal 
film versus the commercial ATC tablet and the non–PEGylated non-OLA 
transdermal film as discussed in the previous section. The absorption 
profiles (AUC0-∞) of the optimized film in pre-treated group of animals 
were 8.6-fold and 2.8-fold greater than controls pre-treated with non- 
PEGylated non-oleic acid film and orally administered ATC, respec-
tively. Consequently, a higher absorption profile ought to yield 

Fig. 8. Histopathological images of liver specimens stained with H&E (200×). 
(A) Liver tissue from the normal group showing normal hepatocytes in which 
the central vein is surrounded by radiating cords of hepatocytes. (B) Liver tissue 
from the model group showing portal mononuclear inflammatory cells infil-
tration (black arrow), along with marked hepatocellular vacuolation (red 
arrow), extensive hemorrhage (blue arrow), and massive hepatocellular ne-
crosis (green arrow). (C) liver tissue from the commercial oral ATC tablet pre- 
treated group, showing moderate portal mononuclear inflammatory cells 
infiltration (black arrow) with congested portal blood vessels (blue arrow), 
notice the vacuolated hepatocytes (red arrow). (D) liver tissue from the opti-
mized OLA–PEG–E-RLPO transdermal film pre-treated group, showing mild 
hepatocellular vacuolation (red arrow) with few necrotic hepatocytes (green 
arrow) and another image showing the normal centrilobular area (D2). (E) liver 
tissue from the non–PEGylated non-OLA ATC–loaded transdermal film pre- 
treated group, showing a focal area of hepatocellular necrosis with intense 
periportal mononuclear inflammatory cells infiltration (black arrow), along 
with fibroplasia (yellow arrow) and diffuse hepatocellular vacuolation 
(red arrow). 
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augmented activity and efficacy. The overall findings exceeded the ex-
pectations regarding the reduction percentage of TG and TC levels 
(Andonova et al., 2006; Shuhaili et al., 2017), as well as the enhance-
ment capacity of the optimized ATC–loaded OLA–PEG–E-RLPO trans-
dermal film over the non–PEGylated non-OLA transdermal film and the 
conventional ATC tablets. 

3.8.2. Serum lipoproteins evaluation 
As shown in Fig. 7c, the treatment of dyslipidemic rats with ATC, in 

the form of the prepared optimized ATC–loaded OLA–PEG–E-RLPO 
transdermal film, commercial tablets, or the non–PEGylated non-OLA 
transdermal film tended to decrease serum levels of LDL compared to 
the model group. The optimized transdermal film significantly 
decreased the serum LDL levels throughout the PD study versus the 
non–PEGylated non-OLA transdermal film (P < 0.001). However, the 
commercial tablets made more reduction percentage in the LDL levels in 
serum after 2 h by 47.7% than the percent decrease in the serum LDL 
levels displayed by the optimized transdermal film (33.55%). On the 
other hand, after 8, and 12 h, the optimized transdermal film displayed a 
significant reduction in the serum LDL levels compared to the com-
mercial tablets by 48.45% and 51.2%, respectively (Fig. 7c). 

In contrast to LDL, the level of HDL was increased in the serum of 
dyslipidemic rats treated with the optimized ATC–loaded OLA–PEG–E- 
RLPO transdermal film, commercial tablets, and the non–PEGylated 
non-OLA transdermal film. In particular, at a 2 h time point, the opti-
mized transdermal film formulation raised the serum HDL by 39.75% 
compared to the 62.83% increase in HDL serum levels in the commercial 
tablets pre-treated group. While at 8 h, the serum HDL was increased by 
87.85%, which is significantly different from the 28.21% increase in 
HDL levels made by commercial ATC tablets (P < 0.001) (Fig. 7d). These 
results indicated that ATC could decrease the risk of coronary disease 
and atherosclerosis by raising the level of HDL and lowering LDL levels. 

Results obtained from the pharmacokinetic and pharmacodynamic 
studies indicated an enhancement in ATC bioavailability and hypolipi-
demic activity after treatment with the optimized ATC–loaded 
OLA–PEG–E-RLPO transdermal film. The lipid profile of the animal 
group pre-treated with the optimized ATC–loaded OLA–PEG–E-RLPO 
transdermal film achieved the normal levels at 12 h, besides the sig-
nificant enhancement over the TG, TC, LDL, and HDL levels exhibited by 
the pre-treated groups of both the non–PEGylated non-OLA ATC–loaded 
film and the oral commercial ATC tablet. This enhancement is poten-
tially predicted to enable decreasing in both the drug dose and side ef-
fects. The pharmacological activity of ATC is also expected to be of more 
potency from the optimized ATC–loaded OLA–PEG–E-RLPO transdermal 
film containing ATC dose equivalent to the dose available in the corre-
sponding commercial tablet. 

3.9. Histopathological evaluation of hepatic specimens 

The microscopic examination of the liver from the normal group 
revealed normal histologic structure, and the hepatocytes are orderly 
arranged in normal lobular architecture with central veins and radiating 
hepatic cords (Fig. 8A). The portal triads showed normal histological 
structure containing branches of the hepatic artery, hepatic portal vein, 
and bile duct. On the other hand, the liver of the model group (Fig. 8B) 
exhibited marked diffuse hepatocellular vacuolation, in which the 
cytoplasm of the hepatocytes appeared pale in color with central, 
eccentric, or peripherally situated nuclei. The portal areas are heavily 
infiltrated by mononuclear inflammatory cells. Some liver sections 
showed massive washout necrosis of the hepatocytes along with exten-
sive hemorrhages. 

The commercial ATC tablet pre-treated group (Fig. 8C) showed only 
moderate improvement compared to the dyslipidemic-induced group. 
Vacuolation of the hepatocytes was observed with limited hepatocellu-
lar necrosis. Portal mononuclear infiltration was mild. Concerning the 
group that was treated with the optimized ATC–loaded OLA–PEG–E- 

RLPO transdermal film achieved the best hepatoprotective action; the 
hepatic parenchyma appeared normal in all the examined sections, and 
the portal areas were free from inflammatory changes (Fig. 8D). One 
individual exhibited mild focal hepatocellular vacuolation (Fig. 8, D1). 
The liver of the group treated with the non–PEGylated non-OLA trans-
dermal film showed diffuse hepatocellular vacuolation, portal mono-
nuclear inflammatory cells infiltration, and fibroplasia as well as focal 
hepatocellular necrosis in some instances (Fig. 8E). However, the 
chronic use of ATC may lead to some extent of hepatological issues ac-
cording to earlier studies (Carrascosa et al., 2015; Li et al., 2017), the 
optimized ATC–loaded OLA–PEG–E-RLPO transdermal film did not 
display noticeable histopathological changes in the hepatic tissue and 
potentially expected to minimize any hepatological side effects 
compared to the conventional oral tablets. 

4. Conclusions 

The oleic acid–reinforced PEGylated polymethacrylate 
(OLA–PEG–E-RLPO) transdermal films loaded with atorvastatin calcium 
(ATC) were designed, optimized, and investigated. The crucial role and 
impact of incorporating permeability enhancer (OLA) and plasticizer 
(PEG 400) within the investigated transdermal films both ex-vivo and in- 
vivo were mechanistically evaluated, and they were found to exhibit 
exceedingly acceptable features. These films enhanced the pharmaco-
kinetic profile and exhibited noteworthy antidyslipidemic/hep-
atoprotective activities versus the commercial tablets, as well as the 
non–PEGylated non-OLA transdermal film loaded with pure ATC. No 
noticeable hepatic histopathologic abnormalities were detected from the 
application of the optimized ATC–loaded transdermal film. The speci-
fied design, film components, and elaboration technique in this study 
have great potential for commercial-scale production by virtue of their 
marketability, low cost of manufacturing, and enhanced efficacy. 
Therefore, the optimized ATC–loaded OLA–PEG–E-RLPO transdermal 
film can be considered a promising alternative to the marketed ATC 
product, with improved patient adherence and dyslipidemia control. 
Further research should aim to evaluate clinical efficacy in human 
subjects, determine formulation stability, and assess suitability for 
commercial-scale production. 
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