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Abstract
Statins are mainly used for the treatment of hyperlipidemia, but recently, their anticancer role was extremely investigated. The
goal of this study was to statistically optimize novel elastic nanovesicles containing rosuvastatin calcium to improve its trans-
dermal permeability, bioavailability, and anticancer effect. The elastic nanovesicles were composed of Tween® 80, cetyl alcohol,
and clove oil. The nanodispersions were investigated for their entrapment efficiency, particle size, zeta potential, polydispersity
index, and elasticity. The optimized elastic nanovesicular dispersion is composed of 20% cetyl alcohol, 53.47% Tween 80, and
26.53% clove oil. Carboxy methylcellulose was utilized to convert the optimized elastic nanovesicular dispersion into elastic
nanovesicular gels. Both the optimized dispersion and the optimized gel (containing 2% w/v carboxymethylcellulose) were
subjected to in vitro release study, scanning and transmission electron microscopy, histopathological evaluation, and ex vivo
permeation. The cell viability assay of the optimized gel on MCF-7 and Hela cell lines showed significant antiproliferative and
potent cytotoxic effects when compared to the drug gel. Moreover, the optimized gel accomplished a significant increase in
rosuvastatin bioavailability upon comparisonwith the drug gel. The optimized gel could be considered as a promising nanocarrier
for statins transdermal delivery to increase their systemic bioavailability and anticancer effect.
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Highlights
• Rosuvastatin calciumwas formulated in nanovesicles composed of cetyl
alcohol, Tween 80, and clove oil.
• The optimized nanodispersion was selected based on a simple lattice
mixture experimental design.
• The optimized nanodispersion was converted to gel using carboxy
methylcellulose.
• The nanostructed gel showed significantly higher ex vivo permeation,
anticancer efficacy, and in vivo bioavailability when compared to the
unformulated drug.
• Consequently, the nanostructured gel could be considered as promising
nanocarriers for transdermal drug delivery of rosuvastatin calcium.
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Introduction

Rosuvastatin calcium (ROS) is an HMG CO-A reductase in-
hibitor, used for overcoming hyperlipidemia and coronary ar-
tery diseases [1–4]. Beside ROS antihyperlipidemic effect, it
has many other therapeutic effects such as immunomodulato-
ry [5], antifibrotic [6, 7], antiplatelet aggregation [8], antioxi-
dative [9], antibacterial [10], anti-inflammatory [11], antihy-
pertensive [8, 12], and promotion of vasculogenesis [13].
Furthermore, recent in vitro and in vivo studies revealed that
statins have an anticancer effect against various types of can-
cers, like lung [14], breast [15], pancreatic [16–19], colorectal
[20], ovarian cancers [21], hepatocellular carcinoma [22] and
osteosarcoma [23]. As statins inhibit HMG-CoA reductase,
they block the mevalonate pathway [24]. Hence, they inhibit
the biosynthesis of cholesterol and mevalonate byproducts
[25]. These byproducts are responsible for prenylation and
activation of Rho family proteins which are responsible for
cancer cell proliferation and progression [26, 27]. The high
levels of these byproducts were detected in different kinds of
cancers; like prostatic cancer [28], lymphoma [29], breast can-
cer [30], and leukemia [31]. Additionally, statins could prompt
apoptosis to the cancer cells only while the untransformed
cells remain viable [32–34].

ROS has a low oral bioavailability (20%) that resulted from
its low water solubility, slow dissolution rate, poor permeabil-
ity and being metabolized in the liver by oxidation,
glucuronidation and lactonization [35–37]. This results in ad-
ministrating high and frequent drug doses (three times daily),
which increases side effects and toxicity and decreases patient
compliance.

In cancer trials, oral statins may cause many adverse
effects as liver problems and myopathy [38]. Hence,
transdermal delivery of ROS can be a reasonable alterna-
tive to achieve sustained and controlled effects, reduce the
incidence of adverse effects, and escape from the first-
pass metabolism [39, 40]. On the other hand, ROS calci-
um was topically applied for the treatment of furcation
defects [41], periodontitis [42], epidural fibrosis [43],
and knee intra-articular adhesion after surgery [44]. ROS
was also topically investigated as an antibacterial and an-
timicrobial agent [45].

ROS was previously prepared in the form of solid lipid
nanoparticles (RC-SLNs) which achieved 4.6-fold bioavail-
ability enhancement when compared to the drug suspension
after oral administration by Wistar rats [46]. On the other
hand, nanostructured lipid carriers led to doubling the
absorbed amount of ROS [1]. Also, nanocrystallization of
ROS enhanced its dissolution and absorption in rabbits by
1.87-fold when compared to the market product [47].
Moreover, Balakumar et al succeeded to formulate ROS in
the form of self-microemulsifying drug delivery systems
which showed a significantly higher rate and extent of the

drug absorption when compared to its unformulated suspen-
sion [37].

Nanocarriers such as ethosomes and transfersomes were
extensively used to improve transdermal permeation of a wide
range of active ingredients [48, 49]. Also, permeation en-
hancers such as essential oils are frequently utilized to im-
prove the transdermal drug delivery [50]. In a previous study,
among five essential oils of clove, chuanxiong, angelica, cin-
namon, and Cyprus oils, only clove oil was found to be the
optimum permeation enhancer for the transdermal delivery of
ibuprofen where the drug bioavailability was increased by 2.4-
fold upon comparison with the control [51, 52].

The goal of this work was to develop and optimize elastic
nanovesicles (ENs) loaded in a gel to facilitate topical appli-
cation and transdermal permeation of ROS. This would en-
hance ROS bioavailability, minimize its hepatic uptake, and
consequently, increase its therapeutic concentration available
at the site of action and potentiate its anticancer effect.

Materials and methods

Materials

Rosuvastatin calcium (kindly provided by Global Napi
Company, Cairo, Egypt) with batch no. (RV0140614).
Tween 80 (T80) and cetyl alcohol (CA), clove oil (CO), and
carboxy methylcellulose (CMC) were purchased from Sigma-
Aldrich (St. Louis, USA). The rest of solvents and chemicals
were of an analytical grade and used without any further prior
purification.

Elastic nanovesicle preparation

Thin-film hydration technique was utilized to prepare the
ENs. Summarily, the drug (10 mg), CA, T80, and clove oil
were dissolved in 250-mL round-bottom flask containing
10 mL chloroform/methanol mixture (2:1 v/v). The formed
organic solution was constantly evaporated in a rotary evapo-
rator (Heidolph VV 2000, Burladingen, Germany), rotating
with a speed of 150 rpm at 60 °C for 15 min under reduced
pressure. Thereafter, a volume of 10 mL distilled water was
added to hydrate the produced dry film. The hydration was
performed at the same rotation speed and temperature for
60 min under normal pressure [53]. At the end, the produced
EN dispersions was sonicated (Crest Ultrasound, Imola, Italy)
for 3 min to reduce their particle size [54].

Statistical design

To determine the influences of different variables on the EN
characteristics, simple lattice mixture design was employed
utilizing Design-Expert® software (Stat-Ease Inc., MN,
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USA). The utilized design included three independent vari-
ables; the percentages of CA (A), T80 (B) and clove oil (C).
Particle size (Y1: PS), polydispersity index (Y2: PDI), zeta
potential (Y3: ZP), entrapment efficiency (Y4: EE), and
change in particle size (Y5: SC) were the inspected responses.
The composition of the formed EN formulae was detailed in
Table 1. Thirteen formulae were included in the design with
17 runs, as formulae E1, E4, E12, and E13 were duplicated.
The total excipients to drug ratio was kept constant (20:1 w/w)
within all formulae with different percentages of the three
excipients. The optimized EN dispersion (OEND) was chosen
based on the desirability values after the optimization of the
selected variables. The formula having the lowest PS, PDI,
SC%, and highest ZP and EE was considered as the optimum
formula.

Characterization of the prepared EN

Analysis of PS, PDI, and ZP

PS of the prepared EN dispersions was analyzed using dynam-
ic light scattering (Zetasizer, Malvern, Worcestershire, UK).
Furthermore, the particle size distribution of the EN was
assessed through measuring the PDI values and their physical
stability was detected by determining the ZP values. Samples
were diluted using distilled water (1:10 v/v) before analysis,
and measurements were done in triplicate to calculate the av-
erage ± SD.

Measurement of EE

Cooling centrifuge (Beckman, Fullerton, Canada) was utilized
to centrifuge the formulae for 1 h at 4 °C and 14,000 rpm for
separation of the precipitated unentrapped drug from the
formed EN. The formed supernatant was diluted with metha-
nol to disrupt the EN structure [55]. The drug in the diluted
supernatant was spectrophotometrically analyzed (Shimadzu,
Kyoto, Japan) at λmax of 290.6 nm. EE was calculated using
the following equation [56]:

EE% ¼ Weight of drug in the ENs

Weight of added drug during preparation

� 100 ð1Þ

Elasticity measurement

The elasticity of the prepared EN formulae was measured
following the method developed by Van den Bergh et al
[57]. The investigated vesicles were extruded through a mi-
croporous filter (pore size 100 nm) under constant pressure of
2.5 bar [58]. Zetasizer was employed to compare the PS be-
fore and after extrusion. Then, the percentage change in the PS
(SC%) was calculated using the following equation [59]:

SC% ¼ PS before extrusion−PS after extrusion

Particle size before extrusion
� 100 ð2Þ

Table 1 Experimental runs, independent variables, and measured responses of the simple lattice mixture experimental design for ROS elastic
nanovesicular formulations

Formulations X1: cetyl alcohol
amount (gm)

X2: Tween 80
amount (gm)

X3: clove oil
amount (gm)

Y1: PS (nm) Y2: PDI Y3: ZP (mV) Y4: EE
(%w/w)

Y5: SC%

E1 20 20 60 518.9 ± 9.23 0.334 ± 0.02 − 37.6 ± 0.42 44.5 ± 1.47 20.44 ± 1.32

521.4 ± 6.97 0.302 ± 0.02 − 38.1 ± 0.35 44.2 ± 2.81 21.06 ± 0.76

E2 20 33.33 46.66 255.2 ± 12.04 0.21 ± 0.02 − 35.0 ± 0.29 52.05 ± 0.69 7.40 ± 0.23

E3 20 46.66 33.33 240.9 ± 6.11 0.193 ± 0.01 − 31.3 ± 0.71 58.17 ± 3.14 6.92 ± 0.41

E4 20 60 20 168.7 ± 9.58 0.129 ± 0.01 − 29.6 ± 0.55 62.28 ± 2.06 6.83 ± 0.39

195.2 ± 7.22 0.133 ± 0.02 − 29.4 ± 0.38 60.94 ± 1.78 7.04 ± 0.62

E5 26.66 26.67 46.67 257.2 ± 10.12 0.328 ± 0.02 − 35.9 ± 0.94 45.72 ± 1.21 9.13 ± 0.54

E6 26.66 46.67 26.67 171.1 ± 3.74 0.15 ± 0.01 − 32.1 ± 1.02 60.28 ± 0.98 7.43 ± 0.37

E7 33.33 20 46.67 430.5 ± 8.43 0.424 ± 0.03 − 41.1 ± 0.38 42.8 ± 3.45 18.93 ± 1.04

E8 33.33 33.333 33.33 220.8 ± 1.84 0.217 ± 0.02 − 33.9 ± 0.26 55.8 ± 2.36 8.63 ± 0.33

E9 33.33 46.67 20 183.8 ± 13.99 0.169 ± 0.01 − 31.5 ± 0.56 60.4 ± 1.47 7.71 ± 0.48

E10 46. 67 20 33.33 713.7 ± 4.76 0.577 ± 0.03 − 39.8 ± 0.81 40.5 ± 3.55 31.66 ± 0.20

E11 46.67 26.67 26.67 370.1 ± 12.33 0.381 ± 0.03 − 37.1 ± 0.49 50.4 ± 2.69 14.67 ± 1.13

E12 46.67 33.33 20 249.6 ± 6.02 0.178 ± 0.01 − 34.4 ± 1.21 50.28 ± 1.18 8.14 ± 0.68

236 ± 8.59 0.164 ± 0.02 − 35.9 ± 41.1 48.9 ± 2.76 7.43 ± 0.29

E13 60 20 20 806.1 ± 11.96 0.581 ± 0.04 − 42.4 ± 0.34 41.6 ± 2.57 34.75 ± 1.41

823.5 ± 9.43 0.564 ± 0.03 − 41.8 ± 1.12 41.0 ± 1.63 32.66 ± 1.22

All formulae containing 0.01 g drug. Drug: total excipients ratio was kept at 1:20
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In vitro ROS release from the OEND formula

USP dissolution apparatus I (Pharm Test, Hainburg,
Germany) was utilized to study ROS in vitro release using
the membrane diffusion technique [60]. Samples from
both the OEND formula and the drug suspension (each
equivalent 5 mg ROS) were placed in glass cylinders with
2.5-cm internal diameter and 6-cm length. Dialysis mem-
brane (12–14 kDa molecular mass cutoff) was attached to
each glass cylinders from one side, while the other side
was fixed to the shafts of the dissolution apparatus [61,
62]. The dissolution medium was 500 mL of a mixture of
30% (v/v) ethanol in phosphate buffer saline (pH 7.4), to
achieve sink conditions [63]. During the study, the speed
of rotation was 50 rpm at a temperature of 37 ± 0.5 °C.
Samples of 3 mL each were withdrawn at different time
intervals; 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, and 24 h. ROS
concentrations were spectrophotometrically determined at
λmax 290.6 nm. The release study was performed in trip-
licate, then the average values of ROS released % ± SD
were estimated. Similarity factor (f2) and dissolution T50%

were calculated to compare ROS release profile from the
OEND formula with that from the suspension [64]. The
kinetics of drug release from the OEND and the drug
suspension were analyzed by linear regression to deter-
mine its fitting to either zero order, first order, Higuchi
diffusion, or Korsmeyer-Peppas models [65].

Formulation and characterization of EN gels

The OEND formula was converted to gels to extend its resi-
dence on the skin and enhance its physical stability. After
preparing the formula, CMC was added to the formed
nanodispersion with different concentrations of either 1, 1.5,
or 2% w/v and the dispersion was converted to gel by stirring
on a magnetic stirrer at 500 rpm for 10 min. PS, PDI, ZP, EE,
and in vitro ROS release of the formed EN gels were investi-
gated to determine the CMC impact on the EN characteristics.
In the case of EE determination, the supernatant aliquots were
diluted using methanol: water mixture (1:1 v/v) instead of
using pure methanol to ensure solubilizing all contents includ-
ing CMC. Regarding the in vitro release study, ROS release
rate from all three gels was compared to its release from a gel
with 2% w/v CMC. Moreover, samples from each EN gel
were taken to determine their viscosity at different rates of
shear using cone and plate rheometer (CPE-41 spindle,
DV3T, Brookfield, MA, USA) [66]. The obtained readings
were analyzed using the power-law model to estimate the
rheological behavior:

τ ¼ Kγn ð3Þ

where t is the shear stress (dyne/cm2), K is the consistency
index (dyne/cm2 sn2), γ is the shear rate (/s) and n is the index
of flow.

The optimized EN gel (OENG) formula was selected based
on the capacity of keeping PS, PDI, ZP, and EE close to those
of the corresponding dispersion formula (OEND) before gel-
ling. Moreover, the sustained drug release and the high vis-
cosity were set as selection criteria while optimizing the
formed gel formulae.

Imaging of the optimized EN dispersion and gel
formulae

TEM (JEM-1230, Tokyo, Japan) was utilized to examine the
morphology of both the OEND and the OENG formulae.
Samples were diluted using distilled water (1:10 v/v), then
one drop was placed on a copper grid coated with carbon
and negatively stained by 2% w/v phosphotungstic acid.
Following drying at 37 °C, the stained drop was examined
under TEM at a voltage of 100 kV.

Ex vivo studies

Transdermal permeation

The ROS permeation through newly born rat skin was inves-
tigated from both the OEND and the OENG formulae and
compared to its permeation from the equivalent drug suspen-
sion and gel. Newly born Sprague-Dawley rats (100 ± 20 g)
were anesthetized by ether inhalation and then sacrificed. Skin
portions from the dorsal region were depilated by animal hair
clipper, separated using a scalpel and defatted using isopropyl
alcohol [67]. The excised skin was kept refrigerated (2–5 °C)
in a solution of phosphate buffer saline till the time of the
permeation study.

During the study, the skin was firmly fixed to glass cylin-
ders from one side, as a replacement for the dialysis mem-
brane utilized in the in vitro release study. Samples equivalent
to 5 mg ROSwere filled in each glass cylinder which was then
attached to the shaft of the dissolution apparatus. Ex vivo
permeation study was performed under the same conditions
applied to the in vitro release study. HPLC (Shimadzu, Tokyo,
Japan) was utilized to detect the ROS permeated concentra-
tions where the drug was separated using C18 column (150 ×
4.6 mm, 5 μm) (Thermo Fisher Scientific, NJ, USA). The
mobile phase consisted of 0.1% formic acid in 5 mM ammo-
nium acetate, methanol, and acetonitrile in a ratio of 20:20:60
v/v/v, respectively. The utilized flow rate was 0.75 mL/min
[68]. Samples were taken at different time intervals of 0.25,
0.5, 1, 2, 3, 4, 6, 8, 12, and 24 h, and the permeated ROS was
detected at λmax 290.6 nm. Analysis conditions had been for-
merly validated in terms of linearity, accuracy and lower limit
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of quantification (LLOQ). The permeation study was repeated
three times and ROS permeated amount ± SD was calculated
at each time interval. The flux (J) was determined at 24 h using
this equation [69, 70]:

J ¼ Amount permeated from the optimized formula

Time�memberane area
ð4Þ

One-way ANOVA followed by Fisher’s least significant
difference test was utilized to statistically detect the signifi-
cance of the difference in the flux values. Additionally, the
transdermal permeation enhancement ratio (ER) was estimat-
ed utilizing the following equation [71]:

ER ¼ Jmax of the optimized formula

Jmax of drug reference
ð5Þ

Histopathological examination

Samples from both the OEND and OENG formulae were
applied onto newly born rat skin membranes for 1 h under
the same conditions applied in both the in vitro release and
the ex vivo permeation studies. On the other hand, normal
saline and isopropanol were utilized in the negative and pos-
itive control groups, respectively, to demonstrate the formula-
tion effect in comparison with the normal conditions (normal
saline) and the exaggerated inflammatory conditions
(isopropanol). Then, the excised skin membranes were stored
in 10% formol saline until the investigation time when skin
samples were stained by eosin and hematoxylin. Eventually,
skin layers were examined under the light microscope (Nikon,
Tokyo, Japan) [72].

Cell viability assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was carried out to test the
antiproliferative/viability effect of ROS optimized gel
(OENG) on the cancer cell lines. The MTT assay is the most
commonly used viability assay, and it was first described by
Tim Mosmann in 1983 [73]. Two cell lines, MCF-7 (breast
adenocarcinoma cells) and Hela (cervical cancer cells), were
purchased from the American Type Culture Collection
(ATCC, Rockville, MD, USA) and used in the study. The cells
(0.5 × 105) were cultured in 96-well flat-bottom microplates.
The plates were incubated at 37 °C for 24 h in an atmosphere
humidified with 5% CO2 to allow cells to settle down. Cells
were then treated with 20 μL of different concentrations of
ROS optimized gel (OENG), the drug gel as reference and
doxorubicin as a positive control. The plates were then incu-
bated again utilizing the same conditions. Then, the media
was removed and MTT solution (40 μl/well) was added and
incubated for a further 4 h. MTT crystals were solubilized by

adding acidified isopropanol (160 μl/well). Then, microplate
ELISA reader (FLUOstar Omega, BMG Labtech, Ortenberg,
Germany) was utilized to determine the absorbance at 570 nm.
The relative viability percentage (RV%) was estimated utiliz-
ing the following equation:

RV% ¼ Absorbance of treated cells

Absorbance of control cells
x100 ð6Þ

Cell viability % was plotted versus the log values of the
drug concentrations and the IC50 (one-half inhibitory
concentration) of the OENG and the drug gel was estimated
by the commercial software (Prism, V6.0, GraphPad, CA,
USA).

Bioavailability of the optimized gel formula

Two groups of healthy New Zealand male rabbits (each 3–
4 kg) were employed in the in vivo study with three rabbits in
each group. The rabbits were housed in the central animal
house of the Faculty of Pharmacy, Cairo University, in indi-
vidual cages under well-defined and standardized conditions
(humidity 55 ± 5%; temperature 22 ± 2 °C; 12-h light and 12-h
dark cycle). This was in accordance with the Guide for the
Care and Use of Laboratory Animals [74]. Before the exper-
iment, the rabbits fasted overnight with access to water. The
OENG formula and the drug gel were topically applied on the
skin of the first and second groups, respectively. The utilized
dose (0.2 mg/kg) was estimated based on the body surface
area according to the following equation [75]:

Equivalent human dose mg=kgð Þ

¼ Animal dose mg=kgð Þ � Animal weight Kmð Þ
Human weight Kmð Þ ð7Þ

The procedures of the study were approved by the ethics
committee (Faculty of Pharmacy, Cairo University) with an
application number of PI 1783. After the application of both
OENG and the drug gel, blood samples (3 mL) were taken
from the rabbits’ ear vein into pre-heparinized glass tubes at
different time intervals of 0.5, 1, 2, 3, 4, 6, 8, and 24 h. The
gathered samples underwent centrifugation with a speed of
4000 rpm at 4 °C for 15 min. Thereafter, plasma (0.5 mL)
was instantly transferred from the supernatant into plastic
tubes, then, stored at − 70 °C till the time of analysis. A cross-
over design was followed by repeating the study after a wash-
ing period of 7 days. Atorvastatin (50 μl–100 ng/ml) was used
as an internal standard [76]. Liquid/liquid extraction technique
was utilized to separate ROS and atorvastatin from the plasma
samples by adding the extracting solvent (ethyl acetate) to the
plasma with a ratio of 2:1 v/v. ROS was analyzed using LC-
MS/MS (Shimadzu, Tokyo, Japan), and the method has been
validated for its linearity, accuracy, and LLOQ [77]. The flow
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rate was 0.9 mL/min, and the mobile phase was composed of a
mixture of formic acid aqueous solution (0.1% w/v) and ace-
tonitrile in a ratio of 1:4 v/v, respectively. The utilized column
had 50 mm length and 4.6 mm diameter with 5 μm packed
particles (Zobrax Eclipse Plus, Agilent, CA, USA).

Noncompartmental pharmacokinetic models were
employed to analyze ROS pharmacokinetic parameters fol-
lowing the transdermal application of the OENG and the drug
gel utilizing Kinetica® software (Version 5, Thermo Fisher
Scientific Inc., MA, USA) [78].

Results and discussion

Characterization of the prepared EN dispersion
formulae

Analysis of PS, PDI, and ZP

Particle size is a significant variable for developing and opti-
mizing the transdermal nanovesicular delivery system.
Several studies stated that vesicles which have a small size
are capable of penetrating the skin deeper than larger vesicles
[79, 80]. Consequently, one of the most important goals of this
study was to prepare nanovesicles with small PS.

Table 1 shows that the PS values of the prepared EN dis-
persion formulae are within the nano range (168.7–806.1 nm).
The obtained values were fitted to the cubic equation of poly-
nomial analysis. The difference between the predicted R2

(0.9721) and the adjusted R2 (0.9932) values was acceptable,
with an adequate precision value > 4 (48.64), reflecting the
efficacy of the used cubic model to predict the PS [81–83].
The utilized equation to analyze the PS values was:

PS ¼ 800:9 Aþ 254:3 B

þ 368:0 C−1232:9 AB−31:1 AC−522:8 BC

−2103:9 ABC−1090:1 AB A−Bð Þ
þ 986:8 AC A−Cð Þ−202:9 BC B−Cð Þ ð8Þ

Figure 1 a shows that the independent parameters; the per-
centages of CA (A), T80 (B), and CO (C) exhibited a signif-
icant impact on the mean PS with p value < 0.0001. The mean
particle size was significantly decreased by increasing T80,
decreasing both CA and CO as the lowest PS value
(168.7 nm) was observed in formula E4 (20% CA, 60%
T80, and 20% CO). This may result from the ability of T80
to reduce the interfacial tension between the nanovesicular
surface and the surrounding aqueous medium. Moreover, the
formed nanovesicles were stabilized and protected from ag-
gregation due to the steric hindrance of the utilized surfactant
[84]. The obtained results are in harmonywith that detected by

Negi et al. whereas they investigated the effect of T80 con-
centration on venlafaxine niosome vesicle size [85]. On the
other hand, a significant increase in the PS was noticed with
increasing the amount of CA and/or CO. Comparable results
were stated by Hao and Li et al. who observed the aggregation
of niosomes at high levels of the utilized lipids [86].

Moreover, PDI values were measured and displayed in
Table 1. PDI values of all the formed EN formulae laid be-
tween 0.129 and 0.581 which is considered as an acceptable
range [87]. PDI is desired to be less than 0.3 but values be-
tween 0.3 and 0.7 are still acceptable [88]. If the value exceeds
0.7, it indicates that the sample cannot be analyzed by dynam-
ic light scattering technique. PDI values were best fitted to the
cubic model of the factorial ANOVA. Adequate precision was
25.60 and the values of the predicted R2 (0.8868) and the
adjusted R2 (0.9764) were close revealing the capability of
the cubic model to navigate the design space for prediction
and optimization [89]. PDI values were correlated to the in-
vestigated independent variables according to the following
equation:

PDI ¼ 0:6 Aþ 0:2 Bþ 0:3 C−1:1 AB

þ 0:2 AC−0:6 BC−0:4 ABC−0:6 AB A−Bð Þ
þ 0:3 AC A−Cð Þ−0:3 BC B−Cð Þ ð9Þ

PDI values were significantly affected by changing the
percentages of CA (A), T80 (B), and CO (C) (p value <
0.0001), as shown in Fig. 1b. It was observed that the lowest
PDI values were in the formula containing the highest percent-
age of T80 (E4). This might be referred to the efficiency of
T80 as a surfactant to prevent aggregation of the formed
nanovesicles. Ruiz et al. and Zambaux et al. also confirmed
that increasing the surfactant concentration led to a significant
decreasing in the PDI values [90, 91].

Table 1 shows the ZP values of the prepared EN formulae
which ranged between − 42.4 and − 29.6 mV. This range of-
fers an acceptable level of stability for the formed
nanovesicles. The higher the ZP values, the higher the repul-
sion forces that prohibit the nanovesicles aggregation [92].
Polynomial analysis with a quadratic model was applied to
the ZP findings. Adequate precision was 21.92 and the differ-
ence between the predicted R2 (0.9021) and the adjusted R2

(0.9462) was less than 0.2 proving the model validity. The
following equation was utilized to analyze the measured ZP
values:

ZP ¼ −68:4 A−35:4 B−42:8 Cþ 91:7A Bþ 16:3 AC

þ 21:2 BC ð10Þ

Based on the factorial ANOVA, statistically significant
changes in the ZP values were observed upon modifying the
percentages of CA (A), T80 (B), and CO (C) (p value less than
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0.0001), as demonstrated in Fig. 1c. The lowest ZP value was
recorded in the formula having the highest percentage of T80
(E4). This could be attributed to the adsorption of T80 onto the
nanovesicular interface masking the surface negative charge
due to being a non-ionic surfactant [93, 94].

Measurement of entrapment efficiency (EE)

EE of the formed EN dispersion formulae ranged between
40.5 and 62.3% as illustrated in Table 1. A polynomial cubic
model was used to interpret and analyze the determined EE
values. Adequate precision was 19.50 and the values of the
predicted R2 (0.8562) and the adjusted R2 (0.9617) were close
to each other. The utilized equation to analyze the EE findings
was:

EE ¼ 60:7 Aþ 59:5 Bþ 41:5 C

þ 4:3 AB−0:4 AC−14:2 BC

þ 2:8 ABC−19:5 AB A−Bð Þ
−24:2 AC A−Cð Þ−68:8 BC B−Cð Þ

ð11Þ

Figure 1 d illustrates that the incorporation of different
percentages of CA (A), Tween® 80 (B), and clove oil (C)
imparted a significant effect on the EE values with p value
less than 0.0001. It is worth noting that EE values were rela-
tively high in the formulae containing high concentrations of
CA and T80. On the other hand, the formulae with high CO
concentrations (E1, E5, and E7) had the lowest EE values.
This might be attributed to the encapsulation of CO within
the prepared nanovesicles that could compete with the drug

Fig. 1 Response surface plot for the effects of CA (X1), T80 (X2), and CO (X3) concentrations on the particle size (a), polydispersity index (b), zeta
potential (c), entrapment efficiency percentage (d), elasticity (e), and desirability (f) of ROS EN formulae
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and reducing its entrapment [51]. Consequently, the
nanovesicles will become rich with CO which is not a suitable
medium to solubilize the relatively hydrophilic ROS having a
partition coefficient of 0.42 [95].

Elasticity measurement

Increasing the vesicle elasticity (deformability) enables their
squeezing through paracellular openings with much smaller
opening diameter. Elasticity facilitates nanovesicle penetra-
tion through the skin layers and reduces the risk of their rup-
ture while squeezing [96]. Table 1 displays the percentages of
the particle size change (SC) for the prepared EN formulae.
SC was considered as an indicator for the nanovesicular elas-
ticity where lower SC indicates higher elasticity. Polynomial
mixture with a cubic model was utilized to analyze the calcu-
lated SC values. Adequate precision was 34.24 and the values
of the predicted R2 (0.9636) and the adjusted R2 (0.9889) had
an acceptable difference (less than 0.02). The following equa-
tion was utilized to analyze the SC findings:

SC ¼ 33:8 Aþ 6:5 Bþ 14:1 C−54:41 AB

þ 6:8 AC−10:6 BC−86:8 ABC−47:8 AB A−Bð Þ
þ 49:8 AC A−Cð Þ þ 9:8 BC B−Cð Þ ð12Þ

Figure 1 e illustrates that modifying CA (A), T80 (B), and
CO (C) exhibited a significant impact on the SC with p value
less than 0.0001. It was noticed that increasing T80 signifi-
cantly rendered the EN more elastic with less SC. The obtain-
ed results are in harmony with that stated by Van den Bergh
et al. who developed elastic vesicles, mainly composed of
non-ionic surfactants such as T80 [97]. Moreover,
Abdelrahman et al. emphasized that T80 could provide the
elasticity to the cubosomal wall enabling the passage of the
formed nanovesicles via the smaller openings of the nasal
membrane [70]. The findings are also in accordance with
Al-mahallawi et al. who confirmed that the elasticity of
spanlastics formulae was enhanced by the incorporation of
T80 as an edge activator [98].

Optimization of ROS elastic nanovesicles

Desirability was determined to identify the optimum com-
position that could yield the OEND formula that has the
lowest PS, PDI, and SC and the highest ZP and EE. The
OEND formula, composed of 20% CA, 53.46% T80, and
26.54% CO, had the highest a desirability value of 0.959,
as shown in Fig. 1f. PS, PDI, ZP, EE, and SC values of
the prepared OEND formula were 150.7 ± 3.29 nm, 0.193
± 0.01, − 42.21 ± 2.56 mV, 63.16 ± 2.98%, and 7.43 ±
0.12%, respectively.

In vitro ROS release from the OEND formula

The OEND released 100% of ROS during the study time
(24 h), while the suspension form of the drug released only
48.29% of the drug during the same period, as shown in Fig. 2.
The release T50% in the case of the OEND and the suspension
form of the drug were 6.13 h and 27.66 h, respectively. The
enormous surface area of the formed nanovesicles and the
incorporation of T80 enhanced ROS diffusion from the pre-
pared OEND to the medium leading to a significant increase
in ROS release rate and extent when compared to the drug
suspension with f2 value of 31 [99, 100].Moreover, the release
of the drug from the OEND formulation was best fitted with
the Korsmeyer-Peppas model while an anomalous release, as
shown in Table 2. This could elucidate that ROS was released
due to the simultaneous diffusion of the dissolution medium
into the nanovesicles and the erosion of the nanovesicular
walls [101].

Characterization of the prepared EN gels

CMC was utilized as a gelling agent to increase the
nanodispersion viscosity, decrease the nanovesicle aggrega-
tion, and increase their physical stability [102]. PS, PDI, ZP,
and EE of the prepared EN gels were measured to evaluate the
impact of CMC incorporation on the EN characteristics. All
the results were almost the same with ± 10% differences, com-
pared to the OEND formula. In vitro ROS release from the
prepared EN gels was conducted and compared to the drug gel
with 2% CMC, as shown in Fig. 3. The release T50% in the
case of the investigated EN gels (1, 1.5, and 2%) and the drug
gel were 6.14, 6.41, 7.17, and 28.06 h, respectively. Increasing
CMC concentrations significantly reduced the drug release
rate form the EN gels. This might be due to increasing the
nanodispersion viscosity which hindered the drug diffusion
to the surrounding release medium [103]. All three EN gels
released the whole loaded drug amount, while the drug gel

Fig. 2 Drug release profiles from the optimized EN dispersion formula
(OEND), in comparison with the drug suspension
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released only 47.41% of the drug within 24 h with an anom-
alous release according to the Korsmeyer-Peppas model, as
shown in Table 2. On the other hand, the rheological charac-
teristics of the formed EN gels were investigated and illustrat-
ed in Fig. 4. The viscosity of the prepared EN gels was directly
proportional to the CMC concentration. All the formulae had a
non-Newtonian shear thinning flow with (n values < 1), as the
viscosity was decreasingwith increasing the rate of shear. This
type of flow is convenient to increase the dispersion physical
stability, facilitate the application upon shaking and increase
retention after application [104, 105]. The EN gel containing
2% CMC was chosen as the OENG due to having the closest
PS, PDI, ZP, and EE values to those of the OEND formula and
due to having the highest release T50% and viscosity when
compared to the other EN gels. The OENG formula was sub-
jected to additional in vitro, ex vivo, and in vivo studies.

Imaging of the optimized EN dispersion formula
and gel

The morphology of both the OEND and the OENG was ex-
amined using TEM, as illustrated in Fig. 5. The micrographs

clarified that the prepared nanovesicles had a spherical shape
with smooth but slightly irregular surfaces. Vesicle PS was
uniform and comparable to the values measured by the
Zetasizer. Moreover, the prepared nanovesicles were
nonaggregated and this might be referred as the high ZP
values of both the optimized formula and gel which enhanced
their physical stability and prevented their agglomeration
[106].

Ex vivo studies

Transdermal permeation

ROS transdermal permeation from the OEND and the OENG
formulae through newly born rat skin was investigated.
HPLC analysis exhibited a linearity coefficient of 0.9995
with LLOQ of 5 μg/mL and an accuracy range of 100% ±
15. Both formulae showed a significantly higher drug per-
meation in terms of rate and extent upon comparing it with
the drug suspension and the gel, as illustrated in Fig. 6.
Furthermore, the flux (J) values were estimated and the re-
sults showed significant difference between both the OEND

Fig. 3 Drug release profiles from
the prepared EN gel formulae
containing (1, 1.5, and 2%) CMC,
in comparison with the drug gel

Table 2 ROS release kinetic parameters of the optimized dispersion (OEND) and gel formulations in comparison with the drug suspension and gel

Formulations Zero First Diffusion Korsmeyer-Peppas Mechanism

r2 n

OEND 0.8557 0.7088 0.9603 0.9948 0.4747 Anomalous
Drug suspension 0.8502 0.7583 0.9745 0.9865 0.484

Drug gel 0.8591 0.6996 0.9824 0.9913 0.510

1% CMC 0.8538 0.7085 0.9529 0.9970 0.488

1.5% CMC 0.8661 0.7033 0.957 0.9963 0.491

2% CMC 0.8774 0.7014 0.9518 0.9849 0.500

The numbers in italic indicate the highest r2 values
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(345.19 μg/h/cm2) and the OENG (335.83 μg/h/cm2) formu-
lae in comparison with the drug suspension (80.75 μg/h/cm2)
and the drug gel (71.21 μg/h/cm2), respectively (p value <
0.001). ER values of both the OEND and the OENG formu-
lae were also estimated and were found to be 4.27 and 4.72,

respectively, reflecting more than four times increase in ROS
permeation through the skin. These findings can be attribut-
ed to the formed nano-sized vesicles and the usage of T80
that acted as a permeation enhancer [40]. Additionally, T80
could provide the elasticity to the wall of the optimized

Fig. 4 Rheological characteristics
of the prepared EN gel formulae

Fig. 5 Transmission electron
micrographs of the optimized EN
dispersion formula (OEND) (a)
and the optimized EN gel formula
(OENG) (b)
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formulae making them capable of passing through smaller
openings through the skin [70]. The results could be also
referred as the impact of clove oil as a permeation enhancer
for ROS through the skin layers [51, 52].

Histopathological imaging

Histopathological examination was carried out to ensure
the safety of the investigated OEND and OENG formulae
after applications onto the skin. Figure 7 a clarifies that
the negative control group showed no abnormality or his-
topathological alterations with normal epidermis and

dermis cells. Hyaline degeneration of the keratin layer
(stratum corneum), vacuolation, and slight acanthosis (in-
crease thickness) of the prickle cell layer presented the
isopropyl alcohol irritant effect in the positive control
group, as demonstrated in Fig. 7b. On the other hand,
after the application of both the OEND and the OENG
formulae to the skin, the histopathological characteristics
of the skin layers were very close to the negative control
group without observed alterations or abnormalities, as
demonstrated in Fig. 8 c and d, respectively. This could
be attributed to the known safety of the excipients utilized
in preparing the EN formulae [107–109].

Fig. 7 Histopathological evaluation for both OEND (c) and OENG (d) formulae, in comparison with normal saline (negative control: a) and isopropyl
alcohol (positive control: b), using newborn rat skin at magnification power of × 16 (i) and × 40 (ii)

Fig. 6 Drug permeation profiles
for the OEND (a) and the OENG
(b), in comparison with the drug
suspension and the drug gel,
respectively, through newborn rat
skin
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Cell viability assay

As shown in Table 3 and Fig. 8, the optimized gel (OENG)
significantly enhanced the cytotoxic effect of ROS with 9.4-
and 24.6-fold than the drug gel in (Hela andMCF-7) cell lines,
respectively. Also, the OENG showed similar results when
compared to the doxorubicin (the first choice for treatment
of various hematological and solid tumors) [110]. The IC50

of the drug gel, the OENG and doxorubicin were 78.9, 8.4,
and 8.1 μg, respectively, in the case of the Hela cell line, and
162.4, 6.6, and 2.7 μg, respectively, in case of the MCF-7 cell
line.

Hence, the OENG formula showed a potent antiprolifera-
tive effect on the tested cell lines and succeeded in enhance-
ment of the cytotoxic effect of ROS. This might be attributed
to the very small PS of the OENG formula (151.6 nm) which
is considered as one of the most important parameters improv-
ing tumor penetration, accumulation, and retention [111–113].
Yan et al. also stated that nanoparticles of a PS < 200 nm
showed efficient accumulation with tumor cells through en-
hancing permeability and retention [114]. This could also be
attributed to using T80 and CO as permeation enhancers
through the tumor cell membranes [115]. Additionally, CO
has an antiproliferative impact on multiple cancer cell lines
[116]. This was in accordance with Zho et al. who stated that
clove oil has a potent cytotoxic effect against human colon
cancer HT-29 cell line [117]. Moreover, the high zeta potential
value of the OENG formula (− 42.51 mV) enhanced its pen-
etration through the cancer cells as it was previously stated
that ZP values above + 10 mV or − 30 mV could boost the

drug accumulation and prevent its diffusion out of tumor cells
[118, 119]. This was also following Priwitaningrum et al. who
revealed that silica nanoparticles that have a higher negative
ZP (− 40 mV) showed deeper tumor penetration upon com-
parison with lesser negative charged nanoparticles (− 30 mV)
[120]. H.X. Lu et al. also stated that anionic iron oxide can
penetrate cells more efficiently through transcytosis due to
interactions between negatively charged nanoparticles and tu-
mor cell membranes [121].

Bioavailability of ROS

The used method of LC-MS/MS analysis exhibited a linearity
coefficient equals 0.9983 with LLOQ equals 0.1 ng/mL. The
accuracy range was approximately 100% ± 15 for the chosen
samples of quality control (0.3, 50, and 80 ng/mL). ROSmean
plasma concentration-time profiles following transdermal ap-
plication of the OENG and the drug gel are displayed in Fig. 9.
Table 4 shows the determined ROS pharmacokinetic parame-
ters (Cmax, Tmax, MRT, elimination t1/2, Ke, AUC0-t, and
AUC0-∞). Cmax of the OENG formula was 1.2-fold higher
than the gel form of the drug (p value < 0.05). Moreover, the
OENG had significantly higher mean residence time (MRT),
elimination half-life (t1/2), and significantly lower elimination
rate constant (Ke) than the drug gel (p value < 0.001).
Moreover, the OENG relative bioavailability was 216.11%
higher than that of the drug gel.

The applied dose to rabbit skin was 0.2 mg/kg which was
equivalent to a human dose of 0.0625 mg/kg (5 mg/80 kg).
The resulted Cmax values (12.96 ng/mL) in rabbits is sup-
posed to be obtained after applying 5 mg to human skin.
This level is two times higher than the plasma reported
Cmax of rosuvastatin (6 ng/mL) after oral administration of
20 mg dose (4 times the transdermal dose) [122]. If the drug
pharmacokinetics are linear, this means that there are 8 times
enhancement of drug bioavailability due to the transdermal
application and the formulation factors. Finally, if 5 mg was
applied to human skin, the Cmax would be also 12.96 ng/mL.
To get a Cmax of 6 ng/mL, 2.5 mg might be enough, and this

Fig. 8 Cell viability percentage of
the optimized EN gel formula
(OENG) and the drug gel in both
Hela cells (a) andMCF-7 cells (b)

Table 3 IC50 of the drug gel, the optimized EN gel (OENG) and
doxorubicin

Cell line IC50 in μg/ml

Drug gel OENG Doxorubicin

Hela 78.9 8.4 8.1

MCF-7 162.4 6.6 1.3
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will be practical and reasonable. Nothing could be confirmed
except after trying the optimized nanovesicular gels on human
volunteers.

The enhanced bioavailability of ROS after the transdermal
application of the OENG formula can be attributed to four
reasons. Firstly, escaping of the drug from the first pass me-
tabolism through the transdermal application [123, 124].
Secondly, the ability of T80 to do the following; increasing
the solubility of ROS, preparing ENwith nano-size, providing
the elasticity to the wall of the optimized formula and acting
also as permeation enhancer [40, 70]. Thirdly, the use of CA
created a lipophilic environment and provided the EN with a
high capability of penetrating the skin [125]. Fourthly, the use
of CO that acted as a permeation enhancer [51, 52].

Conclusion

The optimized EN dispersion (OEND) formula had the lowest
PS, PDI, and SC and the highest ZP and EE. It was converted
to gel (OENG), utilizing 2% CMC, to increase its physical
stability and facility its application on the skin. The optimized
EN gel (OENG) was found to be biocompatible and non-
irritant upon application onto newborn rat skin. ROS transder-
mal permeation from the OENG was significantly higher than
the drug gel. The OENG showed significant suppression in
the tumor cell proliferation upon comparison with the drug
gel, confirming the success of the OENG to enhance the drug
cytotoxicity. ROS bioavailability in the case of the OENGwas
significantly higher than the drug gel. In light of these find-
ings, the OENG could be considered as very promising
nanocarriers for the transdermal application of ROS through
increasing its systemic bioavailability and anticancer effect.
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