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Abstract: Simvastatin (SMV) is an antihyperlipidemic agent that has been investigated as a possible
anti-cancer agent. An obstacle to malignant tumor therapy using drugs is the delivery of adequate
levels to the cancer cells while minimizing side effects following their systemic administration. To
circumvent this challenge, the researchers directed towards the field of nanotechnology to benefit
from the nano-size of the formulation in passively targeting the tumor cells. Thus, our study aimed
at investigating the potential of a combined mixture—process variable design for optimization of
SMV spanlastics (SMV-SPNs) with minimized particle size and maximized zeta potential to en-
hance the anticancer activity of the drug. The study investigated the effects of Span®20 and
Tween®80 as mixture components and sonication time as a process variable on particle size, poly-
dispersity index, and zeta potential as responses. SPNs were prepared using an ethanol injection
method. Combining the predicted optimized variables’ levels is supposed to achieve the set goals
with a desirability of 0.821. The optimized spanlastics exhibited a measured globule size of 128.50
nm, PDI of 0.329, and ZP of -29.11 mV. The percentage relative error between predicted responses
and the observed ones were less than 5% for the three responses, indicating the optimization tech-
nique credibility. A significant improvement in the cytotoxicity of the optimized formulation
against three different cancerous cell lines was observed in comparison with SMV. The inhibitory
concentration (ICso) values of MCF-7, HCT-116, and HEPG2 were found to be 0.89, 0.39, and 0.06
puM at 24 h incubation. The enhanced cytotoxicity could be assigned to the possible improved per-
meation and preferential build-up within the cancerous cells by virtue of the minimized size. These
findings imply that SMV-SPNs could be an ideal strategy to combat cancer.

Keywords: combined mixture-process variable design; spanlastics; simvastatin; optimization;
in vitro cytotoxicity
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1. Introduction

Cancer is a heterogeneous illness that could rapidly progress to an unmanageable
stage after it first develops [1]. It is one of the major causes of mortality around the world,
with millions of new cases recorded each year [2]. Chemotherapeutic drugs are the most
popular approach to treating cancer patients because of their ability to limit the uncon-
trolled development of malignant cells [3]. The main drawbacks of chemotherapeutic
agents are non-specificity and the development of multidrug resistance during therapy
[4]. Accordingly, there are numerous undesirable side effects, as well as insufficient drug
delivery in most cases [5].

Simvastatin (SMV) is widely used for the treatment of patients suffering from dyslipi-
daemia via the inhibition of the HMG-COA reductase enzyme. Owing to its poor water
solubility, reduced intestinal uptake, and exposure to extensive presystemic metabolism,
SMV suffers from poor oral bioavailability [6]. Thus, researchers directed towards inves-
tigating alternative routes for the drug administration, including the transdermal one to
surpass such pitfalls [7].

Recently, statins have been identified as possible anti-tumour agents against several
types of cancer cells [8,9]. However, an obstacle to malignant tumour therapy lies in the
challenge of delivering the appropriate concentrations of drugs to the cancer cells while
minimising non-specific toxicity incidence resulting from minimal selectivity following
administration, in addition to the liability of developing drug-resistance by the cancer
cells [10]. This could be overcome by applying nanotechnology to passively target drugs
to tumour cells. Nano-sized drug delivery systems can readily penetrate cancerous
growths, with subsequent accumulation resulting from poor lymphatic drainage of the
tumors. Thus, nano-sized systems are considered a strategy of interest for cancer therapy
[11]. Besides adequate specificity, cancer nanotechnology provides additional advantages
of high drug entrapment as well as high tolerability compared with conventional chemo-
therapeutic agents [12]. Additional advantages of nano-sized delivery systems include a
large surface area that leads to improved drug dissolution, proper cellular uptake because
of their small size, a long circulation time in blood, and physical stability [13]. In vitro
cytotoxicity studies on cancer cell lines represent a potential strategy for screening the
anticancer activity of such formulations against various types of cancer.

Spanlastics (SPNs) are surfactant-based nanovesicles with an amphiphilic nature that
allows them to trap the drug in the bilayer’s core cavity. They are chemically stable, and
they possess elasticity and deformability characteristics because of the incorporation of an
edge activator. In addition, they possess the advantages of being biodegradable, non-im-
munogenic, target-specific, and able to enhance the bioavailability and stability of en-
trapped drugs [14].

Traditional experiments consume time and effort in the development of complex for-
mulations. Accordingly, the use of a statistical design and modelling approach is recom-
mended in such cases. The optimization of formulations often need to assess both the
mixture components of the formulation and the process variables affecting the responses
synchronously. A combined mixture—process variable design is beneficial in such a case
[15]. To this end, the potential of a combined mixture—process variable design (CMPV) for
the prediction of the optimized SMV-SPNs with minimized particle size and maximized
zeta potential was explored. Cytotoxicity studies demonstrated that the optimized SMV-
SNPs significantly reduced the viability of MCF-7, HCT-116, and HepG2 cancer cells in
comparison with SMV as confirmed by the significantly low ICso values.
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2. Materials and Methods
2.1. Materials

Simvastatin was purchased from Qingdao Sigma Chemical Co., Ltd. (Qingdao,
China). Span® 20 and Tween® 80 were purchased from Sigma-Aldrich (GmbH, Germany).
All other chemicals and solvents were of analytical grade.

2.2. Combined Mixture-Process Variable Design

Combined two-component mixture, one process variable design (CMPV) was uti-
lized for the formulation and optimization of SMV-SPNs. This approach allows for as-
sessing how the responses are synchronously influenced by both the mixture components
(MCs) of the formulation and the process variable (PV). In this study, the two components
of the SPNs were Span® 20 (X1) and Tween® 80 (X2). Both components were used in the
range of 1-9 parts so that the total mixture is 10 parts. Sonication time (Z1) was studied as
process variable (PV) in the range of 0-10 min. All other process variables including stir-
ring speed, time, and temperature were kept constant. Particle size (PS, nm) (Y1), polydis-
persity index (PDI) (Y2), and Zeta potential (ZP, mV) (Y3) were the measured response
variables. The MCs and PV with their corresponding ranges, in addition to the response
variables and the constraints set in the optimization process are presented in Table 1. De-
sign Expert® software (Version 11.0, Stat-Ease Inc., Minneapolis, MN, USA) was employed
for generating the design points and statistically analyzing the responses. The design
points were chosen on the basis of the D-optimal design where the total number of design
points was 17 including 3 replicate points and additional center point in addition to the
required model and lack of fit points. Analysis of variance was employed to assess the
impact of the MCs and PV as well as their interaction on the responses at 95% level of
significance. One factor and three-dimensional response plots were constructed to display
such effects and interactions.

Table 1. MCs and PV with their ranges and response variables with their desirable constraints used
in the CMPV design for the development of SMV-SPNs.

Mixture Components Lower Level Upper Level
Xi: Span 60 parts 1 9
Xa2: Tween 80 parts 1 9
Process Variable

Z1: Sonication time (min) 0 10
Responses Desirability Constraints

Y:1: Particle size (PS, nm) Minimize

Ya: Polydispersity index (PDI) Minimize

Ys: Zeta potential; absolute value (ZP, L
mv) Maximize

Abbreviations: MC, mixture component; PV, process variable; CMPV, combined mixture process
variable; SMV, simvastatin; SPNs; spanlastics.

2.3. Preparation of SMV-SPNs

SPNs were prepared using ethanol injection method [16,17]. First, the drug (20 mg)
and Span were dissolved in 5 mL absolute ethanol. Then, the alcoholic solution was rap-
idly injected into 10 mL aqueous solution of edge activator (Tween 80) prepared at a tem-
perature of 70 °C. The amounts of Span and Tween 80 were calculated as per the experi-
mental design. The solution was kept on a magnetic stirrer revolving at 1000 rpm at the
same temperature for 30 min to allow for solvent evaporation. The formed dispersion was
ultra-sonicated for the specified time according to the design after volume adjustment to
10 mL.
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2.4. Optimization of SMV-SPNs

To anticipate the optimized levels of the mixture components as well as the process
variable, numerical optimization and desirability function were utilized. The goal of the
optimization process was to obtain the smallest possible SPNs size and PDI, in addition
to the highest absolute ZP value.

2.5. Characterization of SMV-SPNs
2.5.1. PS, PDI, and ZP Measurement

PS (z-average), PDI, and ZP of SMV-SPNs were measured for all the prepared for-
mulations using Zetasizer Nano ZSP (Malvern Panalytical Ltd., Malvern, UK) after ap-
propriate dilution. Each measurement was presented as the mean of five runs.

2.5.2. Transmission Electron Microscope (TEM)

The optimized SMV-SPNs were visualized using JEOL GEM-1010 (JEOL Ltd., Aki-
shima, Tokyo, Japan) transmission electron microscope (TEM) at 80 kV at The Regional
Center for Mycology and Biotechnology (RCMB) Al- Azhar University, Cairo, Egypt. One
drop of diluted SPNs sample was put on a carbon-coated grid, which was then allowed
to dry at temperature of 25 + 0.5 °C. Further, the sample was negatively stained with 1%
phosphotungstic acid and then dried for 20 min at room temperature before being visual-
ized.

2.6. In Vitro Cytotoxicity of Optimized SMV-SPNs
2.6.1. Cell Culture

Human breast cancer cell line (MCEF-7), colorectal cell line (HCT-116), and liver can-
cer cell line (HepG2) were obtained from American Type Culture Collection (ATCC, Rock-
ville, MD, USA). The cells were cultured in Dulbecco’s Modified Eagles Medium (DMEM)
supplemented with 10% (v/v) fetal bovine serum (FBS), 10,000 units/mL penicillin/strep-
tomycin, and 1% (v/v) L-glutamine at 37 °C in humidified 5% COz incubator.

2.6.2. Cytotoxicity Assay

The cytotoxicity was assessed using the MTT assay as previously described [18]. Cells
were seeded in 96-well plates at a density of (5 x 10° cells/well) and left to attach overnight.
Subsequently, treatment of the cells with SMV, SMV-SPNs, and blank SPNs for 24 h at
concentration range (0.01-100 uM) was performed. Treatments were removed and 100 pL
of MTT solution (2 mg/mL) was added to each well and incubated the cells at 37 °C for 4
h. The formazan crystals formed were dissolved in DMSO (100 uL) and absorbance was
measured at 570 nm on a plate reader (Tecan Group Ltd., Seestrasse, Maennedorf, Swit-
zerland). The results were expressed as the percentage of viable cells in relation to the
untreated cells (control). The data were obtained from three independent experiments (1
=3).

3. Results and Discussion
3.1. Model Fit Statistical Analysis

Table 2 summarizes the combination of variables in each experimental run and the
corresponding responses. Fit statistics analysis was performed for each response individ-
ually to obtain a CMPV polynomial model describing the relation between this response
and the studied MCs and PV. The software suggests the best fitting model for every re-
sponse based on maximizing the Adjusted R? and the lowest predicted residual error sum
of squares (PRESS). According to the model fit statistics, presented in Table 3, the sug-
gested model was Quadratic x Linear (Q x L) for the three responses. The predicted R?
reasonably coincides with the adjusted R? (the difference is less than 0.2) for all responses
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indicating the model suitability. In addition, an adequate precision of more than four in-
dicates an appropriate signal to noise ratio. Accordingly, the Q x L model is proven to be
appropriate for the exploration of the experimental design space.

Table 2. Composition and observed responses of experimental runs of SMV-SPNs prepared accord-
ing to the combined mixture—process variable D-optimal design.

Run Mixture Components  Process Variable Responses + SD

No. X1 Xz Zx Y1 Y> Ys
1 9 1 10 362.61 £ 15.81 0.330 +0.011 -30.81 +2.91
2 1 9 10 146.66 +4.99 0.290 + 0.009 -23.80 +2.11
3 5 5 0 232.90 +10.91 0.350 +0.013 -28.92+2.19
4 1 9 5 391.51+13.72 0.312 + 0.008 -20.60 £1.78
5 3 7 2.5 104.90 +3.11 0.216 £ 0.018 -23.70£1.95
6 3 7 7.5 163.30 + 5.89 0.390 +0.019 -25.70 +2.31
7 9 1 0 831.91 +26.45 0.612 +0.054 -29.73 +2.61
8 1 9 0 647.03 +27.98 0.447 + 0.031 -19.40 £ 1.34
9 7 3 7.5 295.80 +12.34 0.220 £ 0.014 -29.80+2.14
10 9 1 0 891.80 + 36.89 0.620 + 0.057 -31.51+2.89
11 7 3 2.5 41541 +£15.71 0.406 + 0.031 -28.61+2.22
12 9 1 10 489.80 + 26.56 0.240 +0.019 -31.70 +2.49
13 1 9 10 192.82 +11.61 0.292 +0.018 -23.80 +1.98
14 3 7 0 47521 +19.87 0.316 + 0.027 -26.10 £2.51
15 9 1 5 323.20 £13.12 0.472 +0.038 -28.50 £2.52
16 5 5 10 83.89 +5.31 0.341 +0.019 -26.9 +2.39
17 5 5 5 74.45 + 3.16 0.331 +0.032 -28.10+2.16

Abbreviations: SMV, simvastatin; SPNs, spanlastics; X1, Span parts; X2, Tween parts (Total parts
10); Z1, sonication time (min); Y1: particle size (nm); Y2, Polydispersity index; Ys, zeta potential (mV).
Data are presented as mean of triplicate measurements of each trial + SD.

Table 3. Fit statistical summary of the quadratic x linear model for SMV-SPNs responses.

Response Model p- - Lack of Fit p- R? Adjusted R? Predicted R2  PRESS Ade(,ll{ate
Value Value Precision
Particle size 0.0006 0.5744 0.8217 0.7407 06270  2.858x105  9.7314
(PS, nm)
Polydispersity index
(PDI) 0.0005 0.1893 0.8389 0.7657 0.7080 0.085 10.3098
Zeta potential
<0.0001 0.2968 0.9383 0.9103 0.8751 26.730 17.7786
(ZP, mV)

Abbreviations: SMV, simvastatin; SPNs, spanlastics; R?, multiple correlation coefficient; PRESS,
predicted residual error sum of squares.

3.2. Diagnostics Analysis

For establishing the goodness of fit for the investigated responses to the Q x L model,
diagnostic plots were created. Figure 1A-C, representing the Box-Cox plot for power
transforms, demonstrates a best lambda (A) value of 0.59, 2.39, and 0.25 (shown by the
green line) for Y1, Yz, and Y3, respectively. The computed confidence interval (represented
by the red lines) comprises the value one (current A for all responses represented by the
blue line); accordingly, no specific data transformation is required [19]. The lack of re-
quirement for transformation is corroborated by the maximum to minimum measured
responses, where a ratio greater than 10 shows that transformation is required. Further-
more, the residual vs. run plots, shown in Figure 1D-F show randomly scattered points,
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indicating that no hidden variable exists and could exert an influence on any of the meas-

ured responses [20,21].
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Figure 1. Diagnostic plots for the quadratic x linear model of the particle size (A, D), polydispersity
index (B,E), and zeta potential (C,F) of SMV-SPNs (Box—Cox plot for power transforms (A-C); ex-
ternally studentized residuals vs. run number plot and (D-F)). Abbreviations: SMV, simvastatin;

SPNss, spanlastics.
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3.3. Polynomial Equations for the Investigated Responses

The polynomial equations representing the responses in terms of L-Pseudo compo-
nents of the mixture and coded factor for the process variable were generated as follows:

Y1 (PS) =588.80 X1 +402.16 X2 — 1326.05 X1X2 — 216.51 X1Z1 — 242.41 XoZ1 + 550.07 X1X2Z1
Y2 (PDI) = 0.4481 X1 + 0.3519 X2 - 0.3492 X1X2 — 0.1741 X1Z1 — 0.0594 X2Z1 + 0.4741 X1XoZ
Y3 (ZP) =30.37 X1+ 21.41 X2 + 7.84 XiX2 + 0.422 X1Z1 + 2.19 XoZ1 — 8.24 X1X2Za

The coded equations are beneficial for pointing out the relative influence of the fac-
tors by the comparison of their coefficients. The first three terms of each equation contain-
ing the MCs only (X1 and Xz) represent the mixture properties at the mid-value of the PV
(sonication time of 5 min that is the coded level set at zero). The last three terms shows the
linear effect of the studied PV (Z1) on the mixing properties of the MCs that shifts the mean
response at any given combination of MCs with the variable Z1 variation from the coded
level 0 to +1 [15,22]. The presence of significant MPV coefficients in the equations high-
lights the usefulness of employing the CMPV design as it reveals the interaction between
the MCs and the PV; such an interaction could never be detected using the traditional one
factor at a time approach or even experimental designs done individually on MCs and
PVs [22,23].

3.4. Influence of Variables on PS (Y1) and PDI (Y2)

Preferential dissemination within malignant tissues has been reported for nanopar-
ticulate systems with sizes smaller than 400 nm [24,25]. However, inefficient tumor inva-
sion, possibly caused by pathological features produced by the cancerous growth, may
offset the preferred accumulation of the nano-particulate systems and their concomitant
therapeutic outcome [26]. In addition, PDI, as a measurement of particle size distribution,
indicates dispersion homogeneity. It is reported that a highly monodisperse system ex-
hibits a PDI less than 0.05, while a PDI greater than 0.7 indicates a heterogeneously dis-
tributed system [27]. Thus, preparing SPNs with the lowest particle size and PDI was one
of the goals of this study. For the prepared SPNs, the mean PS showed a wide variation
ranging from 74.45 + 3.16 to 891.80 + 36.89 nm as shown in Table 2, while the PDI ranged
from 0.216 + 0.018 to 0.620 + 0.057, indicating an acceptable size distribution. Analysis of
variances (ANOVA) revealed the significance of the Q x L model for both responses (p =
0.0005 and 0.0006, respectively). The computed F-values of 10.78 and 11.64 for particle size
and PDI, respectively, indicate the significance of the model; there is only a likelihood of
0.05% and 0.06% that these F-values could be this large owing to noise. The lack of fit F-
values of 0.9612 and 0.1893 for both responses show a non-significant lack of fit in relation
to the pure error, indicating fitting of the data to the model. According to the computed
p-values, the linear mixture terms; X1 and Xz were significant on both sizes (p = 0.0054) and
PDI (p = 0.0084). In addition, the interaction terms X1 Xz (p = 0.0006 for Y1 and p = 0.0286 for
Y?2), XiZ1 (p = 0.0038 for Y1 and p = 0.0001 for Y2), and X2Z1 (p = 0.0051 for Y1 and p = 0.0109
for Y2) were significant on both responses. Furthermore, the term X1X2Z1 was significant
on the PDI (p = 0.0180). The effect of the binary mixture components and the sonication
time at the mid-values of the other factor, in addition to the three-dimensional mixture—
process plot for the PS and PDI are graphically illustrated in Figures 2 and 3, respectively.
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Figure 2. One-factor plots for the effect of the binary mixture components (A) and the sonication
time (B) at the mid-values of the other variables on particle size (Y1); three-dimensional mixture-
process plot (C) for the interaction between mixture components and sonication time. Abbrevia-
tions: SMV, simvastatin; SPNs, spanlastics; X1, Span 20 parts; X2, Tween 60 parts (X1 and X2 add up

to 10 parts)
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Figure 3. One-factor plots for the effect of the binary mixture components (A) and the sonication
time (B) at the mid-values of the other variables on polydispersity index (Y2); three-dimensional
mixture—process plot (C) for the interaction between mixture components and sonication time. Ab-
breviations: SMV, simvastatin; SPNs, spanlastics; X1, Span 20 parts; X2, Tween 60 parts (X1 and X2
add up to 10 parts).

It was evident that the PS decreases with increasing Span proportion at its lower lev-
els; on the other hand, the size shows a significant increase with increasing Span propor-
tion at the higher levels. A similar corresponding behavior was observed with Tween be-
ing the second component of the mixture. This observation coincides with previous stud-
ies that reported the decrease in PS with increasing edge activator percentage; the re-
searchers attributed this decrease to reduced interfacial tension that facilitates particles
partition to yield smaller particles [28,29].

It is worthy to note that the formulations generally prepared at higher levels of Span
generally showed higher PS compared to those with higher levels of Tween at the same
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sonication time. This could be attributed to the Span hydrophobic side chain. A steric re-
pulsion occurs at higher levels of Span that leads to increase the formed SPNs size. On the
other hand, higher tween levels facilitate assembly of the SPNs with lower steric repulsion
compared to the same levels of Span. This requires further and detailed investigation to
understand this behavior and prove this postulation. The different trend observed at
higher Span proportions highlights the marked role of the interaction between the MCs
and the studied PV. Increasing sonication time is previously reported to reduce the parti-
cle size of the vesicular systems [30-32]. The effect of sonication could be attributed to the
cavitation (compression) forces generated by the ultrasonic waves passage through the
vesicular dispersion leading to the fractionation of the particles with a consequent reduc-
tion in their sizes [33].

3.5. Influence of Variables on Zeta Potential (ZP, Y3)

Increased absolute zeta potential values are expected to impart physical stability to
the dispersed delivery systems and minimize aggregation owing to increased electrostatic
repulsion [34]. The prepared spanlastics possess a negative zeta potential, which ranged
from -19.40 + 1.34 to —-31.70 + 2.49 mV, and could originate from the partially negative
groups available in the polar head of Span. These polar heads are normally directed to the
external aqueous phase, imparting a net negative ZP for the prepared vesicles [29]. As per
the ANOVA analysis, the Q x L model was significant for the ZP absolute values (p <
0.0001). The computed F-values of 33.46 indicate the significance of the model; there is
only a likelihood of 0.01% that the F-value could be this large in credit to noise. Lack of fit
F-values of 2.06 show a non-significant lack of fit in relation to the pure error indicating
fitting of the data to the model. According to the computed p-values, the linear mixture
terms Xi and Xz were significant on ZP (p < 0.0001). The interaction term XiXz is related to
the interaction between MCs, in addition to the interaction terms X271, and Xi1X2Z1 being
related to the interactions between the MCs and the PV that were significant on the ZP (p
= 0.0103, 0.0055, and 0.0252, respectively). The effect of the binary mixture components
and the sonication time at the mid-values of the other factors, in addition to the three-
dimensional mixture—process plot for ZP, are graphically illustrated in Figure 4. It was
evident that the absolute value of ZP increases with an increasing Span proportion.
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Figure 4. One-factor plots for the effect of the binary mixture components (A) and the sonication
time (B) at the mid-values of the other variables on absolute zeta potential (Y3); three-dimensional
mixture-process plot (C) for the interaction between mixture components and sonication time. Ab-
breviations: SMV, simvastatin; SPNs, spanlastics; X1, Span 20 parts; X2, Tween 60 parts (X1 and X2
add up to 10 parts)

3.6. Optimization Using Numerical Approach

The goal of pharmaceutical formulation optimization is to forecast the levels of vari-
ables that will result in a product with the desired qualities. The optimization process in
this study aims at decreasing particle size and PDI to the lowest possible value with sim-
ultaneous maximizing of the ZP absolute value of the proposed SMV-SPNs. The numeri-
cal optimization technique was adopted to anticipate the levels of the MCs and the PV
that upon combination could achieve the previously set goals with the highest possible
desirability. The ramp graphs presented in Figure 5A shows the optimized levels and the
predicted responses, while the desirability for each response and the overall desirability
are graphically illustrated in Figure 5B. The measured responses were 128.50 nm, 0.329
for PDI, and —29.11 for ZP. The percentage relative error between predicted responses and
the observed ones were less than 5% for the three responses (0.87, 4.44, and 2.93 for PS,
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PDIL and ZP, respectively). This relatively low error percentage proves the optimization

technique credibility.
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Figure 5. (A) Ramp graphs representing the optimized levels of Span 60, Tween 80, and sonication
time, in addition to the predicted responses for the optimized SMV-SPNs. (B) Desirability values
for the predicted responses and overall desirability of the optimized SMV-SPNs. Abbreviations:
SMYV, simvastatin; SPNs; spanlastics; ST, sonication time (min); PS, particle size; PDI, Polydispersity

index; ZP, zeta potential.

3.7. Transmission Electron Microscopy (TEM)

The shape of the optimized SMV-SPNs was visualized using TEM as depicted in Fig-
ure 6. The TEM micrographs show spherical vesicles with rounded contours. The size of
the vesicles well coincide with that measured by the dynamic light scattering technique.
El-nabarawy et al. [35] reported a similar spherical shape for zolmitrptan spanlastic vesi-

cles.
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Figure 6. Transmission electron microscope micrograph of the optimized SMV-SPNs. Abbrevia-
tions: SMV, simvastatin; SPNs; spanlastics.

3.8. In Vitro Cytotoxicity

The antiproliferative effect of the SMV and SMV-SPNs on the viability of MCF-7,
HCT-116, and HepG2 cells was examined using MTT assays. As displayed in Figure 7D,
more than 90% of the cells were viable after exposure to blank SNPs suggesting a non-
significant reduction in the cell viability. SMV treatment (0.01-100 uM) significantly re-
duced cell viability in a concentration-dependent manner (p < 0.05). Several mechanisms
of action have been proposed for simvastatin-induced cytotoxicity, mainly the direct sup-
pression of cholesterol synthesis particularly by inhibiting HMG-CoA Reductase and iso-
prenylation as well as the inhibition of Ras, an activated protein in several cancers [36,37].
SMV-SPNs further reduced the viability of the cells showing a significant cytotoxic effect
in comparison to SMV (p < 0.05) (Figure 7A-C). The calculated ICs for SMV and SMV-
SPNs are presented in Table 4. This potential effect of SMV-SPNs on cancer cells can be
assigned to the possible enhanced cellular uptake and preferential build-up within the
cancerous cells by virtue of the minimized size and role of the edge activator (surfactant)
present in the formulation. The edge activator could potentially improve the drug perme-
ability via biological membranes; in addition, it could increase the vesicles bilayer fluidity;
thus, enabling their facile diffusion through the cellular membrane with consequent drug
build-up inside the cells [38]. Our finding of spanlastic vesicle ability to enhance the effi-
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Cell viability (%)

cacy of SMV coincides with previous research. For example, Sodium valproate nanospan-
lastics have been developed by Badria et al. [39] as a successful platform for treating alo-
pecia. Alhakamy et al. reported the enhanced antifungal activity of luliconazole via the
development of an optimized spanlastics formulation. Furthermore, Alaaeldin et al. [40]
reported enhanced anticancer activity of thymoquinone spanlastics against MCF-7 cells
as compared to either free drug or conventional liposomes that were attributed similarly
to augmented cellular uptake and permeation. Considering the proposed molecular
mechanism for the anticancer activity of statins in general, it is well known that high levels
of mevalonate production were documented in various types of cancers. Thus, blocking
the mevalonate pathway by inhibiting HMG-CoA reductase by statins, would further re-
duce levels of mevalonate and its downstream products (isoprenoids intermediates). De-
pletion of these intermediates inhibits lipid attachment sites for activated Ras, Rac, and
Rho family members. These proteins have a great role in cancer formation and progres-
sion [41,42]. The enhanced in vitro cytotoxicity of the optimized SMV-SPNs against vari-
ous cancer cell lines suggest that the developed formulation could possibly enhance these
molecular changes significantly. To confirm this hypothesis, studying the molecular
changes will be considered in future work focusing on the mechanism, including the en-
zyme and the involved signaling molecules.

B C
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£ P g
601 o 2 60 2 60-
i 3 ; 3
40+ 'S 404 'S 404
” 8 8
20+ I 20+
0 T T 1 0 T T T T T 1 0
0 2 3 3 2 4 0 1 2 3 3 2 4 0 1 2 3
Log,, concentration Log,, concentration Log,, concentration
D
120-
. . 1B VCF7
1004 o - =B -B il - HCT116
80- 1 = i | I HepG2

bl

=

Cell viability (%)
H [=2)
T g

20+

100 10 1 0.1 0.01
Concentration (uM)

Figure 7. Cell viability evaluation using the MTT assay after 24 h of treatment with SMVor SMV-
SPNs (A) MCF-7 (B) HCT-116 (C) HEPG2 cells (D) cell viablitiy after 24 h of treatment with blank-
SPNs. Data are expressed as the mean + SEM (n = 3). Abbreviations: SMV, simvastatin; SPNs; span-
lastics.
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Table 4. Calculated ICso values (uM) of SMV and SMV-SPNs in human breast, colon, and hepatic
cancer cell lines.

MCEF-7 HCT-116 HepG2
SMV 4.850 +0.16 3.650 +0.19 1.134+0.24
SMV-SPNs 0.8938 +0.27 * 0.3923 +0.25 * 0.0603 +0.15 *

Abbreviations: SMV, simvastatin; SPNs; spanlastics, *significantly different from SMV at p <0.05.

4. Conclusions

The CMPV design has been successfully applied for the optimization of SMV span-
lastics. The measured responses of the optimized formulation were 128.50 nm for the ves-
icle size, 0.329 for the PDI, and -29.11 mV for the ZP. The measured responses coincide
well with the predicted ones, confirming the validity of the numerical optimization
adopted in this study. The investigation of the in vitro cytotoxicity of optimized SMV
spanlastics in comparison to the raw drug proved the ability of the developed formulation
to enhance the anticancer activity of the drug against MCF-7, HCT-116, and HepG2 cancer
cells. These results support the therapeutic potential of the SMV-SPNs against cancer, and
thereby pave the way for future mechanistic studies.
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