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Abstract: Icariin (ICA) is a flavonol glycoside that has pleiotropic pharmacological actions. It has
cytotoxic effects against ovarian cancer cells and increases their chemosensitivity to chemotherapeutic
drugs. Phytosomes are identified for their potential in drug delivery of cytotoxic agents. Thus, the
purpose of this study was to determine the potential enhancement of ICA cytotoxicity activity in
OVCAR-3 ovarian cancer cells via its formulation in phytosomes. ICA-phytosomal formulation
was optimized using a Box–Behnken design. Particle size, shape, and in vitro drug release were
used to characterize the optimized formula. The optimized formulation exhibited enhanced in vitro
drug release. ICA-phytosomes exhibited enhanced cytotoxicity against ovarian cancer cells. Cell
cycle analysis indicated accumulation of cells challenged with ICA-phytosomes in G2/M and pre-G1
phases. Staining of cells with annexin V indicated significant elevation of percentage cells with early
and late apoptosis as well as total cell death. In addition, the formulation significantly disturbed
mitochondrial membrane potential and cellular content of caspase 3. In addition, intracellular release
of reactive oxygen species (ROS) was enhanced by ICA-phytosomes. In conclusion, phytosome
formulation of ICA significantly potentiates its cytotoxic activities against OVCAR-3 cells. This is
mediated, at least partly, by enhanced ICA cellular permeation, apoptosis, and ROS.
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1. Introduction

Treatment of cancer involves the use the use of several approaches that include surgery,
radiotherapy, chemotherapy, and others. Chemotherapeutic agents suffer severe toxicities and the
emergence of resistance. Therefore, exploration of medicinal plants and/or their products is currently
an attractive area of research. In particular, ovarian cancer is a major health problem. In females,
ovarian cancer is the fifth most common tumor worldwide. Indeed, it is the main gynecological cancer
since it lacks early symptoms and has insufficient treatments [1]. Unfortunately, it is the leading fatal
gynecologic malignancy [2].

Icariin (ICA), chemically classified as a flavonol glycoside, is a major component of Epimedium
grandiflorum [3]. Traditionally, it has been used for erectile dysfunction in ancient Chinese medicine [4].
ICA is therapeutically effective in cases of atherosclerosis, as well as neurodegenerative disorders [3,
5,6]. It demonstrates neuroprotective potential and was found to enhance memory in a model
of Alzheimer’s disease (AD) in mice. Furthermore, the compound has been shown to possess
antioxidant [7], anti-inflammatory [8], cardioprotective [8], hepatoprotective [9], anti-osteoporotic [10],
and antidepressant [11] activities. Recently, the anti-tumor activity of ICA was reviewed [12].
It exhibited appreciable cytotoxicity against several types of cancer cells [13,14]. ICA demonstrates
apoptotic effect via the intrinsic pathway [15]. It also causes cancer cell arrest by modulating the
expression of regulatory cell cycle proteins [16]. In addition, it exhibits anti-angiogenic, anti-metastatic,
and immunomodulating effects [17,18]. In addition to its cytotoxic activity, ICA has been demonstrated
to enhance chemosensitivity of ovarian cancer cells [19,20]. Thus, accumulating evidence highlights a
potential of ICA as a cytotoxic and anti-cancer. ICA has poor bioavailability which can be attributed
to its chemical structure. It is a diglycoside and not readily absorbed [14,21]. Its oral half-life is
3.15 h and its serum level after intravenous administration suffers rapid decline with a half-life
of 0.56 h [22,23]. These pharmacokinetic properties limit its clinical applications. In this regard,
nanotechnology finds a major application [24]. Polymeric nanoparticles have been widely studied
for tumor-targeted drug delivery [25,26]. Furthermore, lipid-based nanoparticles have demonstrated
peculiar advantages such as prolonged circulation [27–29]. Phytosomes are phyto-phospholipid
complexes that are currently studied for many nanomedicine-based therapies [30]. Phytosomes are
generally formed by complexation between the phytoconstituent and the polar part of the lipid.
This type of interaction leaves the fatty acid chains free, so they can further move to encapsulate the
polar portion of the complex forming a lipophilic surface [30]. Thus, phytosomes have the potential
to enhance the oral bioavailability of plant-derived bioactives [31]. Phytosome use in transdermal
drug delivery has also been reported [32]. Phytosomes have additional therapeutic benefits owing to
their phospholipidic content [33]. Thus, phytosomes represent a promising nanocarrier for a variety of
phytochemical delivery applications. Therefore, this study aimed at enhancing the cytotoxic activity of
ICA-phytosomes against OVCAR-3 ovarian cancer cell.

2. Materials and Methods

2.1. Materials

ICA, purity 99%, was obtained from Sigma-Aldrich Inc. (St. Louis, MO, USA). Phospholipon® 90H
(Hydrogenated phosphatidylcholine from soybean origin, content 90%) was obtained as a gift sample
from Lipoid GmbH (Ludwigshafen, Germany). The remaining chemicals were of an analytical grade.
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2.2. Experimental Design and Optimization

A three factor Box–Behnken experimental design was used to formulate ICA-phytosomes. ICA to
phospholipid molar ratio (X1), process temperature (◦C, X2) and reflux time (h, X3) constituted the
independent variables, while vesicle size (nm, Y) was studied as the response. The coded levels of each
factor nominated as (−1, 0, +1) and their actual values, respectively, are listed in Table 1. Design-Expert
software (Version 12; Stat-Ease Inc., Minneapolis, MN, USA) was used to generate 15 experiments.
Table 2 show the composition of the experimental runs and the measured vesicle sizes. Adequate
precision ratio as well as predicted and adjusted determination coefficients were computed and utilized
for selection of the best fitting model for the measured response. The equation representing the best
fitting model was generated. Analysis of variance (ANOVA) was applied to statistically analyze the
measured response to estimate the significance of the studied variables at p ≤ 0.05. Three-dimensional
and interaction plots were produced to explore the interaction between the investigated variables.

Table 1. Independent variables and responses of Box–Behnken design employed for the formulation
of ICA-phytosomes.

Independent Variable Levels

(0) (−1) (+1)

X1: ICA:Phospholipon® 90H molar ratio 1:1 1:2 1:3
X2: Temperature (◦C) 40 50 60

X3: Reflux time (h) 1 2 3

Response Desirability constraints

Y: Vesicle size (nm) Minimize

Abbreviations: ICA = Icariin.

Table 2. Experimental runs of ICA-phytosomes prepared according to Box–Behnken design and their
measured mean vesicle size.

Run #
Independent Variables

Vesicle Size (nm)ICA:Phospholipon®

90H Molar Ratio
Temperature (◦C) Reflux Time (h)

1 1:3 40 2 245.7 ± 9.8
2 1:1 60 2 98.4 ± 3.2
3 1:2 50 2 151.1 ± 6.5
4 1:2 60 3 143.1 ± 4.9
5 1:3 60 2 212.8 ± 10.9
6 1:1 50 3 101.3 ± 3.8
7 1:2 60 1 145.6 ± 4.1
8 1:1 40 2 132.8 ± 4.7
9 1:3 50 3 218.8 ± 6.9

10 1:1 50 1 141.8 ± 2.9
11 1:3 50 1 234.5 ± 8.7
12 1:2 40 3 165.4 ± 6.5
13 1:2 50 2 153.2 ± 7.4
14 1:2 50 2 155.1 ± 6.1
15 1:2 40 1 174.6 ± 8.3

Abbreviations: ICA = Icariin.

A numerical method was used to optimize the formulation and process parameters. The goal of
the optimization process was to minimize vesicle size.

RETRACTED



Pharmaceutics 2020, 12, 346 4 of 17

2.3. Preparation of Icariin (ICA) Phytosomes

ICA-phytosomes were prepared using refluxing followed by anti-solvent precipitation. Accurately
weighed amounts of ICA (27 mg) and Phospholipon® 90H (32, 64, or 96 mg) in the specified molar
ratios (according to the experimental design) were dissolved in dichloromethane (20 mL). The solution
was refluxed at the temperature and time period specified according to the experimental design, and
then evaporated to obtain a concentrate of about 5 mL. The concentrate was lyophilized for 72 h to
obtain the phytosomal complex. The dried complex was then stored in an airtight amber colored glass
container at 4 ◦C until further use.

2.4. Vesicle Size Measurement

Dynamic light scattering technique (DLS) was used to determine the vesicle size using Zetatrac®

nanosizer (Microtrac Inc., Montgomeryville, PA, USA). The phytosomal samples were dispersed in
deionized water before measurements are carried out. The results were expressed as the average of
five determinations. The parameters were the following: laser wavelength of 633 nm, scattering angle
of 173◦, temperature of 25 ◦C, medium viscosity of 0.8872 cP, and medium refractive index of 1.33.

2.5. Transmission Electron Microscopy

Transmission electron microscope JEOL-JEM-1011 (JEOL-Tokyo, Tokyo, Japan) was used explore
the shape and aggregation of the optimized ICA-phytosomes. The phytosomes sample was suspended
in distilled water and one drop of the sample was spread on a carbon-coated grid. In addition, 1%
phosphotungstic acid was used for negative staining of the sample. Then, the sample was dried at
ambient temperature for 15 min before visualization.

2.6. Fourier-Transform Infrared (FTIR) Spectroscopy Study

Fourier-transform infrared (FTIR) analysis was utilized to investigate the interaction between ICA
and Phospholipon® 90H. ICA, Phospholipon® 90H, and optimized ICA-phytosomes spectra were
measured in the range of 4000–400 cm−1 using an FTIR spectrophotometer (Nicolet IZ 10, Thermo
Fisher Scientific, Waltham, MA, USA).

2.7. In Vitro Release

In vitro drug release of pure-ICA and ICA-phytosomes was studied using the dialysis bag
technique [34]. In the dialysis bag method, pre-weighed samples of pure-ICA and ICA-phytosomes
(equivalent to 1 mg ICA) were introduced separately into two pre-soaked dialysis bags (molecular
weight cut-off (MWCO) of –14 KDa; Sigma-Aldrich, St. Louis, Missouri, USA). The release was
performed in 100 mL of phosphate-buffered saline (PBS) buffer pH 7.4 at 37 ± 0.5 ◦C with continuous
stirring at 100 rpm using a magnetic stirrer [35]. Samples were withdrawn at time points of 0.5, 1, 2, 4,
6, 8, and 12 h and immediately replaced with equivalent amount of fresh medium. The withdrawn
samples were analyzed by HPLC for ICA content [36]. The experiment was carried out in triplicate and
the results were expressed as mean ± SD. The release efficiency after 12 h (RE12h) was computed for
both pure-ICA and optimized ICA-phytosomes and statistically compared using an unpaired Student’s
t-test (two-tailed) at p < 0.05.

2.8. Cytotoxic Effects of Optimized ICA Phytosomes on Ovarian Cancer Cells

2.8.1. Cell Culture and Determination of IC50 using MTT Assay

Cell lines were maintained in a humidified incubator at 37 ◦C with 5% CO2. OVCAR-3 were cultured
in Roswell Park Memorial Institute (RPMI) Medium 1640 (1×) supplemented with 10% fetal calf serum
(FCS), 1X non-essential amino acids (Sigma-Aldrich, Irvine, UK), 100µL/mL (v/v) penicillin-streptomycin,
1 mM sodium pyruvate (Sigma-Aldrich), and 1µL/mL bovine insulin (Sigma-Aldrich). Cell lines
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were passaged using 0.05% trypsin- Ethylenediaminetetraacetic acid (EDTA) (1×). All experiments
were carried out with cell lines no more than 10 passages apart to ensure biological repeats and
limit the mutational effect of passaging. Cell lines were not synchronized prior to experimentation.
For determining IC50 values, 1 × 105 cells were seeded into a 96-well plate. The seeded OVCAR-3
cells were then incubated for 24 h at 37 ◦C in a 5% CO2 incubator. The cells were then incubated
with the ICA-phytosomes, placebo-phytosomes, and pure-ICA separately for 24 h. Different samples
equivalent to different concentrations of ICA ranging from 0.1 to 1000 µM were tested. IC50 values were
determined using Thiazolyl Blue Tetrazolium Bromide (MTT) assay using commercially available kit
(ABCAM, Cambridge, UK). The experiments were carried out in triplicate.

2.8.2. Cell Cycle Analysis

Cell cycle analysis was studied by flow cytometry experiments following reported methods [37,38].
The cells were incubated with the samples: ICA-phytosomes, pure drug, and placebo-phytosomes.
A control sample with cells alone was also included in the study. The samples were incubated for 24 h.
After incubation with the samples, separation of cells was carried out by centrifuging the samples.
The cells were then fixed with 70% cold ethanol. The cells were again separated by centrifugation and
their washing was carried out with PBS buffer. The cells were then stained using propidium iodide
(in PBS buffer) and RNAse staining buffer before carrying out flow cytometry analysis.

2.8.3. Annexin V Staining

The dual staining technique was performed to assess apoptosis as previously published [39]. Cells
were incubated with the samples, ICA-phytosomes, pure drug, and placebo-phytosomes, in a 6-well
plate with a cell density of 1 × 105 cells per well. A control sample with cells alone was also included
in the study. The staining was carried out using a commercially available kit (BD Bioscience, San Jose,
CA, USA). After incubation for 24 h, the cells were collected by centrifugation. The cells were then
resuspended in 500 µL of 1X binding buffer.

Then, 5 µL each of Annexin V- Fluorescein isothiocyanate Fluorescein FITC and propidium iodide
(BD Bioscience) were added and incubated at room temperature for 5 min in the dark. Flow cytometry
(FACS Calibur, BD Bioscience) was carried out for the analysis. The data were studied using Multicycle
software (Phoenix Flow Systems, San Diego, CA, USA).

2.8.4. Mitochondrial Membrane Potential

In the present study, the tetramethylrhodamine methyl ester (TMRM) assay kit was used for the
determination of mitochondrial membrane potential. This method uses TMRM as the probe. The cells
were prepared for the assay by incubating with the samples for 24 h. ICA-phytosomes and pure drug
were studied along with a control sample with cells alone. A 96-well plate with a cell density of 1 × 105

OVCAR-3 cells per well was used. The working solution of TMRM was prepared and the cells were
bathed with this solution after removing the medium in cells. The cells were then incubated in the
dark. Finally, the TMRM solution was replaced with the live-cell imaging buffer before performing the
assay using a flow cytometer [40,41].

2.8.5. Caspase-3 Assay

The caspase-3 content of the optimized ICA-phytosomes was determined using a ready-to-use kit
available commercially (BD Biosciences). For evaluation of the caspase-3 activity, the OVCAR-3 cells
(5 × 104 cells per well) were incubated with the samples. ICA-phytosomes and pure drug were studied
along with a control sample with cells alone. Caspase-3 content in the samples was determined by
assessing absorbance of the cell lysate at 405 nm.
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2.8.6. Reactive Oxygen Species (ROS) Determination

ROS determination was carried out in OVCAR-3 cells. A 96-well plate with a cell density of
1 × 105 OVCAR-3 cells per well was used. The cells were prepared for the assay by incubating with
the samples for 24 h. ICA-phytosomes and pure drug were studied along with a control sample
with cells alone. The incubated cells were continuously incubated for another 30 min with 10µM
2,7-dichlorofluorescein diacetate. After incubation, PBS buffer was used to wash the cells and the
fluorescence intensity was measured using 485 nm as the excitation wavelength and 530 nm as the
emission wavelength using a microplate reader [42].

2.8.7. Statistical Analysis

Data are presented as the mean ± SD. Statistical tests were carried out using IBM SPSS® statistics
software, version 25 (SPSS Inc., Chicago, IL, USA). Analysis of variance (ANOVA) followed by Tukey’s
post hoc test were used to compare means. p < 0.05 indicated statistical significance.

3. Results

3.1. ICA Phytosomes Optimization

The data in Table 3 and Figure 1 illustrate the observed (actual) versus predicted values of the
vesicle size of different experimental runs. It can be noted that the observed and predicted values are
similar (Figure 1). This further validates the selected design model and its possible useful application
in predicting the optimized formula with the desired criteria.

Table 3. Statistical analysis output of the measured vesicle size of ICA-phytosomes.

R2 Adjusted R2 Predicted R2 Adequate
Precision

Sequential
p-Value

Lack of Fit
p-Value

0.9884 0.9676 0.8185 21.1491 0.0379 0.0368

p-value of
significant terms

X1 X2 X3 X1
2

<0.0001 0.0034 0.0307 0.0076

Abbreviations: ICA = Icariin.
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3.2. Influence of Variables on Vesicle Size

Vesicle size below 200 nm is considered suitable for a prolonged effect after intravenous
administration [43,44]. The prepared ICA-phytosomes exhibited nano vesicular size ranging from
98.4 ± 3.2 to 245.7 ± 9.8 nm. The polynomial equation giving the sequential model in terms of coded
factors is given as follows:

Y = +153.13 + 54.69X1 - 14.83X2 - 8.49X3 + 0.375X1X2 + 6.20X1X3 + 1.67X2X3 + 18.11X1
2

+ 1.18X2
2 + 2.86X3

2 (1)

Data analysis using ANOVA showed a significant effect of the linear terms X1 (ICA:Phospholipon®

90H), X2 (temperature), and X3 (reflux time) on the vesicle size at p < 0.05 (Table 3). In addition,
the quadratic term X1

2 corresponding to ICA:Phospholipon® 90H molar ratio was significant at the
same significance level. Figure 2 shows the effects of the independent variables on the vesicle size.
A negative slope was observed for both variables X2 and X3 indicating an inverse relationship between
the variable and the response. A positive slope was observed for the variable X1 confirming that a
higher ICA to phospholipid molar ratio causes an increase in the vesicle size. The positive sign of the
linear term X1 and the negative sign of the linear terms X1 and X3 confirms the observed trend.
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Three-dimensional (3D) response surface plots for the effect of the investigated variables on the
vesicle size (Figure 3) illustrate that ICA:Phospholipon® 90H molar ratio exhibited the most significant
effect on vesicle size. This observation is supported by the highest coefficient of the term X1 in the
generated equation. The observed increase in vesicle size with increasing ICA:Phospholipon® 90H
molar ratio could be attributed to increasing phospholipid content of the phytosomes. Various other
vesicular formulations gave similar results. Dubey et al. [45] reported positive effect of Phospholipon®

(PL) % on the vesicle size of ethosomes loaded with an anti-psoriatic agent. In a previous study [46]
it was reported that there was an increase in the vesicle size of avanafil invasomes with increasing
Phospholipon concentration. In general, the results observed in our study were very much consistent
with previously reported vesicular systems [47].
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(X1), temperature (X2), and reflux time (X3) on the vesicle size of ICA-phytosomes.

3.3. Optimization of ICA Phytosomes

Design Expert software® was utilized to predict the composition optimized formulation by
numerical optimization based on the goal of minimizing particle size. The composition of the optimized
ICA-phytosomes is presented in Table 4. The measured vesicle size was similar to the predicted value
with % error of 6.01% confirming the suitability of the design for the optimization process.

Table 4. Composition of the optimized formulation and its predicted and observed vesicle size.

Variables X1: ICA:Phospholipon® 90H
Molar Ratio

X2: Temperature (◦C) X3: Reflux Time (h)

Optimum values 1:1.07 58.70 ◦C 2.67 h

Vesicle size (nm) Predicted value Observed value Error %

98.25 104.15 6.01%

3.4. In Vitro Characterization of Optimized ICA Phytosomes

3.4.1. Transmission Electron Microscopy

TEM micrographs of phytosomes (Figure 4a) further confirmed the particle size analysis result
obtained by the dynamic light scattering technique. The particles appeared nearly spherical in shape.
TEM images show some sort of aggregation of the phytosomes that could be attributed to the relatively
low zeta potential value of −5.6 mV; the generally accepted value of ±30 mV is required for a stable
system [48]. Successful phytosomal systems with low values for zeta potential were previously
described [49]. In Figure 4b, placebo-phytosomes provide evidence of vesicle formation, displaying a
uniform, spherical shape with smooth outer surfaces and with little or no signs of agglomeration.
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3.4.2. Fourier-Transform Infrared (FTIR) Spectroscopy

As represented in Figure 5, ICA showed a characteristic broad bond between 3000 and 3500 cm−1

due to the polyhydroxy structure, while this was slightly polished in the formula at the same region.
Phospholipon® 90H, showed a sharp peak before 3000, which dramatically decreased in intensity,
which indicates the engagement of the function groups of ICA and Phospholipon® 90H together in the
prepared phytosomes.
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3.4.3. In Vitro Release

The in vitro dissolution profile of pure-ICA and optimized ICA-phytosomes is shown in Figure 6.
It was evident that phytosomes could enhance the dissolution of ICA. Although a burst release of
ICA was observed in both profiles, the release was much higher from the phytosomes formulation.
After 2 h, around 70% of ICA was released from phytosomes, whereas the release of the pure drug
was around 20% only. Thus, at 2 h, the drug release was more than double from the phytosomes as
compared to the pure drug. At the end of 12 h, ICA release was almost complete from phytosomes
compared to pure-ICA release of only 65%.
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3.5. Cytotoxic Activity

3.5.1. Determination of IC50 Values

The IC50 values obtained for the samples are shown in Table 5. ICA-phytosomes had the least
IC50 value which amounted to 6.31 µM, whereas pure-ICA had an IC50 value of 13.1 ± 4.0 µM. Thus,
there was a reduction to about half of the IC50 value of ICA when loaded in the phytosome.

Table 5. Cytotoxicity of ICA-phytosomes in OVCAR-3 cells.

Sample IC50 Value (µM)

Placebo-phytosomes 94.85 ± 3.12
Pure-ICA 13.1 ± 4.0 *

ICA-phytosomes 6.31 ± 0.21 *#

* Significantly different from placebo-phytosomes at p < 0.05. # Significantly different from ICA at p < 0.05.

3.5.2. Cell Cycle Analysis

The results of cell cycle analysis are shown in Figure 7. A significant difference in the cell cycle was
observed. From the observations, the ICA-phytosome was found to perform as expected. There was
no significant effect of the ICA-phytosome on the G0-G1 phase. The percent of cells in the G2-M
phase showed marked enhancement on incubation with ICA-phytosomes. These effects were more
significant than other samples. A similar effect was observed with pre-G1 apoptosis (Figure S1,
Supplementary Materials).

3.5.3. Annexin V staining

Annexin V-FITC apoptosis detection kit was used to study the apoptosis determination by flow
cytometry. Figure 8 shows that ICA-phytosomes exhibited a distinct and much higher early, late, and
total cell apoptosis as well as necrotic cell death when compared with other treatments (Figure S2,
Supplementary Materials).RETRACTED
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3.5.4. Mitochondrial Membrane Potential (MMP)

Figure 9 shows that change in MMP was only significant in the cells exposed to ICA-phytosomes.
MMP was significantly reduced by 15% of the control value. Neither placebo-phytosomes nor pure-ICA
were able to induce detectable alterations in MMP as compared to controlled incubations.
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3.5.5. Caspase-3 Assay

The data in Figure 10 indicate that ICA-phytosomes caused a significant enhancement in caspase-3
content amounting to an approximately four-fold increase from that of the pure-ICA-treated cells.
Placebo-phytosomes did not induce any changes in caspase-3 content as compared to control value.
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Figure 10. Effect of ICA-phytosomes on caspase-3 content in OVCAR-3 cells. * Significantly different
from control at p < 0.05, # significantly different from placebo-phytosomes at p < 0.05, $ significantly
different from pure-ICA at p < 0.05.
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3.5.6. ROS Determination

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) was used to study the extent of the formation
of ROS. Conversion of DCFH-DA to fluorescent DCF gives a measure of ROS [42]. Figure 11
demonstrates that ICA-phytosomes-treated cells produced the highest fluorescence (124.8% of control)
indicating a higher generation of ROS. Pure-ICA and placebo-phytosomes had fluorescence values
almost similar to that of the untreated control cells.
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4. Discussion

Box–Behnken is an independent, rotatable or nearly rotatable three-level response surface design
that is widely utilized for optimization in pharmaceutical research [50]. In this study, a three-level
Box–Behnken design was applied for formulation and optimization of ICA-phytosomes with minimized
vesicle size. The independent factors selected in the present study were previously established to
influence the phytosomes formulation [30]. The combinations at the center mid points of edges of
the design space represent the composition of the experimental runs. The adequate model fitting
the vesicle size data was the quadratic model based on its highest determination coefficient R2.
In addition, the values of predicted and adjusted R2 were in good agreement ensuring the validity of
the model. Signal-to-noise ratio is given by the adequate precision measure. A ratio over four indicates
that the selected model can be used to navigate the design space. Accordingly, the experimental
design proved valid to predict the optimized formula according to the experimental runs that were
based on the selected independent variables. The in vitro release results indicated that phytosomes
could enhance the dissolution of ICA. After 2 h, the drug release was more than double from the
phytosomes when compared to the pure-ICA. At the end of 12 h, ICA release was almost complete
from phytosomes compared to pure-ICA release of only 65%. Phospholipon® 90H is hydrogenated
phosphatidylcholine that can increase the dissolution and solubility of ICA. Phospholipon® 90H
might enhance the wettability of ICA [51] resulting in increased dissolution in the release medium.
Hydrogenated phosphatidylcholine potential of enhancing solubility of poorly soluble drugs has
been reported in other studies [52]. In addition, the nano size of the phytosomes could contribute to
the enhanced release of ICA via the dialysis membrane. Our data indicate that ICA-phytosome had
the most potent cytotoxic activity as compared to pure-ICA. This implies that formulation of ICA to
phytosome significantly increases cytotoxicity. This can be explained on the basis of the higher cellular
permeability of phytosomes compared with that of pure-ICA [53]. Further, the optimized formula of
ICA-phytosomes exhibited significantly higher cell fraction in both G2-M and Pre-G1 phases indicating
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an augmentation of the cytotoxic property of ICA by the phytosome structure. A large proportion
of cells at the pre-G1 phase is a characteristic feature of apoptosis. Thus, pre-G1 apoptosis and cell
cycle arrest at the G2-M phase could explain the enhanced cytotoxic effect of ICA-phytosome. This is
supported by other observations on nanoparticles [37]. Encapsulation of silver nanoparticles in lipids
has been reported to enhance apoptosis [54]. Moreover, the observed responses are indicative of
ICA-triggered intrinsic apoptosis. This was further substantiated by annexin V staining of OVCAR-3
cells which revealed increases in early, late, and total cell death induced by the optimized formula.
In addition, our data show that ICA-phytosomes exhibited significant disruption of MMP which
suggests a compromised integrity of the mitochondrial membrane [55]. Disruption of MMP indicates
compromised integrity and enhanced permeability of the mitochondrial membrane [40]. Increased
mitochondrial membrane permeability is an initial step in apoptosis [56]. These observations are
in harmony with our data on cell cycle analysis and annexin V staining studies. It is noteworthy
to report that fractions of dead cells determined by annexin V staining are relatively lower than
expected with reference to IC50 values. This can be attributed to the loss of the floating and already
dead cells before addition of trypsin to cells attached to cells. Hence it could be concluded that the
formulation of ICA to phytosomes enhances modulation of membrane potential and eventually initiates
apoptosis of OVCAR-3 cells. Caspase-3 is an end executioner caspase in apoptosis as it regulates DNA
fragmentation and destruction of cellular proteins. Therefore, it is considered an excellent marker
of apoptosis. [37]. Therefore, augmentation of cytotoxicity by formulating ICA into phytosomes is
further supported by these data. Enhancement of caspase-3 by nanostructured formulations has
been previously reported [37,57,58]. In addition, caspase-3 results are consistent in that the observed
MMP disturbances that initiate caspase-3 activation promote typical apoptotic features. In addition,
ICA-phytosomes-treated cells exhibited significant elevation in the generation of ROS. This also
supports the observed enhanced cytotoxicity and apoptosis induced by ICA-phytosomes. Other related
reports were observed with chitosan nanoparticles [42]. Increased ROS adds more of an explanation
for the observed augmentation of ICA cytotoxicity [59].

5. Conclusions

The Box–Behnken design was successfully used to optimize ICA-phytosomes with minimized
vesicle size. The optimized phytosomes were almost spherical in shape. In vitro release of ICA from
phytosomes was markedly higher than the pure-ICA, predicting a better presentation to the tumor
cells. Phytosome formulation of ICA significantly enhances its cytotoxic activities against OVCAR-3
cells. This is mediated, at least partly, by enhanced apoptosis as evidenced by cell cycle analysis,
annexin V staining, and determination of caspase 3. In addition, generation of ROS and disrupting
MMP contribute to improved cytotoxicity of ICA-phytosomes. Additional in vitro and in vivo studies
are recommended to further explore the potential of ICA-phytosomes in combating tumor cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/4/346/s1,
Figure S1: Flow cytometry analysis results for cell cycle analysis; (a) control, (b) placebo phytosome, (c) pure
ICA, and (d) ICA phytosomes. Figure S2: Assessment of OVCAR3 cell death using flow cytometric analysis after
annexin V-staining; (a) control, (b) placebo phytosome pure drug, (c) pure-ICA, and (d) ICA phytosomes.
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