Alamoudi et al. Future Journal of

Future Journal of Pharmaceutical Sciences (2024) 10:143 . .
https://doi.org/10.1186/543094-024-007 18- Pharmaceutical Sciences

: . ®
a-Mangostin-phytosomes as a plausible s

nano-vesicular approach for enhancing
cytotoxic activity on SKOV-3 ovarian cancer cells

Abdulmohsin J. Alamoudi', Shaimaa M. Badr-Eldin?, Osama A. A. Ahmed?, Serag Eldin I. Elbehairi**,
Mohammad Y. Alfaifi, Hani Z. Asfour®, Gamal A. Mohamed?®, Sabrin R. M. Ibrahim’, Ashraf B. Abdel-Naim' and
Hossam M. Abdallah®”

Abstract

Background a-Mangostin is a major xanthone in Garcinia mangostana L. (Clusiaceae) pericarps. It has promising
anti-proliferative potential in different cancer cells; however, it has poor oral bioavailability. Phytosomes are used

as a novel nano-based drug delivery system. The aim of this research was to enhance the anti-proliferative potency
of a-mangostin by formulating it as a-mangostin-phytosome (a-M-PTMs) and assessing its impact on SKOV-3 ovarian
cancer cells in comparison to pure a-mangostin.

Results The size and entrapment efficiency of the proposed formulation were optimized using Box-Behnken statis-
tics. The optimized formula was characterized using transmission electron microscope. The binding of a-mangostin
to phospholipids was confirmed using Fourier-transform infrared (FTIR) spectroscopy. The optimized a-mangostin-
phytosomes formula exhibited enhanced anti-proliferative activity with reference to raw a-mangostin. This was fur-
ther substantiated by assessing the cell cycle phases that indicated an accumulation of SKOV-3 cells in the sub-G1
phase. Annexin-V staining revealed enhanced apoptotic activity in a-mangostin-phytosome-treated cells. This

was associated with upregulation of CASP3 (Caspase-3), BAX (BCL2 Associated X, Apoptosis Regulator) and TP53

as well as down-regulation of BCL2 mRNA (B-Cell Leukemia/Lymphoma 2). Moreover, our data indicated enhanced
ROS (Reactive oxygen species) production, cytochrome-C release, and disturbed MMP (mitochondrial membrane
potential).

Conclusion Encapsulation of a-mangostin in a phytosome nano-formula enhances its anti-proliferative effects
in SKOV-3 cells via, at least in part, inducing mitochondrial apoptotic cell death.
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Background

Cancer is characterized by developing aberrant cells
that can invade and spread to different bodily regions.
Lifestyle plays an important and influential role in can-
cer incidence. Several factors contribute to cancer inci-
dence, including environmental pollution, carcinogens,
mutagens, bacterial and viral infections, and genetic
predisposition [1]. By 2035, there will be 14 million
cases of cancer among older persons worldwide, dou-
bling the current incidence rate [2].

One of the most serious causes of death among
women is ovarian cancer, which is responsible for an
increase in gynecological death worldwide. Every year,
nearly 300,000 female patients worldwide are diag-
nosed with ovarian cancer, which is rising [3]. Because
of the long time it takes to diagnose ovarian cancer
and the poor responsiveness toward the current ther-
apy approaches, the average five-year survival rate is
around twenty-five percent [4]. At least 70% of ovarian
cancer patients have a poor prognosis and a low sur-
vival rate [5, 6]. Patients with ovarian cancer diagnosed
at an early stage often have a better prognosis due to
the advancement of clinical treatment options, such as
surgery, radiotherapy, and chemotherapy. Patients in
advanced stages, on the other hand, have a high recur-
rence rate and a poor prognosis [6].

Garcinia mangostana L. (Clusiaceae) pericarps have
been utilized for curing various ailments and pos-
sess an array of bioactivities [7-9]. The tree thrives in
Malaysia and other hot, humid areas across Southeast
Asia, Central America, and Africa. Known for its sweet
aril, the fruit’s pericarp is utilized in traditional Eastern
medicine for treating various conditions like skin infec-
tions, urinary tract infections, dysentery, inflammation,
abdominal pain, diarrhea, and fevers. The mangosteen
plant is primarily abundant in xanthones, alongside
benzophenones, tannins, flavonoids, and anthocyanins
[8].

a-Mangostin is one of the primary metabolites sepa-
rated from G. mangostana pericarps. It displayed anthel-
mintic, anti-inflammatory, anti-parasitic, anti-obesity,
analgesic, antioxidant, anti-allergic, cardio-, hepato-, and
neuro-protective capacities [10]. Additionally, it revealed
promising in-vivo and in-vitro anti-carcinogenic poten-
tial versus different cancer types, including lung, colon,
skin, pancreas, breast, and blood cancers by affecting
various tumor growth phases [11, 12]. It acted by pro-
ducing apoptosis and growth arrest, mitigating oxidative
damage, modulating carcinogenic biotransformation,
and prohibiting metastasis and angiogenesis. Further, it
diminished the toxic aftereffect and enhanced the effec-
tiveness of the clinically available chemotherapeutics [10,
12].
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Boosting the anticancer activity of active moieties has
been recently addressed by drug delivery methods based
on nanotechnology. A novel approach in nano-based
drug delivery is focused on phytosomes (PTMs). The
concept of utilizing PTMs in the area of drug delivery was
introduced in the early 90 s. Phytosomes refer to com-
plexes formed by the interaction between plant-derived
active components and the polar head of phospholipids
via hydrogen bonding [13]. These interactions facilitate
the incorporation of the active ingredients into the com-
plexes, wherein the phospholipid head group acts as an
anchor, while the two elongated fatty acid chains do not
actively engage in the process of complex formation. The
fatty acid chains can undergo movement and enclose the
polar segment of the complexes, generating a surface that
exhibits lipophilic properties. One notable differentiation
between phytosomes and liposomes lies in the way the
active ingredient is incorporated. In liposomes, the active
ingredient is dispersed within the cavity or membrane
layers. Conversely, in phytosomes, the active ingredient is
an intrinsic constituent of the membrane, forming hydro-
gen bonds with the polar head of the phospholipids [14].
Such a unique complex structure of PTMs could infer
clinical advantages, including enhancing cellular uptake
and biological activity of ingredients [15].

The current investigation’s objective was to delve into
the potential of this innovative, promising nanocarrier
platform for enhancing the cytotoxicity of a-mangostin.
Accordingly, Box—Behnken statistical analysis opti-
mized the proposed formulation concerning size, PDI
(polydispersity index), and EE% (entrapment efficiency).
Additionally, comprehensive testing of the tailored for-
mulation on SKOV-3 cell lines was performed to assess
its effectiveness against ovarian cancer.

Methods

Isolation of a-mangostin

a-Mangostin was isolated from Garcinia mangostana
fruits that were purchased from local market in Saudi
Arabia. The identity of the plant was confirmed by staff
members of Natural products Department, Faculty of
Pharmacy, King Abdulaziz University and it was kept at
the herbarium (GM-1424). Scheme of @-mangostin isola-
tion is presented in Fig. 1. The compound was identified
by co-TLC with authentic sample, as well as comparing
its 'H and > C NMR data (Figures S1-2, Table S1) with
literature [8].

Design of experiments

A central face-centered composite response surface
design optimized a-M-PTMs. The design aimed at
exploring the influence of two independent formulation
variables, namely a-mangostin to phospholipid (PL;
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Fig. 1 Schematic presentation of purification of a-mangostin from G.
mangostana

Table 1 Formulation variables and responses constraints utilized
to formulate and optimize a-M-PTMs in the Box-Behnken design

Independent variables Levels

(=1) (0) (+1)
X;:a-M: PL molar ratio 1:1 125 14
X,: Process temperature (C) 45 55 65
Responses Desirability constraints
Y;: Vesicle size (nm) Minimize
Y,: Polydispersity index Minimize
Y5 Entrapment efficiency (%) ~ Maximize

Phospholipon-90G phospholipid (PL) kindly supplied
by Lipoid GmbH-Koln-Germany) molar ratio (a-M: PL,
X;) and process temperature (Temp, °C, X,), on three
selected responses, namely, entrapment efficiency (EE,
Y,, %), polydispersity index (PDI, Y,), and vesicle size
(Y7, nm). The variables levels and the set goals for the
selected responses are listed (Table 1). Design-Expert
software produced 13 runs with various combinations
of the variable values (version 12; Stat-Ease Inc.-Min-
neapolis-MN-USA) in accordance with the design in
use, as indicated in Table 2. The least PRESS (predicted-
residual sum of squares) and the predicted and adjusted
determination coefficients were computed to find the
best-fitting model for the observed responses. Ade-
quate precision was used as an indicator for the mod-
el’s appropriateness. Analyzing the observed responses
statistically was conducted using ANOVA (analysis of
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variance). The perturbation plots were generated to
show the main variables’ impacts, whereas contour and
response plots were generated to represent the interac-
tion between them.

Preparation of a-M-PTMs

As per the experimental runs specified molar ratios, a-M
and PL amounts were accurately weighed, and mixed
with organic solvent (chloroform: methanol 10:1) at
room temperature until it was a clear solution. Then, the
organic solvent was evaporated at 150 rpm for 30 min
at the specified temperature (according to the experi-
mental design runs). Following a 48-h lyophilization
process of the concentrate, the dried PTMs were then
kept in amber-glass containers at 4 °C until additional
investigation.

PDI and vesicle sizes assessment

a-M-PTMs were dispersed using deionized water, and
the dynamic light scattering (DLS) technique was imple-
mented for assessing PDI (polydispersity index) and
vesicular size as z-average using Nano-ZSP Zetasizer
(Malvern Panalytical Ltd._Malvern_UK). The size of each
sample was measured five times at ambient temperature;
results are presented as mean + standard deviation.

EE% determination

In brief, 0.1% Tritonx 100 was utilized to lyze an accu-
rately weighed quantity of the PTMs formulation. After
appropriate dilution with ethanol, a-M was quantified
using UV-Vis spectrophotometry at 317 nm [16].

Optimization

A numerical technique using the desirability function,
which aggregates all responses into a single parameter,
was employed to optimize a-M-PTMs. The optimal levels
of the explored independent variables were predicted to
achieve the set goals of minimizing vesicle size and PDI
and maximizing EE. The optimal formulation was devel-
oped for further research.

Characterization of the optimized a-M-PTMs

Using the Nano-ZSP Zetasizer, the improved formula-
tion’s zeta potential was determined (Malvern Panalytical
Ltd. Malvern_UK) to assess the stability against aggrega-
tion. Further, the shape of the optimized formulation was
assessed using JEM-1400 TEM at 80 kV (JEOL Ltd. Tokyo-
Japan). One drop of the a-M-PTMs sample was applied to
a carbon-coated grid, left to dry, and subsequently nega-
tively stained phosphotungstic acid 1% (Fisher Scientific,
Pennsylvania, USA). Before visualization, the material was
dried for 15 min at room temperature.
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Table 2 Independent variables levels and the corresponding responses (measured) for a-M-PTMs runs were constructed according to

the central composite design

Run no Independent variables Response
A-M: PL molar ratio Process Temp. ('C) Vesicle size Polydispersity index Entrapment
(nm) +SD* efficiency
(%) +SD*
SDF1 1:2.5 65 149.5+4.8 0.221 939+39
F2 1:4 65 2064+9.2 0217 96.7+34
F3 1:1 45 235.1+£99 0.292 855+26
F4 1:2.5 55 193.1+£79 0.297 91.3+38
F5 1:2.5 55 187.5+7.1 0.275 903+3.2
F6 1:2.5 55 192.7+6.8 0.292 90.7+3.2
F7 1:2.5 55 1934+6.2 0.293 916+3.7
F8 1:2.5 45 2794+12.1 0322 869+2.8
F9 1:4 45 3273+136 0417 89.7+26
F10 1:4 55 249.1+£96 0.321 947429
F11 1 65 103.2+32 0.209 91.8+3.1
F12 1:1 55 1386+58 0.241 88.9+29
F13 1:2.5 55 1926+69 0.291 919+3.1

*Results are presented as mean+SD; n=5

#Results are presented as mean+SD; n=3

FTIR (Fourier-transform infrared) spectroscopy
measurement

The interaction between a-mangostin and phytosmes
was confirmed by measuring FTIR spectra of @ -man-
gostin, phytosomes, their physical mixture and the opti-
mized prepared formula in the range of 400-4000 cm™
utilizing FTIR spectro-photometer (TENSOR37, Bruker,
Germany).

Cell Culture

SKOV 3 and EA.hy926 (human umbilical vein) cell lines
were obtained from NAWAH Scientific (Cairo, Egypt)
and NCCS (Pune/India). DMEM (Dulbecco’s Modified-
Eagle’s Medium, Gibco-Montana-USA) was used to
culture human ovary tumor cells (SKOV 3) cell lines sup-
plemented with streptomycin/penicillin 50 units/mL and
10% Fetal bovine serum (FBS) (Fisher Scientific, Pennsyl-
vania, USA). The cells were kept in a humid environment
with 5% CO, at 37 °C.

Assay of cell viability

SKOV-3 cells were seeded in 96-well plates at a density
of 8 X 10° cells per well and rinsed with acetic acid 1%
three times (Merck-Rahway, New Jersey, United States)
and allowed to air dry for an entire night. After 48 h of
exposure to PL, a-M, a-M-PTMs, and doxorubicin (posi-
tive control), the media were changed with 10% trichloro
acetic acid (TCA) (150 pL) of (Merck-Rahway-New

Jersey-United States) for 1 h at 4 °C. This was followed
by 5-times washing with distilled H,O. Next, sulforho-
damine B (SRB) solution (50 pL; 0.4%w/v in acetic acid)
(Sigma Aldrich, St. Louis, Missouri, USA) was added and
allowed to sit for 10 min at room temperature in a dark
location [17]. Protein-bound SRB stain was dissolved in
Tris Base 10 mM (150 mL; Merck, Rahway, NJ, USA).
The optical density was calculated at 540 nm employ-
ing a microplate reader. In the meanwhile, to determine
their safety, EA.hy926 (human umbilical vein) cells were
grown in DMEM and treated with various concentra-
tions of a-M and a-M-PTMs [17].

Cell cycle analysis

Data from 10,000 cells and the cell cycle phases® distri-
bution for each sample were examined employing Spec-
troFloTM Software (version 2.2.0.3, Cytek Biosciences,
California, USA). For 48 h, PL, a-M, and a-M-PTMs
at their IC;, values were incubated with SKOV-3 cells.
After trypsinization, the cells were twice washed in PBS
(phosphate-buffered saline), fixed in 60% ice-cold ethanol
at 40 °C and then again in PBS. After being suspended
once more in 500 pL PI (propidium iodide) with RNase-
staining buffer (Cell Signaling Technology), the cells
were incubated for a duration of 15 min. Lastly, a Cytek®
Northern Lights-2000 spectral flow cytometer (Cytek
Biosciences, California, USA) was applied to perform the
FACS (Fluorescence-activated cell sorting) assessment
[18].
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Annexin V staining

According to the supplier, apoptosis analysis was carried
out by the Apoptosis detector; Annexin V-FITC/PI Kit
(CST Inc., Danvers, Massachusetts, USA). Following a
48 h treatment with PL, a-M, and a-M-PTMs, SKOV-3
were trypsinized and thrice washed with PBS. To sum-
marize, the cells were suspended again in 5 pl Annexin
V-FITC, to which 5 uL PI was added before 0.5 ml bind-
ing buffer with gentle stirring for 15 min in a dark area at
room temperature. Finally, FACS examination was done
employing a Cytek® Northern Lights-2000 spectral flow
cytometer and Spectro—FloTM Software (version 2.2.0.3,
Cytek-Biosciences, California-USA) [19, 20].

BAX, TP53, CASP3, and BCL2 mRNA expression

An average of 1x 10° SKOV 3 cells were seeded and incu-
bated in an atmosphere of 5% CO, for 24 h at 37 °C to
reach 70% confluence. The next day, the cells were treated
with the calculated ICy, for PL, a-M, and a-M-PTMs. In
addition, the carrier solvent (0.1% DMSO) was used for
control cells, and the treated cancer cells were incubated
in an atmosphere of 5% CO, for 48 h at 37 °C. Using real-
time PCR (polymerase chain reaction); BAX (BCL2 Asso-
ciated X, Apoptosis Regulator), TP53 (Tumor protein
p53), BCL2 (B-Cell Leukemia/Lymphoma 2), and CASP3
(Caspase-3) mRNA expression was assessed in treated
cells. RNeasy Mini-Kit (Qiagen-Hilden-Germany) was
employed to extract total mRNA in accordance with the
manufacturer’s guidelines.

Reverse transcription reaction was used to create
c¢DNA utilizing the Quantitect RT Kit (Qiagen, Hilden,
Germany). BCL2, TP53, BAX, and CASP3 mRNAs
were amplified from total RNA extracts employ-
ing the TP53 (QT00060235), BCL2 (QT0025011),
CASP3 (QT00023947), BAX (QT00031192) and f-actin
(QT000954231) primers (Qiagen, Hilden, Germany) and
Quantitect Syber-green Master-mix (Qiagen, Hilden,
Germany). S-actin mRNA was used as a housekeeper
gene. The 5plex 5plex-Rotor-Gene PCR Analyzer (Qia-
gen-Hilden- Germany) was used to analyze each sample
in triplicate. The 224 technique was used to measure
the gene expression levels, and S-actin, an endogenous
reference control, was utilized to normalize the results
[21].
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Assessment of ROS generation

ROS (reactive oxygen species) was assessed in the col-
lected cells 48 h after treatment with the IC;, of PL, a-
M, and a-M-PTMs using the ELIZA technique. The
human reactive oxygen species (ROS) ELISA Kit (Cat.
No: MBS3800709, MyBioSource, San Diego, California,
USA). The test was carried out in accordance with the
directions given by the manufacturer.

Assessment of MMP

MMP was assessed utilizing the MMP Assay Kit (Cat.
No: ab112150, Abcam- Cambridge, UK) in accordance
with the instructions given by the manufacturer.

Assessment of cytochrome ¢ concentration

Human Cyt-C (Cytochrome-C) ELISA Kit (Cat. No.:
E-EL-HO0056, Elabscience-Biotechnology, = Houston,
Texas, USA) was used in accordance with the manu-
facturer’s recommendations to measure cytochrome c
release in harvested cells using the ELISA technique.

Statistical analysis

The data is shown as mean+SD. Statistical analysis,
including multiple comparisons, was performed using
GraphPad Prism version 9 (San Diego, CA, USA). One-
way ANOVA with Tukey’s post-hoc test was conducted,
with statistical significance defined as p <0.05.

Results

Statistics of model fit

Table 3 provides a summary of the fit statistical analysis
findings for the measured responses. According to the
lowest PRESS and the highest computed R?, the selected
polynomial models were quadratic, two-factor interac-
tion (2FI), and linear for vesicle size, PDI, and EE, respec-
tively. The adequate precision values were 97.21, 28.96,
and 30.24 for vesicle size, PDI, and EE, respectively. In
addition, the lack of fit P-values was greater than 0.1 for
all models.

Diagnostic plots were produced to evaluate the models’
degree of fit (Fig. 2). Figure 2A—C illustrates the exter-
nally studentized residuals vs. predicted values showing
randomly scattered dots within limits. Figure 2D-F, illus-
trating actual vs expected values for the three responses,
exhibited high linearity.

Table 3 o -M PTMs responses fit summary statistics on the basis of best fitting model

Response Model Sequential P-value Lack-of-fit P-value R? Adjusted (R?) Predicted (R?) PRESS
Vesicle size Quadratic <0.0001 0.1378 0.9980 0.9966 0.9847 644.36
Polydispersity index 2FI 0.0011 0.1514 0.9626 0.9502 0.9039 0.0035
Entrapment- efficiency Linear <0.0001 04931 0.9593 0.9512 0.9340 7.27
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Fig. 2 Diagnostic plots for (A, D) vesicle size, (R, E) PDI, and (C, F) EE% of a -M-PTMs. (A-C) Externally-studentized residuals vs. predicted values plots,

(D-F) predicted versus Actual responses

Variables influence the vesicle size (Y,)

The prepared a-M-PTMs showed sizes ranging from
103.2+3.2 to 327.3+13.6 nm (Table 2). With an
F-value of 695.11 (P<0.0001), ANOVA for vesicle size

demonstrated the applicability of the quadratic model.
In terms of the coded factors, the following equation
was created to represent the quadratic model that fit

the data the best:
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Y; =191.64 + 50.98 X;
— 63.78 X7 4+ 2.75X1X>

+ 274 X? + 23.34 X3

Both a-M:PL molar ratio and process temperature have
significantly influenced the vesicle size as presented by a
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X,? and linear terms X; and X,. The impact of both vari-
ables on the vesicle size is demonstrated by the pertur-
bation plot shown in Fig. 3A. Further, the 2D-contour
and 3D-surface plots in Fig. 4A and 4B illustrate their

interaction. The size is directly proportional to the a-M:
PL molar ratio and inversely proportional to the process

P value <0.0001 for their corresponding quadratic term  temperature.
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Fig. 3 Perturbation plots for the main effects of a-M: PL molar ratio (X;) and process temperature (X,) on the size (A), PDI (B), and EE% (C) of a

-M-PTMs
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Variables influence on PDI (Y,)
The prepared a-M-PTMs showed fair PDI values that
range from 0.209 to 0.417 (Table 2). ANOVA for PDI
confirmed that the data fitted the 2FI model, with an
F-value of 77.25 (P=0.0011), and the following coded
factor equation was produced.

Y, = 0.2837 + 0.0355 X7 — 0.0640 X5 — 0.0292 X1 X5

According to ANOVA results, both a-M: PL molar ratio
and process temperature and the interaction between the
two factors were significant on the PDI (P <0.0001 for X,
and X, and P=0.0011 for X,X,). The plot in Fig. 3B shows
the influence of both variables on PDI, while the contour
and surface plots presented in Fig. 4C, D illustrate the
interaction between them. The influence of the factors on
the PDI is congruent to their impact on the particle size;
the homogeneity of the dispersions is inversely related to
the vesicle size. The PDI increases as the size increases,
indicating decreased homogeneity and vice versa.

Variables influence EE% (Y;)

The prepared a-M-PTMs exhibited acceptable EE% val-
ues that exceeded 85% (Table 2). ANOVA for EE% sup-
ports the fitting to the linear model, evidenced by an
F-value of 117.84 (P<0.0001), and the following coded
factor equation was produced.

Y3 = 91.07 + 248 X; + 3.38X>

According to the ANOVA analysis, both investigated
variables significantly influence the EE% (P<0.0001 for
both X, and X, corresponding to a-M: PL molar ratio and
process temperature, respectively. Figure 3C illustrates
the impact of both variables on the EE%, while the con-
tour and surface plots are presented in Fig. 4D, F, respec-
tively, confirm the absence of any interaction between
them.

Optimization

The levels of the optimized variables, when combined,
should result in reduced size and PDI with maximized
EE% were predicted using the desirability approach and
the numerical technique. The ramp graphs in Fig. 5A
showed both the optimal values and the expected out-
comes. Figure 5B displays each response’s overall desir-
ability values and desirability ratings. The measured
size, PDI, and EE% of the optimized formulation were
138.9 nm, 0.221, and 95.1%, respectively.

Characterization of the optimized a-M-PTMs

The optimized formulation was further character-
ized for zeta potential and shape. The optimized for-
mulation’s mean zeta potential was—44.5+1.5 mV.
The TEM investigation’s findings for the a-M-PTMs
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optimized formula revealed almost spherical entities
(Fig. 6). Given that the vesicle size was reduced in the
TEM study due to the drying process that the sample
was put through to prepare for the TEM imaging, the
vesicle size was comparable to the size data received
from the particles size analyzer.

FTIR spectroscopy study

The IR spectrum of a-mangostin showed a sharp peak
at 3420 cm™' and another wider one around 3253 cm™*
representing stretching vibration of hydroxyl groups
(~OH), multiple weak peaks before 3000 cm™! at 2989,
2962, 2855 cm ™! for aliphatic side chains (Fig. 7). The
stretching vibration of cyclic conjugated Carbonyl
(C=0) group appears as very sharp peak around
1643 cm™! which coupled with 1611 cm™! for stretch-
ing vibration of unconjugated aliphatic C=C while aro-
matic conjugated (C=C) of aromatic nature showed a
sharp broad band around 1583 cm™!. The aliphatic —
CH, and -CHj; bending vibrations represented strong
peaks around 1376 cm~!. The band around 1096-
1239 cm™! revealed the (C—O) stretching vibrations.

The FTIR spectra of PL showed peaks at 2956 and
2917 cm™' for asymmetric stretching vibrations of
methyl and methylene groups of fatty acid. Moreo-
ver, it displayed two bands for the two carbonyl ester
groups at 1739 and 1643 cm™!. The aliphatic methyl
and methylene bending vibrations represented strong
peaks around 1378 cm™'. In addition, the spectra dis-
played band at 1238 cm™ for P=0 stretching peaks
and at 1061 cm™! for C-O-P stretching and band at
968 cm™!- for NT(CH,), stretching.

The physical mixture showed both peaks of
a-mangostin and PL in the spectra; and remained con-
sistent with a negligible shift from original scale, show-
ing that they were not involved in the development of
a complex or even any types of interactions. The FTIR
spectrum of a-M-PTMs (Fig. 7) augmented the inter-
action between a-mangostin, and PL through appear-
ance of peaks at 3391 cm™! for hydroxyl groups that
could be attributed to inclusion of the hydroxyl groups
a-mangostin (H-bond donors) in hydrogen bonding
with electronegative O-atoms of esters of PL (H-bond
acceptor). Moreover, the -CH,- and -CH; groups of
aliphatic side chains of both a-mangostin and PL
are still represented at 2925-2854 cm~! with bands
wider and more increased intensity that they may be
engaged together by non-polar forces of attractions,
e.g., Van der Waal force. Finally, the broadness and
less sharpness of peak around 1738 cm™ may refer to
the complete overlap between two regions of carbon-
ylic esters (C=0) of a-M-PTMs due to encountered at
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Fig. 5 A Ramp graphs represent the predicted responses and independent variables optimized levels for the optimized a-M-PTMs. B Desirability

values for the expected responses and optimized a -M-PTMs overall desirability

intermolecular hydrogen bonding. Thus, they also par-
ticipate in stabilization of intermolecular H-bonding as
H-Bond acceptor.

Antiproliferative activity
In the cytotoxic assay, the a-M-PTMs were evaluated
against human ovary tumor cells, SKOV 3, for their
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Fig.6 TEM image of the optimized a-M-PTMs formulation

cytotoxic effects. a-M-PTMs had a significantly improved
cytotoxic profile with an IC,; of 2.14 pg/ml compared to
the a-M cytotoxic effect, which had an ICy, of 5.90 pg/
ml (Fig. 8). Interestingly, the cytotoxic effect of the PL
(representing blank PTMs) was relatively low, with an
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ICg, value of 57.36 pug/ml. On the other hand, the positive
control doxorubicin expressed significant cytotoxic activ-
ity with an IC,; of 0.26 pg/ml (Fig. 8). The results indi-
cate that the IC;, value of a-M was reduced by about 64%
when loaded into the PTMs. The cytotoxic activity of the
improved formula against non-cancerous endothelial
cells, EA hy926 was found to be relatively weak. PL, a-
M, and a-M-PTMs preparations exhibited IC;, values of
82.8, 36.6, and 16.2 pg/ml, respectively, against EA.hy926
cells.

Analysis of cell cycle

Arrest of the cell cycle is one of the most common causes
of cell growth suppression. Hence, the SKOV-3 cell line
was treated with PL, a-M, and a-M-PTMs at their I1Cy,
concentrations to examine whether the observed cellular
growth inhibition is caused by cell cycle arrest. Figure 9
shows a significant population of SKOV 3 cells found in
the sub-G1 cell cycle stage upon treatment with a-M-
PTMs compared to the control. There was also a raise in
cell population in the sub-G1 phase accompanied with
the PL and a-M treatments; however, neither PL nor a-M
significantly increased the SKOV 3 cell population to the
levels observed with the a-M-PTM treatment. Further,
a-M significantly caused S phase cell cycle arrest.

Assessment of annexin V staining
The percentage of SKOV-3 cells undergoing apopto-
sis or necrosis following the different treatments was

0.5

1.5 1.0

2.0

Absorbance Units
25

3.0

4.0

a- Mangostin

PL

Physical mixture
A
A

V\/f Phytosome formula

2500 2000
Wavenumber cm-1

Fig. 7 Fourier-transform infrared (FTIR) of a-Mangostin, PL, physical mixture and a-M-PTMs
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Fig. 8 The cytotoxicity dose-response curves and ICs values of PL (A), a-M (B), a-M-PTMs (C), and doxorubicin (D) against SKOV-3 cells exposed

to tenfold dilutions of the compounds for 48 h

ascertained employing annexin V in conjunction with
PI (propidium iodide) labeling. Compared to the con-
trol, PL, and a-M groups, a-M-PTMs notably raised late
apoptotic cell counts in SKOV 3 cells by 202, 386, and
491%, respectively. Regarding necrosis, @-M and a-M-
PTMs treatments had significant necrotic effects on can-
cer cells compared to the control (Fig. 10).

BAX, CASP3, TP53, and BCL2 mRNA expression

Apoptosis in SKOV-3 cells was also assessed using qPCR
analyses. The a-M -PTMs-treated cells had significantly
higher levels of the proteolytic enzyme CASP3 than the
control cells and those treated with PL or a-M (Fig. 11).
Moreover, the analysis showed that a-M-PTM had
caused significantly lower mRNA levels of the antiapop-
totic protein BCL2 but higher mRNA expression levels of
the pro-apoptotic regulators BAX and TP53 compared to
the control values (Fig. 11). The apoptotic effects of a-M
were similar to those of a-M PTMs, yet with significantly
lower intensities. Finally, PL had limited impacts on the
expression of apoptotic genes in the treated cells (Fig. 11).

Assessment of ROS production, cytochrome C release,

and MMP

To determine whether the apoptotic effects of a-M-PTMs
are linked to oxidative stress, ROS levels were evaluated
in the treated SKOV-3 cells. The results showed that a-M
and a-M-PTMs caused a significant increase in ROS
production in SKOV-3 cells, while PL exhibited ROS
levels comparable to the control (Fig. 12). The effect of
a-M-PTMs on MMP was then evaluated on the SKOV-3
cells. The results show that the fluorescence intensity sig-
nificantly decreased by 68% and 71% in cells treated with
a-M and a-M-PTMs compared to the control group,
indicating disrupted MMP. However, treatment with PL
resulted in no notable variations in MMP to the control
level (Fig. 12). Finally, cytochrome c concentration was
also determined across the different treatment groups.
The results show that the release of cytochrome c was
significantly increased by 231% in a-M-PTMs-treated
cells compared to the control values (Fig. 12). Similarly,
a-M and PL increased the cytochrome c release by 166%
and 24%, respectively.
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Fig. 10 Effect of the control (A), PL (B), a-M (C), a-M-PTMs (D), and the quantification of cells undergoing late and early apoptosis and necrosis (E)
in SKOV 3 cells. Exposure to treatments for 48 h. Data are presented as mean +SD (n=3). *: Significantly varied from control (p <0.05); #: significantly
varied from PL (p <0.05); $: significantly varied from a-M (p < 0.05)
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n=3.*: Significantly varied from control (p <0.05); #: significantly
varied from PL (p < 0.05); $: significantly varied from a-M (p < 0.05)

Discussion

a-Mangostin, a primary xanthone found in the pericarps
of Garcinia mangostana, shows significant anti-prolifer-
ative effects on various cancer cells but suffers from low
oral bioavailability. Hence, the use of phytosomes as a
new nano-based drug delivery system was explored in
this study.
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Statistical analysis of model fit demonstrated that
the selected models exhibit close alignment between
adjusted and predicted R2 values of less than 0.2 and
higher adequate precision values than the desired value
of 4, indicating a robust signal-to-noise ratio. The lack-
of-fit P-values confirm the model’s adequacy. As a result,
the selected models might be a good fit for exploring the
experimental design space. Diagnostic plots further vali-
date the models’ fit, showing well-distributed residuals
that suggests the absence of constant error and strong
correlation between actual and predicted values of the
three responses that indicates the appropriateness of the
models and their suitability for exploring the experimen-
tal design space [16, 22, 23].

The prepared a-M-PTMs ranged in size from 103.2 to
327.3 nm. The vesicle size of the suggested a-M-PTMs
was modified to the lowest value since augmenting the
surface area accessible for penetration through particle
size reduction could improve tumor penetration. It is
reported that lipidic systems with a size less than 400 can
be preferentially accumulated within solid malignant tis-
sues [24-27].

The a-M:PL molar ratio and process temperature
significantly influence vesicle size. The direct relation-
ship between a-M: PL molar ratio may be related to the
increase in the relative PL amount in the formulation,
which is considered the building unit of the proposed
PTMs. Thus, increasing the PL amount could promote
the formation of large-sized vesicles [28]. A similar direct
relationship between PL amount and PTMs vesicu-
lar size has been previously reported [29]. Further, the
direct relationship observed in our study was congruent
with the results of previously reported vesicular systems
in general [30]. For instance, PL amount was directly
related to the vesicle size of ethosomes loaded with anti-
psoriatic drugs [31]. For instance, the amount of PL was
directly correlated with lipid-based vesicular size [31].
In a different study, it was discovered that increasing the
concentration of PL increased the size of the vesicle that
contained avanafil invasomes [23]. Smaller particles were
seen at higher temperatures when considering the impact
of temperature. This finding was consistent with earlier
investigations that prepared PTMs [32]. The a-M-PTMs
demonstrated reasonable PDI values, ranging from 0.209
to 0.417. PDI is a numerical parameter ranging from zero
to one that indicates particle size distribution homogene-
ity. Values approaching zero indicate extremely monodis-
persed particles, whereas those approaching one indicate
highly polydispersed and heterogenous systems [33]. PDI
of less than 0.5 is generally acceptable in pharmaceutical
formulations [33, 34].

Both a-M: PL molar ratio and process temperature
positively affect encapsulation, supported by the positive
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signs of their linear terms in the developed equation. The
increased encapsulation at higher a-M: PL molar ratios
could be related to the increased size of the vesicles lead-
ing to entrapping more activity within the lipid bilayers.
In addition, the lipophilicity of a-M could contribute to
this observation. Owing to its highly lipophilic nature,
a-M is anticipated to become enmeshed in the lipid
phase. Accordingly, increasing the PL amount increases
the number of lipid particles forming each vesicle,
increasing the chances of active integration within the
vesicular lipid content [31, 35]. Concerning the process
temperature effect, it is worth noting that the integration
of a-M within the prepared PTMs with increasing tem-
perature coincides with previous studies [30].

The observed responses of the optimized formulation
agreed with the anticipated ones, with relative percent-
age errors of 2.72, 1.37, and 1.46% for size, PDI, and EE%,
respectively. The low relative-percentage error for all
responses demonstrates the optimization procedure’s
reliability. Additionally, the optimized formulation’s
mean zeta potential was—44.5+1.5 mV and exhibited
almost spherical entities. The negative zeta potential
could be attributed to the negatively charged phospho-
lipid involved in the complex formation. In addition, the
measured absolute value was greater than 30 indicating
the stability of the formed dispersion against aggregation
[36].

In the cytotoxic assay against SKOV 3 human ovary
tumor cells, a-M-PTMs significantly enhanced cytotoxic-
ity with an IC50 of 2.14 pg/ml, compared to a-M’s IC50
of 5.90 pg/ml, reducing a-M’s IC50 by about 64% when
incorporated into PTMs. This is consistent with several
reports describing the positive impact of PTMs on the
cytotoxic activities of natural molecules [37, 38]. In gen-
eral, the anti-proliferative activities of xanthones includ-
ing a-M have been linked to its hydroxyl groups [39]. In
particular, their pro-apoptotic activity has been shown to
involve modulation of MAPK pathways leading to apop-
tosis and inhibition of cellular proliferation [40].

The results also showed a significant increase in the
sub-G1 cell population for cells treated with a-M-PTMs
compared to the control, with lesser increases for PL
and a-M treatments. Additionally, a-M notably caused S
phase cell cycle arrest. The S phase is a stage in the cell
cycle where DNA replication occurs. This finding is con-
sistent with previous studies [41] and suggests that a-M
has the potential to interfere with DNA replication in
SKOV-3 cells. On the other hand, it was observed that
a-M-PTMs cause decrease in cell fraction in the S phase.
This can be explained in light of the ability of low con-
centrations of @-M to enhance cell accumulation in the S
phase while higher concentrations resulted in reduction
of cellular population the S phase [42]. This primarily
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indicates the ability of a-M-PTMs to deliver higher con-
centration of a-M into SKOV-3 cells. Overall, these find-
ings indicate that treatment with a-M-PTMs impacts
the cell-cycle distribution of SKOV 3 cells, mainly in
the sub-G1 stage. Consistently, the delivery of cytotoxic
drugs through nanoparticles has been previously asso-
ciated with cell cycle arrest at the sub-G1 phase [43].
The intracellular bioavailability of cytotoxic compounds
influences their effects on the cell cycle phases [44]. The
increased cytotoxic activity of a-M-PTMs appears to
have promoted cell cycle arrest at the sub-G1 phase in
comparison to S phase arrest observed with the raw a-M.
It appears that as the intracellular concentration of a-M
increases, SKOV-3 cells are more prone to encounter cell
cycle arrest at the sub-G1 phase, which is an early stage
of the cell cycle [45-47].

Studies have revealed that certain compounds that
cause cell cycle arrest during the sub-G1 phase can sub-
sequently promote cancer cells' apoptosis [48]. Using
annexin V and PI labeling, the study found that a-M-
PTMs significantly increased late apoptosis in SKOV-3
cells. This is supported by several studies highlighting the
ability of a-M to provoke apoptosis in SKOV-3 and other
ovarian cancer cells [49-51]. Our data is also consistent
with previous studies that showed the ability of a-M to
particularly enhance late apoptosis in oral squamous cell
carcinoma cells [52]. Evading apoptosis is a hallmark of
cancer; hence the pro-apoptotic potential of cytotoxic
drugs is a critical parameter for assessing their antican-
cer activities [53]. In this regard, the apoptotic activity of
a-M was significantly enhanced when incorporated into
the PTMs formulation, suggesting improved cellular bio-
availability and potentially therapeutic effects [54].

Apoptosis is controlled by crucial proteolytic enzymes
and regulatory proteins [55]. The levels of these apop-
totic regulators are often altered in cancer cells to enable
tumor growth and evade apoptosis [55]. Therefore, any
compound that has the potential to reverse these antia-
poptotic changes is a promising drug candidate. In the
present study, a-M has induced pro-apoptotic altera-
tions in the levels of TP53, CASP3, BAX, and BCL2, in
SKOV 3 cells, and its activity was significantly enhanced
by the PTMs formulation. These findings are also con-
sistent with the reported apoptotic activities of a-M as it
was shown to induce pro-apoptotic expression levels of
CASP3, BAX, and BCL2 in several studies [41, 56]. It is
noteworthy to report that phytosomal uptake was previ-
ously shown to upregulate caspase 3 and BAX encoding
pro-apoptotic genes [57]. The enhanced pro-apoptotic
activity of a-M-PTMs observed in the current study can
be explained based on increased cellular uptake pf phy-
tosomes via internalization that is proposed to partly
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implicate phagocytosis and caveolae-mediated endocyto-
sis pathways [58].

Finally, a-M-PTMs significantly increased ROS,
disrupted mitochondrial function, and enhanced
cytochrome c release in SKOV-3 cells. Increased ROS
generation with mitochondrial damage is a critical driver
of the intrinsic apoptosis pathway [59, 60]. MMP loss
leads to alterations in BAX and BCL2 expression, which
induces the cytochrome c cytoplasmic release from the
mitochondria [61]. Releasing cytochrome c results in cas-
pase activation and eventually cell death [62, 63]. Overall,
the results of this study showed that a-M-PTMs dis-
played a notable induction of oxidative damage, apopto-
sis, and mitochondrial dysfunction which is in line with
the reported activities of a-M in cancer cells [64—66].

Conclusion

The present study highlighted the significant poten-
tial of the phytosome formulation to improve the cyto-
toxic activity of a-M against SKOV-3 cells. The results
of cell cycle analysis and annexin V staining indicated
that apoptosis was enhanced. The formula improved the
physiochemical and biological characteristics of a-M-
PTMs in inducing oxidative damage and the intrinsic
mitochondria-dependent apoptosis pathway. It induced
pro-apoptotic alterations in the TP53, CASP3, BCL2, and
BAX expression levels in SKOV 3 cells. In general, these
results indicate that integrating a-M into the formulated
phytosome presents a promising therapeutic approach in
addressing breast cancer, but verification of these find-
ings is required through in vivo animal studies. Further-
more, exploring the efficacy of the a-M-PTMs formula
on different cancer cell lines will be a key objective for
future research endeavors.
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