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Abstract

In this study, we designed PHB-coated iron oxide—based nanoparticle for the delivery of Annona muricata to breast cancer cells
and analyzed its therapeutic efficacy in vitro. The structural properties, functional groups, size distribution, and magnetic
properties of the synthesized PHB-coated magnetic nanoparticles (MNPs) were characterized in our previous study. The current
study visualized protein—ligand interactions by the use of molecular docking. The plant extract was loaded onto PHB-MNPs in
different concentrations and the release efficiencies at different pHs were studied under in vitro conditions. The most efficient
loading concentration was found about 55% in pH 7.4. The extract-loaded MNPs were stable up to 3 months in neutral pH for
mimicking physiological conditions. The release studies were performed with acetate buffer (pH 4.2) that mimics endosomal pH.
The plant extract-loaded PHB-MNPs were about 2.5-3-fold more cytotoxic as compared with free plant extract on HeLa and
MDA-MB-231 in vitro, respectively. The cytotoxicity results also confirm that anti-apoptotic proteins have the best docking
score for isoquercetin—-PHB-MNPs, roseoside-PHB-MNPs, and anonaine-PHB-MNPs with molecular docking analyses. Based
on the results obtained, this system can be used effectively in cancer treatment.
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Introduction

In the last century, nanotechnology has attracted attention due
to its many unique physical and chemical features, and wide
applications especially in medicine and biotechnology re-
search [1]. Iron oxide nanoparticles have been used as the
most potential nanoparticle systems for cancer treatment, ow-
ing to their super-paramagnetic and surface modification
properties [2]. Studies have suggested that iron oxide nano-
particles can be an excellent route for targeted drug delivery in
cancer treatment [3, 4].
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Different organic and inorganic coatings play an im-
portant role in the nano-based drug carrier systems capac-
ity [5]. Polymeric magnetic nanoparticles have been used
in targeted drug delivery extensively for various active
compounds including drug, siRNA, miRNA, extract, and
so on. Polyhydroxybutyrate (PHB) are biodegradable
polymers used in nanoparticles due to their biocompati-
bility and continuous-release properties [6—9]. Therefore,
new drug discovery aims to extinguish the toxicity of
chemotherapeutic agents, developing more effective drugs
to improve treatments, eliminating poor prognosis, and
protecting healthy cells [10].

Nowadays, Annona muricata L., a plant of the family
Annonaceae, has been widely investigated due to its ther-
apeutic potential [11-14]. A. muricata have various phy-
tochemicals including alkaloids (ALKs), megastigmane
(MGs), flavonoid tri glycosides (FTGs), phenolics (PLs),
cyclopeptides (CPs), and volatile oils. The major compo-
nent of A. muricata is acetogenins (AGEs), which have
been isolated from leaves, bark, seeds, roots, and fruits of
the plant [15]. Acetogenins lead the cells to apoptosis by
disrupting mitochondrial membrane potential in cancer
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PHB ’

w Trammatance

cells [14, 16, 17]. It has been known that AGEs have
potential for anticancer activity, thus the plant extract
was loaded by using polymer-coated magnetic nanoparti-
cles as a carrier for better anticancer activity in this study.
Furthermore, nanoparticles have been prepared in order to
enhance stability, internalization, efficacy, and targeted
and therapeutic dose of A. muricata. The loading of the

plant extract into nano-based systems has been widely
studied in the literature [14, 18, 19].

In this study, we have demonstrated the cytotoxic
effect of plant extract-loaded PHB-coated magnetic
nanoparticle and compare with free extract and free
nanoparticle on HeLa and MDA-MB-231 cell lines.
The physicochemical properties of the extract-loaded

Fig. 2 FTIR analyses of PHB-
MNPs
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nanoparticles were characterized, and their in vitro re-
lease, stability profiles, and cytotoxicity activity were
analyzed on cancer cells. Furthermore, to evaluate the
potential of these drug systems for the treatment of can-
cer, we tested molecular docking analyses against anti-
apoptotic proteins.

Fig. 4 FT-IR analyses of Annona

Materials and Methods

Iron (I) chloride tetrahydride (FeCl,-4H,0O) and iron (III)
chloride hexahydrate (FeCl;-6H,0) were obtained from
Merck (Germany); polyhydroxybutyrate (PHB) and ammoni-
um hydroxide (NH4OH), RPMI-1640 medium, fetal bovine

muricata extract-loaded PHB-
MNPs
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Fig. 5 SEM analyses of Annona
muricata extract-loaded PHB-
MNPs

Volume (%)

Size (dnm)

serum, trypsin—EDTA, phosphate-buffered saline (PBS), and
penicillin/streptomycin were purchased from Sigma-Aldrich
(Chemie GmbH, Germany). The cell proliferation assay kit
was supplied by Biotium 30007. HeLa and MDA-MB-231
cell lines were obtained from Erciyes University (Kayseri,
Turkey).

Preparation of A. muricata Plant Leaf Extract
Commercially purchased A. muricata leaf extract was dis-

solved in 0.1% DMSO. Afterward, the supernatant was fil-
tered off by centrifugation [20].
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Fig. 6 Loading efficiencies of different concentrations of Annona
muricata extract to PHB-MNPs
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Synthesis and Characterization of PHB-Coated
Magnetic Iron Oxide Nanoparticles (PHB-MNPs)

PHB-MNPs were in situ synthesized by the coprecipitation of
Fe (IT) and Fe (IIT) salts in the presence of PHB molecules with
some modifications of Xiong et al. [21] and Yalcin et al. [6].
The characterization of PHB-MNPs was assessed by X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy
(FTIR), thermal gravimetric analysis (TGA-FTIR), and vibrat-
ing sample magnetometry (VSM) analyses [6].

Extract Loading on PHB-Coated Magnetic Iron Oxide
Nanoparticles

Loading studies of extract were carried out in PBS (pH 7.4), in
different drug concentrations (100, 300, and 400 pug/ml). The
mixture of buffer, extract, and PHB-MNPs was rotated for
24 h in a Falcon tube. After the rotation, extract-loaded
PHB-MNPs were separated by magnetic separation, and the
extract-loading efficiency was quantified by measuring the
absorbance values at 286 nm by a UV spectrophotometer.
The loading or binding of maximum extract-loaded concen-
tration to the PHB-MNPs was confirmed by FTIR analysis.

Release and Stability of Extract on PHB-Coated
Magnetic Iron Oxide Nanoparticles

Stabilities of extract-loaded PHB-MNPs were studied in PBS
buffer (pH 7.4) at 37 °C up to 3 months. Extract stabilities
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were measured as the absorbance values at 286 nm by a UV
spectrophotometer. The release of extract (300 and 400 pg/ml)
from PHB-MNPs was analyzed in acetate buffer with pH 4.2
and PBS buffer with pH 7.4 up to 48 h. The amount of re-
leased doxorubicin was determined by the decrease in the
absorbance of the solution at 286 nm by a UV
spectrophotometer.

Characterization of Extract-Loaded PHB-Coated
Magnetic Iron Oxide Nanoparticles (PHB-MNPs)

The characterization of extract-loaded PHB-MNPs was
assessed by FTIR spectroscopy, scanning electron microsco-
py (SEM), and dynamic light scattering (DLS) analyses.

Cellular Uptake

To determine the cellular internalization, extract-loaded PHB-
MNPs were incubated for 24 h at 37 °C with HeLa and MDA-
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Fig. 8 Cytotoxic effect of Annona muricata extract on HelLa cells
(IC50=180 pg/mL)
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MB-231 cell lines in 12-well plates. Cells’ photographs were
taken by fluorescence microscopy after 5 h to determine their
cellular internalization (BAB, Turkey).

Cytotoxicity of Extract-Loaded PHB-MNPs on Hela
and MDA-MB-231 Cell Lines

Cytotoxicity of PHB-MNPs, free extract, and extract-loaded
PHB-MNPs on HeLLa and MDA-MB-231 cell lines was deter-
mined by XTT Cell Proliferation Assay. According to the
instructions of the manufacturer, XTT proliferation kit
(Biotium 30007) was added after the cells were exposed to
different concentrations of PHB-MNPs, free extract, and
extract-loaded PHB-MNPs for 48—72 h. The cell viability of
control groups was considered 100%. The amount of soluble
product formazan dye was measured at 475 nm by a micro-
plate reader (BIOTEK-ELX808 absorbance reader) and ICs,
values were calculated from curves.
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Fig. 9 Cytotoxic effect of Annona muricata extract on MDA-MB-231
cells (ICso =330 pg/mL)
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Fig. 10 Cytotoxic effect of Annona muricata extract-loaded PHB-MNPs
on HeLa and MDA-MB-231 cells

Molecular Docking

The binding energy levels of isoquercetin, roseoside, and
anonaine and isoquercetin—-PHB-MNPs, roseoside—PHB-
MNPs, and anonaine-PHB-MNPs with human Bcl-2, Bcl-
w, Braf, Bcl-X1, Bfl-1 proteins were calculated by using mo-
lecular docking method.

For ligand preparation, all the molecular structures of
isoquercetin—-PHB-MNPs, roseoside-PHB-MNPs, and
anonaine-PHB-MNPs were sketched using GAUSSIAN(09
[22]. The intended crystal protein structures were obtained
from the protein data bank (www.rcsb.org) (Bcl-2 PDB
ID, 4MAN; Bcl-w PDB 1D, 2Y6W; Braf PDB ID,
5vam; Bcl-X1 PDB 1D, 3108; Bfl-1 PDB ID, SUUK).
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Molecular docking calculations were performed via
Lamarckian Generic Algorithm [23] in Autodock Vina
[24, 25]. All bound water molecules and ligands were
removed from the proteins; non-polar hydrogen atoms
were merged and the polar hydrogen atoms were added.
The Molegro Molecular Viewer 2.5 (Molegro Molecular
Viewer academic free software) and VMD (Visual
Molecular Dynamic) [25] programs were used in the
visualization of protein—ligand interaction [26].

Statistical Analysis

Data analyses were expressed as mean + standard error of
mean (SEM). Statistical analyses were performed with SPSS
(10) software by using ANOVA, with p <0.05 considered to
represent statistical significance.

Results

In this work, we aimed to identify the most appropriate
concentration, and stable and efficient magnetic drug de-
livery system for cancer therapy. The synthesis conditions
of PHB-MNPs were optimized, and characterization of
synthesized PHB-MNPs was performed by FTIR, TEM,
TGA, and VSM analyses [6]. The FTIR spectrum was
analyzed on the solid as KBr disc/pellets. This spectrum
was recorded in the range of 4000-400 cm ' at room
temperature with Thermo Scientific Nicolet 6700 FT-IR
instrument at Kirsehir Ahi Evran University, Central
Research and Application Laboratory. In Figs. 1, 2, 3,
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Table 1 Docking binding energy

results of annonaine and Molecule Protein Binding energy (kcal/mol) PDB ID

annonaine-PHB nanoparticle

molecule with proteins Anno Bel-2 —-86 4MAN
Anno Bel-w -9.0 2Y6W
Anno Braf -9.7 5VAM
Anno Bcl-X1 -85 3108
Anno Bfl-1 =79 5UUK
Anno-PHB nanoparticle Bcl-2 -12.0 4MAN
Anno-PHB nanoparticle Bel-w —12.5 2Y6W
Anno-PHB nanoparticle Braf -134 SVAM
Anno-PHB nanoparticle Bel-X1 -132 3108
Anno-PHB nanoparticle Bfl-1 -13.0 SUUK

and 4, FTIR results showed the pure PHB, PHB-MNPs,
pure A. muricata extract, and A. muricata extract-loaded
PHB-MNPs, respectively. In Fig. 1, presence of iron ox-
ide in PHB-MNPs (546.11 cm™'). A strong peak of PHB
at 1723.83 cm™ ' indicates the stretching of C—O ester
bond. The FTIR spectra of pure A. muricata extract and
A. muricata extract-loaded PHB-MNPs are also shown in
Figs. 3 and 4. The peaks at 1618.17, 1055.43, and
543.02 cm™ " indicated that A. muricata extract was loaded
to PHB-MNPs.

Size and morphology of synthesized PHB-MNPs were
observed by SEM (Fig. 5). On the bound size distribution
graph, the MNP size was observed to be approximately
3040 nm. A. muricata extract loading studies were per-
formed in PBS buffer (pH 7.4) and the most efficient drug
loading capacity increased up to 400 pg/ml on PHB-
MNPs (Fig. 6). The most efficiently loaded extract con-
centrations (300 and 400 pg/ml) were selected, and re-
lease studies were analyzed in acetate buffer at pH 4.2
that mimics endosomal conditions; the release studies
were continued up to 48 h. About 48% of drug released

from 400 pg/ml extract-loaded nanoparticles in 2 h
(Fig. 7).

The cytotoxic effect of extract and extract-loaded nanopar-
ticles on HeLa and MDA-MB-231 cells was investigated by
cell proliferation assay, and ICs, values were calculated
(Figs. 8, 9, and 10). In this study, empty PHB-MNPs were
found not to be significantly cytotoxic up to 500 pg/ml on
different cancer cell lines [6] and healthy cells (MCF-10A)
up to 1000 pg/ml. Therefore, PHB-MNPs have the ability to
carry anti-cancer drugs safely [6].

The extract PHB-MNPs were about 2.7- and 3-fold more
cytotoxic as compared with free extract on HeLa and MDA-
MB-231 in vitro, respectively. The cellular internalization of
extract-loaded nanoparticles was demonstrated by microscopy
(Fig. 11).

Molecular docking studies have a critical role for molecular
biology and drug discovery study. In this project, the efficient
binding formation of anti-apoptotic protein—nanoparticle
complexes was discovered with molecular docking analysis.
Isoquercetin—-PHB-MNPs, roseoside-PHB-MNPs, and
anonaine—PHB-MNPs have been found to have higher

Table 2 Docking binding energy

results of isoquercetin and Molecule Protein Binding energy (kcal/mol) PDB ID

isoquercetin—PHB nanoparticle

molecule with proteins Isoquercetin Bcl-2 -99 4MAN
Isoquercetin Bel-w -109 2YO6W
Isoquercetin Braf -9.8 SVAM
Isoquercetin Bel-X1 -10.6 3108
Isoquercetin Bfl-1 -83 SUUK
Isoquercetin—PHB nanoparticle Bcl-2 —15.8 4MAN
Isoquercetin—-PHB nanoparticle Bel-w -17.9 2Y6W
Isoquercetin—-PHB nanoparticle Braf -16.2 SVAM
Isoquercetin—-PHB nanoparticle Bel-XI -16.5 3108
Isoquercetin—PHB nanoparticle Bfl-1 -139 SUUK

@ Springer



128

Curr Pharmacol Rep (2020) 6:121-130

Table 3 Docking binding energy

results of roseoside and Molecule Protein Binding energy (kcal/mol) PDB ID

roseoside—PHB nanoparticle

molecule with proteins Roseoside Bel-2 =77 4MAN
Roseoside Bel-w -9.5 2YO6W
Roseoside Braf -9.2 S5VAM
Roseoside Bel-X1 -89 3108
Roseoside Bfl-1 -7.6 SUUK
Roseoside—PHB nanoparticle Bcl-2 —13.5 4MAN
Roseoside—PHB nanoparticle Bel-w -19.0 2Y6W
Roseoside—PHB nanoparticle Braf -15.9 SVAM
Roseoside—PHB nanoparticle Bel-X1 -153 3108
Roseoside—PHB nanoparticle Bfl-1 - 144 SUUK

binding energies compared to free isoquercetin, roseoside, and
anonaine. The docking study is based on the hypothesis that
the isoquercetin—PHB-MNPs, roseoside—PHB-MNPs, and
anonaine-PHB-MNPs are capable of interfering with the
anti-apoptotic proteins and cause inhibition of their activity
and cancer progression (Tables 1, 2, 3, and 4). The ligand—
protein complex is shown in Figs. 12 and 13). Both in vitro
cytotoxicity and molecular docking analyses revealed the in-
creased toxicity of extract-loaded PHB-MNPs on MDA-MB-
231 and HeLa cancer cell lines.

Discussion

A. muricata has been discovered as an abundant source of
bioactive compounds in recent years, while the use of plants
has acquired scientific and technological importance for drug
development for millennia [27]. Recently, extract of
A. muricata has shown antiproliferative effects against various
cancer types such as colon, lung, and breast cancer cells by
inhibiting mitochondrial complex I, which is related to oxida-
tive phosphorylation and ATP synthesis [16, 28-32]. In this
study, cells were treated to 500-1000 pg/ml of PHB-MNPs,

Table 4 Docking binding energy results of doxorubicin (control) as
inhibitor with proteins

Molecule Protein Binding energy (kcal/mol) PDB ID
Doxorubicin Bcl-2 -9.0 4AMAN
Doxorubicin Bel-w -9.0 2Y6W
Doxorubicin Braf -9.7 SVAM
Doxorubicin Bel-X1 -9.7 3i08
Doxorubicin Bfl-1 -8.6 SUUK
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and toxic effects were not observed on HeLa, MDA-MB-231,
and MCF-10A cell lines. Combination of extract PHB-MNPs
demonstrated excellent cytotoxic effect in breast cancer cell
lines. Sabapati and Palei developed A. muricata fruit extract-
loaded solid lipid nanoparticles (SLNs) and revealed its effi-
ciently cytotoxic effect in an in vitro model [14].

Molecular docking studies were designed to analyze the
protein—ligand interactions. In the present study, we analyzed
anti-apoptotic Bcl-2, Bcl-w, Braf, Bcl-X1, and Bfl-1 proteins
with isoquercetin, roseoside, anonaine, and isoquercetin—
PHB-MNP, roseoside-PHB-MNP, and anonaine—PHB-
MNP ligands. The molecular docking results found a strong
binding energy of isoquercetin-PHB-MNP, roseoside-PHB-
MNP, and anonaine-PHB-MNP ligands with proteins when
compared to isoquercetin, roseoside, and anonaine ligands.
Antony and Vijayan found that the acetogenins, such as
annomuricin A, annohexocin, muricatocin A, annomuricin-
D-one, and muricatetrocin A/B, exhibited strong binding

Fig. 12 The interaction of Bcl-w and roseoside molecule were visualized
by VMD
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Fig. 13 The interaction of Bcl-w and roseoside-PHB nanoparticle were
visualized by VMD

interactions with Bcl-X1 when compared to Bcl-2 and Mcl-1
[33]. Lannuzel et al. reported that the consumption of
Annonaceae may contribute to the pathogenesis of atypical
parkinsonism [34]. On this basis, we developed a low-dose
extract-loaded nanoparticle system for targeted therapy. In this
way, it is aimed to prevent the formation of different diseases
while treating cancer.

Conclusion

In this study, extract-loaded nanoparticles were synthesized
using a novel optimization approach and synthesized PHB-
MNPs have shown a promising application in the pharmaceu-
tical industries for cancer therapy. The free extract and extract-
loaded PHB-MNPs were evaluated against cancer cell lines
in vitro, looking at different concentrations and preparations
of'the plant extracts. Molecular docking studies were also used
to support the cytotoxicity analyses. Further, this study sug-
gests that the selected acetogenins can be further investigated
and evaluated for cancer treatment in in vivo research and
advanced computer analyses.
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