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Introduction: Over the past several years, nano-based therapeutics were an effective cancer
drug candidate in order to overcome the persistence of deadliest diseases and prevalence of
multiple drug resistance (MDR).

Methods: The main objective of our program was to design organosilane-modified Fe;0,
/Si0,/APTS(~NH,) core magnetic nanocomposites with functionalized copper-Schiff base
complex through the use of (3-aminopropyl)triethoxysilane linker as chemotherapeutics to
cancer cells. The nanoparticles were characterized by Fourier transform infrared
spectroscopy (FT-IR), X-ray powder diffraction (XRD), field emission scanning electron
microscopy (FE-SEM), TEM, and vibrating sample magnetometer (VSM) techniques. All
analyses corroborated the successful synthesis of the nanoparticles. In the second step, all
compounds of magnetic nanoparticles were validated as antitumor drugs through the con-
ventional MTT assay against K562 (myelogenous leukemia cancer) and apoptosis study by
Annexin V/PI and AO/EB. The molecular dynamic simulations of nanoparticles were further
carried out; afterwards, the optimization was performed using MM+, semi-empirical (AM1)
and Ab Initio (STO-3G), ForciteGemo Opt, Forcite Dynamics, Forcite Energy and CASTEP
in Materials studio 2017.

Results: The results showed that the anti-cancer activity was barely reduced after modifying
the surface of the Fe;0,/SiO,/APTS nanoparticles with 2-hydroxy-3-methoxybenzaldehyde
as Schiff base and then Cu(II) complex. The apoptosis study by Annexin V/PI and AO/EB
stained cell nuclei was performed that apoptosis percentage of the nanoparticles increased
upon increasing the thickness of Fe;O,4 shell on the magnetite core. The docking studies of
the synthesized compounds were conducted towards the DNA and Topoisomerase Il via
AutoDock 1.5.6 (The Scripps Research Institute, La Jolla, CA, USA).

Conclusion: Results of biology activities and computational modeling demonstrate that
nanoparticles were targeted drug delivery system in cancer treatment.

Keywords: superparamagnetic, Schiff base, core—shell, MTT assay, apoptosis, molecular
docking, computational methods, Topoisomerase 11

Introduction

Owing to their unique physical properties, small size, biocompatibility, and low
toxicity, nano superparamagnetic iron oxide nanoparticles (SPION) have attracted
scientific interest in the areas of biotechnology and biomedicine.' > Nanotherapeutics,
a new platform of nano-medicine development, is utilized in the rapidly growing
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cancer and cellular therapies.*® Nanostructured materials
functionalized with organic or inorganic coatings were
developed as alternatives for the clinical studies of cancer
therapy through attacking solid tumors.®'' The use of
magnetic nanoparticles was introduced as a novel technical
approach for cancer diagnosis and treatment with optimum
anti-cancer effects.'? Furthermore, L-lysine, L-arginine and
3-aminopropyltriethoxysilane (APTES) were employed to
coat negatively charged nanoparticles; this increased the
chances of nanoparticles binding to the anionic cell mem-
brane. Iron oxide nanoparticles coated with these com-
pounds prevented the oxidation of nanoparticles.'* To treat
tumors, the poor penetration and effectiveness of anticancer
drugs can be overcome through improving magnetic-
targeted carrier designs.'® Ag/Fe;04NPs can be utilized as
a promising alternative for water purification and antibac-
terial properties.'>'® Gupta et al reported the synthesis of
core—shell magnetic nanostructures coated with (3-amino-
propyDtriethoxysilane (APTES) linked with PEG diacid for
magnetic resonance imaging (MRI). The results showed
that these nanoparticles Fe;O4 could potentially be used
for MR imaging in cancer diagnosis.’® Azadbakht et al
showed that 3-aminopropyltriethoxy silane (APTES)-
polyethylene glycol (PEG) coated iron oxide nanoparticles
had therapeutic effects and targeting efficacy in terms of
cancer therapy.'” Nigam et al showed that nanoparticles
(Glu-Fe504) with polyethylene glycol polyamidoamine
exhibited anticancer activity against HeLa cell strains.'®
Fe;0,4 core functionalized with APTES as carriers for MR
was synthesized and tested for targeted morin drug delivery
by Saif. The results showed that up to 60% of the adsorbed
drug was released within 4 h.'"® In another research, mag-
netic nanoparticles of cathelicid in 11-37 peptide were
synthesized and assessed regarding the proliferation of
colon cancer cells (HT-29 cells).”’ In addition, to increase
the solubility and bioavailability of magnetic iron oxide
nanoparticles (MIONs), Rifampicin (RIF) cross-linked
Polyethylene glycol hybrid Chitosan (mnCSPEG) gel beads
were utilized.?' The properties of poly(D,L-lactide-co-
glycolic acid) (PLGA) based magnetic microspheres
(MMS) as a curcumin delivery carrier against HelLa cell
lines were further investigated. The magnetic microspheres
exhibited good properties as anti-cancer drugs.”> Copper
ions are essential for cellular processes such as respiration,
neural transmission, dopamine-b-hydroxylase, superoxide
dismutase, cytochrome c oxidase, tissue maturation, defense
against oxidative stress and iron metabolism, ascorbate in
ascorbate oxidase and catechols in tyrosinase or laccases,

and cofactors for a number of enzymes.”*** Copper ion
deficiency can lead to Wilson’s disease, Parkinson’s disease,
and Menkes syndrome.”>?® Accordingly, in the present
work, Fe;04/Si0,/APTS(~NH,) was primarily synthesized
and then functionalized by Schiff base complex Cu(Il).
Finally, the anticancer activity of each synthesized nanopar-
ticle was assessed and compared for the first time.
Moreover, the optimized structures were investigated by
quantum chemical theory calculations and molecular
dynamics simulations; these structures were then employed
to explore the internal relationship between the inhibitory
efficiency of compounds and the molecular structure of
receptors (DNA and Topoisomerase II).

Methods

Chemicals and Instruments

All chemical reagents and solvents at the highest purity were
purchased from Merck and Sigma-Aldrich Chemical
Companies, including: FeCl,.4H,0, FeCl;.6H,0, HCI (37%),
NH4OH, tetraethyl ortho silicate (TEOS), 3-aminopropyl
triethoxysilane (APTS), 2-hydroxy-3-methoxybenzaldehyde,
Cu(OAc),2H,0, toluene, methanol, and acetonitrile, being
of the highest available purity, were supplied from the Merck
Company. Cell lines were obtained from National Cell Bank
of Iran [NCBI]-Pasteur Institute of Iran. The Dulbecco’s mod-
ified eagle medium-high glucose (DMEM), fetal bovine serum
(FBS) and penicillin-streptomycin were obtained from Gibco
BRL (Life Technologies, Paisley, Scotland). The culture plates
were obtained from Nunc (Roskilde, Denmark). MTT
[3-(4,5'-dimethyltiazol-2-yl1)-2,5-diphenyltetrazolium
mide] was purchased from Sigma. Chem. Co. (Munich,

bro-

Germany). FT-IR spectra of complexes were used in KBr
pellets on a SHIMADZU UV-1650PC. The XRD data were
collected on a Bruker D8000 Germany in a scanning range of
20 = 10-90° and CuK, radiation. To observe the particle
morphology, field emission scanning electron microscopy
(FE-SEM) and Transmission Electron Microscopy (TEM) on
HITACHI S-4160 and Jeol, JEM-1010, respectively, were
recorded. VSM
a vibrating sample magnetometer (VSM) MDKFD.

of nanoparticles was registered on

Synthesis of Compounds

Preparation of the Magnetic Fe3O,4 and Fe;0,4/SiO,
Nanoparticles

To synthesize Fe;04 nanoparticles, 6 g of FeCl;.6H,O and
2 g of FeCl,.4H,0 were primarily dissolved in 100 mL
deionized water and sonicated for 20 min. Afterwards,
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10 mL of ammoniac solution was added to it under
a nitrogen atmosphere at 80°C. After 1 h, the black sedi-
ment was cooled and collected by an external magnetic
field. Finally, Fe3O4 nanoparticles were washed with dis-
tilled water and dried at 60°C overnight. Next, 1 g of
100 mL of
ethanol/H,O. Therefore, 1.5 mL of ammoniac solution

Fe;O4 nanoparticles was dispersed in

was added dropwise and sonicated for 30 min. In the
next step, 10.5 mL TEOS was added and stirred for 16
h. The sediment (Fe;04/Si0,) was separated and washed
with a mixture of water and methanol.?’

Preparation of Fe30,4/SiO,/APTS Core Shell

To synthesis of Fe304/SiO-/APTS, 1 g of Fe;04/Si0, was
dispersed in 25 mL toluene by ultrasonic and then 2 mL of
(3-aminopropyl) triethoxysilane (APTS (~NH,)) was added
and refluxed at 110°C for 12 h. The resulting sediment was
separated, washed and finally dried at 50 °C overnight.?’

Preparation of Fe3O4/APTS(~NH,)-Schiff Base
Nanoparticles

To a solution of 0.4 mg of Fe;0,/Si0O,/APTS(~NH,)
in 20 mL methanol, 0.22 mg of 2-hydroxy-3-methoxyben-
zaldehyde in methanol (25 mL) was added dropwise. The
mixture was refluxed at 60°C for 24 h. After completion of
the reaction, the nanoparticles were separated by an external
magnet and washed with methanol to remove no reacted
species. Then, black magnetite solid product dried at 80°C
under vacuum.

Synthesis of Fe304/SiO,/APTS(~NH;)-Schiff Base/
Cu(ll) Nanoparticles

To solution of the Fe;04/SiO,/APTS(~NH,)-Schiff base
nano-magnetic (0.2 g, 20 mL MeOH) was added
Cu(OAc),2H,0 (0.2 g) in methanol. Then, the resultant
mixture was refluxed at 60°C for 48 h. The resulting product
was separated by an external magnet and washed with acet-
one and deionized water, then dried in vacuum at 80°C for
6 h.

Biological Studies

Preparation of Cell Culture

The cell lines K562 (a human erythroleukemia cancer)
were cultured in Minimum Essential Medium of Iscove’s
Modified Dulbecco’s Medium (IMDM) with inactivated
10% fetal bovine serum (Sigma), 104 U/mL penicillin-
East
Sussex, UK) in plates and incubated in 2% CO, incubator
at 37°C with 5% CO, (Heraeus, Hanau, Germany). The

streptomycin as antibiotics (Biosera, Ringmer,

should have 80-90%
experiments.

cells confluence before the

Assessment of Cytotoxicity Using MTT Assay

To evaluate cytotoxicity effect of Fe;04, Fe30,4/SiO,/APTS
(~NH,), Fe304/Si0,/APTS(~NH,)-Schiff base and Fe;04
/Si0o/APTS(~NH,)-Schiff base-Cu(Il), these compounds
were determined using MTT colorimetric assay at K562
(myelogenous leukemia cancer) cells. The K562 cells at
the density of 1x10° per well were cultured into 96 well
tissue culture plates and allowed to grow. After the required
incubation period and washing with PBS buffer (pH 7.4),
different concentrations of nanoparticles 1-1000 pg/mL
were added to the wells and maintained in a humidified
atmosphere 5% CO, for 48 h. To examine the cell viability,
after treatments of the nanoparticles, 20 pL of MTT
(5 mg/mL) to form insoluble purple formazan crystals was
added to each well for an additional 4 h. Then, the medium
of the plate was removed and 100 pL of dimethyl sulfoxide
was added to each well to dissolve the MTT formazan
crystals. The assay was performed in triplicate and the
cytotoxic effect was expressed as percentage of cell viabi-
lity relative to untreated control cells. Finally, the plates
including the amount of formazan crystal formation were
agitated at high speed and the absorbance of samples was
measured by measuring at 570 nm.

Acridine Orange/Ethidium Bromide Doubles Staining
(AO/EB) Assay

The cell lines K562 were seeded in 48-well plates (10* cells
per well) and incubated for 24 h. The medium was removed
and replaced with another medium containing the Fe;Oy4
/Si10,/APTS, Fe;04/SiOo/APTS~Schiff base and Fe;O4
/Si0,/APTS~ Schiff base-Cu(Il) with 1-1000 pg/mL for
48 h. The medium of compounds was again removed, the
cells were washed with phosphate buffer saline (PBS), and
fixed with trypsin before count and fluocytorimetric analyses.
Cells were centrifuged for 5 mins and stained with AO/EB
solution (AO: EB, 100 mg/mL) for 10-15 mins.
Furthermore, the cells immediately were viewed using an
inverted fluorescence microscope (Moticam Pro 252B).

Computational Methods

The compounds (as flexible ligand) (Fe;O04/SiO,/APTS,
Fe304/Si0,/APTS~Schiff base; Fe304/SiO,/APTS~Schiff
base-Cu(Il)) were optimized using DMol3 and Castep in
Materials studio 2017. The energy (eV), space group, lattice
parameters (A°) and unit cell parameters (A°) of the
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predicted structures were taken from the CASTEP module
of Materials Studio for the charge distributions.

Molecular Docking of the Compounds
with DNA Duplex of Sequenced
(ACCGACGTCGGT)2 (PDB ID: I1BNA)
and Ribonucleotide Reductase (PDB ID:
3hnel)

Molecular docking simulation was performed to better
fathom the antitumor activity and binding site of the
target-ligand. The crystal IBNA
(B-DNA  Dodecamer: right-handed double-stranded
B helix (as rigid molecule) with the sequence (5'-
D(CpGpCpGpApApTpTpCpGpCpG)-3") (as rigid mole-
cule)), anti-cancer chemotherapeutic drugs (Mitoxantrone
(FTD) as DNA-drug interaction),
Topoisomerase 11 (PDB ID: 4fm9), and Doxorubicin (as
Topoisomerase II inhibitors) were downloaded from
RCSB Protein Data
Pubchem. The compounds (as flexible ligand) were opti-
mized using DMol3 and Castep in Materials studio 2017
and used as PDB format.

structures  of

and Trifluridine
and

Bank (ww.rcsb.org/pdb)

The molecular docking

simulation and calculations were performed by
AutoDock1.5.6 (The Scripps Research Institute, La Jolla,
CA, USA) with AutoGrid 4 and AutoDock 4 to predict the
binding affinity and hydrogen bond interactions between
the compounds and receptor. First of all, water molecules
and other heteroatoms around the duplex were removed
using the AutoDock tools; next, polar hydrogen atoms,
Kollman united atom type charges, and Gasteiger partial
charges were added to the receptor molecule as a target.
All the docking simulations were defined by use of a grid
box along the x-, y-, and z-axes (98 x 126 x 126 A points)
with a grid-point spacing of 0.375 A for BNA; a grid box
along the x-, y-, and z-axes (126 x 126x 126 A) was
further used with a grid-point spacing of 0.908 A for Top
II. To study this interaction, we employed the molecular
docking using a Lamarckian Genetic Algorithm (LGA)
method. The number of genetic algorithm runs and the
number of evaluations were set to 100. The most optimal
model with the lowest energy was picked up from the one
minimum energy (root mean square deviation, RMSD =
0.0) from the 100 runs to compare the structural similarity.
The interactions of BNA and Interleukin and their binding

modes with compounds were then analyzed using an
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Figure | FTIR spectra of (a) bare Fe304 MNPs; (b) Fe30,4/SiO,; (c) Fe304 MNPs treated by APTES; (d) Fe3O4 MNPs coated by Schiff base; (e) Fe3O.4/SiO,/APTS~Schiff

base-Cu(ll).
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AutoDock program, UCSF Chimera 1.5.1
Discovery Studio 3.0 from Accelrys and DS Visualizer.

software,

Results and Discussion

Infrared Spectra of Complexes

Figure la—e, respectively, shows the FT-IR analysis for
Fe;04, Fe;04/S10,, Fe;04/Si0,/APTS(~NH,), Fe;0,4/Si0,
/APTS(~NH,)-Schiff base, and Fe;04/Si0O,/APTS(~NH,)-
Schiff base-Cu(Il) nanoparticles. In Figure la, the peak at
560 cm ' shows the stretching vibration of Fe-O, confirm-
ing the presence of the magnetite nanoparticles of Fe;0,.%%
A broad and strong band and the other band appearing at
3418 and 1618 cm™' are associated with the vibration of
O-H stretching. Figure 1b shows the peak at 1062 and
718 cm ', indicating the Si-O-Si stretching vibration related
to SiO, shells. In addition, Figure 1c shows the peak at
1401 cm ™', which is related to the C=C stretching vibration.
Stretching vibrations were further observed at 626 and
580 cm ', corresponding to the split of the v; of the Fe-O
bond band at 560 cm ™' (Figure 1¢).?° The bands at 3430 and
1626 cm ! of Figure (c) were attributed to the N-H stretch-
ing vibration and NH; bending mode of the coupling agent
APTES, respectively.”*>° Furthermore, the presence of
vibration band at 3138 cm™' showed the existence of hydro-
gen-bonded silanols in Fe;04/SiO»/APTS (Figure Ic).’!
The stretching vibration of C=N of the Schiff base was

': moreover, the v(C=N)

observed at around 1652 cm
absorption of the Schiff base shifted towards the lower

frequency in complex (1613 cm'), suggesting the

90

(311)

Intensity
e B8 858 38

Fe304/si02

coordination through azomethine nitrogen.**~* The stretch-
ing vibrations at 3380, 2870-3100, 1480-1600, and
1491 cm ! were attributed to O-H stretching, CH stretching,
C=C aromatic ring stretching, and CH, bending, respec-
tively (Figure le).

XRD Spectra

Figure 2a and b, respectively, shows the crystal structures
of Fe304/Si0O, and Fe;04/SiO,/APTS(~NH,)~Schiff
base-Cu(II) nanoparticles. In these figures, the peaks at
20 = 30.1°, 34.7°, 42.3°, 56.2°, 57.1°, and 62.5° by
indices of (22 0),(311),(400),(422),(511), and
(4 4 0), in accordance with JCPDS3 standard No.
19-0629, are related to the Fe;0,4 nanostructures.>*
Also, in Figure 2a, the broad peak below 30° indicates
The
increased peak width in Figure 2b 30° implies the exis-

the existence of SiO, amorphous structures.
tence of organic structures on the surface of Fe;0,4/Si0,,
corroborating the formation of the Fe;0,4/SiO,

/APTS(~NH,)~Schiff base-Cu(Il) structure.

VSM

Figure 3 shows the magnetic property of the synthesized
samples studied through analyzing the vibrating sample
magnetometer (VSM). According to Figure 3a, the maxi-
mum saturation magnetization for Fe;0,4/SiO, components
was 61.6 emug '; however, the maximum saturation mag-
netization for Fe;04/Si0O,/APTS(~NH,)-Schiff base-Cu(Il)
nanoparticles was 30.80 (Figure 3b). The difference in the

100

2-Teta

Fe304/Si02/APTS(~NH2)~Schiff base-Cu(ll)

Figure 2 XRD patterns of Fe304/SiO, (a) and Fe304/SiO,/APTS~Schiff base-Cu(ll) (b).
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Figure 3 VSE of Fe;04/SiO; (a) and Fe304/SiO,/APTS~Schiff base-Cu(ll) (b).

maximum saturation magnetization can well prove the pre-
sence of APTS~Schiff base-Cu(Il) nanoparticles on the
Fe;04/Si0, surface. However, even with the reduction in
the maximum saturation magnetization of Fe;04/SiO,
/APTS(~NH,;)~Schiff base-Cu(Il) nanoparticles, they are
still highly magnetic and can be easily collected from the
solution with the help of an applied magnetic field.

FE-SEM

Figure 4 shows the surface morphology of the nanoma-
terials of FesO, and Fez04/Si0,/APTS(~NH,)-Schiff

SEM HV: 10.0 kV
View fiekd: 1.38 pm

SEM HV: 15.0 kV WD: 9.91 mm |

View field: 208 ym  Det: InBeam SE 500 nm
SEM MAG: 100 kx  Date(m/dly): 08/04/14

MIRA3 TESCAN|

RMRC

WO 3.74 men | |
Det: SE 200 nen

SEM MAG: 100.0 kx  Date(midy) 051919

base-Cu(Il) nanoparticles. Figure 4A shows the thor-
oughly distributed spherical particles of Fe;O4. Based
on this figure, the particle sizes of Fe;04 nanoparticles
were about 10 nm. Figure 4B and C show Fe30,4/SiO,
/APTS-Schiff base-Cu(Il) nanoparticles with different
magnifications (200 and 500 nm). Figures a, b and
¢ show that after modifying Fe;O,4 surface by SiO,,
APTS, and Schiff base-Cu(Il), no changes occurred in
the surface morphology of Fe;O4. Moreover, the uni-
of Fe304/Si0/APTS~Schiff base-Cu(Il)
nanoparticles reached about 20 nm, which is a suitable

form sizes

SEM WV 10.
View ekt 2.77 pm Det: S
SEM MAG: 50.0 kx  Date(midyk 051919

Figure 4 FE-SEM images of Fe;O, (a); Fe304-APTS (b); Fe304/SiO,/APTS~Schiff base-Cu(ll) nanoparticles (c).
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size for biomedical applications.>® The increase in the
particle size of Fe;0,4/SiO,/APTS~Schiff base-Cu(Il) in
comparison with Fe;O,4 confirms the presence of a SiO,
/APTS~Schiff base-Cu(Il) on the Fe;O4 surface.

TEM

The size and morphology of the nanoparticles were deter-
mined by Transmission electron microscopy (TEM).
Accordingly, TEM analysis was performed to specify the
particle size, particle agglomeration, and the structure of core-
shell obtained from Fe;04/SiO»/APTS~Schiff base-Cu(Il).
Figure 5 shows the nanoparticles of Fe304/SiO,
/APTS~Schiff base-Cu(Il) at different magnifications.
According to this figure, the nanoparticles had a spherical
morphology, the particles were well dispersed, and agglom-
eration did not occur. Figure 5 further shows that the average
particle size was about 15 c¢cm, corresponding to the analysis
results of SEM. In this figure, the dark regions are the core of
the nanoparticles (Fe;0,4), and the lighter regions represent the
shell structure of nanoparticles (SiO,/APTS~Schiff base-Cu

D).

Biological Essays
Assessment of Cytotoxicity Using MTT
Assay

Several cytotoxic studies have demonstrated the enhanced
understanding of Iron Oxide Nanoparticles (IONPs) toxicity
owing to its very low toxic effect on human body. Various
physicochemical factors such as size, shape, charge, surface
area, aggregation and coating Iron Oxide Nanoparticles
(IONPs) play a major roles in toxicity investigations.

A significant difference was observed between the
toxicity responses regarding the shape of IONPs. The rod-

shaped IONPs (Fe;04) significantly more necrosis in
mouse macrophage cells compared with spherical IONPs.
The accumulation in cytoplasm and aggregation in
vacuoles were assigned to the rod-shaped IONPs and
spherical TONPs, respectively.>>=® Moreover, the (geno)
toxicity findings of IONPs proved that ROS production
(reactive oxygen species) was a major reason for apopto-
sis, inflammation, and cell death.>”*® ROS such as anions,
hydroxyl radicals, and hydrogen peroxide had significantly
increased H,0, production due to the higher ratios of Fe**
and Fe** occurring in mitochondria. The release of ferric
ions from nanoparticles in the lysosomes of kupffer cells
and macrophages by hydrolysing enzymes played a key
role in the NPs toxicity mechanism and induced the cell
death of certain cancer cells through apoptosis.** TONPs
can be degraded in the acidic lysosomes (pH~4.5) and
release iron ions in the form of ferrous ions (Fe'?) able
to react with hydrogen peroxide through crossing mito-
chondrial membrane in the Fenton reaction to generate
highly reactive hydroxyl radicals and ferric ions (Fe*").
ROS (hydroxyl radicals) can directly damage DNA, pro-
teins, polysaccharides, lipids and ATP-generating mito-
chondria (Figure 6).*°** Without coating the ferrite
nanoparticles, they are rapidly cleared by macrophages
due to the large surface area/volume ratios. The hydroxyl
groups at the surface of iron oxide nanoparticles can
directly bind to silanes (Fe-O-Si bonds) with opposite
end functional groups (amines, thiols) able to interact
with organic or inorganic molecules, hence their potential
applications in biology and medicine. In this study, MTT
assay was used to test the in vitro cytotoxicity of nano-
particles against K562 cell lines (a human erythroleukemia
concentrations  for

cancer) various

screened by

Figure 5 TEM images (a) and (b) of Fe30.4/SiO,/APTS~Schiff base-Cu(ll) nanoparticles at different magnifications.
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Endocytosis

¥ Fe(Il) + H,0

Lysosome

Mitochondria
Fe(Il)
~ HO,— Fe(ll) + °OH + OH"
Apoptosis
DNA damage
Lipid damage {——mm ROS °OH, 02"

Protein damage

Figure 6 Schematic representation of intracellular uptake pathways and targets of INPs.

48 h. Figure 7 shows that the cytotoxic activities of nano-
particles augmented with the increase in the concentration
of complexes. According to our results, the cell prolifera-
tion was obviously inhibited by all nano-compounds

150-
- A

— 1004 L &
s
g .
=
$

50

0-

Cirl 001 01 1

10 100 1000 Cwl 001 01 1

in a thick-dependent core-shell manner Fe;04/Si0O,
/APTS(~NH,) >Fe;04/Si0,/APTS(~NH,)~Schiff base>
Fe304/Si0,/APTS(~NH,)~Schiff base-Cu(Il). The antic-
ancer behavior of IONPs can be attributed to the charge

10 100 1000 Cerl 001 01 1 10 100 1000

Concentration (pg/ml)

Figure 7 The anti-growth effect after the treatment with varying doses of Fe304/SiO,/APTS (a); Fe30.,4/SiO,/APTS~Schiff base (b); Fe304/SiO»/APTS~ Schiff base-Cu(ll) (c)
on K562 cell lines (myelogenous leukemia cancer) by the MTT as described in the experimental section. Data were normalized as a percentage of values of the control

(*p<0.05 and *p<0.01).
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on the surface of the resulting particles, which plays
a major role in the intracellular uptake. The type of func-
tional groups adds another complication to the in vitro test
results. Positively charged IONPs such as amine-modified
IONPs generate more ROS and toxicity compared to neu-
tral and negatively charged IONPs. Researchers claim that
the increased toxicity of nanoparticles can be ascribed to
the strong electrostatic interaction between the positively
charged spherical macro-ions and negatively charged
membrane surfaces at higher doses. In fact, Amine-
modified IONPs have exhibited higher lethal levels in
in vitro tests owing to their strong interaction with nega-
tively charged cell surface.***** Therefore, NPs were func-
tionalized with two different groups of APTES and Fe;04
/Si0,/APTS(~NH,)~Schiff base with the aminosilane
coating (positive surface charge) and Fe;04/SiO,
/APTS(~NH,)~Schiff base coating (negative
charge).*®** After coating, the high particle size of

surface

IONPs blocks the vessels and capillaries and inhibits
embolization; therefore, it should remain in the sub-
micron range.*’ The smaller IONPs can explain the higher
toxicity compared to larger IONPs.*® Therefore, in this
study, NPs were functionalized with APTES, indicating
the high cytotoxic activity against the K562 cell lines (a
human erythroleukemia cancer).

Apoptosis Assay by AO/EB Stained Cell

Nuclei

To compare the necrosis or early and late apoptosis effects
on non-cancerous and cancer cell lines, the cells were
subjected to treatment of compounds followed by
Acridine orange/ethidium bromide double staining (AO/
EB). Acridine orange dye stains both viable and nonviable
cells owing to membrane permeability attaches to double-
stranded nucleic acid (DNA), and emits green fluores-
cence. However, ethidium bromide dye stains nonviable,
intercalates the DNA, emits red fluorescence, and destroys
nuclear membrane integrity. A mixture of both dyes is
commonly used to visualize nuclear membrane disintegra-
tion and apoptotic body formation that are characteristics
of apoptosis. Three kinds of cells were observed according
to the fluorescence emission and the morphological aspect
of chromatin condensation: (i) normal cells appearing in
organized structures with an intact nuclei stained with
green fluorescence, (ii) early apoptotic cells, visible with
bright green and light orange green colored fluorescence,
and (iii) late apoptotic and necrotic nonviable cells with

damaged cell membrane, condensed chromatin with
orange to red green colored fluorescence.*’

Cells were treated with 0.01, 0.1, 1, 10, 100 and 1000
pg/mL of each compound at 48 h (Figure 8). These mor-
phological changes with concentrations 0.01, 0.1 and 1 pg/
mL of Fe304/Si0,/APTS, Fe;04/Si0,/APTS~Schiff base
and Fe30,4/Si0,/APTS~Schiff base-Cu(Il) revealed that
did not show any necrotic or apoptosis against the K-562
cancer cells. The concentrations 10, 100, 1000 pg/mL of
Fe30,4/Si0,/APTS showed Early/Late apoptotic and necro-
tic cells which were visible with bright green and light
orange and red patches, respectively. Meanwhile, after
treatment with Fe;04/Si0,/APTS~Schiff base nanoparti-
cles at concentrates 100 and 1000 pug/mL, cells exhibit red
colour, indicating late apoptotic with damaged cell mem-
branes. In addition to, comparing at concentrate 1000 pg/
mL of Fe;04/Si0,/APTS~Schiff base-Cu(Il) revealed red
colour that was related to late apoptotic. A comparison
between these three compounds reveal that Fe;04/SiO,
/APTS and Fe;0,4/SiO,/APTS~Schiff base caused less
apoptosis compared to uncoated INPs and inhibited the
DNA Also,
Figure 8, it can be indicated that the apoptotic of nanopar-

replication through intercalation. from
ticles increased with increasing concentration of nanopar-

ticles and caused decreasing in live cells.

Annexin V/PI Dual Staining Assay

Increased research on the mechanisms of cell death over
the past years has led to more understanding in terms of
apoptosis and necrosis pathways. Double staining of
Annexin V and propidium iodide stain was employed to
analyze the early apoptotic, late apoptotic/necrotic, and
dead cells via flow cytometry analysis. Apoptosis is the
natural or programmed death of the cell by enzymes and
necrosis is the uncontrolled and unprogrammed death,
both occurring during cell death in response to cytotoxic
conditions. Not programmed, necrosis is caused by an
inflammatory reaction, toxins, trauma, infection and tissue
damage due to the uncontrolled external factors in the
external environment of the cell. During apoptosis, as
a caspase-dependent pathway, fragmentation of nucleus,
chromatin condensation, and blebbing of the plasma mem-
brane are observed without integrity loss. Apoptosis, as an
energy-dependent mechanism, and the exogenous path-
way, the binding of FASL/TRAIL ligand and/or TNF-a
(tumor necrosis factor a), bind to FASL/TRAIL receptor
and TNFR1 receptors, respectively. This is able to trans-
form procaspase-8 to caspase-8 through autohydrolysis. In
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Figure 8 Acridine orange/ethidium bromide double staining for apoptosis analysis
in cell lines K562 with treatment of 0.01, 0.1, I, 10, 100 and 1000 ug/mL. Notes:
Living cells, green fluorescence; apoptotic, orange fluorescence and necrotic cells
and late apoptotic, red fluorescence.

type I cells, activated caspase-8 can activate caspase-3 and
initiate apoptosis, thereby inducing cell death. In type II
cells, as intrinsic apoptosis pathway, activated caspase-8 is
capable of hydrolyzing Bid to tBid; tBid ten interacts with
Bax/Bak (located on mitochondria) which is regulated by
the Bcl-2 family proteins. Mitochondria is permeable by
pore formation in the outer mitochondrial membrane;
maintaining the integrity of lysosomes, mitochondria
releases cytochrome c from the intermembrane space/or
apoptosis-inducing factor (AIF). In addition, the cyto-
chrome c released into the cytoplasm can interact with
Apaf-1 and caspase-9 to activate caspase-3 and induce
apoptosis. In turn, activates effector caspases which exe-
cute the cell death process by cleaving a range of cyto-
plasmic. Lamins and nuclear lamin-associated membrane
proteins, the scaffold proteins of the nuclear envelope, are
cleaved by effector caspases during caspase-mediated
apoptosis, resulting in nuclear shrinkage and fragmenta-
tion. Plasma membrane blebbing results from the caspase-
mediated activation and gelsolin enzyme, an actin depoly-
merizing enzyme.*®*

Phosphatidyl-1-serine on the plasma membrane surface
(PS) exposure is a caspase-dependent process. Early apoptosis
occurs at the cell surface. Annexin V-FITC is, a phospholipid-
binding and calcium-dependent protein for detecting apoptosis
and necrosis which binds to phosphatidylserine (PS) of plasma
membrane translocated from the inner face to the outer plasma
membrane. PS exposure to the outer leaflet of the plasma
membrane can be recognized by phagocytes as a signal for
engulfment. During necrosis as a caspase-independent path-
way, no structural changes take place in chromatin and mem-
brane integrity is loosened. Viable cells with intact membranes
do not interact with either Annexin V or PI while the mem-
branes of the dead and damaged cells are permeable to PL
Also, the cells interact with Annexin V in early apoptosis
while the cells are already dead in late apoptosis (end stage
apoptosis and death) and interact with Annexin V and PI. As
shown in Figure 9, treatment of K562 cells was tested with
nanoparticles at 1000 pg/mL. The percentage of viable cells
treated with Fe;04/SiO,/APTS, Fe;04/SiO/APTS~Schiff
base, and Fe;04/Si0,/APTS~Schiff base-Cu(Il) ranged from
8.03 and 0.92 to 4.58%, respectively. The percentages of late
apoptosis with Fe304/SiO»/APTS, Fe;04/Si0,/APTS~Schiff
base and Fe;04/SiO,/APTS~Schiff base-Cu(Il) ranged from
31.1, 40.9, and 17.3 to 76.9.3%, respectively, while no early
apoptosis was observed. Our results showed that the late
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Figure 9 Flow cytometric analysis of nanoparticles against K562 by the FCM.

apoptosis percentage of the nanoparticles increased upon
increasing the thickness of Fe;O, shell on the magnetite core
Fe;04/Si0,/APTS < Fe;04/Si0O,/APTS~Schiff base< Fe;04
/Si0y/APTS~Schiff  base-Cu(Il).

Therefore,

FC304/ SlOz

Fe;04@Si0,@APTS~ Schiff base-Cu(Il)

/APTS~Schiff base-Cu(Il) had more apoptosis compared
with other compounds, suggesting a loss of plasma membrane
integrity. In addition, the percentage of necrotic with Fe;O4
/Si0,/APTS, Fe;04/Si0,/APTS~Schiff base and Fe;04/Si0O,

Table | CSP Results Showing List of Unique Crystal Structures® Ranked on the Basis of the Calculated Lattice Energy and Density

Compound Fe;O4 Fe30,4/SiO,/APTS Fe30,4/SiO,/APTS~Schiff Base Fe;0,4/SiO,/APTS~Schiff Base-Cu(ll)
Crystal system Rhombohedral Rhombohedral Rhombohedral Rhombohedral
Space group Pl Pl Pl Pl

a(A) 6.034 8.466 9.953 9.721

b(A) 6.034 8.466 9.953 9.721

c(A) 6.034 8.466 9.953 9.721

a(®) 60.00 90.000 90.000 90.000

BC) 60.00 90.000 90.000 90.000

7(°) 60.00 90.000 90.000 90.000

Cell volume - 606.957 986.055 918.772

Final energy —8688.084 eV —12,044.134 eV —16,511.406 eV —18,147.712 eV

Note: *Unit-cell geometrical parameters of compounds were determined in Materials studio 2017.
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Figure 10 Perspective view and electron density of the optimized compounds Fe3O4, Fe304/SiO,/APTS, Fe30,4/SiO,/APTS~Schiff base and Fe;304/SiO,/APTS~Schiff base-Cu(ll).
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/APTS~Schiff base-Cu(Il) ranged from 60.9 and 58.1 to
16.5% in K562 cells. Positively charged IONPs generated
more percentages of necrotic compared to neutral and nega-
tively charged IONPs.>

Simulation Methods
Crystal Structure Prediction (CSP) and

Structural Analysis

The theoretical study was carried out by NVT (N, con-
stant number of particles, V, constant volume, and T,
constant temperature) and NPT (N, constant number of
particles, P constant pressure, and T, constant tempera-
ture) 15 ns in the time and ensemble atomic simulation on
compounds during molecular dynamics simulations. To
further study the data collection and figures associated
with the electron density of the optimized structures
of Fe;04, Fe;04/SiO,/APTS, Fe;04/SiO,/APTS~Schiff
base, and Fe;04/Si0,/APTS~Schiff base-Cu(Il), they
are inserted in Table 1 and Figure 10. The Fe;04, Fe;04
/Si0,/APTS, Fe;04/SiO,/APTS~Schiff base, and Fe;04
/S10,/APTS~Schiff base-Cu(Il) were crystallized in the
Rhombohedralspace group P1. Crystal data of com-
pounds are shown in Table 1. The results of molecular
dynamics simulations showed that the cell volume of the
compounds Fe;04/Si0,/APTS, Fe;04/Si0,/APTS~Schiff
base, and Fe;0,4/Si0,/APTS~Schiff base-Cu(Il) included
606.957, 986.055 and 918.772A°, respectively. Figures
10 and 11 show the calculated frontier orbital density
distributions and intermolecular and n—n stacking inter-
actions between the expand units of neighboring atoms in
the supramolecular chains of Fe;04/SiO,/APTS, Fe;04
/Si0,/APTS~Schiff base, and Fe;04/SiO,/APTS~Schiff
base-Cu(Il). In Frontier Orbital Theory, the highest occu-
pied molecular orbital energy (Epomo) and the lowest
unoccupied molecular orbital energy (Erymo) are com-
monly utilized to relate the spectral properties of com-
pounds; moreover, it is also essential to identify and
understand the nature of various segments of the com-
pounds. The levels of electron density observed in the
different regions of our compound can be indexed to
electrophilic and nucleophilic segments. Figure 12
shows the electron charge distributions of the HOMO as
electron donors and LUMO as electron acceptors. The
HOMO and LUMO energies of Fe;04/SiO,/APTS

Fe304@SiOz@APTS

Fe;04@SiO,@APTS~Schiff base

Fe;04@SiO,@APTS~Schiff base-Cu(Il)

Figure 11 Intermolecular and 11T stacking interactions in the structures of Fe304
[SIO2/APTS, Fe304/SiO,/APTS~Schiff base and Fe30.4/SiO,/APTS~Schiff base-Cu
(I1). a, b and c: Structural orientations of compound formation.
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Figure 12 Frontier orbital density distributions (HOMO and LUMO) for Fe;O4, Fe304/SiO2/APTS, Fe304/SiO,/APTS~Schiff base and Fe304/SiO,/APTS~Schiff base-Cu(ll)

in aqueous phase.
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