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Background: Recently, nanomaterials have moved into biological and medicinal implementa-
tions like cancer therapy. Therefore, before clinical trials, their binding to plasma proteins like
human serum albumin (HSA) and their cytotoxic effects against normal and cancer cell lines
should be addressed.

Methods: Herein, the interaction of magnesium oxide nanoparticles (MgO NPs) with HSA
was studied by means of fluorescence spectroscopy, circular dichroism (CD) spectroscopy, and
docking studies. Afterwards, the cytotoxic impacts of MgO NPs on human leukemia cell line
(K562) and peripheral blood mononucleated cells (PBMCs) were evaluated by MTT and flow
cytometry assays to quantify reactive oxygen species (ROS) generation and apoptosis.
Results: It was demonstrated that MgO NPs spontaneously form a static complex with HSA mol-
ecules through hydrophobic interactions. Docking study based on the size of NPs demonstrated
that different linkages can be established between MgO NPs and HSA. The CD investigation
explored that MgO NPs did not alter the secondary structure of HSA. Cellular studies revealed
that MgO NPs induced cytotoxicity against K562 cell lines, whereas no adverse effects were
detected on PBMCs up to optimum applied concentration of MgO NPs. It was exhibited that
ROS production mediated by IC50 concentrations of MgO NPs caused apoptosis-associated
cell death. The pre-incubation of K562 with ROS scavenger (curcumin) inhibited the impact
of MgO NPs -based apoptosis on cell fate, revealing the upstream effect of ROS in our system.
Conclusion: In summary, MgO NPs may exhibit strong plasma distribution and mediate
apoptosis by ROS induction in the cancer cell lines. These data demonstrate a safe aspect of
MgO NPs on the proteins and normal cells and their application as a distinctive therapeutic
approach in the cancer treatment.

Keywords: spectroscopy, anticancer, magnesium oxide, nanoparticles, albumin, K562 cells

Introduction

Nanoparticles (NPs) and their nanomedicine application have been receiving great
potentials in the recent years. Nanotechnology applications involve the fabrication of
engineered organization of NP to develop unique and well-designed systems.! Nano-
scientists aim to fabricate prospective NPs with unique features, miniaturize large
structures, and of course provide higher efficacy of NP-based systems.? NPs, particu-
larly owing to their high surface area, exhibit distinctive features that determine the
engineering of biological interactions.? In this regard, it is very critical to understand
NP interaction at cellular and subcellular status. Also, NPs can be used as drugs to
induce antiproliferative activity against cancerous cells.** They can mediate reac-
tive oxygen species (ROS) formation in the cancerous cells and switch on apoptotic,
necrotic, and autophagic pathways.® Indeed, NPs due to their high accessible area are
prone to interact with cell and organelle membranes leading to membrane leakage
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and inducing cancer cell ablation.” Therefore, scientists have
decided to explore NPs demonstrating the most anticancer
activity for therapeutic application, mostly for the develop-
ment of NPs-derived anticancer drugs.’

To further explore the anticancer activity of NPs, it
is required that experiments to be conducted in vitro as
well as computational simulation models should be devel-
oped. Consequently, in vivo testing and clinical trials are
performed to understand the fate of NPs in the biological
systems. In vitro as well as computational simulation find-
ings are often explored under in vivo conditions, since they
simply guide in exploring the general impacts of a test on a
living system. In NPs-based drugs discovery, for example,
confirmation of NPs potency and their side effects in vitro
are important, because in vitro experiments can sometimes
provide potential outcomes with drug candidate agents that
are relevant to in vivo conditions.®

To candidate NPs for anticancer activity, their side effects

9-12 and

against healthy targets such as the protein structure
cell lines"* "5 should be assessed. It has been well documented
that plasma proteins like albumins are adsorbed on the NP
surfaces as the protein corona in the biological system.'®
Perturbing the native structure of the proteins may result in
the NP-induced side effects against normal cells and tissues.
Also, peripheral blood mononucleated cells (PBMCs) are
in direct contact with NPs. Therefore, NP safety against the
protein structure and normal cell lines should be studied in
advance to provide important evidence of the side effects
underlying the clinical application of nanomaterials.

The magnesium oxide NPs (MgO NPs) have been
widely studied for antibacterial activity against food borne
pathogens'” and antifungal effect against Candida albicans."®
Also, MgO NPs have been used as potential candidates in
drug delivery,"” magnetic resonance imaging, and hyper-
thermia systems.?’ However, their anticancer activity against
human chronic myelogenous leukemia (K562) is not well
explored.

The human serum albumin (HSA) is the main contribut-
ing protein in the formation of the protein corona on the NP
surface. It contains an alpha helix structure with two well-
defined subunits.?!?? A safe NP should induce marginal side
effects on the protein structure.

In the present study, the interaction of MgO NPs with
HSA will be studied by means of different spectroscopic and
docking methods. Afterward, their anticancer activity against
K562 cell line was explored. In addition, we tried to consider
the anticancer efficacy of MgO NPs against K562 cell line
and their safety toward HSA and PBMCs.

Materials and methods

Materials

MgO NPs (US3311) with purity 99.9%, size 10 nm, specific
surface area (SSA) 85-120 m*g, polyhedral, bulk density
0.68 g/cm?, and true density 3.58 g/m* were purchased
from US Nano Co (Houston, TX, USA). HSA (A9511) was
obtained from Sigma-Aldrich Co. (St Louis, MO, USA). All
other materials were of analytical grade.

Characterization of MgO NPs

MgO NPs were dissolved in double distilled water (DDW)
as well as in 1% dimethyl sulfoxide (DMSO) and stirred for
30 minutes at room temperature. The size and hydrodynamic
radius of MgO NPs were characterized by transmission
electron microscopy (TEM, Zeiss electron microscope,
EMI10C — 100 kV; Carl Zeiss Meditec AG, Jena, Germany)
and dynamic light scattering (DLS; Brookhaven Instrument,
Holtsville, NY, USA) techniques, respectively. Also, the
charge distribution of MgO NPs was determined using zeta
potential analysis (Brookhaven Instrument).

Fluorescence emission spectra

The fluorescence spectroscopy was done using a Hitachi
spectrofluorimeter (MPF-4 model; Hitachi, Tokyo, Japan) at
298K, 310K, and 315K. Excitation and emission slit widths
were fixed at 5 nm and 10 nm, respectively. Excitation wave-
length was set at 280 nm. HSA sample (2 uM, phosphate
buffer, ionic strength of 10 mM, pH 7.4) was titrated with
varying concentrations of MgO NPs ranging from 2 nM to
40 nM. Band intensity of HSA sample was corrected against
buffer solution, NP solution, and inner filter effects.

Molecular docking

A (MgO),, cluster with a size of 0.6 nm was used as the
smaller MgO NP model. The Cartesian coordinates of atoms
were directly obtained from Haertelt et al’s work.?> A cubic
MgO cluster with a dimension of 1.5 nm was constructed by
repetition of MgO unit cell and was considered as the larger
NP model. A molecular docking analysis was performed
using HEX 6.3 software.*

Circular dichroism experiment

Circular dichroism (CD) measurements were made on an
Aviv model 215 spectropolarimeter (Lakewood, NJ, USA)
using a 1.00 mm cuvette. CD spectrum was set in the range of
190-260 nm, and the outcomes were expressed as ellipticity
(0) in millidegrees. The HSA sample (5 UM, phosphate buffer
[10 mM], pH 7.4) was titrated with different concentrations
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of MgO NPs ranging from 5 to 50 nM. CD signals of HSA
were corrected against buffer and NP solutions.

Cell culture

K562 and PBMCs were used to examine the cell viability
after incubating with MgO NPs. K562 cell line was purchased
from Pasture Institute of Tehran, Tehran, Iran. Fresh PBMCs
were obtained from National Institute of Genetic Engineering
and Biotechnology, Tehran, Iran, under approval from the
Ethical Committee of Pharmaceutical Sciences Branch,
Islamic Azad University of Tehran. The K562 and PBMC cell
lines were cultured in the RPMI-1640 cell culture medium
supplemented with 10% FBS, 20 U/mL streptomycin, and
20 U/mL penicillin at 37°C in the incubator at 5% CO,.

Cell viability assay

The cytotoxicity of MgO NPs aganist K562 cells and
PBMCs was assessed by MTT assay. Approximately, 5x10°
cells/well were cultured in the 96-well plates and incubated
with varying concentrations of MgO NPs for 24 hours.
Afterward, the cells were incubated with 20 uL of MTT at
37°C for 4 hours followed by addition of 100 uL. of DMSO
at 37°C for 10 minutes. The absorbance of each sample was
determined at 570 nm by a microplate reader (Expert 96;
Asys Hitch, Ec Austria).

Measurement of ROS

Intracellular ROS was quantified by utilizing dichloro-
dihydro-fluorescein diacetate (DCFH-DA) staining. The
DCFH-DA passively infiltrates the cell membrane where it
interacts with ROS to produce a fluorophore dichlorofluores-
cein (DCF). Approximately, 3x10° cells/well were cultured
in the 24-well plates and incubated with IC50 concentrations
of MgO NPs for 24 hours, washed, stained with 20 uM
DCFH-DA for 1 hour, washed, and the fluorescence signals
were quantified by BD FACS Calibur (BD Biocsiences, San
Jose, CA, USA) with excitation and emission wavelengths
of 488 and 525 nm, respectively. To access the NP-induced
ROS generation, an antioxidant (curcumin, 50 uM) was
used. The cells were pretreated with single dose of 50 uM
curcumin for 24 hours. Cells were then incubated with IC50
concentration of MgO NPs for additional 24 hours.

Quantification of apoptosis by Annexin
V-FITC and propidium iodide

The K562 cells were cultured in a 96-well culture plate and
incubated with IC50 concentration of MgO NPs for 24 hours.
Normal, apoptotic, and necrotic cells were quantified using

an Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide assay kit based on the manufacturer’s protocols.
Thereafter, about 3.0x10° cells were washed, resuspended
in the binding buffer, and dual stained with Annexin V-FITC
and propidium iodide for 20 minutes at 4°C. To assess the
NP-induced apoptosis by ROS, curcumin at a concentra-
tion of 50 UM was used. The cells were pretreated with a
single dose of curcumin (50 uM) for 24 hours. Cells were
then incubated with IC50 concentration of MgO NPs for
additional 24 hours.

Statistical analysis

All tests were performed in triplicate. Data were reported as
mean + SD, and statistical significance was determined using
one-way ANOVA followed by Dunnett’s post hoc test. The
values of P<<(0.05, P<<0.01, and P<<0.001 were reported to
be significant.

Results and discussion

Nanoparticle characterization

MgO NPs were characterized by means of TEM, DLS, and
zeta potential investigations. TEM observation showed that
the size of NPs in the dried state was about 10 nm (Figure 1A).
DLS studies demonstrated that hydrodynamic radius of MgO
NPs was 52.79 nm (Figure 1B). This difference between DLS
and TEM outcomes is attributed to the presence of hydrated
shell on the NP surface in the DLS investigations.? To better
determine the colloidal stability of MgO NPs, zeta potential
measurement was performed. It was revealed that mean zeta
potential of MgO NPs was —29.89 mV (Figure 1C). Because
zeta potential of MgO NPs was around 30 mV, it may be
concluded that MgO NPs exhibit a pronounced colloidal
stability.?

Fluorescence measurements

Steady-state fluorescence quenching studies

The fluorescence quenching investigation with MgO NPs was
performed in 10 mM phosphate buffer, pH 7.4, at three dif-
ferent temperatures of 298K (Figure 2A), 310K (Figure 2B),
and 315K (Figure 2C). In the investigations involving the
HSA-MgO NP complex, the final concentration of MgO NP
was 40 nM. In all the states, the excitation wavelength was
280 nm, so it can be concluded that the fluorescence emission
detected was from tryptophan, tyrosine, and phenylalanine
residues. Figure 2 shows that quenching mechanism occurs
in the presence of MgO NPs in a concentration-dependent
manner.
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Figure | TEM observation (A), DLS data (B), and zeta potential measurement (C) of MgO NPs.
Abbreviations: TEM, transmission electron microscopy; DLS, dynamic light scattering; MgO NPs, magnesium oxide nanoparticles.

A representative Stern—Volmer plot for the fluorescence
quenching of the aromatic residues is depicted in Figure 3.
The fluorescence quenching outcome was examined accord-
ing to Equation 1.1

F/F=Kg, [MgONP]+1=k 70 [MgONP]+1 (1)
where, F, F, K, kq, and 7o represent the fluorescence
intensity in the absence of NPs, the fluorescence intensity in
the presence of NPs, Stern—Volmer constant, the quenching
rate constant of the HSA, and the fluorescence lifetime
(107® seconds), respectively.

The analysis was performed at three different tempera-
tures: 298K, 310K, and 315K (Table 1).

Judging by the calculated K, values, the quenching
mechanism can be described by a static model in which
the HSA and MgO NPs form a complex. This outcome

was based on the inverse relation between temperature and
K, values. Also, it was observed that HSA residues are more
accessible to MgO NPs at lower temperature characterized
by higher K, value at 298K, while at higher temperature,
HSA residues characterized with lower K, values are less
accessible to MgO NPs.

Also, the kq of the HSA for a static quenching mecha-
nism should be an order of 10! M~!-s7!. As it can be seen in
Table 1, the kq value for the HSA-MgO NP complex is an
order of 10"* M™"s™". Therefore, K, and kq values indicated
that quenching mechanism of HSA by MgO NPs was per-
formed by a static system.

Binding constant and the number of binding sites
Figure 4 shows the representation of Hill’s equation:'?

Log [(F,— F)/F]=log K, +n log [Q] )
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Figure 2 The fluorescence quenching of HSA (2 uM) in the presence of varying concentrations of MgO NPs (2, 5, 10, 20, and 40 nM) at three different temperatures of

298K (A), 310K (B), and 315K (C).

Abbreviations: HSA, human serum albumin; MgO NPs, magnesium oxide nanoparticles.
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Figure 3 Stern—Volmer plot of HSA (2 M) in the presence of varying concentrations
of MgO NPs (2, 5, 10, 20, and 40 nM) at three different temperatures of 298K (°),
310K (®), and 315K (°).

Abbreviations: HSA, human serum albumin; MgO NPs, magnesium oxide nano-
particles.

where K, and n represent the binding constant and number of
binding sites of the protein per NP, respectively. The varia-
tion of log (F, — F/F) against the log ((MgO NPs]) for HSA
at three different temperatures was estimated by Hill’s equa-
tion. It shows linear plots with distinctive binding constant at
three different temperatures. K, and n were estimated from

Table | K and kq values of HSA in the presence of varying
concentrations of MgO NPs at three different temperatures of
298K, 310K, and 315K

T (K) K, (M) k, (M's™) R
298 4.05+0.59x107 | 4.05+0.59x1.0'5 | 0.93
310 2.85+0.24x107 | 2.85+0.24x1.0'5 | 0.96
315 2712021107 | 2.7140.21x1.0'5 | 0.99

Note: Data are reported as mean * SD.
Abbreviations: HSA, human serum albumin; MgO NPs, magnesium oxide nano-
particles.

International Journal of Nanomedicine 2019:14

submit your manuscript

261

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Behzadi et al Dove
-1.6 1 25 1
1.2+ 20 1
—
',:,\L_ -0.8 a 157 ",
o ® x S
S c
8’ -044 - e ‘o 10 1 i e, ) {
0 A ® 51
o ..
e
0.4 ! . . 0
70 76 8 84 88 315 32 325 33 335 34
Log (NP) 1/T *10~*

Figure 4 Hill's plot of HSA (2 uM) in the presence of varying concentrations of
MgO NPs (2, 5, 10, 20, and 40 nM) at three different temperatures of 298K (°),
310K (®), and 315K (*).

Abbreviations: HSA, human serum albumin; MgO NPs, magnesium oxide nano-
particles.

the Y-interception and the slope of Hill’s plot, respectively
(Table 2). The n values depicted in Table 2 indicating the
existence of half to one independent binding site for MgO
NPs in the HSA, at 298K-310K.

Half-binding site reveals that two HSA molecules are
adsorbed on the NP surfaces. However, as the tempera-
tures increases, the » increases from 0.50 to 1.06. Also, the
K, values increased significantly with increasing temperature,
indicating that marginal temperature-induced conformational
changes of HSA may provide more favorite adsorption site
of HSA on MgO NP surface.

Considering the K, values, the distribution of a NP in
plasma can be evaluated. A small K, value reveals a weak
binding affinity of NP to HSA and subsequent short life time,
whereas a high K, value indicates a strong binding affinity
and longer life time.?

The strong binding of MgO NPs could be a consequence
of their hydrophobic interactions with HSA. Therefore, it may
be deduced that MgO NPs present enhanced capacity to enter

Table 2 Log K| and n values of HSA in the presence of varying
concentrations of MgO NPs at three different temperatures of
298K, 310K, and 315K

Figure 5 van’t Hoff plot of HSA/MgO NPs to calculate thermodynamic parameters.
Abbreviations: HSA, human serum albumin; MgO NPs, magnesium oxide nano-
particles.

into the tissues and can be applied as a potential candidate
in the medical applications.?*?’

Thermodynamic parameters
The driving interactions between a NP and the protein include
hydrophilic and hydrophobic forces. The thermodynamic
parameters can be calculated by van’t Hoff equation:?
Ln K, =— (AH°/RT) + (AS°/R) (3)
where, AS° is entropy change, AH° exhibits enthalpy change,
R is the universal gas constant and 7'is absolute temperature.
The plot of In K, vs 1/T yields the calculation of A/#° and AS°
values (Figure 5, Table 3). The free energy change AG® was
then calculated from the Gibbs—Helmbholtz equation:*®
AG° = AH° — TAS 4)
The values of AG°, AH°, and AS° are reported in Table 3.
The representative sign of both AH° and AS° are
positive. So, the potential forces involved between MgO
NPs and HSA were hydrophobic in nature. Negative AG®

Table 3 Thermodynamic parameters of the HSA-MgO NPs
complex at three different temperatures of 298K, 310K, and 315K

T (K) LogK, (M) |n R? T(K) |AG® (k/mol) | AH° (kJ/mol) TAS® (kj/mol)
298 4014044 0.50:£0.06 097 298 22814227 363.01+55.03
310 4314047 0.57+0.07 0.99 310 —25.5042.81 —34020£52.91 | 365.70+55.65
315 7.9240.79 1.06+0.12 0.99 315 —47.62+5.35 387.82+57.59

Note: Data are expressed as mean + SD.

Abbreviations: HSA, human serum albumin; MgO NPs, magnesium oxide nano-

particles.

Note: Data are expressed as mean + SD.

Abbreviations: HSA, human serum albumin; MgO NPs, magnesium oxide nano-

particles.
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values verify the spontaneous binding process in the
interactions.?®

Thus, the data demonstrate the presence of only one bind-
ing site for MgO NPs in the HSA. Moreover, the K, values
for MgO NPs show that the interaction of albumin with MgO
NPs is very strong.

In addition, at different temperatures, primary sites of
MgO NPs seem to be located in different albumin regions
where aromatic residues are located. Some hydrophilic
subdomains which are more exposed to the hydrophilic
environment can provide potential binding sites to MgO NPs.
HSA has one tryptophan, 18 tyrosine, and 19 phenylalanine
residues.” It may be suggested that exposed aromatic residues
are involved in the interaction of the HSA with MgO NPs.

However, the size of NPs cannot be easily controlled in
the biological systems. Due to their high surface area and
presence of counterpart ions, NPs may lose their colloidal
stability and tend to form agglomerated species. There-
fore, the size of NP can be dramatically changed and these
different colloidal stabilities and corresponding different
sizes of NPs may bind to different domains of the protein,
although the chemical compound of NP is not changed.

Chain

Indeed, it can be suggested that all hydrophilic and hydro-
phobic interactions are involved in the interaction of NPs
with protein. However, the main contributing forces can be
dictated by the size of NPs. For this purpose, molecular dock-
ing was done with MgO NPs of different sizes to reveal the
role of the size of NPs on the kind of interactions between
MgO NPs and HSA.

Molecular docking study
A (MgO),, cluster with a size of 0.6 nm and a cubic MgO
cluster with a size of 1.5 nm were used to explore the binding
affinity of HSA to NPs with different cluster sizes.

The crystallographic structure of HSA (PDB ID: 1A06)
was obtained from the Protein Data Bank (http://www.pdb.org).

The molecular docking was performed with MgO NPs cluster
of different sizes. The resulting binding energies for 0.6 nm
(Figure 6A—C) and 1.5 nm MgO NP (Figure 7A—C) clusters
were found to be —334.93 and —688.03 E-values, respec-
tively. It was observed that the affinity of HSA to larger
NPs is more than their smaller counterparts. Visualization
of the docked site was performed using Chimera and PyMol
graphical tools. The docked sites of MgO NPs with the sizes

Figure 6 (A) Docking site of interaction between MgO NPs (0.6 nm) and HSA; (B, C) the closest interacting residues with two rotational views.
Abbreviations: HSA, human serum albumin; MgO NPs, magnesium oxide nanoparticles.
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Figure 7 (A) The designed cluster of MgO NP (1.5 nm); (B) docking site of interaction between MgO NPs (1.5 nm) and HSA; and (C) the closest interacting residues.
Abbreviations: HSA, human serum albumin; MgO NPs, magnesium oxide nanoparticles.

of 0.6 nm and 1.5 nm are demonstrated in Figures 6A and
7B, respectively. It was demonstrated that closest residues
within 4 A° distance for MgO NP with the size of 0.6 nm are
Glu-442.A, Pro-441.A, His-440.A, Lys-439.A, Cys-438.A,
Arg-445.A, Pro-441.B, Cys-438.B, Lys-439.B, Glu-442.B,
and Glu-396.B (Figure 6B and C). Therefore, it can be
deduced that MgO NP with smaller size can interact with
charged residues through electrostatic interactions. However,
the binding site of MgO NPs having size of 1.5 nm within 4
A° and the spatial orientation in the binding site is depicted
in Figure 7B. The nearest interacting residues are GIn-397.B,
Glu-396.B, Leu-398.B, Gly-399.B, Glu-400.B, Phe-395.B,
Pro-180.A, Val-293.A, Phe-156.A, Arg-160.A, Leu-182.A,
Asp-183.A, Glu-184.A, Leu-186.A, and Phe-156.A (Figure
7C). It can be observed that larger NPs are prone to interact
with hydrophobic residues by means of hydrophobic forces.

There are different ways that NPs with different sizes
can bind to the proteins. Every NP usually shows a par-
ticular binding site and NPs with different sizes can bind
to different sites of protein. It was depicted that MgO NPs
with different sizes can interact with different subdomains
of HSA. Therefore, some important factors are involved in
the mode of NP binding to proteins that allows the binding
site to be characterized independent of the chemical com-
position of NPs.

Circular dichroism study

To explore the alteration in the secondary structure of the
HSA upon addition of MgO NPs, CD spectroscopy was car-
ried out at far UV-CD (190-260 nm) region. The CD band
of HSA depicts two characteristic minima of o-helix at 208
and 222 nm, which is consistent with the native structure of
HSA?3 (Figure 8). The band of the HSA exhibits marginal

40

0 (degmol-')
o S

|
N
o

—40

190 210 230 250
Wavelength (nm)

Figure 8 Ellipticity changes of HSA (5 uM) in the presence of varying concentrations
of MgO NPs (5, 20, and 50 nM) in the far UV region.

Abbreviations: HSA, human serum albumin; MgO NPs, magnesium oxide nano-
particles.
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Table 4 The secondary structure of HSA in the presence of
varying concentrations of MgO NPs was calculated by CDNN

software
[NP] nM Helix% Sheet% Turn% Random
coil%
0 63.7+3.72 8.4+0.22 11.2£0.12 16.7£1.09
5 63.3+3.71 8.5+0.23 11.240.12 17.0£1.10
10 62.9+3.69 8.1+0.21 11.5+0.13 17.5%1.11
50 62.7+3.67 8.2+0.21 11.6+0.13 17.5¢1.11

Abbreviations: HSA, human serum albumin; MgO NPs, magnesium oxide nano-
particles.

alterations in the presence of different concentrations of
MgO NPs. These data reveal that the folded structure of the
HSA structure is not perturbed upon addition of MgO NPs.

This suggests that in the presence of 5, 20, and 50 nM
of MgO NPs, HSA keeps the helical pattern similar to that
determined for the native HSA (Table 4). Because, in the
physiological conditions, NPs are effective at very low
doses, our investigations with regard to the nanomolar dose
of NPs should be sufficient to explore the details pertaining
to NP binding.

Now, a question can be raised as to how it is possible that
MgO NPs interacted with folded HSA molecules by means
of hydrophobic interaction, while the secondary structure of
HSA is intact? It may be suggested that MgO NPs induce
partial structural changes and form hydrophobic forces with
nonpolar residues close to the solvent area. Indeed, marginal
NP-induced conformational changes result in maintaining
the native structure of the protein; however, some hydro-
phobic patches can be displaced to the protein surface and
provide an accessible site to be involved in the hydrophobic
interactions.

To assess the safety of MgO NPs and compare the
chemical composition, size, and functional groups of NPs
on the HSA structure, literature survey was done. From the
details summarized in Table 5, it can be deduced that MgO
NPs do not induce significant structural changes in the HSA

structure, whereas other studied NPs have shown remarkable
conformational changes in the HSA structure.

It can be concluded that size, chemical groups, and type
of NPs can play important roles in the interaction of proteins
with NPs. Indeed, MgO NPs show the strongest interaction
(hydrophobic forces) and safest chemical composition among
other NPs.

Therefore, it was demonstrated that MgO NPs can bind
to HSA by means of hydrophobic interactions and induced
partial structural changes to the HSA structure.

Now, the main application of MgO NPs in the cancer
therapy should be considered. To address this objective,
cytotoxicity of MgO NPs against cancerous cells and normal
cells should be explored. Indeed, a NP is considered as a safe
and potential candidate in cancer therapy when it exhibits
selective cytotoxicity against tumor cells.

MTT assay

The data show that MgO NPs dramatically reduced the
viability of K562 in a dose-dependent manner. At 1 pg/mL
concentration, cell viability was markedly reduced to 78.5%
in the K562 cells (P<<0.05). However, MgO NPs did not
mediate a remarkable decrease in the viability of normal
cells (PBMCs) up to an optimum dose of 30 pg/mL, which
was employed in this investigation (Figure 9). The IC50 con-
centration of MgO NPs for K562 cell line was 17.75 pg/mL.
Therefore, it may be concluded that MgO NPs are more
toxic against cancer cells as compared with normal cells.
These data reveal selective cytotoxicity of MgO NPs against
tumor cells.

ROS generation

The intracellular ROS formation was determined following
exposure to IC50 concentration of MgO NPs (17.75 pg/mL)
using the H DCF-DA compound in the K562 cell line
(Figure 10A as control cells). The K562 cells treated with
IC50 concentration of MgO NPs (17.75 wg/mL) for 24 hours
(Figure 10B) demonstrated a significant increase in the mean

Table 5 Interaction of NPs with HSA based on the size, surface group, and types of NPs

NPs Size (nm) Surface groups Kind of interactions Structural changes Reference
MgO 10 - Hydrophobic interaction No changes -

Ce 50-110 - - Alpha increase 31
CdTe-QDs 5 MPA Electrostatic interaction Alpha decrease 32
CdTe-QDs 5 N-Acetylcysteine Electrostatic interaction Alpha decrease 32
CdTe-QDs 5 Gluthatione Electrostatic interaction Alpha decrease 32
CdTe-QDs 248 MPA Electrostatic interaction Alpha decrease 33

Abbreviations: HSA,
magnesium oxide.

human serum albumin; NPs, nanoparticles; CdTe-QDs, cadmium telluride-quantum dots; MPA, mercaptopropionic acid; Ceo' fullerene; MgO,
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Figure 9 The effect of MgO NPs on the viability of K562 cells and PBMCs.

Notes: Data are reported as mean + SD of three tests carried out in three
replicates. *P<<0.05 and **P<<0.01, statistically significant differences relative to the
control cells.

Abbreviations: MgO NPs, magnesium oxide nanoparticles; PBMCs, peripheral blood
mononucleated cells.

ROS generation (FLI-1H: 2,407, P<<0.01) as compared with
control cells (FLI-1H: 821) (Figure 10A). However, pretreat-
ment of cells with 50 uM curcumin for 24 hours resulted in
the reduction of intracellular production of ROS (FLI-1H:
1,082, P<<0.05) relative to NP-treated cells (Figure 10C).
The histogram depicts the analysis of ROS generation by
flow cytometry after incubation of K562 cells with MgO
NPs for 24 hours (Figure 10D). Therefore, pretreatment of
NP-treated cells with curcumin resulted in the reduction of
ROS generation induced by MgO NPs.

Flow cytometry analysis

When K562 cells were treated with IC50 concentration of
MgO NPs for 24 hours, the percentage of apoptotic cells sig-
nificantly increased compared to control cells (Figure 11A).
The exposure of K562 cells to MgO NPs caused induction
of apoptosis (P<<0.01) and necrosis (P<<0.001) in the K562
cells (Figure 11B). However, pretreatment of the cells with
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c 100 + 100 £ 100 -
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Figure 10 The intracellular ROS formation by IC50 concentration of MgO NPs.

MgO NPs MgO NPs+Cur

Notes: Upper graphs show generation of ROS in the K562 cells using H,DCF-DA dye. Control cells (A); MgO NPs-treated cells (B); pretreatment of cells with curcumin
(50 uM) followed by MgO NPs treatment (C). Cells were incubated with IC50 concentration of MgO NPs for 24 hours. Histogram analysis of ROS generation by flow
cytometer after MgO NPs incubation with K562 cells for 24 hours (D). Values represent mean + SD of three experiments. **P<<0.01, compared to control, *P<0.05,

compared to MgO NP-treated group.

Abbreviations: MgO NPs, magnesium oxide nanoparticles; ROS, reactive oxygen species; Cur, curcumin.
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Figure 11 Quantification of apoptosis by flow cytometry.

Annexin-FITC
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Notes: Control cells (A); MgO NPs-treated cells (B); pretreatment of cells with curcumin (50 uM) followed by MgO NPs treatment (C). Cells were incubated with IC50
concentration of MgO NPs for 24 hours. Histogram analysis of percentage of cells undergoing apoptosis and necrosis by flow cytometer after incubation of K562 cells with
MgO NPs for 24 hours (D).Values represent mean + SD of three experiments. *P<<0.05, **P<<0.01, ***P<<0.001, compared to control;*P<0.05, *#P<0.00| compared to MgO

NP-treated group.

Abbreviations: MgO NPs, magnesium oxide nanoparticles; FITC, fluorescein isothiocyanate; Pl, propidium iodide; Cur, curcumin.

curcumin for 24 hours (50 uM) resulted in the significant
reduction of apoptosis (P<<0.05) and necrosis (P<<0.001)
in MgO NPs-treated K562 cells compared to NP-treated
cells with no pretreatment (Figure 11C). The histogram
demonstrates the percentage of apoptosis and necrosis as
determined by flow cytometer after 24 hours of incuba-
tion of K562 cells with IC50 concentration of MgO NPs
(Figure 11D).

Human exposure to NPs is unpreventable as NPs become
more extensively employed and as a result, nanotoxicology
study is now growing up. However, while several NPs with
different chemical compositions and implementation con-
tinue to expand, investigations to determine their interactions
and their cytotoxic effect on the biological systems are few
in the comparison.* In the field of medicinal application in
particular, NPs are being employed in the diagnostic and
therapeutic devices to better diagnose and treat different
illnesses. Exposure to NPs for medical applications is con-
sidered as an intentional exposure; accordingly, exploring
the features of NPs and their impact on the human body is

of high priority before considering their clinical application.
Different outcomes have been reported for different NPs
with regard to their adverse effects due to differences in the
experimental conditions and varying colloidal stabilities of
NPs.?33¢ For NPs to be expanded in the clinical arena, it is
crucial that nanotoxicology studies reveal and explore how
chemical nature of NPs affect the adverse effects of NPs,
in order to minimize their unenviable characteristics on the
biological systems.

Cellular studies revealed that MgO NPs induced signifi-
cant adverse effects on the cancer cell line; however, MgO
NPs demonstrated marginal side effects on normal cell line
up to an optimum concentration.

It was revealed that IC50 concentration of MgO NPs
increased ROS levels to trigger apoptosis in the K562 cells.
Preincubation of K562 cells with curcumin, an ROS scav-
enger, muted the effect of MgO NP-based apoptosis on cell
fate, highlighting the upstream impact of ROS in our study.
In summary, MgO NP provides a potential system of priming
apoptosis by ROS production.
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ROS are commonly produced in the biological systems.
Accordingly, cells have developed enzymatic and nonen-
zymatic antioxidant defense systems that aid in inhibiting
the ROS generation.*” Intracellular generation of ROS in
response to NP exposure has been involved in upregulating
transcription factors and inducing apoptosis and necrosis.*®
It has been well documented that ROS trigger DNA
sequence alterations in the form of DNA breakage and
rearrangements.*’ These changes may result in switching on
apoptosis signaling pathways. The ROS-mediated upregula-
tion of gene expression can be used as a potential approach for
potential therapeutic appeal. Several antioxidant compounds
have been demonstrated to limit ROS generation, oxidant-
mediated DNA damage, and cell mortality.*® For example,
polyphenols like curcumin show radical-scavenging ability
and thereby inhibit apoptosis.*' In general, ROS generation
and gene expression changes are involved in the apoptosis
induction and the pathogenesis of cancer cells.?**

One of the crucial problems in cancer therapy lies in
enhancing therapeutic efficiency of anticancer agents and
inhibiting their side effects against normal tissues. In our
MTT cytotoxicity test, MgO NPs exhibited a significant
cytotoxicity on K562 cells; however, no induced cytotoxic-
ity was observed against normal PBMC cells. One possible
reason for the different toxicity of NPs against normal
and cancer cells could be attributed to colloidal stability

A

—40

—-30 o

—20 o

Zeta potential (mV)

—10 +o

DDW Cell culture

of NPs. It may be suggested that cancer cell membrane is
more permeable to large NPs than normal cells.* In other
words, larger NPs are more prone to infiltrate the cancer
cell lines as compared with normal cells.** To address this
hypothesis, DLS study in the cell culture medium with FBS
(10%) was performed. It was observed that zeta potential
of MgO NPs decreased from —28.89 mV in the DDW
to —22.38 mV in the cell culture medium (Figure 12A).
NPs having higher zeta potential values show high col-
loidal stability due to the strong repellent forces between
NPs.* For NPs with lower zeta potential, attractive interac-
tion, for example, hydrophobic forces may overcome the
repulsion between NPs.* Therefore, NPs with low zeta
potential are electrostatically destabilized, whereas NPs
with high zeta potentials show a tendency to be dispersed.
DLS study shows that the hydrodynamic radius of NPs
increased from 52.79 nm in the DDW to 127.81 nm in the
cell culture medium (Figure 12B). Therefore, NPs will tend
to be agglomerated in the cell culture medium and lose their
ability to enter the normal cells. However, cancer cells will
be more vulnerable to the consequences of NP aggregation,
finally enabling the penetration of larger NPs into the cell
and inducing oxidative stress and apoptosis.

Recently, selective toxicity of other NPs such as zinc
oxide (ZnO)* and iron oxide (Fe,0,) NPs* on cancer cells
have been studied. Premanathan et al explored that the

B
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Figure 12 (A) Zeta potential of MgO NPs in DDW and cell culture medium; (B) hydrodynamic radius of MgO NPs in the DDW and cell culture medium.
Abbreviations: MgO NPs, magnesium oxide nanoparticles; DDW, double distilled water.
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ZnO NPs demonstrated a preferential capability to ablate
human myeloblastic leukemia cells (HL60) as compared
with PBMCs.* Ahamed et al reported that Fe,O, NPs show
selective impact on cell mortality of cancer cells (HepG2
and A549), while inducing no side effect on normal (rat
hepatocytes and IMR-90) cell lines.* Shafaght et al claimed
that copper oxide NPs triggered apoptosis in the human K562
cancer cell line via ROS generation, while no adverse effects
were observed against PBMC cells.*

Recently, Moosavi et al demonstrated the concentration-
dependent ability of photo-activated nitrogen-doped TiO,
NPs in triggering differentiation or cell mortality in the K562
leukemia cells.

Conclusion

The MgO NPs demonstrated strong binding affinity through
hydrophobic interactions with HSA molecules. It was
revealed that MgO NPs induced marginal secondary struc-
tural changes in HSA molecule. The MgO NPs also exhibited
selective cytotoxicity against K562 cell line and can be con-
sidered as a novel anticancer agent. The present study reveals
that MgO NPs-mediated apoptosis is initiated through the
ROS generation in the cancer cells. Further studies on other
cancer types and normal cells should be conducted to explore
whether anticancer effect of MgO NPs is equally applicable
and productive against other cancer cell lines.
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