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Aim: The interaction of NPs with biological systems may reveal useful details about their
pharmacodynamic, anticancer and antibacterial effects.

Methods: Herein, the interaction of as-synthesized Co;04 NPs with HSA was explored by
different kinds of fluorescence and CD spectroscopic methods, as well as molecular docking
studies. Also, the anticancer effect of Co;04 NPs against leukemia K562 cells was investi-
gated by MTT, LDH, caspase, real-time PCR, ROS, cell cycle, and apoptosis assays.
Afterwards, the antibacterial effects of Co;04 NPs against three pathogenic bacteria were
disclosed by antibacterial assays.

Results: Different characterization methods such as TEM, DLS, zeta potential and XRD
studies proved that fabricated Co3;04 NPs by sol-gel method have a diameter of around
50 nm, hydrodynamic radius of 177 nm with a charge distribution of —33.04 mV and a well-
defined crystalline phase. Intrinsic, extrinsic, and synchronous fluorescence as well as CD
studies, respectively, showed that the HSA undergoes some fluorescence quenching, minor
conformational changes, microenvironmental changes as well as no structural changes in the
secondary structure, after interaction with Co3;0, NPs. Molecular docking results also
verified that the spherical clusters with a dimension of 1.5 nm exhibit the most binding
energy with HSA molecules. Anticancer assays demonstrated that Co;O4 NPs can selectively
lead to the reduction of K562 cell viability through the cell membrane damage, activation of
caspase-9, -8 and -3, elevation of Bax/Bcl-2 mRNA ratio, ROS production, cell cycle arrest,
and apoptosis. Finally, antibacterial assays disclosed that Co;O4 NPs can stimulate
a promising antibacterial effect against pathogenic bacteria.

Conclusion: In general, these observations can provide useful information for the early
stages of nanomaterial applications in therapeutic platforms.

Keywords: cobalt oxide, nanoparticle, synthesis, spectroscopy, docking, anticancer,
antibacterial

Introduction
Nanotechnology is one of the key infrastructures of the current scientific-industrial
revolution and will help the development of science and technology for the next

decades.'” Combination of nanotechnology and other domains will result in the
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potential advancement of technology in the future.* One
of the implications of nanotechnology is the ability to
produce smart materials that could be of potential assistant
in development of bio-smart devices.*” It clearly shows
that the fabrication and advancement of nano-based sys-
tems should be among the top priorities of every country.®
In the field of pharmacy, nanotechnology has provided
very fundamental applications and the strategic goal in
this field is patient-centered design and disease-driven,
smart and targeted drugs.”'® These nano-based systems
show specific potency and ability to sense the damaged
environment in the tissue and to decide how to control the
pharmacodynamic and pharmacokinetic ~of nano-
drugs.""™"* These drugs will not be activated if they do
not meet the requirements for their implementation.'* The
nature of such drugs is to accurately predict their function,
a property which is not present in current approaches. The
application of nanotechnology in medicine in relation to
the timely identification and promising treatment of cancer

worldwide.!>1¢

is the focus of research activities
Nanotechnology can provide emergence of fundamental
changes in how to deal with the approaches to potentially
treat cancer.'”'®

On another side, the overuse of antibiotics to kill the
bacteria has made them resistant to antibiotics and
spread infectious diseases.'® Therefore, it is essential to
look for new antibacterial substances (new generation of
antibacterial drugs) to prevent the growth of bacteria.

. 20,21 22,23 24,25
Silver,” d-= ’

gol and platinum nanoparticles
(NPs) exhibit significant antibacterial activity. This prop-
erty is due to the extremely small size and surface-to-
volume ratio of these particles.’® Therefore, due to the
high antibacterial activity of the NPs, they can be used to

27,2 .
728 as well as in

enhance the safety of food packaging
the development of a new generation of antibacterial
drugs.?>?° In this area, cobalt oxide (Co;O4) NPs have
shown outstanding features because of their promising
physicochemical properties like the anisotropy constant,
coercivity and Curie temperature, saturation magnetiza-
tion and ease of fabrication.>! The Co;0, NPs have been
reported to be applied in different medical applications
such as cancer therapy,>*>* magnetic resonance imaging
(MRI),*** and targeted drug delivery.>®*’

However, before introducing NPs as anticancer or anti-
bacterial agents, their effects on the biological systems like
the structure of proteins should be considered.**** Among
the proteins, human serum albumin (HSA) is the most widely

studied biomolecules and provides wide applications in

biochemistry, biophysics and pharmacology.*® HSA is the
most abundant protein present in plasma and carries many
drugs/NPs for various therapeutic demands. HSA also trans-
ports hormones, fatty acids and other compounds, and main-
tains osmotic pressure and regulate the blood pH.*142
Because of the properties that albumin demonstrates in bind-
ing to ligands, it is used as a circulating reservoir for many
metabolites.* The interaction of proteins with different
ligands plays an essential role in biological processes.***
The most important application of predicting protein-NPs
interactions is to design novel nano-drug-based carriers.***’
Biophysical and bioinformatical methods such as calorime-
try, spectroscopy and dynamic studies are commonly used to
study the interaction of proteins and NPs.** As a result of the
use of biophysical and computer-based techniques, the inter-
action of NPs with proteins can be investigated before experi-
mental testing, and after selecting compounds that are more
likely to bind to the target, they can be tested in the laboratory
or in vivo.***

Therefore, in this study, the interaction of as-fabricated
Co304 NPs with HSA was studied by different kinds of
spectroscopic methods as well as in silico studies. The
anticancer effects of Co;04 NPs on leukemia K562 cells
were also investigated by different cellular and molecular
assays. Finally, the antibacterial effects of Co3;O4 NPs
against three pathogenic bacteria, ie Escherichia coli
(ATCC 25922), Pseudomonas aeruginosa (ATCC 27853)

and Staphylococcus aureus (ATCC 25923) were explored.

Materials

HSA, Co(NOs),.6H,0, 1-anilino-8-naphthalene sulfonate
(ANS), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) were purchased from Sigma-
Aldrich Co. (NY, USA). All chemicals used in experiments
were of analytical grade.

Synthesis of Co304 NPs

The fabrication of Coz;O04 NPs was done based on sol-gel
method. In the first step, 1.5 g of Co(NO3),.6H,0 and 3 gr
of sodium hydroxide (NaOH) were dissolved in 50 mL
double distilled water and ethanol, respectively and con-
tinuous stirring was carried out for 20 min. The NaOH
Co(NOs),.6H,
O dropwise with a continuous stirring at ambient tempera-

solution was then mixed into the
ture for 4 hr to form light pink coloured precipitates,
followed by washing and drying at 150°C for 4 hr.

Finally, calcination was done at 800°C for 2 hr.
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Characterization of Co3;04 NPs

The size and morphology of as prepared Co3;04 NPs were
characterized by TEM investigation (EM10C, 100 kV, Zeiss,
Germany). The crystalline structure of synthesized NPs was
examined using X-ray defecation (XRD) (Philips PW 1730,
Amsterdam, Netherlands). The hydrodynamic and zeta
potential values of NPs were also determined using dynamic
light scattering (DLS) [Brookhaven instruments 90Plus par-
ticle size/zeta analyzer (Holtsville, NY, USA)].

Preparation of Co304 NPs and HSA

Solutions

HSA molecules were solubilized in phosphate buffer (pH
7.4,10 mM) and the concentration was estimated using Beer-
Lambert law at 280 nm. The as-synthesized Co;04 NPs were
also dissolved in phosphate buffer (pH 7.4, 10 mM), vortexed
for 30 min, and sonicated at 50°C for 20 min.

Fluorescence Spectroscopy Study
Employing a spectrofluorometer (Carry model, Varian,
Australia), the intrinsic and ANS fluorescence spectro-
scopy studies were done to reveal the thermodynamic
parameters of the interaction between HSA and Co3;0,
NPs, and conformational changes of HSA, respectively.
The Co3z04 NPs with varying concentrations (1-50 pg/
mL) of Co304 NPs were added into HSA solution (0.1
pg/mL). The emission intensity of HSA molecules both
alone and with Co;04 NPs was detected at an excitation
wavelength of 280 nm with a slit width of 10 nm and
emission wavelength of 310-450 nm with a slit width of
10 nm.

For ANS fluorescence study, the protein samples in the
absence and presence of Coz04 NPs were added by ANS
solution (20 pM) and the excitation was done at 380 nm
with a slit width of 10 nm. All reported signals were
corrected against fluorescence intensities of buffer and
Co304 NPs solutions as well as inner filter effects.
Synchronous fluorescence study was also done at AL =
20 nm and AX = 60 nm to detect the microenvironmental
changes of Tyr and Trp residues, respectively. The experi-
mental setup was similar to intrinsic fluorescence study.

Docking Study

The Molecular docking study was done by using HEX 6.3
software (http://hex.loria.fr). The 3D X-ray crystallographic
structure of HSA (PDB ID: 1A0O6) was downloaded from the
online Protein Data Bank RCSB PDB (http://www.pdb.org).

The cluster of Co;04 NPs was designed on Avogadro soft-
ware. Different Co;0, nanoclusters with varying dimension
and morphologies were developed to study the interactions of
Co504 NPs with HSA molecule.

Circular Dichroism Study

The secondary structural changes of the HSA (0.2 pg/mL)
in the presence of varying concentrations (1-50 pg/mL) of
Co3;04 NPs were evaluated by analyzing CD signals on
spectropolarimeter (Aviv model 215, Lakewood, NJ, USA)
in a wavelength range of 190-260 nm at a scan rate of 20
nm/min at 298 K. Each signal was subtracted from the
control samples and the data were reported as the mean
residue ellipticity (MRE in deg cm® dmol '), based on the
following equation:*

MRE = Observed CD (mdeg)/Cp x n x I1x10 (1)

where n is the number of residues, / is the path length of
the light, and C, is the HSA concentration. Helicity con-
tent was then estimated from the MRE values at 222 nm
using the following equation:*

a —helix(%) = — (MRE222 — 2340)/30300 x 100
()

Cell Culture

The human leukemia cell line (K562) was purchased from
the Pasteur Institute of Tehran (Iran). The fresh lympho-
cytes were prepared using gradient centrifugation on
Ficoll-Paque PLUS (Sigma, USA) based on the Ethics
approved by the Ethics Committee of the Tehran Medical
Sciences, Islamic Azad University (Tehran, Iran). The
cells were grown in RPMI-1640 medium added by 10%
FBS, 100 pg/mL streptomycin and 100 pg/mL penicillin at
37°C in a 5% CO; humidified atmosphere.

MTT Assay

The cells were seeded in 96-well plates and added by
varying concentrations (1-200 pg/mL) of Co3;04 NPs for
24 hr. After preparation of the cells for MTT assay, the
solution was added for 4 hr at 37°C followed by addition
of DMSO for 2 min. Optical density of the control and
treated samples was detected at 570 nm using an ELISA
reader (Expert 96, Asys Hitch, Ec Austria).

LDH and Caspase-8, 9, 3 Assays

The K562 cell membrane damage induced by varying con-
centrations (1-200 pg/mL) of Co304 NPs after 24 hr was
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assessed using lactate dehydrogenase (LDH) as a biomarker,
according to the manufacturer’s protocols (LDH Assay Kit/
(Colorimetric) (ab102526), Cambridge, UK). The caspases-
8, 9, 3 activities of K562 cells, incubated with ICsq concen-
tration of Co30,4 NPs after 24 hr, were evaluated employing
the Apo Target™ Caspase Colorimetric Sampler Kit
(Invitrogen Life Technologies; Carlsbad, CA, USA), based
on the manufacturer’s protocols.

Real-Time PCR Assay

The upregulation or downregulation of Bax mRNA and
Bcl-2 mRNA was examined by quantitative Realtime PCR
(qPCR) based on our previous reports [49, 50]. The pri-
mers for GAPDH mRNA, Bcl-2 mRNA and Bax mRNA
were as following: FW; ACACCCACTCCTCCAC
CTTTG, REV; TCCACCACCCTGTTGCTGTAG, FW;
AACGTGCCTCATGAAATAAAG, REV; TTATTGGATG
TGCTTTGCATTC, FW; GGGTGGTTGGGTGAGACTC,
REV; AGACACGTAAGGAAAACGCATTA.

ROS, Cell Cycle and Apoptosis Assays
The DCF intensity, the population of cells in different
stages of cell cycle and the percentage of apoptotic cells
in K562 cells after treatment with the ICsy concentration
of Co304 NPs for 24 hr were determined by DCFDA-
Cellular ROS Assay Kit (ab113851), Propidium Iodide
(PD) Flow Cytometry Kit for Cell Cycle Analysis
(ab139418), and Annexin V-FITC Apoptosis Staining/
Detection Kit (ab14085), respectively, based on the man-
ufacturer’s protocols.

Agar Well Diffusion Method

Escherichia coli (ATCC 25922), Pseudomonas aeruginosa
(ATCC 27853) and Staphylococcus aureus (ATCC 25923)
were cultured in LB broth followed by coating over the
agar plate. Standard-sized wells were punched on Nutrient
Agar and different concentrations of Co3;04 NPs (200-1.6
pg/mL) were added to each well for 24 hr. The diameter of
inhibitory zones, minimum inhibitory concentration
(MIC), and minimum bactericidal concentration (MBC)

was then measured.

Statistical Analyses

The data were produced in triplicate and analyzed by one-
way analysis of variance (ANOVA) and statistical signifi-
cance was specified by means of SPSS software.

Results

Characterization of Co3;0,4 NPs

The Co3;04 NPs were synthesized by sol-gel method and
characterized by different approaches such as TEM, DLS,
zeta potential, and XRD analysis. As shown in Figure 1A,
the synthesized NPs have an almost homogenous spherical
structures with an average diameter of around 50 nm. DLS
study displayed that the hydrodynamic radius of fabricated
NPs is 177 nm (Figure 1B). Charge distribution measure-
ments revealed a relatively high zeta potential value of
around —33.04 mV (PDI= 0.251) on the NP surface.
Although, the synthesized NPs showed a tendency to
aggregate based on TME image, DLS and zeta potential
data indicated that the synthesized NPs have a high col-
loidal stability. Indeed, the process of sample preparation
for TEM images due to dried state of NPs often results in
the formation of NP aggregates. XRD analysis (Figure 1C)
and corresponding data (Figure 1D) also revealed
a crystalline phase of synthesized Coz04 NPs, which is

in agreement with already published pattern.*

Fluorescence Study

Intrinsic fluorescence study was done to detect the probable
conformational changes of HSA molecules around aromatic
residues after interaction with different concentrations (1, 10,
20, 50 pg/mL) of Co304 NPs. As shown in Figure 2A, it can
be observed that the interaction of Co3;04 NPs with HSA
molecules results in the fluorescence quenching of receptor,
and the quenching is more significant in the case of higher
concentrations of Co;04 NPs. Furthermore, the well-known
Stern-Volmer equation was used to determine the Stern-
Volmer constant (Kgy) value. Based on Figure 2A, the Kgy
value was determined to be 0.037 mL/pg.

ANS fluorescence study was carried out to determine the
possible denaturation of HSA molecules after interaction
with various concentrations of Co;O4 NPs. As depicted in
Figure 2B, it can be revealed that Co;O4 NPs resulted in the
quaternary structural changes of HSA in a dose-dependent
manner. To more discuss the microenvironmental changes
around the aromatic residues in the HSA structure after
interaction with Co304 NPs, the synchronous fluorescence
spectroscopy was done. As demonstrated in Figure 2C and D,
the AL = 60 nm and AA = 20 nm were fixed to reveal the
microenvironmental changes of Trp and Tyr residues, respec-
tively. It was revealed that after addition of varying concen-
trations of Co304 NPs, there is no significant red or blue shift
in the detected spectra of Trp residues, however, the resultant
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Figure | (A) TEM images, (B) DLS histogram, (C) XRD pattern, and (D) XRD data of synthesized Co3;04 NPs by sol-gel method.

spectra of Tyr residues showed a significant red shift, sug-
gesting the displacement of these residues to a polar
microenvironment.

Molecular Docking Study

The molecular docking study was run with the different
dimensions (r=0.5 nm, r=1 nm, r=1, 1.5 nm, r=2 nm) of
spherical Co30, clusters and one of the HSA chains and
the resulting binding sites are shown in Figure 3A-D, respec-
tively. The resulting binding energies are summarized in
Table 1. It was observed that the binding energies of spherical
C0304 clusters with dimensions of r=0.5 nm, r=1 nm, r=1,
1.5 nm, and r=2 nm and HSA molecules were —210.58,
—242.86, —614.58, and —586.14 E-values, respectively.
Therefore, it can be determined the highest binding energy
was between spherical Co;04 cluster with a size of 1.5 nm
and HSA molecule as a receptor. The visualization of the
docked pose and involving residues within 4 A for different
Co;0,4 clusters (Figure 4A-D) and HSA molecule was

performed using CHIMERA (www.cgl.ucsf.edu/chimera)

and Pymol (http://pymol.sourceforge.net/) tools. As summar-

ized in Table 1, it can be expressed that the contributing
residues of HSA upon interaction with spherical Co3;0,4
cluster with a size of 1.5 nm are Ser-435, Lys-439, Phe-
395, Glu-396, Glu-400, Gly-399, Leu-398, Tyr-401, Lys-
402, Lys-519, GIn-522, Glu-518, Ala-176, Pro-180, Glu-
184. In this binding site, 5 hydrophobic residues, 3 polar
residues, and 7 electrostatic residues are involved, showing
that the electrostatic bonds are the main contributing forces
upon the interaction of Co;Oy4 cluster (1.5 nm) with HSA in
receptor binding site. Moreover, it can be observed that Tyr-
401 is located in the binding pose of protein after interaction
with Co304 cluster (1.5 nm), which is in good agreement
with synchronous fluorescence data.

Circular Dichroism Study
Far UV-circular dichroism (CD) study was performed to
quantify the secondary structural changes of HSA after
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Figure 2 (A) Intrinsic fluorescence, (B) ANS fluorescence, (C) synchronous fluorescence study at AL = 60 nm, and (D) synchronous fluorescence study at AL = 20 nm of
HSA after interaction with different concentrations [0 ug/mL (blue), | pug/mL (red), 10 pg/mL (green), 20 pg/mL (purple), 50 pg/mL (brown)] of Co3O4 NPs. The dotted

circle shows the red or blue shift in the A,

interaction with different concentrations (1, 10, 20, 50 pg/
mL) of Co304 NPs. As shown in Figure 5A, the CD spectrum
of HSA shows two minima at 208 and 222 nm, indicating the
native helical structure of HSA. Furthermore, it was depicted
that after addition of varying concentrations of Co;O,4 NPs,
the positions of CD spectra were almost unchanged, suggest-
ing the preserve of the native structure of HSA even in the
presence of high concentrations of Co;04 NPs. To more
discuss about the secondary structural changes of HSA mole-
cules in the presence of varying concentrations of Co;0y4
NPs, CDDN software was used to quantify the amount of
a-helix, B-sheets and random coil structures. As shown in
Figure 5B, it can be detected that the amount of a-helix
structure reduces to 88%, whereas the amounts of -sheets
and random coil structures increase to 105% and 108%,
respectively, in the presence of 50 pg/mL of Co3;04 NPs.
These data suggest that Co3;04 NPs did not substantially
change the secondary structures of HSA even at high
concentrations.

MTT Assay
The K562 cells and lymphocytes were incubated with

Cos04 NPs at the concentrations of 0, 10, 50, 100, and

200 pg/mL for 24 hr and the cell viability was explored
employing MTT assay. It was determined that Co;0O4NPs
up to the concentrations of 50 pg/mL and 200 pg/mL did
not induce remarkable reduction in cell viability of K562
cells and lymphocyte, respectively. In the case of K562
cells, as the concentration of the Co3O4NPs increased from
50 to 200 pg/mL, reduction in cell viability was deter-
mined to happen in a more significant and a dose-
dependent manner.

The MTT assay indicated that cell viability decreased
to 97.46%, 95.65%, 83.10%, and 73.31% (*P<0.05)
when lymphocyte was incubated with Co3;04 NPs at
the concentrations of 10, 50, 100, and 200 pg/mL,
respectively (Figure 6A). However, it was shown that
the cell viability was reduced to 95.75%, 78.27%
(*P<0.05), 61.85% (*P<0.05), 40.58% (*P<0.01) when
the K562 cells were incubated with the above-mentioned
concentrations of Co304 NPs (Figure 6A), which deter-
that NPs
a decrease in the cell viability of cancer cells. It was
also determined that the ICsy concertation of Co3O4 NPs
in lymphocyte and K562 cells is around>200 pg/mL and

mined these can selectively stimulate

142 ng/mL, respectively.
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Figure 3 HEX 6.3 outcomes of the interaction of HSA with spherical Co3O4 nanoclusters, (A) r=0.5 nm, (B) r=I nm, (C) r=1.5 nm, (D) r =2 nm.

LDH Release Assay

Any damage to cell membrane integrity results in the
release of LDH into cell culture medium and the degree

of its extracellular activity depends on the cytotoxicity of

the nanomaterials. In this assay, it was shown that Co;O4

Table | Docking Results of Spherical Co30, Clusters with HSA Molecule

NPs increase LDH activity in extracellular medium of
K562 cells in a dose-dependent fashion (Figure 6B). The
LDH assay displayed that LDH release increased to

Dimensions

Docking Score

Residue Interacted

(E-value)
r=0.5 nm —210.58 Thr-515, Leu-516, Ser-517, Glu-119, Arg-117, Val-116
r=I nm —242.86 Lys-159, Glu-17, Asn-18, Gly-15, Leu-14, Lys-12, Asp-13, Leu-284, Leu-283, Lys-286, Pro-282, Glu-280, Leu-
283
r=1.5 nm —614.58 Ser-435, Lys-439, Phe-395, Glu-396, Glu-400, Gly-399, Leu-398, Tyr-401, Lys-402, Lys-519, GIn-522, Glu-
518, Ala-176, Pro-180, Glu-184
r=2 nm —486.14 Lys-93, Asp-89, Glu-86, Glu-97, Glu-100, GIn-104, His-105, Thr-467, Lys-466, Pro-468, Glu-465, Asp-471,

Thr-474, Thr-478, Glu-479, GIn-204, Lys-205, Lys-475
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Figure 4 The resulting docking pose of HSA after interaction with spherical Co3O4 nanoclusters, (A) r=0.5 nm, (B) r=I nm, (C) r=1.5 nm, (D) r =2 nm.
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Figure 5 (A) CD spectra, (B) quantified CD data of HSA after interaction with different concentrations [0 pg/mL (blue), | pg/mL (red), 10 pg/mL (green), 20 pg/mL
(purple), 50 pg/mL (brown)] of Co304 NPs.

101.05%, 107.28%, 161.22% (*P<0.05), and 239.47%  for 24 hr, respectively (Figure 6B). Therefore, it can be
(**P<0.01) when K562 cells were incubated by Co3;O, indicated that there is a significant positive correlation

NPs at the concentrations of 10, 50, 100, and 200 pg/mL.  between LDH activity and MTT assay.
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Figure 6 (A) MTT assay of lymphocytes and K562 cells incubated with different concentrations of Co3O4 NPs, (B) LDH assay of K562 cells incubated with different
concentrations of Co3O4 NPs, (C) caspase assay of K562 cells incubated with IC50 concentrations of Co3O4 NPs, (D) qPCR assay of K562 cells incubated with IC50
concentrations of Co3O4 NPs. *P<0.5 and **P<0.0| relative to negative untreated cells. "P<0.5 relative to the activity of caspase-8.

Caspase Assay

The activities of caspase-8, 9 and 3 were assessed in the
K562 cells treated with ICs, concentration Co3O4 NPs (142
pg/mL) for 24 hr to reveal the mechanism of apoptosis. The
activation of caspase-8 and caspase-9 demonstrates the
extrinsic and intrinsic-mediated pathways of apoptosis,
respectively. As shown in Figure 6C, it was demonstrated
that the activity of caspase-8 (*P<0.05), caspase-9
(**P<0.01) and caspase-3 (**P<0.01) were significantly
increased in NP-treated groups relative to untreated cells.
However, the increase in the activation of caspase-9 was
more remarkable (#P<0.05) than the activation of caspase-8
in NP-treated cells, indicating the dominant role of intrinsic-
mediated pathway of apoptosis.

Molecular Study

gPCR study was carried out to analyze the mRNA levels
of apoptotic gene, Bax and antiapoptotic gen, Bcl-2 in
K562 cells exposed to ICs, concentration Coz;O4 NPs
(142 pg/mL) for 24 hr. It was exhibited that IC5, concen-
tration Co3;04 NPs significantly induced the upregulation
of Bax mRNA (*P<0.05) and downregulation of Bcl-2
mRNA (Figure 6D). Indeed, it was shown that the expres-
sion ratio of Bax/Bcl-2 mRNA was significantly (*P<0.05)
increased in the NP-treated K562 cells compared to that of
the control cells. It can be suggested that the Co3;04 NPs
can stimulate apoptosis in K562 cells through mitochon-
dria-mediated pathways which is in agreement with cas-
pase assay outcome.
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ROS Generation

The elevation of ROS level in cells due to the presence of
NPs has been indicated as signaling pathways involved in
the initiation and execution of apoptosis. The quantitative
analysis (Figure 7) revealed that the ICsq concentration of
Co0304 NPs (142 pg/mL) after 24 hr triggered intracellular
ROS production in K562 cells. Figure 7A shows that the
mean DCF fluorescence intensity of control cells is about
209 unit; however, this amount increases to 1911 unit
(Figure 7B) after incubation of K562 cells with ICsq
concentration of Co304 NPs for 24 hr. This increase in
DCF fluorescence intensity can indicate a significant
(***P< 0.001) production of ROS inside the treated cells
(Figure 7C).
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Cell Cycle Assay

The cell cycle assay was explored to evaluate the popula-
tion of K562 cells in each phase of cell cycle in the
presence of Co304 NPs. Figure 8A and B show the cell
cycle diagrams of control K562 cells and treated K562
cells with ICsq, concentration of Co;04 NPs after 24 hr. As
shown in Figure 8C, the population of cells in Gy in the
case of control cells is 13.7%. However, addition of Co30,
NPs to K562 cells result in a significant (*P<0.05) increase
in the population of cells in G, phase, indicating the
initiation of apoptosis (Figure 8C). The data also depicted
that the number of cells in S phase significantly (*P<0.05)
increase in NP-treated group compared to the control cells,
determining the cell cycle arrest in the S phase.
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Figure 7 ROS assay of (A) control K562 cells, (B) treated K562 cells incubated with IC50 concentrations of Co3O4 NPs, (C) statistical analysis histogram. ***P<0.01

relative to negative untreated cells.
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Figure 8 Cell cycle assay of (A) control K562 cells, (B) treated K562 cells incubated with IC50 concentrations of Co3O4 NPs, (C) statistical analysis histogram. *P<0.5 and

*#P<0.01 relative to negative untreated cells.

Furthermore, the population of cells in G2/M phase sig-
nificantly (**P<.0.01) reduces after incubation of cells
with ICso concentration of Co304 NPs compared to the
control sample (Figure 8C), suggesting the inhibition of
cell division. This outcome determined that Co;O, NPs
can reduce the proliferation of K562 cell through cell
cycle arrest and induction of apoptosis.

Apoptosis and Necrosis Assay

The K562 cells were incubated by ICsy concentration of
Co3;04 NPs (142 pg/mL) for 24 hr, and the quantity of
apoptotic and necrotic cells was determined by flow cyto-
metry assay. Figure 9A and B display the representative
flow cytometry outcomes of control and NP-treated cells,
respectively. As exhibited in Figure 9C, the percentage of
viable cells (Q4), apoptotic cells (Q2, Q3), and necrotic
cells (Q1) in NP-treated cells are different from those of

untreated cells. It was shown that the percentage of viable
cells significantly (**P<0.01) decreased from 86.6% in
control cells to 32% in NP-treated cells, whereas the
percentage of apoptotic cells are remarkable
(***P<0.001) in NP-treated group compared to that of
control cells. However, it was displayed that the percen-
tage of necrotic cells was almost similar in the case of both
untreated and NP-treated cells. Therefore, it may be indi-
cated that Co3;O04 NPs induce a significant cytotoxicity
against K562 cells through apoptosis.

Antibacterial Activities of Synthesized
C0304 NPs

The antibacterial activities of synthesized Co304 NPs are
depicted in Figure 10. The outcomes demonstrated that the
synthesized Co3;04 NPs induced significant antibacterial
activity against studied pathogenic bacteria. Table 2 also
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summarizes the inhibition zone diameters of synthesized
Co304 NPs against S. aureus, E. coli and P. aeruginosa
bacterial strains, showing the antibacterial effects in
a dose-dependent manner.

MIC and MBC Methods

The antibacterial activity of Co3;0, NPs was further
explored using MIC and MBC methods. As shown in
Table 3, the Co304 NPs displayed a pronounced antibacter-
ial activity against both Gram-positive and Gram-negative
pathogenic bacteria even at very low concentrations.

However, these NPs were most effective against E. coli
compared to the other pathogenic bacteria.

Discussion

Due to the importance of metal NPs in the anticancer and
antibacterial activities, special attention should be paid to
optimizing their production with uniformed size and
shapes. Numerous studies have been conducted to control
the synthesis of Co304 NPs,”' > and the present study is
highly consistent with the previous results. Herein, the
XRD pattern results show that Co3;O04 NPs are well
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Figure 10 Visible zone formed by different concentrations (200-3.12ug/mL) of
Co304 NPs against S. aureus, E. coli and P. aeruginosa.

crystallized which is consistent with the previous models
of Liang et al,”* Khan et al,”® Chattopadhyay et al,> and

Rahimi-Nasrabadi et al.>°

The pattern illustrates the pure
structure of Co3;04 NPs synthesized by the sol-gel
method. In addition, the results of the TEM and DLS
show that the size and the structure of Co;04 NPs are
uniformly fabricated.

Since Co3;04 NPs exhibit high oxidation potential in
the extracellular medium,’® the interaction of Co30,4 NPs
and HSA is predictable due to the existence of diverse
HSA domains with oxidation and reduction properties.®’
Hydrophobic segments of HSA are known as interacting
domains which are highly potent to interact with metallic

Table 2 Average Inhibition Zone of Synthesized Co3O4 NPs
Against Pathogenic Bacteria

Bacteria Concentration (ug/ Inhibition Zone
mL) (mm)
S. aureus 200 45105
100 42+0.5
50 40+0.5
25 38+0.5
12.5 32+0.5
6.25 29+0.5
3.2 25+0.5
1.6 22+0.5
E. coli 200 38+0.5
100 35+0.5
50 31+0.5
25 26+0.5
12.5 20£0.5
6.25 18+0.5
3.12 15+0.5
1.6 11£0.5
P. aeruginosa | 200 20+0.5
100 18+0.5
50 14+0.5
25 12+0.5
12.5 10+0.5
6.25 -
3.12 -
1.6 -

NPs such as C030,4.*'~°® In order to confirm the interaction
of Co3;04 NPs and HSA, the binding of HSA to Co30,
NPs was investigated by different spectroscopic methods
and docking study. The fluorescence spectroscopy study
revealed that the interaction of HSA and Co3;04 NPs
caused minor structural changes in the tertiary structure
of the protein, while the CD study indicated that the Co30,
NPs did not alter the secondary structures of the HSA.
This indicates that the lack of sufficient number of non-
polar amino acids in the binding domain (Table 1) does not
cause major changes in the structure of HSA. Furthermore,
in the

based on the number of residues involved

Table 3 MIC and MBC of Co304 NPs Against Pathogenic
Bacteria

Bacteria MIC (ug/mL) MBC (pg/mL)
S. aureus 3.12 6.25
E. coli 1.6 3.12
P. aeruginosa 6.25 12.5

International Journal of Nanomedicine 2020:15

submit your manuscript

4619

Dove



http://www.dovepress.com
http://www.dovepress.com

Arsalan et al

Dove

interaction, it was found that the nanoclusters with the
sizes of 1.5 and 2 nm provided a higher tendency to
interact with the HSA due to the much lower energy

1*! and Azizi

barrier. Similar to our results, Esfandfar et a
et al®® showed that, although the interaction of copper
oxide NPs with HSA did not alter the secondary structure
of the protein, they caused some slight changes in the
tertiary structure of the protein. However, it has been
shown that gold and silver NPs alter the secondary struc-
ture of albumin.’®*® Moreover, it has been reported that
copper oxide NPs®! and cerium oxide NPs®? have no effect
on the secondary structure of the HSA. Overall, no change
in the secondary structure of the HSA indicates that the
protein is in a native folded structure, while the NP-
induced slight structural changes can be reversible.

As reported in Figure 7, Coz;04 NPs cause oxidative
stress due to increased intracellular ROS, as a main factor
enhancing the cytotoxicity of metallic NPs on normal and
cancerous cells.®>*** However, our results showed that lym-
phocyte cells were more resistant to Co;Oy4-induced cyto-
toxicity than K562 cancerous cells. Thus, despite the
negative effects of Co3;04 NPs on K562 cells at concentra-
tions >100 pg/mL, Co304 NPs showed no negative effects on
normal cells. On the other hand, Co;04 NPs induced apop-
tosis in K562 cells based on the increased level of intracel-
lular ROS, which is a crucial signal in the induction of
apoptosis.”® In addition, our results confirmed that Co;0,
NPs induced apoptosis in K562 cells via both intrinsic and
extrinsic pathways by increasing the expression levels of
Bax/Bcl-2 mRNA and activation of caspase-9, —8, and —3.
In agreement with our results, Khan, Ansari, Khan, Ahmad,
Al-Obaid, Al-Kattan® revealed that the addition of Co;04
NPs increased the expression levels of Bax/Bcl-2 mRNA in
cancerous cells, which eventually induced apoptotic cell
death. On the other hand, it was determined that the use of
Co030,4 NPs in addition to enhancing intrinsic-mediate path-
way of apoptosis, induced cell mortality by activation of
caspase-8 as a marker of extrinsic pathway of apoptosis.>
Thus, despite the uncertainty in the mechanism of toxicity of
Co050,4 NPs against the control and cancerous cells, this study
emphasizes that the optimum concentrations of Co;O04 NPs
which is between 50 and 100 pg/mL can control and inhibit
the proliferation of K562 cells growth without adverse
effects
Chattopadhyay et a

on normal cells. Similar to our

155

findings,
exhibited that high concentrations of
Co304 NPs have toxic effects on natural cells, whereas
a decrease in concentration can provide a platform for drug
delivery to cancerous cells in addition to reducing toxicity. It

has also been reported that Co;04 NPs cause cell mortality
by increasing ROS and an anti-inflammatory cytokine
response.65 Furthermore, in a cellular model, Khan et al*?
described that controlled concentration of Coz04 NPs (<80
pg/mL) had no negative effect on normal cells in addition to
reducing the proliferation of human colorectal cancer cells.
On the other side, the antibacterial assay showed that
Co30,4 NPs caused a significant antibacterial effect on
both Gram-positive and Gram-negative bacterial strains.
However, the most antibacterial effect of Coz;04 NPs was
observed on S. aureus and E. coli, referring to more
changes in the outer membrane of Gram-positive bacteria
in the presence of cobalt ions. Similar to our results,
previous studies have reported the antibacterial activities

66,67 68,69 and

of copper oxide, cerium oxide,®* zinc oxide
zero-valent iron®® NPs. In addition, Chang et al,’® Parada
1°* and Khan et al’?

concentration of Co304 NPs up to 200 pg/mL., the activ-

et a showed that by increasing the
ity of both Gram-positive and Gram-negative bacteria
were significantly decreased. It has also been observed
that the synthesis of Co;Oy4-cellulose magnetic’' and gra-
phene-Co;0,”*> nanocomposites not only drastically
reduce the activity of Gram-positive bacteria, but also
they increase the antibacterial activity of cobalt by several
times against Gram-negative bacteria. Although a precise
antibacterial mechanism of Co3;04 NPs has not been well
provided, it seems that production of ROS induced by
cobalt ions release and associated cell membrane damage
stimulated the antimicrobial activity of these NPs.

Conclusion

Although nanotechnology has many advantages and poten-
tials, the investigation of the interaction between NPs and
biological systems is a major concern. HSA as the most
abundant protein in plasma with various physiological and
NPs.
Therefore, it is important to study the binding of small

pharmacological roles can bind to different
molecules like NPs to this protein. In this study, it was
found that Co;04 NPs induced some slight changes on the
structure of HSA. Cellular studies also depicted that
Co304 NPs can selectively result in reduction of K562
cell growth through both extrinsic and intrinsic apoptotic
pathways. The antibacterial studies also exhibited that
Co304 NPs can be used as great candidate against patho-
genic bacteria. Taken together, these observations can hold
a great promise for healthy and safety aspects in the early
stages of nanomaterial applications.
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