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Differential cytotoxicity of copper ferrite
nanoparticles in different human cells
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Abstract: Copper ferrite nanoparticles (NPs) have the potential to be applied in biomedical fields such as cell labeling and hyper-
thermia. However, there is a lack of information concerning the toxicity of copper ferrite NPs. We explored the cytotoxic potential
of copper ferrite NPs in human lung (A549) and liver (HepG2) cells. Copper ferrite NPs were crystalline and almost spherically
shaped with an average diameter of 35 nm. Copper ferrite NPs induced dose-dependent cytotoxicity in both types of cells,
evident by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide and neutral red uptake assays. However, we observed
a quite different susceptibility in the two kinds of cells regarding toxicity of copper ferrite NPs. Particularly, A549 cells showed
higher susceptibility against copper ferrite NP exposure than those of HepG2 cells. Loss of mitochondrial membrane potential
due to copper ferrite NP exposure was observed. The mRNA level as well as activity of caspase-3 enzyme was higher in cells
exposed to copper ferrite NPs. Cellular redox status was disturbed as indicated by induction of reactive oxygen species (oxidant)
generation and depletion of the glutathione (antioxidant) level. Moreover, cytotoxicity induced by copper ferrite NPs was
efficiently prevented by N-acetylcysteine treatment, which suggests that reactive oxygen species generation might be one of
the possible mechanisms of cytotoxicity caused by copper ferrite NPs. To the best of our knowledge, this is the first report
showing the cytotoxic potential of copper ferrite NPs in human cells. This study warrants further investigation to explore the
mechanisms of differential toxicity of copper ferrite NPs in different types of cells. Copyright © 2016 John Wiley & Sons, Ltd.

Keywords: copper ferrite NPs; cytotoxicity; A549 cells; HepG2 cells; Oxidative stress
___________________________________________________________________________________________________|

copper ferrite NPs for biomedical purposes remains a challenge
due to lack of our understanding on the biological response of
these NPs at the cellular and molecular level.

The toxicity assessment of spinel ferrite NPs is gaining momentum.
Saquib et al. (2013 suggested that zinc ferrite (ZnFe,0,4) NPs trigger
apoptosis and/or necrosis in human amnion epithelial (WISH) cells
through the mitochondria-dependent intrinsic apoptotic pathway.
Horev-Azaria et al. (2013 reported that copper ferrite NPs induced
toxicity to different cell lines (e.g., A549, HepG2, NCIH441, MDCK,

Introduction

Nanotechnology has now been recognized as a promising field
that provides opportunity for the development of nanostructured
materials (1-100 nm size) with unique physicochemical properties.
Magnetic nanoparticles (NPs) are used in biomedical applications
because of their interesting properties such as superparamagnetic
behavior, high surface-to-volume ratio and external magnetic
force (Al-Qubaisi et al, 2013; Sahoo et al, 2014). Spinel ferrite
XFe,0,4 (where X=Cu, Ni, Zn, Mg, Co., etc.) NPs are a very important
class of magnetic materials because of their unique optical,
electronic and magnetic properties. Spinel ferrite NPs have a high
permeability, good saturation magnetization and no preferred
direction of magnetization (Sun et al,, 2008). They are magnetically
soft, being easily magnetized and demagnetized, and electrically
insulating. Copper ferrite NP is one of the important spinel ferrites
because it exhibits phase transition, changes semiconducting
property, shows electrical switching and tetragonality variation
under various situations in addition to interesting magnetic and
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electrical properties with great thermal and chemical stabilities
(Rashad et al, 2012; Sartale et al, 2003). It is utilized in the wide
range of applications, including gas sensing, catalytic applications,
Li ion batteries, high density magneto-optic recording devices,
color imaging, bioprocessing, magnetic refrigeration and ferrofluids
(Rashad et al, 2012; Roy and Ghose, 2006; Sun et al,, 2007). Copper
ferrite NPs also possess a great potential for their application in
biomedical fields such as diagnostic imaging, cell labeling,
site-directed drug delivery and hyperthermia. However, using
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Caco-2/TC7 and TK6 cells) and rat lung slices. Cobalt ferrite and zinc
ferrite NPs have also been reported to induce chromosomal aberra-
tion in the meristematic root cells of sunflowers (Vochita et al, 2012).
Another study suggested that cytotoxicity of nickel ferrite NPs
arises in part from their effect on cellular energy metabolism, as nickel
ferrite NPs decrease mitochondrial function (Tomitaka et al, 2009).
Our earlier reports also observed that nickel ferrite and zinc
ferrite NPs induced cytotoxicity in different human cells (Ahamed
etal, 2011, 2015; Alhadlaq et al.,, 2015). To the best of our knowl-
edge, there are no studies on the toxicity of copper ferrite NPs at
the cellular and molecular level.

Oxidative stress due to excessive production of reactive oxygen
species (ROS) has been proposed as one of the underlying
mechanisms of NP toxicity. ROS are physiologically necessary
and has the potential to damage cell macromolecules. ROS may
contribute to tissue damage in many pathophysiological condi-
tions and participate in several cellular events, including signal
transduction, proliferative response, gene expression and protein
redox regulation (Dalle-Donne et al, 2007; Lee et al, 2014). It is
manifested in the activation of ROS, followed by a proinflamma-
tory response and DNA damage leading to mutagenesis and
apoptosis (Finkel and Holbrook, 2000).

One can be exposed to NPs through the skin, lung or by inges-
tion (Oberdorster et al., 2005). Therefore, it is crucial to explore the
cellular response of copper ferrite NPs in relevant human cell lines.
We have selected two well-characterized cell lines, i.e., human lung
(A549) and liver (HepG2) cells, as models to explore toxic response
of copper ferrite NPs. The A549 cells were used because the lung
represents the main exposure route for workers employed in the
production and handling of NPs as well as environmental exposure
to the general population (Yang et al,, 2012). The A549 cell line has
widely been used in toxicity studies (Barillet et al, 2010; Foldbjerg
et al, 2011; Hanagata et al, 2011). The HepG2 cells were utilized
because liver is a primary site of NP accumulation after they gain
entry into the body through any of the possible routes of exposure
(Kim et al, 2008). Studies reported that NPs, when ingested to
mice, accumulate in the liver via blood circulation and induce liver
toxicity (Johnston et al, 2009; Wang et al.,, 2008). The HepG2 cell
line is a classical hepatic model used to test compounds that are
potentially toxic or affect hepatocyte functions (Piret et al, 2012;
Siddiqui et al,, 2013). This study was designed to investigate how
copper ferrite NPs interact with two different human cells (A549
and HepG2) to understand the interaction of this NP on cellular
systems. In addition, ROS, glutathione (GSH), mitochondrial
membrane potential (MMP) and cell cycle and caspase activity
were used to explore potential mechanisms through which copper
ferrite NPs induced toxicity to these cells. This preliminary study
provides insight into the differential cytotoxicity of copper ferrite
NPs to different human cells.

Materials and methods

Chemicals and reagents

Dulbecco’'s modified Eagle’s medium (DMEM), penicillin—
streptomycin and fetal bovine serum (FBS) were purchased from
Invitrogen (Carlsbad, CA, USA). The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide  (MTT), 3-amino-7-dimethylamino-
2-methyl-phenazine hydrochloride (neutral red), N-acetylcysteine
(NAC), rhodamine-123 (Rh'%3) and 2'7"-dichlorofluorescin diacetate
(DCFH-DA) were bought from Sigma-Aldrich (St. Louis, MO, USA).
Caspase-3 and caspase-9 enzyme assay kits were obtained from

Bio-Vision Inc. (Milpitas, CA, USA). Other chemicals were of analytical
grade and bought from the available commercial sources.

Copper ferrite nanoparticles

Dry nanopowder of copper ferrite or copper iron oxide (product
no. 641723, < 100 nm particle size, > 98.5% trace metals basis)
was obtained from Sigma-Aldrich. Before toxicity assays, we char-
acterized the copper ferrite NPs in our laboratory.

Copper ferrite nanoparticle characterization

Crystalline nature of copper ferrite NPs was measured by X-ray
diffraction (XRD) equipment. The XRD pattern of nanopowder
was acquired at room temperature with the help of a PANalytical
X'Pert X-ray diffractometer (Almelo, The Netherland) equipped
with an Ni filter using Cu Ka (A = 1.54056 A) radiations as an X-ray
source. Structural characterization of copper ferrite NPs was done
by field emission transmission electron microscopy (FETEM,
JEM-2100F; JEOL Inc., Tokyo, Japan) at an accelerating voltage of
200kV. In brief, 1mgml~' suspension of copper ferrite NPs was
prepared in deionized water. Then suspension was sonicated at
room temperature for 15 min at 40 W to avoid NP agglomeration.
A stock suspension was diluted to appropriate working solutions.
Further, a drop of aqueous suspension of copper ferrite NPs was
poured on to a carbon-coated copper grid, air-dried and FETEM
measurements were performed. Elemental composition of copper
ferrite NPs was done by energy dispersive X-ray spectroscopy (EDS).
The behavior of copper ferrite NPs in aqueous state (e.g., water
and culture medium) was evaluated by dynamic light scattering
(DLS) (Nano-ZetaSizer-HT, Malvern, UK) as reported elsewhere
(Murdock et al, 2008). Briefly, copper ferrite nanopowder was
suspended in deionized water, and before and after exposure to
cell media (DMEM +10% FBS) at the concentration of 100 ugml™".
This suspension was sonicated at room temperature for 15 min at
40W and the DLS measurements were performed. We have
utilized the concentration of 100 ug mI™" in the DLS study because
this was the highest dosage level employed in toxicity assays.

Cell culture and treatment of nanoparticles

The A549 and HepG2 cells were obtained from the American Type
Culture Collection (Manassas, VA, USA). Cells were cultured in
DMEM medium supplemented with 10% FBS and 100U ml~’
penicillin-streptomycin at 5% CO, and 37°C. At 85% confluence,
cells were harvested using 0.25% trypsin and were subcultured
for further experiments. Cells were allowed to attach on the
surface of the culture flask for 24 h before the NP exposure. Dry
powder of copper ferrite NPs was suspended in DMEM medium
at a concentration of Tmgml~' and diluted to the appropriate
dosages (10-100 pgml~"). The different concentrations of NPs
were then sonicated at room temperature for 15 min at 40W to
avoid agglomeration of NPs before exposure to cells. In some
experiments, cells were pre-exposed for 1h with 10 mm of NAC
before 24 h co-exposure with or without copper ferrite NPs. Cells
not exposed to copper ferrite NPs served as controls in each
experiment. The selection of the 10-100ugml~' dosage range
of copper ferrite NPs was based on a preliminary dose-response
study (data not shown).
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MTT assay

Cell viability was done following the method as described by
Mossman (1983 with few changes (Ahamed et al,, 2011). This assay
evaluates the mitochondrial function by determining the ability of
living cells to reduce MTT into a blue formazon product. Briefly,
1% 10* cells per well were seeded in 96-well plates and exposed
to different concentrations of copper ferrite NPs (10-100 pgml™")
for 24 h. After the treatment time was completed, culture medium
was taken from each well to avoid interference of NPs and
replaced with new medium containing the MTT solution in an
amount equal to 10% of culture volume and incubated for 3h at
37°C until a purple-colored formazan product developed. The
resulting formazan product was dissolved in acidified isopropanol.
Then, 96-well plate was centrifuged at 2300 g for 5 min to settle down
the remaining NPs. Furthermore, 100 pl supernatant was transferred
to a new 96-well plate, and the absorbance was taken at 570 nm
utilizing a microplate reader (Synergy-HT; BioTek, Winooski, VT).

Neutral red uptake assay

The neutral red uptake (NRU) assay was performed following the
procedure as described by Borenfreund and Puerner (1984 with
some modifications (Ahamed et al, 2011). In brief, 1x10* cells
per well were seeded in to 96-well plates and exposed to different
concentrations of copper ferrite NPs (10-100 pg ml™") for 24 h. At
the end of the exposure time, test solution was aspirated and cells
were washed with phosphate-buffered saline (PBS) twice before
being incubated for 3h in medium supplemented with neutral
red (50 ug ml™"). The medium was washed off rapidly with a solu-
tion containing 0.5% formaldehyde and 1% calcium chloride. The
cells were then incubated for a further 20 min at 37°C in a mixture
of acetic acid (1%) and ethanol (50%) to extract the dye. The
96-well plate was then centrifuged at 2300 g for 5min to settle
down the NPs, if present in the solution. Following this 100 ul
supernatant was transferred to new 96-well plate and the
absorbance was measured at 540 nm using the microplate reader
(Synergy-HT; BioTek).

Reactive oxygen species assay

Intracellular ROS generation after the treatment of copper ferrite
NPs was evaluated using DCFH-DA as reported by Wang and
Joseph (1999 with a few changes, as described in our previous
publication (Siddiqui et al, 2013). The ROS level was measured
using two methods (fluorometric quantitative assay by micro-plate
reader and cell imaging by fluorescence microscopy). For the
fluorometric assay, 1x 10* cells per well were seeded in to 96-well
black-bottomed culture plates and allowed to attach on the
surface for 24h in a CO, incubator at 37°C. Further, cells were
treated with copper ferrite NPs for 24 h. After the exposure was
completed, cells were washed twice with Hanks’ balanced salt
solution before being incubated in 1 ml of working solution of
DCFH-DA for 30 min at 37°C. After this, cells were lysed in alkaline
solution and centrifuged at 2300 g for 10 min. A 200 pul supernatant
was transferred in to a new 96-well plate, and fluorescence was
measured at 485nm excitation and 520 nm emissions utilizing
the microplate reader (Synergy-HT; BioTek). The values were
presented as a percentage of fluorescence intensity relative to
the controls.

A parallel set of cells (5 x 10% cells per well in a 24-well transpar-
ent plate) were assayed for intracellular fluorescence using a

fluorescence microscope (Olympus CKX 41, Tokyo, Japan), with
images captured at the magnification of 20 x.

Cell extract preparation

Crude cell extract were prepared according to the protocol
described in our earlier work (Ahmad et al., 2012). The cell extract
were used for GSH and caspase-3 enzyme assays. In brief, cells
were cultured in a 75cm? culture flask and treated with copper
ferrite NPs for 24 h. After the exposure was completed, cells were
harvested in ice-cold PBS by scraping and washed with PBS at
4°C. The cell pellets were then lysed in cell lysis buffer (1 x 20 mm
Tris—HCl [pH 7.5, 150 mm NaCl, 1 mm Na,EDTA, 1% Triton, 2.5 mm
sodium pyrophosphate). Following centrifugation (15 000g for
10 min at 4°C) the cell extract (supernatant) was stored in ice for
assays.

Glutathione assay

Intracellular GSH content was estimated utilizing Ellman’s method
(1959). In brief, a mixture of 0.1 ml of crude cell extract and 0.9 ml
of 5% trichloroacetic acid was centrifuged at 2300g for 15 min.
After that, 0.5ml of the supernatant was added to 1.5ml of
0.01% 5,5-dithiobis-(2-nitrobenzoic acid and the reaction was
monitored at 412 nm. The content of GSH was presented in terms
of nmol mg™' protein.

Mitochondrial membrane potential assay

The MMP was estimated using the method of Zhang et al. (2011)
with a few changes (Ahamed and Alhadlag, 2014). Briefly, cells
(5% 10 cells per well) were exposed to copper ferrite NPs for
24 h. After completion of the exposure time, cells were harvested
and washed twice with PBS. Then, cells were treated with
10 pgml~" Rh'? fluorescent dye for 1h at 37°C in the dark. Fur-
thermore, cells were washed twice with PBS then the fluorescence
intensity of Rh'>* dye was determined using upright fluorescence
microscope (Olympus CKX 41) by grabbing the images at
20 x magnification.

A parallel set of cells (1x10* cells per well) in a 96-well plate
were analyzed for quantification of Rh'** using the microplate
reader (Synergy-HT; BioTek).

Flow cytometric analysis of cell cycle progression

Cells treated with a concentration of 100 ugml~' copper ferrite
NPs for 24 h were harvested and centrifuged at 1000 g for 4 min.
Pellets were resuspended in 500 ul of PBS. Cells were fixed with
an equal volume of chilled 70% ice-cold ethanol, and incubated
at 4°C for 1 h. After two successive washes with PBS at 1000 g for
4min, cell pellets were resuspended in PBS and stained with
50 pg propidium iodide ml~' containing 0.1% Triton X-100 and
0.5mgml~" RNAase A for 1h at 30°C in the dark. Fluorescence of
the propidium iodide was measured by flow cytometry using a
Beckman Coulter flow cytometer (Coulter Epics XL/XI-MCL, Miami,
FL, USA) through a FL-4 filter (585nm) and 10 000 events were
acquired (Darzynkiewicz et al., 1992). The data were analyzed by
Coulter Epics XL/XL-MCL, System Il Software, Version 3.0. Cell
debris characterized by a low forward/side scatter was excluded
from the analysis.
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Quantitative assay of caspase-3 gene by real-time polymerase
chain reaction

Cells were cultured in six-well plates and treated with copper
ferrite NPs at the concentration of 50 and 100 ugml~"' for 24 h.
After the completion of exposure time, total RNA was extracted
by Qiagen RNeasy mini Kit (Valencia, CA, USA) according to the
manufacturer’s protocol. The RNA content was estimated using
the Nanodrop 8000 spectrophotometer (Thermo-Scientific,
Wilmington, DE, USA), and the integrity of RNA was visualized on
a 1% agarose gel using the gel documentation system (Universal
Hood II; BioRad, Hercules, CA, USA). The first strand of cDNA was
synthesized from 1 g of total RNA by the reverse transcriptase
using M-MLV (Promega, Madison, WI, USA) and oligo(dT) primers
(Promega) according to the manufacturer’s instructions. Quantita-
tive real-time polymerase chain reaction (PCR) was performed by
the QuantiTect SYBR Green PCR kit (Qiagen) using the ABI PRISM
7900HT Sequence Detection System (Applied Biosystems, Foster
City, CA, USA). Two microliters of template cDNA was added to
the final volume of 20 ul of the reaction mixture. Real-time PCR
cycle parameters included 10 min at 95°C followed by 40 cycles
involving denaturation at 95°C for 15 s, annealing at 60°C for 20's
and elongation at 72°C for 20 s. The sequences of the specific sets
of primer for caspase-3 and B-actin are reported in our earlier work
(Ahamed et al, 2011). Expressions of selected genes were normal-
ized to the B-actin gene, which was used as controls.

Caspase-3 enzyme assay

Caspase-3 enzyme activity was evaluated in exposed and control
cells using Bio-Vision colorimetric assay kits. Preparation of cell
extract is as reported above. This assay is based on the principle
that activated caspases in apoptotic cells cleave the synthetic
substrates to release free chromophore p-nitroanilide (pNA), which
is measured at 405nm. The pNA was generated after specific
action of the caspase-3 enzyme on tertrapeptide substrates
DEVD-pNA (Ahamed et al, 2011; Berasain et al, 2005). In brief,
the reaction mixture consisted of 50 um of cell extract protein (as
prepared above), 50 ul of 2 xreaction buffer (containing 10 mm
dithiothreitol) and 5 pl of 4mm DEVD-pNA substrate in a total
volume of 105 pl. The reaction mixture was incubated at 37°C for
1h and absorbance of the final product was estimated utilizing
the microplate reader (Synergy-HT; BioTek) at 405 nm according
to manufacturer’s instructions.

Protein assay

Protein content was estimated by the Bradford method (1976)
using bovine serum albumin as the standard.

Statistical analysis

Statistical significance was measured by one-way analysis of
variance followed by Dunnett's multiple comparison tests. Signifi-
cance was ascribed at P < 0.05.

Results

Characterization

The XRD pattern of copper ferrite NPs is shown in Fig. 1. This
image demonstrates the sharp well defined peaks corresponding

to the planes of (111), (202), (220), (113), (311), (222), (400),
(224), (422), (511), (440) and (622) indicating spinel structure
of copper ferrite NPs without any impure phase. All the dif-
fraction peaks in the XRD pattern can be indexed to those
of the tetragonal structure of copper ferrite according to
JCPDS file no. 34-0425. The crystallite size (d) has been esti-
mated from the XRD pattern using the Scherrer’s equation
(Patterson, 1939).

KA
d= pCosh

where K=0.9 is the shape factor, A is the X-ray wavelength of
Cu Ka radiation (1.54 A), 0 is the Bragg diffraction angle and B is
the broadening of diffraction line measured at half of its maxi-
mum intensity (in radians). The average crystallite size of nickel
ferrite NPs was found to be about 34.87 nm. Shape and size of
copper ferrite NPs were characterized by FETEM. Figure 2 (A)
shows the FETEM image of copper ferrite NPs. This image
exhibits that the majority of the particles were spherical shaped
with smooth surfaces. High-resolution TEM image suggested
the crystalline nature of copper ferrite NPs (Fig. 2B). TEM average
diameter was calculated from measuring over 110 particles in
random fields of view. The average TEM size of copper ferrite
NPs was found to be approximately 35.32nm (range 5-65nm)
supporting the XRD data. Elemental composition of copper
ferrite NPs analyzed by EDS was presented in Fig. 2(C). The EDS
pattern suggests that no elemental impurities present in copper
ferrite NPs. Figure 2(D) represents the frequency of size distribu-
tion of copper ferrite NPs.

DLS characterization of copper ferrite NPs was done in an aque-
ous state. Hydrodynamic size and zeta potential of copper ferrite
NPs in deionized water and culture media (before and after
exposure to cells) is given in Table 1.

Cell viability and morphology of cells

HepG2 and A549 cells were treated to different dosages (10-
100 ugml™") of copper ferrite NPs for 24 h and cell viability was
examined by the MTT and NRU assays. These assays have shown
that copper ferrite NPs induced dose-dependent cytotoxicity in
both types of cells. MTT results showed that viability of HepG2 cells
was decreased to 83, 72, 63 and 54%, while A549 cell viability
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Figure 1. X-ray diffraction pattern of copper ferrite nanoparticles.
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Figure 2. Electron microscopy characterization of copper ferrite nanoparticles. (A) Field emission transmission electron microscopy image. (B) High-
resolution field emission transmission electron microscopy image. (C) Elemental composition analysis. (D) Size distribution of copper ferrite nanoparticles.

reduction was 78, 69, 51 and 40% at the concentrations of 10, 25,
50 and 100 pgml™', respectively (P< 0.05 for each) (Fig. 2A).
Figure 3(B) shows the results of cell viability obtained by NRU
assay. NRU results were in agreement with MTT data.

Interestingly, we observed that A549 cells were more vulnerable
to copper ferrite NP exposure as compared to HepG2 cells. At
higher concentrations (50 and 100 ugml™"), copper ferrite NPs
reduction in cell viability in A549 cells was significantly higher than
those of HepG2 cells (63 and 54% cell viability reduction for HepG2
vs. 51 and 40% cell viability reduction in A549).

We further assessed the cell morphology following exposure
to copper ferrite NPs using a Leica phase contrast microscope.
Figure 3(C) shows the comparative morphologies of HepG2
and A549 cells after copper ferrite NP exposure. A significant
lowering of cell density and rounding of cells were observed
due to copper ferrite NP exposure and supporting the cell
viability data.

Table 1. Dynamic light scattering characterization of copper
ferrite nanoparticles

Deionized  Culture media:  Culture media:

water before exposure after exposure
to cells to cells
Hydrodynamic 437 387 3N
size (nm)
Zeta potential 16 19 21
(=mV)

Oxidative stress

ROS generation has been suggested as underlying mechanisms of
nanoscale materials cytotoxicity (Lee et al, 2014; Nel et al, 2006;
Xia et al, 2006). We explored the potential of copper ferrite NPs
to induce oxidative stress by measuring the ROS and GSH levels
of HepG2 and A549 cells. Quantitative data demonstrated that
copper ferrite NPs induced ROS generation in a dose-dependent
manner in both cells (P < 0.05 for each) (Fig. 4A). Fluorescent mi-
croscopy image also revealed that copper ferrite NPs exposed cells
express high-intensity green fluoresce of DCF dye (marker of ROS
generation) as compared to control (Fig. 4B).

To investigate whether ROS generation plays a crucial role in
cytotoxicity of copper ferrite NPs, cells were exposed to copper
ferrite NPs in the presence of NAC. Results showed that NAC
abolished almost fully the cytotoxic effect of copper ferrite NPs
in both HepG2 and A549 cells (Fig. 4C). Antioxidant GSH levels
were also lower in HepG2 and A549 cells after exposure to copper
ferrite NPs (Fig. 4D).

Mitochondrial membrane potential

Earlier studies have shown that loss of MMP during the process of
apoptotic cell death (Sharma et al, 2012). We investigated the
response of copper ferrite NPs on MMP in the HepG2 and A431
cells. Quantitative data showed that copper ferrite NPs induced
MMP loss in a dose-dependent manner in both types of cells
(P< 0.05) (Fig. 5A). Fluorescence microscopy results were also
according to the quantitative data. The brightness of the red
fluorescent intensity was decreased in cells treated with copper
ferrite NPs that shows a significant loss of MMP (Fig. 5B).
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Figure 3. Cytotoxic response of copper ferrite nanoparticles in HepG2 and A549 cells. (A) MTT assay, (B) neutral red uptake assay and (C) cell morphology.

Data represented are mean + SD of three identical experiments made in three replicate. *Significant difference as compared to the controls (P < 0.05).
#Significant difference in cytotoxicity between HepG2 and A549 cells (P < 0.05).
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Cell cycle

ROS generation in copper ferrite NP-treated cells indicated the
possibility of DNA damage and apoptosis where the early effect
will be evidenced in cell cycle progression. Cells with damaged
DNA will accumulate in gap1 (G;), DNA synthesis (S) or in
gap2/mitosis (G,/M) phase. Cells with irreversible damage will
undergo apoptosis, giving rise to accumulation of cells in sub-G;,
phase (Ishikawa et al., 2006). Thus, our toxicity studies were further
extended to cell cycle analysis to detect parameters such as

apoptosis. Our flow-cytometric analysis of cell cycle revealed the
induction of apoptosis in both A549 and HepG2 cells upon treat-
ment with copper ferrite NPs (Fig. 6A). In A549 cells, copper ferrite
NPs at the highest concentration of 100 ug ml ™' resulted in the ap-
pearance of a significant 14.9% cells in the sub-G, phase in treated
cells as compared to the 5.8% in the control group (Fig. 6B).
Similarly, in HepG2 cells 12.3% cells were accumulated in exposed
cells than those of 6.4% of control (Fig. 6C). A significant decline in
the S phase and G,/M phase was also evident in both types of cells.
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Figure 7. Effect of copper ferrite nanoparticles on caspase-3. (A) Regulation of mRNA levels of caspase-3 gene. (B) Activity of caspase-3 enzyme. Data rep-
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Caspase-3 enzyme

Caspases are activated during apoptosis in many cells and are
known to play a vital role in both the initiation and execution of
apoptosis. It was reported that caspase-3 is essential for cellular
DNA damage and apoptosis (Salvesen, 2002). We studied the
effect of copper ferrite NPs on transcriptional and translational
level of caspase-3 gene. Quantitative real-time PCR data showed
that the mRNA level of caspase-3 gene was higher in HepG2 and
A549 cells treated with copper ferrite NP-treated cells as compared
to the control (P < 0.05) (Fig. 7A). In agreement with mRNA results,
the activity of the caspase-3 enzyme was also higher in both
HepG2 and A549 cells exposed to copper ferrite NPs than those
to control (Fig. 7B). We also noticed that the effect of copper ferrite
NPs on caspase-3 enzyme was significantly higher in A549 cells
than HepG2 cells.

Altogether, our results highlighted that at higher concentrations
A549 cells showed more susceptibility to copper ferrite NPs as
compared to HepG2 cells terms of cell viability, oxidative stress,
MMP and caspase-3 enzyme. However, underlying mechanisms
of cytotoxicity look similar in both types of cells.

Discussion

Physical and chemical properties play a major role in the toxicity of
NPs (Murdock et al., 2008; Warheit, 2008). Shape, size, surface mor-
phology and chemical composition could be the important char-
acteristics of NPs that may influence the cellular response of NPs.
After incubation in distilled water and complete cell culture media
(DMEM +10% FBS), the diameter of copper ferrite NPs of 35nm
increased to 437 and 387 nm, respectively, determined by the
DLS technique (Table 1). The size distributions of particles aqueous
media showed larger values than the particle size of nanopowder
measured by TEM. This shows that the copper ferrite NPs formed
agglomerates in the culture medium, which were about 10-15 times
higher than the primary particle size (35 nm). These data are sup-
ported by others (Bai et al, 2009; Sharma et al, 2009) as well as
our earlier published work (Ahmad et al, 2012; Akhtar et al, 2012).
DLS measures Brownian motion and subsequent size distribution
of an ensemble collection of NPs in aqueous suspension gives a
mean hydrodynamic diameter that is usually larger than the
TEM diameter because it represents a dried layer of NPs on a
TEM grid. During DLS measurement, there is a tendency of NPs to
agglomerate in aqueous state thereby giving the size of clustered
particles rather than individual particles (Sharma et al, 2012).
Moreover, the mean hydrodynamic size of copper ferrite in

complete cell culture medium was found to be about slightly
smaller than that in distilled water. A similar drop in the hydrody-
namic size of NPs in culture medium was reported by other
researchers (Ng et al,, 2011; Xia et al., 2006), suggesting that salts
and proteins could help the dispersion of NPs in aqueous
environment. The tendency of particles to form aggregates also
depends on the surface charge. The copper ferrite NP surface
charge, measured as zeta potential was —16 and —19 mV for dis-
tilled water and cell culture media, respectively. Therefore, not
only the size of the primary NPs but also the size of the secondary
NPs could be used as a characteristic parameter to determine the
toxic response of NPs (Avalos et al., 2014; Kato, 2011).

After characterization, we performed a series of tests to examine
the toxic response of copper ferrite NPs. Our results showed that
copper ferrite NPs were cytotoxic to both the human lung A549
and human liver HepG2 cells. However, we observed a quite differ-
ent behavior in the two kinds of cells regarding toxicity of tested
copper ferrite NPs. In particular, we found A549 cells were more sus-
ceptible to copper ferrite NP exposure than HepG2 cells in terms of
cell viability, cell morphology, oxidative stress, MMP and caspase-3
enzyme. Differential cytotoxicity of spinel ferrite NPs in different cell
lines was also reported by other investigators. Pasukoniene et al.
(2014 studied the effect of cobalt ferrite NPs on human pancreatic
cancer cells (MiaPaCa2) and human ovarian cancer cells (A2780).
They reported different cytotoxic response between MiaPaCa2
and A2780 cells. Particularly, A2780 cells were more sensitive to
exposition to cobalt ferrite NPs than MiaPaCa2 cells.

We have employed more than one assay (MTT and NRU) to eval-
uate the cytotoxic response of copper ferrite NPs. These assays
served as sensitive and integrated measures of cell integrity and
inhibition of cell proliferation (Ahamed et al, 2015; Avalos et al,
2014; Sharma et al, 2009). MTT and NRU assays have shown the
damage of mitochondrial and lysosomal membranes, respectively
(Ravi et al,, 2010). Our results are consistent with the observed low
MMP and high sub-G; cell population during cell cycle progression
in both cells (A549 and HepG2) exposed to copper ferrite NPs.
Accumulation of cells in the sub-G; peak in treated cells suggested
possible involvement of the apoptotic pathway, triggered by
changes in mitochondrial and lysosomal activity (Nicoletti et al.,
1991; Ravi et al, 2010). Mitochondrial events of apoptosis involve
opening of a pore in the inner mitochondrial membrane, referred
as mitochondrial permeability transition pore and loss of MMP
(Kitsis and Molkentin, 2010). This is consistent with our results
where copper ferrite NPs induced mitochondrial dysfunction
(MTT reduction and MMP loss) in both cells. Opening of the
mitochondrial permeability transition pore leads to mitochondrial
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swelling and rupture of outer mitochondrial membrane. This
subsequently induces release of apoptogens that likely engage
the components of apoptosis machinery to enhance further the
cell death (Kitsis and Molkentin, 2010). Damage to lysosomal
membrane is known to release lysosome protease into intracellular
spaces, which affects the neighbor cells, and triggers cell death
due to apoptosis (Leist and Jaattela, 2001).

We further studied the caspase-3 gene (apoptotic marker)
against copper ferrite NP exposure in A549 and HepG2 cells at
the transcriptional level. Quantitative real-time PCR data demon-
strated that copper ferrite NPs upregulated the mRNA level of
caspase-3 gene in both cells. To confirm transcription data we also
demonstrated that activity of caspase-3 enzyme was higher in
copper ferrite NP-treated cells. We know that certain genes induce
permeabilization of the outer mitochondrial membrane, which
releases soluble proteins (e.g., cytochrome ¢) from the intermem-
brane space into the cytosol, where they promote caspase activa-
tion (Youle and Strasser, 2008). Cytochrome ¢ binds to apoptosis
protease activating factor-1 and forms an apoptosome complex.
This complex binds to procaspase-9 and causes its activation. Once
activated caspase-9 goes on to activate caspase-3 that cleaves sub-
strates at aspartate residues and activation of this proteolytic activity
appears to be an event in apoptosis (Timmer and Salvesen, 2007).

Oxidative stress has been suggested as a common mechanism
through which NPs induced toxicity to cells (Lee et al, 2014; Nel
et al, 2006). In this study, we observed that the ROS level was
higher while the antioxidant GSH level was lower in both A549
and HepG2 cells against copper ferrite NP exposure. We also found
that antioxidant NAC (ROS scavenger) efficiently prevented the cell
viability reduction induced by copper ferrite NPs. These findings
suggested that oxidative stress could be a primary cause of the
cytotoxicity of copper ferrite NPs in both A549 and HepG2 cells.
A number of previous studies have implicated the production of
ROS in the cytotoxicity mediated by NPs (Foldbjerg et al, 2011;
Hussain et al, 2005; Lee et al, 2014; Xia et al, 2006). The present
results were in agreement with our earlier studies showing that
magnetic NPs induce ROS-mediated cytotoxicity in various types
of human cells (Ahamed et al,, 2011, 2015; Alhadlaq et al,, 2015).

In general metal and metal oxide NPs show some degree of
ionization when they are suspended in aqueous state (water or
culture media). However, the role of dissolved ions in the toxicity
of NPs still needs extensive research. In this study, we did not
examine the degree of ionization and its role in the toxicity of
copper ferrite NPs. The role of ionization in the toxicity of copper
ferrite NPs is a matter for further research. At this stage we demon-
strated that copper ferrite NPs have the potential to induce
cytotoxicity to human liver and lung cells.

Conclusions

We demonstrated that copper ferrite NPs caused cytotoxicity (MTT
and NRU) to human lung (A549) and human liver (HepG2) cellsin a
dose-dependent manner in the dosage range of 10-100 ugml™".
Interestingly, we observed quite different behavior in the two
kinds of cells regarding the toxicity of copper ferrite NPs. In partic-
ular, A549 cells showed higher susceptibility against copper ferrite
NP exposure than those of HepG2 cells. MMP loss, upregulation of
caspase-3 gene along with their higher enzymatic activity suggests
apoptotic cell death due to copper ferrite NP exposure. Cellular
redox status was disturbed indicated by induction of ROS (oxidant)
generation and depletion of GSH (antioxidant). In addition,
cytotoxicity induced by copper ferrite NPs was efficiently

prevented by NAC treatment, which suggests that oxidative stress
could be one of the possible mechanisms of cytotoxicity caused by
copper ferrite NPs. Our data warranted future research on investi-
gation of the underlying mechanisms of differential toxicity of
copper ferrite NPs in cells of different origin.
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