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This article reports the toxicological effects of synthesized cadmium oxide (CdO) nanostructures via a simple
green route using a Polygala tenuifolia root extract on normal and renal tumor cells. First, the formation of cadmi-
um oxide nanostructures were confirmed structurally by Fourier transform infrared spectroscopy, X-ray diffrac-
tion, and X-ray photoelectron spectroscopy (XPS). The powder was crystallized in a cubic structure with a space
group of Fm-3m. The mean crystallize size was approximately 40 and 44 nm from the Scherrer and size-strain
plots, respectively. The surface states of the cadmium oxide nanostructure using the O 1s and Cd 3d spectra
Green synthesis were analyzed by XPS. Transmission electron microscopy showed that the simple green route resulted in various
CdO nanostructures morphologies of synthesized cadmium oxide, such as trigonal-, tetrahedron-, and sheet-like structures. Finally,
XPS the toxic effects of the cadmium oxide nanostructures on Madin-Darby canine kidney epithelial cells (MDCK
Cell viability cells), as well as the human renal cancer cell line (Caki-2 cells) were investigated using a SRB assay and two-
Tumor cells color flow cytometry analysis. The cadmium oxide nanostructures showed significant cell growth inhibition in
normal and also tumor cells in a dose-dependent manner. On the other hand, the inhibition was higher in the
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cancer cells compared to the normal cells.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Currently, there is increasing interest in the bulk production of
nanomaterials for use in several commercial products because of their
novel and unique physicochemical properties [1]. Various properties
of materials, such as electrical conductivity, magnetic characteristics,
hardness, active surface area, chemical reactivity, and biological activity,
can be altered during the change from the macro to nano-dimensions.
Because of these enhanced characteristics, nanomaterials have been
used extensively in several scientific and technological areas. Over the
past few years, advances in nanotechnology and nanomedicine, the
use of these materials have increased in many biomedical applications,
such as bio-imaging, controlled drug release, and cancer treatment [2].
In addition to biomedical applications, these nanomaterials are used
commercially in products, such as clothes, sunscreens, cosmetics, elec-
tronics, food color additives, surfaces, and coatings [3]. The widespread
use of nanoparticles has led to an increased exposure and subsequent
toxicity to humans, making it imperative to study their toxicological ef-
fects and long-term impacts on health. The toxic effects of nanoparticles
are influenced by the size, shape, surface structure, solubility, chemical
composition crystallinity, and aggregation [4]. In biological systems,
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these factors regulate the cellular uptake, protein binding, translocation
into the target cell and the possibility of causing tissue injury [5]. Nano-
particles below 100 nm in size easily enter the cells, whereas those
below 40 nm easily penetrate the nucleus, and below 35 nm, can even
pass the blood-brain barrier [6].

Few studies have reported the effects of nanoparticles on the kid-
neys; both glomerular structures during plasma ultra-filtration and tu-
bular epithelial cells may be exposed to nanoparticles [7]. For
example, Chen et al. [8] observed damage to the proximal tubular cells
in mice exposed to CuNPs. Karlsson et al. [9] synthesized and investigat-
ed whether nanoparticles cause DNA damage and oxidative stress. They
also carried out a comparative cytotoxicity study on different metal ox-
ides (CuO, TiO,, ZnO, CuZnFe,04, Fe504, Fe;03), and carbon nanoparti-
cles/nanotubes. Hossain and Mukherjee [10]reported the results of a
toxicological study of CdO nanoparticles on Escherichia coli. On the
other hand, reports on the toxic effects of CdO nanoparticles are limited.

Cadmium oxide (CdO), a II-VI n-type semiconductor, has outstand-
ing properties, such as a large band gap, low electrical resistivity, and
high transmission in the visible region. Based on these properties, CdO
has been used in applications, such as solar cells [11], transparent elec-
trodes, gas sensors [12], phototransistors [13], catalysts [14], photodi-
odes [15], optoelectronic devices [16], drug delivery [17], and targeted
therapeutics. This has warranted the massive production of engineered
CdO nanoparticles/quantum dots, resulting in the massive release of
nano-sized Cd particles into the environment. Owing to its higher
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surface area to volume ratio, the toxicity of Cd nanoparticles causes sig-
nificant damage to biological systems.

This study examined the toxic effects of CdO nanostructures on
MDCK and Caki-2 cells. The CdO nanostructures were synthesized by a
simple inexpensive and non-toxic method using a plant extract. This
method involves less toxic chemicals, and is eco-friendly physical and
chemical process. This study tested whether the prepared nanostruc-
tures have potential toxicity to cells. This paper deals with two parts.
The first part describes the synthesis, structural and morphological
properties of the CdO nanostructures, and the second part reports the
effects of these nanostructures on the cell viability of MDCK and Caki-
2 cells.

2. Materials and Methods
2.1. Chemicals

All chemicals and reagents used in this study were of high purity
(99.9%) and used as received. Cadmium acetate dihydrate
[Cd(CH5C00),-2H,0], dimethyl sulphoxide (DMSO) and
sulforhodamine B (SRB) were purchased from Sigma-Aldrich Pvt. Ltd.,
South Korea. DMEM, FBS, penicillin-streptomycin, and trypsin-EDTA
were obtained from Welgene, South Korea. Fluorescein diacetate
(FDA) and propidium iodide (PI) were supplied by Santa Cruz Biotech-
nology, USA.

2.2. Cell Culture

MDCK and Caki-2 cells were obtained from the ATCC (Manassas, VA
20108 USA). The cells were kept in the growth medium supplemented
with 10% FBS and 1% antibiotics (penicillin-streptomycin). The cells
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were maintained in a CO, incubator under standard conditions (37 °C
and 5% CO,).

2.3. Green Synthesis of CdO Nanostructures

Polygala tenuifolia roots were collected from an oriental supermar-
ket, Gyeongsan, South Korea. The CdO nanostructures were synthesized
as reported elsewhere [18]. Approximately 10 g of the finely ground
root powder was added to 100 ml of de-ionized (DI) water, heated to
80 °C for 45 min and filtered through Whatman no: 42 filter paper. To
this extract, 2.66 g of cadmium acetate was added and stirred at room
temperature for 20 min for complete dissolution. Subsequently, the
temperature was increased to 120 °C for 4 h. After cooling to room tem-
perature, a fine white precipitate was observed at the bottom of the
round bottom flask, which was separated by centrifugation at
12,000 rpm for 15 min. This was repeated 3-4 times to remove the
unreacted materials and finally washed with ethanol. The precipitate
was collected, dried in an oven at 60 °C for 2 h, and annealed in a muffle
furnace at 500 °C for 4 h. The resulting nanopowder was used for various
characterizations.

24. Characterization

The CdO nanostructure was pelletized with KBr and examined by
Fourier transform infrared spectroscopy (FT-IR, Perkin-Elmer-Spectrum
Two). The polycrystalline nature of the sample was examined by X-ray
diffraction (XRD, PANalytical X'Pert> PRO, USA) using Cu K, radiation
(N = 1.54 A) at 40 kV and 30 mA. Energy dispersive X-ray spectroscopy
(EDAX) was performed using an X-ray column attached to the field
emission-scanning electron microscope (FE-SEM, Hitachi-4200,
Japan). The surface states of the CdO nanostructure were studied by
X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha)
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Fig. 1. FT-IR spectrum a), XRD pattern b), plots of cos 6 versus 1/B3p ¢) and size-strain d), and EDAX profile e) of green synthesized nanostructures.
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Fig. 2. XPS analysis of green synthesized nanostructures: survey scan a) and high-resolution scans of C 1s b), O 1s ¢), and Cd 3d d).

using a monochromatic Al K, X-ray source (1486.6 eV). The source en-
ergies of 160 eV and 30 eV with a resolution of 1 and 0.1 eV were used
for the low and high-resolution scans, respectively. The morphology of
the green synthesized CdO nanostructures was observed by high-reso-
lution transmission electron microscopy (HR-TEM, Tecnai G2 F20 S-
Twin, USA) operating at an accelerating voltage of 200 kV with a point
resolution of 0.24 nm and a Cs of 1.2 mm. To prepare the sample, a
small amount of powder was dispersed in water, sonicated for 5 min
and drop-coated on a commercially available carbon-coated copper
grid. The grid was dried under visible-light for 10 min. The length scales
are indicated systematically as a black bar on the bottom corner of the
images.

2.5. Cell Viability Assay

MDCK and Caki-2 cells were cultured and grown in 96-well plates
and allowed to adhere for 24 h at 37 °C. The cells were treated with
CdO nanostructures at different concentrations (10 pg/ml, 100 pg/ml,
1 mg/ml, and 10 mg/ml) for 48 h, after which the cell viability was de-
termined, as described previously [19].

2.6. Two-color Flow Cytometric Analysis of Apoptosis

The MDCK and Caki-2 cells were cultured and grown to a density of
2 x 10* cells/well in 6-well plates. The cells were allowed 24 h to adhere
and were then treated with the CdO nanostructures at different concen-
trations (100 pg/ml, 1 mg/ml, and 10 mg/ml) for 48 h. The cells were
then washed with PBS and re-suspended in PBS at an initial cell density
of 1 x 10* cells/ml. FDA was added to each tube to reach a final concen-
tration of 0.5 pg/ml and the tubes were incubated in the dark for 30 min.
Subsequently, PI was added to each tube to achieve a final concentration

of 50 pg/ml. All the tubes were kept on ice immediately until analyzed
by flow cytometry [20].

The cell viability was assessed by determining the intracellular green
and red fluorescence using a BD FACS Calibur Flow Cytometry System
(Becton Dickinson, Franklin Lakes, NJ 07417). A 570-nm beam splitter
was used for dual color fluorescence analysis, a 625-nm filter used to
collect the red (PI) fluorescence, and a 530-nm filter was used for
green (FDA) fluorescence. The logarithmic amplification of the red and
green fluorescence signals was used. High green fluorescence indicates
the viable cells.

3. Results and Discussion

FT-IR analysis was carried out to identify the biomolecules responsi-
ble for the formation of CdO nanostructures. Fig. 1a presents a typical
FT-IR spectrum of CdO nanostructures. The spectrum was composed
of several significant peaks at 1564, 1405, 1074, 881, and 717 cm™ .
The metallic bonds observed near the 881 cm™ ! is due to metal-hy-
droxide (M—OH), whereas the band identified at 717 cm™ ' is due to
metal-oxygen bond (M—O) [21]. The absorption peak at 1074 cm™!
corresponds to the —OCHj5 group, which is arises due to the carbon spe-
cies from the root extract [22]. FT-IR spectroscopy confirmed that cad-
mium and oxygen are present in the range between 1641 and 1270
cm~ ' [23].

To determine the crystallographic structure of the green-synthe-
sized CdO nanostructures, XRD was performed over the 26 range, 20~
90°. Fig. 1b shows the typical XRD pattern of the highly crystallized
CdO nanostructures. The profile shows six distinct Bragg peaks with a
high degree of symmetry, all of which were well matched with Joint
Committee on Powder Diffraction Standards (JCPDS) card no: 01-078-
0653. The powder was crystallized in a cubic structure with Fm-3m
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Table 1
XPS analysis of green synthesized CdO nanostructures.
Position BE (eV) FWHM Raw area  Relative Elemental
Region Peak +0.1 (eV)£0.1 (cps) at% at%
Cls C1 284.8 1.75 6977.3 19.26 25.23
2 2870 1.75 572.1 1.58
3 2893 1.75 1585.6 439
O1s 01 5286 1.73 11,055.3 12.59 50.57
02 5309 1.73 11,5004  13.12
03 5319 1.73 21,7713 2486
Cd3d Cd1 4034 1.10 343213 354 24.20
Cd2 4042 1.10 446116  4.06
Cd3  405.1 1.10 38,207.8 394
Cd4 406.0 1.10 21,1204 383
Cd5 4102 1.10 24,8576  2.57
Cd6 411.0 1.10 28,7559  2.98
Cd7 4119 1.10 26,2093  2.72
Cd8 4127 1.10 146164 -

space group. The peaks centered at 32.80, 38.06, 54.91, 65.76, 68.77, and
81.40° were assigned to the (111), (200), (220), (311), (222) and (400)
lattice-planes, respectively. The XRD pattern was refined using celref 3
software provided by collaborative computational project number 14
(CCP14). The lattice constants of a = 0.47306 nm and volume of
0.105866 nm? were obtained. These values are in line with the JCPDS
data. The mean crystallite size of the CdO nanostructures was calculated
using the X-ray peak broadening method by plotting the Scherrer and
size-strain plots. The formulae and method used to calculate the crystal-
lite size is reported in elsewhere [24,25]. The plots of é(x—axis) Vs. Cos 6
(y-axis) (Fig. 1(c)) and sinf/A vs. Bcos6/A (Fig. 1(d)) were fitted to lin-
ear functions. The crystalline size was calculated from the slope of the

fits. The mean crystallite sizes of the CdO nanostructures were deter-
mined to be 40 and 44 nm from Scherrer and size-strain plots, respec-
tively. The order of these values was consistent with the mean grain-
sizes determined from the HR-TEM images.

Fig. 1(e) presents the corresponding elemental profile of the CdO
nanostructures. The profile shows the significant peaks for cadmium
(Cd) (3.20 and 3.80 eV) and oxygen (0) (0.60 eV) and platinum (Pt),
which are at various energy channels, as indexed in the figure. The Cd
and O peaks were attributed to the synthesized nanostructure. On the
other hand, the Pt peak originated from the thin layer of sputtered Pt
onto the film to minimize the charge build up from the electrons during
the SEM measurements.

XPS was carried out to investigate the nature of the elements on the
surface, their percentage composition, and the chemical state of the
nanostructure. Fig. 2(a) shows the signals of the C 1s, O 1s, and Cd 3d
without other impurities. To study the bonding of these elements in de-
tail, the core-level spectra of C 1s, O 1s, and Cd 3d were recorded and
deconvoluted using Avantage software. The Shirley background and
Gaussian (70%)-Lorentz (30%) (GL = 30) function were used to fit the
spectra. The fitting was done by keeping the full-width-half-maxima
(FWHM) values as constant for each element. The spectra were energy
corrected for all elements by referring to the adventitious carbon bind-
ing energy, 284.8 eV, these results were tabulated in Table 1.

The deconvoluted C 1s spectrum showed three peaks at C1:
284.8 eV, C2: 287.0 eV, and C3: 289.3 eV (Fig. 2b). The peaks at
284.8 eV and 289.3 eV were in good accordance with values for aliphatic
carbon and carboxyl carbon, respectively. This also corroborates the FT-
IR values. This suggests that the CdO nanostructures surfaces were coor-
dinated with biomass materials, which is also seen in the HR-TEM image
(Fig. 3a). These peaks originated from the two sources: one from carbon
containing biomass material of the plant extract and the other to the

Fig. 3.TEM a), HRTEM images of trigonal-like b), tetrahedron-like c), and rectangular sheet-like nanostructures d) and corresponding high-magnification HRTEM e), and SAED pattern f) of

CdO nanostructures.
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adsorption of carbon on the sample surface during sample preparation
at ambient atmosphere [26].

Fig. 2(c) shows a high-resolution XPS spectrum of O 1s. The spec-
trum is composed of three peaks at O1: 528.6 eV, 02: 530.9 eV, and
03: 531.9 eV [27]. The lower binding energy peak at 528.6 eV corre-
sponds to the bonding of 0%~ with Cd?™ ions in stoichiometric CdO
[28]. The higher binding energy peak at 531.9 eV was assigned to hy-
droxyl oxygen on the surface, and the peak at 530.9 eV is due to the
presence of CdOy sub-oxides.

The Cd 3d high resolution spectrum showed two asymmetric peaks
at404.0 and 410.7 eV, which were assigned to the spin-orbit splitting of
Cd 3ds/, and 3ds),, respectively. The 3ds/; and 3ds, spin-orbit separa-
tion of 6.7 eV was obtained. The characteristic binding energy of Cd
3ds,; and 3ds/, were good agreement with that of CdO nanostructures
reported in the literature [29]. Each of the asymmetric peaks was further
deconvoluted into four symmetrical peaks with an equal FWHM, as
shown in Fig. 2(d). This suggests the different boding environment of
Cd in CdO nanostructures. The peak couples at 403.4/410.2 eV, 404.2/
411.0 eV, 405.1/411.9 eV, and 406.0/412.7 eV were assigned to the
spin-orbit splitting of Cd 3ds,, and 3ds, for CdOy, CdO, Cd(OH),, and
CdCOs, respectively. The CdOy and Cd(OH),peaks were attributed to
the partial transformation of CdO nanostructures during sample prepa-
ration under ambient conditions for the XPS measurement. The CdCO;
peak was attributed to adsorbed carbon species from atmosphere as
well as a carbon containing plant extract. These bands were also ob-
served in the high-resolution scan of C 1s and O 1s [30,31].
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HR-TEM analysis was carried out to examine the morphology and
size of green-synthesized CdO nanostructures. Fig. 3(a) shows a typical
low-magnification HR-TEM image. The nanostructure of CdO is unclear
from the images; however, the aggregations of particles are much less. A
careful look certainly indicates that CdO was formed by various mor-
phologies in the range, 20 to 70 nm. To corroborate this, high-magnifi-
cation HR-TEM images were recorded, as shown in Fig. 3(b-e). The
morphology of CdO has trigonal-like (adjacent sides of ~64 nm,
Fig. 3(b)), tetrahedron-like (adjacent sides of ~20 nm, Fig. 3(c)), and
rectangular sheet-like structures (adjacent sides of ~16 nm x 29 nm,
Fig. 3(d)), as indicated in the respective figures. The grain-size of these
shapes is in the order of the crystallite sizes, which were estimated by
XRD. The high-magnification HR-TEM image (Fig. 3(e)) revealed a d-
spacing of 0.268 nm for the (111) direction, which is consistent with
the d-spacing from the XRD peak. Fig. 3(f) shows the SAED pattern of
the CdO nanostructure. This shows the poly-crystalline nature of the
sample and the lattice planes were well matched with the CdO crystal.
HR-TEM suggests that the nanostructure of CdO is formed by a variety
of shapes in the range of 20 to 70 nm, which can be used to study the
cytotoxicity of cells.

The CdO nanostructures had a significant cytotoxic effect on the
MDCK and Caki-2 cells. Exposure of MDCK cells to the CdO nanostruc-
tures resulted in 3.21%, 24.17%, 42.67%, and 79.55% growth inhibition
at 10 pg/ml, 100 pg/ml, 1 mg/ml, and 10 mg/ml respectively, whereas
it was 11.8%, 39.44%, 65.36%, and 98.79% in the renal carcinoma cells re-
spectively (Fig. 4).

MDCK cells Caki-2 cells

100 pg/ml

aMDCK cells Caki-2 cdls

100
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Cell growth mhibition (% of control)

0
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Fig. 4. Cytotoxic effect of CdO nanostructures on MDCK and Caki-2 cells by SRB assay at 48 h a). Results were expressed as a percentage of viability of MDCK and HelLa cells b). The
percentage of growth inhibition c) was calculated as follows: Growth inhibition (%): (Control-Sample/Control) x 100. Values were expressed as means + SEM, and effect of CdO

nanostructures on Caki-2 cells determined by FDA and PI (c).
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In this study, FDA and PI were used to determine the number of via-
ble and nonviable cells. FDA is a non-polar and non-fluorescent com-
pound. In the viable cells, FDA can enter freely; there it is converted
by intracellular esterase into a fluorescent compound. Fluorescein is a
highly polar compound, which becomes trapped within the viable
cells with an intact membrane. On the other hand, fluorescein diffuses
out of the cells, which lacks membrane integrity. Viable cells with FDA
appeared as bright green fluorescence, whereas the non-viable cells
were non-fluorescent according to flow cytometry analysis. Pl is a high-
ly polar and fluorescent substance that can enter the non-viable cells
freely where the membrane integrity is absent. Therefore, non-viable
cells have bright red fluorescence during flow cytometry analysis. The
flow cytometry results are presented in a dot plot on the log scale of
green versus red fluorescence. The non-viable cells and debris events
are separated from the viable cells in the dot plots, which confirm that
the non-viable and cell debris were not counted in the viable cell win-
dow. The MDCK and Caki-2 cells were incubated with FDA for 30 min
and PI before flow cytometric analysis. A large population of cells
showed FDA fluorescence under controlled conditions (area R3 of
Figs. 5 and 6), indicating they were intact active living cells.

Exposure to different concentrations of CdO nanostructures for 48 h
(100 pg/ml, 1 mg/ml and 10 mg/ml) resulted in very significant cell
growth inhibition in MDCK and Caki-3 cells (Figs. 4-6). The number of
viable and non-viable cells changed in a dose-dependent manner
(Figs. 5 and 6). Exposure to different concentrations of the CdO nano-
structures for 48 h inhibited MDCK cell growth. The percentage of

non-viable (PI) cells was 3.24%, 75.69%, and 95.60% following exposure
to 100 yg/ml, 1 mg/ml, and 10 mg/ml of CdO nanostructures, respective-
ly (area R4 + R5 of Fig. 5). On the other hand, exposure to different con-
centrations of CdO nanostructures for 48 h inhibited renal tumor cell
growth. The percentage of non-viable (PI) cells was 48.24%, 53.16%,
and 95.30% following to exposure 100 pg/ml, 1 mg/ml, and 10 mg/ml
of CdO nanostructures, respectively (area R4 + R5 of Fig. 6).

The widespread abundance of cadmium can pose a threat to human
and animal health. Cd® ™ is a biologically significant ionic form of cadmi-
um that binds to several bio-molecules; these interactions lead to toxic-
ity. Cadmium toxicity is commonly mediated through biological
systems, which amplify the signals triggered in the presence of Cd?™.
Cd?™ can interfere with sensitive redox systems and act at the transcrip-
tion and post-transcription levels. A study of the mechanism of cadmi-
um toxicity could be useful for addressing various environmental
challenges. In addition, more study will be needed to address the biolog-
ically relevant cadmium concentrations on different cell types, and inte-
grate all cellular aspects of the effects of cadmium [32,33].

4. Conclusion

This study is one of the first to investigate the toxic effects of CdO
nanostructures on the Human Renal Cancer Cell Line (Caki-2) and
Madin-Darby Canine Kidney Epithelial cells (MDCK cells). This paper re-
ported a simple green chemistry approach for the synthesis of CdO
nanostructures using the aqueous root extract of Polygala tenuifolia.
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The physico-chemical properties of the CdO powders were examined by
XRD, FTIR, EDAX, XPS, and HR-TEM. The grain-size of the nanostructures
was in the range, 20 to 70 nm, which is applicable for biological systems.
These results confirmed that the CdO nanostructures were toxic at high
doses to both Caki-2 and MDCK cells. Considering the toxic impacts of
CdO nanostructure, it is suggested that proper attention be paid before
releasing such nano-dimension particles into the environment (in the
form of industrial waste) to avoid unnecessary inhalation/direct contact
to the humans.
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