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Abstract

Nanomaterials are extensively applied in various fields such as industry, medicine, and food and drugs due to their unique
properties. In this study, gold nanoparticles were biosynthesized using leaf extract of Azadirachta indica and chloroauric acid salt.
We have determined the cytotoxicity, genotoxicity, and apoptotic effect of green gold nanoparticles (gGNPs) on human normal
(CHANG) and liver cancer (HuH-7) cells. Before exposure to cells, physiochemical characteristic of gGNPs was characterized
using a transmission electron microscope and dynamic light scattering. Cytotoxicity of gGNPs was found dose-dependent, as it
was confirmed using 2 methods, namely, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide and neutral red uptake.
The gGNPs provoked intracellular reactive oxygen species (ROS), lipid peroxide, and reduced total glutathione and mitochondrial
membrane potential in CHANG and HuH-7 cells in a dose-dependent manner. We have observed that N-acetyl-L-cysteine inhibits
the generation of ROS in both cells after exposure to gGNPs. DNA damaging effects of gGNPs were determined by comet assay,
and the maximum DNA damage was observed at 700 ng/mL gGNPs for 24 hours. It was observed that HuH-7 cells are slightly
more sensitive to gGNPs exposure than CHANG cells. In conclusion, cytotoxicity and apoptosis in CHANG and HuH-7 cells due
to gGNPs were mediated through oxidative stress.

Keywords
green gold nanoparticles, DNA damaging, CHANG and HuH-7 cells, cytotoxicity, apoptosis

Introduction found some literature about cytotoxicity of GNPs depend upon
the size, shape, and surface charge.®® The generation of reac-
tive oxygen species (ROS) inducing oxidative stress is consid-
ered as one of the major factors for toxicity of NPs.'®!" The
excess generation of ROS provoked oxidative stress, and as a
consequence, the cells are failing to sustain the normal physio-
logical redox-regulated functions.'*'* The compromise in cell

Natural and anthropogenic nanoparticles (NPs) are extensively
applied in industry, consumer products, and drinking water
treatment due to their distinctive characteristic conferred by
dimensions of nano-sized elements.'* Nowadays, NPs are used
in more than 1200 commercial products such as drugs, food
storage containers, clothing, and washing machines.” These
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function and growth includes oxidative changes in proteins to
produce protein radicals,"* initiation of lipid peroxidation,"
DNA damage,'® modulation in gene expression'’ through acti-
vation of redox-sensitive transcription factors, and modulation
of inflammation through transduction,'® inducing genotoxicity
and cell death.'*°

Inhalation and oral routes of exposure are considered one of
the imperative routes of NP exposure. Also, cytotoxicity of NPs
has been evidenced to depend not only on their shape, surface
chemistry, or size but also on the cell line studied. Mateo et al?!
have reported the effect of GNPs-induced cytotoxicity on 2
tumor cell lines, HL-60 and HepG2. Furthermore, the current
literature regarding cytotoxic responses of liver exposed to
green GNPs (gGNPs) is very limited. So, we chose normal
human liver (CHANG) and tumor cells as a model in our study.
The objective of this study was to determine the mechanism of
comparative toxicity of gGNPs on the CHANG and cancer
(HuH-7) cells.

Materials and Methods

Chemical and Reagents

Green GNPs were synthesized using leaf extract of Azadirachta
indica and auric chloride (HAuCly) salt. 5, 5-dithio-bis-(2-
nitrobenzoic acid), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT), 2, 7-dichlorofluorescin
diacetate (H2-DCFH-DA), and dimethyl sulfoxide (DMSO)
were obtained from Sigma-Aldrich (St. Louis, MI). Dulbecco
modified Eagle medium (DMEM), fetal bovine serum (FBS),
and antibiotics were purchased from Gibco, South America.
All other reagent-grade chemicals were purchased from local
suppliers.

Characterization of gGNPs

The shape and size of gGNPs were observed using transmission
electron microscope (TEM; JEOL Inc, Tokyo, Japan) at an
accelerating voltage of 80 kV. The average hydrodynamic size
and zeta potential of gGNPs in deionized water was examined
by dynamic light scattering (DLS; Nano-Zeta Sizer-HT, Mal-
vern, United Kingdom) as described by Alarifi et al.>* We have
used 700 pg/mL for DLS measurement because this is the
maximum exposure dose used in cytotoxicity studies.

Cell Culture and NPs Exposure

CHANG and HuH-7 cells were procured from American Type
Culture Collection (Manassas, VA). Both cells were grown in
DMEM culture medium supplemented with FBS (10%) and
100 U/mL antibiotics at CO, (5%) incubator at 37°C. Nearly
at 80% confluence of both cells, these were subcultured into
96-well plates, 6-well plates, and 25-cm” flasks according to
designed experiments.

The cells were precultured for 24 hours before exposure to
gGNPs. The NP powder was suspended in culture medium
(1 mg/mL) and diluted according to the experimental

Table I. List of Primer Sequences.

Genes Primer Sequences References

5 - TTCATCCAGGATCGAGCAGA-3/ 2
(forward)
5.GCAAAGTAGAAGGCAACG-3'
(reverse)
5-CTGGTGGACAACATCGCTCTG-3’ 25
(forward)
5.GGTCTGCTGACCTCACTTGTG-
3'(reverse)
5.GGTATTGAGACAGACAGTGG-3' 26
(forward)
5.CATGGGATCTGTTTCTTTGC-3'
(reverse)
5-AAGTCCCTCACCCTCCCAAAAG-3' z
(forward)
5-AAGCAATGCTGTCACCTTCCC-3'
(reverse)

BAX

Bcl-2

Caspase-3

B-actin

concentrations (10-700 pg/mL). Cells were not treated with
NPs served as controls in each experiment.

Cytotoxicity End Points

3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide
assay. The cytotoxicity of gGNPs on CHANG and HuH-7 cells
was measured according to Alarifi et al method.? Briefly, 1 x
10* cells per well was cultured in culture plate (96-well)
and treated with various doses (0, 10, 50, 150, 250, 350, and
700 pg/mL) of gGNPs for 24 hours. After exposure, the culture
media were removed from 96-well plates and replaced with
culture medium containing MTT solution in an amount equal
to 5% of culture volume and incubated for 210 minutes at 37°C
until a purple-colored formazan product developed. The devel-
oped formazan crystal was dissolved in DMSO. After dissolving
the crystal, the absorbance was measured at 570 nm using a
microplate reader (Synergy-HT; BioTek, Winooski, Vermont).

Neutral red uptake assay. Also, the cytotoxicity of gGNPs was
measured by neutral red uptake (NRU) test as described by
Alarifi et al.>® Briefly 1 x 10* cells per well was plated in 96-
well plate and treated with different concentration of gGNPs (0,
10, 50, 150, 250, 350, and 750 pg/mL) for 24 hours. After
exposure, the old culture media were removed and 100 pL/well
dissolved neutral red dye (50 pg/mL) in culture media was filled
and incubated for 4 hours. After incubation, the plate was
washed by dye extract and fixative solution, and plate was deter-
mined of OD at 570 nm using UV—Vis spectrophotometer (Edin-
burgh Instruments Ltd, Kirkton Campus, Livingston, UK).

Evaluation of Intracellular ROS

The intracellular ROS generation after treatment of gGNPs was
evaluated by applying DCFH-DA as described by Alarifi
et al.?® Briefly, 1 x 10* cells were cultured in black bottom
culture plate (96 well) and left for 24 hours for attachment in
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Figure |. Schematic diagram of production of green gold nanoparticles (gGNPs). A, Transmission electron microscopy (TEM) image of gGNPs.
B, Size distribution of gGNPs (%). C, Size of gGNPs (mm) by dynamic light scattering (DLS).

CO, incubator at 37°C. Then, both cells were treated with
gGNPs for 24 hours. After treatment, the culture plates were
washed with chilled phosphate-buffered saline (PBS), and
10 uM DCFH-DA was added per well at 37°C for 1 hour. After
1-hour incubation, the plate was washed and fluorescence
intensity was measured at 485 nm excitation and 520 nm emis-
sions using the micro plate reader (Synergy-HT; BioTek). The
values were expressed as a percentage of fluorescence intensity
relative to the control wells.

Another set of cells (1 x 10° cells/well in a 6-well transparent
plate) were analyzed for intracellular fluorescence using a fluor-
escence microscope (Olympus CKX 41; Olympus: Center Val-
ley, Pennsylvania), with images taken at 40x magnification.

Efficacy of N-Acetyl-.-Cysteine in GGNPs-Derived
Cytotoxicity and Oxidative Stress

The protecting effect of N-acetyl-L-cysteine (NAC), an impor-
tant antioxidant for formation of glutathione (GSH) and

generation of ROS against gGNP-induced cell toxicity and
oxidative stress was determined according Alarifi et al.?®
N-acetyl-L-cysteine (10 mM) was added to gGNPs cells 1 hour
before the addition of gGNPs (350 pg/mL). Then, the
procedure was same as the MTT assay, and intracellular ROS
generation test was performed as described earlier.

Preparation of Cell Extract

To observe the oxidative stress due to exposure of gGNPs in
CHANG and HuH-7 cells, cell lysate of control and exposed
cells for lipid peroxide (LPO) and total GSH was prepared.
Both cells were grown in 75-cm? culture flasks and exposed
to gGNPs (0, 10, 150, 250, 350, and 700 pg/mL) for 24 hours.
The cell lysate was prepared by scraping the cells in
chilled PBS. Then, the cells were lysed using cell lysis buffer
(1 x 20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM
Na,EDTA, 1% Triton, 2.5 mM sodium pyrophosphate). Then,
the cells were centrifuged at 13 000 rpm at 4°C, and the super-
natant was collected and maintained on ice for further assays.
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Figure 2. Cytotoxicity of gold nanoparticles (GNPs) on CHANG and HuH-7 cells for 24 hours, as determined by (A) 3-(4, 5-dimethylthiazol-2-
yl)-2, 5-diphenyltetrazolium bromide (MTT) tests, (B) neutral red uptake (NRU) tests. Each value represents the mean + standard error (SE) of

3 experiments (N = 3). *P < .05 and P < .01 versus control.

Lipid peroxide assay. Level of LPO was determined by measur-
ing the formation malondialdehyde (MDA) using the method
of Ohkawa et al.** The absorbance of the cooled mixture was
observed at 532 nm and was converted to MDA and expressed
in terms of percentage when compared to the control.

Glutathione assay. The total GSH content (GSH/GSSG) was
measured using a commercial colorimetric assay kit
(ab156681). The total GSH was expressed in terms of percent-
age as compared to the control.

Mitochondrial Membrane Potential Test

Mitochondrial membrane potential (MMP) test was determined
in CHANG and HuH-7 cells (5 x 10* cells per well) after
exposure to gGNPs (50, 350 pg/mL) for 24 hours according
to Alarifi et al method.?® Both cells were washed with chilled
PBS and added fluorescent dye (Rh-123, 10 mM/ well of
6 chambered slides) for 60 minutes at 37°C in the dark.
After incubation, the plate was washed with PBS, and 50

fluorescence images per concentration were captured using
an upright fluorescence microscope (OLYMPUS CKX 41)
with 40x magnification.

Chromosome Condensation in CHANG and HuH-7 Cells

After exposure to gGNPs, the chromosome condensation in
both cells was evaluated using DAPI stain through a confocal
microscopy. In brief, the cells were washed with chilled PBS
and added 10-uL DAPI and incubated for 30 minutes in the
darkroom. After incubation, the cells were washed and images
were captured using fluorescence microscopy.

Evaluation of Caspase-3 Enzyme

Caspase-3 enzymes play a significant role in cell death.
Caspase-3 enzyme was determined in gGNPs exposed and
unexposed CHANG and HuH-7 cells using Bio-Vision colori-
metric assay kits (BioVision, Inc., Milpitas, CA).
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Figure 3. Intracellular reactive oxygen species (ROS) generation after exposure to green gold nanoparticles (gGNPs). A, CHANG cells
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represents the mean + standard error (SE) of 3 experiments. *P < .05 and **P < .0l versus control. Scale bar is 40 um.

Quantitative Real-Time Polymerase Chain Reaction
Analysis

Both cells were subcultured in 75-cm? flask and exposed to
gGNPs (150 and 350 pg/mL) for 24 hours. Total RNA was
isolated by applying the Qiagen RNeasy Mini Kit (Valencia,
California) according to the manufacturer’s instructions. The
quantity of RNA was measured by Nanodrop 8000 spectro-
photometer (Thermo-Scientific, Wilmington, Delaware), and
RNA quality was checked on 1% agarose gel using the gel
documentation system (Universal Hood II; BioRad, Hercules,
California). Complementary DNA was from total RNA by the
reverse transcriptase using Moloney murine leukemia virus
(Promega, Madison, Wisconsin) and oligo (dT) primers (Pro-
mega) according to the manufacturer’s protocol. Quantitative
real-time polymerase chain reaction (PCR) was done using the
QuantiTect SYBR Green PCR kit (Qiagen) using the ABI

PRISM 7900HT Sequence Detection System (Applied Biosys-
tems, Foster City, CAlifornia). The sequences of primer for
bax, bcl-2, caspase-3, and B-actin used in this study are given
in Table 1.%5°%7 Expressions of selected genes were normalized
to the B-actin gene, which was used as an internal housekeeping
gene.

In Vitro Comet Assay

Comet assay is a visual and sensitive technique to determine
single-strand DNA damage in treated cells. CHANG and HuH-
7 cells were grown in 6-well culture plates (Nunc) at 5 x 10°
cells/well for 24 hours and exposed to gGNPs (0, 10, 350, and
700 pg/mL) for 24 hours at 37°C. The DNA damage was deter-
mined by applying Comet Assay Kit (3-well slides; ab238544)
according to the manufacturer’s instructions. The DNA dam-
age was expressed as tail extent moment value (product of the
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Figure 4. A, Level of lipid peroxide (LPO). B, Decreased level of glutathione (GSH). C, Correlations between intracellular reactive oxygen
species (ROS) generation and reduction of GSH in CHANG and HuH-7 cells after exposure to green gold nanoparticles (gGNPs) for 24 hours.
Each value represents the mean + standard error (SE) of 3 experiments. *P < .05; **P < .05 versus control.

tail length by the tail content) and olive tail moment using
Comet score software.

Protein Assay

The total protein content in the cell extracts was estimated by
the Bradford method®® using bovine serum albumin as the
standard.

Statistical Analysis

The statistical differences were determined by analysis of var-
iance, and the differences were noted (P < .05, .01). The data
are expressed as average of 3 independent experimental points.

Results

Characterization of GGNPs

We have characterized gGNPs by TEM and DLS methods.
Figure 1A denotes the TEM image of gGNPs. The average
diameter of gGNPs was around 55 + 3.5 nm. The hydrody-
namic size of gGNPs in deionized water was 160 nm. Further,

the zeta potential of gGNPs in water was ~12.4 mV
(Figure 1B).

Cytotoxicity

CHANG and HuH7 cells were exposed to different doses of
NPs (10-700 pg/mL) for 24 hours, and the cell viability was
determined by MTT and NRU tests. The gGNPs induced cyto-
toxicity in a dose-dependent manner.

The MTT results indicated that viability of CHANG cells
was decreased up to 99%, 98.5%, 95%, 89%, 83%, and 74%,
while HuH-7 cell viability decreased to 98%, 99%, 90.4% 85%,
70.8%, and 66% for same concentrations 10, 50, 150, 250, 350,
and 700 pg/mL, respectively (Figure 2A). Furthermore, we
have confirmed the cytotoxicity of gGNPs on these cells by
NRU test, and result of NRU test (Figure 2B) was in accor-
dance with MTT test.

Oxidative Stress

Oxidative stress was determined in CHANG and HuH-7 cells.
After treatment of NPs, the production of ROS was measured
as the intensity of fluorescence image. The exposed cells
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showed more green fluorescence of dichlorofluorescin D). Figure 3G showed production of ROS in a dose-
(Figure 3B, C, E, and F), and it is considered as a biomarker dependent manner. Lipid peroxide was increased and total
of ROS production in comparison to control (Figure 3A and GSH quantity was declined in exposed cells when compared
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with control cells in a dose-dependent manner in both the
cells (Figure 4A and B). Figure 4C showed the correlation
between induction of intracellular ROS generation and
reduction of GSH in CHANG and HuH-7 cells after expo-
sure to gGNPs for 24 hours.

Effect of NAC on Cytotoxicity and Oxidative
Stress of gGNPs

The role of oxidative stress in cell toxicity of CHANG and
HuH-7 due to gGNPs was confirmed using NAC (10 mM)
which is a well-known ROS inhibitor. The data of these experi-
ment showed that NAC scavenged the production of ROS and
reduced cytotoxicity of respective NPs in both the cells
(Figure 5A and B).

Finally, it is observed that cell toxicity and oxidative stress
due to NPs was a little bit more in HuH-7 cells in comparison to
CHANG cells. However, the mechanism of cytotoxicity of
gGNPs was same in both CHANG and HuH-7 cells.

Mitochondrial Membrane Potential

Some researchers reported that MMP was compromised during
the apoptotic process of cells.>* In this study, we found that red
fluorescence intensity of Rh-123 dye was lowered in both cells
after exposure to gGNPs in comparison to control cells. The
decrease in the fluorescence intensity of Rh-123 dye indicates
loss of MMP, and it was dose-dependent in both the cells
(Figure 6).

Green GNP-Induced Apoptosis

The chromosome condensation was observed using DAPI
staining, and more condensed chromatin was found in CHANG
(Figure 7B and C) and HuH-7 cells (Figure 7E and F) at 350
and 700 pg/mL of gGNPs exposure in comparison to control
CHANG (Figure 7A) and HuH-7 cells (Figure 7D),
respectively.

We have analyzed the level of caspase-3 in CHANG and
HuH-7 cells. The level of caspase 3 was increased according to
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concentrations (Figure 7G). Also, we have confirmed the
induction of apoptosis using quantitative real-time PCR to
determine the involved apoptotic genes (bax, bcl2, and
caspase-3) in CHANG and HuH-7 cells exposed to gGNPs
(350 pg/mL). The data showed that gGNPs change the regula-
tion of apoptotic genes in both cells (Figure 8). We have
observed more expression of caspase-3 genes and downregula-
tion of bel2 and upregulation of bax genes.

DNA Damage

We have observed the fragmentation of DNA due to exposure
of gGNPs, and it was determined as % tail DNA and olive tail
moment in the control and exposed cells. Both cells exposed to
gGNPs and showed more DNA damage in exposed cells than
in control cells. The maximum DNA damage was found at
700 pg/mL gGNPs in CHANG and HuH-7 cells (Figure 9).

Discussion

Nanotechnology is a pioneering field in science and technology
with much application in biomedical fields and producing of
new materials. Gold NPs have been found useful in the field of
drug delivery. The size and shape of NPs are affecting its
application in drug transporter. The large size of the particles

created problem in drug delivery. Nowadays, biosynthesized
metallic NPs using plant extract has been receiving more atten-
tion as it is a simple and viable alternative against chemical and
physical methods with their potential applications in nanome-
dicine. Shankar et al*’ have synthesized stable GNPs from
geranium leaves (Pelargonium graveolens) with variable size
including rod, flat sheet, and triangle.

In this experiment, we have analyzed cytotoxicity and
DNA-damaging potential of the synthesized gGNPs in
CHANG and HuH-7cells. Green GNPs inhibited cell prolifera-
tion in a concentration-dependent manner, and HuH-7 cells are
more sensitive to gGNPs than CHANG cells. The change in
morphology of CHANG and HuH-7 was observed using AO/
EB staining, and these alterations are correlated with cytotoxi-
city of gGNPs. The apoptotic nuclei of both cells at 700 pg/mL
could be identified by their distinctively marginated and frag-
mented appearance. In the control cells without exposure, the
cell nuclei were intact and normal. To investigate whether the
proliferation of cell was inhibited by the apoptotic response, we
have determined apoptotic cells using Annexin-V-FITC and PI
staining after exposure to gGNPs. The genotoxic potential of
gGNPs was determined using comet assay, and more DNA
damage occurred at higher concentration of NP exposure. We
measured the LPO and GSH levels in both cells after exposure
to gGNPs, which are markers of oxidative stress. Lipid perox-
ide can give rise to more radicals and fragment biomolecules
with ROS. Green GNPs induce injury to the cell lysosome as
demonstrated by NRU uptake. The current finding corrobo-
rated with our previous work of silver-doped graphene oxide
nanocomposite and green platinum NPs toxicity on human
hepatic normal and carcinoma cells and HEK293 cells,
respectively.’*!

This study demonstrates that gGNP is an inducer of apop-
tosis in liver cells, although its effect takes place more slowly
than with DNA-damaging NPs and after a long dormant time.
The gGNP-induced apoptosis was led by the activation of
caspase-3, which is observed at 150, 250, 350, and 700 pg/
mL NP exposure by evaluation of caspase-3 activity by
enzyme-linked immunosorbent assay and real-time PCR. Acti-
vation of caspase-3 was accompanied by downregulation of
bcl2 and upregulation of bax and p53 genes. All these events
led the appearance of the morphological signs of apoptosis,
which were observed in a large percentage of cells after expo-
sure of gGNPs. When free radicals come in close contact with
the cellular organelles, they may oxidize and reduce macromo-
lecules (DNA, lipids, proteins), resulting in significant oxida-
tive damage to the cell. Green GNPs reduced viability of cells,
increased ROS generation, and LPO level and reduced GSH in
CHANG and HuH-7 cells. The DNA damage and oxidative
stress as observed in the present study are in the findings of
Alarifi et al*® in the human hepatocarcinoma cells for nanoa-
lumina and Alkahtane®? in the A549 for indium tin oxide NPs.

We observed gGNP-induced cytotoxicity in CHANG and
HuH-7 cells, and the results corroborated with the findings of
Kumar et al*® in ovarian cancer cells for different sized GNPs.
Green GNPs induced oxidative stress in a dose-dependent
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Figure 9. A and B, DNA strand breakage in CHANG and HuH-7 cells after green gold nanoparticles (GNPs) exposure for 24 hours. Images
representing DNA damage in CHANG and HuH-7 cells exposed to gGNPs for 24 hours. C, Control CHANG cells. D, CHANG cells at 350 pg/
mL gGNPs. E, CHANG cells at 700 pg/mL gGNPs. F, Control HuH-7 cells at 350 pg/mL gGNPs. H, HuH-7 cells at 700 pg/mL gGNPs. Each value
represents the mean + standard error (SE) of 3 experiments. *P < .05 and **P < .0l versus control. Scale bar is 20 um.

manner, as it was proved by declination in ROS production
and lipid peroxidation. Green GNPs provoked apoptosis in
both cells as confirmed by compromise of MMP and down-
regulation bcl2 and upregulation of bax and caspase-3 apop-
totic genes and DNA fragmentation. It is also valuable to
message that HuH-7 cells are more sensitive to gGNPs than
CHANG cells.

Conclusion

It is concluded based on our result that gGNPs induced cyto-
toxicity and apoptotic change in HuH-7 and CHANG cells. The
toxicity of gGNPs may be induced due to oxidative stress. It is
also valuable to notice that HuH-7 cells are more sensitive to
¢GNPs than CHANG cells. Further investigations are under-
way to find out the mechanisms of toxicity due to gGNPs at an
in vivo level.

Authors’ Note

The data used to support the findings of this study are included in this
article.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: This
research was funded by the Deanship of Scientific Research at Prin-
cess Nourah Bint Abdulrahman University, through the Research
Funding Program (Grant No# FRP-1440-4).

ORCID iD

Saud Alarifi (@ https://orcid.org/0000-0001-9824-5089

References

1. Buzea C, Blandino IIP, Robbie K. Nanomaterials and nanoparti-
cles: sources and toxicity. Biointerphases. 2007;2(4):MR17-MR71.

2. Abbott CTE, Ajmani GS, Huang H, Schwab KJ. Evaluating nano-
particle breakthrough during drinking water treatment. Environ
Health Perspect. 2013;121(1):1161-1166.

3. Denchak M. Water Pollution: Everything You Need to Know.
New York, NY: Natural Resources Defense Council; 2018.
https://www.nrdc.org/stories/water-pollution-everything-you-nee
d-know.

4. Kong FY, Zhang JW, Li RF, et al. Unique roles of gold nanopar-
ticles in drug delivery, targeting and imaging applications.
Molecules. 2017;22(9):1445.


https://orcid.org/0000-0001-9824-5089
https://orcid.org/0000-0001-9824-5089
https://orcid.org/0000-0001-9824-5089
https://www.nrdc.org/stories/water-pollution-everything-you-need-know
https://www.nrdc.org/stories/water-pollution-everything-you-need-know

Bin-Jumah et al

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

Christian P, Von der Kammer F, Baalousha M, Hofmann T.
Nanoparticles: structure, properties, preparation and behavior in
environmental media. Ecotoxicology. 2008;17(3):326-343.

. Pan Y, Neuss S, Leifert A, et al. Size-dependent cytotoxicity of

gold nanoparticles. Small. 2007;3(1):1941-1949.

. Khan ZH, Khan A, Chen Y, et al. Biomedical applications of

green synthesized Nobel metal nanoparticles. J Photochem
Photobiol B. 2017;173:150-164.

. Arvizo RR, Miranda OR, Thompson MA, et al. Effect of nano-

particle surface charge at the plasma membrane and beyond. Nano
Lett. 2010;10(7):2543-2548.

. Zhang Y, Xu D, Li W, Yu J, Chen Y. Effect of size, shape, and

surface modification on cytotoxicity of gold nanoparticles to
human HEp-2 and canine MDCK cells. J Nanomater. 2012;7.
Article ID 375496. doi:10.1155/2012/375496.

Pan Y, Leifert A, Ruau D, et al. Gold nanoparticles of diameter 1.
4 nm trigger necrosis by oxidative stress and mitochondrial dam-
age. Small. 2009;5(1):2067-2076.

Fua PP, Xia Q, Hwang HM, Ray PC, Yu H. Mechanisms of
nanotoxicity: generation of reactive oxygen species. J Food Drug
Anal. 2014;22(1):64-75.

Halliwell B, Gutteridge IMC, eds. The Chemistry of Oxygen Radi-
cals and Other Oxygen-Derived Species. New York, NY: Oxford
University Press; 1989.

Nita M, Grzybowski A. The role of the reactive oxygen species
and oxidative stress in the pathomechanism of the age-related
ocular diseases and other pathologies of the anterior and posterior
eye segments in adults. Oxid Med Cell Longev. 2016;2016:
3164734.

Berlett BS, Stadtman ER. Reactive oxygen-mediated protein oxi-
dation in aging and disease. Chem Res Toxicol, 1997;10(2):
485-494.

Poon HF, Calabrese V, Scapagnini G, et al. Free radicals and
brain aging. Clin Geriatr Med. 2004;20(1):329-359.

Evans MD, Dizdaroglu M, Cooke MS. 2004Oxidative DNA dam-
age and disease: induction, repair and significance. Mutat Res.
2004;56(7):1-61.

Shi H, Hudson LG, Liu KJ. Oxidative stress and apoptosis in
metal ion-induced carcinogenesis. Free Radic Biol Med. 2004;
37(5):582-593.

Bodamyali T, Stevens CR, Blake DR, et al. Reactive oxygen/
nitrogen species and acute inflammation: a physiological process.
In: Winyard PG, Blake DR, Evans CH, eds. Free Radicals and
Inflammation. Basel, Switzerland: Springer; 2000:11-19.

. Chiang HM, Xia Q, Zou X, et al. Nanoscale ZnO induces cyto-

toxicity and DNA damage in human cell lines and rat primary
neuronal cells. J Nanosci Nanotechnol. 2012;12(3):2126-2135.

Xia Q, Boudreau MD, Zhou YT, et al. UVB photo irradiation of
Aloe vera formation of free radicals, singlet oxygen, superoxide,

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

and induction of lipid peroxidation. J Food Drug Anal. 2011;
19(2):396-402.

Mateo D, Morales P, Avalos A, Haza Al. Oxidative stress con-
tributes to gold nanoparticle induced cytotoxicity in human
tumour cells. Toxicol Mech Methods. 2014;24(1):161-172.
Alarifi S, Ali D, Alkahtani S. Oxidative stress-induced DNA
damage by manganese dioxide nanoparticles in human neuronal
cells. Biomed Res Int. 2017;2017(2):5478790.

Alarifi S, Ali D, Alkahtani S. Nanoalumina induces apoptosis by
impairing antioxidant enzyme systems in human hepatocarci-
noma cells. Int J Nanomedicine. 2015;10(1):3751-3760.
Ohkawa H, Onishi N, Yagi K. Assay for lipid peroxidation in
animal tissue by thiobarbituric acid reaction. Anal Biochem.
1979;95(2):351-358.

Jafari Anarkooli I, Sankian M, Ahmadpour S, Varasteh AR,
Haghir H. Evaluation of Bcl-2 family gene expression and
caspase-3 activity in hippocampus STZ-induced diabetic rats. Exp
Diabetes Res. 2008;2008:638467.

Kumar A. Silibinin inhibits the hepatocellular carcinoma in
NDEA-induced rodent carcinogenesis model: an evaluation
through biochemical and bio-structural parameters. J Cancer Sci
Ther. 2015;7(1):206-215.

Singh AK, Bhadauria AS, Kumar U, et al. Novel Indole-fused
benzo-oxazepines (IFBOs) inhibit invasion of hepatocellular car-
cinoma by targeting IL-6 mediated JAK2/STAT3 oncogenic sig-
nals. Sci Rep. 2018;8(1):5932.

Bradford MM. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of pro-
tein dye binding. Anal Biochem. 1976;72(2):248-254.

Shankar SS, Rai A, Ahmad A, Sastry M.Rapid synthesis of Au,
Ag, and bimetallic Au core-Ag shell nanoparticles using Neem
(Azadirachta indica) leaf broth. J Colloid Interface Sci. 2004;
275(2):496-502.

Ali D, Alarifi S, Alkahtani S, Almeer RS. Silver-doped graphene
oxide nanocomposite triggers cytotoxicity and apoptosis in
human hepatic normal and carcinoma cells. Int J Nanomedicine.
2018;13(1):5685-5699.

Almeer RS, Ali D, Alarifi S, Alkahtani S, Almansour M.Green
platinum nanoparticles interaction with HEK293 cells: cellular
toxicity, apoptosis, and genetic damage. Dose Response. 2018;
16(4):1559325818807382.

Alkahtane AA. Indium tin oxide nanoparticles-mediated
DNA fragmentation and cell death by apoptosis in human
lung epithelial cells. Toxicol Environ Chem. 2015;97(8):
1086-1098.

Kumar D, Mutreja I, Chitcholtan K, Sykes P. Cytotoxicity and
cellular uptake of different sized gold nanoparticles in ovarian
cancer cells. Nanotechnology. 2017;28(47):5101.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


