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Abstract

Gold nanoparticles (AuNPs) have been widely used in many biological and biomedical applications. In this regard, their surface
modification is of paramount importance in order to increase their cellular uptake, delivery capability, and optimize their dis-
tribution inside the body. The aim of this study was to examine the effects of AuNPs on cytotoxicity, oxidant/antioxidant
parameters, and DNA damage in HepG2 cells and investigate the potential toxic effects of different surface modifications such as
polyethylene glycol (PEG) and polyethyleneimine (PEl; molecular weights of 2,000 (low molecular weight [LMW]) and 25,000 (high
molecular weight [HMW]). The study groups were determined as AuNPs, PEG-coated AuNPs (AuNPs/PEG), low-molecular
weight polyethyleneimine-coated gold nanoparticles (AuNPs/PEI LMW), and high-molecular weight polyethyleneimine-coated
gold nanoparticles (AuNPs/PEI HMW). After incubating HepG2 cells with different concentrations of nanoparticles for 24 hours,
half maximal inhibitory concentrations (the concentration that kills 50% of the cells) were determined as 166.77, 257.73, and
198.44 ng/mL for AuNPs, AuNPs/PEG, and AuNPs/PEI LMW groups, respectively. Later, inhibitory concentration 30 (ICso, the
concentration that kills 30% of the cells) doses were calculated, and further experiments were performed on cells that were
exposed to IC3q doses. Although intracellular reactive oxygen species levels significantly increased in all nanoparticles, AuNPs as
well as AuNPs/PEG did not cause any changes in oxidant/antioxidant parameters. However, AuNPs/PEI HMW particularly
induced oxidative stress as evidence of alterations in lipid peroxidation and protein oxidation. These results suggest that at IC3q
doses, AuNPs do not affect oxidative stress and DNA damage significantly. Polyethylene glycol coating does not have an impact on
toxicity, however PEI coating (particularly HMW) can induce oxidative stress.
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addition, ROS originating from exposure to nanomaterials can

Introduction

With the rapid development of nanotechnology and the wide-
spread use of nanoparticles in the biomedical area, the toxicity
of nanomaterials has begun to attract attention. Physicochem-
ical characteristics of nanoparticles including chemical compo-
sition, size, shape, surface morphology, surface area, and
surface energy generally influence the toxicity of these nano-
materials. Nanotoxicology has become an important branch of
nanoscience in the recent years and it mainly investigates the
relationship between the physicochemical parameters of nano-
materials and the occurrence of toxic effects in biological sys-
tems. Generally, toxicity originates from small size and high
surface-to-volume ratio of nanomaterials. In comparison to
similar materials with larger structures, the nanoparticles/nano-
materials can lead to higher intracellular reactive oxygen spe-
cies (ROS) levels when biological systems are exposed. High
ROS levels can cause cytotoxicity and genotoxicity. In

cause mitochondrial damage, lipid peroxidation, protein mod-
ifications, and DNA damage.'™
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Although several noble metals have been used for therapy
and diagnosis purposes, gold nanoparticles (AuNPs) are consid-
ered to be outstanding delivery systems in medicine due to their
easy synthesis, rational stability, easy bioconjugation, and bio-
compatibility.*® To date, the Food and Drug Administration has
not yet approved any gold-based nanodrugs. There are several
AuNPs undergoing phase 2/3 clinical trials.”®* Gold nanoparti-
cles are known as colloidal or clustered particles consisting of a
gold core and a surface coating around the core.” They can be
obtained in different forms such as nanospheres, nanorods,
nanoshells, nanocages, nanostars, nanocubes, nanocrystals, and
triangular bipyramids depending on the synthesis procedure and
the experimental conditions. Among them, nanospheres, nanor-
ods, nanoshells, and nanocages are the most frequently used
forms in diagnosis and cancer therapy for the delivery of various
drugs to tissues.'® Electron—phonon and phonon—phonon inter-
actions provide heat generation in AuNPs when exposed to near-
infrared light (650-900 nm). For this reason, they can be used for
tumor imaging and tumor ablation.>® Traditional cancer treat-
ments (chemotherapy, radiation therapy) are based on destroy-
ing rapidly growing cancer cells. However, other rapidly
growing normal cells (blood, hair cells) are also damaged. With
the use of AuNPs in drug delivery as chemotherapeutics, the
desired dose can be delivered to the targeted region and therefore
the risk of healthy tissue damage is minimized.'''* For various
biological applications, AuNPs are generally coated with differ-
ent polymers such as heparin, hyaluronic acid, chitosan, dextran,
pullulan, cellulose derivatives, gelatin, polyethylene glycol
(PEQG), polyethyleneimine (PEI), polyvinyl caprolactone,
elastin-like polypeptide, and maltose. Shahbazi et al have shown
that PEI-coated AuNPs (AuNPs/PEI) of 50 nm size range have a
great potential of being used as theranostic nanoparticles for
real-time imaging under confocal or 2-photon microscopes
without any photobleaching effect.'* In addition, they have
shown the importance of AuNPs/PEI for enhanced small inter-
fering RNA delivery and tumor site localization in triple nega-
tive breast cancer therapy.'>!”

Polymeric ligands improve the long-term stability of AuNPs
and increase hydrophilicity of the surface. Polymeric coatings
are also used to target the drug molecule, extend the circulation
life, and may be effective in decreasing the cytotoxicity. In
addition, AuNPs size can be adjusted with polymer coating.”
131718 Moreover, coating of AuNPs with PEG (PEGylation)
reduces the reticuloendothelial system (RES) uptake, increases
the circulation time effectively by preventing aggregation, and
decreases the nonspecific protein adsorption in the biological
environment due to its excellent hydrophilicity.'® On the other
hand, nonspherical nanoparticles are known to have a tendency
to form aggregates due to anisotropic properties. It is known that
high curvature and ligand structure on the surface is responsible
for aggregate formation. Aggregation-related instability can be
prevented by coating the AuNPs surface with these polymers.
However, there are toxicity issues that are related to these nano-
particle systems or the use of different polymeric coatings.
While some work has been done about the toxicity of AuNPs,

there is inconsistent data about the effects of different coatings
on their toxicity mechanism in the literature.'*°

Considering all the knowledge given above, the objective of
this work was to investigate the cytotoxicity; oxidant/antioxi-
dant status parameters such as lipid peroxidation, protein oxi-
dation, glutathione (GSH) levels, and antioxidant enzyme
activities; and genotoxicity of AuNPs and AuNPs-coated with
PEG and PEI in HepG2 cells.

Materials and Methods
Chemicals, Kits, Cells

All the chemicals used in the synthesis of AuNPs were obtained
from Sigma-Aldrich. Penicillin/streptomycin was purchased
from Biological Industries. Cell culture media were from Bio-
west. Cell culture chemicals and materials (including fetal
bovine serum [FBS]), Tris, and protease inhibitor cocktail were
also from Sigma-Aldrich. Intracellular ROS detection kit was
from Sigma-Aldrich, while GSH, glutathione peroxidase
(GPx), superoxide dismutase (SOD), catalase (CAT), lipid per-
oxidation, and protein oxidation kits were from Cayman. DNA
Isolation Kit (Quick-DNA Miniprep Kit) was from Zymo
Research. 8-Hydroxy-2'-deoxyguanosine (8-OHdG) EIA Kit
was from Oxis International. The human hepatocellular carci-
noma cells (HepG2 cells) were from the American Type Cul-
ture Collection (ATCC®HB-8065).

Synthesis, Characterization, and Surface Modifications of
AuNPs

Gold nanoparticles were chemically synthesized by modified
Turkevich Method.?'*? Briefly, trisodium citrate dehydrate
solution (3%, 1 mL) was added to hydrogen tetrachloroaurate
(III) trihydrate (HAuCly-3H,0) solution (0.25 mM, 100 mL)
and vigorously stirred for 10 minutes under reflux system, and
the solution was cooled to room temperature. Four different
groups of AuNPs were synthesized. Seed nanoparticles were
used to prepare AuNPs with the sizes ranging between 55 and
65 nm by seeding-growth method.?® For this purpose, seed
nanoparticles (2.5 mL) were added to HAuCl,-3H,O solution
(0.25 mM, 100 mL) and mildly stirred. Then, trisodium citrate
dehydrate solution (15 mM, 1 mL) was added while stirring. At
the final step, hydroquinone solution (25 mM, 1 mL) was
quickly added and stirred for 10 minutes at room temperature.

Polyethylene glycol (molecular weight [MW]: 6,000) and
PEI (MW: 2,000; low MW [LMW] and MW: 25,000; high MW
[HMW]) were used to modify the surface of AuNPs. A stock
solution of PEI (2%, vol/vol) was prepared and added to
AuNPs solution at 0.005% (vol/vol) concentration by stirring.
Freshly synthesized AuNPs were coated with both low and
HMW PEI solutions by stirring for 1 hour with PEI solution.
In the final step, AuNPs/PEI were purified by centrifuging at
7,000 x g for 30 minutes and dispersed in deionized water.
These nanoparticles were named as AuNPs/PEI LMW (for
LMW) and AuNPs/PEI LMW (for HMW).'*!> On the other
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hand, PEG (6,000 MW) was added to AuNPs at 0.02% (vol/
vol) concentration by stirring. Polyethylene glycol-coated
AuNPs (AuNPs/PEG) were purified by centrifuging at 7,000
x g for 30 minutes and dispersed in deionized water. These
nanoparticles were named as AuNPs/PEG.

The hydrodynamic size and (-potential measurements of
nanoparticles were performed using the Zetasizer Nano ZS
analyzer (Malvern Instrument Ltd). The morphology and par-
ticle size distribution of nanoparticles were estimated by trans-
mission electron microscopy (TEM, FEI Tecnai G2 Spirit
BioTwin CTEM Microscope).

Cell Culture

The HepG2 cells were subcultured in a 75 cm? flasks in Dul-
becco modified Eagle medium supplemented with penicillin/
streptomycin (1%) and 10% FBS. The HepG2 cells were main-
tained in an incubator (Heraeus Instruments) at 37 °C and 5%
CO,. Cultured HepG?2 cells were used in following experiments.

Cytotoxicity Assay

Cell viability was determined using 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) assay.** The test is
designed to spectrophotometrically quantify cell growth and
viability. Briefly, HepG2 cells were cultured and seeded at a
density of 1 x 10° cells/well in a 96-well culture plate and
incubated for 24 hours. After 24 hours, HepG2 cells were
exposed to different concentrations (25, 50, 100, 200, 400 pg/
mL) of AuNPs, AuNPs/PEG, AuNPs/PEI LMW, and AuNPs/
PEI HMW, and incubated for 24 hours. Both untreated and
vehicle-treated HepG2 cells were used as a control, and the
results shown herein represent the results obtained from
untreated controls as the vehicle was not cytotoxic. Then the
media were discarded, and after the addition of 100 pL MTT dye
(0.5 mg/mL), cells were incubated for 4 hours. Then, MTT dye
was discarded. In order to dissolve the formazan precipitate, 150
pL of dimethyl sulfoxide (DMSO) was added to each well, and
the plate incubated on a shaker for a few minutes. The absor-
bance was measured at 570 nm using a microplate reader (Spec-
tramax M2, Molecular Devices). Control cells were accepted to
have 100% cell viability. The results were expressed as the mean
percentage of cell viability versus control group. Untreated cells
were used as the control group. Inhibitory concentration 50
(ICsp, concentration that causes 50% of cell viability loss) and
inhibitory concentration 30 (IC;, concentration that causes 30%
of cell viability loss) were later calculated. Experiments were
repeated on 3 different days for 9 independent occasions. The
mean of all the experiments were calculated.

Intracellular ROS Production

The intracellular ROS detection kit is based on the conversion
of the nonfluorescent probe 5-(and 6-) chloromethyl-2',7'-
dichlorodihydrofluorescein diacetate to green-fluorescent
chloromethyl-2’,7'-dichlorofluorescin (CM-DCF) by living

cells. Reactive oxygen species reacts with a fluorogenic sensor
contained in the cytoplasm to form a fluorometric product
proportional to the amount of present ROS. Briefly, HepG2
cells (1 x 10%) were washed with 90 uL phosphate buffered
saline (PBS). The ROS detection reagent stock solution was
prepared by mixing 40 pL. DMSO with the ROS detection
reagent. The HepG2 cells were treated with 10 pL test com-
pound solution (AuNPs, AuNPs/PEG, AuNPs/PEI LMW,
AuNPs/PEI HMW) at IC3( doses. Determination of ROS, oxi-
dant/antioxidant status parameters, and DNA damage were
performed by using IC; doses, as this dose would represent
more realistic result, than ICsy dose. For control wells
(untreated cells), only 10 pL. PBS was added. To induce ROS
production, 96-well culture plate was incubated in a 5% CO,,
37 °C incubator for 30 minutes. Master reaction mixture (20 pL
stock solution, 10 pL assay buffer) was prepared and 100 pL of
this mixture was immediately added to each well. The 96-well
culture plate was incubated for 30 minutes. Fluorescence inten-
sity was measured (Ao, = 640 nm, A, = 675 nm) by using a
spectrofluorometer (Spectramax M2, Molecular Devices).
Control cells were accepted to have 100% ROS production.
Results were expressed as the mean percentage of ROS pro-
duction versus control group.

Antioxidant and Oxidant Parameters

After specified incubation periods and trypsinization, the cell
lysates were prepared by using Tris buffer (pH 7.4) with protease
inhibitor cocktail. For GSH, lipid peroxidation and protein oxi-
dation, cell lysates were centrifuged at 4,000 rpm, 4 °C, for 10
minutes. The supernatants were collected and kept at —80 °C
until the experiments were performed. For antioxidant enzyme
activities, cell lysates were centrifuged at 4,000 rpm, 4 °C, for 10
minutes. The supernatants were further centrifuged at 13,000
rpm, pellets were discarded, and the supernatants were collected
and kept at —80 °C until the experiments were performed.

Glutathione Peroxidase Activity

Glutathione Peroxidase Assay Kit indirectly measures the GPx
activity by a coupled reaction with glutathione reductase (GR).
Oxidized glutathione upon reduction by a hydroperoxide (ie,
cumene hydroperoxide) is later recycled to its reduced state by
GR and by NADPH oxidation. The oxidation of NADPH to
NADP+ is accompanied by a decrease in absorbance at 340
nm, and the decrease in the absorbance is directly proportional
to the GPx activity within the erythrocyte sample. Absorbance
was measured at 340 nm at 1 minute interval, and GPx activity
was expressed as nmol/min/mg protein.

Superoxide Dismutase Activity

The total SOD activity was measured by a colorimetric assay
using a commercial kit. This kit uses a radical detector, that is,
tetrazolium salt solution namely 2- (4-iodophenyl)-3-(4-nitro-
phenyl)-5-(2,4-sulfophenyl)-2H-tetrazolium, monosodium
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salt, WST-1 formazan, that produces a water-soluble formazan
dye upon reduction with a superoxide anion. Xantine oxidase
(XO) causes superoxide ion production while converting
xanthine and water to uric acid and H,O,. Superoxide can be
dismutated by SOD to give oxygen and H,O, in the same cycle.
The reduction rate of superoxide was linearly associated with
XO activity and this reduction to oxygen can be inhibited by
SOD. The 50% inhibition activity of SOD was determined.
Since the absorbance at 440 nm was proportional to the amount
of superoxide anion, the inhibition of SOD activity was quan-
tified by measuring the decrease in the color development at
440 nm. One unit of SOD is defined as the amount of enzyme
needed to exhibit 50% dismutation of the superoxide radical.
The SOD activity was expressed as U/mg protein.

Catalase Activity

The activity of CAT is measured by a commercial kit, which is
based on the peroxidative potential of CAT. The method
involves the enzymatic reaction of the H,O, substrate with
CAT and the resulting formaldehyde to form a colored com-
pound with the chromogen (4-amino-3-hydrazino-5-mercapto-
1,2,4-triazole, purpald). The absorbance values of the samples
were measured at 540 nm, and CAT activity was expressed as
nmol/min/mg protein.

Total Glutathione Levels

The method is based on the reaction of the sulfhydryl group of
GSH with 5,5'-dithio-bis-[2-nitrobenzoic acid to produce a
yellow colored 5-thio-2-nitrobenzoic acid (TNB) and in the
same cycle GSH is simultaneously converted to GS-TNB.
This disulfide is reduced by GR to recycle GSH and produce
more TNB. The TNB produced is directly proportional to this
recycling reaction and hence to the concentration of GSH in
the sample. The absorbance values of the samples were mea-
sured at 414 nm. The results were expressed as nmol/mg
protein.

Lipid Peroxidation

Plasma lipid peroxidation levels were quantified by using a
thiobarbituric acid (TBA) reactive substances assay kit which
measures the concentration of malondialdehyde (MDA), a
naturally occurring product of lipid peroxidation.”* Malondial-
dehyde forms a complex with TBA under high temperature (90
°C-100 °C) and acidic conditions, and the color intensity of
MDA-TBA complex is measured at 530 nm spectrophotome-
trically. The calculation of the amount of MDA was made by
using MDA standards (0, 0,5, 5, 10, 20, 30, and 50 uM), and the
results were expressed as nmol/mg protein.

Protein Oxidation

The most common indication of protein oxidation is protein
carbonyls. Redox cyclic cations such as Fe™ and Cu™? are
bound to the cation binding sites on the proteins, and several

amino acid side chain amine groups are converted to carbonyl
with the aid of H,O, or O,. Hydrazone is formed which can be
analyzed spectrophotometrically from the reaction between
2,4-dinitrophenylhydrazine and protein carbonyls. The absor-
bance values of the samples were measured at 360 nm, and the
results were expressed as nmol/mg protein.

Total Protein Levels

Bicinchoninic acid (BCA) is based on the formation of the
Cu?—protein complex under alkaline conditions followed by
the reduction of Cu™ to Cu™'.?> The amount of reduction is
proportional to the available protein. Total protein content of
the cells was determined by BCA using a “protein assay
kit.”*®*7 The absorbance values of the samples were measured
at 562 nm, and the results were expressed as mg/mL.

DNA Base Damage

After specified incubation periods and trypsinization, total
DNA was extracted using a DNA isolation kit, which uses a
genomic lysis buffer and later spin columns for extraction.
Later, 8-OHdG levels (as a marker of DNA base damage) were
measured by a commercial kit that uses sandwich enzyme-
linked immunosorbent assay method. The absorbance of the
samples or standards was measured at 450 nm. Four-
parameter logistic regression curve was used, and the plasma
8-OHdG levels within the samples were calculated using Spec-
tramax computer program. Plasma 8-OHdG levels were
expressed as ng/mL.

Statistical Analysis

The distributions were examined by the “Kolmogorov-
Smirnov” test. Data were evaluated by 1-way analysis of var-
iance. All data are reported as means + standard deviation, and
statistical analysis was performed using Student ¢ test. The
results were considered statistically significant when P <
0.05. In all statistical evaluations, Statistical Package for Social
Sciences Program (SPSS Inc) version 20.0 was used.

Results
Properties of Modified AuNPs

Gold nanoparticles were synthesized in 3 different steps.
Synthesized seed AuNPs were in the size range of 17 nm, and
their polydispersity index (PDI) was 0.1. These seed nanopar-
ticles were used in the following seeding growth of larger
nanoparticles. Zeta potential, hydrodynamic diameter, and PDI
values of AuNPs, AuNPs/PEG, AuNPs/PEI LMW, and AuNPs/
PEI HMW nanoparticles are given in Table 1. The typical TEM
images and size distribution of the nanoparticles are shown in
Figure 1. After seeding-growth step, nanoparticles were in the
size range of 45 nm and were highly monodisperse (PDI =
0.07). These nanoparticles had a negative ¢ potential of —36
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Table I. Zeta Potential, Hydrodynamic Diameter, and PDI Values of
Nanoparticles.

Sample Diameter, nm PDI Zeta potential, mV
AuNPs 45.14 + 1.3 0.07 —36.6 + 1.21
AuNPs/PEG 65.6 + 0.8 0.04 —10.7 + 0.8
AuNPs/PEI LMW 55.28 + 0.6 0.06 +40.9 + 1.44
AuNPs/PEI HMW 58.03 + 0.74 0.1 +43.7 + 1.28

Abbreviations: AuNPs, gold nanoparticles, AuNPs/PEG, polyethylene glycol-
coated gold nanoparticles, AuNPs/PEI LMW, low-molecular weight
polyethyleneimine-coated gold nanoparticles, AuNPs/PEI HMW, high-

mV. Different surface modifications were carried out on these
nanoparticles. After PEG surface modification, size of the
nanoparticles changed to 65 nm and PDI was even better than
unmodified nanoparticles (PDI = 0.04). However, ¢ potential
of the nanoparticles was close to a neutral charge range of —10
mV. On the other hand, PEI modifications with both PEI 2,000
and 25,000 MW increased the size of nanoparticles to 55 and
58 nm, respectively. Again, nanoparticles were highly mono-
dispersed; however with PEI 25,000 the PDI was a bit higher
(PDI = 1). Looking at TEM images, PEI coating can be clearly
seen on the surface of nanoparticles.

molecular weight polyethyleneimine-coated gold nanoparticles; PDI, polydis-
persity index.
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Figure |. Transmission electron microscopy images and size distribution of gold nanoparticles. A, AuNPs; B, AuNPs/PEG; C, AuNPs/PEI LMWV;
and D, AuNPs/PEI HMW. AuNP indicates gold nanoparticle, AuNPs/PEG, polyethylene glycol-coated gold nanoparticles, AuNPs/PEI LMW, low-
molecular weight polyethyleneimine-coated gold nanoparticles, AuNPs/PEI HMW, high-molecular weight polyethyleneimine-coated gold
nanoparticles.
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Figure 2. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide cell viability assay in HepG2 cell lines. Cells were exposed to different
concentrations (25, 50, 100, 200, 400 ig/mL) of nanoparticles for 24 hours. A, AuNPs; B, AuNPs/PEG; C, AuNPs/PEI LMW; D, AuNPs/PEI
HMW. AuNP indicates gold nanoparticle, AUNPs/PEG, polyethylene glycol-coated gold nanoparticles, AuNPs/PEI LMWV, low-molecular weight
polyethyleneimine-coated gold nanoparticles, AuNPs/PEI HMWV, high-molecular weight polyethyleneimine-coated gold nanoparticles.

Table 2. Inhibitory Concentration 30 and Inhibitory Concentration
50 Values of Nanoparticles.

Study groups AuNPs AuNPs/PEG AuNPs/PEI LMW
1C30, pg/mL 26.62 68.33 21.61
1Cs, pg/mL 166.77 257.73 198.44

Abbreviations: AuNPs, gold nanoparticle, AuNPs/PEG, polyethylene glycol-
coated gold nanoparticles, AuNPs/PEI LMW, low-molecular weight
polyethyleneimine-coated gold nanoparticles; 1Csq, inhibitory concentration
30; ICsp, inhibitory concentration 50.

Cytotoxicity

The values of ICsq for Au, AuNPs/PEG, and AuNPs/PEI LMW
calculated based on data from the MTT assays were 167 pg/
mL, 257 pg/mL, and 198 pg/mL, respectively (Figure 2). Since
the cell viability of the AuNPs/PEI HMW group did not exceed
20.44% compared to the control at the lowest concentration,
the values for this group were not included in the table
(Table 2).

Light Microscopy

Under light microscope, HepG2 cells had observed as adherent
epithelial cells with significant nucleolus and round nuclei. The
cytoplasm/nucleus ratio was in the favor of nuclei. Most cells
were rapidly dividing and they were most probably in the
metaphase or anaphase. In AuNP group (after IC;, dose was

applied for 24 hours), apoptotic cell clusters were observed on
the media. Cells had vacuoles and apoptotic bodies were
observed. Remaining cells were adherent although loss of con-
fluency was seen. In AuNPs/PEG group (after IC;o dose was
applied for 24 hours), cells seemed more confluent and adher-
ent and they were dividing. In AuNPs/PEI LMW group (after
1C50 dose was applied for 24 hours), we observed cellular
debris and degenerated cells. In AuNPs/PEI HMW group, we
observed apoptotic bodies, cellular degeneration, cytoplasmic
vacuoles, and cellular debris along with big apoptotic cell clus-
ters in the media, even at the lowest applied dose (25 uM).
Remaining cells were adherent but lost confluency.

Intracellular ROS Production

As shown in Figure 3, treatment of HepG2 cells with AuNPs,
AuNPs/PEG, AuNPs/PEI LMW, and AuNPs/PEI HMW
caused marked increases in intracellular ROS generation
(6.02%, 17.91%, 18.96%, and 13.23%, respectively; P <
0.05). The reason why the expected increase in intracellular
ROS in the AuNPs/PEI HMW group cannot be observed may
be considered as the decrease in the number of cells with treat-
ment followed by the decrease in ROS production.

Antioxidant Enzymes

Antioxidant enzyme activities in the study groups are given in
Figure 4. The activities of GPx in the control, AuNPs, AuNPs/
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Figure 4. Glutathione peroxidase, catalase, and superoxide dismu-
tase activity of nanoparticles in the study groups. A, GPx activity; B,
CAT activity; C, SOD acitvity. All values are expressed as mean + SD.
P < 0.05 was considered statistically significant. *>“Bars that do not
share same letters (superscripts) are significantly different from each
other. CAT indicates catalase; GPx, glutathione peroxidase; SD,
standard deviation; SOD, superoxide dismutase.

PEG, AuNPs/PEI LMW, and AuNPs/PEI HMW groups were
14.67 + 3.57 nmol/min/mg protein, 17.39 + 3.97 nmol/min /
mg protein, 16.34 + 1.42 nmol/min/mg protein, 6.66 + 4.27
nmol/min/mg protein, and 32.96 + 4.57 nmol/min/mg protein,
respectively. There was no significant difference between the
AuNPs and control as well as between the AuNPs/PEG group
and control. The increase in GPx1 activity in AuNPs/PEI LMW
(81.72%) and AuNPs/PETI HMW (124.60%) was significantly
different than the control group (P < 0.05).

The activities of CAT in the control, AuNPs, AuNPs/PEG,
AuNPs/PEI LMW, and AuNPs/PEI HMW groups were 87.96
+ 11.91 nmol/min/mg protein, 93.29 + 35.21 nmol/min/mg
protein, 80.85 + 6.63, 134.72 + 32.20 nmol/min/mg protein,
and 224.98 + 29.87 nmol/min/mg protein, respectively. The
AuNPs/PEI LMW treatment caused a 53.16% increase in CAT
activity, while AuNPs/PEI HMW exposure led to 155.78%
increase (both vs control; P < 0.05). In addition, the CAT
activity in AuNPs/PEI HMW (141.71%) group was signifi-
cantly higher than in the AuNP group (P < 0.05, both).

The SOD activities in the control, AuNPs, AuNPs/PEG,
AuNPs/PEI LMW, and AuNPs/PEI HMW groups were
213.81 + 29.96 U/mg protein, 229.36 + 27.81 U/mg protein,
236.56 + 23.69 U/mg protein, 401.25 + 76.94 U/mg protein,
and 547.44 + 117.49 U/mg protein, respectively. The SOD
activity in AuNPs/PEI LMW group was markedly higher than
the control group (87.67%, P < 0.05). Moreover, the SOD
activity in AuNPs/PEI HMW group was 156.04% higher than
control (P < 0.05).

Total Glutathione, Lipid Peroxidation, and Protein
Oxidation Levels

The total GSH, MDA, and protein oxidation levels in the study
groups are given in Figure 5. Total GSH levels in the control,
AuNPs, AuNPs/PEG, AuNPs/PEI LMW, and AuNPs/PEI
HMW groups were 5.19 + 0.83 nmol/mg protein, 5.86 +
1.62 nmol/mg protein, 5.23 + 0.22 nmol/mg protein, 7.74 +
1.40 nmol/mg protein, and 9.63 + 1.26 nmol/mg protein,
respectively. Total GSH levels were 85.66% higher in
AuNPs/PEI HMW group versus control (P > 0.05). The
increase in total GSH levels of AuNPs/PEI HMW group com-
pared to the Au group was statistically significant (64.17%, P
< 0.05). In addition, total GSH levels in the AuNPs/PEl HMW
group was significantly higher than the AuNPs/PEI LMW
group (P < 0.05).

The MDA levels in the control, AuNPs, AuNPs/PEG,
AuNPs/PEI LMW, and AuNPs/PEI HMW groups were 0.012
+ 0.003 nmol/mg protein, 0.011 + 0.004 nmol/mg protein,
0.010 £+ 0.000 nmol/mg protein, 0.010 + 0.000 nmol/mg
protein, and 0.044 + 0.010 nmol/mg protein, respectively. In
AuNPs/PEI HMW group, MDA levels were 253.53% higher
than control group and 311.17% higher than AuNP group (P <
0.05, both).

Carbonyl levels in the control, AuNPs, AuNPs/PEG,
AuNPs/PEI LMW, and AuNPs/PEI HMW groups were 0.26
+ 0.09 nmol/mg protein, 0.31 + 0.13 nmol/mg protein, 0.42
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Figure 5. Glutathione, lipid peroxidation, and protein oxidation levels
for nanoparticles in the study groups. A, GSH levels; B, MDA levels; C,
carbonyl levels. MDA is measured as an indicator of lipid peroxidation
while carbonyl levels were measured as an indicator of protein oxi-
dation. All values are expressed as mean + SD. P < .05 was consid-
ered statistically significant. *>“Bars that do not share same letters
(superscripts) are significantly different from each other. GSH indi-
cates total glutathione; MDA, malondialdehyde; SD, standard
deviation.

+ 0.26 nmol/mg protein, 0.65 + 0.31 nmol/mg protein, and
1.46 + 0.35 nmol/mg protein, respectively. The increases in
carbonyl levels in AuNPs/PEG and AuNPs/PEI HMW groups
were found be significantly higher than control (61.67% and
462.41%, respectively; P < 0.05, both). The carbonyl levels
measured in AuNPs/PEG and AuNPs/PEI HMW groups were
also higher than AuNP group (33.97% and 366.07%, respec-
tively; P < 0.05, both).

DNA Damage

The 8-OHDG levels in the study groups are given in Figure 6.
The 8-OHDG levels in the control, AuNPs, AuNPs/PEG,
AuNPs/PEI LMW, and AuNPs/PEI HMW groups were 0.90

one of the mechanisms underlying the toxic effects of AuNPs, as
also suggested for most of the nanoparticles in general.**>2

Gold nanoparticles can be coated with various biocompati-
ble polymers. These polymers provide an appropriate surface
chemistry and stability. Aggregation-related instability can be
prevented by coating the AuNP surface with polymers. Poly-
mers such as PEG and PEI are generally used in the surface
coating of AuNPs. These polymeric ligands improve the long-
term stability of AuNPs, increase the biocompatibility and
hydrophilicity of the outer surface, and make the solubility
adjustable 30323334

In the current work, oxidative stress was assessed as one of
the mechanisms underlying the possible toxicity of AuNPs.
Moreover, this study also investigated how surface coating can
change the oxidative potential of AuNPs. It has been suggested
that nanoparticles can cause a wide variety of toxic effects on
many organs/tissues in the biological systems.'=%3"323> When
these particles are inhaled, the primary target organs are the
lungs. Depending on their size, nanoparticles may accumulate
in the alveolar regions.*®*” Due to the association of the alveo-
lar region with the endothelium, nanoparticles can reach the
bloodstream and can be distributed to other organs such as liver
and kidney.*® In the current study, HepG2 cells have been
chosen since liver is one of the main target organs.>® Moreover,
AuNPs are used for tumor imaging, tumor ablation, and tar-
geted drug delivery for liver and other organs.>®*°
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Gold nanoparticles are generally considered as nontoxic
particles.*® However, the results of different studies on their
toxic effects are contradictory.*'** It has been reported that
their cytotoxic potential can vary not only depending on their
shape, surface chemistry, or size but also the cell type, organ-
ism, application type, and period are important factors. When
applied to in vitro systems, AuNPs exert different toxic prop-
erties and ICs doses depending on the properties of cells used
in the experiments.’>*!**> In the study by Mateo et al, the
researchers evaluated the cytotoxicity and oxidative stress
causing potentials of AuNPs (30, 50, and 90 nm) in human
leukemia (HL-60) and HepG2 cell lines. Gold nanoparticles
induced dose and time-dependent cytotoxicity with ICsq values
greater than 15 pg/mL in both of the cell lines. The HL-60 cells
were more sensitive to the cytotoxic response than HepG2
cells. Nanoparticle size slightly influenced the cytotoxic poten-
tials of AuNPs. All particle sizes of AuNPs caused an almost 2-
fold elevation in ROS production in both of the cell lines. In
addition, the researchers pointed out that smaller NPs lead to
more ROS formation.>> There are also studies suggesting that
ROS formation is independent from particle size for certain
nanoparticles.*® However, there are studies that report no
changes in intracellular ROS levels of Caco-2 cells when
treated with AuNPs.*’

In the study by Kang et al, researchers determined the pos-
sible genotoxic potential of AuNPs in vitro. Four different sizes
of AuNPs (4, 15, 100, or 200 nm) were applied to L5178Y
cells. Treatment with 4 nm AuNPs induced both dose- and
time-dependent cytotoxicity, while other sizes did not cause a
reduction in cell viability. However, in Comet assay, the treat-
ment with 100 and 200 nm AuNPs caused marked increases in
DNA damage versus control (P < 0.01). Moreover, after expo-
sure of L5178Y cells to 100 and 200 nm AuNPs, researchers
observed significant increases in tumor necrosis factor messen-
ger RNA expressions compared to the control (P < 0.05 and P
< 0.01, respectively). Researchers suggested that AuNP-
induced DNA damage in L5178Y cells can be due to induction
of oxidative stress.*® Vijayakumar and Ganesan reported that
citrate stabilized AuNPs with sizes of 3, 8, and 30 nm caused
cell death within 24 hours, while noncoated AuNPs (5, 6, 10,
17, and 45 nm) did not cause any decrease in cell viability in
both human breast cancer (MCF-7) and human prostate cancer
(PC-3) cell lines, indicating the role of particle size in cytotoxic
potentials of nanoparticles.*> In another study by Chompoosor
et al, 20 nm AuNPs were separated in 4 groups according to
their hydrophobic alkyl chain length (AuNPs 1 to 4; with
increasing side chains), and HeLa cells were exposed to those
nanoparticles for 24 hours. Researchers determined that both
acute cytotoxicity and genotoxicity of positively charged
AuNPs depend on the hydrophobicity of the ligands attached.
With the increasing hydrophobicity of the nanoparticles, a
higher cytotoxicity was observed, along with increased intra-
cellular ROS production. However, DNA damage decreased
with increasing particle hydrophobicity. Therefore, surface
modifications of nanoparticles may affect their cytotoxic and
oxidative potentials.*’ In the study on the cytotoxicity of PEI-

functionalized AuNPs, human embryonic kidney cells
(HEK293), HeLa cells, human epithelial colorectal adenocar-
cinoma cells (Coco-2), and HepG2 cell lines were used; the
efficacy of only PEI and AuNPs/PEI exposure on cell viability
was assessed by MTT assay and compared to the control group.
After 48 hours of incubation, maximum cell viability was
determined as 95.4% for HEK293 cells, 94.9% for HeLa cells,
98.2% for HepG2 cells, and 76.7% for Caco-2 cells with
AuNPs/PEI exposure. The HeLa and HepG2 cells showed
more than 90% cell viability.>

In the current study, we evaluated the effects of polymer
coating on the cytotoxic potential of AuNPs (45 nm) in HepG2
cells for 24 hours. We observed that both PEG and PEI 2,000
coating of AuNPs provided a higher ICs, dose, therefore pro-
vided decreases in the cytotoxic potentials of AuNPs. How-
ever, surface modifications of AuNPs did not provide any
decreases in the intracellular ROS production. Even if the same
cell lines are used, conflicting results can be obtained while
conducting cytotoxicity tests with nanoparticles. Therefore, for
this purpose, National Institute of Standards and Technology
(NIST) developed sterile, zero valent, 10, 30, and 60 nm sized
AuNPs. In the study conducted with these AuNPs, their cyto-
toxic, oxidative, and DNA damaging potentials were evaluated
in HepG2 cells. Cells were exposed to AuNPs for 3 hours at
different concentrations (0.0002 pg/mL, 0.002 pg/ml, 0.02 pg/
mL, or 0.2 pg/mL), AuNPs did not cause cell death, free radical
production, and oxidative DNA damage at doses lower than 2
pg/mL. These results have shown that NIST AuNPs can be
used as control materials for in vitro/in vivo genotoxicity stud-
ies.’! However, NIST nanoparticles are not good reference
materials as they do not induce oxidative DNA damage. Nelson
et al suggested that NIST AuNPs could potentially serve as
suitable negative-control nanoparticle reference materials for
in vitro and in vivo genotoxicity studies. Thus, they may be
substantial promising to improve the reproducibility and relia-
bility of nanoparticle genotoxicity studies.”'

There are also conflicting results in the literature how
AuNPs modify intracellular oxidative stress. While the
decrease in SOD activities were dependent on the cell line,
HepG2, but not HL-60 cells, exhibited a decrease of SOD
activity. In our study, we did not observe any alterations in
SOD activity after AuNPs were applied to HepG2 cells. How-
ever, SOD activity increased significantly after cells were
exposed to PEI LMW and PEI HMW-coated AuNPs. These
results suggest that coating with PEI (either 2,000 or 25,000)
may increase superoxide formation within the cells, and SOD
activity increases as an adaptive response. Moreover, the
increases in GPx1 and CAT activities in AuNPs/PEI LMW and
AuNPs/PEI HMW groups also point out to adaptive responses
to oxidative insults.

In the study mentioned before by Mateo et al, researchers
observed that in the both HL-60 and HepG2 cells, intracellular
GSH content was drastically depleted after 72 hours of incuba-
tion with all of the particle sizes of AuNPs.*> A similar finding
was obtained in a study conducted by Gao et al.* Researchers
reported that GSH levels in human hepatic cells were inversely
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correlated with the diameter of AuNPs. In our study, we
observed that there was no significant difference in the total
GSH levels between control group and AuNPs-applied group.
Moreover, PEG and PEI LMW coatings also did not affect total
GSH concentrations; however, there was a significant increase
in GSH levels in PEl HMW-coated AuNP applied group.

Lietal observed an increase in lipid hydroperoxide and MDA
levels after lung fibroblast cells were exposed to 20 nm sized
AuNPs for 24 hours. Also, autophagosome formation and upre-
gulation of autophagy proteins have been observed. Researchers
emphasized that AuNPs created an oxidant environment and at
the same time, these nanoparticles also affected the regulation of
cellular stress response mechanisms while inducing the forma-
tion of autophagosomes. In the present work, we observed that
AuNPs did not induce lipid peroxidation. However, coating
AuNPs with PEI HMW caused a significant increase in MDA
levels as well as in protein oxidation.>>

A limited number of in vitro studies conducted on different
cell lines also showed conflicting results on the effects of AuNPs
on DNA damage. In most of these studies, DNA damage was
determined by using the Comet assay. Schneider et al did not
observe any DNA damage after AuNPs were applied to color-
ectal adenocarcinoma cells (HT29) by using Comet assay.> In
the study by Xia et al, 20 and 50 nm AuNPs did not induce
obvious DNA damage in HepG2 cells at the tested concentra-
tions, whereas 5 nm NPs induced a dose-dependent increment in
DNA damage after 24-hour exposure in the Comet assay.
Furthermore, 5 nm AuNPs induced cell cycle arrest in G1 phase
in response to DNA damage and promoted the production of
ROS. In the chromosomal aberration test, AuNPs exposure did
not result in the increase of the frequency of chromosomal aber-
rations in Chinese hamster lung cells.>® In another in vitro study,
Fraqa et al observed that only citrate-coated AuNPs induced
DNA damage in HepG2 cells, while 11-mercaptoundecanoic
acid-coated AuNPs did not, indicating the role of specific coat-
ings on DNA damage formation. In the in vivo study,”® Cardoso
et al showed that acute administration of AuNPs to adult rats
presented higher levels of damage frequency and damage index
in the cerebral cortex DNA versus control. Researchers also
determined that AuNPs with 30 nm diameters presented higher
levels of damage frequency and damage index in the DNA com-
pared to the AuNPs with a diameter of 10 nm. After chronic
administration of AuNPs of 10 and 30 nm, researchers observed
that AuNPs caused DNA damage, however, there is no differ-
ence between the 10 and 30 nm groups in the levels of DNA
damage for both parameters of the Comet assay. They concluded
that AuNPs at both 10 and 30 nm diameters could lead to DNA
damage after both acute and chronic treatments although a
higher damage was observed after chronic administration.’® In
our study, despite an increase in ROS levels with both coated and
uncoated AuNPs, 8-OHdG levels did not show any increase.
These findings indicate that AuNPs at the IC; doses did not
lead to DNA base lesions in HepG2 cells. Moreover, we can
suggest that as the treatment period is 24 hours, some of the base
damage caused by the application of coated and uncoated
AuNPs may have been repaired.

Cytotoxicity and oxidative stress can also be caused by
different metal nanomaterials, including silver, copper, tita-
nium, and iron nanoparticles.”’ ' To overcome the apoptotic
and oxidant effects, the coating of metal nanoparticles with
different chemicals including PEG has been tested. Bastos
et al observed that the apoptotic effects of silver nanoparticles
can be decreased by PEG coating in HepG2 cells. In addition to
decrease in apoptotic protein expressions, PEG-coated silver
nanoparticles provided cell cycle regulation and improved cell
dynamics.®? Sun et al observed that PEG-coated titanium diox-
ide nanoparticles did not cause cytotoxic effects in HepG2
cells; indeed they increased cell proliferation.®* Qu et al sug-
gested that PEG-chitosan (PEG-CS) coating of iron oxide
nanoparticles (with high saturated magnetization as carriers
of 10-hydroxycamptothecin [HCPT]) lowered their cytotoxic
effects, and HCPT-loaded PEG-CS-Fe304 may serve as a pro-
mising magnetic targeting therapy with dual therapeutic effects
(hyperthermia combined with chemotherapy) for the treatment
of tumor cells.®*

Although several researches are now conducted on different
in vitro and in vivo systems in order to evaluate the toxic
effects of nanoparticles, overcoming RES has long been a vital
challenge to nanoparticles as drug carriers. Modification of
nanoparticles with different coating, particularly with PEG,
helps avoiding clearance by macrophages. However, this mod-
ification suppresses their internalization by target cells. The
RES-specific blocking systems (like enzyme-resistant peptide
ligands on liposomes or the codisposition of chitosan-based
nanoparticles by macrophages) can utilize a “don’t-eat-us”
strategy.®>°® Moreover, another problem is that 30% to 99%
of administered nanoparticles will accumulate and sequester in
the liver after administration into the body. This phenomenon
can cause reduced delivery to the targeted diseased tissue and
potentially leads to increased toxicity at the hepatic cellular
level. Reticuloendothelial system and liver accumulation are
very important issues for AuNPs as well as for other metal
nanoparticles.®’

In conclusion, we can state that AuNPs as well as PEG
coating of AuNPs did not induce oxidative stress and DNA
damage in HepG2 cells. However, we observed a disruption
in oxidant/antioxidant balance with PEI coating, particularly by
coating with PEl HMW. Our findings suggest that PEG coating
AuNPs can be a better choice. However, more research should
be conducted before using coated AuNPs in the biomedical
applications and in the clinical practice.

Author Contributions

Gamze Tilbe Sen, Gizem Ozkemahli, and Reza Shahbazi contributed
to acquisition, analysis, or interpretation of data and drafted the
manuscript; Pinar Erkekoglu, Kezban Ulubayram, and Belma Kocer-
Gumusel substantially contributed to conception or design, contributed
to acquisition, analysis, or interpretation of data, and critically revised
the manuscript for important intellectual content. All authors gave final
approval and agree to be accountable for all aspects of the work in
ensuring that questions relating to the accuracy or integrity of any part
of the work are appropriately investigated and resolved.



338

International Journal of Toxicology 39(4)

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
ship

author(s) received no financial support for the research, author-
, and/or publication of this article.

ORCID iD

Gamze Tilbe Sen
Belma Kocer-Gumusel

https://orcid.org/0000-0002-9421-6069
https://orcid.org/0000-0003-4311-2291

References

1.

10.

11.

12.

Fu PP, Xia Q, Hwang HM, Paresh CR, Hongtao YU. Mechanisms
of nanotoxicity: generation of reactive oxygen species. J Food
Drug Anal. 2014;22 (1):64-75. doi:10.1016/j.jfda.2014.01.005

. Sharma VK, Filip J, Zboril R, Rajender SV. Natural inorganic

nanoparticles—formation, fate, and toxicity in the environment.
Chem Soc Rev. 2015;44(23):8410-8423. doi:10.1039/c5¢s00236b

. Tabish TA, Zhang S, Winyard PG. Developing the next genera-

tion of graphene-based platforms for cancer therapeutics: the
potential role of reactive oxygen species. Redox Biol. 2018;15:
34-40. doi:10.1016/j.redox.2017.11.018

. Gao W, Xu K, Ji L, Tang B. Effect of gold nanoparticles on

glutathione depletion-induced hydrogen peroxide generation and
apoptosis in HL7702 cells. Toxicol Lett. 2011;205(1):86-95. doi:
10.1016/j.tox1et.2011.05.1018

. Gao Y, Li Y. Chapter 2. Gold nanostructures for cancer imaging

and therapy. In: Dai Z, ed. Advances in Nanotheranostics I,
Springer Series in Biomaterials. Springer-Verlag Berlin Heidel-
berg; 2016:53-101.

. Rai M, Ingle AP, Birla S, Yadav A, Santos CA. Strategic role of

selected noble metal nanoparticles in medicine. Crit Rev Micro-
biol. 2013;42(5):696-719. doi:10.3109/1040841X.2015.101813

. Pillai G. Nanomedicines for cancer therapy: an update of FDA

approved and those under various stages of development. SOJ
Pharm Pharm Sci. 2014;1(3):1-13.

. Ventola CL. Progress in nanomedicine: approved and investiga-

tional nanodrugs. Pharm Therapeutics. 2017;42(1):742-755.

. Mody VV, Siwale R, Singh A, Mody HR. Introduction to metallic

nanoparticles. J Pharm Bioallied Sci. 2010; 2(4):282-229. doi: 10
.4103/0975-7406.72127

Mendes R, Fernandes AR, Baptista PV. Gold nanoparticle
approach to the selective delivery of gene silencing in cancer-
the case for combined delivery? Genes (Basel). 2017;8(3):E94.
doi:10.3390/genes8030094

Wicki A, Witzigmann D, Balasubramanian V, et al. Nanomedi-
cine in cancer therapy: challenges, opportunities, and clinical
applications. J Control Release. 2015;200(2):138-157. doi:10.
1016/j.jconrel.2014.12.030

Ajnai G, Chiu A, Kan T, Cheng CC, Tsai TH, Chang J. Trends of
gold nanoparticle-based drug delivery system in cancer therapy. J
Experim Clin Med. 2014;6(6):172-178. doi:10.1016/j.jecm.2014
.10.015

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Coelho SC, Almeida GM, Pereira MC, et al. Functionalized gold
nanoparticles improve afatinib delivery into cancer cells. Expert
Opin Drug Deliv. 2016;13(1):133-1341. doi:10.1517/17425247
.2015.1083973

Shahbazi R, Ozcicek I, Ozturk G, et al. Functionalized gold nano-
particles manifested as potent carriers for nucleolar targeting.
Nanotechnology. 2017;28(2):025103. doi:10.1088/1361-6528/
28/2/025103

Shahbazi R, Asik E, Kahraman N, et al. Modified gold-based
siRNA nanotherapeutics for targeted therapy of triple-negative
breast cancer. Nanomedicine (Lond). 2017;12(16):1961-1973.
doi:10.2217/nnm-2017-0081

Shahbazi R, Ozpolat B, Ulubayram K. Oligonucleotide-based
theranostic nanoparticles in cancer therapy. Nanomedicine
(Lond). 2016;11(10):1287-1308. doi:10.2217/nnm-2016-0035
Guo J, Rahme K, He Y, et al. Gold nanoparticles enlighten the
future of cancer theranostics. Int J Nanomedicine. 2017;12(4):
6131-6152. doi:10.2147/1IN.S140772

Reznickova A, Slepicka P, Slavikova N, et al. Preparation, aging
and temperature stability of PEGylated gold nanoparticles.
Colloids Surfaces. 2017;52(3):91-97. doi:10.1016/j.colsurfa
.2017.04.005

Muddineti OS, Ghosh B, Biswas S. Current trends in using poly-
mer coated gold nanoparticles for cancer therapy. Int J Pharm.
2015;484(1-2):252-267. doi:10.1016/j.ijpharm.2015.02.038
Sajanlal PR, Sreeprasad TS, Samal AK, et al. Anisotropic nano-
materials: structure, growth, assembly, and functions. Nano Rev.
2011:2. doi:10.3402/nano.v2i0.5883

Turkevich J, Stevenson PC, Hillier J. A study of the nucleation
and growth processes in the synthesis of colloidal gold. Discuss
Faraday Soc. 1951;19(51):55-75.

Frens G. Controlled nucleation for regulation of particle-size in
monodisperse gold suspensions. Nat Phys Sci. 1973;241(4):
20-22.

Perrault SD, Chan WCW. Synthesis and surface modification of
highly monodispersed, spherical gold nanoparticles of 50-200
nm. J Am Chem Soc. 2009;131(147):17042-17043. doi:10.1021/
ja907069u

Mosmann T. Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays. J
Immunol Methods. 1983;65(1-2):55-63.

Richard MJ, Portal B, Meo J, et al. Malondialdehyde kit evaluated
for determining plasma and lipoprotein fractions that react with
thiobarbituric acid. Clin Chem. 1992;38(5):704-709.

Huang T, Long M, Huo B. Competitive binding to cuprous ions of
protein and BCA in the bicinchoninic acid protein assay. Open
Biomed Eng J. 2010;4:271-278. doi:10.2174/187412070100
4010271

Krieg RC, Dong Y, Schwamborn K, et al. Protein quantification
and its tolerance for different interfering reagents using the BCA-
method with regard to 2D SDS PAGE. J Biochem Biophys Meth-
ods. 2005;65(1):13-19.

Salata O. Applications of nanoparticles in biology and medicine. J
Nanobiotechnology. 2004;2(1):3.

Spivak MY, Bubnov RV, Yemets IM, et al. Development and
testing of gold nanoparticles for drug delivery and treatment of


https://orcid.org/0000-0002-9421-6069
https://orcid.org/0000-0002-9421-6069
https://orcid.org/0000-0002-9421-6069
https://orcid.org/0000-0003-4311-2291
https://orcid.org/0000-0003-4311-2291
https://orcid.org/0000-0003-4311-2291

Sen et al

339

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

heart failure: a theranostic potential for PPP cardiology. EPMA J.
2013;4(1):20. doi:10.1186/1878-5085-4-20

Wang P, Wang X, Wang L, et al. Interaction of gold nanoparticles
with proteins and cells. Sci Technol Adv Mater.2015;16(3):034610.
Ferreira GK, Cardoso E, Vuolo FS, et al. Gold nanoparticles alter
parameters of oxidative stress and energy metabolism in organs of
adult rats. Biochem Cell Biol. 2015;93(6):548-557. do0i:10.1139/
bcb-2015-0030.

Lopez-Chaves C, Soto-Alvaredo J, Montes-Bayon M, et al. Gold
nanoparticles: distribution, bioaccumulation and toxicity. In vitro
and in vivo studies. Nanomedicine. 2018;14(1):1-12. doi:10.1016/
j-nano.2017.08.011

Haume K, Rosa S, Grellet S, et al. Gold nanoparticles for cancer
radiotherapy: a review. Cancer Nanotechnol. 2016;7(1):8.

Liu X, Li H, Jin Q, et al. Surface tailoring of nanoparticles via
mixed-charge monolayers and their biomedical applications.
Small. 2014;10(21):4230-4242. doi:10.1002/sml11.201401440
Mateo D, Morales P, Avalos A, et al. Oxidative stress contributes
to gold nanoparticle-induced cytotoxicity in human tumor cells.
Toxicol Mech Methods. 2014;24(3):161-172. doi: 10.3109/
15376516.2013.869783

Han SG, Lee JS, Ahn K, et al. Size-dependent clearance of gold
nanoparticles from lungs of Sprague-Dawley rats after short-term
inhalation exposure. Arch Toxicol. 2015;89(7):1083-1094. doi:10
.1007/s00204-014-1292-9

Sung JH, Ji JH, Park JD, et al. Subchronic inhalation toxicity of
gold nanoparticles. Part Fibre Toxicol. 2011;8:16. doi:10.1186/
1743-8977-8-16

De Matteis V. Exposure to Inorganic nanoparticles: routes of entry,
immune response, biodistribution and in vitro/in vivo toxicity eva-
luation. Toxics. 2017;5(4):E29. doi:10.3390/toxics5040029

Chen H, Dorrigan A, Saad S, Dominic JH, Michael BC, Stella
MV. In vivo study of spherical gold nanoparticles: inflammatory
effects and distribution in mice. PLoS One. 2013;8(2):¢58208.
doi:10.1371/journal.pone.0058208

Ibrahim KE, Al-Mutary MG, Bakhiet AO, et al. Histopathology of
the liver, kidney, and spleen of mice exposed to gold nanoparticles.
Molecules. 2018;23(8):E1848. doi:10.3390/molecules23081848
Pan Y, Neuss S, Leifert A, et al. Size-dependent cytotoxicity of
gold nanoparticles. Small. 2007;3(11):1941-1949.

Coradeghini R, Gioria S, Garcia CP, et al. Size-dependent toxicity
and cell interaction mechanisms of gold nanoparticles on mouse
fibroblasts. Toxicol Lett. 2013;217(3):205-216. doi:10.1016/j.tox
let.2012.11.022

Trickler W], Lantz SM, Murdock RC, et al. Brain microvessel
endothelial cells responses to gold nanoparticles: in vitro pro-
inflammatory mediators and permeability. Nanotoxicology.
2011;5(4):479-492. doi:10.3109/17435390.2010.540356
Vedantam P, Huang G, Tzeng TR. Size-dependent cellular toxi-
city and uptake of commercial colloidal gold nanoparticles in DU-
145 cells. Cancer Nanotechnol. 2013;4(1-3):13-20.
Vijayakumar S, Ganesan S. Size-dependent in vitro cytotoxicity
assay of gold nanoparticles. Toxicol Environ Chem. 2013;95(3):
277-287.

Raghunathan VK, Devey M, Hawkins S, et al. Influence of par-
ticle size and reactive oxygen species on cobalt chrome

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

nanoparticle-mediated genotoxicity. Biomaterials. 2013;34(14):
3559-3570. doi:10.1016/j.biomaterials.2013.01.085

Aueviriyavit S, Phummiratch D, Maniratanachote R. Mechanistic
study on the biological effects of silver and gold nanoparticles in
Caco-2 cells—induction of the Nrf2/HO-1 pathway by high con-
centrations of silver nanoparticles. Toxicol Lett. 2014;224(1):
73-83. doi:10.1016/j.toxlet.2013.09.020

Kang JS, Yum YN, Kim JH, et al. Induction of DNA damage in
L5178Y cells treated with gold nanoparticle. Biomol Therapeut.
2009;17(1):92-97.

Chompoosor A, Saha K, Ghosh PS, et al. The role of surface
functionality on acute cytotoxicity, ROS generation and DNA
damage by cationic gold nanoparticles. Small. 2010;6(20):
2246-2249. doi:10.1002/sml11.201000463

Lazarus GG, Singh M. In vitro cytotoxic activity and transfection
efficiency of polyethyleneimine functionalized gold nanoparti-
cles. Colloids Surf B Biointerfaces. 2016;145:906-911. doi:10
.1016/j.colsurfb.2016.05.072

Nelson BC, Petersen EJ, Marquis BJ, et al. NIST gold nanopar-
ticle reference materials do not induce oxidative DNA damage.
Nanotoxicology. 2013;7(1):21-29. do0i:10.3109/17435390.2011
626537

Li JJ, Hartono D, Ong CN, et al. Autophagy and oxidative stress
associated with gold nanoparticles. Biomaterials. 2010;31(23):
5996-6003. doi:10.1016/j.biomaterials.2010.04.014

Schneider T, Westermann M, Glei M. In vitro uptake and toxicity
studies of metal nanoparticles and metal oxide nanoparticles in
human HT29 cells. Arch Toxicol. 2017;91(11):3517-3527. doi:10
.1007/s00204-017-1976-z

Xia Q, Li H, Liu Y, et al. The effect of particle size on the geno-
toxicity of gold nanoparticles. J Biomed Mater Res A. 2017,
105(3):710-719. doi:10.1002/jbm.a.35944

Fraga S, Faria H, Soares ME, et al. Influence of the surface coat-
ing on the cytotoxicity, genotoxicity and uptake of gold nanopar-
ticles in human HepG2 cells. J Appl Toxicol. 2013;33(10):
1111-1119. doi:10.1002/jat.2865

Cardoso E, Rezin GT, Zanoni ET, et al. Acute and chronic admin-
istration of gold nanoparticles cause DNA damage in the cerebral
cortex of adult rats. Mutat Res. 2014;766-767:25-30. doi:10.1016/
j-mrfmmm.2014.05.009

Xue Y, Zhang T, Zhang B, Fan G, Yanmei H, Meng T. Cytotoxi-
city and apoptosis induced by silver nanoparticles in human liver
HepG?2 cells in different dispersion media. J Appl Toxicol. 2016;
36(3):352-360. doi:10.1002/jat.3199

Ahmadian E, Dizaj SM, Rahimpour E, et al. Effect of silver
nanoparticles in the induction of apoptosis on human hepatocel-
lular carcinoma (HepG2) cell line. Mater Sci Eng C Mater Biol
Appl. 2018; 93:465-471. doi:10.1016/j.msec.2018.08.027
Siddiqui MA, Alhadlag HA, Ahmad J, et al. Copper oxide nano-
particles induced mitochondria mediated apoptosis in human
hepatocarcinoma cells. PLoS One. 2013;8(8):¢69534. doi:10
.1371/journal.pone.0069534

Piret JP, Jacques D, Audinot JN, et al. Copper(Il) oxide nanopar-
ticles penetrate into HepG?2 cells, exert cytotoxicity via oxidative
stress and induce pro-inflammatory response. Nanoscale. 2012;
4(22):7168-7184. doi:10.1039/c2nr31785k



340

International Journal of Toxicology 39(4)

61. Ahamed M, Akhtar MJ, Khan MAM, Hisham AA, Aws A. Cobalt
iron oxide nanoparticles induce cytotoxicity and regulate the
apoptotic genes through ROS in human liver cells (HepG2). Col-
loids Surf B Biointerfaces. 2016;148:665-673. doi:10.1016/j.col
surfb.2016.09.047

62. Bastos V, Ferreira-de-Oliveira JMP, Carrola J, et al. Coating
independent cytotoxicity of citrate- and PEG-coated silver nano-
particles on a human hepatoma cell line. J Environ Sci (China).
2017;51:191-201. doi:10.1016/j.jes.2016.05.028

63. Sun Q, Kanehira K, Taniguchi A. Low doses of TiO(2)-polyethy-
lene glycol nanoparticles stimulate proliferation of hepatocyte
cells. Sci Technol Adv Mater. 2016;17(1):669-676. doi:10.1080/
14686996.2016.1239499

64. Qu JB, Shao HH, Jing GL, Fang H. PEG-chitosan-coated iron
oxide nanoparticles with high saturated magnetization as carriers

65.

66.

67.

of 10-hydroxycamptothecin: preparation, characterization and
cytotoxicity studies. Colloids Surf B Biointerfaces. 2013;102:
37-44. do0i:10.1016/j.colsurfb.2012.08.004

Tang Y, Wang X, Li J, et al. Overcoming the reticuloendothelial
system barrier to drug delivery with a “don’t-eat-us” strategy.
ACS Nano. 2019;13(11):13015-13026. doi:10.1021/acsnano
.9b05679

Jiang LQ, Wang TY, Wang Y, Zi-Yao W, Yu-Ting B. Co-
disposition of chitosan nanoparticles by multi types of hepatic
cells and their subsequent biological elimination: the mechanism
and kinetic studies at the cellular and animal levels. /nt J Nano-
medicine. 2019;14:6035-6060. doi:10.2147/1IN.S208496

Zhang YN, Poon W, Tavares AJ, et al. Nanoparticle-liver inter-
actions: Cellular uptake and hepatobiliary elimination. J Control
Release. 2016;240:332-348. doi:10.1016/j.jconrel.2016.01.020




<<
  /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 1.3
  /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


