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ABSTRACT: The toxicity of CuO nanoparticles (NPs) to human lung
epithelial (AS49) cells was investigated in this study. CuO NPs (10—100
mg/L) had significant toxicity to AS49 cells, whereas CuO bulk particles
(BPs) showed much lower toxicity (24 h IC,, 58 and 15 mg/L for CuO BPs
and NPs, respectively). Transmission electron microscopic analysis
demonstrated CuO NP entry into AS49 cells and organelles, including
lysosomes, mitochondria, and nucleus. Endocytosis was the primary pathway
of CuO NPs uptake. CuO NPs (15 mg/L) induced mitochondrial
depolarization, possibly mediated by reactive oxygen species (ROS)
generation. Intracellular CuO NPs first generate ROS, which subsequently
induces the expression of p38 and pS3 and ultimately causes DNA damage
(Comet assay). We confirm for the first time that the primary cytotoxic
response is oxidative stress rather than DNA damage. A fraction of the CuO
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NPs was exported to the extracellular environment. In this study, centrifugal ultrafiltration tubes were successfully employed to
determine the dissolved Cu** from CuO NPs in the cell medium. Dissolved Cu** ions contributed less than half of the total
toxicity caused by CuO NPs, including ROS generation and DNA damage. This study provided useful data for understanding

transport and toxicity of metal oxide NPs in human cells.

B INTRODUCTION

Metal and metal oxide nanoparticles (NPs) are widely applied
in personal care products,' catalysis,” optical and recording
devices,® and water purification.* Recently, the toxicity of metal
and metal oxide NPs on mammalian cells has been studied, and
a number of researchers have found that metal and metal oxide
NPs can generate oxidative stress and promote cytotoxicity.s’6
However, critical issues such as intracellular localization, uptake
and export mechanisms, and the precise mode of toxicity
remain unclear.

Several studies have shown that oxidative stress plays a key
role in cellular toxicity associated with metal (Ag) and metal
oxide (ZnO, SiO,) NPs exposure.” > However, Eom and
Choi'® demonstrated that oxidative stress may not be the direct
cause of the Ag NP cytotoxicity. Cellular signaling pathways
were activated by Ag NPs, subsequently inducing DNA
damage, cell cycle arrest, and apoptosis. Moreover, both Geiser
et al."' and Ahamed et al.'” observed that TiO, and Ag NPs,
respectively, could be transported to the nucleus and directly
interact with nuclear DNA/proteins. However, the sequence of
events between oxidative stress and subsequent DNA damage
(presumed primary response) under NP exposure is still
unknown. The primary mode of particle uptake by cells has
been shown to be energy-dependent endocytosis and macro-
pinocytosis (especially for macrophages)."”'* However, few
studies have focused on the NP export and detoxification
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processes in cells. The complete process of NP uptake,
distribution, transformation, and exocytosis from the cell
remains unknown. Furthermore, dissolved ions from metal
and metal oxide NPs may also cause cytotoxicity and
complicate mechanistic investigations. In fact, the contribution
of dissolved ions to the overall toxicity of mammalian cells
caused by NP exposure is still largely unclear. Metal ions
released from NPs are typically isolated by centrifugation.'®
However, the standard centrifugation protocols will be
inadequate for the separation of NPs and the complex cell
medium. Thus, centrifugal ultrafiltration tubes were employed
in this study to quantify the contribution of dissolved ions to
the total NP cytotoxicity.

In this study, we focused on the cytotoxicity of CuO NPs.
Recent studies have shown that CuO NPs display significant
toxicity to algae,16 bacteria,’” and fish."® For human cells,
Karlsson et al. reported that CuO NPs were significantly more
toxic than ZnO, Fe,05, and TiO, NPs, and CuO NPs resulted
in oxidative stress and DNA damage of human cells."”
However, they did not study the time sequence between
DNA damage and oxidative stress. In addition, they did not
examine how NPs affect gene expression. Therefore, in this
work, we mainly focused on the relationship between reactive
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oxygen species (ROS) generation and DNA damage and gene
expression during CuO NPs exposure. Moreover, the dissolved
Cu®* from CuO NPs may also induce cellular damage such as
oxidative damage and DNA damage, and the contribution of
these dissolved Cu®" needs further evaluation. Human lung
epithelial cells (line AS49) were chosen as the test cell line in
this study because it is a representative target cell commonly
employed in many pulmonary toxicological studies.”*”>*
Therefore, the goal of this study was to investigate (1) the
mechanism of CuO NP cytotoxicity to the human lung
epithelial cells (AS49 cell line) through the determination of
ROS production and DNA damage over time and (2) the
uptake and export processes for CuO NPs. In addition, the
dissolved Cu ion concentration from CuO NPs in the cell
medium was directly measured using centrifugal ultrafiltration
tubes, and the ion contribution to the overall CuO NP toxicity
was determined. The findings of this study will provide insight
into the risk of CuO NP exposure to humans and the potential
need for modified NPs handling protocols and regulatory
guidance.

B MATERIALS AND METHODS

Cell Culture and NPs Suspension Characterization. The A549
cell line was purchased from Shanghai Institute for Biological Sciences,
Chinese Academy of Science. Cells were cultured in nutrient mixture
F12 Ham Kaighn's modified medium (F12K, Sigma-Aldrich, St. Louis,
MO) supplemented with 10% fetal bovine serum (FBS, PAA
Laboratories GmbH, Austria), 2 mM L-glutamine (Amresco Inc,
United States), and 1% penicillin streptomycin (Tian Jin Hao Yang
Biological Manufacture Co., LTE) (F12K-FBS medium) (Table SI in
the Supporting Information). Cells were maintained at 37 °C in an
incubator with 5% CO,.

CuO NPs and CuO bulk particles (BPs) were purchased from
Beijing Nachen S&T Ltd,, and the characterization of CuO NPs is
shown in Figure S1 and Table S2 in the Supporting Information. A
stock solution of CuO NPs (1000 mg/L) was prepared in the F12K-
FBS medium and sonicated for 10 min before aseptic addition to the
tissue culture plates. The number of cells added in each well was
identical (5 X 10° cells/well). Then, different volumes of CuO NPs
stock solution were added to the cell cultures to achieve
predetermined concentrations of CuO NPs (S and 15 mg/L) for
cell incubation. The hydrodynamic diameter and {-potential of CuO
NPs at S and 15 mg/L in the F12K-FBS and ultrapure water were
determined using a Nanosizer (Nano $90, Malvern Instruments Ltd.,
United Kingdom). The particle size of CuO NPs was also evaluated by
a transmission electron microscopy (TEM, JEM-2100, JEOL, Japan)."®

Cell Viability Assay. Cell viability was determined by Cell
Counting Kit-8 (Beyotime Institute of Biotechnology).>® Briefly, 5 x
10° cells were spread onto each 96-multiwell plate. Cells in each well
were treated with different concentrations of CuO NPs or BPs (0.5, 1,
5, 20, 30, 40, S0, and 100 mg/L) at 37 °C for 6, 12, 24, and 48 h. The
cells were then incubated with 10 uL of cholecystokinin octapeptide
(CCK-8) for 4 h, and the absorbance was measured at 450 nm. The
mean absorbance of nonexposed cells served as the reference value for
calculating percentage of cellular viability. Finally, the half maximal
inhibitory concentration (ICg,) was calculated according to cell
viability from various CuO NP exposures.

CuO NPs Dissolution and Cu?* Solution Preparation. The free
Cu®* ion concentration dissolved from CuO NPs into the cell medium
was determined using a modified procedure by Navarro et al.** The
CuO NPs (15 mg/L) in the F12K-FBS medium were allowed to
equilibrate for 1, 2, 3, 4, and S days (5% CO,, 37 °C). CuO NP
suspensions were then centrifuged for 30 min at 1500g using
ultrafiltrate centrifugal tubes (3 kDa, Millipore). The Cu concentration
in the filtrate was determined using flame atomic absorption
spectrometry (FAAS, Thermo SOLAAR M6, United States).
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Different concentrations of Cu®** (0, 0.5, 1,2, 3, 4, 6, 8, and 10 mg/
L) using CuSO,-SH,0 were added to F12K-FBS medium at 37 °C for
24 h. These solutions were centrifuged using ultrafiltrate centrifugal
tubes (1500g, 30 min), and the Cu concentration was determined
using FAAS. The concentration of Cu®* solution used in the following
cell tests was based on the measured free Cu ion concentration
dissolved from CuO NPs. The total Cu®* concentration (including the
free and bound Cu**) dissolved from CuO NPs was also determined.
Briefly, 15 mg/L CuO NPs was centrifuged at 9390g for 30 min after
equilibration for 24 h, and the supernatant was analyzed by FAAS.

TEM Observation and Endocytosis Inhibition. The distribution
and location of CuO NPs in cells were observed using TEM” operated
at an accelerating voltage of 80 kV and further analyzed by the energy
dispersive spectroscopy (EDS) (INCA100, Oxfordshire, United
Kingdom). Briefly, the treated cells by CuO NPs (15 mg/L) and
Cu®* (2.5 mg/L) were trypsinized and washed 3—4 times in phosphate
buffer solution (PBS) and fixed in 2.5% glutaraldehyde for 1 h. The
fixed cells were postfixed in 1% osmium tetroxide for 1 h and
dehydrated in a graded series of ethanol (50, 70, 80, 95, and 100%,
each for 10 min at room temperature). After dehydration, the samples
were incubated overnight in a mixture of ethanol and Araldite CY212
resin (1:1, v/v). The specimens were embedded in pure resin for 48 h
at 60 °C. The polymerized block was then cut into 60 nm thick
sections that were mounted on nickel grids. The CuO NPs in the cells
were observed using TEM operated at an accelerating voltage of 80 kV
and further analyzed by EDS. After they were treated with 15 mg/L
CuO NPs for 12 h, A549 cells (1 X 10° cells/mL before treatment)
were collected and washed with 0.02 M EDTA for 30 s and three times
with PBS'*** to remove the adsorbed NPs on the cell membrane.
Then, the nuclei of the washed AS49 cells were isolated using the
method of Fisher and Harris.?® The number of nuclei was counted,
and the nuclei were also digested for Cu content determination using
graphite furnace-atomic absorption spectrometry (GAAS).

A549 cells (1 x 10° cells/mL) were incubated with endocytosis
inhibitors (10 mM NaNj; and 50 mM 2-deoxyglucose) for 30 min"?
and then treated with 5 and 15 mg/L CuO NPs and 2.5 mg/L Cu*,
respectively, for another 12 h. The CuO NPs and Cu®* treatments
without NaN; and 2-deoxyglucose were used as controls. After
incubation, the cells were collected, treated with 0.02 M EDTA for 30
s>’ and washed three times with PBS'* to remove the adsorbed NPs
on the cell membrane. After centrifugation (1500g, 10 min), the AS49
cells were collected, and the cell number was counted. The cells were
then digested, and the Cu contents were determined by GAAS.

Reactive Oxygen Species, Mitochondrial Membrane Poten-
tial, and Lysosomal Staining. 2,7-Dichlorodihydrofluorescein
diacetate (DCF-DA, Beyotime Institute of Biotechnology) is non-
fluorescent unless oxidized by the intracellular ROS.” Time-dependent
measurements of the generation of ROS were conducted by incubating
1 X 10° cells with CuO NPs (5 and 15 mg/L) and Cu** (2.5 mg/L)
for 0.5, 1, 2, 3, 4, 8, 16, and 24 h, followed by staining with DCF-DA
for 30 min at 37 °C. Cells were then washed twice in serum-free
medium and analyzed using a flow cytometer (Becton Dickinson,
Mountain View, United States) at an excitation wavelength of 488 nm
and emission wavelengths of 530 and 610 nm for DCF-DA. The
detection of ROS was expressed as: relative ROS sensor level (%) =
mean DCEF fluorescence intensity (FI) [NP- and Cu**-treated] X 100/
mean DCF FI [control].

Mitochondrial membrane potentials (MMP, A¥m) of CuO NPs
and Cu**-treated cells were measured using flow cytometry. AS49 cells
(1 X 10° cells/mL) were plated and treated with 5 mg/L CuO NPs, 15
mg/L CuO NPs, or 2.5 mg/L Cu®" ions for 2, 4, 8, 16, and 24 h at 37
°C. The fluorescent probe §,5,6,6"-tetrachloro-1,1',3,3"-tetraethyl-
imidacarbocyanine iodide (JC-1, S uM) was diluted in F12K medium
before addition to cells. Flow cytometry analysis was performed using
a FACScan or LSR (Becton Dickinson) equipped with a single 488 nm
argon laser. JC-1 was analyzed in both FL-1 channel and FL-2
channel.”” The MMP change was expressed as: mitochondrial
depolarization level (% of control) = ratio of mean green (FL-2)
and mean red (FL-1) [NP- and Cu*'-treated] X 100/ratio of mean
green (FL-2) and mean red (FL-1) [control].
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Lysosomes were stained and observed by a confocal microscope
(Olympus Confocal 1P/FCS).'* After treatment of the cells with CuO
NPs (5 and 15 mg/L) and Cu®* (2.5 mg/L) for 24 h, the cells were
washed and incubated for 30 min with 35 nM Lyso-Tracker Red
(Beyotime Institute of Biotechnology). The cell culture plates were
visualized with confocal microscope. Images were processed using
Olympus Confocal Software.'* The number of successfully stained
cells was determined as: lysosomal stained cells (%) = number of
Iysosomal stained cells X 100/total number of cells from each
treatment.

Real-Time Polymerase Chain Reaction (RT-PCR) and Comet
Assay. After treated with CuO NPs, total RNA in AS49 cells was
extracted using Trizol Plus RNA purification kit (Invitrogen).”® RT-
PCR was performed with a Takara SYBR Premix DimerEraserTM
(Perfect Real Time). The primers for human p38 and pS3 were
designed according to Primer select software. The human sequences
for the primers are as follows: (1) f-actin forward, CCCCCATGC-
CATCCTGCGTCTG, and reverse, CTCGGCCGTGGTGGTGAA-
GC; (2) p38 forward, CAGGGCTCCAGAAATTATGTTGAA, and
reverse, CTGGAAAGATGGGCCTGTTAGAAA; (3) pS3 forward,
GACCGGCGCACAGAGGAAGAGAAT, and reverse, TGGGGA-
GAGGAGCTGGTGTTGTTG. The final PCR mixture contained 1
HuL of cDNA template and 400 nmol/L of the forward and reverse
primers in a final volume of 20 xL. Samples were run concurrently
with a standard curve prepared from the PCR products. PCR
conditions were three steps of 94 °C for 30 s and 40 cycles of 94 °C
for 15 s and 60 °C, and 72 °C for 30 s, respectively. A melting curve
analysis was used to confirm specific replicon formation. Expression
levels were determined from cycle thresholds using a standard curve,
normalized to human f-actin expression levels, and were expressed as
relative expression amounts as compared with the control using an
equation: relative expression amount of target gene = 27AACt where
AACt (Ctgene,treatment - Ctactin,trea(ment) - (Ctgene,comrol -
Ctacmmmml).29 In addition, DNA damage in A549 cells was examined
using a modified alkaline single-cell gel electrophoresis (Comet
assay)* and subsequent staining in ethidium bromide (EB). Treated
cells were embedded in 0.6% low melting agarose (Pronadisa, Spain)
on Comet slides (Trevigen, Gaithersburg, MD) and lysed in prechilled
lysis solution (2.5 M NaCl, 0.1 M EDTA, and 10 mM Tris base, pH
10) with 1% Triton X (Trevigen, Gaithersburg, MD) for 2 h at 4 °C.
Cells were then subjected to denaturation in alkaline buffer (0.3 M
NaCl and 1 mM EDTA) for 20 min in dark at room temperature.
Electrophoresis was performed at 25 V and 300 mA for 40 min. The
slides were immersed in neutralization buffer (0.5 M Tris-HCI, pH
7.5) for 15 min. The slides were air-dried and stained with EB. The tail
moments of the cell nucleus were measured as a function of DNA
damage. Analysis was done using CASP software 1.2.3, and 50 Comets
were analyzed for per exposure concentration

Lactase Dehydrogenase (LDH) Release Assay. LDH leakage
can be measured as an indicator of cell membrane integrity in cultured
cells. We measured LDH activity using a cytotoxicity detection kit
(Nanjing Jiancheng Co., China).>' A549 cells (1 X 10° cells/mL) were
treated by CuO NPs (5 and 15 mg/L) and Cu®* ions (2.5 mg/L) for 4
and 24 h, and then, 20 uL of the supernatant was transferred to
another plate that was subsequently amended with 25 L of substrate
buffer solution and S uL of coenzyme. The plate was incubated (37
°C, 5% CO,) for 15 min, followed by the addition of 25 uL of 2,4-
dinitrophenylhydrazine for another 15 min. Finally, a termination
agent (0.4 mol/L NaOH, 250 uL) was added to each well for S min at
room temperature. The absorbance was recorded at 450 nm using a
Multiskan Spectrum (Thermo Electron Co., Finland).

CuO NPs and Cu ion Export Study. The NP export studies
followed the method of Jiang et al."* A549 cells (1 x 10° cells/mL)
were plated and incubated with CuO NPs (§ and 15 mg/L) and Cu®*
(2.5 mg/L) for 24 h to achieve particle and ion uptake. The cells were
then treated with 0.02 M EDTA for 30 s to remove the adsorbed Cu**
on the cell membrane.”® The cells were then washed three times with
PBS to remove the adsorbed CuO NPs on the membrane'* and were
supplied with fresh F12K-FBS medium.
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NP exocytosis from the cells was quantified by determining the total
Cu concentration of the fresh cell medium after different exposure
times (2, 4, 6, 8, 10, 12, 16, 20, and 24 h) using FAAS.>* Cell viability
was also evaluated after with the addition of fresh cell medium. To
evaluate the kinetics of NP excretion, the A549 cells (1 X 10° cells/
mL) were incubated with CuO NPs (5, 15 mg/L) and Cu®* (2.5 mg/
L) for 24 h. The cells were then treated with 0.02 M EDTA for 30 s
and washed three times with PBS, and fresh medium was then added
to different samples at 2 h intervals. The Cu in the replenished
solution was determined by AAS.

B RESULTS AND DISCUSSION

Cell Viability. CuO NPs at low concentrations (0.5 and 1
mg/L) had insignificant toxicity to AS49 cells and, in fact,
demonstrated growth promotion (Figure 1A), which is likely
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Figure 1. AS49 cell viability measured with the CCK-8 assay after
exposure to different conditions: (A) cell viability after exposure to 0—
100 mg/L CuO NPs for 6, 12, 24, and 48 h and (B) cell viability after
24 h of exposure to CuO NPs and BPs at different concentrations.
Data are showed as mean values + standard deviations, n = S.

the result of Cu being a required micronutrient. The toxicity of
CuO NPs at moderate concentrations (20 and 30 mg/L) began
to appear after exposure for 12 h and became significantly
greater in the subsequent 24 h. For high concentrations of CuO
NPs (40, 50, and 100 mg/L), toxicity to AS49 cells was the
greatest at 24 h, and then, cell viability dropped to 2.62, 0.42,
and 0.7% of control for the remainder of the assay, respectively.
The toxicity of CuO NPs was concentration-dependent (Figure
1B), and the 24 h IC, was calculated as 15 mg/L. Thus, 15
mg/L was chosen in the following toxicity studies, and 5 mg/L
was also examined for comparison. The 24 h IC, values of
cylinder Si,> chitosan,** and Si-coated magnetic35 NPs to A549
cells were reported in the range of 141 + S, 1100—1200, and
4000 mg/L, respectively. Thus, CuO NPs had a much higher
toxicity potential, a finding supported by Karlsson et al,,'” who
observed that CuO NPs were more toxic to AS549 cells than
ZnO and TiO, NPs. The average particle size of CuO NPs was
observed as 20—40 nm by TEM imaging (Figure S1 in the
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Figure 2. TEM observations of A549 cells after exposure to CuO NPs (15 mg/L) or Cu** (2.5 mg/L) for 12 h. (A) Control, (B) treated by 2.5 mg/
L Cu*, (C) treated by 15 mg/L CuO NPs, and (D) an enlarged image of NPs in the nucleus from the red frame in image C. The NPs-accumulated
points are shown by a red arrow and were analyzed by EDS. The Cu atomic percent of each point is shown in blue color. (E) Inhibition of
endocytosis. AS49 cells were pretreated for 30 min with endocytosis inhibitors (10 mM NaNj;, SO mM 2-deoxyglucose), followed by exposure to S or
15 mg/L CuO NPs or 2.5 mg/L Cu** for 12 h at 37 °C with 5% CO,. Error bars represent the standard deviation of the mean concentration for at
least three replicate measurements. The intracellular Cu concentration of CuO NPs (5 and 15 mg/L) and Cu?* (2.5 mg/L) in the presence of NaN;
and 2-deoxyglucose was compared with the control group in the absence of endocytosis inhibitors (p < 0.05).

Supporting Information), smaller than that of Si (214 + 29 CuO NPs in the cell medium were able to release large
nm), chitosan (>109 nm), and Si-coated magnetic NPs (50 quantities of metal ions, which could be another reason for

nm), which may partly explain the higher toxicity of CuO NPs. higher toxicity to A549 cells."”
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CuO BPs toxicity to A549 cells was also examined at 0—100
mg/L for 24 h (Figure 1B). Similar to CuO NPs, cell viabilities
upon CuO BP exposure were concentration dependent. The 24
h ICs, (58 mg/L) was more than three times higher than 24 h
IC;, of CuO NPs, clearly showing that CuO NPs have greater
toxicity, which agrees with previous studies."®*® Because of the
higher potential toxicity of CuO NPs to AS49 cells, the metal
oxide NP was to focus of our subsequent mechanistic studies.

CuO NPs Dissolution in Cell Culture Medium.
Centrifugation methods are typically used to remove NPs for
determination of the extent of metal and metal oxide NP
dissolution.'® This method was also used to examine the Cu
concentration dissolved from CuO NPs in the cell medium,
8.44 mg/L. However, after high-speed centrifugation (9391g),
CuO NPs still remained in the medium as determined by
optical microscopic observation, largely due to small NP size
and their stability in the cell medium (Figure S2A in the
Supporting Information). Similar results are also reported in
ZnO NPs dissolution studies; centrifugation (22000g) of ZnO
NPs suspensions for 20 min was unable to completely remove
7ZnO from DMEM medium.’> Therefore, another Cu®* ion
separation method using centrifugal ultrafiltration tubes™* was
employed in this study. The centrifugal ultrafiltration tubes
(nominal molecular weight cutoff, 3 kDa) can separate most of
proteins (about 98% in Table S3 in the Supporting
Information) from the filtrate. Because the FI12K-FBS
contained many macromolecular proteins, CuO NPs in
amino acid/protein-rich medium could generate Cu**-pep-
tide/protein complexes, rather than dissociated Cu**. Thus, the
determined Cu®* concentration would be free Cu®" because the
CuO NPs and protein-bound Cu®* were separated from the
filtrate. The dissolution of CuO NPs did not reach equilibrium
after S days (37 °C, 5% CO,) (Figure S2B in the Supporting
Information), and the dissolved free Cu concentration was 1.08
mg/L after 24 h of dissolution. Notably, Gunawan et al.'”
reported that copper—peptide complexes (bound Cu?*) are less
cytotoxic as compared to uncoordinated copper ions formed by
the addition of copper salts (free Cu®").

To examine the contribution of dissolved Cu** to CuO NPs
toxicity, a dissolved Cu®* treatment supplied by copper salts is
needed.'” The relationship between Cu>* concentration
(supplied by CuSO,-SH,0) before complexation with proteins
in the medium and the free Cu®* concentration after
complexation was studied (Figure S2C in the Supporting
Information). The experimental values were well described by a
quadratic model (R? = 0.997). The added Cu®* concentration
(2.43 mg/L) was calculated according to the quadratic model
fitting results when the concentration of free Cu®" released
from CuO NPs reached 1.08 mg/L after 24 h of dissolution.
Therefore, the Cu®" toxicity to AS49 cells in following studies
was evaluated by exposing the cells in 2.5 mg/L Cu®** (higher
than the calculated total Cu® concentration). Our previous
study reported CuO NPs dissolution with an equilibrium
concentration of Cu®" at 10 ug/L in BG11 medium.'® Clearly,
CuO NPs had a high solubility in the cell medium, indicating
that Cu®* and Cu’*-peptide/protein complexes could contrib-
ute to a higher toxicity to A549 cells than observed for algae.
The main reasons for the high Cu®** solubility were (a) that
CuO NP interactions with amino acid/protein or inorganic
constituents could result in further Cu** dissolution from metal
oxide NPs and (b) that CO, presented in the incubator (5%)
and medium could increase the dissolution of CuO NPs.*’
Indeed, the content of H*, HCO;~, and CO, for cell culture
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was quite close to the bloodstream environment in humans and
animals.®® Thus, when CuO NPs entered the pulmonary
bloodstream, they may quickly dissolve and exhibit Cu**
toxicity to lung tissues.

CuO NPs Uptake and Distribution in A549 Cells. TEM
was employed to investigate the distribution of intracellular
CuO NPs. There were no visible abnormalities in the normal
cells of the control and 2.5 mg/L Cu*" treated cells after 12 h
(Figure 2A,B), and the nucleoplasm was surrounded by the
complete nuclear membrane (Figure S3A,C in the Supporting
Information). After incubation with 15 mg/L CuO NPs for 12
h, CuO NPs were observed in subcellular structures including
the cytoplasm, endosomes/lysosomes, and mitochondria
(Figure S3E,FJ,K in the Supporting Information). To confirm
the presence of Cu in these structures (Figure 2C,D), the
electron diffraction pattern of CuO NPs was obtained (Figure
S4 in the Supporting Information) and confirmed that the
intracellular NPs are indeed CuO. Additionally, it has been
reported in the literature that accumulation of excess proteins
in lysosomes could cause accumulation of secondary
lysosomes.” In our study, several secondary lysosomes in
AS49 cell were observed after 12 h of CuO NPs exposure
(Figure S3I in the Supporting Information), while there were
few secondary lysosomes in the control. This result suggests
that the number of secondary lysosomes may increase upon NP
entry into the lysosomes. Additionally, CuO NPs were
observed in primary and secondary lysosome in the cytoplasm
of the cells (Figure S3JK in the Supporting Information),
suggesting that particle entry into the cells is through
endocytosis rather than diffusion. To further explore the effect
of CuO NPs on lysosomes, we measured organelle activity by
confocal laser scanning microscopy (Figure SS in the
Supporting Information). The activity of lysosomes in cells
treated with 15 mg/L CuO NPs was significantly lower than
the control. This suggests that CuO NPs inhibit lysosomal
activity, observations supported by the findings of Wang et al.”®
Damage to lysosomal membranes may lead to subsequent
translocation of the CuO NPs to other organelles such as
mitochondria and the nucleus.

CuO NPs were observed in the nucleus by TEM observation
(Figure 2C,D), and the Cu content in the cell nuclei was
quantified as 6.59 + 1.21 ug/10” nuclei (Figure S6 in the
Supporting Information). Intracellular CuO NPs were approx-
imately 40 nm, and some significantly larger CuO NPs
aggregates were evident (Figure 2D). The TEM-determined
particle size of CuO NPs was between 20 and 40 nm (Figure S1
in the Supporting Information), but the hydrodynamic
diameter of CuO NPs in the cell medium was 185 nm
(Table S4 in the Supporting Information), clearly showing
CuO NP aggregation. Previous studies have shown that
macromolecules cannot access the nucleus from cytoplasm by
endocytosis (e.g, proteins and viral genome) but can go
through the nuclear pore complexes (NPCs)** or destroy the
nuclear membranes (e.g, multiwalled carbon nanotubes).*!
The diameter of the central pore of the NPC, as measured by
electron microscopy, was 44 nm in Xenopus oocytes.42 Another
study reported that the size of the central pore of the NPC in
vertebrate cells was approximately 50 nm.*® Thus, the
individual CuO NPs smaller than 50 nm may be able to
enter the nucleus via nuclear pore, and some of the individual
CuO NPs may aggregate together in the nucleus as shown in
Figure 2D. The individual CuO NPs in the nucleus may, on the
other hand; as shown in Figure 2C,D, the nuclear membrane
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was not complete after 12 h of exposure of 15 mg/L CuO NPs.
Thus, CuO NPs of larger size, as well as CuO NP aggregates,
may enter the cell nucleus by direct physical injury of nucleus
membrane. The CuO NPs inside the nucleus may be able to
damage DNA directly. Physical DNA damage by other NPs
(e.g, Cgo) was reported by previous studies.****

To further investigate the pathway of CuO NP uptake, we
performed a series of experiments with the endocytic inhibitor
(Figure 2E). For the Cu*" ion (2.5 mg/L) treatments, the
intracellular Cu contents were lower, and there was no
difference between the cells with and without NaN; and 2-
deoxyglucose pretreatment. For the CuO NP (S and 15 mg/L)
treatments, intracellular Cu contents significantly decreased
(more than S0%) upon pretreatment with NaN; and 2-
deoxyglucose, clearly suggesting that endocytosis was a major
pathway of NPs uptake in AS49 cells. Similarly, Asati et al.'’
and Jiang et al.'* both focused on endocytosis as the primary
uptake pathway for CeO, and zwitterionic quantum Dot NPs.
To evaluate the effects of short- and long-term CuO exposure
on the cell membrane integrity, LDH release from AS49 cells
was determined after 4 and 24 h exposures (Figure S7 in the
Supporting Information). After 4 h of exposure to CuO NPs (5
and 15 mg/L) and Cu®* (2.5 mg/L), LDH release from A549
cells did not significantly increase. This suggests that NP uptake
did not cause damage to phospholipid bilayer as would be
expected from direct penetration, further implicating endocy-
tosis as the primary accumulation mechanism. In contrast, Cu®*
can efficiently pass through the cell membrane via copper
transport proteins and thereby did not damage the
membrane.*® Conversely, after 24 h of exposure, 15 mg/L
CuO NPs induced significantly higher LDH release (192% of
control) from AS549 cells (p < 0.0S), while S mg/L CuO NPs
and 2.5 mg/L Cu*" induced slight LDH leakage (Figure S7 in
the Supporting Information).

ROS Generation and Mitochondrial Depolarization.
After 2 h of exposure, the ROS levels in all Cu treatments were
much higher than unexposed controls; the 5 mg/L CuO NPs,
15 mg/L CuO NPs, and 2.5 mg/L Cu?* treatments were 208,
380, and 233% significantly greater than the controls,
respectively (p < 0.0S) (Figure 3A). AS49 cells treated by
Cu?* ions exhibited a higher ROS level than the control cells,
although the intracellular Cu was low (Figure 2E). By 4 h, the
ROS levels had decreased and leveled off to near the controls.
For 15 mg/L CuO NPs and 2.5 mg/L Cu®' ions, the ROS
levels were significantly increased at 16 h (p < 0.05). The initial
oxidative stress upon Cu exposure interaction with the cells (2
h, Figure 3A) gradually abated in response to the antioxidant
defense system of cells (4—8 h, Figure 3A). During longer
exposures, depletion of antioxidant enzymes such as GPx,
catalase, and SOD*° is possible, with ROS accumulation
potentially increasing again (p < 0.0S).

TEM analysis showed that CuO NPs could interact with
mitochondria (Figure S3F in the Supporting Information),
potentially impacting organelle function. The mitochondrial
depolarization level was determined by measuring the MMP
using flow cytometer (Figure 3B). CuO NPs at 15 mg/L
effectively decreased MMP of A549 cells relative to other
treatments at all exposure times. The trend of mitochondrial
depolarization level from 2 to 24 h was similar to ROS
production level (Figure 3B), suggesting that CuO NP-induced
mitochondrial depolarization may be mediated by ROS
generation. Levraut et al. observed that ROS generated from
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Figure 3. (A) Assessment of ROS generation by AS49 after exposure
to CuO NPs (S and 15 mg/L) and Cu** (2.5 mg/L) for 2, 4, 8, 16,
and 24 h. Treated cells were incubated with DCF-DA dyes for 30 min
and analyzed with a LSR flow cytometer. The FI comparison indicated
the formation of ROS. The calculation is described as follows: relative
ROS sensor level (%) = mean DCF FI [treated]/mean DCF FI
[control] X 100. (B) Assessment of mitochondrial depolarization by
measuring the MMP (A¥m) using JC-1 fluorescent dyes. Flow
cytometric analysis was performed after the addition of the CuO NPs
(5 or 15 mg/L) or Cu®* (2.5 mg/L) for 2, 4, 8, 16, and 24 h. A
decrease in MMP could lead to mitochondrial depolarization. For a
fixed treatment (S mg/L CuO NPs, 15 mg/L CuO NPs, or 2.5 mg/L
Cu®), points followed by different letters (a—e) indicate significant
differences at different exposure times (p < 0.05). Points followed by
letters A—C indicate significant differences among different treatments
(5 mg/L CuO NPs, 15 mg/L CuO NPs, or 2.5 mg/L Cu*") at a fixed
exposure time (0, 2, 4, 8, 16, or 24 h) (p < 0.05).

the mitochondrial electron transport chain could contribute to
the observed membrane depolarization.*’

These data suggest that CuO NPs were located in the
mitochondria of AS49 cells after 2 h of CuO NPs treatment,
subsequently altering mitochondrial structures, disrupting the
electron transport chain, and increasing cytoplasmic ROS
production.”® Similarly, ZnO NPs were capable of robust
spontaneous ROS generation to RAW 264.7 cells after 1 h of
exposure.” However, Eom and Choi'® reported that Jurkat cells
showed low levels of ROS in response to 5—30 min Ag NP
exposure. The authors noted that ROS was significantly
generated from the cells only after 24 h of exposure, suggestin
different susceptibilities of Jurkat and A549 cells. Wang et al.”
showed that cytotoxicity from Au nanorods (NRs) varied
significantly with cell type in in vitro studies. Specifically, it was
reported that Au NRs could induce mitochondrial damage of
AS549 cells, while Au NRs did not decrease the MMP and
destroy mitochondrial structures in normal bronchial epithelial
cells and primary adult stem cells. ROS were generated mainly
in the mitochondria of the cell” where organelle function was
destroyed.
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Gene Expression and DNA Damage. Previous studies
reported that there was a close relationship between p38/pS53
activation and DNA damage,"®** which makes p38 and pS3
sensitive molecular biomarkers to assess genotoxicity of CuO
NPs. Therefore, the responding signal transduction pathway of
DNA damage was investigated by examining p38 and pS3
response (Figure 4A,B). A temporal gene expression analysis
revealed that expression of p38 and pS$3 increased as early as 4 h
after exposure to 15 mg/L CuO NPs, while expression of p38
and p53 was unchanged after exposure of 2.5 mg/L Cu**. Given
the activation of p38 and pS3, CuO NPs may result in cell cycle
arrest'® and even cell apoptosis.'>*® Further analysis using the
Comet assay detected a combination of single-strand breaks,
double-strand breaks, and alkaline labile sites (Figure 4C). The
Comet assay revealed that a time-dependent increase in tail
moment as compared to control after exposure to CuO NPs
but to a lesser extent for the exposure to Cu®". The tail moment
began to show a significant increase after exposure to 15 mg/L
CuO NPs (450% of control) for 8 h. The tail moment
dramatically increased with increasing exposure time and
reached a maximum value (460% of control) after 24 h of
exposure to NPs. Conversely, the tail moment increased
significantly only at 24 h of exposure to 5 mg/L CuO NPs
(130% of control) and 2.5 mg/L Cu®" (125% of control),
suggesting that the DNA damage was a cumulative process in
AS49 cells. Interestingly, DNA damage from CuO BPs at levels
up to 50 mg/L was much lower than that of CuO NPs at 15
mg/L (Figure S8 in the Supporting Information), which agrees
with the cell viability results (Figure 1B).

Previous studies speculated that DNA damage in NP-
exposed cells was induced by oxidative stress and suggest that
ROS generation and oxidative stress in the cell may cause
subsequent oxidative damage to DNA through free radical
attack.”” However, until now, nothing has been known about
the time sequence of ROS production and DNA damage. From
our data, it is clear that the DNA damage caused by CuO NPs
results from oxidative stress after 2 h of exposure, followed by
activation p38 and pS3 at 4 h, finally causing irreversible DNA
damage after 8 h.

NPs and Cu lon Exclusion. The export kinetics of Cu from
AS49 cells was examined after pretreating cells with CuO NPs
(5 and 15 mg/L) and Cu** (2.5 mg/L) (Figure SA). For CuO
NPs-treated cells, the exported Cu concentration generally
increased with increasing exposure time (12—24 h), while the
Cu exclusion from Cu*" pretreated cells showed strong
fluctuation over time. Cu export concentrations from cells
were time-dependent for all treatments (Figure SB). After 24 h
of export, the removal process reached near equilibrium, and
the total excreted Cu contents were 0.8, 0.9, and 0.06 mg/L for
5 and 15 mg/L CuO NPs and 2.5 mg/L Cu®' treatments,
respectively. These findings only partially agree with Jiang et
al,"* who observed that half of the NPs (zwitterionic Quantum
Dot) were quickly removed by live HeLa cells. The authors
showed that the internalized DPA-QDs were stored in
lysosomes, and delivery of the NP-containing vesicles back to
the cell periphery for export was highly efficient. In contrast,
others have reported that Au NPs in AS49 cells were more
difficult to export because of particle translocation from
lysosomes to mitochondria, which caused cytotoxicity.> It is
likely in our study that a fraction of CuO NPs were not
excreted by AS49 cells because of the particle deposition in the
mitochondria and nucleus as described above. After exposure to
CuO NPs (15 mg/L) for 24 h and export for another 24 h,
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Figure 4. Relative expression amounts of p38/pS3 and DNA damage
(Comet assay) in AS49 cells exposed to CuO NPs and Cu** ions. The
relative expression amounts of p38 (A) and pS3 (B) after exposure to
15 mg/L CuO NPs and 2.5 mg/L Cu®" ions for 0.5, 1, 2, and 4 h. The
expressions of p38 and pS3 were measured in the nuclear fractions.
The densitometric values for the expressions of the proteins were
normalized to those of actin and presented as relative units as
compared to the control using an equation: relative expression amount
Of target gene = Z_AACtJ Where AACt = (Ctgene,treatment - Ctactin,treatment)
— (Ctgenecontrol = Clactincontrot)- Data represent mean values + standard
deviations (n = 3). The asterisk indicates the significant difference
between control and other treatments by using ANOVA (p < 0.05).
For the Comet assay (C), the tail moments values of DNA were
obtained by analyzing 50 random comet images from each treatment.
Bars followed by different letters (a—c) indicate significant differences
among different treatments (S mg/L CuO NPs, 1S mg/L CuO NPs,
or 2.5 mg/L Cu®") in a fixed exposure time (2, 4, 8, 16, and 24 h) (p <
0.05). Inserts of panel C are Comet images of untreated and 15 mg/L
CuO NPs treated cells, respectively.
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Figure 5. Export of internalized CuO NPs and Cu* ions by A549
cells. (A) A549 cells were incubated with CuO NPs (S and 15 mg/L)
or Cu® ions (2.5 mg/L) for 24 h, then washed, and incubated with
fresh cell medium. The Cu concentration in the amended medium was
determined after incubation of 2, 4, 6, 8, 10, 12, 16, 20, and 24 h. (B)
A549 cells were incubated with CuO NPs (5 and 15 mg/L) or Cu**
ions (2.5 mg/L) for 24 h, washed, and incubated with the fresh cell
medium, and then, the cell medium was replaced with fresh medium at
different time intervals (2, 4, 6, 8, 10, 14, 16, 20, and 24 h). The Cu
concentration of the cell medium after incubation was determined, and
the accumulated copper concentration released from cell was
calculated. (C) Kinetics of cell viability. The cells were incubated
with CuO NPs (5 and 15 mg/L) or Cu* ions (2.5 mg/L) for 24 h,
washed, and incubated with fresh cell medium for 0—24 h. Panels A
and B both have a double Y-axis, and each curve and its respective Y-
axis is indicated by a red arrow. Data represent mean values + standard
deviations (n = 3).

CuO NP aggregates were observed in the cell medium (Figure
S9 in the Supporting Information), suggesting that the excreted
Cu was in the form of both dissolved Cu®* ions and NPs.

To make sure whether the injured cells could return to
normal level during CuO NP export, cell viability during CuO
NP export was measured (Figure SC). For cells pretreated with
5 mg/L CuO NPs and 2.5 mg/L Cu*, the viability did not
change as compared to the control, indicating that the excretion
process could partially alleviate the toxicity of low-concen-

1519

tration CuO NPs (5 mg/L) and Cu*" ions (2.5 mg/L).
However, at 15 mg/L CuO NPs, the cell viability first increased
during initial 4 h, then decreased significantly, and stabilized at
about 50% (p < 0.05). Although a fraction of Cu NPs (or Cu**
ions) was exported from cells, the cell viability after CuO NPs
(15 mg/L) exposure was low, probably due to the greater
extent of cell damage (cell membrane damage, mitochondrial
depolarization, and DNA damage) as described above.
Moreover, the membrane damage as indicated by the LDH
assay (Figure S7 in the Supporting Information) could also
contribute to the export of Cu** ions and NPs.

Contribution of Dissolved Cu?* on CuO NPs Toxicity.
The Cu® ions on cell membrane damage, ROS production,
mitochondrial depolarization, and DNA damage was measured
to quantitative understanding on the effect of released Cu**
ions from CuO NPs on the total toxicity. The toxicity
contribution percentage of Cu®* ions to CuO NPs was
calculated. After 24 h of exposure to 15 mg/L CuO NPs,
Cu® ions contributed 31% of membrane damage and 27% of
DNA damage caused by metal oxide NP exposure. After CuO
NP (15 mg/L) exposure for 2 h, Cu®" ions contributed 47 and
46% of total ROS generation and mitochondrial depolarization
levels, respectively. Therefore, dissolved Cu®" ions contributed
to less than 50% of the overall cytotoxicity from CuO NP
exposure. Midander et al. reported that Cu®" ions dissolved
from CuO NPs caused insignificant DNA damage and
contributed a lower percentage of the overall toxicity to AS49
cells than our finding.*® This could attribute to the much
shorter exposure time in that study (4 h) relative to our study
(24 h).

In summary, CuO NPs were clearly observed in both the cell
nucleus and the mitochondria. CuO NPs were taken up by
AS549 cells mainly through endocytosis, although part of the
internalized CuO NPs were dynamically excreted to the
extracellular environment. Deposition of CuO NPs in
mitochondria resulted in ROS generation, ultimately inducing
mitochondrial depolarization. CuO NPs induced robust ROS
production, and expression of p38 and p53 was significantly up
regulated, resulting in irreversible DNA damage. Oxidative
stress was confirmed to be the first response of CuO NPs
cytotoxicity, rather than DNA damage. Moreover, free Cu®*
and protein-bound Cu®* released from CuO NPs in cell
medium were accurately evaluated using centrifugal ultra-
filtration tubes. The contribution of Cu®* ions dissolved from
CuO NPs in the cell medium was less than 50% of the total
observed cytotoxicity. These data clearly show that increased
attention and careful investigations are needed regarding
potential exposure, toxicity, and ultimate risk from metal
oxide NPs such as CuO.
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