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Abstract The effect of copper oxide nanoparticles (CuONPs)
on physiological and molecular level responses were studied
in Arabidopsis thaliana. The seedlings were exposed to dif-
ferent concentrations of CuONPs (0, 0.5, 1, 2, 5, 10, 20, 50,
and 100 mg/L) for 21 days in half strength Murashige and
Skoog medium. The plant biomass significantly reduced un-
der different concentrations (2, 5, 10, 20, 50, and 100mg/L) of
CuONPs stress. Exposure to 2, 5, 10, 20, 50, and 100 mg/L of
CuONPs has resulted in significant reduction of total chloro-
phyll content. The anthocyanin content significantly increased
upon exposure to 10, 20, 50, and 100 mg/L of CuONPs.
Increased lipid peroxidation was observed upon exposure to
5, 10, and 20mg/L of CuONPs and amino acid proline content
was significantly high in plants exposed to 10 and 20 mg/L of
CuONPs. Significant reduction in root elongation was ob-
served upon exposure to 0.5–100 mg/L of CuONPs for
21 days. Exposure to CuONPs has resulted in retardation of
primary root growth, enhanced lateral root formation, and also
resulted in loss of root gravitropism. Staining with
phloroglucionol detected the deposition of lignin in

CuONPs-treated roots. Histochemical staining of leaves and
roots of CuONPs-exposed plants with nitroblue tetrazolium
and 3′3′-diaminobenzidine showed a concentration-dependant
increase in superoxide and hydrogen peroxide formation in
leaves and roots of CuONPs-exposed plants. Cytotoxicity was
observed in root tips of CuONPs-exposed plants as evidenced
by increased propidium iodide staining. Real-time PCR anal-
ysis showed significant induction of genes related to oxidative
stress responses, sulfur assimilation, glutathione, and proline
biosynthesis under CuONPs stress.
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Introduction

Engineered nanoparticles (ENPs) are widely used in several
industrial, commercial, and medical products (www.
nanotechproject.org). Due to their unique physicochemical
properties, metal oxide nanoparticles (MONPs) are widely
used in various consumer products such as in sunscreens,
medicine, inks, food storage containers, and in diesel fuel
(www.nanotechproject.org). Among the different MONPs,
copper oxide nanoparticles (CuONPs) are used in various
applications such as in electronics, air and liquid filtration,
ceramics, wood preservation, bioactive coatings, films, tex-
tiles, skin products, inks, and in lubricant oils (Yang et al.
2006). The widespread use of CuONPs has raised concerns
over their potential toxic impacts on ecosystem and human
health due to their release from various products to the envi-
ronment (Chen et al. 2012). Previous studies has shown that
exposure to CuONPs caused toxic effects on aquatic organ-
isms such as protozoa, crustaceans, algae, and zebrafish (Yoon
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et al. 2007; Griffitt et al. 2007; Aruoja et al. 2009; Gomes et al.
2010). Karlsson et al. (2008) reported that among the different
MONPs tested, CuONPs caused maximum toxicity to human
lung epithelial cells. Lee et al. (2008) reported that exposure to
CuONPs has resulted in their uptake, bioaccumulation, and
translocation in mung bean (Phaseolus radiates) and wheat
(Triticum aestivum). However, apart from studying the uptake
and bioaccumulation, detailed studies on the effect of
CuONPs at the physiological and molecular level has not been
undertaken in plants.

The toxicity of ENPs in plants is related to their size,
concentration, surface chemistry, and dissolution to metal ions
leading to interaction with different subcellular compartments
of the cell resulting in excessive production of reactive oxygen
species (ROS) causing oxidative stress, cytotoxicity,
genotoxicity, necrosis, and apoptosis (Dietz and Herth
2011). In order to maintain the redox homeostasis, plants
possess various enzymatic and nonenzymatic defense mecha-
nisms in cells. The enzymatic antioxidant systems include
superoxide dismutases (SODs, EC 1.15.1.1), catalases
(CATs, EC 1.11.1.6), and ascorbate peroxidases (APXs, EC
1.11.1.11) (Mittler et al. 2004). The nonenzymatic antioxidant
machinery in plants includes low molecular weight sulfur-
containing compounds such as glutathione (GSH) and amino
acid proline (Szabados and Savouré 2010; Gill and Tuteja
2010). In addition, sulfur assimilation plays an important role
in the formation of sulfur-containing amino acids (Cys and
Met), synthesis of proteins, vitamins, chlorophyll and GSH
which are important for the growth and oxidative stress toler-
ance in plants (Saito 2000). Various genes are involved in the
sulfur assimilation viz. ATP sulfurylase (ATPS), 3′-
phosphoadenosine 5′-phosphosulfate reductase (APR), sulfite
reductase (SiR) and cysteine synthase (CS). The final steps of
GSH biosynthesis is catalyzed by glutamate-cysteine ligase
(GCL), and glutathione synthetase (GS). In plants, proline is
derived from glutamate or ornithine amino acid precursors
through various enzymatic steps and the proline biosynthesis
in the glutamate pathway is controlled by the bifunctional 1-
pyrroline-5-carboxylate (P5CS) enzyme (Szabados and
Savouré 2010).

In this study, the toxic effects of CuONPs at the physiolog-
ical and molecular levels were studied inArabidopsis thaliana
which is currently used as a model plant in nanotoxicology
studies (Ma et al. 2013). A. thaliana plants were grown in ½
MS agar medium containing different concentrations (i.e., 0,
0.5, 1, 2, 5, 10, 20, 50, and 100 mg/L) of CuONPs for 21 days
under growth chamber conditions. At the physiological level,
changes in plant growth, biomass, root elongation and root
system architecture, ROS generation, cell death, root lignifi-
cation, lipid peroxidation, total chlorophyll, anthocyanin, and
proline content were studied. At the molecular level, transcrip-
tional modulation of genes involved in various stress re-
sponses viz. MSD, CSD1, CSD2, CAT2, CAT3, APX1,

APX2, ATPS, APR, SiR, CS, GCL, GS, P5CS1, and P5CS2
were studied. Characterization of CuONPs using transmission
electron microscopy (TEM) and dynamic light scattering
(DLS) were performed. The dissolution and plant uptake of
CuONPs were analyzed using inductively coupled plasma-
mass spectrometer (ICP-MS). Since it has been reported from
previous studies that the biological effects of ENPs in aqueous
solutions are also associated to the concentration of released
metal ions (Wu et al. 2012), in this study, the toxic effects of
CuONPs at different levels were compared with the toxicity of
Cu2+ ions (0.1 and 0.2 mg/L), and medium without CuONPs
was used as the negative control.

Materials and methods

Nanoparticles characterization

Copper oxide nanoparticles (purity of 99.9 %; surface area
29 m2/g) were purchased from Sigma-Aldrich, St. Louis, MO,
USA. The morphology of CuONPs in deionised water and ½
strength MS medium was characterized using TEM LIBRA
120 at 80 kV (Carl Zeiss, Oberkochen, and Baden-
Württemberg, Germany). TEM samples were prepared by
placing 10 μL of CuONPs suspensions on carbon-coated
copper grids (Tedpella Inc., Reading, USA) and dried O/N
before imaging. Size distribution of CuONPs in deionized
water was determined using photal dynamic light scattering
spectrometer (DLS-7000, Otsuka Electronics Co., Inc.,
Osaka, Japan). The amount of cupric ion released from
CuONPs in deionized water containing the highest concentra-
tion of CuONPs (i.e., 100 mg/L) was measured after sonica-
tion for 1 h and filtering through a 0.2-μm nylon membrane
(Chromedisc® syringe filter, South Korea) using ICP-MS
(Varian 820-MS, Palo Alto, CA, USA; detection limit for
65Cu <2 ng/L). The cupric ion released from three samples
was analyzed using ICP-MS.

Plant exposure to CuONPs

A. thaliana (wild type, Columbia ecotype) seeds were surface
sterilized with 70% ethanol for 2 min and 1.5 % (w/v) sodium
hypochlorite solution for 15 min. The seeds were washed with
sterilized distilled water three times to remove the traces of the
disinfectant. Half strength MS medium [pH 5.7; 20 g/L su-
crose; 8 g/L agar (Duchefa Biochemie, Haarlem, The
Netherlands)] was prepared and autoclaved at 121 °C for
15 min. Different concentrations of CuONPs (0, 0.5, 1, 2, 5,
10, 20, 50, and 100 mg/L) were added directly to the medium
after autoclaving and shaken vigorously in order to break the
agglomerates. Twenty-five milliliter of medium was poured
on to 90×15 mm petri dishes (SPL Life Sciences, Gyeonggi-
do, South Korea) and solidified immediately by keeping at
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4 °C to avoid precipitation of CuONPs. After solidification,
15A. thaliana seeds were sown in each plate (the floated seeds
were removed to ensure that mature seeds were being used)
and incubated under dark conditions at 4 °CO/N to break seed
dormancy. The petri dishes were transferred to growth cham-
ber (Hanbaek Scientific Co., Gyeonggi-do, South Korea) and
incubated for 3 days horizontally and then kept vertically
under conditions of 16±8 h of light/dark, with light intensity
100 mE/m2/s at 26±1 °C for 21 days. Cupric ion treatment of
0.1 and 0.2 mg/L (in the form of Cu(NO3)2) was used to test
the effect of dissolved ions (concentration was selected based
on the release of cupric ions from CuONPs). For each treat-
ment and control, four replicate plates with 15 plants in each
plate was maintained and the experiment was repeated twice.

Analysis of copper content in plants

The uptake of CuONPs was determined using A. thaliana
plants grown in medium containing 20 mg/L of CuONPs for
21 days. The plants which were grown in medium containing
20 mg/L of CuONPs was selected for the analysis of Cu
content in plant tissues, since sufficient plant material (shoot
and root) was not available in plants which were exposed to 50
and 100mg/L of CuONPs. The plants (30 mg, including shoot
and roots) were thoroughly washed with sterilized distilled
water several times and were dried at 75 °C for 24 h and
subsequently digested with concentrated HNO3 at 115 °C for
1 h. The digests were diluted to 25 mL with deionized water
and filtered through 0.2 μm nylon filters (Chromedisc® sy-
ringe filter) and analyzed using ICP-MS.

Biomass and root length

The root length of the control, CuONPs (0.5, 1, 2, 5, 10, 20,
50, and 100 mg/L) and Cu2+ ions (0.1 and 0.2 mg/L)-exposed
A. thaliana plants were measured after 21 days of exposure
using a ruler. For calculating the total plant biomass (Fresh
weight, FW), the control, CuONPs- (0.5, 1, 2, 5, 10, 20, 50,
and 100 mg/L) and Cu2+ ion (0.1 and 0.2 mg/L)-exposed
plants were carefully removed after 21 days from medium
and washed with demonized water. The root length and fresh
weight of 15 seedlings from the control and CuONPs-exposed
plants were calculated from two replications.

Total chlorophyll, anthocyanin, and proline contents

Total chlorophyll and anthocyanin content from the 21-day-old
control, CuONPs- (0.5, 1, 2, 5, 10, 20, 50, and 100 mg/L), and
Cu2+ ion (0.1 and 0.2 mg/L)-exposed A. thaliana plants were
determined using modified method of Lichtenthaler (1987) and
Rabino and Mancinelli (1986), respectively. The proline amino
acid content of 21-day-old control, CuONPs- (0.5, 1, 2, 5, 10,
and 20 mg/L), and Cu2+ ion (0.1 and 0.2 mg/L)-exposed plants

were determined according to Bates (1973). The proline content
of plant exposed to 50 and 100 mg/L of CuONPs was not
checked since the root growth was very poor. The experiment
was repeated four times using plants collected from four repli-
cations (Supplementary protocols 1, 2 and 3).

Measurement of lipid peroxidation

The level of lipid peroxidation was estimated using the meth-
od of Heath and Packer (1968) using 21-day-old control,
CuONPs- (0.5, 1, 2, 5, 10, and 20 mg/L) and Cu2+ ion (0.1
and 0.2 mg/L)-exposed A. thaliana plants. The plants which
were exposed to the abovementioned concentrations of
CuONPs were selected to get enough plant material (shoots
and roots) for the analysis since root elongation was affected
at 50 and 100 mg/L of CuONPs. Thirty milligram of the plant
samples were homogenized in 5 mL of 5 % trichloroacetic
acid (TCA). The extracts were centrifuged at 7,000×g for
10 min at room temperature and the supernatant (2 mL) was
mixed with 2 mL of 0.67 % (w/v) thiobarbituric acid (TBA),
boiled at 95 °C for 30 min and cooled immediately after
centrifugation. Absorbance of the supernatant was read at
532 and 600 nm using a UV-Vis spectrophotometer (Optizen
UV/Vis spectrophotometer, Mecasys Co. Ltd., Seoul, South
Korea). The final malondialdehyde (MDA) concentration was
calculated using the extinction coefficient 155 mM/cm. The
experiment was repeated four times using plants collected
from four replications.

In vivo detection of ROS, cell viability, and lignification

The effect of exposure to different concentrations of CuONPs
in superoxide and H2O2 formation in leaves of plants exposed
to 0, 0.5, 1, 2, 5, 10, 20, 50, and 100 mg/L of CuONPs and
roots of plants exposed to 0, 1, 2, 5, 10, and 20 mg/L of
CuONPs was determined as follows. In vivo detection of
superoxide formation in leaves of A. thaliana plants was done
by staining with nitroblue tetrazolium (NBT) which forms
dark blue insoluble formazan when it reacts with superoxides
(Fryer et al. 2002). The in vivo imaging of H2O2 formation in
leaves and roots were checked using histochemical staining
with 3′3′-diaminobenzidine (DAB) (Thordal-Christensen
et al. 1997). The leaves were cleared from chlorophylls after
NBT and DAB staining by boiling for 10 min in acetic acid-
glycerol-ethanol (1:1:3[v/v/v]) solution in a dry bath.

Root cell viability of A. thaliana plants exposed to different
concentrations of CuONPs (0, 1, 2, 5, 10, and 20 mg/L) was
assayed by staining with 3 mg/L of propidium iodide (PI)
solution for 15 min as described by Lequeux et al. (2010). The
stained samples were mounted on 26×76 mm microscope
slides (Citoglas®, Jiangsu, China) and imaged using a fluo-
rescence microscope (BX61-32 FDIC, Olympus, Japan).
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For checking lignin accumulation, the roots of the control
and CuONPs (1, 2, 5, 10, and 20 mg/L)-exposed A. thaliana
plants were incubated in 1 % (w/v) phloroglucinol-HCl 6 N
solution for 5 min as described by Rogers et al. (2005). The
stained samples were mounted on 26×76 mm microscope
slides (Citoglas®, Jiangsu, China) and photographed using
Nikon 80i (Nikon, Japan) microscope equipped with digital
camera.

Total RNA isolation and cDNA synthesis

Total RNA was isolated from 21-day-old control, CuONPs-
(2, 5, 10, and 20 mg/L), and Cu2+ ion (0.2 mg/L)-exposed
A. thaliana plants using RNA isolation and cleaned up using
RNA-Clean up kit (Qiagen, Hilden, Germany). The quality
and quantity of RNA preparation was verified by agarose gel
electrophoresis and absorbance spectrophotometry
(A260/A280>1.8) (Optizen UV/Vis spectrophotometer).
One microgram of total RNA was used for cDNA synthesis
in 20 μL reaction volume using QuantiTect® reverse tran-
scription kit integrated with genomic DNA contamination
removal step (Qiagen) as per the manufacturer’s instructions.
The primers for different genes viz. MSD, CSD1, CSD2,
CAT2, CAT3, APX1, APX2, P5CS1, P5CS2, and ACT2 were
designed using online Primer3 program (http://frodo.wi.mit.
edu/primer3/). The primers for sulfur assimilation and GSH
biosynthesis genes viz. ATPS, APR, SiR, CS, GCL, and GS
were used as reported by previously by Ma et al. (2013)
(Supplementary Table 1). The substrate specificity of the
primers were verified by running PCR (T100 thermal cycler,
Bio-Rad, Hercules, California, USA) using a representative
cDNA preparation and by visualizing on a 1.5 % agarose gel
stained with ethidium bromide.

Real-time RT-PCR

The real-time RT-PCR reaction included 1 μL of cDNA,
0.2 μM of corresponding forward and reverse primers, and
10 μL of 2X IQ SYBR Green Super Mix (Bio-Rad) in a final
reaction volume of 20 μL. The reactions were run with an
initial denaturing at 95 °C for 7 min followed by 45 cycles of
95 °C for 15 s, 55 °C for 1 min, and 72 °C for 15 s, and a
melting curve analysis was done. Amplification and detection
were performed using Chromo-4 opticon monitor RT-PCR
detection system (Bio-Rad) and accompanying software ac-
cording to the manufacturer’s instructions. The reactions were
run for three biological replicates for each gene within each
treatment and control and repeated twice. The expression level
of each gene under different exposure conditions were calcu-
lated relative to the expression level of AtACT2 mRNA (Ma
et al. 2013).

Data analysis

Cycle threshold (Ct) values were converted to relative gene
expression levels by 2−ΔΔCt method (Livak and Schmittgen
2001) using the gene expression analysis software (Bio-Rad).
One-way analysis of variance (ANOVA) was done with SPSS
12.0 KO (SPSS Inc., Chicago, IL, USA). Dunnett’s post-doc
test was done to determine the effect of different exposures on
various parameters. A probability level of p<0.05, p<0.01,
and p<0.001 was considered significant.

Results

CuONPs characterization

The TEM analysis showed dispersion of CuONPs in deion-
ized water and based on the DLS analysis; the average size of
the particles was 30 nm (Supplementary Fig. 1A, B, C).
However, agglomeration of CuONPs was observed in growth
medium (Supplementary Fig. 1D, E).

Effect of CuONPs on plant growth

The effect of exposure to different concentrations of CuONPs
and Cu2+ ions on A. thaliana growth was evaluated after
21 days of exposure. As compared to control and Cu2+ ion-
exposed plants, significant reduction in plant growth and plant
biomass was observed with increasing concentrations of
CuONPs exposure (Fig. 1a–i). The average fresh weight of
seedlings exposed to 2, 5, 10, 20, 50, and 100 mg/L of
CuONPs significantly reduced as compared to the controls
(Fig. 1j). However, exposure to different concentrations of
CuONPs was more evident in root growth. Significant reduc-
tion in root growth was observed upon exposure to 0.5, 1, 2, 5,
10, 20, 50, and 100 mg/L of CuONPs (Fig. 1h). More than
50 % reduction in average fresh weight and root growth was
evident in plants which were exposed to 10 mg/L of CuONPs.
However, the fresh weight and root length of plants exposed to
0.1 and 0.2 mg/L of Cu2+ ions was not significantly different
from the control (Fig. 1j, h and Suppl. Fig. 2a). Exposure to
CuONPs above 2 mg/L has reduced the primary root growth,
increased the density of lateral root formation, and also result-
ed in loss of root gravitropism (Suppl. Fig. 2B, C, D, E).

Analysis of copper content in plants

ICP-MS analysis showed dissolution of Cu2+ ions (0.08 μg/L)
in deionized water after 24 h. Analysis of copper content in
A. thaliana plants which were exposed to 20 mg/L CuONPs
showed the presence of 82.6±10.3 mg/Kg DWof Cu and the
control plants also contained trace amounts of Cu.

12712 Environ Sci Pollut Res (2014) 21:12709–12722

http://frodo.wi.mit.edu/primer3/
http://frodo.wi.mit.edu/primer3/


Effect of CuONPs on chlorophyll, anthocyanin, and proline
contents

The total chlorophyll content of A. thaliana plants did not
change significantly upon exposure to 0.5 and 1 mg/L of
CuONPs (Fig. 2a). However, significant reduction in the total
chlorophyll content was observed upon exposure to 2, 5, 10
(p<0.05), 20 (p<0.01), 50, and 100 (p<0.001) mg/L of
CuONPs (Fig. 2a). Though not in a significant manner, an
increase in the total chlorophyll content was observed in

plants which were exposed to 0.1 and 0.2 mg/L of Cu2+ ions
(Fig. 2a). The total anthocyanin content of the control, Cu2+

ions (0.1 and 0.2 mg/L) and 0.5, 1, 2, and 5 mg/L of CuONPs-
exposed seedlings has not changed significantly as compared
to the controls (Fig. 2b). However, exposure to 10, 20, 50, and
100 mg/L of CuONPs (p<0.05 and p<0.001) has resulted in
significant increase in the total anthocyanin content of
A. thaliana plants (Fig. 2b). The total proline content of
A. thaliana plants which were exposed to 0.2 mg/L of Cu2+

ions and 2 and 5 mg/L of CuONPs did not change

Fig. 1 a Phenotypes of A. thaliana seedlings grown in the presence of
different concentrations of copper oxide nanoparticles for 21 days (left to
right: control, 0.5, 1, 2, 5, 10, 20, 50, and 100 mg/L of CuONPs,
respectively). bAverage fresh weight and c root lengths of plants exposed

to designated concentrations of Cu2+ ions and copper oxide nanoparticles
for 21 days. Data are mean±SE of four replicates. Asterisks indicate
significant difference at p<0.05*, p<0.01**, and p<0.001***
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significantly (Fig. 2c). However, significant increase in pro-
line content was observed after exposure to 10 and 20 mg/L
(p<0.05 and p<0.01, respectively) of CuONPs (Fig. 2c).

Effect of CuONPs on lipid peroxidation

The effect of exposure to different concentrations of CuONPs
and Cu2+ ions on lipid peroxidation was measured as de-
scribed in the “Materials and methods.” It was observed that
exposure to 0.1, 0.2 mg/L of Cu2+ ions and 1–2 mg/L of
CuONPs has not resulted in any significant change in lipid
peroxidation as compared to the control (Fig. 2d). However,
significant increase in lipid peroxidation was observed upon
exposure to 5, 10, and 20 mg/L of CuONPs (p<0.05,
p<0.001, and p<0.01, respectively) (Fig. 2d).

Effect of CuONPs on ROS generation and root cell death

The effect of different concentrations of CuONPs on ROS
generation in A. thaliana plants was assessed by in vivo

histochemical staining with NBT and DAB. Staining with
NBT showed a gradual increase in the formation of dark blue
spots in leaves of seedlings exposed to different concentra-
tions of CuONPs indicating superoxides accumulation (Fig. 3,
panel 1A–H). Histochemical staining with DAB showed a
gradual dose-dependant increase in the formation of dark
brown coloration in leaves of CuONPs-exposed plants indi-
cating excess H2O2 generation (Fig. 3, panel 2 A–H). In roots,
DAB staining revealed a gradual increase in H2O2 accumula-
tion with increasing concentrations of CuONPs, with highest
accumulation of H2O2 in root tips (Fig. 3, panel 3 A–F).

The effect of different concentrations of CuONPs on root
cell death was assessed by checking the bright-red fluores-
cence as a result of penetration PI stain through damaged cell
membranes and intercalation with genetic material of dead
cells (Lequeux et al. 2010). Root cell death was not observed
in control as well as in roots of plants exposed to 1 mg/L of
CuONPs (Fig. 4, panel 1 A, B). However, PI staining showed
a dose-dependant increase in cytotoxicity in lateral root tips of
plants which were exposed to 2, 5, 10, and 20 mg/L of

Fig. 2 a Total chlorophyll, b anthocyanin, c proline contents, and d lipid
peroxidation of A. thaliana plants exposed to designated concentrations
of Cu2+ ions and copper oxide nanoparticles for 21 days. Data are mean±

SE of four replicates. Asterisks indicate significant difference at p<0.05*,
p<0.01**, and p<0.001***
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CuONPs as revealed by dark red fluorescence (Fig. 4,
panel 1 C–F).

Accumulation of lignin in CuONPs-exposed roots

To understand the effect of exposure to different concentra-
tions of CuONPs on lignin accumulation in roots, the roots of
control as well as plants which were exposed to 1, 2, 5, 10, and
20 mg/L of CuONPs were incubated in phloroglucinol-HCl
stain, which stains lignin in red color. It was observed that
exposure to increasing concentrations of CuONPs resulted in

a gradual increase in red-colored lignin accumulation in the
middle part of the roots (Fig. 4, panel 2 a–f). However, lignin
accumulation was not detected in control roots, showing that
CuONPs exposure has resulted in lignin deposition in roots.

Changes in the expression of antioxidant genes

Exposure to 0.2 mg/L of Cu2+ ions and CuONPs (2 and 5mg/L)
has not resulted in any significant change in the expression of
MSD gene (Fig. 5a). However, a 2.3- and 4.4-fold increase in
MSD gene expression was observed upon exposure to 10 and

Fig. 3 Panel 1 Effect of different concentrations of copper oxide nano-
particles treatment on superoxides generation in leaves of A. thaliana
plants after 21 days of exposure as revealed by NBT staining (A, control;
B–H, plants exposed to 0.5, 1, 2, 5, 10, 20, 50, and 100 mg/L of CuONPs,
respectively). Panel 2 Effect of different concentrations of copper oxide
nanoparticles treatment on hydrogen peroxide generation in leaves of

A. thaliana plants after 21 days of exposure as revealed by DAB staining
(A, control; B–H, plants exposed to 0.5, 1, 2, 5, 10, 20, 50, and 100 mg/L
of CuONPs, respectively). Panel 3 In vivo detection of hydrogen perox-
ide formation in roots of A. thaliana plants exposed to different concen-
trations of copper oxide nanoparticles (A, control; B–F, plants exposed to
1, 2, 5, 10, and 20 mg/L of CuONPs, respectively)
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20mg/L of CuONPs (p<0.05 and p<0.01, respectively) (Fig. 5a).
The expression of CSD1 gene has not changed significantly upon
exposure to 0.5 mg/L of Cu2+ ions and 20 mg/L of CuONPs
(Fig. 5b). However, significant upregulation of CSD1 gene was
observed upon exposure to 2, 5, and 10 mg/L of CuONPs
(p<0.05, p<0.01, and p<0.05, respectively) (Fig. 5b). Exposure
to 2 and 20 mg/L of CuONPs has not changed the expression of
CSD2 gene (Fig. 5c). However, significant upregulation of CSD2
gene was observed after exposure to 5 and 10 mg/L of CuONPs
(p<0.05 and p<0.001, respectively) (Fig. 5c). The expression of
CAT2 and CAT3 did not change significantly upon exposure to
0.2 mg/L of Cu2+ ions (Fig. 5d, e). However, significant upregu-
lation of CAT2 and CAT3 genes were observed upon exposure 2,
5, 10, 20 mg/L and 5, 10, 20 mg/L of CuONPs, respectively. The
highest expression of CAT2 (4.5-fold increase; p<0.001) was
observed upon exposure to 10 mg/L of CuONPs and that of
CAT3 (5.3-fold increase; p<0.01) was observed after exposure to
20 mg/L of CuONPs (Fig. 5d, e).

The expression of APX1 gene was significantly upregulat-
ed upon exposure to 2, 5, 10, and 20 mg/L of CuONPs
(Fig. 5f). However, no significant difference in the expression
of APX1 gene was observed after exposure to 0.2 mg/L of
Cu2+ ions (Fig. 5f). The expression of APX2 gene showed no
significant change after exposure to 0.2 mg/L of Cu2+ ions and
2, 5, and 10 mg/L of CuONPs (Fig. 5g). However, significant
upregulation of APX2 gene was observed upon exposure to
20 mg/L of CuONPs (p<0.05) (Fig. 5g).

Changes in the expression of sulfur assimilation, GSH,
and proline biosynthesis genes

The expression of ATPS gene did not change significantly
upon exposure to 0.2 mg/L of Cu2+ ions and 2 and 5 mg/L of
CuONPs (Fig. 6a). However, exposure to 10 and 20 mg/L of
CuONPs has resulted in significant upregulation of ATPS
gene (p<0.05) (Fig. 6a). The APR gene expression has not

Fig. 4 Panel 1 Effect of different concentrations of copper oxide nano-
particles on root apex cell death inA. thaliana plants. (A, control and B–F,
plants exposed to 1, 2, 5, 10, and 20 mg/L of CuONPs, respectively).

Panel 2 Effect of different concentrations of copper oxide nanoparticles
on root lignifications in A. thaliana plants. (A, control and B–F, plants
exposed to 1, 2, 5, 10, and 20 mg/L of CuONPs, respectively)
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changed after exposure to 0.2 mg/L of Cu2+ ions and 2 mg/L
of CuONPs (Fig. 6b). However, significant upregulation of
APR gene was observed upon exposure to 5, 10, and 20 mg/L
of CuONPs (p<0.01) (Fig. 6b). The expression of SiR gene
was not significantly altered upon exposure to 0.2 mg/L of
Cu2+ ions (Fig. 6c). However, exposure to 2, 5, 10, and
20 mg/L of CuONPs has significantly upregulated SiR gene

expression with the highest expression being observed upon
exposure to 10 mg/L of CuONPs (Fig. 6c). The CS mRNA
expression has not significantly altered upon exposure to
0.2 mg/L of Cu2+ ions and 2 and 5 mg/L of CuONPs
(Fig. 6d). However, significant increase of CS gene was
observed after exposure to 10 and 20 mg/L of CuONPs
(p<0.05) (Fig. 6d).

Fig. 5 Effects of 21-day exposure to 0.2 mg/L of Cu2+ ions and 2, 5, 10,
and 20 mg/L of copper oxide nanoparticles on the mRNA expression of a
MSD, b CSD1, c CSD2, d CAT2, e CAT3, f APX1, and g APX2 genes in

A. thaliana plants. Data are mean±SE of three replicates. Asterisks
indicate significant difference as compared to the control (control=1)
(p<0.05*, p<0.01**, and p<0.001***)
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The expression of GCL gene was significantly increased
upon exposure to 2, 5, and 10 mg/L of CuONPs (Fig. 6e).
However, GCL gene has not changed significantly upon ex-
posure to 0.2 mg/L of Cu2+ ions and 20 mg/L of CuONPs
(Fig. 6e). Significant upregulation of GS gene was observed
after exposure to 2, 5, 10, and 20 mg/L of CuONPs (Fig. 6f).

However, no significant change in GS gene expression was
observed after exposure to 0.2 mg/L of Cu2+ ions (Fig. 6f).
The expression of P5CS1 and P5CS2 genes showed no sig-
nificant change after exposure to 0.2 mg/L of Cu2+ ions and
2 mg/L of CuONPs (Fig. 6g, h). However, P5CS1 was sig-
nificantly upregulated upon exposure to 10 and 20 mg/L of

Fig. 6 Effects of 21 day exposure to 0.2 mg/L of Cu2+ ions and 2, 5, 10,
and 20 mg/L of copper oxide nanoparticles on the expression of a sulfate
adenylyltransferase (ATPS), b adenosine-5′-phosphosulfate reductase
(APR), c sulfite reductase (SiR), d cysteine synthase (CS), e glutamyl-
cystein ligase (GCL), f glutathione synthase (GS), g 1-pyrroline-5-

carboxylate 1 (P5CS1), and h 1-pyrroline-5-carboxylate 2 (P5CS2) genes
in A. thaliana. Data are mean±SE of three replicates. Asterisks indicate
significant difference as compared to the control (control=1) (p<0.05*,
p<0.01**, and p<0.001***)
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CuONPs (p<0.05) (Fig. 6g). The expression of P5CS2 gene
has significantly changed after exposure to 5 (p<0.05), 10,
and 20 mg/L of CuONPs (p<0.01) (Fig. 6h).

Discussion

The present investigation was conducted to understand the
toxic effects at the physiological and molecular levels in the
model plant A. thaliana upon exposure to CuONPs under
in vitro exposure conditions. As reported earlier by Lee et al.
(2008), in the present study, we used ½ MS agar medium to
avoid precipitation of CuONPs since they are water insoluble.
Since there was no information on the phytotoxic concentra-
tion of CuONPs in A. thaliana plants, a wide range of
CuONPs concentrations were tested in this study. It has been
known from previous studies that the phytotoxic dose of
different nanoparticles varies between different plants. For
example, in the case of CuONPs, Wu et al. (2012) reported
that the phytotoxic doses were different for lettuce (12.9 mg/
L), radish (397.6 mg/L), and cucumber (175.4 mg/L). In yet
another study, Lee et al. (2008) reported that the EC50 values
for CuONPs in P. radiates and T. aestivum was 335 and
570 mg/L, respectively. In our studies, it was observed that
seed germination was not affected even after exposure to
100 mg/L of CuONPs and this might be due to the protection
offered by seed coat during germination. However, signs of
phytotoxicity as evidenced by reduction in root growth were
evident at concentrations as low as 1 mg/L of CuONPs. It was
clear that exposure to 10 mg/L of CuONPs has resulted in
more than 50 % reduction in the fresh weight as well as root
growth of A. thaliana plants. Retardation of root growth was
observed after exposure to 50 and 100 mg/L of CuONPs. In a
recent study, Wang et al. (2012) has reported that exposure to
even 100 mg/L of CuONPs had no effect on germination in
maize but inhibited the growth of maize seedlings.

It was evident from the present study that A. thaliana
seedling development was strongly inhibited under increasing
concentrations of CuONPs exposure resulting in significant
reduction of plant biomass. In a previous report, Wang et al.
(2012) has also reported that exposure to CuONPs has affect-
ed the growth of maize seedlings. In a recent study, Shaw and
Hossain (2013) reported significant reduction in shoot and
root growth of rice seedlings exposed to CuONPs. In the
present study, it was observed that exposure to 0.1 mg/L of
Cu2+ ions has resulted in a nonsignificant increase in total
plant biomass. In accordancewith our results, Lee et al. (2008)
has also reported an increase in plant biomass upon exposure
to low concentrations of Cu2+ ions in P. radiates and
T. aestivum. The possible reason for the increase in plant
biomass is that Cu is an essential micronutrient for plant

growth and low concentrations of Cu might have enhanced
the plant growth.

In this study, significant reduction in total chlorophyll, an
increase in anthocyanin and proline content was observed
upon exposure to different concentrations of CuONPs. In
addition, significant increase in MDA level, an indication of
lipid peroxidation, was observed in CuONPs-stressed plants
indicating membrane damage. It is known that, in plants,
chloroplasts and mitochondria are the sources of ROS gener-
ation (Hernández et al. 1993) and exposure to ENPs could
result in oxidative stress either through direct interaction or by
dissolution into ions. The significant reduction in chlorophyll
content might be due to the reduced shoot biomass upon
exposure to higher concentrations of CuONPs or due to the
membrane damage as a result of excess lipid peroxidation of
chloroplast membranes under oxidative stress (Halliwell and
Gutteridge 1989). An increased rate of lipid peroxidation has
also been reported from plants and other biological models
under CuONPs stress (Wang et al. 2012; Melegari et al. 2013).
Recently, it has been reported that exposure to cerium oxide
and indium oxide nanoparticles has resulted in significant
reduction in plant biomass and total chlorophyll content in
A. thaliana plants (Ma et al. 2013). The significant increase in
anthocyanin, might be to protect the cells from oxidative stress
caused by CuONPs exposure (Solfanelli et al. 2006).
Anthocyanins are flavanoids (Tahara 2007) and could act as
nonenzymatic antioxidants to protect the cells from oxidative
stress by scavenging excess ROS (Gill and Tuteja 2010). The
accumulation of proline, as observed in this study, might be to
protect the plants from protein denaturation and also to protect
the cellular structures from damage due to excess ROS gen-
eration (Chiang andDandekar 1995). Accumulation of proline
has been reported from different plants upon exposure to
different metals (Tripathi and Gaur 2004; Choudhary
et al. 2007).

In the present study, it was observed that the root growth
of A. thaliana plants was adversely affected even at lowest
concentration of CuONPs exposure. At concentrations of
50 and 100 mg/L of CuONPs, the root growth of A. thaliana
plants were stunted and failed to penetrate the into the
growth medium. Moreover, remodeling of root system ar-
chitecture characterized by an inhibition of primary root
growth and the stimulation of lateral root formation was
also observed under CuONPs stress. The possible reason
for the changes in root system architecture under CuONPs
stress might be due to hormonal imbalances. For example,
remodeling of root system architecture and enhanced lateral
root formation upon exposure to excess Cu has been report-
ed in A. thaliana plants and it was suggested that changes in
hormonal status, especially the auxin concentrations, was
responsible for the remodeling of root system architecture
(Lequeux et al. 2010). In accordance with our results,
previous studies has also shown that exposure to various
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MoNPs has resulted in the inhibition or reduction of root
growth in plants (Lin and Xing 2008; Asli and Neumann
2009). In an earlier study, Liu et al. (2010) has reported loss
of root gravitropism in A. thaliana plants exposed to water
soluble fullerenes and it was speculated that the changes are
caused due to the hormonal imbalances as a result of nano-
particles exposure (Liu et al. 2010). Moreover, in the pres-
ent study, for the first time, we observed that CuONPs stress
has resulted in lignin deposition in roots of A. thaliana roots
as evidenced by red coloration after staining with
phloroglucinol stain. Lignin deposition due to excess Cu
exposure in A. thaliana roots has been reported earlier
(Lequeux et al. 2010). The lignifications of roots under
excess CuONPs stress, as observed in this study, might be
due to the uptake and dissolution of CuONPs. For example,
Wang et al. (2012) reported that CuONPs were transported
from roots to shoots via xylem and translocated from shoots
back to roots via phloem and they speculated that, during
this translocation, CuONPs could be reduced to from Cu
ions. Moreover, Shi et al. (2014) proposed that the dissolu-
tion of CuONPs could be promoted due to the pH reduction
and the interaction with organic acids and proteins in plant
tissues and cells. Since, in this study, lignification as evi-
denced by red coloration was only observed in the middle
part of the root, the CuONPs might have translocated
through the vascular tissues and the subsequent dissolution
to Cu ions could have resulted in the lignifications of
vascular tissues. Since the lignifications of root cells will
limit the efflux of metals from the vascular cylinder and will
result in the reduction of minerals in plants (Lequeux et al.
2010). Therefore, further studies are required to understand
the lignification of root tissues under CuONPs stress, the
translocation of the mineral through the roots to the shoots,
and also on effect of CuONPs exposure on total mineral
contents in the plant.

In vivo staining with DAB revealed the accumulation of
H2O2 in lateral root tips of A. thaliana plants under CuONPs
stress.Moreover, an increased amount of cell deathwas observed
in lateral root apex as evidenced by PI staining. In an earlier
study, Lequeux et al. (2010) reported that roots of A. thaliana
plants under exposure to excess Cu has resulted in root apex cell
death and they suggested that the excess generation of ROS as a
result of higher concentrations of Cu exposure has resulted in
increased cell death. In a recent study, Lee et al. (2013) reported
that in buckwheat (Fagopyrum esculentum) exposure to
CuONPs resulted in genotoxicity as a result of oxidative stress.
Therefore, it is possible that the excess ROS generation under
CuONPs stress could have resulted in cell death of lateral root
apex cells of A. thaliana plants.

It is known that ROS production occurs in different com-
partments of the cell, such as mitochondria, chloroplasts,
microsomes, glyoxysomes, peroxisomes, apoplasts, and the
cytosol (Fridovich 1986), and different genes coding for

enzymatic and nonenzymatic defense are activated in cells to
protect from oxidative stress (Takahashi and Asada 1983). In
the present study, it was observed that the expression levels of
different SOD genes viz. MSD, CSD1, and CSD2 were up-
regulated upon exposure to different concentrations of
CuONPs, showing that oxidative stress is caused in different
cellular compartments of the cell as a result of exposure to
CuONPs. The role of A. thaliana MSD gene in overcoming
oxidative stress caused by different environmental pollutants
has been reported from previous studies (Bowler et al. 1991;
Slooten et al. 1995). Upregulation of A. thaliana CSD1 and
CSD2 gene has been reported under oxidative stress condi-
tions to maintain the redox homeostasis (Du et al. 2008). In
addition, the SOD gene expression results were also supported
by the histochemical detection of the formation of superoxides
in leaves of A. thaliana plants exposed to CuONPs as evi-
denced by NBT staining.

In the present investigation, significant upregulation of
CAT genes was also observed in A. thaliana plants upon
exposure to CuONPs. Based on previous studies, it is well
known that catalases are involved in maintaining cellular
redox status in cells by scavenging excess H2O2 (Du et al.
2008). In vivo histochemical staining with DAB also revealed
a dose-dependant increase in H2O2 generation upon exposure
to CuONPs in leaves and roots of A. thaliana plants exposed
to different doses of CuONPs. The upregulation of CAT genes
has also been reported from rice and Arabidopsis as a result of
oxidative stress induced by different environmental pollutants
(Smeets et al. 2008; Fukao et al. 2011). Moreover, in this
study, significant transcriptional upregulation of APX1 and
APX2 genes were also observed in A. thaliana plants exposed
to different concentration of CuONPs. It is known from earlier
studies that the cells are protected from excess accumulation
of H2O2 through the ascorbate-glutathione cycle, where APX
reduces the H2O2 to H2O (Lu et al. 2010).

In this study, the transcriptional regulation of genes in-
volved in sulfur assimilation, proline, and GSH biosynthesis
was checked in A. thaliana under CuONPs stress. It is known
that sulfur-containing compounds plays an important role in
metal detoxification and also in the maintenance of cellular
redox homeostasis (Schiavona et al. 2007). It has been report-
ed earlier that enhanced consumption of cysteine for the
synthesis of sulfur rich metal-chelating compounds has result-
ed in the upregulation of sulfur assimilation genes in plants
(Dominguez-Solis et al. 2001; Nocito et al. 2002; Schiavona
et al. 2007). In an earlier study, Queval et al. (2009) reported
that exposure to H2O2 increased GSH content and upregulated
genes coding for enzymes involved in cysteine synthesis in
A. thaliana. Moreover, previous studies have shown that
sulfur assimilation was involved in tolerance to oxidative
stress caused as a result of exposure to Cd in A. thaliana
(Harada et al. 2002). Recently, significant upregulation of
genes involved in sulfur assimilation and GSH biosynthesis
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has also been reported upon exposure to MONPs in
A. thaliana (Ma et al. 2013). In this study, the proline biosyn-
thesis genes (P5CS1 and P5CS2) were significantly upregu-
lated under CuONPs stress. It has been reported that knockout
of the P5CS isoform1 in A. thaliana caused a reduction of
stress-induced proline synthesis and showed an accumulation
of ROS (Szekely et al. 2008). In addition, Krishnan et al.
(2008) has reported that overexpression of the proline biosyn-
thetic enzymes has resulted in proline accumulation and sig-
nificantly lower ROS levels in mammalian cells. Moreover,
different mammalian cell lines exposed to H2O2 has resulted
in the upregulation of proline biosynthesis genes, indicating
that upregulation of proline biosynthesis is an oxidative stress
response (Krishnan et al. 2008). Therefore, the induction of
P5CS genes and increase in the accumulation of proline, as
observed in this study, might be to protect the plants from
increased oxidative stress under CuONPs stress.

Conclusions

In conclusion, the results showed that exposure to CuONPs
has resulted in significant reduction in the plant biomass and
caused retardation of root growth in A. thaliana. Moreover,
exposure to CuONPs has resulted in excess ROS generation,
loss of root gravitropism, increased lateral root formation,
decreased lateral root growth, caused lignification of root
cells, and also resulted in root apex cell death. In vivo detec-
tion of ROS by histochemical staining with NBT and DAB as
well as the upregulation of genes coding for enzymatic and
nonenzymatic antioxidant defense mechanisms, sulfur assim-
ilation pathways, and proline biosynthesis indicated an in-
creased production of ROS as well as quick activation of
plants defense mechanism to combat oxidative stress damage
under CuONPs stress. Further studies are being conducted to
understand the effect of lignification of roots and changes in
mineral contents of plants upon exposure to CuONPs.
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