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Abstract

Wide application of nanoparticles causes considerable environmental, health, and safety problems. However, their potential
impact and mechanisms on plant growth are not completely clear. In the present study, the effects of different concentration of
copper oxide nanoparticles (nCuO) on seed germination and seedling growth, as well as physiological parameters of Brassica
pekinensis L., were investigated. The seeds were exposed to 10-, 100-, and 1000-mg L™ nCuO suspensions and 0.8-mg L™" Cu**
released from 1000-mg L' nCuO for 7 day. The results showed that nCuO did not affect the germination rate, germination
potential, and germination index of B. pekinensis but significantly affected the vitality index. The growth of roots and shoots of
B. pekinensis was promoted at 10-mg L' nCuO, while they were inhibited under 1000-mg L' nCuO and Cu?* ion treatments,
and roots suffered more damage than shoots. Cu content in shoots and roots of B. pekinensis increased with increasing concen-
trations of nCuO, which is significantly higher in roots as compared with shoots. Roots and shoots accumulated more Cu under
nCuO treatments compared with Cu®* jon treatment. nCuO treatments led to significant lignification in roots of B. pekinensis.
Furthermore, nCuO increased in the contents of soluble sugar and protein in shoots, while nCuO at 1000 mg L™ significantly
inhibited the content of soluble protein in roots. In addition, concentration-dependent augmentation of lipid peroxidation,
hydrogen peroxide and superoxide generation, and antioxidant enzyme activity were noticed in shoots and roots of
B. pekinensis seedlings under nCuO and Cu®* ion treatments. Altogether, the results strongly suggested that the phytotoxicity
of nCuO in B. pekinensis was caused by both the nanoparticles itself and the released Cu®* ions.
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Introduction

Copper oxide nanoparticles (nCuO), one of the most impor-
tant nano-products, has been successfully applied to many
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fields, such as electronic equipment, wood preservatives,
anti-fouling paints, antimicrobials, and fungicides for agricul-
ture (Rajput et al. 2018). Conservative and optimistic esti-
mates of the total global market for nCuO from 2010 to
2025 were 7075 and 14,320 tons, respectively (Liu et al.
2018). However, along with the production, use, and disposal
of nCuO-related products, a large number of nCuO inevitably
release into the environment, which may pose risks for the
ecological system including plants (Hou et al. 2017).
Therefore, the impact of nCuO released into the environment
is receiving increasing concern.

Plants are a potential pathway for transportation and accu-
mulation of nanoparticles in the whole ecosystems. Many re-
searches have reported different effects of various Cu-based
nanoparticles on plants. For example, Cu nanoparticles could
enhance the growth and yield of wheat (Hafeez et al. 2015).
Cu-based nanoparticles did not inhibit seed germination of
maize (Yang et al. 2015), common bean (Duran et al. 2017),
and Arabidopsis thaliana (Wang et al. 2016). However,
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exposure to nCuO significantly inhibited the germination of
cucumber (Wu et al. 2012), tomato (Ahmed et al. 2018), and
Raphanus and Lactuca (Ko and Kong 2014). nCuO also
inhibited plant growth of Brassica juncea (Nair and Chung
2015a), eggplant (Baskar et al. 2018), tomato (Ahmed et al.
2018), and Brassica rapa (Chung et al. 2019). In separate
studies, the concentration of nCuO reported by Shaw and
Hossain (2013) (higher than 40 mg L") and Costa and
Sharma (2016) (higher than 100 mg Lfl) inhibited the growth
of rice. Wang et al. (2016) reported that Col-0 was the more
sensitive ecotype to nCuO compared with Bay-0 and Ws-2,
due to the different sensitivities of different species. In addi-
tion, Yang et al. (2015) found that nCuO phytotoxicity against
maize and rice varied with varying concentrations of nCuO.
Tiwari et al. (2019) demonstrated that lower dosages of nCuO
might be beneficial for growth and development of rice
seedlings, while seedling growth was decreased significantly
at higher concentrations of nCuO. Moreover, Sperdouli et al.
(2019) found that nCuZn has different photosynthetic efficiency
and reactive oxygen species (ROS) generation in leaves of dif-
ferent ages in A. thaliana. The contradictory results implied that
the phytotoxicity of nanoparticles is associated with plant
species, nanomaterials’ concentration, plant growth age, etc.

A large number of studies have shown that nCuO phyto-
toxicity is related to the disturbance of metabolism in plants.
Exposure to nCuO significantly reduced total chlorophyll and
sugar contents and increased lipid peroxidation, resulting in a
significant reduction of retardation of root growth and plant
biomass of A. thaliana (Nair and Chung 2014) and B. rapa
(Chung et al. 2019). nCuO inhibited plant growth by reducing
the maximal quantum yield of photosystem II and transpira-
tion rate in microalgae and barley (Che et al. 2018; Rajput
et al. 2018) and by mediating root tip damage in Allium cepa
(Deng et al. 2016). Hossain et al. (2015) found that nCuO
damaged cells of root surface, induced the excessive accumu-
lation of ROS-disturbed defense mechanisms, and eventually
led to growth retardation of rice. Exposure to nCuO reduced
the shoot and root growth due to excess lignification in
B. juncea plants in a dose-dependent manner (Nair and
Chung 2015a). In addition, nCuO caused cell death and
callose formation and decreased the micro nutrient contents
in Brassica napus seedlings (Nair and Chung 2017).

At present, there is a wide debate on the mechanisms of
nCuO toxic effects, whether owing to nanoparticles them-
selves or the released soluble toxic metal ions (Garcia-
Gomez et al. 2017). Studies performed on A. thaliana (Tang
et al. 2016) and Chlorella pyrenoidosa (Zhao et al. 2016)
indicated that Cu®* ions released from nCuO contributed par-
tial toxicity to plant growth. Dimkpa et al. (2012) reported that
the impaired growth of wheat could be explained by the dis-
solved Cu* ions from nCuO. Perreault et al. (2014) and Che
et al. (2018) also found that the release of Cu>* ions was
identified as a main reason for the inhibition of growth and
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photosynthesis of Lemna gibba and microalgae. However,
previous studied showed nCuO could be taken up by roots
and translocated to shoot in plants. nCuO rather than soluble
Cu?* ions caused reduction in growth of soft-stem bulrush
(Zhang et al. 2014), chickpea (Nair and Chung 2015b), buck-
wheat (Lee et al. 2013) and Eichhornia crassipes (Zhao et al.
2017). Therefore, whether the toxicity of nCuO is the result of
the nanoparticles themselves, or an ion effect, or other factors
is not clear. This contradictory makes it confusing for us to
understand the nature of nCuO toxicity as well as their toxicity
mechanisms.

Brassica pekinensis L. is one of the most important vege-
tables in Asia with high nutritional values and economic ben-
efits, and now, its consumption demand is gradually increas-
ing in Western countries. Studies have shown that
B. pekinensis is more likely to absorb heavy metals than other
vegetables (Li et al. 2019), and it is often used in seed germi-
nation toxicity tests (Xiang et al. 2015). However, to our
knowledge, there is little information about the influences of
nCuO on the phytotoxicity of B. pekinensis. Furthermore, it is
unknown where does the toxicity of nCuO come from the
nanoparticles, the ions, or a combination of both. Thus, the
objective of this study was to estimate the effect of nCuO at
different concentrations on seed germination and seedling
growth of B. pekinensis. The Cu accumulation, contents of
ROS, malondialdehyde (MDA), osmotic adjustment, lignin,
and antioxidant system were also investigated in
B. pekinensis, with response to nanoparticle treatment. Since
it has been reported from previous studies that the toxicity
mechanisms of nCuO are also associated to the released metal
ions, the toxic effects of nCuO were compared with the tox-
icity of Cu®* ions (0.8 mg L', released from the highest
concentration of nCuO). This study will enhance our under-
standing of phytotoxicity and the mechanism of toxicity of
nanoparticles and help in the development of predictive
models for the safe design of nanomaterials and for the under-
standing nano-biological interactions.

Materials and methods
Characterization of nCuO

The nCuO was purchased from Beijing Deke DaoJin Science
and Technology Co. Ltd., China. The compounds were char-
acterized for their structure and morphology by X-ray diffrac-
tometry (XRD) and scanning electron microscopy (SEM) ac-
cording to Costa and Sharma (2016). The XRD patterns of the
powdered samples were recorded using a Rigaku D/MAX-
2500/PC X-ray diffractometer (Rigaku Company, Tokyo,
Japan) with Cu Kot radiation (A = 1.5418 A), and SEM images
of the samples were taken using a JEOL JSM6360LA scan-
ning electron microscope (JEOL Company, Tokyo, Japan).
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Preparation of nCuO suspensions and Cu ion solution

The nCuO particles were suspended directly in deionized wa-
ter and dispersed by ultrasonic vibration (100 W, 40 kHz) for
30 min according to Wang et al. (2016). Different doses of
nCuO suspensions (10, 100, and 1000 mg L") were prepared
in advance. This range includes lower dose (10 mg L™') and
higher dose (1000 mg L™"). A total of 10-mg L' nCuO rep-
resents environmentally relevant concentration, and higher
dose (>10 mg L', even up to 1000 mg L") was often used
to evaluate the phytotoxicity of metal oxide nanoparticles
(NPs) according to the US Environmental Protection
Agency’s guidelines (Yang et al. 2015). These dose values
are on log scale to ensure observation of relevant phytotoxic
responses (Ahmed et al. 2018; Costa and Sharma 2016; Lin
and Xing 2007). Cu®* solution was prepared by dissolving
CuS0,4-5H,0 in deionized water.

Quantification of dissolved Cu

Ten-, 100-, and 1000-mg L' nCuO suspensions were shaken
at 150 rpm for different periods of time (0, 4, 8, 12, 24, 48, 72,
96, 120, 144, and 168 h), and then centrifuged at 10,000xg for
20 min. The supernatants were filtered by a glass membrane
(0.22 um). The Cu concentration of the filtrates was deter-
mined using flame atomic absorption spectrophotometry
(FAAS, PerkinElmer AA800, USA).

Plant exposure to nCuO

Seeds of B. pekinensis were purchased from Linqu Tianhe
Seed Industry Co. Ltd., China. Seeds were surface sterilized
in 5.0% NaClO (v/v) for 15 min and then rinsed thoroughly
with deionized water. Seeds of B. pekinensis were put into 9-
cm petri dishes containing 5 mL of different concentrations (0,
10, 100, and 1000 mg L") of nCuO and 0.80 mg L' of Cu**
ions (the amount of Cu®* ions released from 1000-mg L™
nCuO to the deionized water) and placed in the dark in the
growth chamber (LGZ-450Y, LVBO Co. Hangzhou, China)
at 25+ 1 °C for 7 days. Each dish contained 20 seeds. There
were 5 treatments, and each treatment had six replicates.

In addition, another batch of seeds were sowed for each
treatment. Samples of shoots and roots were collected after
7 days of incubation and stored at — 80 °C for biochemical
analysis.

Seed germination and seedling growth

In the germination experiment, when the root was up to 2 mm,
seeds were considered as germinated. After 7 days of incuba-
tion, germination and seedlings growth parameters were de-
termined. Germination rate (GR), germination potential (GP),
germination index (GI), vitality index (VI), fresh weight

(FW), and dry weight (DW) of shoots and roots were assayed
as previously described by Ren et al. (2020). The length of
shoots and roots was measured by image analysis using the
Image Pro Plus 6.0 software (Media Cybernetics, Rockville,
MD, USA). The average length, FW, and DW of shoots and
roots for 10 plants were a replicate.

Metal content

The Cu content in roots and shoots was determined by
flame atomic absorption spectrophotometry (FAAS,
PerkinElmer AA800, USA) according to He et al.
(2014). At the same time, a blank digest was performed.
For analytical quality assurance and quality control pur-
poses, the certified reference material (CRM) green tea
(GBW 10052, National Research Center for Certified
Reference Materials, Beijing, China) was used.

Lignin, soluble sugar, and protein contents

Lignin content was extracted and determined according to
Liu et al. (2019). Lignin content was expressed as
Ongo g_l DW.

Soluble sugar content in fresh root and shoot samples was
estimated using the anthrone reagent method according to
Rahmani et al. (2016). Glucose was used as the standard.

Protein content in fresh root and shoot samples was mea-
sured in accordance with the method of He et al. (2014).
Bovine serum albumin was used as the standard.

In vivo detection of ROS

In vivo detection of superoxide (O, ) formation in shoot and root
of B. pekinensis plants was done by staining with nitroblue tet-
razolium (NBT), which forms dark blue insoluble formazan
when it reacts with superoxides (Nair and Chung 2014).
In vivo imaging of hydrogen peroxide (H,0,) formation in shoot
and root was evaluated using histochemical staining with 3'3'-
diaminobenzidine (DAB) (Nair and Chung 2014). The shoots
were cleared from chlorophylls after NBT and DAB staining
by boiling for 20 min in acetic acid-glycerol-ethanol (1:1:3
(v/v/v)) solution in a dry bath.

MDA and H,0, contents and O, " generation
Contents of MDA, H,0,, and O,  generation in fresh root
and shoot samples were determined according to He et al.

(2014). MDA and H,0, contents and O, = generation were
all expressed as pmol g ' FW.
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Antioxidant enzyme activity

Fresh samples (0.1 g) were homogenized in 1-mL 50-mM po-
tassium phosphate buffer (pH 7.8) containing 1% polyvinylpyr-
rolidone and 1.33-mM EDTA using a chilled pestle and mortar.
The homogenate was centrifuged at 12,000xg for 20 min at 4 °C,
and the supernatant was collected for the analyses of superoxide
dismutase (SOD), peroxidase (POD), catalase (CAT), and ascor-
bate peroxidase (APX) activities as previously described by He
etal. (2014). One unit of SOD activity was defined as the amount
of enzyme that would inhibit 50% of NBT photoreduction at
560 nm. One unit POD, CAT, and APX activities was defined
as an absorbance change of 0.1, 0.1, and 0.1 units in 1 min at
470 nm, 240 nm, and 290 nm, respectively.

Statistical analyses

Each treatment was conducted with at least four replicates,
and all the results were presented as mean + standard devia-
tion. The data were analyzed using analysis of variance (one-
way ANOVA) and Duncan’s multiple range test at 5% level
using SPSS (Version 21.0 SPSS Inc. Chicago, IL, USA) to
assess statistical significance between means. The correlation
analysis was also performed using the SPSS statistical
software.

Results
nCuO characterization

The nanoparticle characterization studies revealed that the
shape of nCuO was spherical, and the size was estimated as
<40 nm using SEM (Fig. 1a) and applying Scherer’s formula
to the XRD data (Fig. 1b).

With the increase of time, Cu®* dissolved from different
concentrations of nCuO in the media increased significantly
and reached equilibrium after 48 h (Fig. 2). The dissolved
Cu** from 1000-mg L' nCuO was more than that from 10-

Fig. 1 SEM image of nCuO ata
magnification of x 50,000 (a) and
X-ray diffraction pattern (b) of
nCuO recorded at room tempera-
ture in the range 2 6 =20-80°,
speed =2° min ' using Cu Kot
radiation A\ = 1.5418 A)

EHT=15.0KV WD=11.7
100 NM  m—
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different time periods. Data are means + standard deviation (n =4)
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and 100-mg L' nCuO, with a maximum of 0.8 mg L'
(Fig. 2).

Seed germination

GR, GP, and GI were not affected under all nCuO treatments
and Cu®* ion treatment (Table 1). Compared with the control,
10-mg L™! nCuO treatment increased VI by 11.53%, whereas
100- and 1000-mg L' nCuO treatments decreased VI by
5.88% and 65.39%, respectively. In addition, Cu”" ion treat-
ment also significantly decreased VI, but it was 2.32-fold
higher than that of 1000-mg L' nCuO treatment.

Seedling growth

Compared with the control, 10-mg L™ nCuO treatment in-
creased root and shoot length by 10.86% and 7.95%, respec-
tively, whereas 1000-mg L' nCuO treatment significantly
decreased root and shoot length, which was 64.25% and
8.03% lower than those of the control (Table 2). The Cu**
ion treatment also significantly inhibited the root length,
which was 19.29% lower than that of the control, but it was
2.26-fold higher than that of 1000-mg L' nCuO treatment,
indicating that exposure to the equivalent concentration of
dissolved Cu”* resulted in significantly lower toxicity. In ad-
dition, Cu®* ion treatment did not greatly affect the shoot
length of B. pekinensis as compared with the control (Table 2).

_
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Table 1 Effect of nCuO on seed germination characteristics of B. pekinensis
Treatment (mg L") Germination potential/% Germination rate/% Germination index Vitality index
CK 0 100.00 + 0.00* 100.00 + 0.00" 17.83 £ 0.00" 64.61 = 1.84°
Cu®* 0.8 100.00 + 0.00" 100.00 + 0.00° 17.72 £ 0.19° 51.82 + 1.33¢
nCuO 10 100.00 + 0.00* 100.00 + 0.00* 17.94 £ 0.19* 72.06 + 2.15%
100 97.33 +2.52° 97.33 +2.52° 17.78 + 0.48" 60.81 + 2.00°
1000 96.67 + 2.89* 96.67 + 2.89* 17.28 + 0.69* 22.36 + 0.99°

Data are the means of six replicates. Different letters denote statistically significant differences by Duncan’s multiple range test at 5% level

As shown in Table 2, compared with the control, 10-
mg L' nCuO treatment increased the fresh and dry weight
of roots by 22.65% and 13.58%, respectively, while higher
concentrations of nCuO had adverse effects on root weight. At
1000-mg L' nCuO, fresh and dry weight of roots were de-
creased by 23.42% and 30.86%, respectively, as compared
with the control. The results also showed that nCuO at all
concentrations had negligible effects on fresh weight of
shoots, but 10-mg L' nCuO treatment significantly increased
dry weight of shoots compared with the control. In addition,
Cu”" ion treatment decreased fresh and dry weight of roots by
13.11% and 20.58% as compared with the control, whereas
those were 13.54% and 14.88% higher than 1000-mg L'
nCuO treatment, respectively. However, Cu”" ion treatment
had no obvious effect on fresh and dry weight of shoot com-
pared with the control (Table 2).

Cu content

Figure 3 showed that all nCuO treatments exhibited higher Cu
content in both shoots and roots compared with the control,
and Cu content in roots was much higher than that in shoots.
However, compared with the control, Cu”* ion treatment had
no obvious effect on Cu content in shoots and roots (Fig. 3).

Lignification of roots

nCuO significantly increased lignin content in roots in a dose-
dependent manner (Fig. 4). When compared with the control,

100- and 1000-mg L' nCuO enhanced lignin content by
10.00% and 20.92%, respectively. However, Cu®* ion treat-
ment had no significant impact on lignin content in roots in
comparison with the control (Fig. 4).

Soluble sugar and protein contents

As shown in Fig. 5 a and b, soluble sugar and protein contents
in shoots significantly increased with the increase of nCuO
concentration. Compared with the control, 1000-mg L'
nCuO increased the soluble sugar and protein contents by
28.79% and 31.07%, respectively. In roots, only 1000-
mg L™ nCuO significantly increased the soluble sugar con-
tent. The soluble protein content in roots showed an initial
increase and subsequent decrease with the increase of nCuO
concentration. Compared with the control, 10-mg L' nCuO
increased the soluble protein content by 20.37%, but 1000-
mg L™! nCuO significantly decreased it by 41.34%. Cu** ion
treatment had no significant impact on soluble sugar and
protein contents in shoots, but it increased them by 32.19%
and 16.71% in roots, respectively, compared with the
control (Fig. 5 a and b).

In vivo detection of ROS generation

The effect of different concentrations of nCuO on O, " and
H,0, formations in shoots and roots of B. pekinensis plants
was qualitatively analyzed using in vivo histochemical stain-
ing with NBT and DAB. A gradual increase in O, ~ formation

Table2 Length, fresh weight, and dry weight of shoot and root in B. pekinensis treated with nCuO and Cu* ions
Treatment Shoot Root
(mgL™
Length/cm Fresh weight/mg Dry weight/mg Length/cm Fresh weight/mg Dry weight/mg
plant”! plant”! plant ™! plant! plant”! plant”!
CK 0 204=007° 18.24 + 0.37° 1.12 + 0.04% 3.62 +0.10° 2.80 +0.19° 0.24 + 0.01¢
Cu®* 0.80 2.05 £ 0.08° 17.79 + 0.70% 1.15 + 0.02%° 2.92 +0.08¢ 243 +0.09° 0.19 + 0.01¢
nCuO 10 220 + 0.02* 18.29 + 0.46* 1.18 £ 0.01* 4.02 +0.15* 343 +£0.07* 0.28 £ 0.01*
100 1.98 +0.02° 17.38 + 0.06" 1.11 £ 0.01% 3.42 +0.08° 3.29 + 0.05° 0.26 + 0.01°
1000 1.88 £ 0.02¢ 17.59 + 0.84* 1.09 + 0.03¢ 1.30 £ 0.07° 2.14 £ 0.35° 0.17 £ 0.01¢

Data are the means of six replicates. Different letters denote statistically significant differences by Duncan’s multiple range test at 5% level
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Fig. 3 Cu content in B. pekinensis exposed to nCuO (10, 100, and
1000 mg L") and 0.80-mg L' Cu®" ions. Data are means + standard
deviation (n =4). Different letters indicate a significant difference (P <
0.05) according to Duncan’s multiple range test

as evidenced by an increase in dark blue coloration was de-
tected in shoots and roots of plants as a result of increasing
concentrations of nCuO exposure (Fig. 6 a and b). Similarly,
shoots and roots after staining with DAB were brown, indi-
cating H,O, generation (Fig. 6 ¢ and d). The most serious
staining was observed in shoots and roots of 1000-mg L'
CuO-treated seedlings.

MDA, H,0,, and O, contents

MDA, H>0,, and O, " contents in roots and shoots showed a
continual increase with the increase of nCuO concentrations
(Fig. 7 A, B, and C). The maximum increase in MDA, H,0,,
and O, contents at 1000-mg L' nCuO treatment was 2.56
folds, 1.81 folds, and 1.43 folds in roots, and 1.26 folds, 1.52
folds, and 1.65 folds in shoots of the control, respectively.
Compared with the control, Cu®* ion treatment increased the
MDA, H,0,, and O, " contents in roots by 25.14%, 22.19%,
and 19.65%, whereas it had no significant impact on MDA,
H,0,, and O,  contents in shoots (Fig. 7 A, B, and C).

Z 400} ab N
- a ab
s { —I
() L
g 300 t
5
2 200+
3
g
5 100t
3
0 L L L L L
Control ~ Cu*" 10 100 1000

nCuO
Concentration (mg L)
Fig. 4 Lignin content in the root of B. pekinensis exposed to nCuO (10,
100, and 1000 mg L") and 0.80-mg L™ Cu?* ions. Data are means =
standard deviation (n =4). Different letters indicate a significant
difference (P < 0.05) according to Duncan’s multiple range test
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Compared with 1000-mg L' nCuO, Cu** ion treatment led
to lower MDA, H,0,, and O, ~ contents in roots and shoots.

Antioxidant enzyme activity

The antioxidant enzyme activities of B. pekinensis were found
to be differentially modulated by nCuO treatment (Fig. §). In
shoots, SOD, POD, CAT, and APX activities showed no sig-
nificant change under 10- and 100-mg L' nCuO treatments,
but increased by 13.58%, 18.29%, 19.68%, and 13.44% at
1000-mg L' nCuO treatment, respectively, compared with
the control.

In roots, the activities of POD, CAT, and APX exhibited
similar trends with those of shoots under different concentra-
tions of nCuO treatment. Unlike the pattern of CAT, APX,
and POD activities observed, SOD activity increased signifi-
cantly at 10- and 100-mg L' nCuO concentrations, then de-
creased at 1000-mg L' nCuO, but it was still markedly higher
than that in the control. Compared with the control, Cu®* ions
markedly promoted the activities of SOD, CAT, APX, and
POD in roots, whereas these enzymes’ activities were lower
than those in 1000-mg L ! nCuO treatment. However, it had
no significant impact on SOD, CAT, APX, and POD activities
in shoots (Fig. 8A-D).

Discussion
Phytotoxicity of nCuO

In recent decades, the increasing use of nano-products has
raised concerns about their impacts on crop plants and human
health as well as ecological effects. The seed germination test
has become a direct, rapid, and reliable biological test method
to assess phytotoxicity (Zhang et al. 2015). Nanoparticles
have solubility and could release metal ions, which leads to
their more complex environmental behavior or toxic effects.
Previous studies have shown that Cu-based nanoparticles
had no impact on seed germination, such as maize (Yang et al.
2015), common bean (Duran et al. 2017), and A. thaliana
(Wang et al. 2016). Lin and Xing (2007) found that nZnO
did not affect the germination of radish, rape, ryegrass, lettuce,
and cucumber seeds. Lopez-Luna et al. (2019) also reported
that wheat seed germination was not affected by
Ag@CoFe,04 nanoparticles. Similar to these observations,
our results showed that 10~1000-mg L™ nCuO had no signif-
icant impact on GR, GP, and GI of B. pekinensis (Table 1).
Wang et al. (2016) suggested that seed coats have selective
permeability, which can protect the seed from harmful exter-
nal factors. Nevertheless, Wu et al. (2012) found the treatment
of nCuO significantly inhibited the germination of cucumber.
Ko and Kong (2014) also found that 1-mg L' nCuO treat-
ment almost completely inhibited seed germination of
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Fig. 5 Soluble sugar content (A) A
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Raphanus and Lactuca. In addition, seed germination of rice
was promoted at lower concentration of nCuO and inhibited
significantly at higher concentration of nCuO (Costa and
Sharma 2016; Tiwari et al. 2019). Furthermore, Andersen
et al. (2016) found that eight of the 10 species tested
responded to nTiO,, and 5 species responded to nCeO,. So,
it is obvious that no general patterns were observed in seed
germination under nCuQ, and restriction of seed germination
varied with the applied nCuO concentration as well as with the
plant species. In addition, this study showed that VI of
B. pekinensis was increased by 10-mg L' nCuO while de-
creased by 100- and 1000-mg L' nCuO (Table 1). Similar
results were also found in eggplant (Baskar et al. 2018) and
tomato (Ahmed et al. 2018) under nCuO treatment.
Additionally, no marked negative effect of Cu* ion treatment
on GR, GP, and GI of B. pekinensis was observed compared

Fig. 6 Effect of different a
concentrations of nCuO on

superoxides generation in shoots

(a) and roots (b) of B. pekinensis

as revealed by NBT staining and
hydrogen peroxide formation in

shoots (¢) and roots (d) of

B. pekinensis as revealed by DAB - ~ .
staining (left to right: shoots and

roots of B. pekinensis plants

exposed to 0, 0.8 mg L™ of Cu®*

and 10, 100, 1000 mg L' of b

nCuO) .

148 Yk

Concentration (mg L)

with the control (Table 1). Although Cu®* ion treatment sig-
nificantly inhibited the VI of B. pekinensis, it showed much
less inhibition than 100- and 1000-mg L' nCuO treatment.
These results implied that the toxicity of higher concentrations
of nCuO to VI was caused by not only dissolved Cu®* released
but also by nCuO particle itself.

The present study showed that 10-mg L' nCuO markedly
increased the length of roots and shoots (Table 2), as well as
fresh and dry weight of B. pekinensis (Table 2). This indicated
that nCuO at lower concentrations can promote B. pekinensis
growth. However, 1000-mg L' nCuO significantly reduced
root and shoot growth of B. pekinensis, and the inhibition of
roots was more obvious than that of shoots (Table 2). The
reason might be that nCuO was in direct contact with plant
roots (Rahmani et al. 2016). This result was consistent with
earlier studies in eggplant (Baskar et al. 2018), tomato
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Fig. 7 Contents of MDA (A), H,O, (B), and O, ~ (C) in B. pekinensis
exposed to nCuO (10, 100, and 1000 mg L") and 0.80-mg L ™" Cu** ions.
Data are means =+ standard deviation (n =4). Different letters indicate a
significant difference (P <0.05) according to Duncan’s multiple range
test

(Ahmed et al. 2018), A. thaliana (Nair and Chung 2014), and
B. napus (Rahmani et al. 2016). Lopez-Luna et al. (2019)
reported that Ag@CoFe,0, nanoparticles inhibited root and
shoot lengths of wheat seedlings. Mahajan et al. (2011) found

that nZnO retarded the seedling growth of V. radiate and
Ccicer arietinum. Similar result was also reported with the
application of nano-iron oxide on soybean. In addition, Cu**
ion treatment decreased root and shoot length of B. pekinensis,
whereas the inhibition by Cu®* ion treatment was less than
1000-mg L™ nCuO treatment, indicating that Cu®* ions re-
leased from nCuO produced some toxicity to plant growth.

Mechanism of phytotoxicity by nCuO

Copper, one of the important nutrient elements, can promote
plant growth at an appropriate concentration. Excessive cop-
per has adverse impacts on plant growth and development
(Vatansever et al. 2017). The result in this study indicated that
Cu content in roots and shoots of B. pekinensis seedlings was
dose-dependent under different concentrations of nCuO treat-
ment, and Cu content was much higher in roots than in shoots
(Fig. 3), which may be one of the reasons that roots exhibit
greater inhibition than shoots (Table 2). Similar results were
also found in B. rapa (Chung et al. 2019). The Cu contents in
both roots and shoots under all nCuO treatments were signif-
icantly higher than that under Cu?* ion treatment. Yanik and
Vardar (2015) suggested that NPs can penetrate to the cortex
layer and endodermis and accumulate in the cells of the central
cylinder of roots. This may be explained that roots could ab-
sorb directly nCuO and transport it to shoots (Wang et al.
2012). Correlation analysis showed that root and shoot length
of B. pekinensis were markedly negatively correlated with Cu
content in the roots (R =—0.794, P < 0.05) and shoots (R =—
0.674, P <0.05), respectively. Therefore, excess Cu accumu-
lation by B. pekinensis may be responsible for the growth
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inhibition from nCuO at higher concentrations. Ogunkunle
et al. (2019) also found nCu became phytotoxic to the root
and shoot of cowpea in a concentration-dependent manner
due to the accumulation in roots and shoots. Increased ligni-
fication of roots resulting in roots growth retardation under
excessive nanoparticle treatment has been reported from many
plants (Nair and Chung 2014). Similarly, it was observed in
this study that 100- and 1000-mg L™ nCuO significantly in-
creased lignin content in roots (Fig. 4). Correlation analysis
also showed that root length of B. pekinensis was negatively
correlated with the lignin content (R =—0.857, P <0.05).
Lignin deposition has been found in roots of tomato and cau-
liflower under nCuO treatment (Singh et al. 2017) and
A. thaliana (Nair and Chung 2014). Moreover, the inhibition
of nALLO3 (Yang et al. 2015) and nZnO (Prakash and Chung
2016) stress on root growth of Triticum aestivum was related
to lignin accumulation. However, the lignin content in the
roots of B. pekinensis did not change significantly under
Cu®* ion treatment (Fig. 4). Therefore, it could be assumed
that the enhanced lignification was one of the reasons for the
decrease in root growth of B. pekinensis exposure to nCuO. In
addition, the inhibition in root growth under nCuO stress
might be due to hormonal imbalances (Nair and Chung
2014) and DNA damage (Rajeshwari et al. 2015). Many pre-
vious studies indicate that heavy metal stress causes changes
in osmotic balance in plants (Singh et al. 2016). The accumu-
lation of solutes under stress, such as soluble sugars and
soluble protein, can stabilize the cell structure and function
by stabilizing osmotic balance of cytoplasm and interacting
with cellular macromolecules (Ahmed et al. 2018). The
present result indicated that soluble sugar content in roots
and shoots increased under Cu®* ions and higher concentra-
tions of nCuO treatments (Fig. 5a). Our finding is consistent
with previous study on B. napus seedlings under nCuO
treatment (Rahmani et al. 2016). Sugar accumulation was
also found in B. napus (Rahmani et al. 2016) under nZnO
treatment. Moreover, soluble protein content in roots in-
creased under Cu®* ions and 10- and 100-mg L' nCuO
treatments and decreased under 1000-mg L™' nCuO, while
it constantly increased in shoots (Fig. 5b). The increase in
protein content was probably owing to the de novo synthesis
of new proteins or the prevention of protein degradation by
the accumulation of sugar (Amist et al. 2017). Similar to our
results, soluble protein contents in tomato roots and shoots
showed different trends under nCuO treatment (Ahmed
et al. 2018).

Many studies have reported that nanoparticles could enter
through cell membrane, and their accumulation in the cyto-
plasm may trigger ROS overproduction and lead to oxidative
stress in various plants (Singh et al. 2017). In this study, we
found that nCuO and Cu®* ions induced the generation of
H,0, and O, " in vivo by quantitative and qualitative assess-
ments (Figs. 6 and 7). Through the Haber-Weiss reaction,

H,0, and O, " can be transformed to the highly reactive ox-
idant OH-, which causes lipid peroxidation in plant cell (Costa
and Sharma 2016). Nanoparticle toxicity is reported to induce
the increase of MDA in A. thaliana (Tang et al. 2016). Similar
results were also detected in this study. The increase of ROS
and MDA contents demonstrate that nCuO induced oxidative
stress in B. pekinensis. In addition, a high and negative corre-
lation coefficient (R =—0.895, P <0.05) was found between
MDA content and root length of B. pekinensis, indicating that
the oxidative damage caused by nCuO was another reason for
reduced root growth of B. pekinensis. In accordance with our
results, exposure to nAg and other nanoparticles resulted in
oxidative stress in different plant species (Andersen et al.
2016). The increased ROS generation and lipid peroxidation
as observed in this study might be due to the uptake and direct
interaction of nCuO with different subcellular compartments
of the cell (Nair and Chung 2015a). Moreover, MDA and
H,0, contents treated with 1000-mg L ! nCuO were signifi-
cantly higher than those under Cu®* ion treatments, suggesting
that the nCuO itself was the main factor that caused membrane
damage on B. pekinensis by nCuO.

Plants have evolved a complex antioxidant mechanism (in-
cluding SOD, CAT, POD, and APX) to protect cells from
oxidative damage (Costa and Sharma 2016). The current re-
sults showed an increased SOD activity in shoots and roots of
B. pekinensis under Cu®* ions and low concentrations of
nCuO treatments; however, the SOD activity in roots was
decreased at 1000-mg L™' nCuO treatment (Fig. 8A).
Similar observations were also found by Yasur and Rani
(2013) and Costa and Sharma (2016). According to Singh
et al. (2016), the upregulated SOD activity can be owing to
de novo synthesis of enzyme protein, and the decreased SOD
activity at highest concentration of nCuO treatment might be
attributed to enzyme damage by the excessive ROS. Our data
revealed that CAT, POD, and APX activities in roots in-
creased significantly under higher concentrations of nCuO
and Cu®* ion treatments (Fig. 8B, C, and D). Similar result
was also found in Lemna minor (Song et al. 2016) and wheat
(Dimkpa et al. 2012). The high activities of POD, CAT, and
APX enable the plants to scavenge excessive H,O, (Faizan
etal. 2018). Even so, the observed increase in CAT, POD, and
APX activities in roots does not seem to give full protection to
the nCuO-treated seedlings in scavenging excessive ROS
(Figs. 6 and 7). In contrast, some other studies differ from
our results, which reported a reduction in CAT activity under
nCuO stress (Hong et al. 2015; Singh et al. 2017). Tamez et al.
(2019) found that APX and CAT activities decreased in
zucchini roots treated with nCu. Chen et al. (2016) also found
that the activities of CAT and APX in pumpkin were signifi-
cantly reduced under nNd,Oj3 treatment. Thus, it is difficult to
confirm positive or negative impacts of nanoparticles on var-
ious enzymes, which are related to the type, nature, and con-
centration of nanoparticles.
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Conclusions

In summary, nCuO (10-1000 mg L") had no significant ef-
fect on GR, GP, and Gl of B. pekinensis. However, the effects
of nCuO on VI and seedling growth exhibited a concentration-
dependent manner. The Cu content in shoots and roots of
B. pekinensis seedlings significantly increased under nCuO
exposure and was substantially greater than that under Cu**
ion treatment. Also, higher concentration of nCuO treatments
led to excessive levels of lignin, soluble sugar, and soluble
protein; ROS and lipid peroxidation; and antioxidant enzyme
activities. Overall, our results suggested that the inhibitory
impact on seed germination and seedling growth upon expo-
sure to nCuO was associated with high Cu accumulation, ox-
idative damage, and lignification. The phytotoxicity was
caused by nCuO derived from nCuO itself and released
Cu®" ions. The present study confirmed the potential adverse
effects of nCuO at higher concentration on B. pekinensis. The
results of the present research can contribute in better under-
standing of the behavior and toxic mechanism of nCuO in
plants. Therefore, the concentrations of nCuO should be taken
into account for environmental safety when using it.
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