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ARTICLE INFO ABSTRACT

Edited by Dr R Pereira Copper-based nanoparticles (NPs) display a strong potential to replace copper salts (e.g., CuSO4) for application

in agricultures as antimicrobial agents or nutritional amendments. Yet, their effects on crop quality are still not

Keywords: comprehensively understood. In this study, the Cu contents in soybeans grown in soils amended with Cu NPs and
Copper nanoparticles CuS04 at 100-500 mg Cu/kg and the subsequent effects on the plant physiological markers were determined.
CuS04 . The Cu NPs induced 29-89% at the flowering stage (on Day 40) and 100-165% at maturation stage (on Day 100)
Accumulation . . . . .

Physiological effects more Cu accumulation in soybeans than CuSO4. The presence of particle aggregates in the root cells with
Soybean deformation upon the Cu NP exposure was observed by transmission electron microscopy. The Cu NPs at 100 and

200 mg/kg significantly improved the plant height and biomass, yet significantly inhibited at 500 mg/kg,
compared to the control. In leaves chlorophyll-b was more sensitive than chlorophyll-a and carotenoids to the Cu
NP effect. The Cu NPs significantly decreased the root nitrogen and phosphorus contents, while they significantly
increased the leaf potassium content in comparison with control. Our results imply that cautious use of Cu NPs in
agriculture is warranted due to relatively high uptake of Cu and altered nutrient quality in soybeans.

1. Introduction

Engineered nanoparticles (NPs) have emerged as an extremely
important group of materials due to their unique physicochemical
properties. Metal-based nanoparticles (MNPs) are among the most
highly produced and used NPs, accounting for 37% of the total number
of nanoproducts on the global market (Vance et al., 2015). With the
widespread production and application of MNPs, the consequence that
they are released to the environment is inevitable. Concern regarding
their effects on environments and human health has therefore grown in
recent years. As one of the most commonly manufactured MNPs,
Cu-based NPs have been increasingly used in a variety of products such
as pesticides, fungicides, catalysts, batteries, plastics, and antifouling
agents (Anjum et al., 2015a; Mary et al., 2009). Soil is an important sink
for Cu-based NPs. It is estimated that around 200 tons of Cu-based NPs
are being manufactured globally every year and at least 36 tons of them
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are annually released to soils (Keller et al., 2013; Keller and Lazareva,
2014). Furthermore, NPs tend to experience far longer residence times
in soils than in other environmental compartments (Peijnenburg et al.,
2016). Hence, there is a necessity to thoroughly assess the influence of
Cu-based NPs on soil ecosystems in order to comprehensively under-
stand their environmental impacts.

Plants are a vital component of the soil ecosystem and they may serve
as potential carriers of MNPs following their bioaccumulation and bio-
magnification in the food chain (Bayat et al., 2014; Gardea-Torresdey
et al., 2014). It is therefore important to monitor the accumulation of
MNPs in plants. Cu is an essential micronutrient for plant growth and
development (Nekrasova et al., 2011; Yruela, 2005). Both deficiency
and an excess of Cu can be detrimental for plants (Anjum et al., 2015b).
It is well known that metal ions can be taken up through the transport
channels in or on plant cell membranes (Yang et al., 2018; Korshunova
et al., 1999). However, knowledge on the accumulation of metal
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compounds in the form of NPs in plants is still limited. According to the
existing studies involved in determination of the accumulation of MNPs
in plants, it seems plausible that NPs even with a primary size larger than
the exclusion limit of cell wall pores could be accumulated and trans-
ported in plants (Rossi et al., 2018; Schwabe et al., 2013; Laure et al.,
2012; Harris and Bali, 2008). However, most of the related studies have
been conducted in homogeneous media, such as water, sand and agar.
Soils are highly heterogeneous and commonly solid-dominated matrices
are composed of organic and inorganic aggregates with different size
(Tisdall and Oades, 1979). The accumulation capacity of MNPs in plants
grown in soil may vastly differ from accumulation in the same plant yet
cultivated in homogeneous compartments. The current data on the
accumulation of MNPs in terrestrial plants grown in soil compartments
are limited, let alone the data on comparing the accumulation of ionic
and nanoparticulate metal compounds in plants grown in soil. These
knowledge gaps obstruct the safety assessment and sustainable use of
MNPs.

A range of studies have been devoted to determining the physio-
logical effects of MNPs on edible plants, with both negative and positive
effects on physiological parameters being reported (Wan et al., 2019;
Rui et al., 2018; Zhang et al., 2018; Singh et al., 2017; Shaw et al., 2014).
It has been well demonstrated that the specific effects of MNPs on plant
physiology is dependent on species of plants (Deng et al., 2020; Achari
and Kowshik, 2018). As the fifth largest production of crop, soybean
(Glycine max) contributes about 40% of the annual global oilseed crop
(Priester et al., 2012). Some existing data have suggested that soybeans
are vulnerable to MNPs. For example, Lopez-Moreno et al. (2010) found
that even though CeOy NPs did not affect soybean germination, they
could enter into root cells and cause DNA damage. Priester et al. (2012)
found that ZnO NPs significantly increased the Zn concentration in
soybean leaves and beans, and CeOy NPs impaired soybean growth by
eliminating N fixation potentials. Nonetheless, the effects of MNPs on
soybean plants are not well-studied. For instance, information on the
uptake of MNPs (particularly Cu-based NPs) by soybean plants, on the
photosynthetic traits, and on nutrient quality of soybeans upon MNPs
treatment is still lacking.

Therefore, the accumulation of nanoparticulate and ionic Cu and the
subsequent physiological changes in soybeans were determined in this
study. The primary objectives of this study were to: (1) differentiate the
accumulation capacity of the nanoparticulate and ionic Cu in soybeans;
(2) determine the effects of Cu NPs on the soybean physiology including
growth parameters and contents of photosynthetic pigments and
macronutrient elements. In addition, it is widely known that adsorption
and accumulation are important with regard to the induction of effects
on living organisms, while little effort has been made so far to correlate
the metal content taken up by plants after exposure to MNPs with the
physiological levels of the plants. This hinders proper elucidation of the
mechanisms underlying the physiological effects of MNPs on plants.
Hence, examining the correlation of Cu content in soybeans upon
exposure to Cu NPs with subsequent physiological changes of the soy-
bean was another objective of this study.

2. Materials and methods
2.1. Chemicals and characterization of Cu NPs

Cu NPs (purity: 99.9%; nominal size and shape: 10-30 nm and
sphere, respectively) were purchased from Macklin Biochemical Co., Ltd
(Shanghai, China). The shape and primary size in deionized water were
characterized by transmission electron microscopy (TEM, JEM-1010,
JEOL Inc.). Nano Measure 1.2 software (Fudan University, China) was
applied to measure the size of the Cu NPs. Brunauer-Emmett-Teller
(BET) method using Ny adsorption apparatus (Micromeritics ASPA
2010) was used to determine the specific area of the Cu NPs. TEM image
(Fig. S1) verified that the shape of the Cu NPs was spherical with a
primary size of approximately 17 nm. The specific surface area obtained
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from the BET analysis for the Cu NPs was 29.69 m?/g. CuSO4-5H50,
HNO3, HySO4, H205 and other chemicals used in this study were at least
analytically grade and were provided by Sinopharm Chemical Reagent
Co., China.

2.2. Soil and treatments

The soil at a depth of 0-20 cm used in this study was collected from
an agricultural field (latitude: 29°60° N and longitude: 104°00’ E) in
Renshou County, Sichuan Province, China. After air drying and
removing stones and roots, the soil samples were sieved through a 2-mm
nylon mesh. The background Cu concentration in the soil was 35.87 mg/
kg. The physical and chemical properties of the experimental soil are
presented in Table S1.

The soybeans were grown in the polyvinyl chloride (PVC) pots (with
an inner diameter of 20 cm and a depth of 15 cm). Each pot contained
2.5 kg of the air-dried soil. The two Cu compounds (Cu NPs and CuSO4.5
H,0) were added as powders into the air-dried soils to obtain the target
concentrations of 100, 200, and 500 mg Cu per kg of soil. The concen-
tration range of 100-500 mg Cu/kg was selected, as the Cu concentra-
tions in natural soils are commonly in this range (Rawat et al., 2018;
Yang et al., 2017b, 2017a; Kulikowska et al., 2015). The soil and Cu
compounds were manually mixed for 30 min to ensure the homogeneity.
Soil samples without addition of any Cu compounds were set as the
control. Each treatment consisted of 4 replicates. Two important soy-
bean growth stages (flowering and maturation stages) were taken to
compare the effects and the Cu accumulation in the soybeans upon the
Cu compound treatments. Therefore, we used eight pots for each treat-
ment and half of them (as replicates) were grouped and harvested at the
flowering and maturation stages, respectively. In total, 56 pots were
used in this work (6 Cu compound treatments and a control x 4 repli-
cates x 2 growth stages). Sufficient deionized water was added to the
pots to impose the soil moisture at about 70% of field capacity. All the
soil samples amended with different concentrations of Cu compound
were equilibrated for 2 weeks before sowing the soybean seeds (Yan
et al., 2013). The pH values of the soil samples upon different Cu
treatments after the equilibration were monitored (Fig. S2).

The soybean seeds (Glycine max L. cv. Nandou 12) were obtained
from Sichuan Engineering Research Center for Crop Strip Intercropping
System (China). On 11 April, 2020, four seeds with similar size were
sown at a depth of 3-5 cm in each pot and only two healthy-looking
soybean plants with similar growth status were left in each pot on the
seventh day after germination. All the pots were placed in a greenhouse.
In the greenhouse, the temperature was approximately 30 and 20 °C
during the day (16 h) and at night (8 h), respectively; the daily light
integral was averagely 10 mol m~2 d~'; the relative humidity was
50-75%. During the cultivation process, all the pots were irrigated with
deionized water every other day to maintain the soil moisture at near
70% of field capacity.

2.3. Analysis of plant physiology

On Day 40 after sowing (at the flowering stage), the soybean plants
were used to analyze the physiological parameters. The soybean plants
were carefully taken out from the soils, washed with running tap water,
rinsed with 0.01% HNOs and deionized water successively, and then
dried with paper towels. The plant height and fresh biomass were
recorded for each plant. The fresh plants were oven-dried at 70 °C for 3
d before weighing the dry biomass. Subsequently, the dried plant sam-
ples were divided into roots, stems and leaves, followed by digestion
with HySO4-H205. The Kjeldahl method was used to determine the ni-
trogen (N) content in the roots, leaves and stems (Grimshaw et al.,
1989). The contents of phosphorus (P) and potassium (K) in different
parts of the soybeans were analyzed by molybdenum blue colorimetry
and a flame photometer, respectively (Thomas et al., 1967). The con-
tents of photosynthetic pigments in the fresh leaves at the flowering
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stage (on Day 40) were analyzed. Briefly, 0.5 g of subapical leaves
sampled from the soybean plants cultivated upon different Cu treat-
ments were ground and then extracted with 80% acetone. The absor-
bance of pigment extract was determined at wavelengths of 663, 645
and 470 nm with a UV-Vis spectrophotometer (Perkin Elmer Lamda,
Uberlinger, Germany). The contents of chlorophyll a (Chl-a) and b
(Chl-b) as well as carotenoids were calculated according to the method
of Lichtenthaler (1987).

2.4. Analysis of Cu content in soybeans

On Day 40 after sowing, the dried roots, stems and leaves were
digested by plasma-pure HNO3 (65%) and H205 (30%) (1: 4, v/v) until
the digestion solution became transparent. The digests were added to 15
mL with deionized water and then the Cu concentrations in the different
digested samples were determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES, Optima 4300 DV; Perkin-
Elmer). Standard reference material 1570a acquired from the National
Institute of Standard and Technology was used to validate the digestion
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and analytic method for Cu. The recovery rate of the Cu in the reference
material was in the range of 96-102%. For quality control and assur-
ance, a Cu standard was analyzed every 25 samples. TEM with energy
dispersive X-ray spectroscopy (EDS) was used to confirm the presence of
the Cu NPs inside the treated root cells and to observe the morphology of
the soybean root cells upon the Cu NP treatments. The specific methods
for TEM with EDS observation of the root cells were detailed in other
studies (Hao et al., 2016; Du et al., 2015; Larue et al., 2012).

In order to monitor the Cu content in different organs (i.e., roots,
stems and beans) at the maturation stage of the soybeans, the other set of
soil samples amended with the Cu NPs and CuSO, at the concentration
range from 0 to 500 mg/kg were used to grow the soybean plants from
11 April to 20 July, 2020. On Day 100 after sowing (at the maturation
stage), the soybean plants were harvested, and then the Cu contents in
the dried roots, stems and beans were measured by ICP-OES, as depicted
above. The Cu content on Day 100 in the leaves was not determined, as
at this stage most of the leaves had fallen down, and consequently there
was no enough leaf sample for Cu analysis.
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Fig. 1. Contents of Cu in different parts-roots (A and B), stems (C and D), leaves (E) and beans (F) of the soybeans at the flowering (left column-day 40th) and
maturation (right column-day 100th) stages at 0, 100, 200 and 500 mg/kg of soil treatments with Cu NPs and Cu®". Data are presented as mean =+ SD (n = 4).
Different letters indicate significant differences among different treatments as tested by one-way ANOVA and t-test (P < 0.05).
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2.5. Statistical analysis

Statistical analysis was performed using SPSS 19.0 for Windows
(SPSS, 19.0 SPSS Inc., Chicago, IL, USA). The plant physiological pa-
rameters (including the plant height, biomass, the contents of photo-
synthetic pigments, macronutrients and Cu) upon the same Cu
compound treatment with varying concentrations were compared using
a one-way analysis variance (one-way ANOVA) with a Tukey’s post hoc
test. Before ANOVA was applied, the normality and homogeneity of
variance of the data were checked. The differences of the physiological
parameters between the Cu NP and CuSO,4 treatments were compared
using independent sample t-test. The significance level in all analysis
was set at @ = 0.05. Results in this study were expressed as mean +
standard deviation (SD). All test statistics (degrees of freedom, P-values
and F-values) are listed in Table S2.

Ecotoxicology and Environmental Safety 229 (2022) 113088

3. Results and discussion
3.1. Cu contents taken up by soybeans

Generally, both the Cu NPs and CuSO;4 significantly increased the
total Cu contents in the soybeans, as compared to the control (P < 0.05)
(Fig. 1). It was furthermore found that the Cu NPs induced 29-89% at
the flowering stage (determined on Day 40 after cultivation) and
100-165% at the maturation stage (determined on Day 100 after culti-
vation) more Cu accumulation in the soybeans, as compared to the Cu
accumulation upon the CuSO4 treatments.

In roots, the Cu contents upon both the Cu NP and CuSO4 treatments
were significantly increased in comparison with the control (P < 0.05)
(Fig. 1A and B). Furthermore, the Cu content in the soybean roots upon
the Cu NP treatment was significantly higher than that upon the CuSO4
treatment with an equivalent Cu level at both the flowering and matu-
ration stages (on Days 40 and 100, respectively) (Fig. 1A and B). In order
to demonstrate whether the particulate Cu could be internalized into the
soybean root cells, TEM with EDS analysis was performed. The root cells
of the control were intact and well-shaped and no particles were

Fig. 2. TEM images of soybean roots upon the treatments of O (the fist line: A-C), 200 (the second line: D-F), and 500 (the third line: G-I) mg/kg of Cu NPs. It is
obvious that after exposure with Cu NPs at 200 and 500 mg/kg the cells posed irregular morphology and included some particle aggregates.
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observed (Fig. 2A-C). In contrast, upon the treatment of Cu NPs at the
level of 200 mg/kg, the root cells exhibited a slight deformation with
some wrinkles on the external surface (Fig. 2D and E). When the con-
centration of the Cu NPs was 500 mg/kg, the root cell structures were
more seriously distorted, with much thicker cell walls in comparison
with the control (Fig. 2G and H). It was furthermore obvious that par-
ticulates or aggregates were present in the cells upon the Cu NP treat-
ments (Fig. 2E, F, H and I). The weight percentage of Cu in the root cells
upon exposure to the Cu NPs at 200 mg/kg was much higher than that in
the control (4.15% vs 0.83%, Fig. S3). The mechanisms underlying the
internalization of MNPs with a size beyond the size exclusion limits of
plant root cells remain unclear. The physical and chemical interactions
between NPs and root cells could disrupt the cell wall organization and
structure, leading to an enlargement of the cell wall pores, which further
facilitates NPs to enter plant cells (Wan et al., 2019; Yang et al., 2017a,
2017b; Yuan et al., 2016; Larue et al., 2012). This might partially
explain the higher Cu content upon exposure to the Cu NPs as compared
to exposure to CuSO4. Added to that, relative to the Cu NPs, CuSO4
would exhibit a much more rapid release of Cu ions into soil pore water,
resulting in a higher extent of complexation of the dissolved Cu ions with
clay colloids and soil organic matters and therefore reducing the
bioavailability of CuSO4 to plants (Keller et al., 2017). In addition, the
amount of the Cu-ions shedding from the Cu NPs may be enhanced due
to the chemical interaction of the Cu NPs with root exudates (Rossi et al.,
2019; Shang et al., 2019). This may also contribute to the higher amount
of Cu taken up by the soybean roots upon exposure to Cu NPs than upon
exposure to CuSO4. However, these elucidations need further experi-
mental confirmation.
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In aerial parts of the soybeans (i.e., stems, leaves and beans), both the
Cu NP and CuSO4 treatments significantly increased the Cu contents in
comparison with the control at both the flowering and maturation stages
(P < 0.05) (Fig. 1C-F). Generally, the Cu contents in the aerial parts
upon the Cu NP treatment were significantly higher than those upon the
CuSO4 treatment at an equivalent level (P < 0.05) (Fig. 1C-F), except the
cases that the Cu contents in leaves and beans upon the treatment of
500 mg/kg Cu NPs were lower than those upon the CuSO4 treatment
(Fig. 1E and F). It is worth to note that there were significantly higher Cu
contents in beans upon exposure to the Cu NP treatments at levels of 100
and 200 mg/kg than upon exposure to the CuSO4 treatments (Fig. 1F).
This indicates a probably higher risk to human health after intake of
beans grown in soils to which Cu NPs (< 200 mg/kg) have been added
than after consumption of beans grown in soils to which an equivalent
Cu salt has been added.

3.2. Growth responses of soybeans

The plant height and biomass was significantly improved when the
Cu NPs and CuSO4 were present at a level < 200 mg Cu/kg, while the
growth was significantly inhibited when the Cu NPs and CuSO4 at
500 mg Cu/kg (Fig. 3). The growing trend of the soybean plants upon
increasing concentrations of Cu NPs from 100 to 500 mg/kg was con-
trary to the Cu content taken up by the soybeans. A higher content of Cu
taken up by the soybeans at a higher Cu NP concentration is likely to
result in an excess of Cu in the soybeans, which could affect cell energy
metabolism (Deng et al., 2020; Mustafa and Komatsu, 2016). The
growth parameters (i.e., plant height and biomass) were significantly

157(C) [pay40
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Dry weight (g)

Control 100 200 500
Cu concentration (mg/kg)

Fig. 3. Alterations of height (A), fresh weight (B), and dry weight (C) of the soybean plants after 40 d of incubation in soils amended with Cu NPs and cu®* at the
concentration range from 0 to 500 mg/kg. Data are presented as mean + SD (n = 8). Different letters indicate significant differences among different treatments as

tested by one-way ANOVA and t-test (P < 0.05).
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lower upon the Cu NP treatments at 200 and 500 mg Cu/kg than upon
the CuSO4 treatments. Similarly, Yusefi-Tanha et al. (2020) found that
the seed production of soybeans upon CuO NP treatment at a concen-
tration range from 200 to 500 mg/kg was significantly lower than in
case of exposure to cu?* ions at an equal Cu concentration (Yusefi-Ta-
nha et al., 2020). However, the authors did not compare the accumu-
lation profile of Cu in the soybeans upon the nanoparticulate and ionic
Cu treatments. According to our results on the Cu contents in the soy-
beans as depicted above, the relatively lower growth parameters might
be attributed to the higher capacity of the Cu NPs than Cu®" to be taken
up by soybeans (Fig. 1). The total amounts of Cu taken up by the soybean
plants after 40 d of cultivation were around 25 and 45 mg Cu/kg for the
CuSO4 and Cu NP treatments at the level of 200 Cu/kg and were around
35 and 66 mg Cu/kg upon the CuSO4 and Cu NP treatments at the level
of 500 Cu/kg, respectively (Fig. 1). Consequently, the higher Cu con-
tents in the soybean plants upon exposure to the Cu NPs would probably
result in a relative excess intake of Cu in the soybean plants. It is
interesting to note that even though the Cu content taken up by the
soybeans upon the Cu NP treatment at 200 mg/kg was higher than the
Cu content upon the CuSO4 treatment at the level of 500 mg/kg, the
growth of the soybeans relative to the control was significantly inhibited
upon the latter treatment rather than upon the former one. It has been
demonstrated that Cu-based NPs have a higher potential to localize in
plant vacuoles than Cu?* (Yuan et al., 2016; Perreault et al., 2012). The
sequestration of hazardous materials in vacuoles is an efficient way for
plants to alleviate the stress resulting from the materials (Hall, 2002;
Zenk, 1996). In addition, as important organic antidotes to metals,
metallothionein and phytochelatins are more likely to form in plant root
cells upon Cu-based NP treatment than that upon Cu salt treatment
(Rawat et al., 2018; Fernandes and Henriques, 1991). These mechanisms
might consequently result in the growth parameters of the soybean
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plants upon the CuSO4 treatment at the level of 500 mg/kg being
significantly lower than the growth parameters of the soybean plants
upon the Cu NP treatment at the level of 200 mg/kg.

3.3. Contents of photosynthetic pigments

Photosynthesis is an important physiological and biochemical process
in plants, the level of which to a large extent represents the adaptability of
plants to external stresses (Niu et al., 2008). Chlorophyll and carotenoids in
leaves are extremely important photosynthetic pigments, which are
directly correlated with the intensity of photosynthesis. The content of
Chl-b in the soybean leaves was more sensitive than the contents of Chl-a
and carotenoids to the Cu NPs and CuSOg4 (Fig. 4). The contents of Chl-a
and carotenoids were only significantly affected when the concentration of
the Cu NPs was 500 mg/kg, as at that level the contents of Chl-a and ca-
rotenoids significantly decreased to 0.54 and 0.17 mg/g in comparison
with the control (1.68 mg/g of Chl-a and 0.44 mg/g of carotenoids),
respectively (P < 0.05) (Fig. 4A and B). The content of Chl-b increased
significantly from 0.59 mg/g in the control to 0.76 and 0.71 mg/g upon the
addition of the Cu NPs at 100 and 200 mg/kg and to 0.91 and 0.94 mg/g
upon the addition of CuSOy4 at levels of 100 and 200 mg/kg, respectively
(P < 0.05) (Fig. 4C). However, when the concentration of the Cu NPs
reached 500 mg/kg, the content of the Chl-b was significantly decreased to
0.13 mg/g (P < 0.05) (Fig. 4C). Chl-b plays a critical role in improving the
efficiency of light absorption and consequently increasing energy produc-
tion in plants (Hassid and Putman, 1950). Therefore, the improvement of
growth of the soybean plants upon the Cu NP and CuSO4 treatments at
levels of 100 and 200 mg/kg might be partially related to the increasing
contents of Chl-b, as compared to the control. Our results suggest that the
Chl-b content is a better marker than the Chl-a content for the effect of Cu
NPs on soybeans. Similar to our results, there have been some studies

0.6-(B) Day 40
b

b p
0.4 -I_

0.2

Carotenoids (mg/g FW)

ES
J

(D) Day 40

w
1

Chlorophyll a+ b (mg/g FW)
~

0-

Control 100 200 500
Cu concentration (mg/kg)

Fig. 4. Contents of chlorophyll a (A), carotenoids (B), chlorophyll b (C) and chlorophyll a + b (D) in the subapical leaves of the soybean plants after 40 d of in-
cubation in the soils amended with Cu NPs and Cu®" at the concentration range from 0 to 500 mg/kg. Data are presented as mean + SD (n = 4). Different letters
indicate significant differences among different treatments as tested by one-way ANOVA and t-test (P < 0.05).
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demonstrating that the total chlorophyll content, as mainly constituted by
Chl-a was not a sensitive marker for the MNP effects (Xu et al., 2019; Yuan
et al., 2018; Zhao et al., 2013). In our study, the total contents of Chl-a and
Chl-b were also non-significantly affected by the Cu NPs at levels of 100 and
200 mg/kg, as compared to the control (P > 0.05) (Fig. 4D). Therefore,
specific effects of MNPs on different types of photosynthetic pigments are
needed to be distinguished in order to better understand the response of
plants to the MNPs.

3.4. Content of macroelements in soybeans

The contents of N, P and K in different parts of the soybean plants upon
both the Cu NP and CuSO4 treatments at the tested concentrations
(0-500 mg Cu/kg) were determined (Fig. 5). The N content in the soybean
roots was significantly decreased by 70%, 44% and 20% upon the Cu NP
treatments and by 22%, 42%, and 33% upon the CuSO4 treatments at 100,
200, and 500 mg/kg, respectively, in comparison with the control
(P < 0.05) (Fig. 5A). Excess Cu could reduce the activities of enzymes
involved in N transformation (e.g., nitrate reductase) in plants by binding
with active sites of the enzymes (e.g., cysteine), and then inhibit the
metabolism of N and consequently reduce the uptake of N by roots (Rui
et al., 2018; Hippler et al., 2016; Xiong et al., 2006). The other possible
mechanism involved in the reduction of N uptake by the roots upon
exposure to Cu lies in an increase of breakdown of the enzymes for N
transformations in plants due to the production of reactive oxygen species
induced by excess Cu (Martins et al., 2012; Xiong et al., 2006). It is inter-
esting to note that the N content in the roots upon the Cu NP treatment at
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100 mg/kg was the lowest in comparison with the root N contents upon
other treatments and the root N content upon the Cu NP treatment was
significantly increased from 100 to 500 mg/kg (P < 0.05) (Fig. 5A). This
might be due to the higher capability of Cu NPs to interfere N metabolism
in plants at a relatively lower concentration as a result of less aggregation.
On the other hand, all the Cu treatments did not significantly affect the N
contents in the leaves (P > 0.05) (Fig. 5C). Similarly, Hao et al. (2016)
found that the Fe-C nanotubes, FeCo-C nanotubes and C nanotubes at a
concentration range of 10-300 mg/L significantly reduced the N contents
in the rice roots in comparison with control, whereas they did not signifi-
cantly affect the N contents in aerial parts of the rice tested. Further studies
are needed to elucidate the mechanisms underlying the different effects of
Cu compound treatments on the N contents in the roots and leaves.

Compared to the control, the P content in the roots was significantly
decreased by exposure to Cu NPs, with a reduction of 15%, 24%, and
31% at levels of 100, 200, and 500 mg/kg, respectively (P < 0.05)
(Fig. 5D). However, upon the CuSO4 treatment the P content in the roots
was only significantly decreased at the level of 500 mg/kg by 28%, as
compared to the control (P < 0.05) (Fig. 5D). In fact, Cu-based NPs have
the potential to reduce the uptake of P in plant roots by physically
blocking the P transporters and/or by limiting the bioavailability of P
via forming Cu phosphates compounds (Zuverza-Mena et al., 2015).
Even though the P content in the roots was significantly reduced by the
Cu NPs, the P contents in aerial parts (stems and leaves) of the soybeans
upon the Cu NP treatments were similar to the control (Fig. 5E and F).
This implies that the transport efficiency of P in the soybeans was
improved upon the Cu NP treatment.
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Fig. 5. Contents of N, P and K in different parts-roots (A, D, G), stems (B, E, H) and leaves (C, F, I)-of the soybean plants on Day 40 at 0, 100, 200, 500 mg/kg of soil
treatments with Cu NPs and Cu®*. Data are presented as mean =+ SD (n = 4). Different letters indicate significant differences among different treatments as tested by

one-way ANOVA and t-test (P < 0.05).
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The K content in the soybean roots was not significantly affected by
the two Cu compound treatments, except the case in which the CuSO4 at
500 mg/kg significantly reduced the K content in roots in comparison
with the control (Fig. 5G). However, in aerial parts of the soybean
plants, the K content was increased by the two Cu compounds (Fig. 5H
and I). Especially in the soybean leaves, all the Cu treatments signifi-
cantly increased the K contents in the leaves, as compared to the control
(P < 0.05) (Fig. 5I). Currently, the reduction, promotion and even non-
significant effects of MNPs on the accumulation of K in plants have all
been reported (Abbas et al., 2020; Deng et al., 2020; Dimkpa et al., 2019;
Peralta-Videa et al., 2014). The precise mechanisms for the alterations of
MNPs on the K accumulation in plants are still unknown. The increasing
K content in aerial parts of the soybean plants might be related to the
activating effect of Cu on the HKT1 transporters (Schachtman and
Schroeder, 1994), which therefore improved the transport of K from
roots to aerial parts of the soybeans.

4. Conclusion

This study found that the Cu NPs could induce more Cu accumulation
in the soybeans than CuSOy. Particulate aggregates was observed in the
root cells with deformation upon the Cu NP treatment. The Cu NPs at
100 and 200 mg/kg could improve the soybean height and biomass in
comparison with the control, yet significantly inhibited the growth at
500 mg/kg. Relative to the contents of Chl-a and carotenoids in the
soybean leaves, the Chl-b content was more sensitive to the two Cu
compounds. Both the CuNPs and CuSO4 at 100 and 200 mg/kg signifi-
cantly increased the Chl-b content in leaves, although the increasing
effect induced by the CuNPs was lower than CuSOg4. The contents of N, P
and K in the soybean plants exposed to Cu NPs at 100-500 mg/kg were
altered, with reductions of N and P in roots and an increase of K in
leaves. Our results imply that caution with regard to the application of
Cu NPs in agriculture is warranted, as more Cu would potentially be
taken up by people after dietary consumption of the healthy-looking
soybeans with altered nutritious quality planted in soils to which Cu-
based NPs have been added.
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