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ABSTRACT: Black mustard (Brassica nigra) was grown in pots amended
with 41 nm ZnO (200−600 mg/kg soil) and 47 nm CuO (12.5−50 mg/kg
soil) nanoparticles (NPs) to analyze growth response and yield character-
istics. B. nigra seed germination was not affected by CuO NPs, but
significant toxicity was observed by ZnO NP treatment. Both NPs
significantly increased the growth profile of B. nigra, i.e., the stem height,
number of leaves, average leaf area, number of branches, and number of
nodes per plant. Application of ZnO and CuO NPs brought a significant
dose-dependent decrease in primary root length; however, the number of
secondary roots increased in the presence of CuO NPs. The average
number of flowers and pods per plant significantly increased in the presence
of CuO NPs. The seed yield, average seed weight per plant, and seed
diameter parameters were observed to be better in the presence of CuO
NPs as compared with ZnO NPs. Total protein contents and glucosinolates increased in the seeds grown in the NP-amended soil,
while total oil contents decreased. Oil analysis depicted that oleic acid and linolenic acid percentage decreased while erucic acid
percentage increased in seeds in the presence of both NPs in the soil. An atomic absorption spectrophotometer showed
accumulation of Cu and Zn in B. nigra in the following order: root > stem > leaves > seeds. The study concludes that CuO and ZnO
NPs have detrimental effect on the B. nigra plant and yield. The release of NPs and type of metal in NPs might also have a positive
effect on the plant; however, their concentration in the soil also matters.

1. INTRODUCTION

Nanoparticles (NPs) have diverse properties due to the
nanoscale composition of atomic structures. This property
makes them attractive for pharmaceutical, energy, electronics,
cosmetic, textile, and agriculture industries.1 However, their
rapid use accounts for their adverse effects on the ecosystem.
Nanoparticles can enter into the environment via various
routes, i.e., skin care products, medicines, paints, direct release
from industries, combustion, etc.1 Conversely, exposure of NPs
to living organisms should not be ignored. Being primary
producers, plants can aid in NP/metal ion transportation and
bioaccumulation through food chain.2 Various reports widely
demonstrate both affirmative and toxic effects of engineered
NPs on growth dynamics, photosynthesis, morphology,
physiology, and yield of some crops such as soybean, wheat,
rice, and maize.3−6

ZnO and CuO NPs have grabbed attention among different
metal oxide NPs due to their diverse applications and
physiochemical properties. ZnO NPs are used in several
industries such as cosmetics, batteries, glass, ceramics,
lubricants, food, plastics, paints, adhesives, etc.1 CuO NPs
are used in electronics and other technologies due to their

unique and excellent thermophysical properties.7 Effects of
ZnO and CuO NPs on plants have been demonstrated in
various studies, which reveal that potential phytotoxicity
depends upon their concentration, shape, size, etc.8 Phytotox-
icity of NPs such as reduction in biomass, low seed
germination, reduced root length, varying chlorophyll syn-
thesis, and stunted shoot length has been reported in ryegrass,
rice, wheat, and mustard plants.6,9−11

Brassica species are considered as model dicotyledonary
plants due to the high rate of seed germination, rapid growth of
plant, and short life span. Besides these, Brassica species are
wild and also grown as food and fodder crops. B. nigra is
commonly grown for food, oil extraction, animal cake
production, and green manure. B. nigra has been reported as
a metal accumulator and potential phytoextractant, and it
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tolerates the presence of heavy metal concentrations in the
soil.12,13 Based on use, growth characteristics, resistivity, and
tolerance toward metals, B. nigra is considered as a model plant
to study plant growth response in a contaminated soil.14

Most of the studies are carried out in lab-scale experiments
to investigate the effect of nanoparticles on plants, but few have
been reported under soil conditions.15,16 It has been reported
that medium conditions greatly influence dissolution of ions
and bioavailability, aggregation, and mobility of nanoparticles.
The organic matter in soil reduces the aggregation and
enhances the solubility of NPs, which result in diverse
phytotoxic effects.17 The NPs released in the environment
affect plants, and these effects can be transferred to consumers
via food chain due to metal accumulation in outgrowth and
alter nutritional contents of seeds and fruits. Therefore, the
objective of this study was to analyze the effect of ZnO and
CuO NPs on the growth dynamics, yield, and nutritional
composition of black mustard. Plants were grown in soil
amended with chemically synthesized CuO and ZnO NPs.
After harvest, seed characterization and elemental analysis were
performed to determine nutritional composition and metal
accumulation.

2. MATERIALS AND METHODS
2.1. Synthesis and Characterization of Nanoparticles.

The ZnO nanoparticles (NPs) were synthesized using the
coprecipitation method as described by Ali et al.18 Briefly, 100
mL of 1 mM Zn(CH3COO)2·2H2O was dropwise mixed with
50 mL of 2 M NaOH, with constant stirring for 2 h. The white
precipitate was collected by centrifugation (Model 5810r,
Eppendorf Corporation, Hamburg, Germany) at 950g for 5
min at room temperature (25 ± 2 °C) and washed thrice with
distilled water to remove impurities. The ZnO NPs were dried
overnight in a drying incubator (Thomas Scientific, Swedes-
boro, NJ) at 60 °C.
The coprecipitation method was employed for the synthesis

of CuO nanoparticles.19 Copper acetate monohydrate (600
mL, 0.2 M) was mixed with 2 mL of glacial acetic acid at 100
°C during continuous stirring. After 5 min, 30 mL of 6 M
NaOH solution was dropwise added into the mixture. The
reaction was continued for 2 h with stirring to complete the
reaction. The black CuO NPs were separated by centrifugation
(Model 5810r, Eppendorf Corporation, Hamburg, Germany)
at 950g for 5 min at room temperature (25 ± 2 °C), washed
thrice with distilled water to remove impurities, and dried
overnight in a drying incubator (Thomas Scientific, Swedes-
boro, NJ) at 60 °C. The CuO NPs were calcinated at 500 °C
for 4 h.
The powder patterns were recorded using an Empyrean

PANalytical X-ray diffractometer with Bragg−Brentano geom-
etry using Cu Kα radiation (λ = 1.54 Å). The step scan
covered the angular range 20−80° with a step of 0.02°. The
crystallite size was determined using the Scherrer equation.

λ β θ= KD / cos B

where D is the crystallite size, k is a constant (∼0.94), λ is the
wavelength of the X-ray radiation, β is the line width at half-
maximum intensity of the peak, and θB is the angle of
diffraction.
The morphology of the NPs was determined by scanning

electron microscopy (SEM) using a Nova NanoSEM 450
(Thermo Fisher Scientific, Waltham, MA), operating at 10 kV.
Energy-dispersive X-ray spectroscopy (EDX) was performed

for determining the elemental composition of the synthesized
material. Fourier transform infrared spectroscopy (FTIR)
spectra were recorded using an OPUS Tensor 27 (Bruker,
Ettlingen, Germany) with a wavenumber resolution of 1 cm−1.

2.2. Soil Amendment and Plant Growth Conditions.
Medium loam natural soil collected from an agriculture field in
Islamabad, Pakistan, was used in this study. The physiochem-
ical properties of soil before the addition of nanoparticles
analyzed through AOAC protocols20 are given in Table 1. In

brief, the soil texture was analyzed by the hydrometer method.
For this, 50 g of oven-dried soil was suspended in 50 mL of
distilled water and 10 mL of 5% sodium hexametaphosphate
solution was added. The mixture was stirred for 10 min and
then transferred to a settling cylinder. The hydrometer was
placed in a cylinder, and then the cylinder was filled with
distilled water. The hydrometer was removed, and the
suspension was shaken vigorously in a back-and-forth manner.
After 20 s, the hydrometer was inserted again and the reading
was noted. The reading was also noted after 40 s and 60 s.
Thereafter, the shaking and settling procedure was repeated
again and the reading was noted after 2 h. The procedure was
performed at 24 °C; therefore, 1.44 was subtracted from the
values. The standard textural triangle diagram was used to
determine the texture class of the soil.
To determine soil pH, 10 g of soil was suspended in 20 mL

of 0.01 M CaCl2 solution. The suspension was thoroughly
stirred for 30 min, and pH was recorded by a pH meter. To
find electrical conductivity (EC) of soil, 40 g of soil was mixed
with 80 mL of distilled water in a flask and shaken for 1 h on a
reciprocating shaker. The mixture was filtered thereafter, and
EC was determined by an EC meter taking KCl as a standard.
The colorimetric method was followed to determine the

organic matter in the soil. One gram of soil was mixed with 10
mL of 0.1667 M K2Cr2O7 and 20 mL of concentrated H2SO4
containing 1.25% of Ag2SO4. The mixture was stirred and
allowed to stand for 30 min. The green color of chromium
sulfate was read on a spectrophotometer at 660 nm. Sucrose
(0.42%) was used as a standard, and percent carbon was
calculated as

= ×percent carbon mg of C observed 100/1000

(observed reading is for 1

g soil, expressed as milligrams)

Percent organic matter was calculated as

= ×percent OM %C 1.724

Table 1. Properties of the Soil Used for Filling of Pots
before Addition of Nanoparticlesa

pH 6.8
E.C. (mS cm−1) 0.9
organic matter (%) 26.4
total nitrogen (g/kg) 5.9
available phosphorus (mg/kg) 27.1
sand (%) 39
silt (%) 27
clay 34

aSand, clay, and manure (30:30:40) were mixed to make the active
soil.
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To determine available phosphorus, 5 g of soil was extracted
with 50 mL of Bray’s extractant (0.03 M NH4F in 0.025 M
HCL), shaken well for 5 min, and filtered thereafter. Then, 5
mL of the extract was reacted with 5 mL of the molybdate
reagent and 1 mL of SnCl2 solution (40% diluted as 1:66 with
distilled water). After 10 min, absorbance was read on a
spectrophotometer at 660 nm. The reading was calculated with
standard KH2PO4 (0.02195%) that has 50 μg P/mL.
Clay pots (35 cm height × 25 cm diameter) were purchased

from a local store. Powdered ZnO and CuO NPs were weighed
and mixed with soil to achieve concentrations of 12.5, 25, and
50 mg of CuO NPs and 200, 400, and 600 mg of ZnO NP per
kg of the soil. The selection of CuO and ZnO NP
concentrations was based on our previous results where
these ranges of NPs were found to be optimal as tolerable and
toxic for B. nigra.21,22 Seeds of B. nigra (germination efficiency
≥ 98%) were provided by the Oil Seed Crop Division,
National Agriculture Research Centre (NARC), Islamabad.
Three replicates of each concentration (six pots in each
replicate) and control were prepared (approx 5−6 kg soil per
pot). After filling the pots with the amended soil, seeds of B.
nigra (disinfected with 0.1% mercuric chloride (w/v) and
hydrated in distilled water (DW) for 24 h to assist
germination) were planted at 1 cm depth in a quincunx
pattern and watered with DW. Afterward, pots were transferred
to a shady chamber for 7 days to provide a dark environment
for breaking seed dormancy, and seed germination parameters
were recorded. Initially, in each pot, five seeds were sown, and
then the experiment was continued with three plants per pot.
After seed germination, pots were relocated to a growth
chamber with 14 h photoperiod, 25/20 °C day/night
temperature, and 50−55% humidity. Pots were watered with
DW when required (approximately 400 ± 10 mL/pot)
assuring that water did not leach the ions/NPs to the bottom
of the pot. All of the pots were irrigated at the same time.
The experiment was continued for approximately 15 weeks

until seed harvesting was done. After maturation, pods holding
seeds were cut from the pedicel. Seed shattering by opening of
mature pods was prevented through continued harvesting for 2
weeks. Afterward, seeds were dried under sunlight for 1 day
and then stored in a glass container.
2.3. Morphological Growth Parameters of B. nigra

Plants. To investigate the effect of NPs on growth dynamics,
various growth morphological parameters, i.e., stem length,
number of leaves and branches, etc., were studied during the
plant life cycle with 10 day interval, while the area of apical,
middle, and basal leaves was measured once using a portable
Cl-202 leaf area meter (CID, Inc.). The number of flowers per
plant was also recorded at 60th day. After harvesting of plants,
the number of nodes, lateral roots, and average primary root
length were recorded.
2.4. Yield Analysis and SmartGRAIN Imaging of

Seeds. To investigate the effect on yield, various parameters,
i.e., the seed diameter, number of seeds, weight of 1000 seeds,
and total seed weight per plant, were studied along with
analysis of digital images of seed using SmartGrain software
developed by Tanabata et al.23 Digital images of the black
mustard seeds were quantified with specific dimensions by a
digital image analysis technique. Seven photographs of each
seed batch were captured using a digital camera (Apple iPhone
with 12 megapixel camera) with horizontal angle. The distance
between the camera lens and seeds was kept constant, i.e., 20
cm. A black background grid with uniform squares was used to

keep the distance of seeds constant. The photos were
converted into a JPEG format and further processed with
SmartGrain software (version 1.1) to study seed morphological
parameters.

2.5. Mineral Composition of Plants and Seeds.
Accumulation of Zn and Cu in roots, stems, and leaves was
quantified after acid digestion. The plant samples, roots, stem,
and leaves, were separated and washed thoroughly under
running tap water. Thereafter, each part was rinsed with
distilled water, and finally the plant parts were dried at 60 °C
for 48 h. The leaves, stem, and roots of the B. nigra plant (both
treated and untreated) were ground in an electric grinder. The
powdered material (500 mg) was acid-digested with 10 mL of
a HNO3/HClO4 solution (4:1) in a conical flask at 110 °C for
90 min until brown fumes turned white and diluted to 50 mL
with deionized water. Metal contents in the samples were
determined using an atomic absorption spectrophotometer
(AAS). Zn and Cu metal contents in the control and amended
soil samples collected after plant harvesting were also
determined. These results were compared with the Zn and
Cu contents of initial control soil samples. The soil samples
were treated in the same way as mentioned above.
Accumulation of trace and major elements, i.e., Ni, Co, Cd,
Zn, Cu, Ca, Mg, and K, in seeds grown in the amended soil
was determined through acid digestion and AAS using the
above-mentioned protocol.

2.6. Protein, Glucosinolate, and Fatty Acid Analysis
of Seeds. For analyses, seed samples from each treatment and
control were taken randomly, ground, and subjected to
chemical analysis. The total seed protein was determined
following the method described by AOAC.24 For that, B. napa
seeds were ground in a mortar and pestle and 2 g of the
powdered sample was digested in a Kjeldahl digestion flask by
boiling with 20 mL of concentrated H2SO4 until the mixture
was clear. The digest was filtered, the volume was raised up to
250 mL with distilled water, and the flask was connected for
distillation. Ammonia containing 50 mL of 45% sodium
hydroxide solution was steam distilled from the digest. The
distillate (150 mL) was mixed with 100 mL of 0.1 N HCl and
methyl red indicator. The titration was performed against 2 M
NaOH till the color changed from red to yellow. %Nitrogen
was calculated as follows

[ ×

− × ] − ×

×

(mL standard acid N of acid)

(mL blank N of base) (mL std base N of base)

1.4007
Total protein was calculated as follows

= × =protein total Kjeldahl nitrogen CF where CF 5.30

The glucosinolate content of the oil was determined following
the method of Smith et al.25 In short, 200 mg of powdered
seeds was thoroughly mixed with 2 mL of glycine NaOH buffer
(50 mM pH 9.0). After 10 min incubation at room
temperature, 1 mL of chloroform, 1.0 mL of 100 mM citrate
buffer (pH 5.0), 50 mL of 10% chlorhexidine diacetate, and
200 mg of activated charcoal were added. A diastix strip was
immersed in the supernatant for 5 s, and after 2 min, the
reflectance of the developed color was measured in a
precalibrated TRUBLUGLU meter. For seed oil analysis, the
oil was extracted in a Soxhlet extractor. The seed oil content
was estimated by nuclear magnetic resonance (NMR)
spectrometry.26 The oil acid value was determined according
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to the AOAC method.24 Briefly, 10 g of dried and fine
powdered seeds were extracted for 8 h in the Soxhlet apparatus
using petroleum ether as the extraction solvent. The extract
was filtered through Whatman filter paper No. 1, and the
solvent was evaporated under reduced pressure using a rotary
evaporator (Büchi, Switzerland). The lipid fraction residues
were weighed and dried for 1 h at 105 °C. For quantification of
fatty acids, the oil sample (50−100 mg) was converted into its
fatty acid methyl esters. The methyl esters of the fatty acids
(0.5 mL) were analyzed by gas chromatograph (Shimadzu QP
5050) equipped with a flame ionizing detector (FID) and a
fused silica capillary column, MN FFAP (50 m; 0.32 mm i.d.;
film thickness, 0.25 mm). Helium was used as a carrier gas.
The column temperature was kept at 110 °C for 0.5 min,
increased up to 200 °C at 10 °C/min, and then maintained for
10 min. The temperatures of the injector and detector were set
at 220 and 250 °C, respectively.
2.7. Statistical Analysis. Two-way analysis of variance

(ANOVA) was performed to determine the effects NPs and
concentration on plant growth; seed production; nutrient
composition of seeds; and metal analyses in soil, seeds, and
plants. The analysis of means was done by Tukey’s test. The
statistical significance was accepted at a p-value of 0.05. The
results are presented as mean ± standard deviation.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of NPs. SEM

analysis revealed that ZnO NPs had sheetlike structures along
with some sticks (Figure 1A). Zinc was the major element

present in the nanoparticles along with oxygen as depicted by
EDX analysis (Figure 1B). ZnO NPs, in FTIR analysis, showed
an absorption band at around 3400 cm−1 that is assigned to the
C−H stretching vibration and bending of the hydroxyl group.
The other minor groups were also observed in FTIR analysis
(Figure 1C). Most probably, these groups are part of acetate
ion or hydroxyl released from the precursors of reactant salts.
X-ray diffraction (XRD) analysis shows peaks located at 31.84,
34.52, 36.33, 47.63, 56.71, 62.96, 68.13, and 69.18° (Figure
1D). The size of synthesized ZnO NPs calculated by Scherrer’s

formula was 41 nm. The XRD peak analysis also predicted that
the NPs were hexagonal wurtzite in nature. ZnO NPs have
been produced by different techniques and different
precursors. Zinc acetate on reacting with alkali results in the
formation of <100 nm nanoparticles with varying shape
depending upon other physiological conditions.27−29

In the case of CuO nanoparticles, the SEM micrograph
clearly showed irregular-shaped morphologies. The NPs were
circular with irregular surface lattice and clumped with each
other (Figure 2A). The EDX spectra of CuO nanoparticles
showed that there was no other elemental impurity present in
the prepared nanoparticles (Figure 2B).

In FTIR spectroscopy, well-defined peaks were observed at
3419, 2920, 2847, 1411, 1052, 869, 594, and 535 cm−1. The
absorption peaks at around 3419 and 1052 cm−1 are assigned
to the O−H and C−O stretching vibrations, respectively
(Figure 2C). The stretching vibrations of C−H, C−O, and O−
H might be from the acetate of the metal salt used for the
metal precursor and the alkali used for reduction of metal ions,
respectively, that bound on the surface of the nanoparticles.18

The CuO nanoparticles synthesized by the coprecipitation
method produced 47 nm (calculated by Scherrer’s formula)
crystalline monoclinic nanoparticles (Figure 2D). The
positions of all peaks are in good agreement with the
PCPDFWIN data card 895899. These results are also in
good concurrence with the literature.19,29

3.2. Effect of ZnO and CuO NPs on Seed Germination
and Plant Morphology. Seed germination efficiency is
extensively used for the phytotoxicity test. The physiochemical
process begins with seed imbibition of water and results in
sprouting of seedlings.9 In this study, B. nigra seed germination
was not affected by CuO NPs but significant phytotoxicity was
observed by ZnO NP treatment. At 600 mg/kg ZnO NPs in
soil, 53.3% seeds germinated, while at both lower concen-
trations (200 and 400 mg/kg soil), the seed germination
efficiency was 80%. These findings indicate the phytotoxic
effect of ZnO NPs at these concentrations and the neutral
effect of CuO NPs on seed germination. Similar results have
been reported by Adhikari et al. and Lee et al. who reported no
effect of CuO NPs and an inhibitory effect of ZnO NPs on

Figure 1. Characterization of synthesized ZnO nanoparticles: (A)
scanning electron microscopy image, (B) energy-dispersive X-ray
spectroscopy analysis, (C) Fourier transform infrared spectroscopy
spectra, and (D) X-ray powder diffraction diffractogram.

Figure 2. Characterization of synthesized CuO nanoparticles: (A)
scanning electron microscopy image, (B) energy-dispersive X-ray
spectroscopy analysis, (C) Fourier transform infrared spectroscopy
spectra, and (D) X-ray powder diffraction diffractogram.
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seed germination on different plant species.29,30 It might be the
phytotoxic effect of ZnO NPs that decreased the permeability
of seed coat that impedes intake of water and oxygen into the
cells and results in deceleration of germination and
metabolism.31 The application of NPs in the soil following
watering may increase the release of ions from respective NPs
that may result in a decrease of pH.32 Low pH does not
support germination of seeds and greatly influences uptake of
nutrients.33 The decrease in soil pH also increases the net
negative surface charge on organic matter and soil oxides.34 An
optimal soil pH for Indian mustard growth has been
documented to be 6.5.35

ZnO and CuO NPs significantly increased the growth profile
of B. nigra plants (Figure 4A−F). Application of ZnO NPs at
200 and 600 mg/kg soil resulted in 5.8 and 8.6% average
increase in plant height, respectively, as compared to control.
However, at 400 mg/kg, 3.4% decrease in plant height was
observed at day 60. A steady increase in plant height was
observed between days 30 and 40 due to the presence of ZnO
NPs. A gradual significant increase in plant height was
observed as CuO NP concentration increased up to 50 mg/
kg (Figure 3B). It is also evident from the figure that the B.
nigra height gradually increased at all of the concentrations of
CuO NPs especially after day 30 of seed sowing.
ZnO and CuO NPs in the soil also affected the number of

nodes per plant. At 600 mg/kg ZnO NPs, 17.07 average
number of nodes per plant were counted that was
approximately 7% increase from control and 13% increase
from 400 mg/kg ZnO (Figure 4C). In the presence of CuO

NPs, significant difference was observed at 25 and 50 mg/kg
where 10 and 19% increase in the number of nodes,
respectively, was observed as compared with control. These
results show that the presence of ZnO and CuO NPs in the
soil produced a dose-dependent growth-promoting effect on
stem height and number of leaves and branches. However, at
400 mg/kg ZnO NPs, the parameters were less variable as
compared with other concentrations. An increase in the above-
mentioned growth parameters might be due to the nutritional
behavior of dissociated ions from nanoparticles, which
upregulated growth hormones. It has also been reported that
Brassica is a model plant that uptakes and stores high
concentration of metals including Zn and Cu. However, this
accumulation has a negative effect on plant biomass and
growth.36,37

In the present study, the positive effect might be due to
application of Zn and Cu as NPs. Plants uptake NPs or the
metals that are released from NPs. Findings by Prasad et
al.37,38 and Hafeez et al.15 also showed the growth-promoting
effect of CuO and ZnO NPs under soil conditions, while Zhao
et al. determined that the length of shoots in the cucumber
plant was not affected by ZnO NPs at concentrations of 400
and 800 mg/kg in the soil.39 Zinc is among the essential metals
required for proper metabolism. Zn also functions as a cofactor
for many enzymes as compared with copper and therefore is
required at a higher concentration.1 Another possible
explanation might be the use of pot experiments, where
small volumes of soil influence plant development to a higher
extent than field conditions. Furthermore, from the elements
immobilized on the root surface, few are effectively absorbed
by the roots. Even from the absorbed metals, little trasnlocate

Figure 3. Morphological responses of B. nigra upon exposure to ZnO
and CuO nanoparticles. Error bars represent the SE (n = 6), and
similar letters mean no statistical difference between treatments in
Tukey’s test (p ≤ 0.05). (A, B) Plant height; (C, D) number of
leaves/plant; and (E, F) number of branches/plant in the presence of
ZnO and CuO NPs, respectively.

Figure 4. Morphological responses of B. nigra upon exposure to ZnO
and CuO nanoparticles. Error bars represent the SE (n = 6), and
similar letters mean no statistical difference between treatments in
Tukey’s test (p ≤ 0.05). (A, B) Leaf area; (C, D) number of nodes/
plant; and (E, F) primary root length/plant and secondary roots/plant
in the presence of ZnO and CuO NPs, respectively.
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from roots to shoots due to the defense barrier.40,41 This has
also been proven in later experiments where higher
concentrations of metals were detected in roots as compared
to shoots.
A significant variation in the number of leaves per plant was

observed in the presence of both CuO and ZnO NPs (Figure
3C,D). The number of leaves increased from 22 to 47.6% in
the presence of ZnO NPs (200−600 mg/kg) as compared with
the control. In control plants and in plants grown at 12.5 mg/
kg CuO NPs, there was no significant difference. Augmenta-
tion of CuO NPs in soil (25 and 50 mg/kg) also resulted in an
increase of the number of leaves. An almost same trend was
observed in the case of the number of branches per plant
where a gradual increase was observed by addition of NPs.
However, in the presence of CuO NPs, more numbers of
branches were observed (Figure 3F). A total 17.3 branches per
plant were observed at 50 mg/kg CuO as compared with
control (14 branches per plant). A significant variation in leaf
area was also observed due to ZnO NP application. At 200
mg/kg ZnO NPs, the basal leaf area increased 83%, while it
was less when ZnO concentration was increased, however
significantly different from the control (Figure 4A). Among
apical leaves, control plants had greater leaf area. Application of
CuO NPs increased the leaf area at higher concentrations (25
and 50 mg/kg) (Figure 4B). At 50 mg/kg CuO NPs 232, 105,
and 84% increase was observed in apical, middle, and basal leaf
areas, respectively, as compared with the control. However, at
12.5 mg/kg, nonsignificant difference was observed, whereas at
25 mg/kg, middle leaf area increased significantly. The number
of leaves and leaf area are vital indicators of photosynthesis due
to the existence of chlorophyll. Increases in leaf area and leaf
count indicate a high rate of photosynthesis, and hence,
increase in plant growth rate becomes evident. In this study,
the concentration-dependent increase shows that CuO NPs
have a positive impact on the leaf area, which resulted in an
increase of the rate of photosynthesis (result not shown).
Similar findings by Hafeez et al. showed a positive effect of soil
application of CuO NPs on leaf area.15 The random trend in
the leaf area of ZnO-NP-treated plants might be due to
variation in accumulation of this NP in the plants. A study by
Kisan et al. reported a concentration-dependent increase in the
leaf area due to ZnO NP application.41 Therefore, the
antagonistic action of ZnO and CuO NPs resulted in an
increase in the leaf count of B. nigra. According to another
study on Pistia stratiotes, Cu and Zn NP application resulted in
an increase in the number of leaves per plant.42 In this study,
the concentration-dependent increase shows that CuO NPs
have a positive impact on growth and leaf count, while ZnO
NPs have a phytotoxic effect on leaf area at higher
concentrations.
Roots are the first target to confront higher concentration of

NPs; hence, noxious symptoms are more likely to appear in
roots as compared to stems and leaves.43 Although the
phytotoxicity mechanism is not clear, but it is postulated that
NPs can enter in seeds, which results in alteration of seed
chemistry.44 The NPs might also adhere on emerging root
plumule, inhibiting the growth. Application of ZnO and CuO
NPs brought about a significant dose-dependent decrease in
primary root length (Figure 4E,F). A steady decrease in the
root length was observed at increasing concentration of ZnO
NPs. At 600 mg/kg ZnO NPs, 15.32 cm root length was
observed (44% decrease than control). CuO NPs at applied
concentrations had a less toxic effect than ZnO. An average

decrease of 30−39% in the root length was observed at 12.5−
50 mg/kg CuO NPs. The results show that ZnO NPs have a
toxic effect on secondary roots of B. nigra plants where a
decrease was observed by increasing the NP concentration in
the soil. ZnO NPs also decreased the number of secondary
roots of B. nigra plants with maximum 44.3% decrease at 600
mg/kg soil as compared with the control. On the contrary,
application of CuO NPs increased the number of secondary
roots, and this increase was more when CuO NP concentration
was increased. Similar results have been reported by Hafeez et
al.,15 Boonyanitipong et al.,43 and Zafar et al.9 showing a
growth-promoting impact of CuO NPs and phytotoxic effect of
ZnO NPs on root elongation and lateral roots.
NPs affect plant growth starting from seed germination.

They reduce the length and biomass of the plants and alter
different biochemical processes. Many other studies also
described the effect of CuO on different plants.45−48 It has
been proven that toxicological and growth-stimulatory effects
depend upon the characteristics of NPs used, the growth
medium, and the plant type. However, NPs are found to be
more toxic than ions and microparticles.3,49

3.3. Effect of CuO and ZnO NP Treatment on the
Yield of B. nigra. Exposure of CuO and ZnO NPs did not
impose any effect on the average life cycle of B. nigra. In this
study, the number of days from plantation to seed harvesting
were ∼95 without any variation in treated and untreated
plants. Similarly, no effect of NPs on the average life cycle was
found in a study on tomato.50

CuO NPs brought a significant linear promotive effect on
the average number of flowers and pods, seed weight, and seed
diameter as compared with control (Figure 5A−F). The
control plants bore 162 flowers at day 60, while 168, 178, and
198 flowers were counted on plants grown in the presence of
12.5, 25, and 50 mg/kg CuO NPs in the soil. All of the flowers
converted into pods and bore seeds. However, a significant
decrease in the above parameters was recorded when plants
were grown in the presence of ZnO NPs. At 400 mg/kg ZnO
NPs, maximum decreases of 41 and 40% in the number of
flowers and pods, respectively, were recorded (Figure 5A) as
compared with control.
It was observed that a higher zinc concentration in the soil

also caused falling or withering of flowers before pod
formation. Application of CuO and ZnO NPs in the soil also
changed seed weight per plant, weight per 1000 seeds (Figure
5C,D), and seed diameter (Figure 5E,F). A decrease in all of
these parameters was observed while applying ZnO NPs. The
seed yield decreased up to 0.83 g per plant as compared to
control (1.04 g per plant). However, CuO NPs increased all of
these parameters with a gradual increase in concentration. The
seed yield doubled (1.67 g/plant) at 50 mg/kg CuO NPs
(Figure 5D). The weight of 1000 seeds also increased up to
41% at 50 mg/kg CuO NPs as compared with control. The
increase in seed diameter was also observed to develop dose
dependently in plants grown in the presence of CuO NPs
(Figure 5F). Pods play developmental role in encapsulating
seeds and protect them from biotic and abiotic stress. Their
count is an important parameter for quantification of
yield.51−53 Seed diameter and seed weight are vital physical
indicators of seed quality, which influence the yield. Sowing
affects nutritive quality of subsequent plants, which is an
important agronomic aspect.54 The promising effect of CuO
NPs on the yield of wheat is reported by Hafeez et al.,15 while
a positive impact of ZnO NPs at low concentration and an
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inhibitory effect at higher concentrations are reported in a
study on spinach.50 This might be due to the detrimental effect
of ZnO NP stress during flowering at a higher concentration,
which results in abnormal gynoecia and causes flower abortion;
reduction in seed count, seed weight, and pod number; and
ultimately low yield of black mustard.
According to smartGRAIN software image analysis, >70%

increase in seed area was found at 50 mg/kg CuO NPs and
600 mg/kg ZnO NPs as compared to control (Table 2). This
increase was significant dose dependently for CuO NPs.
However, 200 mg/kg ZnO NP treatment was not significantly
different from control. A similar trend was observed in seed
perimeter length. However, the length-to-width ratio was
nonsignificantly different in the case of the ZnO NPs, while a
significant difference in the length-to-width ratio was observed
in the case of CuO NP treatment. The circularity index

indicates sphericity of seeds. Results show that the seed
circularity index was mostly nonsignificant except for the
control set in CuO NPs (Table 2).

3.4. Seed Macronutrient Profiling. Protein and total oil
content are the most valuable nutrient contents of B. nigra
seeds. Results of relative protein and total oil content in seeds
are shown in Table 3. It was observed that protein contents
increased in the seeds grown in the NP-contaminated soil,
while total oil contents decreased as compared with control.
Zinc is closely involved in nitrogen metabolism and protein
synthesis, so availability of Zn increases the protein content in
plants, fruits and seeds.55,56 It has also been reported that
application of Zn improves the quality of fruits by influencing
sugar and acid contents.57,58 A significant decrease in oleic acid
was evident in CuO and ZnO NP-treated seeds. Less
significant difference was observed in linoleic acid in NP-
treated seeds as compared with control. Erucic acid
significantly increased by ∼12−18% as compared with control.
A significant, ∼17−29%, increase in glucosinolates was also
observed in NP-treated seeds (Table 3). An almost same trend
was observed in the presence of CuO NPs, where the protein
content and erucic acid significantly increased as compared
with control while the total oil content, oleic acid and linolenic
acid, decreased. A significant increase in glucosinolates was also
observed due to amendment of soil by CuO NPs (Table 3).
The low availability of Zn in soil results in poor oil contents in
mustard.59 Contrary to these results, a study on mustard
exposed to NaCl stress showed reduction in protein content.60

Another study on the protein content of spinach leaves treated
with ZnO NPs showed a significant increase at higher
concentrations in comparison with control.39

It is important to note that in this study the average protein
content found in treated seeds is slightly higher (∼3−6%) than
that reported by Danlami et al.53 Nutritional properties of seed
oil depend on the fatty acid composition, mainly the quantity
of oleic, linoleic, and erucic acids, which in turn has great
importance in human nutrition.61,62 Among them, erucic acid
is the most vital fatty acid present in the genus Brassica.55 It has
been reported that there is positive correlation of the oil
content with oleic and linoleic acid and negative correlation
with erucic acid.63 Findings of this study agree with the above-
mentioned reports and show that a decrease in the total oil
content is positively correlated with oleic and linoleic acids and
a significant increase in erucic acid confirms its negative
correlation with the total oil content. It is also reported that
these principle fatty acids, especially erucic acid, are valuable
for industrial applications, but at a higher level (54%), they are
noxious to human health.61 However, the quantity of erucic

Figure 5. Reproductive and yield responses of B. nigra upon exposure
to ZnO and CuO nanoparticles. Error bars represent the SE (n = 6),
and similar letters mean no statistical difference between treatments in
Tukey’s test (p ≤ 0.05). 5 (A) and (B) Number of flowers and pods
per plant; (C) and (D) seed weight per plant and seed weight/1000
seeds; and (E) and (F) seed diameter in the presence of ZnO and
CuO NPs, respectively.

Table 2. Analysis of the Effect of CuO and ZnO NPs on Seed Physical Parameters Using SmartGRAIN Softwarea

NPs conc. (mg/kg) area size (m2) perimeter length (mm) length (mm) width (mm) length-to-width ratio circularity index

ZnO control 98.3 ± 2.7b 39.3 ± 1.3b 15.0 ± 0.4b 9.1 ± 0.3b 1.7 ± 0.2a 0.8a

Z200 98.3 ± 2.4b 39.3 ± 1.2b 15.0 ± 0.3b 9.1 ± 0.4b 1.7 ± 0.1a 0.8a

Z400 94.3 ± 1.4c 38.3 ± 1.7b 14.5 ± 0.2c 8.9 ± 0.2b 1.7 ± 0.3a 0.81a

Z600 171.2 ± 3.1a 51.9 ± 1.8a 19.3 ± 1.0a 12.3 ± 0.8a 1.6 ± 0.4a 0.79a

CuO Control 100.3 ± 1.3d 40.1 ± 0.9c 15.2 ± 0.3c 9.1 ± 0.6c 1.6 ± 0.1a 0.79b

C12.5 116.5 ± 1.7c 42.4 ± 1.0b 15.7 ± 0.3b 10.0 ± 0.3bc 1.6 ± 0.2a 0.82ab

C25 120.5 ± 1.4b 42.3 ± 1.1b 15.3 ± 0.4c 10.6 ± 0.5b 1.4 ± 0.1b 0.84a

C50 174.3 ± 2.0a 51.1 ± 1.5a 18.1 ± 0.7a 13.1 ± 0.4a 1.4 ± 0.1b 0.84a

aThe results are presented as mean (n = 3). The similar letters within the column mean no statistical difference between treatments in Turkey’s test
(p ≤ 0.05).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c00030
ACS Omega 2020, 5, 13566−13577

13572

https://pubs.acs.org/doi/10.1021/acsomega.0c00030?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00030?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00030?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c00030?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c00030?ref=pdf


acid used in this study is not likely to impose toxic effects and
can be further exploited in several industrial applications.
Glucosinolates are natural mustard oil glycosides that act as
secondary metabolites and are involved in stress tolerance.64

They are also called sinigrin, which release volatile aggressive
allyl isothiocyanate, responsible for pungent taste of B. nigra.65

These findings agree with results of a study supporting the
significant promoting effect of CuO NPs on glucosinolate
accumulation in Brassica rapa. The metals, i.e., Cu, that have a
metal chelating effect due to variation in the valance number
have different affinity with organic molecules. Therefore, they
form tetrahedral complexes with ligands; form stable metal-
loenzymes, and interact with enzyme systems.66 Jahangir et al.
also reported accumulation of different metabolites (amino
acids, phenolics, and glucosinolates) in B. rapa plants under
metal toxicity.66 Zinc is also a key regulator for auxin and lipid
biosynthesis. The essential fatty acids i.e., 18:7, 22:1 are the
first target for these regulations.66−70

3.5. Elemental Analysis of Cu and Zn Contents in Soil
and Plants. Results obtained from an atomic absorption
spectrophotometer have shown accumulation of Cu and Zn in
B. nigra. The soil analysis before sowing of seeds (after
addition of NPs) and after harvesting of plants shows that the
concentration of Cu and Zn decreased in the soil (Table 4). In
the control experiment, 30 and 33% decrease in Zn and Cu
concentration, respectively, was observed. The Zn content
decreased from 219.6 mg/kg (before plantation) to 153.5 mg/
kg (after harvesting) in control pots. While Cu decreased up to
14.8 from 21.5 mg/kg. The addition of NPs resulted in an
increase of available ions, which resulted in accumulation of

metals in plant parts. The results also show that a decrease of
Cu and Zn in soil was approximately consistent at all
concentrations applied. A total of 42% decrease in Zn
concentration was observed at 200 mg/kg ZnO NP application
while 49% at 600 mg/kg ZnO NPs. An almost same trend,
decrease in Cu in soil before and after, was observed in the
case of CuO NP application.
Results show that incorporation of Cu and Zn nanoparticles

in the soil increased the accumulation of Cu and Zn in all parts
of plants (Table 5). Roots were the major part of plant to
accumulate metals. It was observed that Cu accumulated in
roots at a higher concentration as compared with controls. The
analysis of leaves showed that basal leaves accumulated more
metal as compared with middle and apical leaves. However, in
the case of 200 mg/kg ZnO NPs, zinc accumulation was higher
in middle leaves while copper accumulation was less in middle
leaves in plants grown in the presence of 12.5 mg/kg CuO
NPs. The presence of excessive amounts of metals in the soil
affects their uptake and even that of other elements, but no
clear trend can be established. The uptake of metals by roots
from the soil and translocation to shoots are based on
bioavailability, interaction with the roots through root surface
organic molecules, and translocation efficiency. Therefore,
most of the metal concentration is quantified in roots followed
by stem and leaves. Although depending upon the plant
characteristics based on the storage of metals in the tissues,
metal concentrations may vary in roots, stem, and leaves.71

However, excessive amount of metal in the soil may facilitate
other metals to be taken up by plants and also may hinder
absorbance; hence, no specified reason can be drawn.72,73 Zn is
a structural component of several enzymes and thus affects the
metabolism, pollen structure, and yield.3,49 Therefore, the
influence on pod development, seed number, and weight was
observed.74,75 Similarly, Cu at less than threshold level
stimulates plant growth and also influences the uptake of
other nutrients and metal ions from the soil.4,76,77

3.6. Elemental Analysis of Trace and Major Elements
Accumulation in Yield. Accumulation of trace and major
elements, i.e., Zn, Cu, Ni, Co, Ca, Mg, Cd, etc., was evaluated
in seeds. Data shows that the treatments of metallic
nanoparticles significantly influenced the accumulation of
respective metals in seeds (Table 6). Approximately 10 times
higher accumulation of zinc was observed in ZnO NPs (600
mg/kg)-treated plants, while in the case of 50 mg/kg CuO NP
treatment, 6.8 μg/mg copper was observed as compared with
0.26 μg/mg in the seeds of control. It was observed that
nanoparticle stress also significantly influenced accumulation of
Ca in seeds while it was nonsignificant for Mg. Although Ni

Table 3. Effect of ZnO and CuO NPs on B. nigra Seed Analysisa

NPs
conc.

(mg/kg)
oil content

(%)
protein content

(%)
glucosinolates
(μmol/g) moisture (%)

oleic acid 18:01
(%)

linolenic acid 18:03
(%)

erucic acid 22:01
(%)

ZnO control 34.8 ± 2.9a 26.5 ± 0.6c 105.7 ± 2.1c 7.0 ± 0.02a 22.4 ± 2.3a 14.5 ± 0.4a 22.9 ± 2.1c

Z200 32.2 ± 2.1ab 30.6 ± 0.9ab 137.6 ± 2.4a 6.2 ± 0.01c 13.8 ± 1.4bc 14.1 ± 0.3ab 38.0 ± 3.1a

Z400 32.9 ± 1.8ab 29.3 ± 0.7b 126.9 ± 1.9b 7.0 ± 0.01a 14.5 ± 1.9b 14.4 ± 0.3a 36.8 ± 2.4b

Z600 30.5 ± 1.4b 31.7 ± 1.3a 100.7 ± 2.0d 6.7 ± 0.03b 12.6 ± 2.0c 13.8 ± 0.2b 39.2 ± 2.8a

CuO control 34.7 ± 2.1a 28.0 ± 0.4c 106.8 ± 1.5d 6.9 ± 0.04a 22.8 ± 2.1a 14.3 ± 0.4a 23.1 ± 1.8c

C12.5 30.7 ± 1.7b 31.2 ± 0.8b 124.9 ± 2.3b 6.7 ± 0.03b 14.3 ± 2.0b 13.9 ± 0.4ab 38.1 ± 2.3ab

C25 27.2 ± 1.6c 33.8 ± 1.4a 135.3 ± 1.8a 6.8 ± 0.02ab 12.8 ± 1.4c 13.3 ± 0.3b 40.4 ± 1.7a

C50 31.4 ± 2.0ab 30.5 ± 1.2b 121.9 ± 2.1c 6.7 ± 0.03b 15.1 ± 1.8b 13.9 ± 0.3ab 35.9 ± 2.2b

aThe results are presented as mean (n = 3). The similar letters within the column mean no statistical difference between treatments in Turkey’s test
(p ≤ 0.05).

Table 4. Analysis of Zn and Cu in Soil before (after
Addition of NPs) and after the Experimentsa

NPs conc. (mg/kg) before after

Zinc Analysis
ZnO control 219.6 ± 9.8d 153.5 ± 8.3d

Z200 364.1 ± 10.9c 208.9 ± 11.5c

Z400 438.3 ± 14.4b 261.0 ± 10.8b

Z600 972.8 ± 15.0a 495.3 ± 13.2a

Copper Analysis
CuO control 21.5 ± 3.7d 14.8 ± 2.9d

C12.5 89.2 ± 6.1c 42.5 ± 7.2c

C25 108.4 ± 7.5b 74.2 ± 7.9b

C50 176.2 ± 7.1a 91.3 ± 4.6a

aThe results are presented as mean (n = 3). The similar letters within
the column mean no statistical difference between treatments in
Turkey’s test (p ≤ 0.05).
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was not detected in treated and untreated plant seeds, traces of
cobalt were observed in treated plant seeds that were not
detected in control plants. Copper and Zn have similar ionic
size; the presence of Cu in the soil can therefore have some
negative effect on Zn as both elements compete for the same
adsorption sites showing antagonistic behavior.75,78 Metal
accumulation in plants depends on the concentration of metals
in soil, soil physicochemical characteristics, and uptake
mechanism. Furthermore, seeds are storage organs that have
low transpiration rate. Loaded with phloem, they accumulate
less metals as compared with other plant organs.79 This might
be the reason for the less accumulation of metals in the seeds
of the plants, though leafy vegetables have greater potential of
accumulating heavy metals in their edible parts.69 Accumu-
lation of metals also affects lipid synthesis and composition by
metal inactivation of physiologically essential thiol-containing
enzymes and cofactors.80−82 This is in accordance with our
results, where, in the presence of CuO and ZnO NPs, low
protein and oil contents and high metal accumulation are
observed in seeds of B. nigra.
The decrease in Cu accumulation might be attributed to

immobilization of Cu by humic substances in the soil.65 Some
metals are important cofactors for drought resistance enzymes
and promote nitrogen fixation in legumes, and their increased
accumulation results in a significant increase in protein
production.83 The role of Cu in nitrogen fixation can be
correlated with the increase in protein content (Table 4).
In this study, seed calcium content was positively affected by

NP exposure and resulted in a significant increase in its
accumulation in all treatments, which is indicative of healthy
seeds. In the case of CuO NP treatment, the Ca level increased
up to ∼4−20%, while in ZnO NPs, accumulation was ∼5−19%

higher than in control. These results are supported by studies
on beans and rice. It has been reported that Ca and Mg enter
into the root system through cation-permeable channels.17,65

4. CONCLUSIONS

This study was intended to determine the effect of chemically
synthesized CuO and ZnO NPs on the growth morphology,
yield, and nutrient composition of B. nigra. Results of the study
indicate that application of CuO NPs up to 50 mg/kg soil has a
positive impact on the growth of B. nigra. However, application
of ZnO NPs (200−600 mg/kg soil) has noxious effect on the
growth of the plant. Plant height and the number of branches,
leaves, and secondary roots were significantly higher in the
presence of CuO NPs, while primary root length decreased
due to both CUO and ZnO NPs. Flower, pod, and seed
characteristics were also better in the presence of CuO NPs.
Plant elemental analysis showed high accumulation of Cu and
Zn in plant parts as compared with control. Application of NPs
also resulted in a higher accumulation of Ca, Co, Cu, and Zn in
seeds. It is worth mentioning that the protein content
increased along with glucosinolates and erucic acid in all
treated seeds, which makes them significant for industrial
applications. Hence, diverse behaviors of CuO and ZnO NPs
under soil conditions open a new door for further investigation
to clarify the mechanisms of action at hormonal and molecular
levels. Furthermore, in agriculture fields, these NPs will also
increase seed yield and nutritional content. However, this
needs further investigation.

Table 5. Effect of ZnO and CuO NPs on Accumulation of Zn and Cu in B. nigraa

leaves

treatment (mg/kg) roots stem apical middle basal

Accumulation of Zn
ZnO NPs control 106.2 ± 8.7Ad 86.1 ± 6.5Bd 81.5 ± 6.9BCd 52.9 ± 3.6Cd 46.3 ± 2.7Dd

Z200 189.1 ± 9.8Ac 178.6 ± 10.1Bc 108.3 ± 5.7Cc 95.2 ± 4.1Dc 69.5 ± 3.8Ec

Z400 354.5 ± 10.9Ab 208.3 ± 10.8Bb 162.1 ± 9.6Cb 134.6 ± 7.7Db 127.2 ± 5.9DEb

Z600 573.9 ± 14.5Aa 361.5 ± 12.4Ba 308.5 ± 7.2Ca 184.0 ± 6.8Ea 214.3 ± 6.1Da

Accumulation of Cu
CuO NPs control 7.4 ± 2.3Dd 11.7 ± 0.8Cd 21.4 ± 2.5Ac 17.3 ± 1.7Bb 18.2 ± 2.5ABc

C12.5 19.1 ± 5.4Cc 24.6 ± 3.2Bc 28.0 ± 4.9ABb 18.5 ± 2.1Cb 31.4 ± 3.5Ab

C25 35.8 ± 8.4Bb 42.8 ± 3.9Ab 30.6 ± 3.4Cab 26.1 ± 3.8Da 39.4 ± 4.1ABab

C50 41.6 ± 7.3ABa 49.1 ± 4.3Aa 34.8 ± 2.7Ba 25.4 ± 5.1Ca 43.2 ± 3.8ABa

aThe results are presented as mean (n = 3). The similar capital letters within the row and small letters within the column mean no statistical
difference between treatments in Turkey’s test (p ≤ 0.05).

Table 6. Effect of ZnO and CuO NPs on Accumulation of Metals in B. nigra Seedsa

treatment (mg/kg) Zn Cu Ni Mg Co Cd Ca

ZnO NPs control 2.3 ± 0.8d 0.29 ± 0.04a ND 111.1 ± 2.9a ND ND 221.6 ± 6.2d

Z200 10.7 ± 1.5c 0.28 ± 0.02a ND 110.1 ± 3.4a 0.17 ± 0.02b ND 262.3 ± 3.8b

Z400 18.3 ± 1.1b 0.17 ± 0.02b ND 107.1 ± 2.8b 0.2 ± 0.02a ND 234.5 ± 5.1c

Z600 21.4 ± 1.3a 0.21 ± 0.01c ND 111.1 ± 3.1a 0.17 ± 0.01b ND 273.9 ± 5.7a

CuO NPs control 2.2 ± 0.1bc 0.3 ± 0.03d ND 110.5 ± 2.5a ND ND 119.8 ± 4.2d

C12.5 1.9 ± 0.2c 3.2 ± 0.7c ND 110.1 ± 2.8a 0.02 ± 0.01b ND 231.6 ± 5.6c

C25 2.6 ± 0.2a 5.5 ± 0.6b ND 112.1 ± 2.1a 0.02 ± 0.01b 0.06 278.6 ± 4.9a

C50 2.2 ± 0.1b 6.8 ± 0.4a ND 111.9 ± 3.0a 0.06 ± 0.02a ND 256.6 ± 5.3b

aThe results are presented as mean (n = 3). The similar letters within the column mean no statistical difference between treatments in Turkey’s test
(p ≤ 0.05). (ND = not detected).
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