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Abstract: Wet chemistry was used to produce copper oxide nanoparticles (CuO NPs). The results
indicated that most nanoparticles were bacillus-shaped and relatively uniform in size (less than
30 nm). The effect of synthesized CuO NPs on wheat (Triticum aestivum L.) germination and growth
parameters was studied and compared to bulk Cu. The results showed that no significant difference
was obtained in germination rate among all treatments. Bulk Cu additions significantly affect the
mean germination rate and mean germination time. On the contrary, germinability was significantly
affected by CuO NPs additions. Seed vigor index was calculated to demonstrate the superior
treatment in wheat germination parameters, and the results confirmed that 0.1 mg L~ of CuO NPs
could be successfully used to improve wheat seed germination. Moreover, the general average Cu
concentrations in the plant tissue were 139 and 103 mg kg~! dry weight for bulk and CuO NPs,
respectively, indicating the dissolution behavior of CuO NPs. The addition of CuO NPs (0.1 mg L™1)
promotes chlorophyll formation equal to 0.5 mg L~! of the bulk Cu addition. This means using
nanoparticles as fertilizer could reduce 80% of traditional fertilizers. Nonetheless, Cu additions in
both forms (NPs and bulk) reduce root growth substantially compared to control. The effective toxic
dose (ECsg) for bulk Cu and CuO NPs was 0.37 mg L~ ! and 0.94 mg L1, respectively. The results
indicated that approximately 2.5 times CuO NPs concentration is equal to the toxicity dose of bulk Cu
due to lowered CuO NPs dissolution. Our study showed that Cu phytotoxicity is a non-nanosized
effect and showed that plant-induced changes under environmentally real conditions should be
considered when measuring the dissolution of CuO NPs near wheat plant roots. This study implies
that using nano-CuO as a micronutrient amendment has a potential benefit rather than the soluble
Cu salt for plant growth.
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1. Introduction

Nanotechnology is the science of manipulating materials at the nanoscale, which have
potential new benefits [1-4]. Due to their unique characteristics, nanoparticles (NPs) have
recently received great attention [5-7]. NPs have a high specific surface area, small size,
defined shape, surface functionality, and high porosity [3,8-10]. Because of the reliance
on plants’ cell wall pores, NPs’ size, shape, surface area, and size distribution play an
essential role in determining their uptake by plants [11-13]. NPs have the potential to
improve food and farming systems, which was supported by extensive research using
various methodologies. This results increased agricultural production and new foods
and products [14-19]. Furthermore, nanotechnology provides environmentally friendly
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fertilizers, safe plant protection using nanoformulation, and plant disease control using
nanosensors. Therefore, food sustainability for the population could be achieved [20-22].
Due to the limitations of the traditional or chemical fertilizers, such as low efficiency of
nutrient use by plants, high nutrient losses to groundwater, lower bioavailability due
to large particle size, and lower solubility resulting in several negative impacts on the
agroecosystem, nanofertilizers became preferable [23,24]. In addition, the high release of
nutrients can lead to toxicity and ecological problems in the soil and environment [25].

NPs size plays a crucial role in slowly released fertilizers. Due to the slow release
of supplements during crop production, these slow-release nanofertilizers can be a great
alternative to soluble inorganic fertilizers [26]. Thus, plants could absorb most of their
nutrient requirements without loss. In addition, nanofertilizers being can hold out the
abiotic stress tolerance. Nanosilicon was proven to be more effective and efficient in
alleviating salinity stress [27]. Moreover, NPs are more effective at controlling nutrient
release as the NPs’ surface tension on the surface of fertilizer particles is higher than that of
conventional fertilizer particles [28].

Metallic NPs offer a wide range of applications and have much potential in nanotech-
nology. Consequently, it is essential to understand these NPs’ environmental fate and
long-term impacts. Plants can absorb metal NPs in different ways. There are two ways
to enter the plant’s system: nanoparticles (NPs) or oxidized metal ions in soil solution,
which are then reduced in the plant system [29-31]. The hydrophobicity or hydrophilicity
of NPs affects their interaction with plant cell membranes. Hydrophilic NPs tend to adsorb
on bilayer membrane surfaces, allowing them to bind to intracellular vesicles, whereas
hydrophobic nanomaterials can implant into the membrane’s hydrophobic core without
causing harm or leakage [32-34].

Different reducing agents such as glacial acetic acid and aniline were used to reduce
copper ions in an aqueous solution [35,36]. The reducing agents lead to the formation of
metallic copper, followed by agglomeration into oligomeric clusters. Finally, these clusters
lead to the formation of metallic copper nanoparticles.

In plants, copper (Cu) is a micronutrient necessary for the protein components of
enzymes. Photosynthetic electron transport, mitochondrial respiration (OMR), oxidative
stress response (OSR), cell wall metabolism (CM), and hormone signaling all rely on Cu
as a structural metal [37,38]. In addition, Cu is an essential transition element involved in
many physiological activities.

A wide variety of enzymes, including Cu/Zn superoxide dismutase, cytochrome-c
oxidase, amino oxidase, laccase, plastocyanin, and polyphenol oxidase, require copper
ions as cofactors for their proper function. Additionally, Cu is involved in the signaling
of transcription and protein transport machinery and oxidative phosphorylation and iron
mobilization at the cellular level [39]. Cu is thus a necessary micronutrient for optimal
plant growth and development. Plants produce various deficiency symptoms in deficient
situations, most of which harm young leaves and reproductive organs. Cu’s inherent
toxicity is due to its redox characteristics, making it a vital element [37,38].

High concentrations of Cu ions are redox-active, which can lead to many undesirable
effects, including the generation of OSRs via the Fenton or Haber-Weiss reactions, chlorosis,
necrosis, stunting, and root death, as well as enzyme inhibition and protein dysfunction
due to interactions with the sulfhydryl groups of proteins [40,41].

Cu can disrupt plant growth and development by interfering with key physiological
processes in either deficiency or excess. Photosynthetic electron transport is disrupted
under both Cu deficiency and excess Cu conditions. In order to maintain healthy plant
growth and development, Cu must be extracted from the soil, transported throughout the
plant, distributed, and compartmentalized in various tissues, and its levels in various cells
and organelles must be meticulously controlled [42].

Previous studies showed that plant-mediated CuO NPs are relatively safe on normal
human cell lines with different particle sizes; 32 nm [43], 10-30 nm [44], and 20-50 nm [45].
It was reported that the human body could already digest Cu NPs [46]. Rhode et al. [47]
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investigated the toxicity levels between Cu NPs, CuO NPs, and soluble Cu salts in the
leukemia cell line HL60. The study showed that Cu NPs induced higher toxicity com-
pared to the other two. Cu NPs released more ionic copper than CuO NPs and concluded
that the higher toxicity was attributed to nanoparticles and Cu ions. For example, the
root rhizosphere of wheat plants reduces the dissolution rate of CuO NPs added to the
soil, reducing the nano-toxic effects of CuO on the plant [48]. Ultimately, however, un-
derstanding the fate, transport, reactivity, and risks associated with manufactured NPs
released into the environment should be considered. Therefore, there is an urgent need
to investigate the ecotoxicological effects of nanoparticles and the intrinsic and extrinsic
factors (size, chemical composition, shape, angle of curvature, crystal structure, surface
roughness, hydrophobicity, etc.) that are responsible for the toxicity of nanoparticles [49]. It
was found that the smaller the size of nanoparticles, the more toxic they are in nature [50].
Therefore, it could be speculated that nanoparticles have multiple adverse effects on the
environment [51].

For this purpose, there is a need for developing novel applications such as nanosize
Cu to correct its addition to plants after evaluating its effect on plant growth. Therefore, the
objectives of this study were to: (i) synthesize and characterize CuO NPs using different
analytical techniques; (ii) determine the dissolution behavior of manufactured CuO NPs;
(iii) assess wheat seed germination and early root growth rate as affected by different
concentrations of CuO NPs; and (iv) determine the toxicity of CuO NPs on the wheat root
elongation rate. The effect of CuO NPs on the wheat plant was compared with bulk Cu
derived from CuSO; salt.

2. Materials and Methods
2.1. Synthesize and Characterize Copper Oxide Nanoparticles

Copper chloride (CuCl,.2H,0) was used as a precursor to synthesize CuO NPs using
wet chemistry based on the method described by Misra et al. [35]. After dissolving 0.02 M
CuCl,.2H,0 in 150 mL of water, 500 mL of glacial acetic acid (99.7%) was added. After the
solution was heated to 100 °C for 10 min, 0.6 g NaOH was added quickly. In order to obtain
a pure phase of CuO NPs, a black precipitate was formed, which was centrifuged and
repeatedly washed with water. The synthesized CuO NPs were washed several times with
distilled water before further characterization. Transmission electron microscopy (TEM)
(JEOL JEM-1000 cx, Japan) imaging was performed using a diluted suspension of NPs after
sonication on a carbon-coated copper grid. The hydrodynamic size and zeta potential of the
NPs were measured using DLS Malvern Nano Zs Instruments, UK. The reduction of copper
chloride to copper oxide was examined using the UV-Visible spectrum of the reaction
mixture using Hitachi U-3900 [52]. Energy dispersive x-ray spectroscopy (EDX) was used
to validate the presence of elemental content. The EDX observations were undertaken by an
instrument coupled with a scanning electron microscope (SEM) operated at an accelerated
voltage of 130 kV (Hitachi-S 3400N). The stock concentration of the CuO NPs was measured
by the acidification process using ICP-AES (Agilent Instruments). Briefly, 1 mL of CuO
NPs suspended solution was mixed with 3 mL of HNO3, and the mixture was digested
according to a procedure reported elsewhere [53].

2.2. Stability and Copper Release Studies

This study aimed to show the dissolution characterization of synthesized CuO NPs.
A dissolution study was performed as described by Misra et al. [35]. Ten mL of CuO
NPs suspension (in water) was placed in dialysis bags (MWCO = 13.5kDa), and 200 mL
of Ca(NOs3),; (pH = 7) was added to each of the 250 mL plastic bottles (Nalgene) used
for the dissolving investigation. At 1000 mg L1, it was put in the dialysis bag for the
dissolution experiment to begin. It was necessary to incorporate appropriate blanks as
part of the experimental design to prevent any contamination from chemicals or contain-
ers. Temperature and rotation were maintained at 25 °C and 200 rpm throughout the
duration of the experiment. Aliquots were obtained from outside the dialysis bag and acid-
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ified with 5% HNOj3; before ICP-MS determined the Cu concentration at regular intervals
(0.5 to 98 h). Briefly, Cu concentrations were measured by using QQQ-ICP-MS (Agilent 880,
Tokyo, Japan) in a collision/reaction (ORS) cell, which allows for the targeted removal of
polyatomic interferences [54]. Samples were introduced in one batch from an autosampler
through a glass nebulizer (1 mL min~!) and cooled spray chamber (3 °C). Internal standards
introduced to the sample stream via a T-piece included Sc (50 pg L), Rh (10 ug L~1), and
Ir 5 ug L1 in 2% TAG HNOj;. External Cu calibration standards (Claritas-PPT grade
CLMS-2, Certiprep) in the concentration range 0.00-100 pg L~!. Three procedural blanks
and house-made reference samples were included for accuracy check and quality assurance.

2.3. Wheat Seed Germination and Root Growth Experiment
2.3.1. Wheat Seed Germination

Triticum aestivum L. (local cultivar of Egyptian Wheat) was obtained from Agricul-
tural Research Center, Egypt (Pedigree—origin: Ald“S”/Huac”S”//CMH74A.630/5 x
CGM4583-5GM—1GM-0GM—Egypt) and used to study the role of CuO NPs on germi-
nation and growth parameters. In order to study the influence of CuO NPs on seed
germination, thirty sterile (15 min in 0.2% chlorex) wheat seeds were sown in Petri dishes
(8.5 cm diameter) on sheets of filter paper moistened with distilled water according to the
design described by Morrison and Morris [55] and soaked with different concentrations of
Cu forms for bulk (derived from CuSOy) and NPs (0.1, 0.2, 0.5, 1.0, 2.0, 5.0 and 10 mg L1
for 72 h and 7 days for germination and plant characteristics, respectively. In order to
test the impact of NPs treatments on seed germination, distilled water was utilized as a
control. Based on the water holding capacity of the filter paper, 10 mL of water was added
to the paper. Petri dishes were utilized as a model. All Petri dishes were incubated at room
temperature for germination and growth characterization for the appropriate period with
lids on. Microsoft Excel 2016 was used to determine germinability (G), the time it takes
to germinate (t7), the coefficient of variation in that period (CVt), and the average rate at
which the seed germinates (v™). Procedures for calculating the germination measurements
were explained in detail with a spreadsheet template to be used and reproduced by other
researchers elsewhere [56].

2.3.2. Root Elongation Rate of Wheat and Toxicity Dose of Copper Forms

Wheat seeds were germinated in paper towel rolls placed vertically in tap water
for 3 days. Four seedlings were placed in 2 mm diameter holes in 10 mm wide Perspex
strips placed on the top of a plastic beaker (Polyethylene terephthalate PET) filled with
400 mL solution of 1.0 mM CaCl, and 5.0 mM H3BOj3. The beakers were brought to room
temperature, and the seedlings were grown in this basal solution for 24 h. The strips were
then transferred to nano-containing solutions for an exposure period (typically 24 h). The
experimental work was carried out as described by Kopittke et al. [57]. Different CuO
NPs and bulk Cu concentrations were used (0.0, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 and 10 mg L.
These concentrations were chosen to cover a wide range of Cu levels. Immediately after
transferring the strips and at set times up until 24 h after that, each Perspex strip was placed
horizontally 300 mm beneath a digital camera (Sony DLSAR A2, Japan) mounted on a
tripod. A digital image was captured, and the strips were replaced on the beaker. This
took ca. 30 s, ensuring minimal disruption to root growth. The length of each root was
determined using the image] processing and analysis software available free of charge at
https:/ /imagej.net/Welcome (accessed on 31 March 2022) [58]. After recording the plant
root length at 0 and 24 hr, root elongation rate (RER, mm h~1) was calculated as follows:

RER = (R; — Ro)/T @

where Ry and R; are the length (mm) of each root at zero and growth time (typically 24 h),
and T is the growth time (24 h).

The toxicity model was computed as a log-logistic model using the MS Excel 2016
solver for root elongation rate (RER) affected by NPs and bulk Cu concentrations. The resid-
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ual standard deviation (RSD) and correlation coefficient evaluated model performance [59].
The toxicity dose was determined as the ECs value expressed by Ritz et al. [60]. The log-
logistic models are considered to be the most commonly used dose-response models [61]
that can calculate ECsy as follows:

Y,
1 +exp(e (log(x) —log(m)))

where Y, ¢, and m are the equation coefficient values, m is denoted as ECs5j, and x is Cu
concentrations added to the wheat plant (mg L~!) from bulk Cu and CuO NPs.

@

2.4. Plant Characteristics

The fresh weight was determined immediately using a digital scale, but the dry
weight was determined following an overnight oven drying at 60 °C (after 7 days from
sowing). Oven-dried plant samples were milled (Retsch ZM 200 Centrifugal Mill, UK),
and approximately 100 mg subsamples were digested with 6.0 mL TAG HNO; (Trace
Analysis Grade) in pressurized PFA containers with microwave heating (Anton Paar
“Multivalve”, UK equipped with 48-place carousel) for 15 min at 1400 W according to the
method described by Nabulo et al. [62]. The acidified digestates were then syringe filtered
(0.22 pm) and analyzed for Cu content using ICP-MS (x-Series 11, Thermo Fisher Scientific,
Germany) [63]. Total chlorophyll content was measured in fresh leaf tissues hatched in
5 mL of DMSO (Dimethyl Sulfoxide) for 2.3 h at 50 °C as described by Liu et al. [64] and
expressed in mg per gram fresh weight as follows:

Total chlorophyll = [20.2 (A645) + 8.02 (A663)] x 1000 x W x V 3)

where A is the absorbance at the corresponding wavelength (645 and 663 nm, UV-vis
spectrophotometer (ELICO, 159)), V is the volume of extract used (mL), W is the weight of
the plant sample used (g).

2.5. Statistical Analysis

The mean of triplicates + standard deviation (SD) was presented. Parried t-test and
Pearson correlation were tested if necessary. Moreover, compare 95% confidence intervals
using Tukey’s test with ANOVA analysis using Minitab ®statistical software V. 17.1.0.

3. Results and Discussion
3.1. Characterization of CuO NPs

The CuO NPs were synthesized using copper chloride as a precursor. It is a suitable
chemical species for synthesizing CuO NPs and allows the synthesis procedure to control
the shape of the NPs produced. The TEM image (Figure 1a) shows that the bacillus formed
nano-shape was less than 30 nm in size. This result indicates relatively uniform CuO NPs
in size. In addition, CuO NPs for oxide form were confirmed using the UV-vis technique.
Figure 1b shows the UV-V is absorption spectrum of CuO NPs. The absorption spectrum
was recorded for the sample at 200-800 nm. The spectrum showed the absorbance peak
at around 330 nm, corresponding to the characteristic band of copper oxide nanoparticles.
The hydrodynamic size of CuO NPs measured by dynamic light scattering (DLS) was
294.3 + 23.4 nm, and the polydispersity index was 0.385. These results showed an ag-
gregation of Cu particles because the samples were measured for DLS after one week of
manufacturing (Figure 1c). Other studies reported that the larger CuO NPs examined
by DLS compared to the primary particle sizes obtained by TEM are more likely due to
the development of nano CuO aggregates [65,66]. Regarding nano-sized Cu particles and
their health risk to humans, Cu NPs were documented as one of the most toxic nanoma-
terials in mammals, as demonstrated by inflammation in subacutely exposed mice [67].
However, the LDs values of Cu NPs (23.5 nm) are 413 mg/kg body weight and are mod-
erately toxic substances [68]. Our results showed that the average size value of CuO NPs
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was less than 30 nm. In addition, CuO NPs are more stable than other forms of Cu NPs
and have a relatively slow dissolution rate. It behaves differently from dissolved Cu?*
in soil and may affect Cu bioavailability, the release of Cu ions over time, and possible
associated risks [69,70]. Therefore CuO NPs could be gained some favors in terms of

agrochemicals use.
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Figure 1. TEM image (a), UV-vis absorption (b), DLS (c), zeta potential (d), and EDX spectra (e) of
CuO NPs confirm nanosize and the elemental composition.

Furthermore, particles with zeta potentials greater than or equal to +30 mV or less
than 30 mV are deemed stable [71,72]. The zeta potential of the CuO NPs was found to
be 23.7 mV. This result shows relatively stable CuO NPs suspended in water (Figure 1d).
The crystal phase identified by EDX (Figure le) showed that CuO NPs have the weight

percentage of elemental copper as 99.8%. The concentration of Cu in the suspension as NPs
were (mean + SD) 5257 + 77.8 mg L~

3.2. Copper Oxide Nanoparticle Dissolution Study

The reason behind undertaking such an experiment is to study the chemical stability
of synthesized CuO NPs in an aqueous solution. The advantage of nanomaterial is its
suspension stability. Once it dissociates or dissolves, it will behave exactly as its bulk
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forms [73]. As a result, a dissolution study was carried out to ensure the stability of CuO
NPs in 0.01 M Ca(NO3); as a proxy for soil solution [59]. The release of Cu ions from CuO
NPs is affected by water chemical composition [74,75]. Therefore, Ca(NO3), was selected
to simulate CuO NPs dissolution. Table 1 shows the Cu concentrations dissolved from
CuO NPs as a function of time. The results show that Cu dissociated from NPs increased
with increasing incubation course, although the dissolution was small. In this regard,
the percentage of Cu ions dissociated from NPs was increased from 0.0043% at 0.5 h to
0.15 % at 98 h (% of the total Cu NPs addition). In a similar study by Misra et al. [35], the
authors measured the dissolution behaviors of two CuO NPs in 1 mM NaNO; (pH = 6.7)
solution using dialysis membranes (MWCO =12.4 kDa). They found that dissolved Cu of
up to 1.30 mg L' and 0.40 mg L~! was dissociated from CuO (sphere shape) and CuO
(rod shape) NPs within 72 h, respectively, representing 3.5% and 1.0% in terms of mass %
dissolution. The current study provided superior results compared with Misra et al. [35]
even after 98 h.

Table 1. Copper concentration (ug L~1) was measured in the Ca(NO3), electrolyte due to CuO NPs
dissolution outside the dialysis tube as a function of time (h).

Time (h) Cu Concentration (ug L—1) Standard Deviation
0.5 42.7 0.259
1 176 1.130
2 362 4.580
4 656 2.680
6 807 0.682
8 986 5.300
10 1066 4.740
12 1136 12.500
24 1273 11.300
36 1372 24.000
48 1388 11.400
72 1469 24.000
98 1502 9.140

The dissolution of CuO NPs is a complex process that a simple model cannot suf-
ficiently describe. According to the literature [35,76] and the current experimental re-
sults, these data were provisionally replaced by the modified first-order kinetics equation
(Equation (4)) as below:

Y = Yonal (1 exp ™) @

where Y; is the dissolved Cu NPs (ug Cu L~1) at the time t (h), Yina is the final solubility,
and k is the dissolution rate coefficient (h~1). This equation was selected as it describes the
growth rate of Cu outside the dialysis tube. It was primarily used to describe organism
growth or mortality as a function of time. However, it describes the kinetic reaction of the
current study as demonstrated by Misra et al. [35].

The estimated k and Y, values were 1.138 ug Cu L-'h~!and 1502.2 ug Cul~l,
respectively, indicating low dissolution effects on the kinetics and steady-state solubility
of CuO NPs under the Ca-nitrate condition. According to Misra et al. [35], the k value
was 50 ug Cu L~! for CuO NPs (rod shape). A good correlation between modeled and
measured values with a high R? value (0.9951) was found. However, the model slightly
overestimates the solubility throughout equilibration times, and the general average pre-
dicted the value of Cu obtained from the proposed model (995 ug Cu L™!) was relatively
higher than the solubility determined after 98 h (941 ug Cu L~!) (Figure 2) but in a rea-
sonable range. Furthermore, it should be noted that these kinetic data are provided to
simplify data interpretation and do not have any specific mechanistic significance. Exact
data on the distribution of particle size and shape and chemical models of the interactions
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between copper ions and the physicochemical properties of organics must be addressed in
a mechanistic interpretation [77].

1800

O Ca-nitrate

1600
1400 - o ®

1200 /

Yt = Yﬁnal (1 - eXp_kt)

1000 R2=0.9951

Cu, ugL™?

800
600 ?)

400

—
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U=~ —gG _

(=}

20 40 60 80 100
Time (h)

Figure 2. Dissolution kinetics of CuO NPs in 0.01 M Ca(NO3);. The data were fitted to a modified
first-order reaction equation. Error bars (very small) represent standard deviations (n = 2).

Generally, the stability of synthesized CuO NPs and dissolution studies showed a
0.15 dissolution ratio of the total CuO NPs concentration in the highest dissolution rate
after 98 h (4 days). These observations are considered during the toxicity of nanoparticulate
systems and bioaccumulation tests, as different Cu dissolution rates need to be considered
while interpreting the results or, more importantly, while designing experiments.

3.3. Effect of Copper Oxide Nanoparticles on Wheat Plant
3.3.1. Wheat Germination Characteristics

The introduction of NPs into plants has the potential to have a significant effect and can
be employed for agricultural purposes to improve growth and production [78]. However,
a comprehensive understanding of the molecular role of engineered nanoscale materials
in plant physiology is still absent, as is information on the method of action of NPs on
plant growth and development. Plants were reported to naturally produce mineralized
nanomaterials required for growth under several situations [79]. It is well established
that an optimal seed germination environment improves plant growth, development, and
yield [80].

The results related to CuO NPs on germination response of wheat cultivar Gimiza-
9 are presented in Table 2. The general results show that no significant difference was
obtained in germination rate among all treatments. ANOVA (analysis of variance) test
showed that bulk Cu additions have a significant effect on mean germination rate (p = 0.001)
and mean germination time (p = 0.001). On the contrary, germinability was significantly
affected by CuO NPs additions (p = 0.03).
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Table 2. Germination measurements (mean =+ SD) of wheat seeds treated by either bulk Cu or CuO
NPs at different concentrations (mg L~!). Means followed by the same letters in each column are
not significant different based on the Tukey test at 0.05 probability (G: germinability; t~: mean
germination time; CVy: coefficient of variation of the germination time; v™: mean germination rate).

Cu, mgL1 G (%) t~ (Day) CV; (%) v~ (Day 1)
Bulk Cu
0.00 100 £0.0a 1.77 £ 0.028 bc 31.5+£0.611a 0.57 +0.009 b
0.10 100 = 0.0 a 1.50 £ 0.00 c 36.7 £ 0.456 a 0.67 £0.00 a
0.20 100 £0.0a 1.81 £0.022b 319 £0815a 0.55 + 0.007 b
0.50 100 £ 0.0 a 1.93 £+ 0.022 ab 373 +985a 0.52 £ 0.005 be
1.00 100 £0.0a 2.00 £ 0.019 ab 31.8 £ 1.06 a 0.50 & 0.007 bc
2.00 100 £0.0a 2.04 + 0.027 ab 36.1 + 0.56 a 0.49 4+ 0.004 bc
5.00 100 £ 0.0 a 2.02 £ 0.016 ab 376 £0.824 a 0.49 £ 0.003 bc
10.0 100 £0.0a 219 £ 0.013 a 36.3+£0.831a 0.46 + 0.003 c
CuO NPs
0.00 100 £ 0.0 a 1.77 £0.028 a 31.5+£0.611a 0.57 £ 0.009 a
0.10 100 £0.0a 1.54 £ 0.037 a 341 +£0.651a 0.66 + 0.016 a
0.20 100 £0.0a 1.71 £ 0.009 a 333 +049%4a 0.58 + 0.003 a
0.50 100 £ 0.0 a 1.67 £0.016 a 349 £0.799 a 0.60 £ 0.06 a
1.00 100 £0.0a 1.73 £0.028 a 30.5£0.535a 0.58 £ 0.010 a
2.00 100 £ 0.0 a 1.71£0.014 a 342+0441a 0.59 + 0.005 a
5.00 100 £ 0.0 a 1.92 £0.054 a 50.6 =1.46Db 0.53 £0.016 a
10.0 96.7 £ 0.62 a 1.81 £ 0.037 a 51.1 £0.342b 0.56 £ 0.011 a

In the case of bulk Cu addition, the treatment above 0.5 mg L~! showed a significant
difference compared with 0.1 mg L~ for mean germination time (among means). The same
trend was observed as well for the mean germination rate. The comparison between means
in the case of Cu NPs applications showed insignificant differences, although different
values were obtained. In more detail, each parameter was discussed in depth to show the
effect of both treatments on the wheat plant.

Germination of embryos from fresh seeds was very fast; almost all the embryos
germinated within 3 days. Germination became progressively higher with CuO NPs and
bulk Cu applications, where the general germination rate (% germinability) showed 100%.
The germinability reached 100% in all treatments after 3 days with one seed exemption
with the highest CuO NPs concentration. The first start of germination was observed after
the first day of all treatments.

The lowest germinability rate was observed at 10 mg L~ of CuO NPs. However, the
general mean germination time (MGT) was 1.73 and 1.91 per day for CuO NPs and bulk
Cu. The highest MGT was obtained at 5 mg L~! of CuO NPs and 10 mg L' of Cu bulk. In
this concern, it seems that bulk Cu showed a better treatment compared with CuO NPs.
Moreover, a coefficient of variance (CV) of germination among different treatments showed
high variability in CuO NPs; the general value was 37.5% in the case of CuO NPs, while it
was 34.9% in the case of bulk Cu. This means to some extent, uniform results with bulk Cu.

The visual result shows the superiority of lower concentrations of Cu addition for
both treatments (Figure 3). The average mean germination rate per day (MGR) values were
0.58 and 0.53 day ! for CuO NPs and bulk Cu, respectively. That means wheat germinated
approximately after 12 h for both treatments. The mean finding of this part is that Cu at the
lower concentrations showed promising results for both treatments. It sounds as if higher
concentrations may pose a significant effect on plant toxicity.
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Figure 3. Seedling growth of wheat affected by different concentrations of dissolved Cu (bulk Cu)

and CuO NPs in a soil-less experiment.

However, germination parameters do not provide sufficient insight for the best treat-
ments because the length of both shoot and root systems is not included in all germination
parameter equations. Therefore, the seed vigor index (Vi) of wheat was calculated using
Equation (5) as described by Vashisth and Nagarajan [81]:

Vi=Gx (R+S) ®)

where G is germinability (%), and R and S are root and shoot lengths. According to the
current results, shoot and root growth responded differently to bulk and nanoparticles of
Cu with inhibition of root and shoot growth at higher concentrations. Seed vigor index in
all bulk Cu and CuO NPs concentrations treatments were significantly different, and the
highest values were found for 0.2 mg bulk Cu L~! and 0.1 mg CuO NPs L~! (Figure 4).
Moreover, the vigor index showed higher values in CuO NPs application, although lower
concentration was used compared with dissolved Cu. Due to the lack of information in the
literature on Cu nanoparticles and their effect on wheat seed, different nanoparticle works
were cited to support the current work. In this concern, Abbasi Khalaki et al. [82] reported
that Ag NPs (silver nanoparticles) had enhanced root and shoot in Thymus kotschyanus. In
addition, the concentration of 20% Ag NPs was promised to improve seed germination.
Moreover, Siddiqui and Al-Whaibi [80] studied the role of SiO; nanoparticles in the ger-
mination of tomatoes (Lycopersicum esculentum). They reported that applying 8 mg L1
of S5iO, NPs produced the best outcomes, with the highest seedling vigor index and seed
germination values.
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Figure 4. Seed vigor index of wheat affected by different concentrations of bulk Cu (a) and CuO NPs
(b). Different letters showed significant differences among means (at 0.05% probability, Tukey test).
The results also showed that a negative significant correlation (Pearson correlation
test) between bulk Cu concentrations (r = —0.93; p < 0.01) and Vi and between CuO NPs
concentrations (r = —0.86; p < 0.01) and Vi. Therefore, by increasing Cu concentration, Vi
decreased. This was more promoted for CuO NPs, as shown in Figure 5.
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Figure 5. Relationship between vigor index and bulk Cu (a), CuO NPs (b) concentrations. Broken
line represents a linear relationship.

Silver nanoparticles were reported to adversely affect the germination of lettuce and
cucumber seeds [83] and enhance the germination of wetland plants [84]. Relatively fewer
studies were reported on the application of CuO NPs. Shah and Belozerova [85] observed a
favorable effect of CuO NPs on the germination of lettuce seeds in contradiction with our
results. However, Adhikari et al. [86] reported that germination of soybean and chickpea
was not checked up to 2000 mg L~! concentration of CuO nanoparticles. Indeed, further
experimentation is needed to explore the impact of CuO NPs on wheat seed germination
for conclusive results precisely.

According to germination vague results, an attempt to demonstrate the superior
treatment in wheat germination parameters was developed in the current study; delta vigor
index was calculated by difference (AVi = Vi cyoNps — Vi Bulk cu), Where a positive value
represents the superior of CuO NPs compared with negative values for bulk Cu. The result
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presented in Figure 6 shows that a lower concentration of CuO NPs corresponds with a
higher AVi value. This finding was attributed to the superior effect of nanoparticles at
lower concentrations compared with traditional forms of the same element. These results
confirmed that 0.1 mg L~ of CuO NPs could be successfully used to improve wheat seed
germination. Higher concentrations of CuO NPs inhibited root and shoot growth, and
therefore, toxicity concentration should be pragmatically calculated.

2000

1000 H
0

—-1000

—2000

—-3000

A vigor index

- 4000

- 5000 L

- 6000
0 0.1 0.2 0.5 1 2 5 10

Cu concentrations, mg L™

Figure 6. Delta vigor index of wheat seed (AVi = Vi cyonps — Vi Buik cu) @s a function of Cu
concentrations. Broken line represents the border between negative and positive values.

3.3.2. Wheat Seedling Fresh and Dry Weight

The current results indicated that the maximum shoot system fresh weight values
were observed at 0.5 and 0.1 mg L~ for bulk Cu and CuO NPs, respectively. However, the
maximum fresh weight values of the root system were observed at 0.2 and 0.1 mg L~! for
bulk Cu and CuO NPs, respectively (Figure 7). Figure 7 shows that the fresh weight of the
shoot and root system increased to maximum values (up to 0.5 mg L) and then decreased
by increasing Cu concentrations for both Cu forms. It seems larger biomass corresponds
well with lower concentrations of both forms of Cu (as seen in Figure 3).

OShoot Bulk Cu  [Shoot Cud NPs O Root Bulk Cu [ Root CuO NPs

25 2.0
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= e L
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0.0 0.0

0 01 02 05 1 2 5 10 0 01 02 05 1 2 5 10
Cu concentrations mgL™ Cu concentrations mg L™

Figure 7. Fresh weight (g) of the wheat shoot (a) and root (b) system is affected by different concen-
trations of both bulk Cu and CuO NPs. Error bars represent the standard deviation of triplicates.

To some extent, negative significant (p < 0.05) correlations were found between Cu
concentrations and shoot (r = —0.67) and root (r = —0.69) fresh weight for bulk Cu and
shoot (r = —0.88) and root (r = —0.86) fresh weight for CuO NPs. General speaking, t-paired
test showed significant differences between bulk Cu and CuO NPs treatments for shoot
fresh weight (t value = 4.64; p = 0.002) and root fresh weight (t value = 5.05; p = 0.01). The
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general average value £ SD of fresh weight for bulk Cu and CuO NPs were 1.81 £0.15 g
and 1.57 &+ 0.21 g for the shoot system, respectively, and 1.26 + 022 gand 1.10 £0.19 g
for the root system, respectively. This finding confirms the highest fresh weight values of
wheat seedlings treated by bulk Cu. This may be due to the higher solubility of dissolved
Cu (bulk Cu) than CuO NPs, which only interact with wheat seed in the early growth stage.
On the other hand, the dry seedling weight of wheat for both shoot and root systems
results were presented in Figure 8 as affected by both Cu forms. The maximum dry weight
values of the shoot system were observed at 0.5 and 0.1 mg L~! for bulk Cu and CuO NPs,
respectively (Figure 8a). However, the maximum dry weight values of the root system
were observed at 0.5 and 0.1 mg L~! for bulk Cu and CuO NPs, respectively (Figure 8b). In
corresponding with fresh weight results (Figure 7), larger dry mass corresponds well with
lower concentrations of both forms of Cu. Figure 8 shows that the dry weight of the shoot
and root system increased until maximum values (up to 0.5 mg L. ~!) and then decreased by
increasing Cu concentrations for both Cu forms. Negative significant (p < 0.05) correlations
were found between Cu concentrations and shoot (r = —0.79) and root (r = —0.86) dry
weight for bulk Cu and shoot (r = —0.39) and root (r = —0.80) dry weight for CuO NPs.

OShoot Bulk Cu O Shoot CuO NPs ORootBulk Cu  [CRoot Cud NPs
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Figure 8. Dry weight (g) of the wheat shoot (a) and root (b) system affected by different concentrations
of both bulk Cu and CuO NPs. Error bars represent the standard deviation of triplicates.

General speaking, t-paired test showed insignificant differences between bulk Cu
and CuO NPs treatments for shoot dry weight (t value = 1.18; p = 0.28) while significant
difference was obtained with root dry weight (t value = 2.46; p = 0.04). The general average
value =+ SD of dry weight for bulk Cu and CuO NPs were 0.66 £ 0.03 g and 0.64 = 0.04 g
for the shoot system, respectively, and 0.69 £ 0.04 g and 0.65 =+ 0.05 g for the root system,
respectively. This finding confirms that wheat seedlings” highest dry weight values were
treated by bulk Cu, which corresponds with fresh weight. In comparison with the study
undertaken by Hafeez et al. [87], the authors determine the potential of CuO NPs for
enhancing the growth and yield of wheat cultivar Millat, 2011. They used a wide range of
CuO NPs (0,0.2,0.4,0.6,0.8,1.0, 2.0, 4.0, 6.0, 8.0, and 10 mg L_l). They found that fresh
plant weight and dry weight were increased over control up to 0.4 mg CuO NPs L. Their
results relatively corresponded with the current results. However, the authors reported
that further increase in CuO NPs concentrations caused a significant drop in values of
the growth parameters except for fresh plant weight that started decreasing at 0.8 mg L~!
of CuO NPs. They concluded that the wheat plants treated with 0.4 mg L~! CuO NPs
were visibly compact, vigorous, and greener in color with a stronger root system than
other treatments.

3.3.3. Copper Concentrations in Wheat Plant Tissue

Copper concentration in wheat plant tissue was measured in the whole plant (root and
shoot). The general average Cu concentrations in the plant were 139 and 103 mg kg~! DW
(dry weight) for bulk and CuO NPs, respectively. The results reveal that Cu concentration
in plants increased with increasing Cu additions for both Cu forms (Figure 9). Copper
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concentrations in the plant as treated by bulk Cu were higher than those treated by CuO
NPs. This finding could be supported by the dissolution behavior of CuO NPs, where a
very low concentration of Cu was released from nanoparticle forms. However, the fresh
and dry matters in bulk Cu treatment were higher than CuO NPs (Figures 7 and 8). It
is expected that increasing Cu content in the plant will reduce plant biomass as a higher
concentration of Cu might promote the phytotoxicity effect [88].
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Figure 9. Copper concentrations in wheat plant tissue as a function of different additions of bulk Cu
(a) and CuO NPs (b). Error bars represent the standard deviation of duplicates, while broken line
represents linear relationship.

In order to correlate the content of Cu in plants with the dry and fresh matters, it was
found that Pearson correlations were only significant with CuO NPs for fresh (r = —0.82;
p = 0.02) and dry (r = —0.83; p = 0.012) matters. Although the correlation values were
relatively high in case of bulk Cu for fresh (r = —0.53; p = 0.18) and dry (r = —0.57; p = 0.14)
matter, it was insignificant. This correlation may suggest a direct influence of CuO NPs
in plants, particularly in the early germination stage and reflected in plant biomass. In
addition, the inhibition of growth may be related to their attachment to the root cell wall for
CuO NPs. Therefore, one potential explanation that answers the question “why lower CuO
NPs decrease plant biomass?” is that CuO NPs were reported to damage the plasmalemma
in the root system of the wheat plant [89] and hence could reduce plant uptake and thereby,
plant biomass.

3.3.4. Wheat Chlorophyll Content

Wheat cells require copper as a critical micronutrient and have developed techniques
to increase uptake. Cu is a critical component of chloroplasts and is necessary for electron
transfer during photosynthetic respiration. Chlorophyll concentration was recently rec-
ommended as a tool for monitoring plant-NPs interaction and analyzing NPs impacts on
plants [90]. Chlorophyll content results are depicted in Figure 10a. The results showed a
relatively increased chlorophyll with increasing Cu addition up to 0.5 mg L~ for both Cu
forms. Then, a continuous decrease (lower than the control) with increasing Cu addition for
both treatments. The maximum chlorophyll value was observed with 0.1 mg L~! addition
of CuO NPs, which confirms the superiority of this treatment compared to the others.
These results correspond with the abovementioned findings (Section 3.3.3), where lower
CuO NPs could be used as an alternative material for traditional Cu addition to the plant.
Approximately 0.1 mg L~! addition of CuO NPs promotes chlorophyll formation equal to
0.5 mg L~! of bulk Cu. This means that using NPs as fertilizer could reduce the need for
80% of traditional fertilizers.

An exponential relationship was plotted between chlorophyll content and Cu additions
for bulk Cu and CuO NPs, as seen in Figure 10b. This relationship was selected according to
the highest R? value (R? = 0.94 and 0.89 for bulk Cu and CuO NPs, respectively; Figure 10b).
It is interesting to present this high relationship, implying that increasing Cu addition
will reduce chlorophyll content and plant productivity. The current results agreed with
Hafeez et al. [87] and Moustakas et al. [91].
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Figure 10. Chlorophyll content (mg kg~!, FW) as a function of different Cu concentrations. Error
bars represent the standard deviation of triplicates (a). Correlation between Chlorophyll content
(mg kg~!, FW) and different bulk Cu and CuO NPs. The broken line represents exponential relation-
ship (b).

3.4. Copper Oxide Nanoparticles Toxicity to Wheat, ECs

Cu additions in both forms (NPs and bulk) reduce root growth substantially compared
to control. However, the effective toxic dose (so-called ECsg) for Cu nano and Bulk particles
differed. Although CuO NPs have the highest inhibition effect on wheat growth, the ECs
was lower than bulk Cu. Figure 11a showed RER as a function of bulk Cu concentrations.
The results obtained from the log-logistic model showed ECsg of 0.37 mg Cu L1,
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Figure 11. Effect of increasing bulk Cu (a) and CuO NPs (b) concentrations (log scaled) mg L~ on root
elongation rate (RER, mm h™1) of wheat after 24 h of growth. The solid line represents the log-logistic
model to calculate ECsy concentration. Error bars represent standard error for four replicates.

On the other hand, the same value obtained in the case of CuO NPs (Figure 11b)
was 0.94 mg CuO NPs L. These findings were in agreement with Marzouk et al. [92].
The authors studied that bulk Cu was more toxic than CuO NPs where ECs (predicting
using the log-logistic model) of CuO NPs was four times higher than that of bulk Cu. For
soybean, they also reported the ECsq value for bulk Cu and CuO NPs as 0.22 mg L~ and
0.90 mg L1, respectively.

Moreover, in a similar study undertaken by Zhang et al. [93], the authors propose
that the toxicity of Cu NPs (size = 50 nm) in wheat was less than the toxicity of bulk
Cu (derived from CuSQ,) at the same initial molar concentration. Furthermore, NPs
contributed the most to Cu NPs toxicity to wheat due to the low amount of Cu?* released
from Cu NPs suspensions. The current results indicated that approximately 2.5 times CuO
NPs concentration is equal to the toxicity dose of bulk Cu. Soluble Cu spiked as the bulk
form is much more available than NPs. However, more experimental work should be
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carried out to explain the toxicity of CuO NPs, such as the effect of pH and competition
with other ions in the solution phase with Cu ions [92].

CuO NPs showed a very low dissolution rate. Therefore, the dissolution rate of a
CuO-nano-activated fertilizer could likely be tuned to provide sustained release of the
Cu ions at a rate where the concentration of Cu ions would not exceed the phytotoxic
concentration [94]. This tuning showed that CuO NPs were less toxic than CuSOy, despite
being supplied to the plant at a much higher dose. It is conceivable that slow-release
nano-activated fertilizers could be designed and applied in high concentrations but with
low toxicity and last for years without re-applying. That technique would save energy
and labor and create incentives for producers to adopt these new technologies. However,
research is still needed to determine the nanofertilizer delivery rate that can effectively
perform its function without inducing toxicity.

Figure 12 shows the correlation between measured and modeled RER using the log-
logistic model. The results showed that the model performance was better using bulk
Cu than CuO NPs. This comparison was based on both R? and RSD values; R? = 0.97
(Figure 12a) and RSD = 0.059 for bulk Cu and R? = 0.91 (Figure 12b) and RSD = 0.076 for
CuO NPs. The current model performance finding was contrary to Marzouk et al. [92],
as they found the best model performance was undergoing with CuO NPs. The results
indicated that the toxicity of Cu and its root growth response is well predicted by the
log-logistic model for both bulk Cu and CuO NPs.
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Figure 12. Correlation between measured and modeled values of root elongation rate of wheat as
affected by bulk Cu (a) and CuO NPs (b) at different concentrations. The dashed line represents a
1:1 relationship.

4. Conclusions

In this work, CuO NPs were successfully synthesized to enhance the absorption of
Cu estimation by wheat for plant nutrition and bio-fortification purposes compared to
bulk Cu. Overall, both forms of Cu were effective for germination characteristics at lower
concentrations (0.5 mg L~1). However, using CuO NPs exhibits uniqueness compared
with its bulk form, where a 20% addition of CuO NPs (from the total amount of bulk
Cu) promoted the formation of the same amount of chlorophyll generated under bulk Cu
conditions. Significantly higher toxicity in bulk Cu treatments compared to treatment with
CuO NPs is explained by the higher exposure of wheat plant roots to labile Cu species,
where treatment with CuO NPs showed a lower Cu concentration in plant tissue. In
addition, the low dissolution rate of CuO NPs decreased the bioavailability of Cu over time,
resulting in lower toxicity to wheat plants. The opposite was observed for bulk Cu, where
its bioavailability results in higher toxicity to the plants. Research is needed to account for
different conditions, such as pH, ion competition, and different soil components in real
environmental conditions.
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