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Abstract: Engineered metal nanoparticles have been widely used in several applications that may
lead to increased exposure to the environment. In this study, we assessed the phytotoxic effect
of various concentrations of copper nanoparticles CuNP, (200, 400 and 800 mg/L) on coriander
(Coriandrum sativum) plants grown hydroponically. C. sativum plants treated with CuNP demonstrated
decreased biomass and root length in comparison to control untreated plants. Additionally, decreased
levels of photosynthetic pigments (chlorophyll a and b) were also seen in C. sativum plants treated
with CuNP, as well as damage to the C. sativum root plasma membrane as demonstrated by Evan’s
blue dye and increased electrolyte leakage. Moreover, our results exhibited increased levels of H2O2

and MDA on C. Sativum plants treated with CuNP. X-Ray Fluorescence (XRF) analysis confirmed
that C. sativum treated with CuNP accumulated the latter in plant root tissues. Random amplified
polymorphic DNA (RAPD) analysis confirmed the genotoxic effect of CuNP, which altered the
C. sativum genome. This was shown by the different banding pattern of RAPD. Overall, our results
exhibited that CuNP is toxic to C. sativum plants.
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1. Introduction

Nanoparticles are nano-scale particles or atomic aggregates with at least one dimension between
1 and 100 nm. Nanoparticles have been a great source of concern in recent years due to their extensive
usage in many industries (including agriculture). They have been used in many applications in
agriculture including pesticides, fungicides and fertilizers [1]. Depending on their origin, further
distinctions can be made. There are naturally occurring, incidental and engineered nanoparticles
(ENPs). Major naturally occurring nanoparticles can be found in the atmosphere: volcanic eruptions,
desert surfaces, dust from cosmic sources located in the solar system such as iron oxides that can
be found in water, soil and sediments of earth crust [2]. Incidental nanoparticles are produced as
side products of anthropogenic activities whereas Engineered Nanoparticles (ENPs) are produced
intentionally for their extensive usage in various implications including biomedical, electronic and
industrial. They express specific sizes and shapes, which can enter the environment through air, water
and soil [3].

Due to the wide range of implications, the utilization of ENPs in various fields (including
industrial, medical, mechanical and agriculture) can result in increased exposure to our environment [4].
Examples of widely used ENPs include silver nanoparticles (AgNP), which are present in products
like cosmetics, clothing and household items [5]. Additionally, iron nanoparticles (FeNP) are found
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in concrete additives [6]. Lead nanoparticles (PbNP) are found in automotive exhaust converters [6],
while cobalt nanoparticles (CoNP) are used in biomedical and health science applications [6–8].
Copper nanoparticles (CuNP) are involved in the production of temperature and pressure sensors [7,8]
Regardless of their benefits to several industries, questions on how ENPs are affecting the environment
and interacting with living organisms have been put forward in recent times. Due to their extensive
utilization, nanoparticle traces are inadvertently released at different stages of their production and
usage, raising concerns of their potential risks. Although several ENPs have exhibited beneficial effects
on crops, phytotoxic assessment would still be recommended depending on the size, shape, zeta
potentials, concentrations, transportation, transformation, dosage and the plant species of the involved
nanoparticles. Recently, several studies and experiments have been performed to evaluate the effect of
ENPs on the environment in terms of direct exposure and long-term accumulation. The size of the
ENPs can determine the amount of toxicity, with a larger surface area allowing increased interaction
with the environment [9].

Several metals act as micronutrients including copper are essential in small quantities for the
proper functioning of biological systems. In plants, copper is particularly important for the synthesis
of lignin and several other enzyme systems such as Cu/Zn superoxide dismutase (SOD), cytochrome c
oxidase, amino oxidase, laccase, plastocyanin and polyphenol oxidase [10], photosynthesis and the
metabolism of carbohydrates and proteins [11]. However, high concentrations of such metals can
adversely lead to reduced growth, altered metabolism, less biomass and metal accumulation [12].
Furthermore, if metals are present in the form of nanoparticles, the resulting effects would be
largely unpredictable due to size and shape differences [13]. As plants are an important part of
the environment, the potential negative effects of metal nanoparticles in their case have been an
increasing concern. In the past decade, several studies have described the phytotoxic effects of ENPs
on plants [14]. However, divulging detailed mechanisms of phytotoxicity have still been elusive.
Therefore, toxicological studies should be undertaken to evaluate the fate of nanoparticles, their
toxic effect, transformation and distribution in plants, in addition to their effect on the physiological,
biochemical and molecular aspects.

As copper is as an essential constituent in plants, CuNPs have been utilized as antimicrobial agents
for biocidal activity [15,16]. In addition, CuNPs are used in agriculture as an effective nano-metallic
fungicide application in crops to protect against fungal diseases [17,18].

Curcubita pepo (zucchini) treated with CuNP and bulk copper powder showed 77% and 64% of
root length reduction, respectively, when compared to control plants. Additionally, their exposure
also resulted in a 90% reduction in biomass [19]. CuNPs have also been observed to significantly
reduce seedling growth in Elsholtzia splendens grown in a hydroponic system treated with different
concentrations of copper particles; 100, 200, 500, 1000 mg/L CuONP, 1000 mg/L CuOBPs, and 0.5 mg/L
soluble Cu [20], as well as reducing root and shoot growth, and chlorophyll and carotenoids contents of
Indian mustard [21]. Other than morphological changes, CuNPs can also affect the biochemical content
of plants as demonstrated by reduced chlorophyll content and increased hydrogen peroxide and
lipid peroxidation resulting in increased reactive oxygen species (ROS) production in cucumbers [22].
The effect of the copper nanoparticle also extends to the DNA level by inducing DNA damage in
radish and grasses [23], as well as cucumbers [22].

Coriander (Coriandrum sativum) is an annual herb and food leaf crop, which is used in many parts
of the world for food and medicinal purposes, and therefore was chosen for this study to evaluate
the phytotoxic and genotoxic effect of CuNP. C. sativum was treated with CuNPs of size ~20 nm with
different concentrations (200, 400 & 800 mg/L) and the plants were grown in a hydroponic system to
maintain the dosage of the nanoparticle. Hence, the impact of CuNP was analyzed at morphological,
physiological, and molecular levels.
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2. Results

2.1. CuNP Decreased C. sativum Root Length, Biomass, and Chlorophyll Content

Plants treated with different concentrations of CuNPs exhibited differences in the biomass and root
length after seven days of the treatment (Figure 1a,b). Treated roots exhibited a different morphology
with weaker, thinner and reduced adventitious roots, whereas the shoots showed no changes. There
was no significance difference between control and 200 mg/L CuNP treated plants. However, 400
and 800 mg/L of CuNP treated plants showed statistically significant reduction with more than 35%
biomass decrease compared with the control untreated plants (Figure 1b). Additionally, root length
analysis between control plants showed enhanced root growth and the production of more adventitious
roots, whereas treated (200, 400 and 800 mg/L) plants had reduced root growth. Differences between
control and treated plants with different CuNPs concentrations were dose dependent, the reduction
being statistically significant with around 17% root length decrease in 400 mg/L and 800 mg/L CuNPs
treated plants (Figure 1c).
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Figure 1. Phenotypic and chlorophyll analysis of C. sativum plants after 7 days of exposure to 200, 400
and 800 mg/L of CuNPs. (a) Morphology of roots and shoots of C. sativum control and treated plants.
(b) Biomass of C. sativum plants. (c) Root length of C. sativum plants. (d) Chlorophyll a and b contents
of C. sativum plants. The values are mean ± se (n = 3). Statistically significant difference was calculated
at * p ≤ 0.05, ** p ≤ 0.01.

Treated plants showed a decrease in both chlorophyll a and chlorophyll b when compared to
control plants, but this response varied with the concentration of CuNP. At the lowest levels of CuNP
(200 mg/L), the decrease was not significant. However, plants treated with 400 mg/L and 800 mg/L
of CuNP exhibited significant decrease in both chlorophyll a and b contents (Figure 1d).

2.2. CuNP Caused Membrane Damage on C. sativum Plants

Root samples of the control and treated C. sativum were observed under light microscopy after
Evan’s blue staining. The control plants were observed to be normal under microscopy and therefore
did not take the stain. In contrast, treated plants were stained according to the concentration of
CuNP (Figure 2a), which demonstrated that the membrane had been damaged. Electrolyte leakage
analysis showed an increase in the conductivity of the leakage solution of the 200 mg/L, 400 mg/L
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and 800 mg/L treated roots by 34%, 46% and 30%, respectively (Figure 2b). This indicated the damage
at the level of C. sativum root plasma membranes due to CuNP treatment. 800 mg/L CuNP treated
plants showed reduced electrolyte leakage compared to 200 mg/L and 400 mg/L CuNP treated plants,
possibly due to higher toxic levels of CuNP efflux from the roots.
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Figure 2. Evan’s blue and electrolyte leakage analysis of C. sativum plants after 7 days of exposure to
200 mg/L, 400 mg/L and 800 mg/L of CuNPs. (a) plasma membrane integrity of roots monitored
under 4×, 10× and 20×magnifications using Evan’s blue staining. (b) electrolyte leakage analysis of
C. sativum plants. The values are mean ± se (n = 3). Statistically significant difference was calculated at
* p ≤ 0.05, ** p ≤ 0.01.

2.3. CuNP Increased Hydrogen Peroxide and Malondialdehyde Content in C. sativum Plants

Shoots and roots were stained with 3, 3′- diaminobenzidine (DAB) to observe H2O2 production
due to different concentrations of CuNP. Treated plants displayed brown spots on the leaves
and brownish black roots, whereas control plants exhibited no changes in both shoots and roots
(Figure 3a,b). Furthermore, hydrogen peroxide (H2O2) content was measured in both shoots and
roots of C. sativum control and CuNP treated plants. Figure 3c,d shows that there were no significant
differences in H2O2 levels between control and treated shoots. However, all the CuNP treated roots
had significantly higher amounts of H2O2 compared to control untreated root tissues (approximately
10 to 16 -fold increase).

Regarding Malondialdehyde (MDA), in this case, CuNP treated plant shoot and root tissues had
approximately 2-fold higher MDA levels in comparison to control plants (Figure 3e,f).
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Figure 3. H2O2 and MDA content analysis of C. sativum plants after 7 days of exposure to 200, 400 and
800 mg/L of CuNPs. (a) DAB staining as a preliminary test for detection of H2O2 in shoots and (b)
roots. (c) H2O2 levels in shoots and (d) roots. (e) MDA levels in shoots and (f) roots. The values are
mean ± se (n = 3). Statistically significant difference was calculated at * p ≤ 0.05, ** p ≤ 0.01.

2.4. C. sativum Plants Accumulated more CuNP in Root Tissues

Other than copper, elements of the Hoagland solution, such as Cl, Ca, Si, K, S, and P, were also
detected (Figure 4). Remarkably, more copper was detected in root tissues compared to shoot tissues
as demonstrated by XRF analysis (Figure 4c,d). The elemental profile of shoot and root tissues can vary
in control tissues. Due to CuNP treatment, the profiles were changed in both shoot and root tissues of
C. sativum plants in comparison to control plants.

Plants 2019, 7, x FOR PEER REVIEW  5 of 12 

 

 

Figure 3. H2O2 and MDA content analysis of C. sativum plants after 7 days of exposure to 200, 400 and 

800 mg/L of CuNPs. (a) DAB staining as a preliminary test for detection of H2O2 in shoots and (b) 

roots. (c) H2O2 levels in shoots and (d) roots. (e) MDA levels in shoots and (f) roots. The values are 

mean ± se (n = 3). Statistically significant difference was calculated at * p ≤ 0.05, ** p ≤ 0.01. 

2.4. C. sativum Plants Accumulated more CuNP in Root Tissues 

Other than copper, elements of the Hoagland solution, such as Cl, Ca, Si, K, S, and P, were also 

detected (Figure 4). Remarkably, more copper was detected in root tissues compared to shoot tissues 

as demonstrated by XRF analysis (Figure 4c,d). The elemental profile of shoot and root tissues can 

vary in control tissues. Due to CuNP treatment, the profiles were changed in both shoot and root 

tissues of C. sativum plants in comparison to control plants. 

 

Figure 4. Elemental analysis of C. sativum plants after 7 days of exposure to 800 mg/L of CuNPs by 

XRF. (a) control shoot (b) control root (c) 800mg/L CuNPs treated shoot and (d) 800 mg/L CuNPs 

treated roots. Elemental profiles were obtained from three biological replicates. 

Figure 4. Elemental analysis of C. sativum plants after 7 days of exposure to 800 mg/L of CuNPs by
XRF. (a) control shoot (b) control root (c) 800mg/L CuNPs treated shoot and (d) 800 mg/L CuNPs
treated roots. Elemental profiles were obtained from three biological replicates.
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2.5. CuNP Induced Genotoxicity in C. sativum Plants

Random Amplified Polymorphic DNA (RAPD) was performed to assess CuNP phytotoxicity
effect at the genomic level of C. sativum (Figure 5). Extracted genomic DNA from the roots of both
control and CuNP treated samples were amplified using several sets of primers (OPA-01, OPA-02,
OPA-06 and OPA-07). The amplified control sample of the OPA- 01 primer showed seven bands
ranging between 200 to 1200 bps. For the 200 mg/L, 400 mg/L and 800 mg/L CuNP treatments, the
amplified DNA demonstrated the same bands as the control DNA samples, except that all treatments
had lost one band at 1200 bps. Control sample DNA for the OPA-02 primer amplified several bands
ranging between 200 to 1200 bps. However, samples treated with 400 and 800 mg/L CuNP exhibited
absence of the band at 1000 bps. Control sample DNA amplified with the OPA-06 primer presented
eight bands ranging between 150 bps to 1000 bps. Samples treated with 200 mg/L, 400 mg/L and
800 mg/L CuNP showed one missing band at 700 bps. In addition, control sample DNA amplified
with the OPA-07 primer presented six bands ranging between 150 bps to 1200 bps. Samples treated
with 200 mg/L demonstrated the same pattern as controls whereas 400 mg/L and 800 mg/L CuNP
presented an additional band at 700 bps. Overall, the RAPD results demonstrated that CuNPs made
significant changes in the genome of the C. sativum plants.
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Figure 5. Random amplified polymorphic DNA (RAPD) analysis of C. sativum plants after seven days
of exposure to 200 mg/L, 400 mg/L and 800 mg/L of CuNPs. All DNA of control and treated plants
were amplified with OPA-1, OPA-2, OPA-6 and OPA-7. The white arrows indicate the disappearance
and appearance of bands between control and treated plants.

3. Discussion

C. sativum grown hydroponically allows more accessibility to the plant and easier controlled
manipulation of nutrients when compared to soil due to complex ion interactions [24]. Coriander
plants treated with different concentrations of CuNP (200, 400 and 800 mg/L) for seven days exhibited
a decrease in root length when compared to non-treated plants. The root length was significantly
reduced at all concentrations. In our earlier report, we studied the effect of CuNPs on cucumber
(C. savius) plants in which phytotoxic effects of CuNPs were demonstrated with concentrations of
50 mg/L, 100 mg/L and 150 mg/L CuNPs. Interestingly, our preliminary experiments with coriander
did not show any phytotoxic effects utilizing the same concentrations of CuNPs (data not shown)
even though the same CuNPs were utilized in the earlier cucumber plants study. When we increased
the concentration to the reported concentration here (200 mg/L, 400 mg/L and 800 mg/L), clear
phototoxic effects were seen. These variations are clearly due to the effect of the plant species itself.
Hence, coriander plants were able to tolerate CuNP levels without producing the phytotoxic effects
observed in cucumber plants. Moreover, coriander’s ability to tolerate and remediate toxic metals
has been reported recently. Adsorption capacity and efficiency of coriander in removal of Pb2+, Cd2+

ions and turbidity from simulated contaminated water was reported [25]. Additionally, C. sativum
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plants showed considerable potential for phytoremediation of Pb and As from contaminated soil and
water [26].

CuNP treated coriander showed brown color as well as weaker or no growth of lateral and
hair roots in comparison to controls, possibly due to root accumulation of CuNP as indicated by XRF
results. It was shown that rice treated with copper oxide nanoparticles exhibited reduced root and shoot
length [27]. Similar results have also been reported for lettuce and alfalfa [28]. In addition, another
study showed that zucchini root length was affected by CuNP [19]. This was similar to A. thaliana,
where the plant growth and biomass was reduced when treated with different concentrations (2 mg/L,
5 mg/L, 10 mg/L, 20 mg/L, 50 mg/L, and 100 mg/L) of copper oxide nanoparticles [29].

The presence of high concentrations of endogenous H2O2 implies a very high rate of production
under CuNP-induced stress. High accumulation of endogenous H2O2 levels was also evident in
our CuNP stressed coriander leaves and roots, which implies that anti-oxidant enzymes are not
sufficient to scavenge the excess H2O2. Similarly, this was also reported in rice and Syrian barley
treated with copper oxide nanoparticle (CuONP) [30,31]. Additionally, H2O2 may act as a secondary
messenger to trigger many physiological processes, as recorded under CuNP stress. Coriander plants
showed high sensitivity towards CuNP and increased electrolyte leakage under CuNP treatments,
the latter leading to alterations in the membrane permeability. Evan’s blue was used as a marker
to demonstrate that increases in CuNP concentration augmented cell membrane damage through
enhanced accumulation of the dye, resulting in cell death. This was reported in cucumber treated
with both cerium oxide (CeO2) and lanthanum oxide (La2O3) nanoparticles [32]. This was also
reflected in the MDA results, since MDA formation is related to lipid peroxidation indicating highly
significant membrane damage to our treated plant cells as compared to control plant cells. Similar
results were shown in Syrian barley treated with CuONP, as well as lettuce plants treated with ceria
nanoparticles [31,33]. Additionally, toxic effects of CuNP are probably exerted through free radical
generation, which results in the enhanced production of MDA. Metals are known to inhibit the
precursor of chlorophyll called protochlorophyllide by inhibiting the enzyme protochlorophyllide
reductase [34]. The reduction is mainly due to the high redox potential of metals including copper [35].
Additionally, copper is one of the essential micronutrients for plants and should be tightly regulated.
Either copper deficiency or excess copper leads to variation in plant growth and development by
adverse physiological processes [10]. The chlorophyll contents were measured as a photosynthetic
performance, which showed a significant reduction in the 400 mg/L and 800 mg/L treatments in
comparison to control plants. This might be due to damage in chloroplast membranes as a result of
excess lipid peroxidation under higher oxidative stress, or changes in leaf thickness and anatomy, or as
a result of reduction in the availability of mineral elements leading to depletion of Iron (Fe) as a result
of antagonism between Cu and Fe uptake. This has been already shown in Brassica juncea L and
Arabidopsis treated with Cu and CuNP [21,36,37].

XRF microscopy was used for elemental analysis in plant tissues semi-quantitatively (mass %).
This was performed to show the elemental composition of C. sativum shoots and roots treated with
CuNP. Micro-XRF analysis has also been used widely in earlier studies for elemental analysis, as shown
when detecting CeO2 in the soybean epidermis [38]. In another report, micro-XRF was used to study
how the CeO2 nanoparticles changed the allocation of calcium in kernel [39]. Moreover, it was used to
map titanium oxide (TiO2) distribution in wheat where it accumulated in root tissues and distributed
through whole plant tissues [40]. Our elemental analysis of CuNP treated samples showed 26% and
1% of copper in roots and shoots, respectively, whereas it was undetectable in control untreated plants.
Interestingly, a clear increase in Si (12%) was detected in CuNP treated roots compared to 1% in control
untreated roots, which may be part of the plant coping mechanism against CuNP stress as reported
previously [41].

RAPD technique is used to detect polymorphisms in the genome without prior knowledge of
the DNA sequence [32]. RAPD was used to assess the genotoxicity of TiO2 in Cucurbita pepo which
demonstrated DNA changes in treated versus control conditions [42]. Moreover, it has been used to
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assess the genotoxicity of cerium oxide (CeO2) and titanium Oxide (TiO2) in Hordeum vulgare L [43].
Furthermore, the genotoxic effect of zinc oxide (ZnO) and copper oxide nanoparticle (CuO NP) has
been shown in buckwheat (Fagopyrum esculentum) as assessed by RAPD [44]. ZnO and CeO2 also
showed genotoxic effects in soybean plants demonstrating different DNA patterns when compared
to controls [45]. Additionally, genotoxicity was demonstrated via RAPD in cucumber plants treated
with CuNP [22]. In our investigation, four standard primers (OPA1, OPA4, OPA6 and OPA7) were
utilized. The genomic changes were demonstrated on agarose gels as different bands that disappeared
or appeared when comparing control and treated plant DNA. Appearance of new patterns may be
explained by changes in the genomic DNA template stability due to mutations, large deletions or
homologous recombination. Additionally, it can also indicate a change in priming sites leading to new
annealing events [44]. In observing the appearance and disappearance of bands, more of the latter
phenomenon was detected in our study when comparing control and treated plants. As increases in
oxidative stress can lead to DNA damage, the higher presence of ROS in treated samples may cause
modifications in the observed RAPD pattern [43].

In general, CuNP induced alteration of physiological, biochemical and molecular activities in
C. sativum plants. Uptake and accumulation of CuNP caused oxidative stress that limited successful
plant growth and development, which was more observable in roots than shoots due to direct contact
between the membrane root and CuNPs. Additionally, CuNP induced lipid peroxidation led to
membrane damage as observed by enhanced MDA concentrations.

4. Materials and Methods

4.1. Plant Materials and Nanoparticle Treatment

Coriander seeds used in this study were bought from a local market. CuNPs were purchased
from Hengqiu Graphene Technology (Suzhou) Co., Ltd., Shanghai, China with a purity of 99.9% and
an average particle size of 20 nm. These CuNP were characterized in our earlier study [22]. Coriander
seeds (Coriandrum sativum) were sterilized using 10% bleach solutions for 5 min and then washed
with distilled water three times. Fitted size filter papers were inserted at the bottom of sterilized petri
dishes and the sterilized seeds were dispersed along 10 mL of distilled water for 10 days. Seedlings
were then transferred into hydroponic media containing 20% Hoagland’s No.2 basal salt mixture
(Sigma-Alrich, H2395) and allowed to acclimatize for another 2 weeks in a growth chamber maintained
at temperatures of 21 ◦C/18 ◦C for 20h light/4h dark cycles, respectively. Control samples were grown
in 20% Hoagland’s solution whereas treated samples were grown in various concentrations of CuNP
(200, 400 and 800 mg/L) and prepared in 20% Hoagland’s No. 2 basal salt mixture by 30 min sonication
for uniform CuNP dispersal. These solutions were then used to treat the plants for 7 days. Experiments
were conducted using three replicates of 15 plants each. We developed a hydroponic system that
contained 3 replicas.

4.2. Measurement of Biomass, Root Length, and Chlorophyll Contents

After 7 days of CuNP treatment, plant roots were washed carefully with distilled water and
blotted in tissue paper. Plant fresh weight and root length were measured for the control and treated
groups. For chlorophyll a and b analysis, 100 mg of leaf tissues were ground using ice cold mortars
and pestles, incubated with 5 mL of 80% acetone for 15 min at room temperature in the dark. Samples
were then dissolved in 1:1 ratio with 80% acetone and absorbance was measured by spectrophotometer
(Jenway 3600, Keison products, Chelmsford, UK) at 663 nm and 645 nm for chlorophyll a and b
respectively [46].

4.3. Root Membrane Integrity

100 mg of plant root was excised and added to 10 mL of deionized water in test tubes. The
electrical conductivity was measured by an electrical conductivity meter (EC meter) after 48 h of
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incubation in deionized water (Cn), and after boiling and allowing them to cool down (Cf). Electrolyte
leakage was calculated using the following formula; ET % = (Cn/Cf) × 100 [47]. Experiments were
conducted with three replicates, with each replica comprising a total of 15 plant roots. Plant root
cell death was evaluated following treatment with CuNP by performing Evan’s blue staining [48].
The control and treated plant roots were stained with 0.25% v/v of Evan’s Blue in 0.1 M calcium
chloride (CaCl2) solution for 15 min. Subsequently, roots were washed well in distilled water to
remove the excess unbound dye. Root tips were analyzed under bright field microscope (Optika
B-1000 BF, Ponteranica, Italy) under different magnifications.

4.4. Lipid per Oxidation and H2O2 Determination

Concentration of malondialdehyde (MDA) was measured for lipid peroxidation determination
according to Zhou and Leul [49]. 0.1 g of roots and shoots were mixed with 0.1% (v/w) Trichloroacetic
acid (TCA). The tubes were centrifuged at 12,000 g for 15 min at 4 ◦C. 800 µL of the supernatant were
mixed with 2 mL of 0.5% 2-Thiobarbituric acid (TBA) diluted in 20% TCA. This mixture was incubated
in a water bath maintained at 80 ◦C for 1 h and allowed to cool down. Tubes were centrifuged for
5 min at 12,000 g and 4 ◦C. Optical density was measured by spectrophotometer (Jenway 3600, Keison
products, Chelmsford, UK) at 532 nm and 600 nm. The concentration of MDA was calculated by using
an extinction coefficient of 155 mM−1 cm−1.

H2O2 contents were measured as described previously [50]. 100 mg of frozen shoots and roots
were homogenized with 2 mL of 0.1% TCA solution and then centrifuged at 12,000 g for 15 min at
4 ◦C. The clear supernatant (0.5 mL) was mixed with 0.5 mL of 10 mM potassium phosphate buffer
(pH 7) and 1 mL of 1 M potassium iodide and optical density were measured by spectrophotometer
(Jenway 3600, Keison products, UK) at 390 nm. The H2O2 content was determined using an extinction
coefficient of 0.28 µm cm−1 and expressed as µmol·g−1 FW. H2O2 accumulation was detected using a
3′,3′-diaminobenzidine (DAB) assay [51]. The control and treated plant leaf and roots were stained
with 1 mg·mL−1 DAB solution and incubated in a shaker for 4 h by covering it with foil. The tissues
were washed with ethanol, acetic acid and glycerol (3:1:1) and incubated in a 90 ◦C water bath to bleach
the chlorophyll content. Subsequently, the leaf and roots were photographed with a white background.

4.5. X-ray Fluorescence (XRF) Analysis of CuNP in Plant Tissues

Dry samples were prepared by drying the roots and shoots in an oven (65 ◦C). Using Horiba’s XGT
7200, X-ray Analytical Microscope (XAM), elemental composition of the control and CuNP treated
plant samples were measured semi-quantitatively as described previously [22]. This microscope
facilitates collecting spectra either from a specific spot or particular area in our samples. Oven dried
control and CuNP treated plant samples were used for measuring elemental composition using XAM.

4.6. DNA Extraction and RAPD Analysis

DNA was extracted from root samples stored at −80 ◦C using a Norgen Biotek DNA extraction
kit for plant/fungi according to manufacturer instructions. DNA samples were quantified using
nanodrop 2000 (Thermo Fischer Scientific, Waltham, MA, USA). A similar concentration of DNA was
used with Norgen Biotek Corp master mix using the RAPD primers OPA-1 (CAGGCCCTTC), OPA-2
(TGCCGAGCTG), OPA-6 (GGTCCCTGAC), and OPA-7 (GAAACGGGTG). The RAPD PCR program
was set to initial denaturation at 95 ◦C for 3 min, followed by a 35-cycle annealing step set at 48 ◦C for
1 min, extension of products at 72 ◦C for 2 min and the final extension set at 72 ◦C for 7 min using the
Techne PCR machine (TC-5000) (GMI Inc., Ramsey, MN, USA). PCR amplified samples were run on
2% agarose gel electrophoresis along with molecular marker (1 kb promega molecular weight marker)
and photographed using the Biorad gel doc system.
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5. Conclusions

In conclusion, to our knowledge, this is the first report focused on evaluating the phytotoxic effect
of CuNP in C. sativum. XRF analysis demonstrated that CuNP (20 nm) had a toxic effect on C. sativum
root length and biomass where both decreased significantly in accordance with increasing CuNP
concentration, along with a significant decrease in total chlorophyll content. Moreover, damage in the
membranes of treated samples was demonstrated by an increase in electrolyte leakage as observed by
Evan’s blue studies. In addition, an increase in endogenous H2O2 and MDA formation was observed
in C. Sativum plants treated with CuNP.

Furthermore, from the molecular perspective, DNA damage was assessed by utilizing the RAPD
technique which showed different patterns of bands between control and treated plants. Further
studies are needed to better understand the molecular mechanisms underlying CuNP transport and
accumulation in important leafy herbal plants such as C. sativum.
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