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Abstract: Cadmium selenide nanoparticles (CdSe NPs) were synthesized by an easy and simple
method and their properties were assessed by XRD, TEM and SEM techniques. The effects of CdSe
NPs as well as Cd2+ ions on Lemna minor plants were investigated. The absorption of CdSe NPs
by the plants had some adverse consequences that were assessed by a range of biological analyses.
The results revealed that both CdSe NPs and the ionic form of cadmium noticeably caused toxicity
in L. minor. Morphological parameters as well as peroxidase (POD) activity were deteriorated.
In contrast, the activities of some other antioxidant enzymes (superoxide dismutase (SOD) and
catalase (CAT)) as well as the contents of total phenol and flavonoids went up. Taken all together,
it could be implied that CdSe NPs as well as Cd2+ were highly toxic to plants and stimulated the
plant defense system in order to scavenge produced reactive oxygen species (ROS).
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1. Introduction

Nanomaterials with at least one dimension of less than 100 nm are basically known as
nanoparticles (NPs). The surface to volume (and mass) ratio in nanoparticles is large and
potentially causes greater reactivity and motility. As nanomaterials show different properties
compared to the bulk materials, potential risks made by their nanometer scale should be taken
into consideration. For example, their availability to living organisms is higher due to the smaller
size [1]. Nanoparticles exist in the environment, from the natural sources like volcanic activities,
wild bushfire, and/or originating from human activities, like smoking, industrial emissions, and
technological consumptions [2].

The destiny and distribution pattern of nanoparticles in nature are still unknown and need to
be examined. Considerable consumption of nanoparticles in various industries such as electronics,
agriculture, medicine, and pharmacy let out abundant wastes, which find their way to ecosystems,
including aquatic ones, and harm living organisms in water such as aquatic plants. Therefore,
nanotoxicologic studies are focused not only on the physical and chemical characteristics of
nanomaterials but also on the health of living organisms impacted by nanoparticles [3]. Nanoparticles
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are able to go through the cells and induce defense systems. Plants fight against toxicity in different
ways including physical responses (such as exclusion the toxic elements through cell wall or their
isolation in vacuole) and biochemical reactions (like scavenging reactive oxygen species (ROS) by
the activities of antioxidant enzymes and a raise in secondary metabolites contents). But excessive
amounts of toxic elements defeat the defense system of plants and reduce germination, growth,
and development, and eventually cause death [4–6].

Investigations on nanoparticles show that they stick to the surface of cell wall and cell membranes
and subsequently penetrate into the cells which cause adverse effects [7]. Furthermore, nanomaterials,
to a large extent, release the toxic elements. For example, cadmium selenide nanoparticles contaminate
cells both in the forms of nanoparticles, and nanoparticle-released metal ions. CdSe NPs are globally
consumed in many industries and have unique mechanical, electrical, optical, and thermal properties,
which can be applied in hybrid solar cells, fluorescent imaging, and many other consumptions [8].
Cadmium selenide is a semiconducting material. It has unique optical and chemical properties owing
to the quantum size effect. The CdSe NPs have promising applications in many fields, including optics
and photo-electrochemical cells. The significant feature relating to these semiconducting nanomaterials
is the improvement of the efficient synthesis method. To achieve the optimum properties for these
nanomaterials, some manipulations were done. A set of interactions occur among nanoparticles
surface and the surrounding liquid in a colloidal solution. The electrolytic interactions, van der Waals
forces, solvation forces, and hydrophobic impacts occur to make a sustainable dispersion [8]. Although
these nanoparticles have improved life with their extensive applications but the adverse effects caused
by their release to the environment should be considered. The cytotoxic impact of Cd2+ and many
other metallic ions has been widely studied and proved [9]. However, there is little information on the
destructive functions of CdSe NPs, especially in plants, and it implies that our knowledge is deficient.

Plants hold the primary position in the food chain of ecosystems and therefore, their contamination
by environmental pollutants, for example, nanoparticles, can affect many other organisms linked to
the chain [10]. Lemna minor is a floating plant in fresh water that grows fast and its application for
some studies such as toxicity assessments is easy [11]. The characteristics of L. minor, including its
small genome size, make it appropriate for toxicological assessments [12].

A facile and economic protocol was applied to synthesize CdSe in nanometer dimensions by
hydrothermal route. The features of CdSe NPs were analyzed. Consequently, the harmful impacts
of these NPs were evaluated on L. minor at various concentrations. The phytotoxic effects were
investigated including the changes in antioxidative enzymes activity, total phenol and flavonoid
contents, and some physical parameters (e.g., frond size, fresh and dry weights).

2. Results and Discussion

2.1. Properties of the Synthesized CdSe NPs

X-ray diffraction spectrum of NPs confirmed the synthesis of CdSe NPs (Figure 1a). The diffraction
peaks in XRD were at 2θ = 24.32◦, 25.4◦, 30◦, 42.28◦, and 49.6◦ in reference to plane reflections of (100),
(002), (101), (110), and (112), and associated with CdSe NPs cubic crystalline 3-dimensional phase
(JCPDS 65-2891) (Figure 1a). The sharper (002) peak determined that the nanocrystals were stretched
along the c-axis. The XRD pattern confirmed the successful administration of the hydrothermal method
in this work. The average crystalline size was 15 nm for CdSe NPs according to Debye–Scherrer
formula [13,14]. The SEM micrograph of the synthesized CdSe NPs is shown in Figure 1b. Accordingly,
nanoparticles were globe-shaped and their size mostly was in a range between 10 nm to 30 nm (1d).
In order to make the morphology of the nanoparticles clearer, the SEM image was prepared (Figure 1b).
The high resolution-transmission electron microscopy (HR-TEM) image of CdSe NPs (Figure 1c)
proved the acquired results by SEM showing their crystallinity and small size under 100 nm and thus
in the range of nanoparticles. Moreover, the surface area and pore size of CdSe NPs were acquired by
evaluating the nitrogen adsorption and desorption isotherms (Figure 1e). Consistent with the IUPAC
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classification, the CdSe NPs samples exhibited type IV isotherms with a hysteresis loop highlighting
the mesoporous nature of the samples [15]. The surface area of the sample was 1.7371 E + 01 m2·g−1

and the pore volume was 0.2569 cm3·g−1. The CdSe NPs had soft and uniform surface. The mean size
of specific surface area was achieved by the following Equation (1) [16]:

D = 6000/Sρ (1)

S demonstrates the surface area of nanoparticles in m2 g−1 and ρ is density in cm3 g−1 of CdSe
NPs. The NPs size was 13.57 nm that approximately equaled to the crystalline size obtained by XRD.
Therefore, the average size of CdSe NPs seemed to be in a range of being up taken by roots of L. minor.
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2.2. Fluorescence Microscopic Imaging

Fluorescent images of L. minor roots, treated by 40 mg L−1 and 80 mg L−1 of CdSe NPs (average
and highest concentrations), were taken by fluorescence microscope and bright green spots were
detected as nanoparticles agglomerations in root tissues compared to control with no green stains
(Figure 2). Similar fluorescent images of Spirodela polyrrhiza roots impacted by L-cysteine capped CdS
nanoparticles were formerly introduced [5].
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Figure 2. Fluorescence microscopic images of L. minor roots (a) control, (b) treated plants with
40 mg L−1 CdSe NPs, (c) treated plants with 80 mg·L−1 CdSe NPs. Distinguished shiny green
marks present nanoparticles.

The visible spots of nanoparticles had a direct correlation with their concentration i.e., they were
denser and brighter in high concentrations. A key mechanism for eukaryotic cells to embody materials
outside the cell is endocytosis. Other routes for NPs to penetrate and pass via cells can be capillary
forces, symplastic directions, pores, and plasmodesmata [17]. Properties of CdSe NPs played an
important role in their absorbance by the plant [18]. In a study it is reported that fluorescent spots
were observed as a consequence of the absorbance of mercaptopropanoic acid coated CdSe/ZNS
QDs as well as the entrance of platinum nanoparticles into the cytosol, cell walls and organelles of
Medicago sativa [19].

2.3. Ultrastructure Observation

The entry of NPs in root tissues was assessed and confirmed by TEM (Figure 3). They were
penetrated into the cell walls and located inside the cells in the form of aggregations. CdSe NPs could
be traced as dark spots (solid arrows) within the cell wall, cytoplasm and multi vesicular structures of
the treated plants at the concentration of 80 mg·L−1 (Figure 3f). Mitochondria can be seen in Figure 3c–f
with degenerated cristae and degraded ER. Also, disrupted organelles of cytoplasm are illustrated
in the form of remnants because of destructive impact of CdSe NPs toxicity. Spherical nanoparticles
are noticeable in the images. CdSe NPs aggregates are detectable compared to control with no NPs
(Figure 3a,b). Eventually these images confirmed CdSe NPs absorbance by Lemna minor and their
subsequent toxicity. In accordance with the present findings, Au nanoparticles internalization and
their destruction was proved by TEM images of rice roots via their entrance through small pores [20].
In addition, the absorption of ZnO NPs in root cells of Fagopyrum esculentum has been observed
by TEM. Subsequently they had adverse effects and showed phytotoxicity [21]. It is reported that
endoplasmic reticulum (ER) stress was concerned to nanoparticles cytotoxicity which consequently
caused apoptosis in various cell types e.g., silver nanoparticles induced different ER stress markers in
human THP-1 monocytes leading to a rapid ER stress response [22].
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2.4. Determination of Growth Parameters

The growth of L. minor was analyzed by some morphological factors (growth parameters) such
as relative frond number (RFN), frond size, fresh weight, and dry weight to investigate the impact
of CdSe NPs. Therefore, the plants were treated with various concentrations of CdSe NPs from 1 to
80 mg·L−1 during 8 days (Figure 4). RFN went down significantly in adverse association with the
concentration of CdSe NPs and treatment time versus control samples. The concentrations equal and
upper than 1 mg·L−1 of CdSe NPs poisoned L. minor from the second day to the eighth day after
treatment (Figure 4a). Keeping on with the growth parameters assessments, L. minor evaluations
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The growth of L. minor was analyzed by some morphological factors (growth parameters) such
as relative frond number (RFN), frond size, fresh weight, and dry weight to investigate the impact
of CdSe NPs. Therefore, the plants were treated with various concentrations of CdSe NPs from 1 to
80 mg·L−1 during 8 days (Figure 4). RFN went down significantly in adverse association with the
concentration of CdSe NPs and treatment time versus control samples. The concentrations equal and
upper than 1 mg·L−1 of CdSe NPs poisoned L. minor from the second day to the eighth day after
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2.4. Determination of Growth Parameters

The growth of L. minor was analyzed by some morphological factors (growth parameters) such
as relative frond number (RFN), frond size, fresh weight, and dry weight to investigate the impact
of CdSe NPs. Therefore, the plants were treated with various concentrations of CdSe NPs from 1 to
80 mg·L−1 during 8 days (Figure 4). RFN went down significantly in adverse association with the
concentration of CdSe NPs and treatment time versus control samples. The concentrations equal and
upper than 1 mg·L−1 of CdSe NPs poisoned L. minor from the second day to the eighth day after
treatment (Figure 4a). Keeping on with the growth parameters assessments, L. minor evaluations
by the means of frond size, fresh and dry weights showed a notable decline during 8 days. Treated
plants with CdSe NPs showed a decrease in frond size and fresh weight at 1 mg·L−1 and upper on
the 4th and 8th day after treatment, and dry weight at 5 mg·L−1 and upper from the second day on
(Figure 4b–d). Thus, it can be concluded that growth got retarded by nanoparticles due to protein
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denaturation and photosynthesis inhibition and possibly existence of NPs around vascular bundle
prevented water and nutrient intake [21]. These findings are comparable with other works on L. minor
and S. polyrrhiza impressed by ZnO NPs and L-cysteine-capped CdS [5,23], L. minor and Medicago sativa
affected by Ag NPs and CdSe/ZnS QDs respectively [19,24]. Similarly, it was reported that NPs
potentially alter the transcription of antioxidant and aquaporin genes hence, unbalance the water
absorption in Arabidopsis [25]. Possibly, blockage in the function of aquaporins impairs water uptake.
Down-regulation of aquaporin genes affected by NPs toxicity has been reported. Thus, the prevention
of water uptake, and movement throughout the plant, could be the symptoms of toxicity [26].
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Lemna minor. (a) Relative frond number (RFN), (b) frond size, (c) fresh weight, and (d) dry weight on
the 2nd, 4th, 6th, and 8th days after treatment. Experimental conditions: 1 g of plant in 200 mL of
nutrient solution (for each time and concentration treatment), temperature ≈25 ◦C, pH = 6.5–7, 16/8
(light/dark) photoperiod. The level of confidence is 95% according to Tukey Test (n = 3 replicates).

2.5. Assessing the Activity of Antioxidant Enzymes

As demonstrated in previous works NPs can stimulate ROS production and subsequently
oxidative stress, due to their specific characteristics, involving with biological reactions inside the
cells [27,28]. As a result, the defense system starts scavenging ROS, but in a case of being too much
ROS, disruption in biomolecules and finally cell death occurs [29]. A part of the defense system refers
to antioxidant enzymes (e.g., SOD, POD, and CAT) that actively works to remove oxidative stress [30].

CdSe NPs effects on antioxidant enzymatic activities, at different concentrations (1 to 80 mg·L−1),
were investigated in L. minor during 8 days. A statistically noticeable change in SOD activity was noted
in comparison with the control from 1 mg·L−1 of CdSe NPs (p < 0.05) and upper at all experimental
days (Figure 5a). Also, treated plants with Cd(CH3CO2)2 and CdSO4 (Cd2+) showed an increase in
SOD activity at 20 and 1 mg·L−1 and upper (p < 0.05) respectively during treatment in comparison
with the control (Figure 5b,c). Another study proposed the same results of SOD activity in L. minor
influenced by CuO NPs as well as Cu2+ [31]. SOD is a major ROS hunter that produces H2O2 and O2−,
and therefore, the promoted activity of SOD is associated with oxidative stress [32].

POD activity was remarkably reduced in plants treated by ≥1 mg·L−1 of CdSe NPs at all
experimental days (p < 0.05) (Figure 5d). Furthermore, Cd(CH3CO2)2 poisoned plants and suppressed
POD at ≥20 mg·L−1 concentrations (p < 0.05) at all treatment days (Figure 5e). CdSO4 impacted on
plants from 1 mg ·L−1 from day 4 after treatment (Figure 5f).
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significant differences at p ≤ 0.05 according to Tukey’s HSD Test. The error bars represent standard
deviation of the mean (n = 3 replicates).

The reduction in POD activity, at concentrations upper and equal to 1 mg·L−1 (p < 0.05), could
because of elevated ROS introduction influenced by CdSe NPs that very likely denatured enzyme
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structure. The results for POD activity showed that adverse effect of nanoparticles was stronger than
the ionic forms of cadmium. In the other work similar outcomes were reached for POD content in
onion plants affected by TiO2 NPs [33].

A significant increase was noted in CAT content at >5 mg·L−1 of CdSe NPs (Figure 5g) (p < 0.05)
and at ≥20 mg·L−1 of Cd(CH3CO2)2 and CdSO4 (Figure 5h,i) during all experimental days. It could
be concluded that ROS initiation is stimulated even in low concentrations of CdSe NPs. Also, the ionic
form of cadmium (Cd2+) was toxic to the plant and higher concentrations provoked more toxicity
compared to the NPs. There are some results in consistent with our work that CAT activity has been
elevated in L. minor influenced by CuO NPs in addition to Cu2+ [34]. CAT is an important antioxidant
enzyme and converts H2O2 to water and oxygen. CAT usually follows the same direction as SOD
under stress [32].

With the obtained results, showing an increase in SOD and CAT activities in contrast to POD
with a decrease, it can be concluded that ROS generation has been dominated over its scavenging and
therefore, the NPs led to oxidative stress in the plant.

Altogether, ions can catalyze the generation of ROS; also NPs are able to produce ROS and
oxidative stress, in addition to free ions and mitochondrial deterioration [35]. The toxicity function
of Cd ions was possibly due to the binding of metal to the sulfhydryl groups in proteins that caused
destruction or prevention in proteins activity [36]. Enzymes are the key targets of heavy metal ions [37].
Also, cadmium could affect the availability of minerals that were needed to be up taken by plants [38].
Furthermore, stomatal opening, transpiration and photosynthesis got influenced by cadmium [39].

2.6. Evaluation of Total Phenol, Flavonoids, and Malondialdehyde (MDA) Content

The flavonoids and phenols quantity is modified by various stresses [40]. Phenolic compounds
participate in ROS scavenging possibly as reducing agents, hydrogen contributors and singlet oxygen
suppressors [41]. Similarly, flavonoids contribute to stress resistance against stressors like heavy metals
as well. Information on total phenolic compounds, in plants against NPs is insufficient. They consist
aromatic benzene ring compounds with chelating capability against stress [42].

The content of total phenol grew significantly in plants influenced by CdSe NPs from 1 to
80 mg L−1 in a dose and time dependent manner in comparison to control which was started from
888.85 µg·g−1 FW and reached to 1046.60 µg·g−1 FW of phenol at the maximum concentration of
NPs (Figure 6a). The volume of flavonoids was raised in the plants treated with CdSe NPs from 1 to
80 mg·L−1 during 8 days as well. The flavonoid quantities started from 681.58 µg·g−1 FW and went up
to 988.35 µg·g−1 FW (Figure 6b). Similar results were reported on Brassica nigra impacted by ZnO NPs
in nonenzymic antioxidative compounds including phenol and flavonoid contents [43]. The imbalance
between produced ROS and scavengers as antioxidant enzymes has been insufficient for removing
oxidative stress. Thus, this rise could be associated with toxicity which activated another part of the
defense mechanism in cells to help the enzymatic function and promote the whole defense mechanism.

The initiation of lipid peroxidation caused by oxidative stress can be computed based on the
commencement of MDA which is an indicator of lipid peroxidation. Lipid peroxidation caused by a
rush of ROS, leads to cell membrane decomposition. Hence, alteration in MDA content is dependent
on ROS accumulation [44]. Thus, MDA volume was measured in L. minor to assess membrane integrity
impacted by CdSe NPs (1–80 mg·L−1).

The MDA content of the plant went up statistically significant in a dose and time dependent
manner. In treated plants with 1 mg·L−1 to 80 mg·L−1 of CdSe NPs it commenced from 1.15 nM·g−1

and went up to 2.24 nM·g−1 (Figure 6c). This gradual grow could contribute to the existence of
superoxide radicals produced from lipid peroxidation [44]. There are some studies in agreement with
the present work, for example, in one work it is shown that elevated quantity of MDA was influenced
by CeO2 NPs in lettuce [45].
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3. Materials and Methods

3.1. Plant Collection, Culture, and Exposure Conditions

L. minor plants were collected from a small lake in Alijan near Bostanabad, 80 kilometers from
Tabriz, Iran. They were sterilized in the laboratory by 5% sodium hypochlorite for 5 min and were
fed with 30% Steinberg culture medium. This solution contained 349 mg·L−1 KNO3, 90 mg·L−1

KH2PO4, 12.5 mg·L−1 K2HPO4, 108 mg·L−1 Ca(NO3)2·4H2O, 49 mg·L−1 MgSO4·7H2O, 0.04 mg·L−1

NaMoO4·2H2O, 0.456 mg·L−1 FeCl3·7H2O, 0.1 mg·L−1 MnCl2·2H2O, 1.1 mg·L−1 H3BO3, 0.1 mg·L−1

ZnSO4·7H2O, and 1.5 Mg·L−1 Na2EDTA.
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The room temperature and photoperiod were regulated at 20–25 ◦C and 16/8 h light/dark,
respectively. The culture medium containing a nourishing mixture was replaced almost every week
for the optimum growth of plants.

To set up the experimental design, a search was performed to find toxicity levels in L. minor.
The experiences were repeated 3 times for both the control and treated samples with 1, 5, 10, 20, 40,
and 80 mg·L−1 of CdSe NPs. Various concentrations of nanoparticles were obtained using a stock with
1000 mg·L−1 of CdSe nanoparticles. The stock solution was sonicated for half an hour prior to use.
Depending on the tests, different exposure times were applied, during a week by two-day intervals,
as presented in each part. Also, different concentrations depending on the purpose of the test were
used, e.g., medium and maximum concentrations (40 and 80 mg·L−1 of CdSe NPs) for fluorescence
microscopy observation showing the effect of concentration on the entrance. To demonstrate the effect
of various concentrations on biochemical and physical properties a range between 1 to 80 mg·L−1 of
NPs were used (from the lowest to the highest toxicity). Moreover, based on the analysis, the plants
were picked by their weight (e.g., for the assessment of antioxidant activities or MDA, flavonoids, and
phenols contents with 250 mg for each test and repeated 3 times) or by number (e.g., for RFN and
frond size with 20 isometric fronds and for fresh and dry weights with 40 isometric fronds).

3.2. CdSe NPs Synthesis

The following materials: Cd(CH3COO)2·2H2O 98%, N2H4·H2O 80%, Na2SeO3 99% (LobaChemie
Co., Mumbai, India), NaOH (Merck Co., Darmstadt, Germany), C10H14N2O8Na2·2H2O (Rankem Co.,
Haryana, India), and C2H6O 90% (Iran Daru Co., Tehran, Iran) were provided in analytical grade.

Hydrothermal method was used for preparing CdSe nanoparticles as follows: first 1 mmol
Na2SeO3, 1 mmol NaOH and Cd(CH3COO)2·2H2O were mixed with 70 mL distilled water. Then,
1 mmol EDTA was dissolved in 20 mL distilled water at an average stirring pace and it was added
to the first solution. Under stirring, hydrazine was added drop wise as a reducing agent. Then,
the ultrasonic was applied for 20 min (Sonica, 2200 EP S3, SOLTEC, Milan, Italy) and a 150 mL
Teflon-coated stainless-steel was used for autoclaving at 180 ◦C for 24 h. Then, it was cooled to the
ambient temperature. The black deposit was rinsed with distilled water and ethanol to wash away all
impurities. The sediment was dehydrated at 60 ◦C for 5 h.

3.3. CdSe Nanoparticles Properties

CdSe NPs were analyzed by XRD, SEM, TEM, and the Brunauer, Emmett, and Teller (BET)
techniques. XRD spectrum was recorded in ambient temperature to ascertain the crystalline phase of
the CdSe NPs. To fulfill this task, D8 Advance diffractometer device (Bruker, Hamburg, Germany)
was used with Cu Kα radiation (λ = 1.5406 A◦). The morphological features of nanoparticles were
determined by SEM (S-4200, Hitachi, Ibaraki, Japan). In addition, high-resolution transmission
electron microscopy (HR-TEM) pictures of synthesized CdSe NPs were acquired by a Cs-corrected
high resolution TEM (JEM-2200FS, JEOL, Tokyo, Japan) operating at 200 kV. A BET test was applied by
a Belsorp mini II instrument utilizing nitrogen adsorption/desorption at 77 K (Bel, Osaka, Japan).

3.4. Epifluorescence Microscopy

Epifluorescence microscopy was used for CdSe NPs detection inside the roots of treated plants.
The observation was done a week after the treatment of L. minor by CdSe NPs in comparison to
control. The roots were sectioned and merged in 0.1% Auramine O for 10 min. The specimens were
assessed precisely under Olympus BX51 fluorescence microscope supplied by fluorescence illuminator.
The wavelengths were adjusted to 480 to 510 nm (Olympus Optical Co., Ltd. Tokyo, Japan). Stack
z-projection could give the best images for the eventual setting of images [46].
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3.5. Transmission Electron Microscopy

Transmission electron microscopy (TEM) was used for cellular ultrastructure detection. The roots
of plants were exposed to CdSe NPs for one week and then were cut and prefixed in a fixative
containing 2% (v/v) glutaraldehyde in 100 mM phosphate buffer. The pH was set on 7.4 and the
solution was kept for 24 h at 4 ◦C. Phosphate buffer was used to wash the samples for four times.
Afterwards, they were post fixed with 2% (w/v) osmium tetroxide for 2 h. Ethanol series were applied
to dehydrate the specimen and then immersed in araldite epoxy resin. The thickness of samples
was 60 nm applied by Leica ultramicrotome with a diamond knife (Leica Mikrosysteme, A-1170,
Wien, Austria). At last, uranyl acetate dissolved in methanol, in addition to Reynold’s lead citrate,
were applied for staining the samples [47]. Observation was performed by LEO 906 TEM at 80 kV
electron voltage.

3.6. Assessments of Morphological Parameters

Relative frond number (RFN), frond size, fresh weight, and dry weight of L. minor were assessed
as growth factors when encountering CdSe NPs from 1 to 80 mg·L−1 in comparison to control. For RFN
and frond size calculation, L. minor plants with 20 relative isometric fronds were treated by different
concentrations of CdSe NPs. Fresh and dry weight analyses were executed at the same concentrations
with 40 relative identical fronds of plants. All tests were done under natural light and room temperature
in the laboratory.

The growth rate of plants, including mentioned tests was conducted by a stereomicroscope
(Olympus, Japan) and digital scale (Adam equipment, AAA 250L, USA) at 2-day intervals during 8
days. The RFN was measured using Equation (2) [48].

RFN = frond (N1) − frond (N0)/frond (N0) (2)

N0 and N1 show frond numbers at day 0 and day N in turn.

3.7. Evaluation of Antioxidative Enzymes

CdSe NPs (1 to 80 mg·L−1) along with ionic forms of cadmium including cadmium acetate
(Cd(CH3CO2)2) and cadmium sulfate (CdSO4) (at 1, 20 and 80 mg·L−1 as minimum, medium, and
maximum concentrations) were utilized to treat L. minor for calculating enzymes activities versus
control every 2 days during a week. The extract of fresh plants (0.250 g) was obtained by extraction
buffer (0.1 mol, pH = 7.0) having 2% PVP (w/v). After centrifugation for 15 min (6000× g) at 4 ◦C,
the supernatant was consumed for the test [49]. The measurements were done in quadruplet.

The activity of SOD (EC 1.15.1.1) was measured by Beyer and Fridovich method [50]. The SOD
solution was prepared with 2.65 mL potassium phosphate buffer solution (67 mmol·L−1, pH = 7.8),
0.1 mL NBT (1.5 mmol·L−1), 0.2 mL EDTA (0.1 mmol·L−1) including 0.3 mmol·L−1 KCN, 50 µL
riboflavin (0.12 mmol·L−1), and 50 µL enzyme extract. The mixture was put under 1000 Lux light
intensity for 15 min. The absorbance was read at 560 nm. One unit of SOD equals to the volume of
enzyme that restrains 50% of the NBT depletion under the analysis state [51].

POD (EC 1.11.1.7) activity was prepared based on the technique of Chance and Maehly’s.
The solution was prepared using citrate-phosphate-borate buffer solution (0.1 mol·L−1, pH = 7),
25 µL enzyme extract, 15 mmol·L−1 guaiacol and 3.3 mmol·L−1 H2O2. The absorbance was recorded
at 470 nm for 3 min as the guaiacol was polymerized. One unit of POD activity was considered as the
quantity of enzyme that could engender 1 µmol·L−1 tetraguaiacol min−1 [ε = 26.6 (mmol·L−1)−1·cm−1].
The amount of enzyme was calculated regarding to a mg of protein [52].

The activity of CAT (E.C. 1.11.1.6) was assessed according to the Chance and Maehly’s method.
The mixture comprised 25 µL enzyme extract, citrate phosphate-borate buffer solution (0.1 mol·L−1,
pH = 7.5) and 10 mmol·L−1 H2O2. The absorbance was read at 240 nm [ε = 39.4 (mol·L−1)−1·cm−1]
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through 3 min. One unit of CAT content was calculated as the quantity of enzyme that reduced 1 µmol
of H2O2 each minute. The amount of enzyme was assigned regarding to a mg of protein [52].

The Bradford assay was used for determining protein concentration by a UV-Vis
spectrophotometer (WPA light wave S2000, England) with bovine serum albumin as the standard
reference [49].

3.8. Evaluation of Nonenzymatic Antioxidative Compounds

The content of phenolics was measured using modified method of singleton et al., as follows:
An amount of 100 µL of the plant extract (1 mg·mL−1 methanolic solution of the extract) was
blended with 100 µL Folin–Ciocalteu’s reagent in 2.5 mL water for 6 min and 150 µL NaHCO3

(20%). After keeping the mixture for 30 min at ambient temperature, the absorbance was recorded at
765 nm by UV/Vis spectrophotometer. Gallic acid was applied as a standard for calibration line with
the same approach. The quantity of phenolics was acquired (µg·mL−1) by measuring the absorbance
based on calibration line equivalent to the gallic acid (µg of GA g−1 of extract) [53].

Flavonoid content was calculated based on the method previously reported [54]. The plant was
extracted in methanol (1 mg·mL−1) and blended with 2% AlCl3 methanol solution (1 mL of each).
After an hour, the absorbance was recorded at 415 nm. A calibration line was parallel to the standard
mixture. The flavonoid’s concentration was analyzed (µg·mL−1) based on the absorbance acquired by
calibration line and eventually were presented concerning the quercetin equivalent (µg of QE g−1 of
extract). The analyses were repeated three times.

Thiobarbituric acid-malondialdehyde (TBA-MDA) content was achieved based on a previously
reported method [55]. The plant (0.1 g FW) was extracted in 2 mL trichloroacetic acid 0.1% (TCA)
and centrifuged (13,000× g) for 15 min. 250 µL of the supernatant was mixed with 2 mL 0.5%
TBA reagent including 20.0% (w/v) trichloroacetic acid, kept in a block heater bath (Fater Electric,
w 350 B, Tehran Iran) for half an hour at 95 ◦C, cooled immediately and centrifuged (13,000× g) for
10 min. The absorbance was read at λmax = 440, 532, and 600 nm. For the control, 250 µL TCA instead
of plant extract was used with the same procedure. To compute MDA content, extinction coefficient
was 156 mM−1·cm−1 in the following Equation (3):

LP (nmol·ml−1) = (A532 − A600) − (A440 − A600) (MA of sucrose at 532 nm)/(MA of sucrose at 440 nm) × 105 (3)

Molar adsorption (MA) of 1–10 mM sucrose at 532 and 440 nm are 8.4 and 147, respectively that
corresponds to 0.0571. MDA content is expressed as nM MDA g−1 FW.

3.9. Statistical Analysis

The obtained data was analyzed applying GraphPad Instat 3 software (GraphPad software,
San Diego, CA, USA). One-way analysis of variance using multiple comparison tests based on Tukey
were performed in triplets. Statistical significance was considered at p ≤ 0.05.

4. Conclusions

Treated L. minor with CdSe NPs showed acute toxicity. In spite of the stimulated defense system,
severe impacts suppressed the plants. The results showed that CdSe NPs invasion decreased growth
parameters but raised MDA and total phenol and flavonoid content, in addition to SOD and CAT
activities (two antioxidant enzymes). In contrast, POD activity (another antioxidant enzyme) was
decreased significantly, which might be due to denaturation in the enzyme structure. Furthermore,
the application of cadmium acetate and cadmium sulfate led to less severe toxicity in L. minor.
As a result, CdSe NPs provoked poisoning due to their specific properties in addition to released
ions. The exposed plants started ROS accumulation that subsequently turned defense system of the
plant on for its survival.



Molecules 2019, 24, 410 13 of 15

Author Contributions: Conceptualization, A.M., A.K. and R.T.; Methodology, R.T., A.M. and A.K.; Software, R.T.;
Validation, R.T., A.M. and A.K.; Formal Analysis, R.T., A.M., A.K., F.R. and G.G.; Investigation, R.T.; Resources,
R.T., A.M. and A.K.; Data Curation, R.T., A.M. and A.K.; Writing-Original Draft Preparation, R.T.; Writing—Review
& Editing, R.T., A.M. and A.K.; Supervision, A.M. and A.K.; Project Administration, A.M. and A.K.; Funding
Acquisition, A.K. and A.M.

Funding: This research received no external funding.

Acknowledgments: We thank the University of Tabriz for the support provided.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Batley, G.; McLaughlin, M. Fate of Manufactured Nanomaterials in the Australian Environment; Department of
the Environment, Water, Heritage and the Arts: Sydney, Australia, March 2010.

2. Shi, J.P.; Evans, D.E.; Khan, A.; Harrison, R.M. Sources and concentration of nanoparticles (<10 nm diameter)
in the urban atmosphere. Atmos. Environ. 2001, 35, 1193–1202. [CrossRef]

3. Fischer, H.C.; Chan, W.C. Nanotoxicity: The growing need for in vivo study. Curr. Opin. Biotechnol. 2007, 18,
565–571. [CrossRef] [PubMed]

4. Dubey, A.; Goswami, M.; Yadav, K.; Chaudhary, D. Oxidative stress and nano-toxicity induced by TiO2 and
ZnO on WAG cell line. PLoS ONE 2015, 10, e0127493. [CrossRef] [PubMed]

5. Khataee, A.; Movafeghi, A.; Nazari, F.; Vafaei, F.; Dadpour, M.R.; Hanifehpour, Y.; Joo, S.W. The toxic effects
of L-cysteine-capped cadmium sulfide nanoparticles on the aquatic plant Spirodela polyrrhiza. J. Nanopart. Res.
2014, 16, 1–10. [CrossRef]

6. Gao, Y.; Zhang, X.; Yin, J.; Du, Q.; Tu, Y.; Shi, J.; Xu, Y. Castanopsis lamontii water extract shows potential in
suppressing pathogens, lipopolysaccharide-induced inflammation and oxidative stress-induced cell injury.
Molecules 2019, 24, 273. [CrossRef] [PubMed]

7. Siddiqi, K.S.; Husen, A. Plant response to engineered metal oxide nanoparticles. Nanoscale Res. Lett. 2017, 12,
92. [CrossRef] [PubMed]

8. Rao, M.; Ravindranadh, K.; Shekhawat, M.S. Synthesis and applications of CdSe nanoparticles.
AIP Conf. Proc. 2013, 1536, 215–216.

9. Benavides, M.P.; Gallego, S.M.; Tomaro, M.L. Cadmium toxicity in plants. Braz. J. Plant Physiol. 2005, 17,
21–34. [CrossRef]

10. Hossain, Z.; Mustafa, G.; Komatsu, S. Plant responses to nanoparticle stress. Int. J. Mol. Sci. 2015, 16,
26644–26653. [CrossRef]

11. Hillman, W.S.; Culley, D.D. The uses of duckweed: The rapid growth, nutritional value, and high biomass
productivity of these floating plants suggest their use in water treatment, as feed crops, and in energy-efficient
farming. Am. Sci. 1978, 66, 442–451.

12. Movafegh, I.A.; Khataee, A.; Torbati, S.; Zarei, M.; Lisar, S.S. Bioremoval of CI Basic Red 46 as an azo dye
from contaminated water by Lemna minor L.: Modeling of key factor by neural network. Environ. Prog.
Sustain. Energy 2013, 32, 1082–1089.

13. Patterson, A. The Scherrer formula for X-ray particle size determination. Phys. Rev. 1939, 56, 978–982.
[CrossRef]

14. Raevskaya, A.; Stroyuk, A.; Kuchmiy, S.Y.; Azhniuk, Y.M.; Dzhagan, V.M.; Yukhymchuk, V.O.; Valakh, M.Y.
Growth and spectroscopic characterization of CdSe nanoparticles synthesized from CdCl2 and Na2SeSO3 in
aqueous gelatine solutions. Colloids Surf. A 2006, 290, 304–309. [CrossRef]

15. Sankhla, A.; Sharma, R.; Yadav, R.S.; Kashyap, D.; Kothari, S.L.; Kachhwaha, S. Biosynthesis and
characterization of cadmium sulfide nanoparticles—An emphasis of zeta potential behavior due to capping.
Mater. Chem. Phys. 2016, 170, 44–51. [CrossRef]

16. Konkena, B.; Vasudevan, S. Understanding aqueous dispersibility of graphene oxide and reduced graphene
oxide through pKa measurements. J. Phys. Chem. Lett. 2012, 3, 867–872. [CrossRef] [PubMed]

17. Nowack, B.; Bucheli, T.D. Occurrence, behavior and effects of nanoparticles in the environment.
Environ. Pollut. 2007, 150, 5–22. [CrossRef] [PubMed]

18. Zhu, H.; Wang, X.; Li, Y.; Wang, Z.; Yang, F.; Yang, X. Microwave synthesis of fluorescent carbon nanoparticles
with electrochemiluminescence properties. Chem. Commun. 2009, 34, 5118–5120. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S1352-2310(00)00418-0
http://dx.doi.org/10.1016/j.copbio.2007.11.008
http://www.ncbi.nlm.nih.gov/pubmed/18160274
http://dx.doi.org/10.1371/journal.pone.0127493
http://www.ncbi.nlm.nih.gov/pubmed/26011447
http://dx.doi.org/10.1007/s11051-014-2774-7
http://dx.doi.org/10.3390/molecules24020273
http://www.ncbi.nlm.nih.gov/pubmed/30642065
http://dx.doi.org/10.1186/s11671-017-1861-y
http://www.ncbi.nlm.nih.gov/pubmed/28168616
http://dx.doi.org/10.1590/S1677-04202005000100003
http://dx.doi.org/10.3390/ijms161125980
http://dx.doi.org/10.1103/PhysRev.56.978
http://dx.doi.org/10.1016/j.colsurfa.2006.05.038
http://dx.doi.org/10.1016/j.matchemphys.2015.12.017
http://dx.doi.org/10.1021/jz300236w
http://www.ncbi.nlm.nih.gov/pubmed/26286412
http://dx.doi.org/10.1016/j.envpol.2007.06.006
http://www.ncbi.nlm.nih.gov/pubmed/17658673
http://dx.doi.org/10.1039/b907612c
http://www.ncbi.nlm.nih.gov/pubmed/20448965


Molecules 2019, 24, 410 14 of 15

19. Santos, A.R.; Miguel, A.S.; Tomaz, L.; Malho, R.; Maycock, C.; Patto, M.C.V.; Fevereiro, P.; Oliva, A.
The impact of CdSe/ZnS quantum dots in cells of Medicago sativa in suspension culture. J. Nanobiotechnol.
2010, 8, 24. [CrossRef]

20. Li, H.; Ye, X.; Guo, X.; Geng, Z.; Wang, G. Effects of surface ligands on the uptake and transport of gold
nanoparticles in rice and tomato. J. Hazard. Mater. 2016, 314, 188–196. [CrossRef]

21. Lee, S.; Kim, S.; Kim, S.; Lee, I. Assessment of phytotoxicity of ZnO NPs on a medicinal plant,
Fagopyrum esculentum. Environ. Sci. Pollut. Res. 2013, 20, 848–854. [CrossRef]

22. El-Shahate, R.; El-Araby, M.; Eweda, E.; El-Berashi, M. Evaluation of the effect of three different pesticides
on Azolla pinnata growth and NPK uptake. J. Am. Sci. 2011, 7, 1020–1031.

23. Chen, X.; O’Halloran, J.; Jansen, M.A. The toxicity of zinc oxide nanoparticles to Lemna minor (L.) is
predominantly caused by dissolved Zn. Aquat. Toxicol. 2016, 174, 46–53. [CrossRef] [PubMed]

24. Gubbins, E.J.; Batty, L.C.; Lead, J.R. Phytotoxicity of silver nanoparticles to Lemna minor L. Environ. Pollut.
2011, 159, 1551–1559. [CrossRef] [PubMed]

25. Qian, H.; Peng, X.; Han, X.; Ren, J.; Sun, L.; Fu, Z. Comparison of the toxicity of silver nanoparticles and
silver ions on the growth of terrestrial plant model Arabidopsis thaliana. J. Environ. Sci. 2013, 25, 1947–1956.
[CrossRef]

26. Taylor, A.F.; Rylott, E.L.; Anderson, C.W.; Bruce, N.C. Investigating the toxicity, uptake, nanoparticle
formation and genetic response of plants to gold. PLoS ONE 2014, 9, e93793. [CrossRef] [PubMed]

27. Khataee, A.; Movafeghi, A.; Mojaver, N.; Vafaei, F.; Tarrahi, R.; Dadpour, M.R. Toxicity of copper oxide
nanoparticles on Spirodelapolyrrhiza: Assessing physiological parameters. Res. Chem. Intermed. 2017, 43,
927–941. [CrossRef]

28. Pisanic, T.; Jin, S.; Shubayev, V. Nanotoxicity: From In Vivo and In Vitro Models to Health Risks; John Wiley &
Sons, Ltd.: London, UK, 2009; pp. 397–425.

29. Yang, H.; Liu, C.; Yang, D.; Zhang, H.; Xi, Z. Comparative study of cytotoxicity, oxidative stress and
genotoxicity induced by four typical nanomaterials: The role of particle size, shape and composition.
J. Appl. Toxicol. 2009, 29, 69–78. [CrossRef] [PubMed]

30. Devi, S.; Prasad, M. Antioxidant capacity of Brassica juncea plants exposed to elevated levels of copper. Russ.
J. Plant. Physiol. 2005, 52, 205–208. [CrossRef]

31. Song, G.; Hou, W.; Gao, Y.; Wang, Y.; Lin, L.; Zhang, Z.; Niu, Q.; Ma, R.; Mu, L.; Wang, H. Effects of CuO
nanoparticles on Lemna minor. Bot. Stud. 2016, 57, 3. [CrossRef]

32. Jalali-e-Emam, S.M.S.; Alizadeh, B.; Zaefizadeh, M.; Zakarya, R.A.; Khayatnezhad, M. Superoxide dismutase
(SOD) activity in NaCl stress in salt-sensitive and salt-tolerance genotypes of Colza (Brassica napus L.).
Middle East J. Sci. Res. 2011, 7, 7–11.

33. Laware, S.; Raskar, S. Effect of titanium dioxide nanoparticles on hydrolytic and antioxidant enzymes during
seed germination in onion. Int. J. Curr. Microbiol. App. Sci. 2014, 3, 749–760.

34. Farrag, H.F. Evaluation of the growth responses of Lemna gibba L. (Duckweed) exposed to silver and zinc
oxide nanoparticles. World Appl. Sci. J. 2015, 33, 190–202.

35. Kawata, K.; Osawa, M.; Okabe, S. In vitro toxicity of silver nanoparticles at noncytotoxic doses to HepG2
human hepatoma cells. Environ. Sci. Technol. 2009, 43, 6046–6051. [CrossRef] [PubMed]

36. Assche, F.V.; Clijsters, H. Effects of metals on enzyme activity in plants. Plant Cell Environ. 1990, 13, 195–206.
[CrossRef]

37. Tyler, G.; Påhlsson, A.-M.B.; Bengtsson, G.; Baath, E.; Tranvik, L. Heavy-metal ecology of terrestrial plants,
microorganisms and invertebrates. Water Air Soil Pollut. 1989, 47, 189–215. [CrossRef]

38. Moreno, J.; Hernández, T.; Garcia, C. Effects of a cadmium-contaminated sewage sludge compost on
dynamics of organic matter and microbial activity in an arid soil. Biol. Fert. Soils 1999, 28, 230–237.
[CrossRef]

39. Di Toppi, L.S.; Gabbrielli, R. Response to cadmium in higher plants. Environ. Exp. Bot. 1999, 41, 105–130.
[CrossRef]

40. Dixon, R.A.; Paiva, N.L. Stress-induced phenylpropanoid metabolism. Plant. Cell. 1995, 7, 1085–1097.
[CrossRef]

41. Winkel-Shirley, B. Biosynthesis of flavonoids and effects of stress. Curr. Opin. Plant. Biol. 2002, 5, 218–223.
[CrossRef]

http://dx.doi.org/10.1186/1477-3155-8-24
http://dx.doi.org/10.1016/j.jhazmat.2016.04.043
http://dx.doi.org/10.1007/s11356-012-1069-8
http://dx.doi.org/10.1016/j.aquatox.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/26918949
http://dx.doi.org/10.1016/j.envpol.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/21450381
http://dx.doi.org/10.1016/S1001-0742(12)60301-5
http://dx.doi.org/10.1371/journal.pone.0093793
http://www.ncbi.nlm.nih.gov/pubmed/24736522
http://dx.doi.org/10.1007/s11164-016-2674-9
http://dx.doi.org/10.1002/jat.1385
http://www.ncbi.nlm.nih.gov/pubmed/18756589
http://dx.doi.org/10.1007/s11183-005-0031-8
http://dx.doi.org/10.1186/s40529-016-0118-x
http://dx.doi.org/10.1021/es900754q
http://www.ncbi.nlm.nih.gov/pubmed/19731716
http://dx.doi.org/10.1111/j.1365-3040.1990.tb01304.x
http://dx.doi.org/10.1007/BF00279327
http://dx.doi.org/10.1007/s003740050487
http://dx.doi.org/10.1016/S0098-8472(98)00058-6
http://dx.doi.org/10.1105/tpc.7.7.1085
http://dx.doi.org/10.1016/S1369-5266(02)00256-X


Molecules 2019, 24, 410 15 of 15

42. Moran, J.F.; Klucas, R.V.; Grayer, R.J.; Abian, J.; Becana, M. Complexes of iron with phenolic compounds from
soybean nodules and other legume tissues: Prooxidant and antioxidant properties. Free Radical. Biol. Med.
1997, 22, 861–870. [CrossRef]

43. Zafar, H.; Ali, A.; Ali, J.S.; Haq, I.U.; Zia, M. Effect of ZnO nanoparticles on Brassicanigra seedlings and stem
explants: Growth dynamics and antioxidative response. Front. Plant. Sci. 2016, 7, 535. [CrossRef]

44. Labudda, M. Lipid Peroxidation as a Biochemical Marker for Oxidative Stress during Drought an Effective
Tool for Plant Breeding. E-wydawnictwo, Poland. 2013, pp. 1–12. Available online: http://www.e-
wydawnictwo.eu/document/documentpreview/3342 (accessed on 20 March 2013).

45. Gui, X.; Zhang, Z.; Liu, S.; Ma, Y.; Zhang, P.; He, X.; Li, Y.; Zhang, J.; Li, H.; Rui, Y.; et al. Fate and phytotoxicity
of CeO2 nanoparticles on lettuce cultured in the potting soil environment. PLoS ONE 2015, 10, e0134261.
[CrossRef] [PubMed]

46. Movafeghi, A.; Dadpour, M.R.; Naghiloo, S.; Farabi, S.; Omidi, Y. Floral development in Astragalus caspicus
Bieb.(Leguminosae: Papilionoideae: Galegeae). Flora-Morphol. Distribut. Funct. Ecol. Plants 2010, 205,
251–258. [CrossRef]

47. Ritzenthaler, C.; Nebenführ, A.; Movafeghi, A.; Stussi-Garaud, C.; Behnis, L.; Pimpl, P.; Staehelin, L.A.;
Robinson, D.G. Reevaluation of the effects of brefeldin A on plant cells using tobacco Bright Yellow 2
cells expressing Golgi-targeted green fluorescent protein and COPI antisera. Plant Cell 2002, 14, 237–261.
[CrossRef] [PubMed]

48. Mitsou, K.; Koulianou, A.; Lambropoulou, D.; Pappas, P.; Albanis, T.; Lekka, M. Growth rate effects, responses
of antioxidant enzymes and metabolic fate of the herbicide Propanil in the aquatic plant Lemna minor.
Chemosphere 2006, 62, 275–284. [CrossRef] [PubMed]

49. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

50. Beyer, W.F.; Fridovich, I. Assaying for superoxide dismutase activity: Some large consequences of minor
changes in conditions. Anal. Biochem. 1987, 161, 559–566. [CrossRef]

51. Winterbourn, C.C.; McGrath, B.M.; Carrell, R.W. Reactions involving superoxide and normal and unstable
haemoglobins. Biochem. J. 1976, 155, 493–502. [CrossRef]

52. Chance, B.; Maehly, A. Assay of catalases and peroxidases. Methods Enzymol. 1955, 2, 764–775.
53. Singleton, V.L.; Orthofer, R.; Lamuela-Raventos, R.M. Analysis of total phenols and other oxidation substrates

and antioxidants by means of folin-ciocalteu reagent. Methods Enzymol. 1999, 299, 152–178.
54. Quettier-Deleu, C.; Gressier, B.; Vasseur, J.; Dine, T.; Brunet, C.; Luyckx, M.; Cazin, J.C.; Bailleul, F.; Trotin, F.

Phenolic compounds and antioxidant activities of buckwheat (Fagopyrum esculentum Moench) hulls and
flour. J. Ethnopharmacol. 2000, 72, 35–42. [CrossRef]

55. Du, Z.; Bramlage, W.J. Modified thiobarbituric acid assay for measuring lipid oxidation in sugar-rich plant
tissue extracts. J. Agric. Food Chem. 1992, 40, 1566–1570. [CrossRef]

Sample Availability: Not available.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S0891-5849(96)00426-1
http://dx.doi.org/10.3389/fpls.2016.00535
http://www.e-wydawnictwo.eu/document/document preview/3342
http://www.e-wydawnictwo.eu/document/document preview/3342
http://dx.doi.org/10.1371/journal.pone.0134261
http://www.ncbi.nlm.nih.gov/pubmed/26317617
http://dx.doi.org/10.1016/j.flora.2009.04.001
http://dx.doi.org/10.1105/tpc.010237
http://www.ncbi.nlm.nih.gov/pubmed/11826310
http://dx.doi.org/10.1016/j.chemosphere.2005.05.026
http://www.ncbi.nlm.nih.gov/pubmed/16005045
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1016/0003-2697(87)90489-1
http://dx.doi.org/10.1042/bj1550493
http://dx.doi.org/10.1016/S0378-8741(00)00196-3
http://dx.doi.org/10.1021/jf00021a018
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Properties of the Synthesized CdSe NPs 
	Fluorescence Microscopic Imaging 
	Ultrastructure Observation 
	Determination of Growth Parameters 
	Assessing the Activity of Antioxidant Enzymes 
	Evaluation of Total Phenol, Flavonoids, and Malondialdehyde (MDA) Content 

	Materials and Methods 
	Plant Collection, Culture, and Exposure Conditions 
	CdSe NPs Synthesis 
	CdSe Nanoparticles Properties 
	Epifluorescence Microscopy 
	Transmission Electron Microscopy 
	Assessments of Morphological Parameters 
	Evaluation of Antioxidative Enzymes 
	Evaluation of Nonenzymatic Antioxidative Compounds 
	Statistical Analysis 

	Conclusions 
	References

