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The Impact of CdS Nanoparticles on Ploidy and DNA Damage of
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The genotoxic effect of cadmium sulfide nanoparticles (CdSNPs) of different sizes in rucola (Eruca sativaMill.) plants was assessed.
It was confirmed that nanoparticles < 5 nm in size were more toxic than larger particles at an identical mass concentration.
Significant differences in cell ploidy, aswell as in themitotic index,were detected between control and treated samples.Differences in
theDNAbanding pattern between control samples and samples after treatmentwith cadmium sulfide nanoparticles were significant
and detected at different places as the appearance or elimination of DNA fragments. Fluorescence images showed that cadmium
sulfide nanoparticles smaller than 5 nm in size can diffuse through the membrane and their presence affects the genetic system of
the plant.

1. Introduction

Different nanoparticles (NPs) have a huge potential for
biological, biomedical, and environmental applications such
as drug targeting, tissue repair, and cell tissue targeting
[1]. Among others, semiconductor NPs, including cadmium
sulfide (CdS), are of great interest for both fundamental
research and industrial development [2]. Additionally, CdS
nanoparticles of different sizes and shapes are important
for their applications in the optical devices, electronics, and
the biomedical and biotechnology fields [3]. Different parts
of plants and plant calluses are used to synthesize different
NPs from metals such as gold, silver, platinum, zinc, copper,
titanium oxide, magnetite, and nickel [4].

Study shows that plant cells accumulate CdSe/ZnSQDs in
the cytosol and nucleus and cytotoxicity increases in a dose
dependent manner [5]. Subsequently, it was demonstrated
that both the DNA repair genes and the ROS scavenging
mechanisms are activated within CdSe/ZnS QDs in plant
cells [6]. Furthermore, in 2014 Prasad et al. [7] presented
their research on DNA damage analyses and revealed that
synthesized NPs of CdS QDs caused DNA damage and cell
death of lymphocytes.

Although previous studies highlighted the potential envi-
ronmental and health hazards caused by NPs [8], their
activity in plant cells is not well documented. Recently, it
was demonstrated that low doses of different types of carbon
nanotubes penetrate seed coats and activate seed germination
and plant growth [9]. The ability of higher aquatic plants to
take up and translocate CdS quantum dots has been shown
[10]. Moreover, in previous experiments, it was indicated that
the presence of Cd in culture media results in modifications
in the plastid membranes of wheat calluses; all lipid fractions
extracted from the plastid envelopes of Cd-stressed plants
contained more saturated lipids in comparison to the control
[11, 12]. On the basis of other studies withArabidopsis thaliana
L., the uptake of CdS NPs appears to be limited, because
surface modifications arose and specific plant receptors that
promote uptake were upregulated [13].

There have been numerous in vivo and in vitro studies
showing that NPs cause damage to DNA [14]. The genotoxic
potential of silver nanoparticles in increasing concentrations
was evaluated in DNA fragmentation studies using plasmid
DNA [15]. Clearly fragmented DNA was observed in both
silver and gold nanoparticle-treated human breast cancer
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cells [16]. DNA damage, which is a predisposing factor in
carcinogenesis, has been detected in human cells as a result
of silver nanoparticle exposure [17]. So far, there have only
been a few publications concerning the effect of NPs and
mechanism ofNPs during the damage of DNAon plant callus
culture. NPs did not show any negative effect on banana
organogenesis regeneration in vitro [18], while Fe

3
O
4
NPs

slightly affected growth, mitotic index, and dedifferentiation
of carrot (Daucus carota L.) in cell culture [19].

Cd QDs have the potential for revolutionizing biological
imaging at the cellular level, cancer detection and treatment,
radio- and chemosensitizing agents, and targeted drug deliv-
ery; however QDs contain substantial amounts of cadmium
in a highly reactive form, which is toxic for living organisms
[20]. However, recent studies about distribution of cadmium
in the chicken embryo of both the solution of Cd ions and
solution of CdTe QDs showed that the embryos exposed to
the solution of free Cd ions led to the 100% mortality. On
the contrary, the mortality of embryos exposed to QDs was
0%. Obtained results suppose that bioavailability of Cd in the
QDs is significantly lower in comparison to free Cd ions and
therefore toxicity is lowered; probably it happens due to the
crystalline structure of QDs and due to the capping of the
CdTe core [21].

During this study CdS QDs were used because of their
nonlinear optical properties, unusual fluorescence behavior,
catalytic and transport properties, surface chemistry, and
their usage as precursors for nanostructured materials pro-
cessing [22].Eruca sativaMill., commonly known as rocket or
rucola, is a leafy vegetable that has anti-inflammatory activity
[23]. Additionally, rucola is a fast-growing crop commonly
used in phytotoxicity tests [24]. This species is presently
grown commercially all over the world. Rucola is also a great
source of fibers, minerals, and secondary metabolites such as
flavonoids, carotenoids, and ascorbic acid which are known
as antioxidants molecules able to scavenge free radicals
[25]. Studies also underscore a rich source of glucosinolate
compounds in rucola, whose hydrolysis products are giving
rocket its characteristic aromas, flavors, and volatiles, what
have been consistently linked with anticarcinogenic activity
in mammalian tissues [26]. The aim of this study was to
evaluate the effect of CdS nanoparticles on the ploidy level
and DNA fragmentation in rucola (Eruca sativaMill.) plants.
The results of this work could be important in determining
the biocompatibility of different sizes of CdS NPs and in
potential agricultural applications of nanoparticles identi-
fication. For instance, it might be used for the targeted
delivery of hormones, vitamins, antioxidants, herbicides, and
insecticides.

2. Materials and Methods

2.1. Nanoparticle Characterization. Hydrophobic CdS NPs
(<15 nm in size) were synthesized at the Institute of Solid State
Physics, University of Latvia. Sulfur (0.1926 g, 6mmol) was
dissolved in 5mL of oleylamine. Separately, 1mmol of CdCl

2

was dissolved in 10mL of oleylamine.TheCdCl
2
solutionwas

heated at 175∘C for 20–35min under N
2
flow, and then the

oleylamine-sulfur solution was injected under gentle stirring
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Figure 1: Fluorescence spectra of CdS NPs of different sizes.
Excitation wavelength 457 nm.

into the hot reaction mixture. The reaction mixture was held
at 170∘C and stirred for 2.5 h (for NPs with a size range 10–
15 nm) or 1 h (for NPs with a size < 5 nm) and then naturally
cooled down to room temperature. The NPs were separated
from the toluene solution by the addition of ethanol and
centrifugation.

The fluorescence emission of CdS NPs was measured
using a Leica TCS SP5 fluorescence microscope (Leica
Microsystems, Mannheim, Germany) in the range 550–
800 nm with excitation at 457 nm. The quantification of the
fluorescence intensity was carried out with LASAF software
(Leica Microsystems, Wetzlar, Germany). Figure 1 shows the
fluorescence spectra of CdS NPs with sizes less than 5 and
15 nm.The spectra had a marked peak at 587 nm and 593 nm,
respectively. The relatively broad fluorescence spectra were
explained by the presence of CdS NPs of different sizes.

2.2. Plant Treatment. Seeds of Eruca sativa Mill. (UAB
Sēkluva, Vilnius, Lithuania) were sterilized in soap solution
for 3min, rinsed in deionized water, soaked in 0.007% potas-
sium permanganate for 30min, rinsed in deionized water,
sterilized in 3% sodium hypochlorite for 20min, and then
rinsed at least five times in deionized, autoclave-sterilized
(120∘C, 1 atm) water. Seed germination was performed on
moistened filter paper in Petri plates, which were placed for
5–7 days in the dark at 25 ± 1∘C. Then, 100 seedlings were
transferred into 5mL tubes with deionized water (control
samples), 100 seedlings were placed inside the same tubes
with deionized water supplemented with CdS NPs with a
size < 5 nm, and 100 seedlings were placed into the same
tubes with deionized water supplemented with CdS NPs
with sizes ranging from 10 nm to 15 nm. In all cases, the
concentration of NPs was 3 × 10−3 g/L. Tubes with seedlings
were placed in the growth chamber at 24∘C, 2 Lx, 16/8 h
(day/night) photoperiod, and 80% humidity. After 15 days
of cultivation, the ploidy level and DNA fragmentation were
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assessed. Fluorescent images of the roots and leaves of rucola
were taken on a Leica TCS SP5 AOBS microscope (Leica
Microsystems, Mannheim, Germany).

2.3. Detection of Cell Ploidy. For the determination of ploidy,
approximately 50mg of leaf tissue was placed in a plastic Petri
plate, 0.5mL of CyStain UV Ploidy (Partec GmbH, Münster,
Germany) was added, and the specimen was chopped with
a sharp razor, and then an additional 5mL of CyStain UV
Ploidy was added and tissues were incubated at room tem-
perature for fiveminutes.Then, calluses were filtered through
a Partec 50 𝜇m CellTrics disposable filter and analyzed on
Partec CyFlow Space cytometer using UV excitation to detect
blue emission. Each measurement was made three times and
a minimum of 10 000 nuclei was analyzed per sample. As a
diploid control, young leaves of a laboratory-grown without
Cd QDs (with deionized water) plant of Eruca sativa Mill.
were used.

2.4. Mitotic Index. The mitotic index was calculated accord-
ing to the formula

MI = 4 × 4𝐶

∑2𝐶 + 4𝐶

, (1)

where 2𝐶 and 4𝐶 correspond to the mean value of the first
(nuclei inG1 phase) and second peaks (nuclei inG2/Mphase)
obtained. For normal division, MI = 2.000. Thereafter, the
mean 𝐶 value of the sample was calculated according to the
formula

mean 𝐶 value =
𝑛

∑

𝑖=1

𝐶
𝑖
× 𝑁
𝑖

𝑁sample
, (2)

where 𝑁 is the number of peaks of DNA content in the
sample;𝐶

𝑖
is the𝐶 value of nuclei in peak 𝑛

𝑖
;𝑁
𝑖
is the number

of nuclei in peak 𝑛
𝑖
;𝑁sample is the number of nuclei in all peaks

of the sample [27].

2.5. Molecular Studies. Genomic DNA was extracted from
300 samples of fresh rucola leaves. Extraction was done
with slight modifications using the purification of total
DNA from plant tissue Mini Protocol (DNeasy Plant Mini
Kit, Qiagen GmbH, Hilden, Germany). The genomic DNA
was quantified using a spectrophotometer (NanoDrop 1000,
Thermo Scientific, Waltham, USA) to measure absorbance at
260 nm and the purity of DNA was checked. Stock DNA was
diluted to make a working solution of 50 ng/𝜇L for further
PCR analysis.

Five RAPD primers, that is, OPA-16, OPA-17, OPB-3,
OPB-8, and OPB-18 (Table 1), were selected for the study.
PCR reactions were carried out in a thermocycler (Veriti 96-
Well Thermal Cycler, Applied Biosystems, Foster City, USA).
Each 25 𝜇L reaction volume contained about 50 ng of DNA
template, 1x Taq PCR Master Mix (Taq PCR Master Mix
Kit, Qiagen GmbH, Hilden, Germany), and 0.5 𝜇M of each
primer. The 25 𝜇L reaction master mix was prepared as 3𝜇L
DNA, 2𝜇L primer, 12.5 𝜇L Taq PCR Master Mix, and 7.5 𝜇L
sterile Millipore water. The thermocycler was programmed

Table 1: Sequences of the 10-mer primers (5-3) used in the
experiments.

Primer Sequence
OPA-16 AGCCAGCGAA
OPA-17 GACCGCTTGT
OPB-3 CATCCCCCTG
OPB-8 GTCCACACGG
OPB-18 CCACAGCAGT

for an initial denaturation of 3min 94∘C, followed by 35 cycles
of denaturation for 30 s at 94∘C, 35 s of annealing at 38∘C, and
1min of extension at 72∘C. The final extension was carried
out at 72∘C for 10min with a hold temperature of 4∘C at the
end. RAPD fragments were separated and the product length
was detected using the QIAxcel (Qiagen GmbH, Hilden,
Germany) capillary automated electrophoresis system.

2.6. Statistical Analysis. Means and standard deviations were
detected from three repeated assays of control samples and
each treatment. The data obtained was statistically analyzed
using the t-test at two levels (0.05 and 0.01).

3. Results and Discussion

The ploidy in rucola leaves cells was assessed in 300 samples
in total and the results were presented in Table 2. The ploidy
of cells was detected in control samples, as well as in samples
treated with CdS NPs of different sizes. In the control, 94% of
cells were diploid; however, in samples treated with CdS NPs
(size < 5 nm) the proportion of tetraploid cells andmixoploid
(2n + 4n) cells increased till 15% and 20%, respectively, and
the number of diploid cells decreased till 65%. In samples
which were grown on CdS NPs with the larger size, the
number of diploid cells increased till 78% and tetraploid cells
till 15%. In this sample, mixoploid cells were not detected.
This study acknowledged the tendency to increase for the
amounts of polyploid cells in plant if it is treated with NPs.
There are lots of researches proclaiming that increase in
ploidy leads to improvements in economically valued plants
attributes, for example, biomass increase and stress tolerance
escalation [28–31].

The mitotic indexes obtained from rucola cells of
untreated plants and from plants treated with nanoparticles
are presented in Table 3. Results derived that mitotic index
values tend to decrease in accordance with the reduction
in size of CdS nanoparticles. Normal mitotic index can be
seen in samples without any treatment. Reduction in the
mitotic index due to nanoparticle exposure was found in
previous studies as well. For example, a reducedmitotic index
was found in human cells and depended on the time and
TiO
2
dosage when compared with controls [32]. In plants,

decreased mitotic index and an increase in chromosomal
abnormalities were observed in onion treated with zinc
oxide nanoparticles [33], while silver nanoparticles at a
concentration of 50mg/L significantly increased the mitotic
index in Allium [34]. It is our research group presupposition
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Table 2: Determination of the ploidy level in rucola (Eruca sativaMill.) leaf cells with and without CdS NP treatment.

Sample Number of tested samples Ploidy number of 10 000 nuclei, %
2n 4n 2n + 4n

Control 100 94 6 —
Plants after treatment with CdS NPs (size < 5 nm) 100 65 15 20
Plants after treatment with CdS NPs (size from 10 nm till 15 nm) 100 78 22 —

Table 3: Effect of CdS NPs on the mitotic index (MI) of Eruca sativaMill.

Sample Number of tested samples Total examined cells per sample MI
Control 100 10 000 2.00 ± 0.1

Plants after treatment with CdS NPs (size < 5 nm) 100 10 000 1.14 ± 0.09
-HS∗∗

Plants after treatment with CdS NPs (size from 10 nm till 15 nm) 100 10 000 1.86 ± 0.07
-S∗

∗S = significant at the 0.05 level, ∗∗HS = highly significant at the 0.01 level.

that the reduction in the mitotic index may have been caused
by the effect of CdS NPs on microtubules.

The random amplified polymorphic DNA (RAPD) tech-
nique has been successfully used to study genotoxicity in
plants [35]. In given study any changes in the genomic DNA
amplicon pattern between control samples and samples after
treatment with CdS NPs were considered to be genotoxic
changes. For the detection of DNA damage caused by CdS
NPs, the RAPD assay was applied and results obtained are
presented in Table 4. Differences in the DNA banding pattern
between control samples and samples treated with CdS NPs
were significant and were detected at different places. In the
case of primer OPA-16, in control samples, four fragments
from 450 bp to 2500 bp were detected. Samples treated with
NPs (<5 nm) showed two new fragments (600 and 1200 bp)
and four fragments were eliminated compared with the
control, while, in samples treated with larger (10–15 nm) NPs,
three fragments were identical with the control and one
fragment with a length of 650 bp was eliminated compared to
samples without treatment.There were no pattern differences
between the control and samples treated withNPs (10–15 nm)
for primer OPB-3; however, the elimination of all fragments
detected in control samples was observed in the case of NPs
< 5 nm. For primer OPB-8, the DNA assay was also different
between control and treated samples. New fragments (550
and 800 bp) were detected in samples treated with CdS NPs
< 5 nm. Samples treated with larger CdS NPs (10–15 nm)
showed only one new fragment (800 bp), while the other
fragmentswere similar to those in sampleswithout treatment.
For primer OPB-18, bands with lengths of 550 bp, 750 bp,
800 bp, and 850 bp were present in the control samples but
could not be found in samples treated with NPs < 5 nm,
where two new fragments (200 bp and 250 bp) were detected.
One new fragment with a length of 350 bp was observed in
samples treated with NPs (10–15 nm). There were five bands
(400 bp, 550 bp, 650 bp, 1700 bp, and 1800 bp) for primer
OPA-17 in control samples, whereas only new bands (300 bp

Table 4: RAPD profiles from rucola leaves without treatment
(control) and treated with CdS NPs.

Primers ID Fragment length, bp
Control CdS NPs (<5 nm) CdS NPs (10–15 nm)

OPA-16

450 — 450
— 600 —
650 — —
1000 — 1000
— 1200 —

2500 — 2500

OPB-3
750 — 750
900 — 900
1000 — 1000

OPB-8

— 550 —
650 — 650
— 800 800
950 — 950

OPB-18

— 200 —
— 250 —
— — 350
550 — 550
750 — 750
800 — 800
850 — 850

OPA-17

— — 200
— 300 —
400 — 400
550 — 550
650 — 650
— — 1100
— 1600 —
1700 — —
1800 — 1800
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(a) (b)

Figure 2: (a) Fluorescent images of root of rucola. Aggregates of CdS NPs (<5 nm) marked by arrows. (b) Fluorescent images of leaf cells of
rucola. Aggregates of CdS NPs (10–15 nm) marked by arrows.

and 1600 bp) appeared in samples treated with CdS NPs <
5 nm. However, samples treated with larger CdS NPs (10–
15 nm) showed two new fragments (200 bp and 1100 bp) and
the absence of the fragment with a length of 1700 bp, while
the other bands (400 bp, 550 bp, 650 bp, and 1800 bp) were
identical with the control.

These results clearly show that CdS NPs cause changes in
the genomic DNA amplicon profile of rucola. Furthermore,
marked differences were observed in bandmanifestation, and
the loss of bands or appearance of new bands was detected in
samples after treatment with CdS NPs < 5 nm compared to
untreated plants.

Several studies have reported that size is one of the key
factors influencing the toxic effect ofNPs [36].The size ofNPs
is directly correlated to their surface properties, solubility,
and chemical reactivity and may affect interactions between
nanomaterials and biomolecules; subsequently it influences
cytotoxicity and damages DNA [37]. In previous studies,
the size-dependent cytotoxicity of silver nanoparticles (Ag
NPs) was shown in human lung cells, where the toxicity
of small Ag NPs (10 nm) was associated with the rate of
intracellular Ag release, that is, a “Trojan horse” effect [38],
while silica NPs of less than 100 nm induced endocytosis-
dependent reactive oxygen species generation, DNA damage,
and aberrant nucleoplasmic protein aggregation [39]. It was
also shown that nanoparticle size is important for overcoming
the cell membrane barrier; for example, TiO

2
, ZnO (30–

200 nm), and nail-shapedNPs (39–45 nm) can penetrate only
the outer layer of the epidermis, while spherical quantum
dots (QDs) (15–45 nm) are able to reach the epidermis and
even the dermis [40]. In studies on Daphnia magna, it was
found that small ZnO NPs exert more toxic effects and
cause more ultrastructural damage than larger nanoparticles
[41]. Other findings indicate that Ag and TiO

2
NPs show

genotoxic effects inmammalian cell systems, and this effect is
concentration- and size-dependent [42]. The root length and
the mitotic cell cycle of Vicia faba were affected by both the
size of AgNPs and the duration of treatment [43]. In previous
studies, CdS NPs with an average diameter of 4 ± 1 nm were
genotoxic in a marine organism [44], while smaller CdS NPs

showed a higher degree of bioaccumulation compared to
larger NPs, leading to genotoxicity, cytotoxicity, and damage
to spermatozoa and other tested organs in mice [45].

The fluorescent images show that, compared to control
standard, samples treated with smaller CdS NPs (<5 nm)
demonstrated fluorescence in the yellow-orange region of the
spectrum (580–620 nm) on the root (Figure 2(a)) and on
the cell membrane (Figure 2(b)) of plants treated with larger
nanoparticles (10–15 nm). The presence of CdS NPs in the
extracellular space and inside cells was not observed. This
may indicate that NPs of different sizes accumulate on the
cell membrane. However, CdS NPs smaller than 5 nmmay be
able to diffuse through the membrane and affect the genetic
system of the plant, as was observed in this study.

4. Conclusions

Our results demonstrate that CdS NPs, especially those
<5 nm in size, are genotoxic to Eruca sativaMill. plants. How-
ever, the reasons for the observed changes in the genomic
DNA amplicon profiles are not clear, but theoretically they
could be due to deletions, inversions, translocations, or some
other genetic alteration. CdS NPs as a DNA damaging agent
have the potential to cause genomic instability. Further char-
acterization of their genotoxicity and especially a clarification
of the mechanisms of DNA damage are essential.

In this study, the genotoxic effects of CdS nanoparticles
with different sizes were detected. It was found that smaller
nanoparticles are more toxic than larger particles at an
identical mass concentration.

It was also estimated that CdS NPs of different sizes
increased cells ploidy. Unfortunately, on the basis of this
study we could not consolidate that ploidy increase leads to
changes in agronomic-valued features in rucola. Neverthe-
less, following discussion of that question is essential; NPs
implementation in order to increase the ploidymight become
the truly innovative selection method in the future.

Research is in progress to assess additional size ranges
of nanoparticles, as well as interactions between different
nanoparticles and plants.
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