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Plant Explants Grown on Medium Supplemented with Fe3O4
Nanoparticles Have a Significant Increase in Embryogenesis
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Development of nanotechnology leads to the increasing release of nanoparticles in the environment that results in accumulation
of different NPs in living organisms including plants. This can lead to serious changes in plant cultures which leads to genotoxicity.
The aims of the present study were to detect if iron oxide NPs pass through the flax cell wall, to compare callus morphology, and
to estimate the genotoxicity in Linum usitatissimum L. callus cultures induced by different concentrations of Fe

3
O
4
nanoparticles.

Two parallel experiments were performed: experiment A, where flax explants were grown onmedium supplemented with 0.5mg/l,
1mg/l, and 1.5mg/l Fe

3
O
4
NPs for callus culture obtaining, and experiment B, where calluses obtained from basal MS medium

were transported into medium supplemented with concentrations of NPs identical to experiment A. Obtained results demonstrate
similarly in both experiments that 25 nm Fe

3
O
4
NPs pass into callus cells and induce low toxicity level in the callus cultures.

Nevertheless, calluses from experiment A showed 100% embryogenesis in comparison with experiment B where 100% rhizogenesis
was noticed. It could be associated with different stress levels and adaptation time for explants and calluses that were transported
into medium with Fe

3
O
4
NPs supplementation.

1. Introduction

Development of nanotechnology and application of different
nanoparticles (NPs) in industry have essentially increased [1,
2] and worldwide investment in nanotechnologies expanded
25-fold during the last decade [3]. In addition, the increasing
release of NPs in the environment in the future is pre-
dicted [4]. NPs may enter both aquatic and ground/soil
environments through the direct use due to planned release
for toxicity elimination, wastewater treatment, spillages, and
deposition from the air [5, 6]. For instance,magnetite displays
unique electric and magnetic properties through both Fe2+
and Fe3+ ions in its composition [7]. Iron oxide nanoparticles
are used for drug delivery and in biological applications
such as labelling, imaging, detection, and separation [8, 9].

According to Mohammadipour et al. [10], fertilizer with
nanoiron increased Zn and Mn concentration in peace
lilies, which shows less toxicity of fertilizer in contrast with
chemical fertilizers. Iron oxide nanoparticle’s multivalent
oxidation states and abundant polymorphism result in its
diverse applications such as sensors, catalysts, high-density
recording medium, and clinical diagnostics [11]. According
to the literature, magnetic NPs and especially iron based
nanoparticles due to its high intrinsic surface reactivity have
received great attention in engineering applications for water
purification and soil remediation [12–14]. Fe

3
O
4
NPs are

extensively used in pigments, magnetic bioseparation, and
lithium-ion batteries [13, 15]. A wide range of Fe

3
O
4
nanopar-

ticle applications raise the topic concerning nanomaterial
safeness to the environment. According to literature, certain
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Figure 1: The images of synthesized Fe
3
O
4
nanoparticles: (a) image from SEM; (b) image from AFMmicroscope.

nanoparticle properties lead to idea that they could possibly
accumulate in living organisms, including plants, through
the food chain, resulting in changes in different plant devel-
opment, such as germination, nutrition, seed production,
and genotoxicity [12, 16–18]. Since plants are recognized as
the producers in food chain, these organisms are significant
component of ecological system and it is important to know
different nanoparticles influence and their interaction with
plant organisms [19]. Previous investigations showed that
different types, sizes, concentrations, and properties of NPs
variously affect different plant species [20–24]. Iron NPs are
common in the environment despite the fact that they are
unstable in the presence of oxygen [25].

Flaxseed (Linum usitatissimum L.) is a diploid (2n)
autogamous (self-fertilized) crop plant that is used by humans
for the long-time period [26, 27]. Now it is predominant
industrial crop cultivated in temperate climates. Flax cultivars
were chosen as rawmaterials formanufacturing fibers and oil.
Flax fiber has beneficial use in textile industry considering its
fiber is long, has tensile strength, and is comprised of high
quality cellulose [26]. Furthermore, flax seeds are used to
produce oil, which is rich in unsaturated fatty acids, which
have beneficial effects on health through presence of biologi-
cally active phytochemicals. Seeds are also utilized in animal
feed, linoleum, and paints industry [26, 27]. In total, flax is
extensively cultured around theworld due to its commercially
valuable parts as fiber, seed oil, and nutraceuticals.

Somatic embryogenesis is widely accepted by scientists
as efficient method for plant micropropagation or genetic
improvement which has the crucial role in plant production
on the large scale [21, 28, 29]. Therefore, it is important to
obtain somatic embryos on in vitro plant cultures [30].

According to the different investigations nanoparticles
permanently affect the living organisms and may lead to
DNA damage [19, 31]. Recently, RAPD method was success-
fully utilized for genotoxicity detection in cells of bacteria,
plants, and animals due to its properties as rapid, relatively

inexpensive, and effective novel biomarker assay [31–33].
RAPD markers are efficiently used for assessing genetic
changes in flax genome [26].

There are several studies about different size of iron
oxide NPs application and effects on different plant species.
Many aspects of 4–500 nm Fe NPs influence on plants
were studied, but there is no prominent information about
Fe
3
O
4
NPs genotoxicity in plants [34]. Therefore, the aim

of present study was to detect the iron oxide NPs in flax
cells and to investigate the impact of different concentrations
of Fe
3
O
4
nanoparticles on explants and calluses of Linum

usitatissimum L.

2. Materials and Methods

2.1. Synthesis of Nanoparticles. Fe
3
O
4
NPs were synthesized

at Daugavpils University in G.Libert’s Center of Innovative
Microscopy, using the electrochemical method of magnetite
nanoparticles synthesis [35].The size of derived nanoparticles
was 25 nm. The photograph of particles that was obtained by
using the atomic-force microscope (AFM) PARK NX10 and
scanning electron microscope (SEM) TESCAN VEGA LMU
II can be seen in Figure 1.

2.2. Source and Micropropagation of Plant Material. For cal-
luses formation one donor plant of L. usitatissimum “Vega
2” was used. In vitro cultures were achieved as described in
Kokina et al. [21].

Two experiments with callus culture receiving were con-
ducted. In order to obtain control samples (𝑛 = 45), explants
were cultivated for 9 weeks onto MS medium supplemented
with 1mg/l of 2,4D (Alfa Aesar, Haverhill, Massachusetts,
USA) and 1mg/l of BAP (SERVA Feinbiochemica, Heidel-
berg, Germany) without NPs.

In experiment A explants (𝑛 = 135) were divided into
three experimental groups, where the MS medium was
supplemented by different concentrations of Fe

3
O
4
NPs:
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Table 1: Sequences of primers used for PCR reactions.

Primer ID Sequence 5-3 Reference
OPF-4 5-GAATGCGGAG-3 Khaled et al. (2015)
CB21 5-CAGCACTGAC-3 Ntuli et al. (2015)
CB19 5-GGTGCTCCGT-3 Ntuli et al. (2015)
OPD-18 5-GAGAGCCAAC-3 Zargar et al. (2016)
OP-V07 5-GAAGCCAGCC-3 Levi and Rowland (1997)
OPD-07 5-TTGGCACGGG-3 Zargar et al. (2016)
OP-V15 5-CAGTGCCGGT-3 Levi and Rowland (1997)
OPC-08 5-TGGACCGGTG-3 Zargar et al. (2016)
OPE-01 5-CCCAAGGTCC-3 Zargar et al. (2016)
OPD-02 5-GGACCCAACC-3 Mohapatra and Rout (2005)
OPD-08 5-GTGTGCCCCA-3 Mohapatra and Rout (2005)
OPN-07 5-CAGCCCAGAG-3 Mohapatra and Rout (2005)
OPN-15 5-CAGCGACTGT-3 Mohapatra and Rout (2005)
OPA-11 5-CAATCGCCGT-3 Zargar et al. (2016)
OPA-10 5-GTGATCGCAG-3 Zargar et al. (2016)
OPA-09 5-GGGTAACGCC-3 Zargar et al. (2016)
OPA-07 5-GAAACGGGTG-3 Zargar et al. (2016)
OPA-05 5-AGGGGTCTTG-3 Zargar et al. (2016)
OPA-03 5-AGTCAGCCAC-3 Zargar et al. (2016)
OPA-02 5-TGCCGAGCTG-3 Zargar et al. (2016)

0.5mg/l, 1mg/l and 1.5mg/l. Explants were cultivated for 9
weeks in order to obtain callus cultures till molecular biology
analysis.

In experiment B explants (𝑛 = 135) were left onMSmedi-
um supplemented with 1mg/l of 2,4D (Alfa Aesar, Haverhill,
Massachusetts, USA) and 1mg/l of BAP (SERVA Feinbio-
chemica, Heidelberg, Germany) without NPs for 5 weeks
to accumulate callus biomass. Then obtained calluses (𝑛 =
135) were divided into control group (medium without NPs)
and three experimental groups, where MS medium was sup-
plemented by different Fe

3
O
4
NPs concentrations (0.5mg/

l, 1mg/l, and 1.5mg/l) and was left on medium for 4 weeks.
The graphical scheme of the experiments is showed

in Figure 2. The experimental treatment was repeated for
three times. All calluses were cultivated in growth chamber
on +24∘C, 2 Lx, 16/8 h (day/night) photoperiod, and 80%
humidity for five weeks. The total number of calluses was
equal (𝑛 = 45) in each experimental and control group. Mor-
phological parameters of calluses were detected bymeasuring
the callus width, length, and regeneration type by stereo
microscope Nikon SMZ 800. Confocal images of control
and experimental callus thin sections were done using the
microscope Eclipse Ti-E (Nikon, Japan) and blue and green
laser with 405 nm and 488 nm wavelength, respectively.

2.3. Molecular Analysis. For DNA extraction calluses from
both experiments were dried in silica gel for 24 h simul-
taneously. Total DNA from each callus was extracted from
approximately 12mg dry callus weight. Extraction was done

with slight modifications using the manufacture Mini proto-
col: purification of total DNA fromplant tissue (DNeasy Plant
Mini Kit, Qiagen GmbH, Hilden, Germany) by QIAcube
(Qiagen, Germany) extraction system. The final elution
volume of DNAwas 150 𝜇l. DNAwas quantified and qualified
by spectrophotometer (NanoDrop 1000, Thermo Scientific,
Waltham, USA). Stock DNA was diluted to make a working
solution of 20 ng/𝜇l for PCR analysis.

A total of 20 decamer primers were used for RAPD
analysis (Table 1). PCR amplification was performed by Veriti
96 Well Thermal Cycler (Applied Biosystems, USA) thermal
cycler. Each 25 𝜇l reaction volume contained 5𝜇l of DNA
as template, 12.5𝜇l of Master Mix (Taq PCR Master Mix
Kit, Qiagen, Germany), 0.75 𝜇l of MgCl

2
(Taq PCR Core

Kit, Qiagen, Germany), 0.3 𝜇l of primer, and 6.45 𝜇l RNase
free water. For amplification, the reaction mixtures were
denatured with an initial cycle of 94∘C for 1min followed by
35 cycles of 1min at 94∘C (denaturation), 1min 30 sec at 37∘C
or 50∘C for OPC-08, OPD-08, and OPE-01 (annealing), and
2min at 72∘C (extension). The amplification was completed
with final extension at 72∘C for 10min. As a negative control,
deionized water was used instead of DNA template.

The PCR reaction products were visualized by submarine
gel electrophoresis and separated on 1.3% agarose gel. The
amplification reaction for each primer was conducted twice
for each sample to evaluate the reproducibility of the poly-
morphic bands.

Data of the RAPD analysis were recorded as presence (1)
or absence (0) of band products for all tested primers. The
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Figure 2: Scheme of plant calluses obtaining process. Flax seedlings were obtained from sterilized flax seeds and in case of experiment A
were cut on explants and divided into control (without NPs) and experimental (with 0.5mg/l, 1mg/l, and 1.5mg/l) groups to obtain calluses;
in case of experiment B explants were grown on basal MSmedium and after 5 weeks obtained calluses were transferred onto control (without
NPs) and experimental (with 0.5mg/l, 1mg/l, and 1.5mg/l) media for 4 weeks. Finally, DNA was extracted from both experiment calluses
and RAPD analysis was carried out.

Table 2: Morphological parameters of obtained L. usitatissimum calluses.

Concentration of Fe
3
O
4
NPs in growth

medium
Number of measured

calluses
Callus width,
cm ± SD

Callus length,
cm ± SD

Regeneration
type, %

Control (without NPs) 45 0.78 ± 0.30 0.99 ± 0.40
SE∗ 30%
R∗∗ 70%

Experiment A (explants on MS with NPs)
0.5mg/l 45 0.69 ± 0.24 0.84 ± 0.25 SE 100%
1mg/l 45 0.80 ± 0.18 1.12 ± 0.34 SE 100%
1.5mg/l 45 1.11 ± 0.26 1.4 ± 0.38 SE 100%
Experiment B (calluses on MS with NPs)
0.5mg/l 45 0.85 ± 0.35 1.08 ± 0.46 R 100%
1mg/l 45 0.98 ± 0.32 1.17 ± 0.55 R 100%
1.5mg/l 45 0.69 ± 0.30 0.73 ± 0.30 R 100%
∗SE: somatic embryogenesis; ∗∗R: rhizogenesis.

obtained data of the size and weight of calluses was statisti-
cally analyzed using the 𝑡-test at two levels (0.05 and 0.01).

3. Results and Discussion

It is the first study where plant explants and calluses grown
on MS medium supplemented with different concentrations
of Fe
3
O
4
NPs were investigated. In addition, the impact of

low concentrations of iron oxide NPs onto flax callus cultures
morphology and genotoxicity was explored. For this purpose,
obtained control and experimental calluses were measured.
Results showed that the largest calluses (width 1.11±0.26 cm;
length 1.40 ± 0.38 cm) were observed in experiment A on

the MS medium supplemented by 1.5mg/l of Fe
3
O
4
NPs.

However, the smallest calluses with average size of width
0.69 ± 0.24 cm and length 0.84 ± 0.25 cm were detected in
experiment A with NPs concentration 0.5mg/l and width
0.69±0.30 cm and length 0.73±0.30 cm in experiment B with
NPs concentration 1.5mg/l. These calluses were smaller than
control samples (width 0.78±0.30 cm; length 0.99±0.40 cm).

The visually noticed true root formation (100%) occurred
during experiment B, only. Nevertheless, somatic embryo-
genesis (100%) was noticed in experiment A in contrast to
control calluses, where dominated rhizogenesis (70%) and
somatic embryogenesis were detected in 30% of calluses
(Table 2).
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Figure 3:Themorphological differences between control and treated calluses. Experiment A: (a), (b), (c), and (d). Experiment B: (e), (f), (g),
and (h). Control calluses for experiment A and experiment B are (a) and (e), respectively. Calluses treated with 0.5mg/l iron oxide NPs are
(b) and (f); with 1mg/l iron oxide NPs (c) and (g); with 1.5mg/l iron oxide NPs (d) and (h).

Callus size varied in both experimental groups in contrast
with control samples. Comparing two experiments, different
amount of NPs inhibiting size of calluses can be observed.
For experiment A, 0.5mg/l NPs slightly inhibited callus size,
while concentration of 1.5mg/l most intensively stimulated
callus size. In case of experiment B there was an opposite
observation; respectively, the concentration of 1.5mg/l most
strongly reduced callus size.

In addition, there was difference found between color of
control group calluses and two experimental groups. Control
group calluses were pale and/or brown in comparison with
experimental calluses that distinguish with extensively green
coloration (Figure 3). Furthermore, Fe

3
O
4
NPs increase

chlorophyll level, root, and stems elongation [36]. Similarly,
our investigation with flax callus cultures indicates treated
callus coloring was bright green compared with control
calluses (Figure 3).

Confocal images of control callus sections and exper-
imental callus tissues were done. Obtained images with
using blue and green laser similarly showed fluorescence
inside experimental callus cells in contrast to control, which
evidently show that Fe

3
O
4
NPs entered experimental callus

cells. Examples of acquired images are presented in Figure 4.
Nanoparticles are extremely reactive and are able to pass

though the cell membrane [19, 23]. Iron oxides and their
aggregates cling to the negatively charge cell surface due
to electrostatic adhesion [34]. This blocking effect of NPs
inhibits sufficient water uptake [37]. According to the lit-
erature, most plants accumulate heavy metals in roots [19].

Bystrzejewska-Piotrowska et al. [38] investigated transloca-
tion of Fe

3
O
4
NPs in garden cress and pea. Results showed

that both plants accumulated NPs with an average size 50 nm
in the roots. Pumpkin plants that grew in aqueous medium
supplemented with Fe

3
O
4
show absorption, translocation,

and accumulation of NPs in plant tissue in comparison with
lima beans, where NPs uptake has not been observed [39].
Nevertheless, Marusenko et al. [15] showed that Fe magnetite
NPs in the range of 22.3–67.0 nm were not taken up by A.
thaliana. Our results reveals that 25 nm large Fe

3
O
4
NPs

penetrate into flax callus culture cells. It can be proved by
several facts.

Firstly, Shi et al. (2015) in review which describes irra-
diation of Fe3O4 NPs described the photoluminescence of
Fe3O4 particles with a wide size range (10 nm–5𝜇m) that
were irradiated with 407 nm laser light (blue) and fluores-
cence was observed for all iron oxide particles [40]. In our
experiment callus section was irradiated with 405 nm (blue)
and fluorescence of callus tissue was detected.

Secondly, it is known that callus tissue cells within plant
explant exhibit extensive cell division [41] and therefore
there is need for active synthesis of DNA. Need for nucleic
acid production promotes increased synthesis of nucleoside
triphosphate (NTP) that is an early substrate for nucleic acid
synthesis [42]. Increased NTP synthesis increases pH level
within cells [43].

Finally, Fe3O4 NPs have high chemical stability and it is
the most stable form of iron oxides [40, 44]. In addition, it
is known that Fe3O4 NPs in alkaline aqueous solution are



6 Journal of Nanomaterials

(a) (b)

Figure 4: Examples of confocal laser scanning images of callus sections with Fe
3
O
4
NPs entering cells:(a) fluorescence of Fe

3
O
4
NPs in callus

tissue section; (b) fluorescence of chlorophyll in callus tissue section.

sufficiently stable. Fe3O4 NPs in water and organic solvents
tend to agglomerate [45]. In Figure 4(a) NPs agglomerates
can be seen in the form of blue dots.

However, in Figure 4(b) fluorescence from increased
chlorophyll level in experimental calluses in comparison
to control samples is shown where no fluorescence was
detected. It can be explained with proven fact that Fe3O4
NPs increase chlorophyll level in other plant such as oak [36]
and lettuce [46]. Additionally, Vermaas et al. (2008) described
chlorophyll fluorescence emission after 488 nm (green) laser
irradiation [47].

In total, 20 oligonucleotide RAPD primers were utilized
for detection of Fe

3
O
4
NPs genotoxicity on both flax callus

cultures and all primers yielded specific and stable results.
Any changes in the genomic DNA amplicon pattern between
control samples and samples treated with Fe

3
O
4
NPs were

considered to be as genotoxic changes. The selected primers
generated definitive products in the range of 0.3–3.0 kb. The
maximumnumber of bands (𝑛 = 6) was produced by primers
CB21, OPA-11, OPD-07, OP-V15, OPA-02, OPA-03, andOPD-
08, whereas the minimum number of bands (𝑛 = 2) was
produced by primer OPC-08 (Table 3). The differences in
RAPD patterns were denoted by band intensity, appearance
of new bands, and loss of normal bands by contrast to the
control calluses DNA.The RAPD patterns produced by some
utilized primers are shown in Figure 5.

Nine of twenty primers such as OPF-4, OPD-18, OPN-
15, OPA-11, OPA-05, CB19, OPV-15, OPA-02, and OPA-09
showed changes in RAPDpatterns at different concentrations
of Fe
3
O
4
NPs treatment compared to the untreated control

callus (Table 3). Differences in the DNA banding pattern
were detected at different places. For instance, with OPF-
04 and OPD-18 primers DNA bands disappeared at 1.5mg/l
treatment; however using OPA-11 primer 1.8 kb band was
absent also at 1mg/l treatment. In addition, in case of primer
OPN-15, there was detected loss of 3.0 kb band in all samples
with NPs treatment. Nevertheless, with OPA-05, CB19, OPA-
02, and OPA-09 primers new bands were detected in all
treated samples in comparison to control samples.

There is assumption that plant medium supplementa-
tion with metal nanoparticles causes ROS (reactive oxygen
species) formation in plant tissue that leads to oxidative
stress, what results in denaturation of cell structure [48] or
activation of defense system in plants [17]. Wang et al. [49]
showed ryegrass uptake of Fe

3
O
4
NPs with a diameter of

25 nm that significantly increase oxidative stress. Also, effects
of nanoparticle in plants depend on the concentration ofNPs,
exposure medium, and plant species [34]. According to pre-
vious data, in similar studies of NPs influence on plants, gen-
erally magnetite NPs in concentrations ranging from 30mg/l
[49] to 500mg/l [39] were used. However, in present study
relatively low concentrations of iron oxide NPs (0.5–1.5mg/l)
were investigated and DNA damage was detected.

The changes in DNA fingerprinting can be related to
oxidative stress induced by metal oxide nanoparticles. RAPD
technique is a fundamental tool for genotoxicity studies and
is efficiently used to detect DNA changes in plants influenced
by metals [50, 51]. Different stress factors including NPs can
damage plant culture DNA, what can be shown as differences
in band profiles [22, 50, 52]. The effect of exposition of
Fe
3
O
4
NPs on the DNA damage was investigated in selected

model plant system under in vitro conditions. There was
unknown Fe

3
O
4
NPs influence on plant genotoxicity and

statement about ironNPs passing though the cell wall was not
confirmed [34].The present study indicated changes in DNA
bands induced by iron oxide nanoparticles; nevertheless,
these changes could be considered as low genetic toxicity. It
is interesting to note that most of new bands appeared with
Fe
3
O
4
NPs treatment with the exception in case of primer

OPV-15, where new band appeared at 1.5mg/l treatment
only. Four primers, OPF-04, OPD-18, OPN-15, and OPA-
11, showed the disappearance of bands in calluses treated
with 1.5mg/l Fe

3
O
4
NPs (OPF-04 and OPD-18), with 1mg/l

NPs (OPA-11), and with 0.5mg/l NPs (OPN-15). In addition,
differences in DNA banding patterns between two experi-
ments were not observed. Disappearance of bands possibly
can be designated as DNA damage through forming of pho-
toproducts in DNA template, or deletion of DNA fragments,
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Table 3: Changes of total bands in experiments A and B.

Primer
Control 0.5 mg/l 1 mg/l 1.5 mg/l

Fe
3
O
4
NPs Fe

3
O
4
NPs Fe

3
O
4
NPs

A B A B A B A B

OPF-4
1100 1100 1100 1100 1100 1100 - -
950 950 950 950 950 950 950 950
600 600 600 600 600 600 600 600

CB21

1400 1400 1400 1400 1400 1400 1400 1400
1300 1300 1300 1300 1300 1300 1300 1300
1100 1100 1100 1100 1100 1100 1100 1100
800 800 800 800 800 800 800 800
700 700 700 700 700 700 700 700
600 600 600 600 600 600 600 600

OPD-18
1400 1400 1400 1400 1400 1400 1400 1400
1300 1300 1300 1300 1300 1300 - -
950 950 950 950 950 950 950 950

OPN-15

3000 3000 - - - - - -
1500 1500 1500 1500 1500 1500 1500 1500
1300 1300 1300 1300 1300 1300 1300 1300
300 300 300 300 300 300 300 300

OPA-07
750 750 750 750 750 750 750 750
650 650 650 650 650 650 650 650
550 550 550 550 550 550 550 550

OPA-11

1800 1800 1800 1800 - - - -
1600 1600 1600 1600 1600 1600 1600 1600
1000 1000 1000 1000 1000 1000 1000 1000
850 850 850 850 850 850 850 850
700 700 700 700 700 700 700 700
550 550 550 550 550 550 550 550

OPA-10

2000 2000 2000 2000 2000 2000 2000 2000
1700 1700 1700 1700 1700 1700 1700 1700
1000 1000 1000 1000 1000 1000 1000 1000
500 500 500 500 500 500 500 500

OPA-05
- - 1000 1000 1000 1000 1000 1000

800 800 800 800 800 800 800 800
400 400 400 400 400 400 400 400

CB19
1400 1400 1400 1400 1400 1400 1400 1400
900 900 900 900 900 900 900 900
- - 450 450 450 450 450 450

OPV-07

2000 2000 2000 2000 2000 2000 2000 2000
1700 1700 1700 1700 1700 1700 1700 1700
1400 1400 1400 1400 1400 1400 1400 1400
1200 1200 1200 1200 1200 1200 1200 1200
1000 1000 1000 1000 1000 1000 1000 1000

OPD-07

2000 2000 2000 2000 2000 2000 2000 2000
1400 1400 1400 1400 1400 1400 1400 1400
1300 1300 1300 1300 1300 1300 1300 1300
1200 1200 1200 1200 1200 1200 1200 1200
800 800 800 800 800 800 800 800
750 750 750 750 750 750 750 750
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Table 3: Continued.

Primer
Control 0.5 mg/l 1 mg/l 1.5 mg/l

Fe
3
O
4
NPs Fe

3
O
4
NPs Fe

3
O
4
NPs

A B A B A B A B

OPV-15

1700 1700 1700 1700 1700 1700 1700 1700
- - - - - - 1200 1200

900 900 900 900 900 900 900 900
700 700 700 700 700 700 700 700
- - - - - - 600 600

500 500 500 500 500 500 500 500

OPD-02

1100 1100 1100 1100 1100 1100 1100 1100
1000 1000 1000 1000 1000 1000 1000 1000
800 800 800 800 800 800 800 800
450 450 450 450 450 450 450 450

OPA-02

1300 1300 1300 1300 1300 1300 1300 1300
1200 1200 1200 1200 1200 1200 1200 1200
800 800 800 800 800 800 800 800
- - 700 700 700 700 700 700

600 600 600 600 600 600 600 600
400 400 400 400 400 400 400 400

OPA-09

1500 1500 1500 1500 1500 1500 1500 1500
1100 1100 1100 1100 1100 1100 1100 1100
- - 900 900 900 900 900 900

550 550 550 550 550 550 550 550

OPN-07

2100 2100 2100 2100 2100 2100 2100 2100
1600 1600 1600 1600 1600 1600 1600 1600
1000 1000 1000 1000 1000 1000 1000 1000
750 750 750 750 750 750 750 750
250 250 250 250 250 250 250 250

OPA-03

1700 1700 1700 1700 1700 1700 1700 1700
1600 1600 1600 1600 1600 1600 1600 1600
1300 1300 1300 1300 1300 1300 1300 1300
1200 1200 1200 1200 1200 1200 1200 1200
800 800 800 800 800 800 800 800
300 300 300 300 300 300 300 300

OPC-08 1500 1500 1500 1500 1500 1500 1500 1500
400 400 400 400 400 400 400 400

OPD-08

2000 2000 2000 2000 2000 2000 2000 2000
1500 1500 1500 1500 1500 1500 1500 1500
1000 1000 1000 1000 1000 1000 1000 1000
900 900 900 900 900 900 900 900
700 700 700 700 700 700 700 700
400 400 400 400 400 400 400 400

OPE-01

800 800 800 800 800 800 800 800
700 700 700 700 700 700 700 700
600 600 600 600 600 600 600 600
500 500 500 500 500 500 500 500

whereas new bands generally result in present mutations,
large deletions, or homologous recombination [50, 52]. This
suggests that exposition on even low Fe

3
O
4
NPs concentra-

tions (0.5mg/l, 1mg/l, and 1.5mg/l) can induce damage in
plant DNA level, which can result in mutation initiation.

It could confirm the above-mentioned results about
chlorophyll increasing in plant cultures. Moreover, according
to Mitrović et al. [53], selected stress factors that cause over-
production of ROS have been successfully utilized to improve
the efficiency of in vitro organogenesis in plants. In case
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Figure 5: Examples of RAPD profile of genomic DNA isolated from Linum usitatissimum callus cultures in experiments A and B. M: 100 bp
DNA ladder; K: control calluses (without NPs); 0.5, 1, and 1.5: experimental calluses (treated with different concentrations of Fe

3
O
4
NPs,

respectively, 0.5mg/l, 1mg/l, and 1.5mg/l); NC: negative control.

plant is exposed to oxidative stress, to increase the cellular
antioxidant resistance and adventitious root formation is the
crucial case for plant survival [54]. It was found that under
stress conditions in vitro plant cultures increase peroxidase
activity and decrease H

2
O
2
level. These processes induce

adventitious root formation [54, 55], which were observed
during experiment B, where calluses were obtained after
cultivation on MS medium with NPs only on the 4-week
callus stage. Translocation of calluses results in unexpected
large stress inducted by probably ROS formation, what
consequently led to active rhizogenesis. With reference to
results of experiment A, where explants were transferred onto
MS medium with addition of Fe

3
O
4
it could be another

process occurring. Since calluses began development on
supplemented MS medium and grew longer time period
(9 weeks) it is possible that there were induced adaptive
processes that allows surviving in new growth conditions and
formation of somatic embryos.

4. Conclusions

In conclusion, obtained results from two experiments showed
that concentrations of 0.5mg/l, 1mg/l, and 1.5mg/l of Fe

3
O
4

NPs promote callus size and significantly increase embryo-
genesis level in callus cultures induced from flax explants
grown on MS medium with magnetite NPs (experiment A).
However, the same concentrations of Fe

3
O
4
NPs essentially

increase rhizogenesis level in callus cultures obtained during
cultivation on MS medium with NPs only on the 4-week
callus stage (experiment B). Furthermore, such low con-
centrations of iron oxide NPs induced genotoxicity in both
experimental callus cultures.
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diversity of eggplant (Solanum melongena) germplasm from
Turkey assessed by SSR andRAPDmarkers,”Genetics andMole-
cular Research, vol. 9, no. 3, pp. 1568–1576, 2010.

[33] N. S. Kumar and G. Gurusubramanian, “Random amplified
polymorphic DNA (RAPD) markers and its applications,”
Science Vision, vol. 11, pp. 116–124, 2011.

[34] N. Zuverza-Mena, D. Mart́ınez-Fernández,W. Du et al., “Expo-
sure of engineered nanomaterials to plants: Insights into the
physiological and biochemical responses-A review,” Plant Phys-
iology and Biochemistry, vol. 110, pp. 236–264, 2017.

[35] L. Cabrera, S. Gutierrez, N. Menendez, M. P. Morales, and P.
Herrasti, “Magnetite nanoparticles: electrochemical synthesis
and characterization,” Electrochimica Acta, vol. 53, no. 8, pp.
3436–3441, 2008.

[36] N. Pariona, A. I. Mart́ınez, H. Hernandez-Flores, and R. Clark-
Tapia, “Effect of magnetite nanoparticles on the germination
and early growth of Quercus macdougallii,” Science of the Total
Environment, vol. 575, pp. 869–875, 2017.

[37] D. Mart́ınez-Fernández, D. Barroso, and M. Komárek, “Root
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