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Abstract Rapid development of nanotechnology in recent
years has raised concerns about nanoparticle (NPs) release
into the environment and its adverse effects on living organ-
isms. The present study is the first comprehensive report on
the anatomical and ultrastructural changes of a variety of cells
after long-term exposure of plant to NPs or bulk material
particles (BPs). Light and electron microscopy revealed some
anatomical and ultrastructural modifications of the different
types of cell in the root and leaf, induced by both types of
treatment. Zinc oxide (ZnO) BPs-induced modifications were
surprisingly more than those induced by ZnO NPs. The mod-
ifications induced by ZnO BPs or ZnO NPs were almost sim-
ilar to those induced by excess Zn. Zn content of the root and
leaf of both ZnO NPs- and ZnO BPs-treated plants was se-
verely increased, where the increase was greater in the plants
treated with ZnO BPs. Overall, these results indicate that the
modifications induced by ZnO particles can be attributed, at
least partly, to the Zn2+ dissolution by ZnO particles rather
than their absorption by root and their subsequent effects.

Keywords Environmental pollution . Nanoparticle .

Phytotoxicity . Zinc oxide

Introduction

Great advances in nanotechnology due to the applications of
nanomaterials in many fields such as industry, medicine, and
agriculture (Rao and Shekhawat 2014) have raised concerns
about nanoparticle (NPs) release into the environment and its
negative effects on the living organisms of ecosystems
(Hernandez-Viezcas et al. 2011). NPs are characterized as par-
ticles that have small size, at least one dimension less than
100 nm (Remedios et al. 2012). Engineered NPs which result-
ed from anthropogenic sources can be classified into four
types: (1) carbon-based materials, (2) metal-based materials
including metal oxides (such as zinc oxide (ZnO)), (3)
dendrimers or nanosized polymers, (4) composites, which
combine NPs with other NPs or with larger, bulk-type mate-
rials (Lin and Xing 2007; Stampoulis et al. 2009).

ZnO NPs have extensive applications such as UV absorb-
ing (Sato et al. 2004), coatings for solar cells (Yoo et al. 2005),
and gas sensors (Xu et al. 2006) because of unique optical and
electrical properties (Hernandez-Viezcas et al. 2011). ZnO
NPs can also be used in consumer products, such as textiles,
cosmetics, skin lotions (Ng et al. 2010), rubber processing,
ceramics, and wastewater treatment facilities (Ghodake et al.
2011), and as antibiotics (Jones et al. 2007). Such a variety of
applications of ZnO NPs can lead to their increased risk of
releasing into the environment and entrance into the food
chain (Kumari et al. 2011).

Concern about the potential toxic effects of NPs has led to
the increased researches on their ecotoxicity (Rao and
Shekhawat 2014). Many of these researches are currently fo-
cused on their impacts on animals and bacteria (Lee et al.
2013a). Recently, some researchers have reported phytotoxic-
ity of NPs (Lin and Xing 2007, 2008; Stampoulis et al. 2009;
Ghodake et al. 2011; Kumari et al. 2011; Lee et al. 2013a, b;
Pokhrel and Dubey 2013; Peralta-Videa et al. 2014; Rao and
Shekhawat 2014; Yoon et al. 2014). Plants as bioindicators of
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pollutant damage and as an important component of ecosys-
tems play a role in detecting risk of NPs (Ma et al. 2010, Lee
et al. 2013a). Since the plants may uptake and bioaccumulate
NPs, they play a critical role in the fate of NPs in the environ-
ment (Kumari et al. 2011) and their entrance into the food
chain (Ghodake et al. 2011). Rapeseed (Brassica napus L.)
from the family Brassicaceae (formerly Cruciferae) is one of
the most important crops, the third source of edible vegetable
oil after soybean and palm (Burbulis et al. 2008). Rapeseed is
a medicinal food plant in the Middle Asia, North Africa, and
West Europe (Saeidnia and Gohari 2012). Rapeseed as a fast-
growing and metal-accumulator species (Zaier et al. 2010) can
be a good candidate for investigating the effect of metal oxide
NPs on plants.

Studies on the long-term effects of NPs on plants are
scarce. Most researches on the phytotoxicity of NPs have been
limited to the early stages of plant growth. On the other hand,
although some researchers have reported morphological, ana-
tomical, or ultrastructural alterations of the NPs-treated plants
(Lin and Xing 2008; Ghodake et al. 2011; Zhao et al. 2012;
Hernandez-Viezcas et al. 2011, Priester et al. 2012; Lee et al.
2013a, b; Pokhrel and Dubey 2013; Rao and Shekhawat 2014;
Yoon et al. 2014), to authors’ knowledge, there are no com-
prehensive and comparative studies on the long-term effects
of NPs and bulk material particles (BPs) on the anatomical
and ultrastructural alterations of a variety of cells in plants.
The present study has aimed to fill, at least partly, this gap.

Material and methods

Characterization of ZnO particles

ZnO NPs powder with a purity of >97 % and particle size of
<50 nm and ZnO BPs powder with a purity of >99 % were
purchased from Sigma-Aldrich (USA). The hydrodynamic
size of particles was analyzed by dynamic light scattering
(DLS), using a particle size analyzer (VASCO 3, Cordouan,
France), after preparing their suspensions and subsequently
dispersing by an ultrasonic bath (Branson Ultrasonic Bath—
Model 8510) for 45 min. NPs and BPs were more character-
ized using transmission electron microscopy (TEM; Model
912 AB, LEO, UK) and scanning electron microscopy
(SEM; Model 1450 VP, LEO, UK), respectively.

Plant cultivation and treatments

Seeds of rapeseed, cultivar Hayola 401, were procured from
the Agricultural and Natural Resources Research Center of
Khorasan-Razavi, Mashhad, Iran. After sterilizing at 10 %
sodium hypochlorite solution for 10 min, and then rinsing
thoroughly three times with deionized water, seeds were
soaked in deionized water for about 2 h. Seeds were then

cultured in a hydroponic growth system, having perlite as a
supporting material. Seeds were sown in the 1.5 L plastic pots
filled with perlite and arranged in three groups. Pots in the first
group (control group) were being fed with 1 10 strength
Hoagland nutrient solution (HNS) (Taiz and Zeiger 2010).
Pots in the second and third groups were being fed with the
suspensions of 100 mg L−1 ZnO NPs and ZnO BPs, respec-
tively, each prepared with 10 % strength of HNS. Treatment
concentration (100 mg L−1) was selected according to our
previous study in which comparative phytotoxicity of ZnO
NPs, ZnO BPs, and Zn2+ in a wide range of concentrations
on B. napus has been investigated (Mousavi Kouhi et al.
2014). To avoid aggregation of particles, the suspensions were
sonicated (Branson Ultrasonic Bath—Model 8510) for
45min. Pots of each group were being retreated every 10 days.
For this purpose, perlite from each pot was being fully rinsed
with distilled water and then fed with corresponding treat-
ment. The HNS strength was increased to 1 4 and 1 2 in the
second and subsequent renewals, respectively. At intervals
between renewals, pots were daily weighed to find the plant
requirements for water and HNS. Since ZnO NPs and BPs are
not soluble, some precipitation was inevitable. Thus, the
applied NPs and BPs concentrations in the present study
were nominal. Other researchers such as Atha et al. (2012)
have also applied nominal concentrations of NPs and BPs.
Plants were grown in a phytotron at 25±1 °C and 16/8 h
photoperiod for 2 months, before harvesting and analyses.

Determination of zinc ion (Zn2+) released by ZnO suspensions

Prepared suspensions of ZnO NPs or BPs were centrifuged at
12,000 rpm for 10 min, and the supernatants were collected.
The Zn2+ concentrations in the supernatants were measured
by atomic absorption spectrometry (AA-670, Shimadzu,
Japan) after filtering with a 0.22-μm syringe filter having a
nylon membrane (JET Bio-Fil, China) (Kumari et al. 2011).

Microscopic analyses

Root segments (about 2 mm in length) were sectioned about
1 cm above the root tip. Rectangular segments (1×2 mm)
were cut from the sixth leaf, between the third and the fourth
principal lateral veins, 5 mm from the midvein (Stefanowska
et al. 1999). The segments from the root and leaf were fixed
overnight at 4 °C in 4 % glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4). After three times washing with the same buff-
er for 15 min, the segments were post fixed at 1 % OsO4 in the
same buffer for 2 h and then washed three times in the same
buffer for 15 min. Samples were then dehydrated in a graded
series of ethanol (30 %, 50 %, 70 %, 90 %, and 100 %). The
samples were infiltrated and embedded in the resin overnight.
Semi-thin (1 μm) and ultrathin (80 nm) sections were cut with
a diamond knife on an ultramicrotome (Leica Ultracut R,
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Austria). Semi-thin sections were stained with 1 % toluidine
blue in 1 % borax and observed using a light microscope
(OLYMPUS BX51, Japan) connected to a digital camera
(OLYMPUS DP71, Japan). Ultrathin sections were mounted
on copper grids and then observed by TEM (Model 912 AB,
LEO, UK). In the present study, anatomical and ultrastructural
modifications were descriptively investigated according to the
studies that have investigated the same parameters (Davies
et al. 1991; Musgrave et al. 1998; Sresty and Madhava Rao
1999; Stefanowska et al. 1999; Ghosh et al. 2001; Maruthi
Sridhar et al. 2005; Jiang et al. 2007; Todeschini et al. 2011;
Chan and Belmonte 2013; Ali et al. 2014; Yoon et al. 2014;
Gill et al. 2015).

Determination of Zn content of the root and leaf

Root and leave samples were oven-dried at 70 °C for 48 h.
The dried material was ground to a fine powder, and then 0.5 g
of powdered sample was digested with a solution containing
concentrated HNO3:30 % H2O2 (5:1v/v) and then heated at
90 °C. Heating and 30 % H2O2 additions were repeated until
the digest was clear. Additional HNO3 was added whenever
needed. After sample digest was clear, heating was continued
until near dryness. Finally, diluted HNO3 was added to dis-
solve the digest residue followed by bringing the sample to a
final volume of 25 mL with deionized water (Kalra 1998). Zn
content of the extracts was determined by atomic absorption
spectrometry (Shimadzu, AA-670).

Statistical analyses

Experiments were conducted as a complete randomized de-
sign with three replicates. Results were reported as mean±
standard deviation (SD). An analysis of one-way ANOVA
followed by Duncan’s multiple range test was used to test
differences and mean comparison using MSTAT-C software.
Significant difference was reported when the probability was
less than 0.05.

Results

Characterization of ZnO particles

Microscopic results showed that both forms of ZnOwere cube
and rod shaped (Fig. 1). TEM image verified the size of ZnO
NPs, <50 nm (Fig. 1b). SEM image showed that ZnOBPs had
an average size of 0.1 to more than 1 μm (Fig. 1d). DLS
results revealed that the hydrodynamic size of NPs and BPs
was 155±10 and 590±27 nm, respectively (Fig. 1a, c).

Plant biomass and Zn content of roots and leaves

Results showed that the plant biomass was decreased by more
than 50 % in both ZnO NPs- and ZnO BPs-treated plants
(Fig. 2a). Zn content of roots and leaves of the plants treated
with 100mg L−1 ZnONPs or ZnOBPswas severely increased
compared with that control (Fig. 2b). Zn content of roots and
leaves of the plants exposed to ZnO BPs was about 9.66 and
9.59 times greater than those of control plants, respectively.
Zn content of roots and leaves of the plants treated with ZnO
NPs was increased 7.90 and 8.52 times relative to control,
respectively.

Root anatomy and ultrastructure

Table 1 shows major anatomical and ultrastructural changes of
the root and leaf of the plants treated with ZnO NPs or ZnO
BPs. Light micrographs of cross semi-thin sections through
the root tip showed that root tip diameter was decreased in
both ZnO NPs- and ZnO BPs-treated plants compared to the
control group (Fig. 3). ZnO BPs-treated plants revealed some
anatomical and ultrastructural changes in the root compared to
the control group, such as decreased size of the epidermal and
cortical cells and shrinkage of epidermal cells (Fig. 3e). In
plants treated with ZnO NPs, epidermal cells of the root tip
had a size smaller than those of control, but were not deformed
and shrank. Interestingly, the plasma membrane of these cells
was withdrawn from the cell walls (Fig. 3c). In both ZnONPs-
and ZnO BPs-treated plants, the size and number of stellar
cells were increased and decreased, respectively, compared
to the control group. However, the size of pericycle cells
was decreased.

TEM micrographs of cortical cells of the ZnO NPs-treated
plants revealed some dark dots seemed to be ZnO NPs aggre-
gated in the vicinity of cell walls (Fig. 4c). Interestingly, some
sites equivalent to those of ZnONPs aggregated dots appeared
blank that may be created after sectioning and subsequent
removal of aggregated dots. ZnO NPs-treated plants showed
Zn deposition between the cell walls and plasmamembrane of
the cortical cells (Fig. 4d). In ZnO BPs-treated plants, the Zn
was deposited on the cell walls and in the vacuoles of cortical
cells (Fig. 4e, f), with the electron-dense deposits inside the
vacuoles (Fig. 4e).

TEM images of the root vascular tissues revealed some
ultrastructural alterations (Fig. 5). In contrast to control plants,
having large, spherical, or elliptical starch grains in plastids of
some vascular cells (Fig. 5c), starch grains in plastid of the
plants treated with ZnONPs or BPs were small, and dumbbell
shaped, indicating possible deformity (Fig. 5e, i). One of the
most interesting features of root tip cells of the plants treated
with ZnO NPs was the appearance of spherical bodies ranged
in diameter from 400 to 600 nm, assumed to be protein bodies,
in some cells of vascular tissues (Fig. 5d–f).
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Leaf anatomy and ultrastructure

Semi-thin cross sections of leaves showed that leaf anatomical
modifications induced by ZnO BPs were prominently more
than those induced by ZnO NPs (Fig. 3d, f). ZnO BPs-treated
plants showed apparently thinner leaf thickness compared to

the control group (Fig. 3f). Moreover, mesophyll, epidermal,
and vascular cells were deformed, and intercellular spaces of
mesophyll tissues were decreased relative to control. Similar
symptoms were not observed in leaves of the plants treated
with ZnO NPs (Fig. 3d). However, leaves of these plants have
the epidermal cells appeared larger than those of control.
Counting of chloroplasts in more than 20 mesophyll cells
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treated with 100 mg L−1 ZnO NPs or ZnO BPs for 2 months. Bars with
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Table 1 Comparative anatomical and ultrastructural modifications of
the root and leaf of the plant treated with ZnO NPs or ZnO BPs. The
modifications are recorded compared to the control group

Organ Parameters ZnO NPs ZnO BPs

Root Diameter of root tip Decreased Decreased

Size of epidermal cells Decreased Decreased

Size of cortical cells No change Decreased

Number of stellar cells Decreased Decreased

Size of stellar cells
(other than pericycle)

Increased Increased

Size of pericycle cells Decreased Decreased

Size of starch grains in plastid Decreased Decreased

Presence of protein bodies Yes No

Leaf Leaf thickness No change Decreased

Number of chloroplasts Decreased Decreased

Size of starch grains Increased Increased

Number of plastoglobuli Increased Increased

Size of plastoglobuli Decreased Decreased

Size of mitochondria in
companion cells

Decreased Decreased
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revealed that their numbers were decreased in plants treated
with ZnO NPs or ZnO BPs compared to the control group.

TEM micrographs revealed some alterations in ultrastruc-
ture of different leaf cells of the plants treated with ZnO NPs
or BPs (Figs. 6 and 7). The shape and ultrastructure of the
chloroplasts of mesophyll cells were changed in the plants
treated with ZnO NPs or BPs (Fig. 6). Leaf mesophyll cells
of the ZnO BPs-treated plants had misshaped and deformed
chloroplasts (Fig. 6, f). In both ZnO NPs- and ZnO BPs-
treated plants, the starch grains of chloroplast of mesophyll
cells were clearly larger, and their numbers were more than
those of control plants (Fig. 6d–f). The form of starch grains in
the plants treated with ZnO NPs and ZnO BPs was cylindrical
and amorphous, respectively. The chloroplast of mesophyll
cells of both ZnO NPs- and ZnO BPs-treated plants showed
decreased size of plastoglobuli and their increased number
(Fig. 6b–f). The leaf mesophyll cells of the plants treated with
ZnO BPs had a wavy and deformed cell wall (Fig. 6e, f). ZnO
particles were not detected in any leaf cell. However, dark dots

seemed to be Zn deposition were observed near cell walls and
in vacuoles of the mesophyll cells of the plants under ZnO
NPs or BPs (Fig. 6c, e).

TEM micrographs of leaf vascular bundles of the plants
treated with NPs or BPs revealed some ultrastructural chang-
es, such as appearance of large starch grains in the chloroplasts
of companion cells (Fig. 7e, g), degradation of vacuole, and
cell membrane in some vascular cells of ZnO NPs-treated
plants (Fig. 7f), deformity of mitochondria in companion cells
of the ZnO BPs-treated plants (Fig. 7g), and decreased size of
mitochondria in companion cells of the plants exposed to BPs
or NPs (Fig. 7e–h).

Discussion

One of the best tools to analyze the hydrodynamic size of
colloidal particles is DLS (Ma et al. 2010). DLS results indi-
cate that ZnO particles strongly tend to compose aggregates in

100 μm100 μm

100 μm100 μm

100 μm 100 μm

a b

c d

e fR- BPs

R- C

R- NPs

L- BPs

L- C

L- NPs

Fig. 3 Light micrographs of
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an aqueous medium. DLS results also revealed that the hydro-
dynamic size of most NPs and BPs was too large to be
absorbed by the root. These results indicate that anatomical
and ultrastructural changes induced by NPs or BPs could not
be, at least completely, attributed to their absorption and sub-
sequent effects. Consistent with this speculation, both reduced
biomass and the anatomical and ultrastructural changes in-
duced by ZnO BPs, the particles that their absorption must
be naturally less than ZnO NPs, were more prominent than
those induced by ZnO NPs. It seems that the alterations in-
duced by both types of ZnO particles are probably, at least
partly, due to the Zn dissolution by ZnO particles. Consistent
with this, Zn content of the root and leaf of both ZnOBPs- and

ZnO NPs-treated plants was severely increased, where the
increase in those treated with the earlier, the one that induced
more alterations, was more. However, because Zn2+ released
by ZnO NPs or ZnO BPs was too low (less than 1 mg L−1) to
be responsible for the changes induced by them, root exudates
may contribute to the increased Zn dissolution by ZnO parti-
cles. On the other hand, most anatomical and ultrastructural
symptoms induced by ZnO BPs or ZnO NPs were almost
similar to those induced by excess Zn (discussed below).

Beside toxic Zn dissolution, ZnO particles can also aggre-
gate on the root surface and thus induce structural and func-
tional disorders. ZnO particles may affect the anatomy and
ultrastructure of plant after their physical interaction with plant
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cell transport pathways. ZnO particles may block apoplastic or
symplastic pathway (Ma et al. 2010) and thus affect plant-
water relationships or nutrient absorption. Adsorption of
ZnO NPs on the root surface of Lolium perenne (Lin and
Xing 2008) and Fagopyrum esculentum (Lee et al. 2013b)
has been observed. Root cap secretes mucigel, a highly hy-
drated polysaccharide, that may increase adsorption of ZnO
particles on the root surface (Lin and Xing 2008).

Lin and Xing (2008) have reported the severe impact of
1000 mg L−1 ZnO NPs on the root of L. perenne, including
shrank morphology of the root, highly collapsed cortical cells,
broken epidermis and root cap, and highly vacuolated cortical.
Consistent with the present study, in Brassica juncea treated
with excess Zn, loss of cell shape and a decrease in

intercellular spaces, clotted depositions of metals in roots,
and shrinkage of epidermal cells have been observed (Maruthi
Sridhar et al. 2005). The root tip cells of Allium cepa treated
with 100 mg L−1 ZnO NPs revealed disintegration of cellular
matrix, structural deformation, and deposition of ZnO NPs-
like particles in the cellular matrix and cell membrane
(Kumari et al. 2011). In another study, root cells of Cajanus
cajan showed disintegration of cell organelles in response to
Zn and nickel stress (Sresty and Madhava Rao 1999).

One of the processes that plants use to tolerate metals is
their sequestration in the specific sites of tissues. Depending
on the metal and plant species, the sites of sequestration are
different (Todeschini et al. 2011; Jiang et al. 2007). In tolerant
and sensitive species, Zn accumulates in vacuole and cytosol,

b ca

ed f

hg i

cw
cw

cw
cw

cw
cw

nmN
nu cw

P

s

s

P

P

N

mc
pb

pb
pb

pb

ER
mc

mc

v

v
v

v

v

v

NPsNPs

BPs BPs

C C

NPs

BPs

C

Fig. 5 TEMmicrograph of cross ultrathin sections through root vascular
cells of B. napus. a–c Control plants. d–f ZnO NPs-treated plants. g–i
ZnO BPs-treated plants. C control, NPs ZnO NPs, BPs ZnO BPs, cw cell

wall, mc mitochondrion, v vacuole, pb protein body, N nucleus, nm
nucleus membrane, nu nucleolus, P plastid, s starch grain, ER
endoplasmic reticulum

Environ Sci Pollut Res

Author's personal copy



respectively (Marschner 1995). However, it may be concen-
trated in chloroplasts (Kabata-Pendias 2011). Appearance of
electron-dense deposit in the vacuoles, containing metal de-
position, has also been observed in other plants treated with
excess Zn (Davies et al. 1991; Sresty andMadhava Rao 1999)
or with ZnO NPs (Yoon et al. 2014), and also in plants treated
with other heavy metals (Ali et al. 2014). Development of
vacuoles of the root tip cells has also been observed inC. cajan
under excess Zn and nickel. Zn deposition in vacuoles of the
root cortical cells may be considered as a detoxification mech-
anism, having a role in tolerating high level of Zn by decreas-
ing its levels in the cytoplasm and nucleus (Sresty and
Madhava Rao 1999).

Zn may sequestrate in cell walls due to the existence of
some electronegative ions such as HPO4

2−, H2PO4
−, C1−,

and SO4
2−, preventing its translocation from the root to shoot

(Jiang et al. 2007). Metal binding to the cell wall can lead to a
loss in its elasticity (Pokhrel and Dubey 2013) and then to its
deformity. Moreover, under heavy metals, decreased cell tur-
gidity resulted from reduced vacuole size can cause deformity
of cell walls, led to the irregular cell alignments. Wavy cell
wall of the plants under high Zn has also been reported by
Todeschini et al. (2011). In A. cepa treated with 100 mg L−1

ZnO NPs, complete disintegration of the cell walls and the
breakdown of nuclear membrane have been observed (Kumari
et al. 2011).Withdrawal of the plasmamembrane from the cell
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walls, observed in the present study, has also been reported in
the root cells of C. cajan under excess Zn and nickel (Sresty
and Madhava Rao 1999).

Protein bodies are protein-storing vacuoles, most abundant
in seeds (Taiz and Zeiger 2010). However, they can also occur
in other parts of plants, such as roots, stems, leaves, flowers,
and fruits. Sometimes, protein-storing vacuoles function as
autophagic compartments such as lysosome, taking up and
digesting portions of the cytoplasm (Evert 2006). Thus, it is
possible that appearance of protein bodies in ZnO NPs-treated
plants contributes to turnover of the cytosolic proteins dam-
aged by the stress induced by ZnO NPs.

Similar to the results of the present study, Jiang et al. (2007)
have reported changes in the ultrastructure and shape of

chloroplasts of the maize under cadmium and Zn stress. The
emergence of phagocytic vacuoles and the degradation of or-
ganelles, such as chloroplasts and mitochondria, can be con-
sidered as a sign of advanced induced senescence (Todeschini
et al. 2011). In contrast to the present study, some studies have
reported that starch grains of chloroplasts of the plants treated
with excess Zn were smaller than those of control plants
(Todeschini et al. 2011; Maruthi Sridhar et al. 2005; Rufner
and Barker 1984). However, consistent with our study,
Todeschini et al. (2011) have reported Zn-induced increase
in the number of plastoglobuli in chloroplasts. Increase of
plastoglobuli in response to abiotic stresses, such as heavy
metals, may be a symptom of stress and occurs more frequent-
ly during senescence (Todeschini et al. 2011).

b ca

ed f

h

cw
mcmc

v

cw

mc

mc

Cp

mc

mcv

v

v

SE

SE

mc

Cp

mc

SE

mc

mc

mc

mc
mc

Cp

Cp

Cp

Cp

cp

Cp

s

s

mc

cw
cw

SE

SE

v

g

v

mc

mc

Cp

Cp

Cp

Cp
s

cp

s
mc

SE

cw

cw

cw

cw

CC

CC

CC

CC
CC

CC

CC

CC

CC

CC

CC

NPsNPs

BPs BPs

C C

NPs

C

Fig. 7 TEMmicrograph of cross ultrathin sections through leaf vascular
bundles of B. napus. a–cControl plants. d–f ZnONPs-treated plants. g, h
ZnO BPs-treated plants. C control, NPs ZnO NPs, BPs ZnO BPs, SE

sieve element, CC companion cell, cw cell wall, mc mitochondrion, v
vacuole, Cp chloroplast, s starch grain

Environ Sci Pollut Res

Author's personal copy



Acknowledgments This work was supported by the Faculty of Sci-
ences, Ferdowsi University of Mashhad, Iran, under Grant Number
24427. The authors thank Dr. Azizi for procuring the standard seeds of
B. napus. The authors are grateful to Mrs Fatemeh Naseri and Mrs
Roksana Pesian for preparing the samples for TEM and taking TEM
micrographs, respectively.

Conflict of interest The authors declare that they have no conflict of
interest.

References

Ali B, Qian P, Jin R, Ali S, Khan M, Aziz R, Tian T, Zhou W (2014)
Physiological and ultra-structural changes in Brassica napus seed-
lings induced by cadmium stress. Biol Plant 58(1):131–138

Atha DH, Wang H, Petersen EJ, Cleveland D, Holbrook RD, Jaruga P,
Dizdaroglu M, Xing B, Nelson BC (2012) Copper oxide nanoparti-
cle mediated DNA damage in terrestrial plant models. Environ Sci
Technol 46:1819–1827

Burbulis N, Kuprienė R, Blinstrubienė A (2008) Callus induction and
plant regeneration from somatic tissue in spring rapeseed
(Brassica napus L.). Biogeosciences 54(4):258–263

Chan A, Belmonte MF (2013) Histological and ultrastructural changes in
canola (Brassica napus) funicular anatomy during the seed life cy-
cle. Botany 91:671–679

Davies KL, Davies MS, Francis D (1991) Zinc-induced vacuolation in
root meristematic cells of Festuca rubra L. Plant Cell Environ 14:
399–406

Evert RF (2006) Esau’s plant anatomy. John Wiley & Sons, New Jersey
Ghodake GY, Seo D, Lee DS (2011) Hazardous phytotoxic nature of

cobalt and Zn oxide nanoparticles assessed using Allium cepa. J
Hazard Mater 186:952–955

Ghosh S, Mahoney SR, Penterman JN, Peirson D, Dumbroff EB (2001)
Ultrastructural and biochemical changes in chloroplasts during
Brassica napus senescence. Plant Physiol Biochem 39:777–784

Gill RA, Zang L, Ali B, FarooqMA, Cui P, Yang S, Ali S, ZhouW (2015)
Chromium-induced physio-chemical and ultrastructural changes in
four cultivars of Brassica napus L. Chemosphere 120:154–164

Hernandez-Viezcas JA, Castillo-Michel H, Servin AD, Peralta-Videa JR,
Gardea-Torresdey JL (2011) Spectroscopic verification of Zn ab-
sorption and distribution in the desert plant Prosopis juliflora-
velutina (velvet mesquite) treated with ZnO nanoparticles. Chem
Eng J 170:346–352

Jiang HM, Yang JC, Zhang JF (2007) Effects of external phosphorus on
the cell ultrastructure and the chlorophyll content of maize under
cadmium and Zn stress. Environ Pollut 147:750–756

Jones N, Binata R, Koodali T, Adhar M (2007) Antibacterial activity of
ZnO nanoparticle suspensions on a broad spectrum of microorgan-
isms. FEMS Microbiol Lett 279:71–76

Kabata-Pendias A (2011) Trace elements in soils and plants. CRC press,
Boca Raton

Kalra YP (1998) Handbook of methods for plant analysis. CRC Press,
Boca Raton

KumariM,Khan SS, Pakrashi S,Mukherjee A, Chandrasekaran N (2011)
Cytogenetic and genotoxic effects of zinc oxide nanoparticles on
root cells of Allium cepa. J Hazard Mater 190:613–621

Lee S, Chung H, Kim S, Lee I (2013a) The genotoxic effect of ZnO and
CuO nanoparticles on early growth of buckwheat, Fagopyrum
Esculentum. Water Air Soil Pollut 224:1668

Lee S, Kim S, Kim S, Lee I (2013b) Assessment of phytotoxicity of ZnO
NPs on a medicinal plant, Fagopyrum esculentum. Environ Sci
Pollut Res 20:848–854

Lin D, Xing B (2007) Phytotoxicity of nanoparticles: inhibition of seed
germination and root growth. Environ Pollut 150:243–250

Lin D, Xing B (2008) Root uptake and phytotoxicity of ZnO nanoparti-
cles. Environ Sci Technol 42:5580–5585

Ma X, Geiser-Lee J, Deng Y, Kolmakov A (2010) Interactions between
engineered nanoparticles (ENPs) and plants: phytotoxicity, uptake
and accumulation. Sci Total Environ 408:3053–3061

Marschner H (1995) Mineral nutrition of higher plants. Academic,
London

Maruthi Sridhar BB, Diehl SV, Han FX, Monts DL, Su Y (2005)
Anatomical changes due to uptake and accumulation of Zn and Cd
in Indian mustard (Brassica juncea). Environ Exp Bot 54:131–141

Mousavi Kouhi SM, Lahouti M, Ganjeali A, Entezari MH (2014)
Comparative phytotoxicity of ZnO nanoparticles, ZnO microparti-
cles, and Zn2+ on rapeseed (Brassica napus L.): investigating a wide
range of concentrations. Toxicol Environ Chem 96(6):861–868

Musgrave ME, Kuang A, Brown CS, Matthews SW (1998) Changes in
arabidopsis leaf ultrastructure, chlorophyll and carbohydrate content
during spaceflight depend on ventilation. Ann Bot 81:503–512

Ng CT, Li JJ, Bay BH, Yung LYL (2010) Current studies into the
genotoxic effects of nanomaterials. J Nucleic Acids 2010:1–12

Peralta-Videa JR, Hernandez-Viezcas JA, Zhao L, Diaz BC, Ge Y,
Priester JH, Holden PA, Gardea-Torresdey JL (2014) Cerium diox-
ide and Zn oxide nanoparticles alter the nutritional value of soil
cultivated soybean plants. Plant Physiol Biochem 80:128–135

Pokhrel LR, Dubey B (2013) Evaluation of developmental responses of
two crop plants exposed to silver and Zn oxide nanoparticles. Sci
Total Environ 452–453:321–332

Priester JH, Ge Y, Mielke RE, Horst AM,Moritz SC, Espinosa K, Gelb J,
Walker SL, Nisbet RM, An YJ, Schimel JP, Palmer RG, Hernandez-
Viezcas JA, Zhao L, Gardea-Torresdey JL, Holden PA (2012)
Soybean susceptibility to manufactured nanomaterials with evi-
dence for food quality and soil fertility interruption. Proc Natl
Acad Sci 109(37):14734–14735

Rao S, Shekhawat GS (2014) Toxicity of ZnO engineered nanoparticles
and evaluation of their effect on growth, metabolism and tissue
specific accumulation in Brassica juncea. J Environ Chem Eng 2:
105–114

Remedios C, Rosario F, Bastos V (2012) Environmental nanoparticles
interactions with plants: morphological, physiological, and
genotoxic aspects. J Bot 2012:1–8

Rufner R, Barker AV (1984) Ultrastructure of Zn induced iron deficiency
in mesophyll chloroplasts of spinach and tomato. J Am Soc Hortic
Sci 109:164–168

Saeidnia S, Gohari AR (2012) Importance of Brassica napus as a medic-
inal food plant. J Med Plants Res 6(14):2700–2703

Sato T, Katakura T, Yin S, Fujimoto T, Yabe S (2004) Synthesis, UV-
shielding properties of calcia-doped CeO2 nanoparticles coated with
amorphous silica. Solid State Ion 172:377–382

Sresty TVS, Madhava Rao KV (1999) Ultrastructural alterations in re-
sponse to Zn and nickel stress in the root cells of pigeonpea. Environ
Exp Bot 41:3–13

Stampoulis D, Sinha SK, White JC (2009) Assay-dependent phytotoxic-
ity of nanoparticles to plants. Environ Sci Technol 43:9473–9479

Stefanowska M, Kuras M, Kubacka-Zebalska M, Kacperska A (1999)
Low temperature affects pattern of leaf growth and structure of cell
walls in winter oilseed rape (Brassica napus L., var. oleifera L.).
Ann Bot 84:313–319

Taiz L, Zeiger E (2010) Plant physiology. Sinauer Associates, Sunderland
Todeschini V, Lingua G, D’Agostino G, Carniato F, Roccotiello E, Berta

G (2011) Effects of high Zn concentration on poplar leaves: a mor-
phological and biochemical study. Environ Exp Bot 71:50–56

XuH, Liu X, Cui D, Li M, JiangM (2006) A novel method for improving
the performance of ZnO gas sensors. Sens Actuators B Chem 114:
301–307

Environ Sci Pollut Res

Author's personal copy



Yoo J, Lee J, Kim S, Yoon K, Park J, Dhungel SK, Karunagaran B,
Mangalaraj D, Yi J (2005) High transmittance and low resistive
ZnO: Al films for thin film solar cells. Thin Solid Films 480:213–217

Yoon SJ, Kwak JI, Lee WM, Holden PA, An YJ (2014) Zn oxide nano-
particles delay soybean development: a standard soil microcosm
study. Ecotoxicol Environ Saf 100:131–137

Zaier H, Ghnaya T, Ben Rejeb K, Lakhdar A, Rejeb S, Jemal F (2010)
Effects of EDTA on phytoextraction of heavy metals (Zn, Mn and

Pb) from sludge-amended soil with Brassica napus. Bioresour
Technol 101:3978–3983

Zhao L, Peralta-Videa JR, Ren M, Varela-Ramirez A, Li C, Hernandez-
Viezcas JA, Aguilera RJ, Gardea-Torresdey JL (2012) Transport of
Zn in a sandy loam soil treated with ZnO NPs and uptake by corn
plants: Electronmicroprobe and confocal microscopy studies. Chem
Eng J 184:1–8

Environ Sci Pollut Res

Author's personal copy


	Long-term exposure of rapeseed (Brassica napus L.) to ZnO nanoparticles: anatomical and ultrastructural responses
	Abstract
	Introduction
	Material and methods
	Characterization of ZnO particles
	Plant cultivation and treatments
	Determination of zinc ion (Zn2+) released by ZnO suspensions
	Microscopic analyses
	Determination of Zn content of the root and leaf
	Statistical analyses

	Results
	Characterization of ZnO particles
	Plant biomass and Zn content of roots and leaves
	Root anatomy and ultrastructure
	Leaf anatomy and ultrastructure

	Discussion
	References


