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ABSTRACT
Zinc oxide-engineered nanoparticles (ZnO ENPs) have received the most
attention in recent years. This increasing interest has been directed
towards studying the environmental fate and effects of ZnO ENPs on
ecological terrestrial species. In this study, ZnO NPs were synthesized by
atmospheric pressure solution evaporation method and were coated or
uncoated with humic acid (HA). The root uptakes of uncoated and HA-
coated ZnO NPs and zinc (Zn) were investigated by gel-grown cucumber.
Two ZnO levels (1 and 200 µM) were applied in the form of coated (T3)
and non-coated (T2) NPs or bulk particles (T1). The results showed that
coating NPs by HA increases zeta potential of NPs and decreases their
aggregation size due to the increase in the repulsion forces among the
particles. Addition of 1 mgL−1 ZnO into gel chamber enhanced root and
shoot biomass; however, the shoot growth was higher in the presence of
NPs compared to its bulk counterpart. Moreover, greater phytotoxicity of
ZnO from the source of NPs than bulk particles in shoot was observed.
Scanning electron microscopy results showed a clear evidence of the
penetration of NPs into root cells.
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Introduction

In recent years, nanotechnology has appeared in all fields for production of novel materials. The
properties of engineered nanoparticles (ENPs) are vastly different from their corresponding bulk
materials due to their extremely small size and high-specific surface area. However, the fate and the
effects of ENPs on ecological terrestrial species including plants are unknown and require precise
attention and study.

The unique properties of zinc oxide including its high electrical conductivity, antimicrobial activity
and biocompatibility make it one of the most applicable of ENPs in many areas from optoelectronics
and sensor development to sunscreen and glass products (Dhobale et al. 2008; Lupan et al. 2007;
Salvati-Niasari et al. 2011). Therefore, much attention has been attracted toward its potential harm on
the environment. Acute toxicity of ZnO NPs in bacteria and plant has been suggested (Brayner et al.
2006; Lin & Xing 2007). Meanwhile, Zn is one of the essential elements for plant growth and can be
supplied by Zn nano fertilizers. Uptake and translocation of NPs into plant cells may increase their
efficiency when used as nano fertilizers (Carpita et al. 1979; Remya et al. 2010). The translocation of ZnO
NPs from roots to shoots of ryegrass has been reported by Lin and Xing (2008). Pathways trough cuticle
(for sizes less than 5 nm) and stomata (for micrometer sizes and smaller) are two possible conduits for
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foliar uptake of NPs (Eichert et al. 2008). In the literature, both positive and negative effects of NPs on
seed germination, root growth and plant yield have been suggested. For example, NPs of Al had no
significant effects on the growth of California red kidney bean and ryegrass (Lin & Xing 2008) while they
inhibited the root growth of corn, soybean, cabbage, cucumber, and carrot (Yang &Watts 2005). Severe
detrimental effects of high concentrations of ZnO NPs on root elongation of ryegrass, radish, and rape,
have been reported. However, Moghaddasi et al. (2013) showed that applying rubber ash NPs as a
source of Zn can increase dry biomass of cucumber. It can be concluded that the type of NP and its size,
dose, or method of application as well as the plant species are all factors that determine the effects of
NPs on a plant (Lin & Xing 2007; Torney et al. 2007; Zhang et al. 2007).

Baalousha et al. (2008) showed that depending on the zero-point charge of NP and pH of the
solution, NPs can be coated by humic substance sand give overall negative charge. Therefore, by
increasing the electric double layer repulsive energy between NPs, the stability of NPs and thus
toxicity of NPs can be increased. Accordingly, Zn could be released from ZnO NPs at high pH levels
(9.0–11.0) and the presence of humic acids (HA) increase the concentration of the dissolved Zn
(Kanel & Al-Abed 2011). Therefore, it seems that coating NPs by an organic matter like HA may
affect the fate and impacts of ZnO NPs on plants. However, up to now, no report has been
documented about the effect of surface coating on the ZnO NP behavior in gel. In most previous
researches, NPs were generally applied to seeds or roots under hydroponic conditions. In this study
we synthesized ZnO NPs and for the first time, the fate and effects of uncoated and HA-coated NP
on growth and zinc, uptake by cucumber plants grown in gel chamber were investigated.

Material and methods

Synthesis of coated and uncoated Zinc oxide nanoparticles

The atmospheric pressure solution evaporation method, suggested by Hosseini et al. (2011), was
used for synthesis of ZnO NPs. Zn(CH3COO)2 2H2O (99.5% purity) and ethylene glycol (EG) (90%
purity) was purchased from MERK company. In the atmospheric pressure solution evaporation
method, 5 g of zinc precursor (zinc acetate) reached a particular reaction temperature (80 °C). After
stabilization of the temperature of the precursor solution, 450 mL of stoichiometric solution of
ethylene glycol was added to the suspension on a drop-by-drop basis. The stirring and heating of
the reaction mixture was continued for 3–4 h. The suspension was then dried in an oven at 100°C
for 12 h, and then crystallized at 600 °C for 1 h. To prepare the complexes, HA solution (500 mgL−1)
was obtained by dissolving solid HA (HA technical, purchased from SIGMA-ALDRICH) with 0.1 M of
NaOH. The pH of the solution was adjusted to 5.0 by adding 0.1 M HCl. Nano-oxide (5 g) was then
mixed with 1 L of HA solutions in a bottle and shaken for 2 days. After that, the suspension was
centrifuged at 3500 × g for 30 min. The precipitated material was rinsed with deionized water,
freeze dried (Model FD-4, Pishtaz engineering co., Iran), and ground gently.

The white synthesized zinc NPs and coated NPs were characterized by different methods. The
crystal phase of ZnO NPs was determined by X-ray diffraction (XRD) (Model Philips Expert-MPD,
Netherlands). The morphology and size of the coated and uncoated NP samples were examined by
transmission electron microscopy (TEM) (Model EM10 C-80KV, Germany). The primary particle size
distributions were obtained by randomly sampling 50 particles in their corresponding TEM images.
The hydrodynamic (agglomerate) particle sizes of NP aqueous suspensions were measured by
dynamic light scattering (DLS) method using Zetasizer Nano ZS system (Malvern Instruments Ltd.).
Fourier transform infrared (FTIR) spectra were recorded with a Perkin-Elmer Spectrum One FTIR
spectrometer (Nicolet iS10). Five mg of HA, nano-oxide, or HA-coated nano-oxide was mixed gently
with 95 mg of KBr as a background matrix using a pestle and mortar and analyzed. FTIR spectra
were recorded from 400 to 4000 cm−1 at 8 cm−1 resolution over 200 averaged scans. The FTIR
spectra of nano-oxide-bound HA were obtained by subtracting that of the nano-oxides before HA
coating from that of the HA-coated nano-oxides.
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Growth system

Seeds of cucumbers Cucumis sativus L. cv. Dominus were placed in rows on wet blotting paper to
germinate for two days. At same time the gel chambers were prepared, using methods described in
Bengough et al. (2004). Chambers were constructed from two plates (one black polyvinylchloride and
one transparent perspex), each size 215 × 300 × 3 mm. Strips of Perspex (3 mm thickness) were used as
spacers around each plate, giving a plate separation of 6 mm, leaving three gaps, each approximately of
25 mm length, along the top surface, to allow gas exchange with the surrounding atmosphere, and
unimpeded shoot extension. The agar-agar gel (Merck company) solution at 1 g100 g−1 water was used
in the experiments sandwich approach to ensure that roots were growing in a uniform environment.
Two concentrations of Zn (1 and 200 mg L−1) that were respectively the optimum and toxic concentra-
tions in our previous research in hydroponic (Moghaddasi et al. 2013), were added into the liquid gel in
the form of bulk ZnO or its coated and uncoated NPs. NPs were added into the gel, followed by water
bath ultrasonic treatment (25°C, 100 W, 40 kHz) for 15 min immediately before closing gel. Free-ZnO
source was used as the blank treatment. Four uniformly germinated cucumber seeds were transferred
to two gel chambers. The grains were spaced uniformly on the black gel plate with the seam facing the
top plate – 80 mm from the top of the plate. The transparent gel plate was kept in 12 h dark/light at
18°C for 10 days in a growth cabinet with radicles pointing downward at an angle of 80° (to cause the
roots to grow against the top plate). The chambers were scanned and images saved every 3 days and
data were used to calculate the root length. After10 days, the plants were extracted from the plates, any
gel was rinsed off, and shoots and roots were oven dried at 60°C for 48 h and weighed. Root and shoot
materials were digested by 2 M HCl and Zn concentrations in the extracts were measured by atomic
absorption spectroscopy.

Microscopy observations

To observe the effect of ZnO NPs on root tips of cucumber by LM (Model E100, German), when
harvesting, the first 4 cm rootlets were longitudinally sliced (500 nm thick), washed with deionized
water and prefixed with alcohol (70%) and glycerin. Sliced root samples were washed in sodium
hypochlorite (20%) and acetic acid and embedded in carmine for 15 min. The samples were then
washed with deionized water and embedded in green methyl for 30 s.

Root and stem samples were washed by running water and carefully rinsed with distilled water
before SEM microscopy observations. For this reason, small cross section pieces of (prepared from
0–2 cm) roots and stems, were dehydrated using freeze dryer (Model FD-4, Pishtaz engineering co., Iran)
and coated with gold for 60 s by a Sputter Coater (Model SCDOOS-Baltec, Switzerland). SEM observa-
tions were carried out using a Philips XL30 Robeahi SEM-EDS unit, with an accelerating voltage of 20 KV.

Statistical analysis

The gel chamber culture experiment was set up in a completely randomized design with three
treatments and three replicates. Treatment effects were analyzed by analyzing the variance using
the general linear model procedure. Means were compared using the least significant differences
(LSD) at P < 0.05 (25). JMicroVision was used for determining the root length.

Results and discussion

Characterization of coated and uncoated Zinc oxide nanoparticles

XRD patterns of ZnO NPs are illustrated in Figure 1. All peaks can be well indexed to the zincite
phase, which are consistent with the values in standard card (JCPDS 36–1451). No peaks from other
ZnO phases or impurity can be observed. This indicates the high purity of the obtained ZnO NPs.
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TEM images (Figure 2) indicated the successful production of nano-size particles of ZnO and its
coating. In the TEM image, thin layers of HA shells have coated ZnO NPs. It should be noted that
most of the times, instead of a single particle, agglomerated NPs are coated with HA. Therefore, the
average primary size of NPs may increase to about 100 nm. In addition, when coating NPs, the
thickness of the shell of HA should be added to the diagonal of ZnO. However, the hydrodynamic
size of the coated NPs is a result of the initial particle size and zeta potential of ZnO and HA. DLS
data (Table 1) indicate the hydrodynamic size of ZnO NPs is much larger than the observation size
in TEM images. One possible explanation might be that by adding dry NPs to water, high local
concentrations lead to an enhancement in collision frequencies and rapid aggregation. This is also

Figure 1. XRD patterns of ZnO nanoparticles calcined at 600 C for 2 h.

Figure 2. TEM images of non-coated (a) and coated (b) ZnO NPs.

Table 1. Size and zeta potential of nanoparticles (the concentration of NPs suspension for hydro-
dynamic size and ζ- potential was 20 mgL−1 dionize water).

Particle ζ- potential (mV) TEM diameter (nm) Hydrodynamic diameter (nm) pH

ZnO NPs 3.1 75 441 6.95
Coated ZnO NPs −5.4 100 328 6.87
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a thermodynamic-driven process in which the surface energy of particles is reduced by forming
larger aggregates (French et al. 2009). Based on the results, when coating NPs with HA, their zeta
potential increases whereas their aggregation size decreases due to the increases in the repulsion
forces between these particles. The FTIR spectra of HA and nano-oxide-bound HA are presented in
Figure 3. FTIR spectra of HA-coated ZnO NPs showed that the HA crust is successfully formed
around ZnO NPs. Compared with bulk HA, the peak intensity of bands at
3700–2500 cm−1diminishes largely after being adsorbed by nano-oxides (Figure 3). This indicates
the release of hydroxyl groups (Tatzber et al. 2007). The COOH peak at 1662 cm−1also significantly
decreased due to the strong interactions of COOH with surfaces of nano-ZnO. Yang et al. (2009)
showed that HA is adsorbed by ZnO by the COOH groups whereas no FTIR spectra of nano-SiO2-
bound HA were obtained because of the insignificant adsorption. A previous report (Hajdu et al.
2009) has shown that TiO2, Al2O3, and ZnO NPs were bounded to HA by electrostatic attraction and
ligand exchange.

Effect of coated and uncoated nanoparticle on cucumber biomass and Zn concentration

Addition of 1 mg L−1 ZnO in gel chamber enhanced the root and shoot biomass; however,
increment of shoot plant growth was greater due to NPs than its bulk counterpart (Table 2). This
can be attributed to higher efficiency of NPs in supplying Zn to plant. Higher efficiency of ground

Figure 3. FTIR spectra of bulk HA and nano-zinc-bound HA was obtained by subtraction of the IR spectra of pure nano-oxide
from that of the HA-coated nano-oxides after freeze drying.

Table 2. Root and shoot dry biomass and total Zn concentration of cucumber as affected by different sources of Zn with
concentration of 1 and 200 mg kg−1 in the gel chamber (T0: Control, Zn free-treatment; T1: bulk ZnO; T2: non coated ZnO and
T3: ZnO coated by HA).

T0 T1 T2 T3
Zn concentration in gel chamber (mg Kg−1) 1 Root biomass (mg) 4.3d 6.4ab 7.1a 6.1abc

Shoot biomass (mg) 9.1d 11.4c 24.2a 19.8ab

Root Zn concentration (mg kg−1) 32d 243c 584b 857a

Shoot Zn concentration (mg kg−1) 8.24d 56.8c 317b 571a

200 Root biomass (mg) 4.3a 0.04b 0bc 0bc

Shoot biomass (mg) 9.1a 0.8b 0bc 0bc

Means with the same letter are not significantly different at <0.05.
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rubber ash NPs compared to Zn-sulfate in supplying Zn to plants has earlier been reported
(Moghaddasi et al. 2013). Colman et al. (2013) also observed that addition of AgNO3 at a four-
fold higher concentration (to act as a positive control for plants and microbes) had never greater
impact than that of the AgNP treatment. Data showed greater phytotoxicity of ZnO from the
source of NPs than bulk particles (Table 2) in shoot. This result indicates the possibility of
penetration and transport of ZnO NPs in plants. Figure 5 showed depletion of particles in root
area at high applied levels (200 mg L−1) of coated and non-coated NPs. However, this depletion
was not seen in bulk ZnO treatments that can show impossibility of penetration of them to root
cells and it is an interesting aspect of this study. There was no significant difference between root
biomass in plant treated with ZnO NPs and their bulk counterpart at concentration of 1 mg L−1

(Table 2). Therefore, the greater positive effect of ZnO NPs on gel-grown cucumber may be
associated with uptake and transport of NPs from roots to shoots. The entrance of ZnO NPs and
carbon nano tubes into the cells of living organisms has also been previously reported (Wong et al.
2005; Zhu et al. 2007; Lin & Xing 2008). In addition, carbon nanomaterials were found as black
aggregates in the following chronological order: Seed > root > stem > leaf, which may show their
translocation in the plant. This observation was proved by the transmutation of C70 to the next
generation of the plant which was further confirmed from IR and Raman spectral data (Husen &
Siddiqi 2014). It was shown that by decreasing the particle size from micro to nano, the difference
in Zn concentration of the root and shoot was decreased. The difference in Zn concentration of the
root and shoot for bulk ZnO treatment was 76.6% while for coated and uncoated NPs was 33.3 and
45.5%, respectively. It seems that NPs penetrate into cell roots and transport from root to shoot.
This was investigated in more details trough SEM studies on part of the penetration of NPs into the
plant cells.

There was no significant difference between total biomass of plants grown in gel treated with
coated and uncoated NPs (Table 2). Total concentration of Zn in plants treated with coated NPs
was also greater than those treated with uncoated ZnO NPs. Aggregation of NPs in nutrient
solution results in changes of root uptake and root-to-shoot translocation of these particles and
thereby affects their phytotoxicity and uptake efficiency (Lin & Xing 2008). Zhao et al. (2012)
showed that the surface coating plays an important role in uptake of NPs by plants at 200 mg kg−1

and above. In fact, he reported that surface coating increases the cerium accumulation of corn root
tissues. Our results demonstrated that coating NPs by HA increases the zeta potential of NPs and
decreases their aggregation size due to the increase in repulsive forces between the particles and
as a result higher Zn concentrations in plants treated with coated NPs are predictable. In treat-
ments with coated NPs, compared with those with uncoated NPs, higher transportation of Zn from
root to shoot might be the reason for lower difference in Zn concentrations of the root and the
shoot. However, in the case of soluble NPs, it is difficult to distinguish between the ion uptake and
NP uptake (Stampoulis et al. 2009).

Root growth is known to be more sensitive than shoot growth to metal amount (Ma et al. 2010).
Xiang et al. (2015) suggested that the roots are in direct contact with the NP and thus are the first
tissue to be exposed to excess concentrations of nano-ZnO. Root length increasing rate of plant
treated with coated ZnO NPs is much more than that treated with uncoated NPs (Figure 4). It is
predicted that the plant biomass treated with coated NPs might also increase if experiment time
duration continued. However, this idea needs further investigations. According to Figure 4, all of
the plants grown in presence of ZnO had significantly a longer total root length than the control,
which indicates the positive effect of Zn2+ on root elongation. Furthermore, plant treated with
coated NPs (T3) did not differ in total root length with control, but after first 6 days, the root length
rate immediately increased and was higher than this delay in the increase of the root length may
be because of the HA shell around ZnO which may decrease the release rate of Zn2+ at early stages.
This indicates that Zn2+ release from coated NPs occurs with delay. More recently, Waalewijn-Kool
et al. (2013) showed that Zn concentration in pure water increased with time for all ZnO forms but
peaked at intermediate concentrations for uncoated ZnO-NP and non-nano ZnO, while for coated
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ZnO-NP this dominant peak was only seen after 12 months. Navarro et al. (2012) reported that HAs
enhance the accumulation of CdSe/ZnS NPs onto the root surface of Arabidopsis thaliana. However,
the mechanism is not clear and needs to be further studied.

Zinc oxide nanoparticles impact on root tip

The number of xylem vessels is effective to ameliorate water stress effects when plants are
subjected to water stress (Zimmermann et al. 1993). Lok et al. (2013) showed that differential
metaxylem counts were observed upon exposure to metal NPs or their respective ionic salts. The
metaxylem counts ranged from 5 to 6 in control, but increased to 7 upon plants exposure to ZnSO4

(1000 μg mL−1) or AgNO3 (200 μg mL−1). This study results showed that there was no difference
between xylem vessel numbers even when plants exposed to concentration of 200 μg mL−1 ZnO
(data not shown). This may be due to the different concentration of Zn which was used in previous
research. Light microscopy (LA) observations demonstrated that ZnO can disturb the root tip
(Figure 6). It has been previously reported that in the presence of 1000 mg Zn L−1of Zn in the
form of ZnO NPs and Zn-sulfate (Zn2+) in the nutrient solution, the ryegrass root tips are deformed

Figure 4. Total Root length of cucumber as affected by time and different sources of Zn with concentration of 1 mgL−1 in the
gel chamber (T0: Control, Zn free treatment; T1: bulk ZnO; T2: non-coated ZnO and T3: ZnO coated by HA).

Figure 5. Toxicity to cucumber of 200 µM Zn supplied in the form of bulk ZnO (T1) and ZnO nano particles (T2).
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(Lin & Xing 2008). The highest level of Zn used in present study was much lower than that used by
Lin and Xing (2008) but little disturbance can be distinguished in the LA pictures. In this study also,
coated ZnO NPs (Zn2+) resulted in deformation of ryegrass root tips compared to control.
Moreover, at high concentrations of uncoated ZnO NPs, the root tip was disturbed. Lin and Xing
(2008) observed the severe impact of ZnO NPs and Zn2+ ions in the shrank morphology of the root
tips. In the presence of 1000 mg L−1 of ZnO NPs or Zn2+, the epidermis and the root cap were
broken, the cortical cells were highly vacuolated and collapsed, and the vascular cylinder also
shrank (Lin & Xing 2008).

The penetration of coated and non-coated nanoparticles into the plant cells

The penetration of NPs into the cells of living organisms has been considered by several research-
ers (Lin & Xing 2008; Lin et al. 2010; Moghaddasi et al. 2015). The entrance of ZnO NPs into the cells
of living organisms has also been reported (Lin & Xing 2008). They also showed the aggregation of
NPs of ZnO on the root surface by using SEM images. In the present study, the SEM images also
showed the aggregation of the ZnO NPs on the root surface (Figure 7). The root tip and the root
hair could secrete a large amount of mucilage which might contribute to attachment of ZnO NPs
on the root surface. It is assumed that ZnO NPs that covered the root surface could influence the
water and nutrient uptake as well as the whole process of plant growth development. Based on the
SEM images, it seems that larger NPs cannot penetrate into the root cells. ZnO NPs which entered
the plant cells were different in size. It seems that aggregates (120 nm) of smaller NPs in the root

Figure 6. Light microscopy (LM) images of roots indicating destruction and deformation of root tip of cucumber plants treated
with control (T0), bulk ZnO (T1), coated (T3) and non-coated ZnO nano particles (T2) and at concentration of 200 mgL−1 Zn2+.
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cells were formed (Figure 7). ZnO NPs can pass through the cell membrane similar to the
mechanisms of nutrient ions and molecules. The fate of these particles and the possible ionization
or dissolution inside the plant cells is still unknown and further investigation is required. However,
it seems that this entrance may affect the Zn2+ concentration in the root and shoot and of course
in the plant’s dry weight (Tables 2).

As there were no particles in control plant and the plant that treated with bulk ZnO, this
hypothesis that the penetration of NPs to plant cell is the main reason of higher concentration of
Zn2+ in nano treatments can be further supported (Figure 8). Accumulation of NPs may intensify
the Zn toxicity stress to the cucumber. The presence of NPs in stem showed that NPs can transport
from root to shoot. However, it seems that little ZnO NPs can transport from root to shoot
(Figure 8) but Zn concentration in the shoot biomass proved that this amount is much more
than the amount of Zn2+ provided by bulk ZnO. This can justify the higher toxicity of ZnO NPs
compared to the bulk corporation. It is known that apoplastic and symplastic pathways are the
main routes to transport NPs from epidermis to stele. Zhao et al. (2012) by analysis of longitudinal
sections of roots showed the presence of NP aggregates mostly in cell walls of the cortex tissues
and only a few of them are in the xylem. This suggest that, CeO2 NP aggregates moved cell-to-cell

Figure 7. The SEM images of root surfaces of cucumber plants (a) and root cells (b) supplied with 200 mg L−1 Zn in the form of
ZnO NPs.
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from epidermis to endodermis by the apoplastic pathway. Sedimentation of NPs in this study
showed that ZnO NPs can be similarly transported within the plant. Such results explain the low
translocation rate from roots to shoots in cucumber plants. The presence of stained NP aggregates
around vascular vessels suggests that NP aggregates have found their way to the transport system
and moved through the xylem driven by transpiration. However, the mechanisms by which NPs are
taken up by plants are not understood yet, but they may be present in xylem and phloem sap and
be mobile within the plant (Wang et al. 2012). Zn does not exist in the SEM-EDX micrograph of

Figure 8. The SEM images of cucumber root cross sections (T0: control, T1: bulk ZnO treatment, T2: ZnO treatment and T3:
coated ZnO treatment) and stem cross sections (T2ʹ and T2”: ZnO treatment) at the 200 mg L−1 Zn treatment indicates the
penetration of ZnO NPs into the root and stem cells.
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control (Figure 9). In treatment plants with coated and uncoated ZnO NPs and at an intensity of
1 KeV the characteristic peak of Zn was seen inside the root cells (Figure 9) indicating that these
NPs can be absorbed and transported into the plant cells. The fate of these particles and the
possible ionization or dissolution inside the plant cells are still unknown and further investigation is
required. Our further studies will focus on the behavior of these NPs in soil and the effect of them
on plant growth. In brief, penetration of ZnO NPs into the root cells can be the reason for the
difference observed in the manner of this NPs in comparison to their larger co-partners.

Conclusion

The study results revealed that a micro to nano decrease in the particle size can increase the
cucumber growth, the Zn concentration in root and shoot and the Zn transport from root to shoot.
This might be because NPs can penetrate into cell roots and transport from root to shoot. In
addition, this uptake into root cells makes greater phytotoxicity of ZnO from the source of NPs
compared to the bulk particles at high concentrations.

When coating NPs with HA, the zeta potential of NPs is increased and their aggregation size is
decreased due to increase in the repulsion forces among the particles. Higher Zn concentrations
are therefore predictable for plants treated with coated NPs. Treatments with coated NPs are
suggested for getting lower differences in Zn concentrations of the root and shoot. This is due to
the higher transport of Zn from root to shoot in coated NPs. Further research is needed for
investigating the root-to-shoot translocation of coated and uncoated ZnO NPs.
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