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Abstract
The aim of this study is to synthesize composite micro-nutrient nanoparticles (NPs) composed of four essential nutrient elements
(Ni, Cu, Zn, and Fe) for plants as well as to investigate the incorporation of these micro-nutrients into the plant tissues. For these
purposes, Ni0.4Cu0.2Zn0.4Nd0.05Y0.05Fe1.9O4 NPs were synthesized by sol-gel auto combustion method and characterized by
using transmission electron microscopy (TEM), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX), and X-ray diffraction (XRD). The NPswere applied to barley (Hordeum vulgareL.) in varying concentrations (62.5, 125,
250, and 500 mg L−1) for 21 days. Hydroponically grown seedlings were harvested and the element content of the root and leaf
parts was analyzed by using an inductively coupled plasma optical emission spectrometer (ICP-OES). Results showed that NPs
have a spherical structure with an average crystallite size of 18 nm. Raising NP doses gradually increased the amount of the
elements found in the composition of NPs (Ni, Cu, Zn, Nd, Y, and Fe) both in root and leaf tissues. In addition, comparedwith the
untreated control, 500 mg L−1 of NP treatment increased the abundance of some macro-elements (K, Ca, Mg, and P) in roots,
while the amount of these elements except for Ca significantly decreased in the leaves (p < 0.05). This study is the first to show
that Zn, Ni, Cu, and Fe can be incorporated into the plant body by the inclusion of NPs. This finding suggests that NPs with
micro-nutrients can be used to heal the plants suffering from single or multiple nutrient deficiencies. New nano-formulations can
be designed and applied to plants according to their nutritional requirement.
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1 Introduction

Plants need 18 elements for their proper growth and develop-
ment (C, H, O, N, P, K, Mg, Ca, S, Fe, Zn, Cu, Mn, B, Cl2,

Mo, Co, and Ni; NRCCA 2010). These elements are classified
as macro- and micro-nutrients. Micro-nutrients (Zn, Fe, Mn,
Cu, B,Mo, Co, and Ni) applied in small quantities are vital for
plant growth. However, they become toxic after a certain
dose. The deficiency or excessive concentration of these nu-
trients causes negative effects on agricultural production
(Lynch 2019). The countries geographically placed at tropical
or subtropical climates with weathered soils are having a
shortage of Ca, Mg, K, N, and P (Sanchez 1976). In addition,
soils which are subject to the semi-arid and arid climates are
inclined to have a deficiency of P and some other micro-
nutrients that can be ranged as Fe, Cu, Zn, and Mn (Clair
and Lynch 2010). As an example, most of the soils in
Ethiopia suffer from fertility challenges some of which are
macro- and micro-nutrient deficiencies. The soil system is
simultaneously having multi-deficiencies of essential ele-
ments (Girma 2017; Atnafu 2018). Similarly, the soils in
Najd plateau (Saudi Arabia) which comprises most of the
arable land possess marginal levels for Fe, deficiency for Zn
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and Mn, and sufficient or deficient for Cu (Sallam 2002).
Insufficient or deficient soil conditions result in food insecu-
rity and malnutrition, which poses a huge risk for diseases
(Sanchez and Swaminathan 2005; Bain et al. 2013).

Materials with a size range from 1 to 100 nm are called
nanoparticles (NPs) (Suguna et al. 2017; Hema et al. 2016).
Depending on physical and chemical characteristics (i.e.,
shape, size, and chemical composition), NPs have been used
in many applications ranging from electronic devices (Kefeni
et al. 2017) and biomedicine (McNamara and Tofail 2017) to
energy-based research (Manikandan et al. 2015; Zhang et al.
2018) and environmental applications (Zou et al. 2016; Khan
et al. 2017). In addition, NPs have been used in agriculture for
the purposes of alleviating nutrient deficiencies, plant growth
enhancement, and drug delivery (Monreal et al. 2016;
Manikandan et al. 2016; Dimkpa et al. 2017; Karny et al.
2018). They are recommended as additives for their contribu-
tion to nutrition use efficiency, plant growth, and seed germi-
nation (Rui et al. 2016; Pacheco and Buzea 2018; Tombuloglu
et al. 2018; Santo Pereira et al. 2019; Singh et al. 2019). New
particulate designs can contribute to alleviating the nutritional
deficiency problem of plants, especially in suffering soils or
environments.

In addition, the route, uptake, and incorporation of NPs into
the plant tissues should be assessed before their agricultural
application. Bioavailability and bioaccumulation of NPs in the
plant body are also important to have an idea for their possible
transfer to the end users such as animals and humans. In
plants, NP application can alter nutrient uptake of plants,
and this may increase the abundance of the elements found
in the structure of applied NPs. For instance, in a previous
work, it has been shown that NiFe2O4 NP treatment increased
the leaf nickel (Ni) and iron (Fe) content of barley
(Tombuloglu et al. 2019a). In the same way, the treatment of
barley with SrCaMg nano-hexaferrite raised Fe, magnesium
(Mg), calcium (Ca), and strontium (Sr) content of the leaf
(Tombuloglu et al. 2019b). Because of potential bioaccumu-
lation of NPs in the plant body, humans as well as animals can
eat these foods with NPs as a result of the food chain.
However, their effects on these organisms are not fully known
yet. Therefore, before using NPs in the farm soils/ecosystems
or food/plants as nano-solutions, they should be carefully in-
vestigated as to whether they are taken up by the plant.

In this study, we, for the very first time, designed and
synthesized a novel nanoparticulate formulated as
Ni0.4Cu0.2Zn0.4Nd0.05Y0.05Fe1.9O4. The composition of the
NPs includes six metals nickel (Ni), zinc (Zn), copper (Cu),
and iron (Fe) which are essential micro-nutrients for plant
growth at low concentrations (Mitra 2017). In addition, two
rare earth elements, namely neodymium (Nd) and yttrium (Y),
were substituted to the NPs in order to track and confirm the
existence of NPs in the aerial tissues. After synthesis and
detailed characterizations (transmission electron microscopy

(TEM), scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD), and energy-dispersive X-ray spectroscopy
(EDX)), varying concentrations of NPs (62.5, 125, 250, and
500 mg L−1) were introduced to a common crop plant, namely
barley (Hordeum vulgare L.), which is ranked as the fourth in
terms of annual production among the cereals. Root and leaf
tissues were reaped from hydroponically grown 21-day old
seedlings, and elemental analyses were conducted by an in-
ductively coupled plasma optical emission spectrometer (ICP-
OES).

2 Material and Methods

2.1 Nanoparticle Preparation

Ni0.4Cu0.2Zn0.4Nd0.05Y0.05Fe1.9O4 NPs were synthesized via
the sol-gel auto combustion approach. Ni(H2O)6·(NO3)2
(nickel (II) nitrate hexahydrate), Fe(NO3)3·9H2O (iron (III)
nitrate nonahydrate), Cu(NO3)2·6H2O (cupric nitrate hexahy-
drate), Zn(NO3)2·6H2O (zinc nitrate hexahydrate), Nd(NO3)3·
6H2O (neodymium nitrate hexahydrate), Y(NO3)3·6H2O
(yttrium(III) nitrate hexahydrate), and C6H8O7 (citric acid)
were used as startingmaterials. The spinel ferrite was prepared
by mixing the metal nitrate salts with citric acid in 80 mL of
deionized water (DI) under 90 °C. The pH of the solution was
adjusted to 7.0, then the suspension was heated up to 160 °C
for 30min. The temperature then was raised up to 350 °C until
the whole solution was burned and turned to solid powder.

2.2 Characterization of the Nanoparticles

X-ray diffraction (XRD) analysis was performed by using the
Miniflex benchtop XRD instrument (Rigaku) with Cu Kα
radiation at room temperature and 2θ = 20–70°. The morphol-
ogy of the NPs was observed with a scanning electron micro-
scope (SEM, FEI Titan STwith energy-dispersive X-ray spec-
troscopy (EDX)) and a transmission electron microscope
(TEM, FEI, Morgagni 268, Czech Republic).

2.3 Plant Treatment

Different concentrations of NPs (62.5, 125, 250, and
500 mg L−1) were made in hydroponic media which includes
6 mM KNO3, 1 mM NH4H2PO4, 2 mM MgSO4, 4 mM
Ca(NO3)2, 50 μM H3BO3, 9 μM MnCl2, 0.3 μM CuSO4,
0.8 μM ZnSO4, 0.1 μM Fe-EDTA, and 0.12 μM MoO3

(85%) (Hoagland and Arnon 1950; Tombuloglu et al. 2013,
2015). The control solution was free from NPs. Before the
treatment, the sonication process was carried out for the solu-
tions at room temperature about 30 min (Powersonic 410,
Hwashin Technology, Korea). Afterwards, the suspensions
were introduced to the seedlings in a hydroponic condition
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(Bostancioglu et al. 2018; Aydin et al. 2019). The nutrient
solutions (with or without NPs) were aerated at regular periods
with the help of an aquarium pump. The seedlings were grown
in greenhouse conditions which are adjusted to 20/25 °C of
temperature, 60–70% of humidity, and 16/8 of light/dark re-
gime. After 3 weeks, the tissues (root and leaf) were reaped
from a minimum of 10 seedlings. The sonication process for a
period of 5 s was applied to roots in order to clean the
absorbed NPs from the root surface (Powersonic 410,
Hwashin Technology, Korea). Later, the roots were fully

washed with DI water three times. Then, the tissue parts were
dried inside an oven at 60 °C for a period of 4 days, and they
were transformed into fine powder in a mortar using a pestle.

2.4 Elemental Analysis

0.5 g samples of roots and leaves were subjected to the diges-
tion process inside a microwave oven (CEMMARSX, CEM)
in accordancewith the U.S. Environmental Protection Agency
(USEPA) digestion method 3051 (USEPA 1995). For this

Fig. 1 Characterization of Ni0.4Cu0.2Zn0.4Nd0.05Y0.05Fe1.9O4 NPs. a XRD pattern. b TEM, c SEM, and d EDX analyses of NPs
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purpose, the mixture of hydrogen peroxide (H2O2, 30% v/v)
and plasma pure nitric acid (HNO3, 65%) (SCP Science,
Thermo Fisher Sci.) (4:1) was discharged on the dry powder,
and then they were heated up to a temperature of 180 °C. An
inductively coupled plasma optical emission spectrometer
(ICP-OES) (PerkinElmer AvioR 145 500 ICP-OES Scott/
Cross-Flow, USA) was used to determine the elements (iron,
zinc, copper, nickel, neodymium, yttrium, calcium, potassi-
um, magnesium, and phosphate). The formula below is used
in order to compute the translocation index (TI %) of the
elements (Cannata et al. 2014; Tombuloglu et al. 2019c).

TI %ð Þ ¼ NCLeaf

NCLeaf þ NCRoot
� 100

where NC denotes the nutrient’s concentration.

2.5 Statistical Analysis

The SPSS program v15.0 (SPSS Inc., Chicago, USA) was
used to analyze the data extracted from elemental analyses.
The means of data obtained from non-treated (control) and
experimental groups were compared by using the t test vari-
ance analysis program (Microsoft, Excel 2010). The signifi-
cance (p < 0.05, p < 0.01, and p < 0.005) shown was specified
using an asterisk symbol.

3 Results

3.1 Synthesis and Characterization of Nanoparticles

F i g u r e 1 a d e p i c t s t h e X R D p a t t e r n o f
Ni0.4Cu0.2Zn0.4Nd0.05Y0.05Fe1.9O4 NPs. The pattern exhibited
the characteristic peaks of Ni-Cu-Zn spinel ferrite with an
average crystallite size of 18 nm. The SEM images (Fig. 2c)
of the NPs showed the aggregation of spherical particles with
an average size of less than 20 nm. Similarly, the TEM image
confirmed the structure and size of Ni-Cu-Zn spinel ferrite
(Fig. 2b). The EDX presents the existence of elements (Cu,
Zn, Ni, Nd, Y, and Fe) in the structure of the NPs as revealed
in Fig. 2d.

3.2 Fe, Cu, Zn, and Ni Content of Plant Tissues

In order to evaluate NP uptake together with their transloca-
tions and the inclusion of micro-elements to the plant tissues,
the elements found in the composition of NPs were deter-
mined by using an ICP-OES. In Fig. 2, the root and leaf
content of iron (Fe), zinc (Zn), copper (Co), and nickel (Ni)
are shown. In the root control, Fe, Zn, and Cu level were,
respectively, 117, 94, and 12 mg kg−1 in dry weight (DW),
while they were 19, 79, and 4 mg/kg in the non-treated leaves.
The addition of NPs in the nutrient solution significantly

Fig. 2 The graph represents the concentration of elements existing in the
composition of NPs analyzed in barley tissues upon 3 weeks of NP
treatment. a Iron (Fe), b zinc (Zn), c copper (Cu), d and nickel (Ni)
contents in the leaf and root tissues. The units of the value, which was
obtained from the samples of dried plant (DW), were stated in milligrams

per kilogram. The wavelength number (nm) specific for each element was
indicated on the graphs. Error bars represent standard errors computed
from three technical replicates of pooled samples (n = 5). t test was used
to analyze data statistically (***p < 0.005). nd, detected
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raised the quantity of those elements in the tissues (both roots
and the leaves) (at least p < 0.05). The increase was propor-
tional to the increasing NP concentrations. As was expected,
the content of elements was the highest in 500 mg L−1 of the
treatment which raised Fe, Zn, and Cu contents in the leaf at
about 5, 3, and 18 times than the control, respectively.

3.3 Incorporation of Rare Earth Elements (Nd and Y)
into the Plant Body

Supplementation of barley seedlings with Nd- and Y-
incorporated NPs increased the concentration of these ele-
ments both in the tissues of the root and leaf, depending on
the dose applied (Fig. 3). In the control leaves, the quantity of
Nd and Y elements are about 18.6 and 42.8 μg g−1 in DW,
while in the roots, they were about 29 and 84 μg g−1 in DW,
respectively. In the leaves, Nd and Y elements were at the
highest levels in the case of NP concentration of
500 mg L−1, and these levels, respectively, were approximate-
ly 3.5 and 2.5 times more than those of the control. However,

the average change of those elements between the control and
the 500-mg L−1-treated sample in the roots was higher than
that in the leaves. For instance, Nd content was about 100
times and the Y content was about 30 times more in the
500-mg L−1-treated roots compared with those in controls.

3.4 Macro-nutrient (Mg, Ca, P, and K) Level in Plant
Tissues

Figure 4 shows the content of Mg, Ca, P, and K macro-
elements in plant tissues upon NP treatment. Compared with
the untreated leaf control, lower doses (i.e., 62.6–250 mg L−1)
did not significantly change the abundance of Ca, Mg, and P.
Only in the treatment of 500 mg L−1, K and P levels in the leaf
significantly decreased (p < 0.05). However, 500 mg L−1 of
the NP treatment increased the Ca, Mg, and P levels of the
roots compared with those of controls (p < 0.05). The content
of Ca and Mg both in the roots and leaves did not alter by the
inclusion of lower NP doses (i.e., 62.6–250 mg L−1).

Fig. 3 The concentration of the
rare earth elements a Nd
(neodymium) and b Y (yttrium),
into the plant leaf and root. The
values were determined from the
samples of dried plant (DW) stat-
ed in micrograms per gram. The
wavelength number (nm) specific
for every element was indicated
on the graphs. Error bars represent
standard errors computed from
three technical replicates of
pooled samples (n = 5). t test was
used to analyze the data statisti-
cally (*p < 0.05, **p < 0.01,
***p < 0.005)
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3.5 Root-to-Leaf Translocation of Nutrients

TI (%) of the nutrients found in the composition of NPs (Cu,
Zn, Y, Fe, and Nd) as a function of applied NP concentration
is shown in Fig. 5a–e. Starting from 62.5 mg L−1, the TI of the
elements logarithmically decreased by the inclusion of in-
creasing NP doses. In parallel to this, the TI of the macro-
elements (Ca, Mg, P, and K) showed a similar pattern
(Fig. 6). The 500-mg L−1 NP application dramatically de-
creased the TI of these elements. However, no significant
change was observed at lower NP concentrations.

4 Discussion

There are 18 essential nutrient elements required for plants to
grow and develop properly. The insufficiency of an essential
nutrient(s) affects the normal functioning and growth of plants
(Park et al. 2019), which led to a reduction in global agricul-
tural production (Lynch 2019). The idea of using nanoparti-
cles as a nutritional supplement in agriculture has emerged in
recent years. In some studies, it has been suggested that NPs
promote plant growth and also provide the essential elements
for the plant (Rui et al. 2016; Tombuloglu et al. 2018; Santo
Pereira et al. 2019). Therefore, this study aimed to synthesize
composite micro-nutrient nanoparticle (NP) composed of four

essential nutrient elements (Ni, Cu, Zn, and Fe) and assess its
incorporation into the plant tissues.

As shown in Fig. 2, the root and leaf content of Ni, Cu, Zn,
and Fe is proportionally increased by the inclusion of NPs,
which indicates the uptake and translocation of NPs into the
plant body. The Ni element was not present in the root and leaf
tissues of the control. However, it started to appear in the
leaves of the 125-mg L−1-treated seedlings. In the same con-
centration, a significant amount of Ni was determined in the
roots, and this shows the uptake of NPs by the roots although
they were not translocated to the leaves yet. The NPs with
increasing doses raised the Ni content in the leaves, and of
course, this increase was dose-dependent. Overall, these re-
sults showed that barley took up NPs with roots, and then
translocated them to the aerial parts. Since infertile soils suffer
from multi-element deficiencies (Girma 2017; Atnafu 2018),
the inclusion of NPs to the plant growth environment may
alleviate the nutrient deficiency problem of the plants.

Neodymium (Nd) and yttrium (Y) are rare earth elements
found in the earth’s crust. They have no known biological
function (Ramos et al. 2016). In the current study, Nd and Y
elements were substituted in the NP composition in order to
verify the migration of NPs. The content of both elements was
gradually increased by the applied NP concentration (Fig. 3).
The Nd concentration in the leaves increased from
18.6 mg kg−1 in the control to 72.2 mg kg−1 in 500 mg L−1

of NP treatment. On average, the natural level of Nd is

Fig. 4 Elemental analysis of the tissues of the roots and the leaves for
barley seedlings upon 3 weeks of NP treatment. a Potassium (K), b
magnesium (Mg), c calcium (Ca), and d phosphate (P). The values
which were obtained from samples of dried plant (DW) were stated in

milligrams per kilogram. Error bars represent standard errors computed
from three technical replicates of pooled samples (n = 5). t test was used
to analyze data statistically (*p < 0.05)
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40 mg kg−1 in soil (Greenwood and Earnshaw 1997; Carpenter
et al. 2015). Depending on the soil type, Nd concentration
ranged between 1.2 and 52.5 mg kg−1 dry soils (Ichihashi
et al. 1992; Patnaik 2003). The Y content of the leaves was
42.6 mg kg−1 in the control and 108 mg kg−1 in 500 mg L−1 of
NP treatment. The soil range of Y is 6.48–27.93mg kg−1 (Jeske
and Gworek 2013). According to Ichihashi et al. (1992), the
soil range of Y is 10 to 150 mg kg−1. The Y content of edible
plants ranged from 20 to 100 ppm (Shacklette et al. 1978;

Kastori et al. 2010). Compared with that in the root, bioaccu-
mulation of the elements is low in the leaves, which indicates a
limited translocation of NPs from the root to the leaves. In
accordance with this study, Maksimovic et al. (2014) found
that root accumulation of Y was much more intensive than
the translocation of Y to the leaves of maize. Overall, these
results indicated that, as rare earth elements, Nd and Y are
incorporated into the plant body. They can be used to track
the bioavailability of NPs in plants.

Fig. 5 Root-to-leaf translocation index (TI) of major elements upon NP treatment: a copper (Cu), b zinc (Zn), c yttrium (Y), d iron (Fe), and e
neodymium (Nd)
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The content of macro-elements was determined in the
tissues of the roots and the leaves for both NP-treated
(62.5–500 mg L−1) and NP-non-treated barley seedlings
(Fig. 4). Potassium (K) and phosphorus (P) are a relatively
large amount of primary nutrients required for metabolism
and plant growth. In addition, magnesium (Mg) and calci-
um (Ca) are the secondary nutrients applied in larger quan-
tities (Mitra 2017). According to the results, the amount of
macro-elements did not show a significant change at lower
NP doses in the leaves (62.5–250 mg L−1). However, at the
highest dose (500 mg L−1), the nutrient content of the tis-
sues obviously altered. This could be attributed to a possi-
ble root injury due to a high concentration of NPs (i.e.,
500 mg L−1 in this study), which eventually may affect
the nutrient uptake and transfer (Al-amri et al. 2020;
Tombuloglu et al. 2019d).

The translocation index (TI) shows the transfer ratio of
macro- and micro-nutrients from the roots to the shoots
(Paiva et al. 2002). The TI of the elements logarithmically
decreased by the inclusion of increasing NP doses (Fig. 5).
The reduction of TI by the inclusion of increasing NP doses
could be related to the accumulation of those elements or the
NPs in the root tissue. However, as shown in Fig. 2, the

abundance of these elements in the leaves is limited com-
pared with that in the root tissue. This result suggested that
the elements found in the structure of NPs were translocated
from the root to leaf; however, it was limited. The majority of
elements seem to have accumulated in the roots. In parallel,
the TI of the macro-elements (Ca, Mg, P, and K) showed a
similar pattern in the increasing NPs (Fig. 6). These findings
pointed out the presence of some biological barriers that limit
the migration of macro- and micro-elements at high concen-
trations. For example, in plants, some sort of barriers such as
the Casparian strip, cell wall, and the cell membrane might
restrict the mobility of nutrients. Depending on the plant type,
their pore sizes are varying from 1 to100 nm. Besides, the
size of plant cell wall pores changes from 3.5 to 20 nm
(Chichiriccò and Poma 2015). These potential barriers can
stop or let NPs reach cells or tissues (Wang et al. 2016). In
this study, the average particular size of the NPs was deter-
mined as 18 nm (Fig. 1), which is ideal for NPs to penetrate
the cell wall pores. However, due to their magnetic character,
they can attract each other and form agglomerates, which in
turn may increase their sizes. Therefore, the translocation of
NPs might have been prevented, or only a limited quantity of
the NPs was allowed to migrate.

Fig. 6 Root-to-leaf translocation index (TI) of major elements upon MNP treatment: a calcium, b potassium, c phosphorus, and d magnesium
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5 Conclusions

This study for the first time investigates the uptake and trans-
location of iron oxide nanoparticles composed of four micro-
elements (Zn, Fe, Cu, and Ni) in a crop species. The results
showed that the inclusion of nanoparticles raised the amount
of these elements in the leaves of barley. It shows that applied
nanoparticles, with an average size of 18 nm, are taken up by
the roots, and they are also translocated to the leaves. Multi-
element deficiency is a common problem in soils where plants
suffer from this problem and influence agricultural production
globally. The findings of this study have suggested that new
nano-formulations can be applied to the plants that suffer from
multi-element deficiencies. New nanoparticles can be built
according to plant or soil requirement. Overall, the results of
this study showed that nanoparticles harboring multiple ele-
ments could be incorporated into the plant’s body but may
change the nutritional status of the plant at higher concentra-
tions. Further studies should demonstrate the effect of nano-
particles on plant growth by conducting comparative experi-
ments in deficient conditions.
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